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Preface

Ion beams have been of increasing focus in fundamental and applied research
in materials science. Development of ion beam facilities along with sophisticated
devices for the characterization and analysis on nano scale has given a new
direction in nanotechnology and towards tailoring desired properties in materials
for their applications in various fields. A large amount of interesting research
work in the direction of engineering materials properties with high energy
heavy ion beams has been performed. Need was felt to have an overview of
the work done in this direction by using high energy heavy ions [Swift Heavy
Ions (SHI)].

The prime purpose of the book is to bring out salient features of research
in materials with swift heavy ions. It will be of interest to young scholars
engaged in research with swift heavy ions to focus towards specific problems
in this emerging area. It has evolved from the experience gained by interacting
with the large community of young researchers from various universities and
research institutions in India and abroad. It was felt that because it is a relatively
new area of research which is providing avenues of exploration in various
directions, there is possibility of missing the directions required to focus on
the emerging challenges in various areas, and that request from them for their
contribution for this book may help in focussing their attention towards focussed
goals. A consolidated compilation of contributions from the users of the high
energy heavy ions for materials studies is being attempted here.

Swift heavy ions have a unique feature of depositing a large energy density
in materials which can drive the material far from equilibrium, resulting in
modifications in materials, difficult to achieve by other means. Studies on
understanding of the modifications produced by swift heavy ions give an insight
to the interaction of energetic ions with materials. The irradiation of materials
by swift heavy ions can result in different effects in materials such as defect
annealing, defect creation, ion track formation, plastic deformation etc. and
these can be tuned by ion beam parameters. High energy density provided by
SHI in laboratory allows to simulate extreme conditions.
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Ion beams have been used for a long time to characterize the materials
with techniques developed specifically for the situations which could not be
handled with the conventional techniques. The worry that the ion beams being
used to characterize the samples will damage the material soon turned into a
challenge that the modifications in the properties during irradiation can be
monitored in dynamic mode which can provide possibility of controlled change
in the properties of the materials. This started the discipline of “Materials
Engineering with Ion Beams”. It has now emerged as an area with immense
scope of development particularly because of the way it is becoming possible
to create ion beams with specific and diverse characteristics giving rise to new
avenues to exploit. Considering the fact that the low energy ions have been in
the field for a long time it was decided to concentrate on the high energy heavy
ions.

This book is an effort to present a scenario of research in materials science
with SHI in a way which could be useful for the students planning research in
ion accelerator based materials science. We would like to emphasize that the
material is prepared with the help of researchers in this area and is based on
their publications and existing materials. The challenge was to try and convert
the large number of research publications in the field into a kind of a text to
motivate the students to plan their experiments with a focus on engineering
some well defined property of some materials to make its application possible.

First three chapters provide an overview of the field, challenges in materials
and state-of-the-art developments in ion beams, very brief description of ion
matter interaction and survey of the wide field of applications of ion beams for
the characterization and analysis of materials. The next two chapters are on the
SHI induced ion beam mixing and SHI for synthesis and modification of
nanostructured materials. The last chapter focusses on engineering the properties
of' materials with SHI, where various types of materials are considered. It covers
different types of materials. It has not been possible to cover all the materials
which have been worked upon using SHI irradiation.

This exposition of experimental work owes much to the persons who
provided the information about the importance of ion beam interaction in
changing the properties of materials in unique ways. We had significant inputs
from the present and past research scholars who had been at IUAC for their
PhD. We gratefully acknowledge Amit Kumar (now at LPMS, Toulouse,
France), Y.K. Mishra (now at Kiel University, Germany), S.K. Srivastava (now
faculty in IIT Kharagpur), S. Ghosh and Rajendra Singh (now faculty in IIT
Delhi), D.C. Agarwal, R. Singhal and Yogita Batra. There are many to
acknowledge but special role was played by Drs Naresh C. Mishra, Ajay Gupta,
K.M. Varier, Anand Pathak, R.G. Sharma, Ashok Kumar, A.C. Chaudury,
Ratnamala Chatterjee, S. Dhamodaran, Avinash Pandey, Utpal Joshi, T. Som,
D. Behera, D. Mohanta and Maulik Patel, to name a few. The manuscript could
only be completed because of the support from the colleagues in the Nuclear
Science Centre [now Inter University Accelerator Centre—IUAC] who have
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been active collaborators with the users from various institutions in experiments
conducted with the Pelletron accelerator in New Delhi. The discussions at
various occasions with scientists at IUAC e.g. D. Kanjilal, A. Tripathi, S.
Chopra, Ravi Kumar, D. Kabiraj, Fouran Singh, K. Asokan, S. Mookherjee,
S.A. Khan, P. Kulriya and I. Sulania had been fruitful.

The authors acknowledge the help rendered by Ms. Srashti Gupta and
Mr. Jai Prakash in this project.

Appreciation, constant interest and encouragement by Dr. Amit Roy,
Director IUAC, needs special mention. The financial assistance provided by
the Department of Science & Technology and the help from the staff of the
Inter University Accelerator Centre is gratefully acknowledged. In the end we
would like to mention that it was late Dr. C.P. Srivastava of DST who gave the
required push to take up this project.

February 2011 D.K. Avasthi
G.K. Mehta
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1

lon Beams for Materials
Engineering—An Overview

1.1 INTRODUCTION

Nuclear accelerators have provided revolutionary advances in several
disciplines. Starting with the reputation of atom smashers which demonstrated
that atoms are not indivisible they provided facilities to explore nuclear
properties. The exploration went from macroworld into femto and beyond with
fantastic developments in nuclear accelerator technology. Then came a period
where the word nuclear became a serious suspect, and the nomenclature changed
from nuclear to particle accelerator. The accelerators continue to accelerate the
technology in multi-dimensions. Until sixties, these accelerators were dedicated
to research in nuclear and particle physics. Research using beams from particle
accelerators has told us almost everything we know about the basic building
blocks of matter, and about nature’s fundamental forces. Efforts are now on to
recreate conditions that have not occurred since shortly after the Big Bang.
Accelerators unravel nature’s deepest mysteries. They are central to the effort
to unravel the mysteries of dark matter and dark energy.

Physics developed essentially along the energy axis i.e. particles were given
increasingly higher energies by developing nuclear accelerators—a trend which
seems to continue, as evident from the efforts in CERN to produce light particles
of TeV energies. However, a considerable progress is also made on the mass
axis, by accelerating heavy particles, as nuclear matter is being probed in depth
with heavy ions to explore nuclei far from the line of stability. High energy
heavy ions are also sought after for research in various other fields.

Nuclear accelerators—besides their role in basic nuclear, atomic and
elementary particle physics—provide revolutionary advances in several
disciplines and invariably open up completely new perspectives in various
fields. Energetic ions were usually thought to introduce disorder in solids,
normally an undesirable phenomenon. Irradiation studies showed that the
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energetic ions create defects and thus modify the properties of the materials.
Radiation damage to materials used in nuclear reactors has been of great concern
[1-4]. Ion beams from accelerators provide unique ways to study the radiation
damage to materials. It is necessary to understand the fundamental mechanism
ofradiation damage to determine what changes in the constituents and structures
of the material will reduce the damage. Detailed investigations of this type
have helped in predicting how changes produced in materials due to ion
irradiation could improve its properties of interest.

In 1947 Brattain and Bardeen in Bell labs showed that a crystal of Ge
doped with some atoms which could accept electrons could amplify signals.
This along with the development of techniques to make pure crystals led to the
transistor era. Doping the materials in a controlled way was the challenge.
Particle accelerators provided the way. The multi-billion-dollar semiconductor
industry relies on ion beams from accelerators to dope desired atoms in
semiconductors. Ion implanters were developed for the purpose of shallow-
impurity doping into semiconductors. The ion implantation technique then
dominated conventional thermal diffusion methods in the semiconductor-IC
processes. The initial and running costs of ion accelerators for implantation
were considerably high but they were found to be indispensable because of the
excellent controllability of doping levels, which is required for the industrial
processes involved in the fabrication of transistors and integrated circuits.
Support from the semiconductor industry produced concerted research efforts
in doping technologies. Although the position and distribution of the implanted
ions could be accurately predicted, the defect distribution, their stability and
effect on the properties were of concern. Studies on these lines provided
appropriate understanding of the changes in materials properties due to ion
matter interaction. Semiconductors, once exotic, are now commonplace because
of the unbelievable things achieved with ion beams in understanding and
controlling defects. Developments in ion beam technologies continue to provide
the solutions for the bottlenecks in the path of miniaturization of electronic
systems and have now started the miniaturization of systems used for chemical
and bio-systems by providing nano fluidic channels fabricated by nano focussed
ion beams.

It was in the sixties that the importance of ion beams was recognized for
materials studies. Rutherford Backscattering Spectroscopy (RBS) and
Channeling provided a quantitative technique for applications in surface studies,
thin films, element profiling and interface analysis [5-7]. lons can kick out
(recoil) the atoms being struck through elastic nuclear interaction. Detection
of'these recoils with appropriate detectors provide a good method for elemental
concentration depth profiles, known as Elastic Recoil Detection Analysis
(ERDA). It provides excellent technique for depth profiling light elements
[8-12]. On-line and dynamic measurements with ERDA can provide efficient
ways to engineer the properties of materials, particularly ones which depend
on the distribution of light elements [13, 14].



Ion Beams for Materials Engineering—An Overview 3

Proton Induced X-Ray Emission (PIXE) provided a technique to determine
the elemental make-up of materials [15]. This method of trace elemental analysis
proved to be of immense importance in diverse areas such as forensic science,
medical diagnosis, environmental studies, geochemical prospecting etc. [16-
21].

These techniques were providing unique ways to analyze the materials.
However, there was always a concern that the nuclear techniques cannot be
non-invasive and that the ion irradiation will affect the materials and will modify
the properties of the materials. The changes in the properties of the sample
being characterized were analyzed. Capabilities of ion beams for the
modification of the properties of materials started surfacing and it was realized
that there are certain desirable modifications of the properties of materials,
which can only be done with ion beams. This led to the field of “lon Beam
Induced Modification of the Materials Properties”.

Diamond has been the most sought-after material as it is considered to be
the best material for semiconductors but very difficult to make. It is known
that high temperature and pressure can convert graphite into diamond as done
by nature but it is difficult to achieve. Considerable efforts were made in
laboratories to make Diamond-like Carbon [DLC] films and make them more
and more diamond-like by appropriate controls. DLC films were studied using
Elastic Recoil Detection Analysis [ERDA] in on-line fashion [22] and the
possibility of engineering DLC films by on-line monitoring its hydrogen content
in dynamic fashion was demonstrated [23].

The bottleneck in the development of the techniques connected with ion
beams has always been the cost of ion beam facilities. So the question, which
naturally arises, is whether these techniques can be commercially viable. The
answer is provided by the fact that no body had imagined in sixties that
electronics industry would not survive without an ion implanter. Many thousands
of accelerators, most of them only room-sized or smaller, serve as essential
tools for biomedical and materials research, for diagnosing and treating illnesses,
and for a growing host of tasks in manufacturing devices, sensors etc. Now the
remarkable advances in ion source technology and associated developments in
the accelerator field are opening possibilities of the table-top ion beam facilities.

The use of ion beams at the bio-medical interface is generating novel and
exciting research. In parallel, interesting possibilities are emerging with the
use of ion beams in several other disciplines. Bio-effects induced by ion
implantation has opened a new branch in the field of ion beam applications in
the life sciences and applications in biotechnology, biomedical engineering
etc.

There have been phenomenal developments in ion beam technology
providing possibilities of tailoring the properties of materials as per needs and
developing new materials. The field of materials science is going through
revolutionary developments, particularly after the realization that the properties
of the materials critically depend on the size of its constituents, leading into
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nanotechnology. The thrust of nanotechnology is in the direction of the creation
of functional materials, devices and systems through control of matter on the
nanometre length scale and exploitation of novel phenomena and properties
(physical, chemical, biological) at that length scale. Ability to synthesize
nanoscale building blocks with control on size, composition etc. and assembling
into larger structures with designed properties will revolutionize materials
manufacturing. The field is interdisciplinary but everything starts with materials
science. Developments involve challenges which include:

Novel synthesis techniques of nano-materials
Characterization of nanoscale properties
Developments of nanostructures

Basic science studies at nano-level
Fabrication of nanosystems

Large scale production of materials
Application development

Broadly the ion beam, depending on the energy regime, can play different
roles in materials science such as synthesis, modification and characterizations

Energetic Ions Beam in Materials Science

Materials
Synthesis

eV to 10's of keV
a few keV to MeV

« Doping

« Implantation

+ Compound
phase

° « IBM

Materials " Materials

IBAD: Ion Beam Assisted Deposition ERDA: Elastic Recoil Detection Analysis

IBM: Ion Beam Mixing PIXE: Proton Induced X-ray Emission

RBS: Rutherford Backscattering Spectrometry NRA: Nuclear Reaction Analysis
Figure 1.1: A schematic of the role of ion beam in materials science. In plasma based
sputtering set up, the +ve ion in plasma are attracted by cathode. These positive ions
strike the cathode to sputter the material, which is deposited to form a film. Thus the
plasma based deposition utilizes the ion induced sputtering process for sputter deposition.
[© Springer - Hyperfine Interactions (2005) 160: 195-106, Nanostructuring by Energetic
Ion Beams, D.K. Avashti, Fig. 2, with kind permission from Springer Science+Business

Media BV.]
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as shown in Fig. 1.1. Low energy from a few keV to a few MeV is useful in
synthesis of materials. A few MeV to hundreds of MeV is employed for the
materials characterization. Ions of all possible energies are useful in the
modification and tailoring the properties of materials; understanding of this
aspect can help in engineering the properties of materials. lon beams are
providing unique ways to analyze, synthesize and control the formation of
nanomaterials, produce nanostructures and showing ways for doing actual
manufacturing in nanoscale, making it possible to fabricate nanoelectro-
magnetic systems [NEMS].

Increasing utilization of the opportunities offered by ion beams has also
led to tremendous developments in ion beam technologies. This is now opening
new horizon needing a proper appreciation of the scope offered by the ion
beam facilities in the area of materials engineering with a focus on the nano
region. There is a need of experimentation to learn emerging new mesoscopic
physics exhibiting quantum confinement effects, which will provide directions
for the futuristic technologies.

1.2 CHALLENGES IN MATERIALS SCIENCE AND
ENGINEERING

There are two routes toward the advances in materials science through nano
approach. On one route, nanoscale not only reduces the scale of handling but
also yields new characteristics and functions. On the other route, nanostructures
are created from non-equilibrium processes and new characteristics are
discovered. lon beams are providing unique ways on all fronts and playing a
critical role in the development of different types of materials. In order to
survey possibilities of engineering materials properties with ion beams,
challenges in various types of materials are surveyed here.

Nanomaterials

Nanomaterials have structured components with at least one dimension less
than 100 nm, such as layers, thin films or surface coatings, nanowires and
nanotubes, colloids and quantum dots (nano particles of semiconductor
materials). Materials made up of nanometre-sized grains are called nano-
crystalline materials. Development of nanostructured materials are of immense
interest due to their exotic properties and emerging exciting physics.

Synthesis of nanomaterials requires development of techniques to create
nanoparticles having a controlled size and also having controlled morphology
usually related to the surface structure. Methods are being developed to control
or modify the surface structure and to arrange and integrate nanoparticles on a
given substrate. Nanotubes, one of the most attractive groups of nanomaterials,
need to be synthesized with well-controlled methods to obtain semi-conducting
or metallic nanotubes selectively.
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Energetic ions play a crucial role in the development of nano materials.
Ions of different energy regimes have different roles in growth of nano particles.
Low energy ions (typically up to a keV) have been in use for the growth of
nano particle thin films. A few hundred keV ions from ion implanters are used
for growth of nano particles in a matrix. Highly charged slow moving ions and
focussed ion beams are now providing exotic ways for creating nanostructures.
High energy heavy ions (swift heavy ions) provide unique ways for the growth
of nanostructures [24, 25] and for their controlled modification [26-29].

Superconducting Materials

High Tc superconductors [HTSC] have been in the field for decades. A limit
on technological applications of HTSC comes from the intrinsically low critical
current density and from the ease with which magnetic vortices can move.
Swift heavy ions produced controlled columnar defects provide efficient pinning
centres which improves critical current density by order of magnitude [30-32].
Efforts to engineer materials with higher critical temperatures continue. It is
found that the pinning centres can also be achieved in nanostructured materials
[33]. Iron based superconducting materials have opened a new horizon.

Magnetic Materials

Magnetic materials are key industrial materials that are widely used in the
telecommunication, electric power and automobile industries. Development
of thin film high-performance magnetic materials are required for future
applications in Micro/Nano electro-mechanical systems (MEMS/NEMS) and
other small portable components. Due to the rapid increase of the size of data
communication, the frequency used in portable electro-communication devices
has reached the GHz regime. Write heads for high-density magnetic recording
require materials of higher magnetic flux density. Magnetic recording
technology needs new materials to increase the aerial density of magnetic
recording to the range of 1 Tbit/in’.

Nanoparticles of magnetic substances—metals, alloys and oxides—acquire
noteworthy new properties and their magnetic characteristics are significantly
altered relative to those of the corresponding bulk materials. Magnetic
nanoparticles are active components of ferro fluids, recording tape, and flexible
disk recording media. There are exciting future applications of magnetic
nanoparticles in spintronics—a new paradigm of electronics that utilizes both
the intrinsic charge and intrinsic spin of electrons for ultra-high-density data
storage and quantum computing [34].

Magnetic nanoparticles are well suited for biomedical applications, as they
can be fabricated in sizes that range from several to hundreds of nanometres
making them smaller than or comparable to important biological entities such
as cells (10-100 pm), viruses (20-250 nm), proteins (3-50 nm), and genes (10
nm wide and 10-100 nm long). Further, they can be surface functionalized
with biological molecules that enable selective interaction with various target
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bio-entities. Moreover their motion can be manipulated, controlled by an
external magnetic field and can absorb energy from a time-varying magnetic
field and dissipate it at the cellular level in the form of heat.

Magnetic thin film materials can be tailored by ion irradiation, since the
magnetic properties of multilayers depend sensitively on the mutual interfaces.
Modification of these interfaces by ion irradiation leads to a local modification
of the magnetic anisotropy, the exchange bias or the interlayer exchange
coupling. Also structural phase transitions can be induced by ion irradiation.
The ordering in intermetallic alloys can be induced by the ion irradiation, to
tailor the magnetic anisotropy in the FePd films, which can be exploited for
magnetic recording [35]. In addition to pure radiation effects, doping effects
can be exploited to achieve a pure magnetic patterning. Pure magnetic
microstructures can be easily fabricated by local ion irradiation without changing
the substrate topography [36].

Semiconducting Materials

We have silicon, undoubtedly the most important material of electronics. Silicon
is cheap, robust, easy to process and an insulating layer on it can be created by
just growing an oxide layer on it. But it has problem, it has indirect band gap.
What are the requirements we have for electronic materials and how do these
requirements translate to basic material properties, the manipulation of these
properties, and the technologies required to produce the intricate structures
that perform that electronic function? Search for new semiconducting materials
and the improvement of the existing materials by band gap tuning etc. is an
active field of research. One can engineer the material for simultaneously tuning
the band gap and the lattice constant to avoid lattice mismatch with the substrate.
Ion beams provide ways to engineer the required properties. It is desirable to
have thin layer of crystalline semiconductor on an insulator like SiO,. Such a
structure is also referred to as Si on insulator (SOI). Industries look forward
for such SOI structures. These SOI structures can be achieved by a process
called ion cut/smart cut by ion beam and is discussed in Section 1.3.

Biomaterials

A biomaterial can be natural or man-made, that comprises whole or part of a
living structure or biomedical device which performs, augments, or replaces a
natural function. It is essentially a material that can be adapted for a medical
application. Biomaterials may have a benign function, such as being used for a
heart valve, or may be bioactive with a more interactive functionality and used
for a more interactive purpose such as coated hip implants. It was first
demonstrated by an experiment with high energy accelerator of Yale University
that the life time of hip joints can be increased significantly by swift heavy ion
irradiation. Biomaterials are also used in dental applications, surgery, and drug
delivery (a construct with impregnated pharmaceutical products can be placed
into the body, which permits the prolonged release of a drug over an extended



8 SHI for Materials Engineering and Nanostructuring

period of time). Biomaterials must be compatible with the body. It should not
be toxic, unless specifically engineered to be so, for example drug delivery
systems that target cancer cells and destroy them. These materials provide a
challenge that they should be made in such a way that they can be placed in
intimate contact with living structures without any harmful effects [37, 38].

Ecomaterials

Ecomaterials are produced from raw materials taken from the environment by
interacting with the geo-system and bio-system. Challenge is to find techniques
for developing materials in which physical, chemical, thermal and/or functional
properties are improved by minimizing damage done to the natural environment.
From the viewpoint of sustainable development, consumption of materials and
energy, emission of toxic gases and waste associated with materials processing
should be reduced to ease our impact on the resource circulation system.

All materials and their properties are to be considered from the viewpoint
of environmental concerns. For example, how can a required property be
obtained with less environmental load? How can materials be given improved
recyclability? How can maximum performance be acquired with least
consumption of materials?

Ceramic Materials

These are inorganic non-metallic materials which are formed by the action of
heat. In other words, desirable properties of these materials are normally
achieved through high temperature treatment. Technically ceramics can be
classified into three distinct categories: Oxides: Alumina, zirconia; Non-oxides:
Carbides, borides, nitrides, silicides; and Composites: Particulate reinforced
combinations of oxides and non-oxides. Each one of these classes can have
unique properties. The friction and wear behaviour of ceramic materials is of
utmost importance which can be improved by ion irradiation. Advanced
ceramics are now used in the medicine, electrical and electronics industries
[39].

Composite Materials

Composite materials are engineered materials made from two or more
constituent materials with significantly different physical or chemical properties
which do not dissolve or merge completely into one another although they act
in concert. There are two categories of constituent materials: matrix and
reinforcement. The matrix material surrounds and supports the reinforcement
materials by maintaining their relative positions. The reinforcements impart
their special mechanical and physical properties to enhance the matrix
properties. A synergism produces material properties unavailable from the
individual constituent materials. Most commercially produced composites use
a polymer matrix material.
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A nanocomposite is a multiphase solid material where one of the phases
has one, two or three dimensions of less than 100 nanometres (nm), or structures
having nano-scale distances between the different phases that make up the
material. The mechanical, electrical, thermal, optical, electrochemical and
catalytic properties of the nanocomposites differ markedly from that of the
component materials.

Metal nanoparticles provide opportunity of applications in many fields by
dispersing and ordering them within the dielectric matrix. The chemical method
of fabricating the nanocomposites provides a way of changing the bulk of the
host matrix as per the requirement. Such types of material have potential
application in biosensors, lubricants, paints, medical science, etc. The use of
ion beam techniques provides a way to not only modify the layer near the
surface but up to some thickness also as required by selecting the ion beam
parameters. It provides fabrication of monodispersed nanostructure with high
purity near the surface of the material. By selecting the dose and type of ion
one can control the refractive index of the layers of the host polymer matrix.
Focussed ion beam synthesis of the nanostructure material within the polymer
matrix is an emerging field for the fabrication of functionalized material and
devices.

Organic Materials

Polymers are one of the simplest organic solids. A polymer is a large molecule
(macromolecule) composed of repeating structural units typically connected
by covalent chemical bonds. Well-known examples of polymers include plastics
and proteins. Biopolymers such as proteins and nucleic acids play crucial roles
in biological processes. Synthetic polymer materials such as nylon, polyethylene
and silicone have formed the basis for a burgeoning polymer industry. They
have been employed in a variety of biomedical applications ranging from
implantable devices to controlled drug delivery. Polymers are recognized as
important elements of nanotechnology, indispensable materials in medicine
and biotechnology, and important for solving environmental, safety, energy
and other related problems [40].

Tracks in polymers produced by high energy heavy ions are cylinders of
density smaller than the bulk. There are chemical modifications and specific
defects induced by radiation in the tracks.

Metamaterials

Metamaterial is a material that gains its properties from its structure rather
than directly from its composition. These are artificial materials engineered to
provide properties which may not be readily available in nature. Unusual
properties are also produced in conventional materials by processing them at
nanoscales. However, a distinguishing feature of metamaterials is that they are
specifically designed to fulfil a certain objective and to fit the desired application.



10 SHI for Materials Engineering and Nanostructuring

Metamaterials can be made with unusual properties such as negative refractive
index, infinite inertia etc. Focussed ion beam [FIB] nanostructuring is a
convenient tool for rapid prototyping of metamaterials. The FIB is used as a
micro-machining tool, to modify or machine materials at the micro- and
nanoscale. FIB micro machining has become a broad field of its own, but nano
machining with FIB is a field that still needs development.

Biomimetic Materials

These are materials which can be developed using inspiration from nature.
Critical analysis of the way things develop around us provides ways to design
composite materials, or material structures. Natural structures have evolved
many inspiring examples that have been used by man. Common examples are
the honeycomb structure of the beehive, the fibre structure of wood, spider
silks, bone etc.

Efforts are to be directed to mimic advantageous surface properties or
processes of living organisms for materials science and technology by utilizing
and combining state-of-the-art nano and micro fabrication, soft lithography,
self assembly, and ion beams to achieve the objectives. Challenge to materials
scientist is to learn about the material structures within organisms and to exploit
that natural technology into scientific and technology context [41].

Materials for Sustainable Energy

Ever increasing need of energy requires development of materials in areas of
(i) H, storage materials, (ii) materials for producing H, by photo splitting of
water, (iii) solar cell technology, (iv) thermoelectricity, (v) supercapacitor etc.
Ion beam tools can play a role in specific cases, for example (a) to create new
patterned surface for back electrode and (b) for synthesizing a controlled
plasmonic layer in photovoltaic cells to improve efficiency. The possibilities
of'enhancing solar cell efficiency has been suggested recently using plasmonics
[42].

New Materials

Science and technology has to provide techniques to develop new materials.
“Smart” or “intelligent” materials will play an important role in this
development. Smart materials are materials that have one or more properties
that can be significantly changed in a controlled fashion by external stimuli,
such as stress, temperature, moisture, electric or magnetic fields. Smart materials
become intelligent when they have the ability to respond intelligently and
autonomously to dynamically-changing environmental conditions. Window
glass for example passes both light and heat. One will like to develop smart
glass which passes only light but not heat. The challenge is to make intelligent
glass which passes both light and heat as long as the temperature is below
some threshold but blocks heat beyond that temperature, which can then provide
a way to air-conditioning the houses.
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The intelligent material is one which can fulfill combined functions of
sensor, processor, an actuator and a feedback function. The development of
intelligent materials is important for real-time monitoring of accidents and
development of drug delivery systems. The ion engineering technology can
support the development of intelligent materials through the synthesis of new
materials and tailoring the properties in the desired direction.

The Challenge

Materials science is now getting close to the situation where one hopes to
produce materials with properties tailored to the requirement. The challenges
are: How mechanically strong can material be while remaining lightweight?
How resistant it can be to radiation? How electrically and thermally conductive?
How transparent? How magnetic? How sticky? How biocompatible? ... Can
materials be made to modify themselves in response to a changing environment?
Can we learn from nature how to make substances that repair themselves?

Powerful permanent magnet produces at its surface a field of ~1.6 T, small
compared with the field of a solenoid. Why can’t we make permanent magnet
with order of magnitude larger field? One needs high density of atoms with
strong magnetic dipoles, such as iron or nickel, in a host structure of the type
which can force the dipoles to point in a common direction. Quantum confined
atoms are pointing in the direction of providing nanomagnets produced this
way. The production of high magnetic field in electromagnet is limited by the
strength of materials, they must withstand the magnetic pressure required to
create a high energy density in magnetic fields. Field up to ~20 T can be
produced in superconducting magnets. Present limit due to the strength of the
materials is ~50 T [43]. Nanocomposites are bound to provide materials with
large strength.

Nature produces extreme conditions such as extraordinary pressures and
temperatures in the interiors which gives rise to materials such as diamond.
The extreme phenomena are central to many of the fascinating grand challenges
of science—behaviour far from equilibrium. Can ion beams create this type of
non-equilibrium situation which can synthesize diamond from graphite?

Biological machinery seems to work in ways dramatically different from
those of synthetic devices. It is necessary to learn from biosystems to engineer
the devices. Biological mechanisms hinge on physical behaviours that exist
only at the nanoscale. Biological systems should be considered as the proof of
concept for what can be achieved with nanotechnology. All natural phenomena
occur away from equilibrium. Can we devise systems to work in nonequilibrium
state? Ion beams provide ways to take the system in nonequilibrium states
of different forms. The challenge is to let the system equilibrate after
nonequilibrium has reached the desired state. A real understanding of
nonequilibrium phenomena is required. Presently most of the current
understanding of physical and biological systems is based on equilibrium
concepts.
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Our body is made of materials which have self healing properties. The
challenge is to develop such materials. For example, it should be possible to
develop materials for constructing nuclear reactors with materials that can self-
heal following radiation damage.

Trends in materials science have been to control the nanoscale structure of
materials which leads to better properties and more functionality. Attention
now is on beyond simple materials, to fully functional nanoscale devices.

1.3 ION BEAM BASED/ASSISTED PROCESSES

Developments in ion beam technology provide ions of remarkably controlled
characteristics permitting their use in various possible ways. Some of these are
described here.

lon Implantation

Ion implantation is a process by which ions of a chosen material can be injected
into another material at a desired depth. Virtually any element can be injected
into the near-surface region of any solid material. Ion-implantation enables the
precise placement of ions into the solid based on the energy and angle of
implantation. The ions penetrate the surface up to a depth determined by the
energy and the mass of the ion thereby providing a way to change the physical
properties of the solid in a controlled way.

Ion implantation process provided ways to tailor the conducting properties
of materials and thereby initiated the transistor revolution in electronics. It is a
non-equilibrium method for introducing atoms into solids, and is applicable to
almost any solid object. Limitations due to diffusion, precipitation, segregation,
solid solubility etc. can be avoided in this method. Normally the interest in ion
implantation is in modifying some specific property of the solid by the addition
of a chosen ion. For example, chosen impurity can engineer the electrical
properties of the crystal (doping), a process which revolutionized the
semiconductor device technology.

The ions introduce both a chemical change in the target and structural
modification. It is especially useful in cases where the chemical or structural
change is desired to be near the surface of the material. In higher concentration
the implanted impurities can form alloys as in the case of oxygen ions on
silicon to form buried SiO, layer for the silicon-on-insulator technology.

High dose implantation can create a solid state super saturation of the
implanted ions in an inside layer close to surface. Subsequent thermal processing
or further irradiation can induce the implanted material to precipitate as discrete
nanoparticles. The versatility of the process arises from the fact that essentially
any element can be implanted into virtually any selected host material. It
provides a powerful technique for synthesizing nanometre-scale clusters and
crystals embedded in near-surface region of a variety of hosts. The condition
for making buried nanoparticles of implanted species is that the implanted



Ion Beams for Materials Engineering—An Overview 13

species should not be miscible with the host matrix/substrate. The resulting
nanocomposite materials can have unique optical, magnetic and electronic
properties because of two major effects: (1) Increase in surface energy
contributions associated with the large surface to volume ratio of small particles
and (2) Unique characteristics of electrons in confined systems. The first effect
largely determines the thermodynamic properties of particles or nano-
composites, e.g., melting point, bulk modulus, solid phase transition etc. Both
the surface properties and electron confinement combine to produce novel
electronic properties that can be manifested in a wide range of effects such as:
nonlinear optical susceptibility, intense photoluminescence, altered band
structures, super magnetism etc.

lon Beam Induced Epitaxial Crystallization (IBIEC)

Ion implantation provides an excellent method for putting the desired dopant
material in the semiconductor. Unfortunately, each impinging ion before settling
in the solid displaces many atoms of the solid (target atoms) damaging the
crystalline lattice, referred to as the radiation damage, which needs annealing
treatment. The annealing temperatures greater than 500°C are generally needed.
With the reduction in the size of the devices to submicron scales it has become
a challenge to regain the lattice structure at lower temperatures to avoid
undesired diffusion of the dopants. lon beams have also provided a way to
tackle this problem. It can be achieved in silicon at ambient temperatures by
simultaneous irradiation with energetic ions [44]. This recrystallization process
achieved by ion-atom interaction is termed as ion beam induced epitaxial
crystallization (IBIEC). High energy ions have emerged as a powerful tool to
provide epitaxial crystallization of the semiconductors, referred as Swift Heavy
Ion Beam Induced Epitaxial Crystallization (SHIBIEC) [45]. This process is
discussed in detail in Appendix 1.

Sputtering

An energetic ion incident on a solid interacts with the atoms causing electronic
excitations and nuclear collisions. Surface atoms are emitted if the energy
transfer in such collisions is high enough to overcome surface binding energy.
This removal process of surface atoms by energetic ions is called sputtering.
Depending on projectile energy loss, different scenario of sputtering occurs.
Emission of atoms caused by atomic collision cascade due to nuclear energy
loss is called “Nuclear Sputtering” [46, 47]. The ejection of atoms due to the
electronic energy loss is referred as the “Electronic Sputtering”. Nuclear
sputtering and electronic sputtering are completely different processes. Simple
and complex molecules can be ejected intact into the vapour phase when a
material is electronically excited by incident particles.

Some ion-induced phenomena depend on the internal (potential) projectile
energy, particularly if this potential energy greatly exceeds the kinetic projectile
energy. The stored potential energy in a highly charged ion (HCI) can be quite



14 SHI for Materials Engineering and Nanostructuring

high and produce sputtering in insulators, which is known as the “Potential
Sputtering” [48]. Swift heavy ion beam based sputtering process is discussed
in Appendix 2.

The sputtering plays crucial role in creating nanostructures at surface, which
is discussed in more details under lon Beam Assisted Self Organization.

lon Beam Milling

Sputtering with ion beam in a controlled way provides an excellent way for
milling the surface as the energetic ions remove material atom by atom. With
nanometre focussed ion beams [FIB] one can get extremely precise milling.
Computerized control of the ion beam provides a way to calculate the time for
the ion beam to dwell on each area to remove the material and bring the surface
to desired specifications.

lon Beams for Material Deposition

(a) In “Ton Beam Deposition (IBD)” the atoms or clusters to be deposited are
ionized and accelerated before impinging on the substrate surface. One can do
mass selected ion beam deposition (MSIBD) [49] and also energy selected ion
beam deposition (ESIBD) [50].

Metal clusters with about a thousand atoms can be ionized, typically with
a single charge and accelerated to keV energy. The average energy per atom in
the cluster is about a few eV. Owing to the low energy carried by each atom the
damage produced on the substrate is very small. It produces very dense and
smooth thin films.

In MSIBD, ion beam of given element with very small energy dispersion
is obtained. The chosen element gets incorporated into the substrate forming a
layer. At low energy, sputtering is not significant and sticking probability is
high providing films with good adhesion.

A mass and energy selected ion beam source for deposition (M & E-SIBD)
can produce ions with a mass up to 2048 amu and with energies of 5-500 eV
by selecting from a Penning discharge chamber with a quadrupole mass filter
and an electrostatic lens system.

(b) Ion Beam Assisted Deposition (IBAD) is a thin film deposition process
that combines evaporation with concurrent ion beam bombardment in a high
vacuum environment. The evaporant (or coating) material is produced using a
thermal or high power electron beam, laser ablation etc. The individual coating
atoms or molecules condense and stick on the surface of the substrate to form
the coating. Simultaneously energetic ions (100-2000 eV) are produced and
directed at the surface [51]. The concurrent ion bombardment improves
adhesion, and permits control over film properties such as morphology, density,
stress level and crystallinity.

(c) In Dual Ion Beam Deposition (DIBD), the sputtered material is deposited
on the surface of the substrate, while simultaneously the growing film is
bombarded by ions from another source operating at low energies (a few
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hundreds of eV). Strict control possibilities of ion beam parameters of the two
ion sources makes the quality of the films to be excellent in terms of roughness
(planarity) and good adherence to the surface [52].

(d) Ion Beam Induced Chemical Vapour Deposition (IBICVD): In the three
methods discussed above the thin film prepared by vapour deposition is modified
by the effect of the ion beam. In IBICVD, the film is prepared with the help of
volatile precursor of the constituent element of the film [53]. Typically CVD
consists of thermal decomposition of a volatile metallic precursor. For example,
by controlling the atmosphere and temperature of the substrate during the
deposition, a metal oxide or nitride thin film can be deposited by using an
appropriate precursor, while the volatile molecules of the other atomic
constituents of the precursor ( e.g., H,0, CO,, HCl etc.) are removed. The ions
impinging on the substrate produce the decomposition of the molecules of the
volatile precursor adsorbed on the surface of the film while simultaneously
assisting its growth process. lon beams provide excellent method because they
can be focussed to nm size. The technique for introducing a precursor gas such
as organic metal into the neighbourhood of a specimen and irradiating a focussed
ion beam onto it enables making three dimensional nanostructures with
precision. Versatility of this technique is demonstrated in nanofabrication using
the focussed ion beam (FIB) based chemical vapour deposition method by
utilizing scattered Ga ions to decompose organometallic molecules of the
precursor gas for depositing the metallic element on a surface with the advantage
of producing uniform metallic coats on those surfaces of nanostructures which
are not directly accessible to the primary beam. The method can be used to
provide electrical contacts on inaccessible regions of prototype nanodevices
[54].

(e) Atom/Neutral Beam Co-sputtering: Using neutralized ions (atom beams)
instead of ion source facilitates sputtering of insulators as the latter has the
problem of charging of the insulating sputter target and the space charge
obstructs the ion beam from striking the sputter target. A neutral beam sputtering
set-up specially designed for the synthesis of nanocomposite thin films using
neutral Ar atoms of 1.5 keV energy incident at 45° at the sputter target produces
uniform films. The metal fraction in the nanocomposite films can be varied by
controlling the relative area covered by metal foils exposed to the Ar beam
[55]. Au-silica nanocomposite thin films prepared by atom beam co-sputtering
for metal fraction with 1.2 at%, 11 at%, and 20 at% provided a way to make
controlled size Au nanoparticles [56]. Si-Ge nanocrystals were made through
synthesizing Ge-silica nanocomposites by co-sputtering of Ge and silica with
1.5 keV Ar atoms [57]. The cosputtering with atom beam is an excellent method
for synthesis of nanocomposite thin films and nanopatterning of the surface
discussed in Section 1.8.

lon Induced Dewetting

A planar metal film prepared on a dielectric substrate is typically metastable
and will dewet from the substrate at elevated temperatures. lon beam provide
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novel means of producing localized melting of thin film deposited on substrates.
It allows one to pattern metallic surface nanostructures with precisely controlled
size, spacing and location. Predefined patterns by focussed ion beam direct-
writing can be used as the templates for ordered nanostructures. This is a
maskless process with no chemical etching etc., which can be applied to many
metallic systems in constructing complex nanostructures for numerous
applications.

Patterning of metal nanowires by directed ion-induced dewetting was
demonstrated by ion beam irradiation of thin Au and Pt lines on SiO, substrates,
60—400 nm wide and 8-25 nm thick which led to the formation of nanowires
by directed dewetting [58]. Continued irradiation of these wires further resulted
in the formation of a linear array of metal dots. In experiments with the
accelerator in Darmstadt, Swift heavy ion induced surface modifications of a
50-nm-thick Fe,O; film on Si substrate exhibited submicrometre size holes
due to irradiation induced dewetting. In situ high resolution electron microscope
(HRSEM) in Darmstadt allows investigations of the development of individual
dewetting holes as a function of the ion fluence, and even the interaction between
them can be investigated. To illustrate pattern formation during grazing
incidence, 3.6 MeV/amu 3'Xe ion irradiation was carried out on a 25-nm-
thick NiO film on SiO,/Si at a tilt angle of 75°. The SEM image sequence
recorded during the experiment reveals the development of a lamellae-like
structure [59].

lon Beam Nanosculpting

Ion beam sculpting enables nanometre control of structural dimensions. It allows
manipulation of matter on the scale of 10 to 10 metres from which many
future electronic, chemical and biological advances are anticipated. In one of
the applications it is applied to the problem of fabricating a molecular scale
hole or nanopore. It is a two-step process to make solid-state nanopores. The
first step in ion sculpting is to mill a through hole. Nanometre sized holes can
be made using a focussed ion beam (FIB). Next, ‘sculpt’ the hole with broad
area ion exposure. Hole size can be reduced to the desired level by this process
of sculpting. This leads to transport of atoms from elsewhere to the edge of the
holes. An appropriate feed-back control can be made to provide a way to monitor
nanopore fabrication in real time. Detector can be set up to register the number
of ions passing through the hole as a function of time [60]. Ion beam
nanosculpting can provide a new tool for studying ion induced materials
phenomena on nanoscale. It has been used to make an electronic detector
consisting of a single nanopore in a Si;N, membrane, capable of registering
single DNA molecules in aqueous solution [61].

Films on substrates can be delaminated at room temperature by ion
irradiation. Som et al. [62] reported MeV He" ion induced delamination of
diamond films on a Si substrate. In situ monitoring of hydrogen, during
irradiation, using ERDA can be used to estimate the threshold ion fluence for
exfoliation to occur.
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lon Cut/Smart Cut

Ion cut is a unique technique provided by ion beams for the integration of
dissimilar materials which enables the transfer of very fine layers of crystalline
material onto a mechanical support. The process involves essentially cutting a
thin layer from the bulk substrates on to the host substrate. Normally protons
are used having energy in the range of 50-200 keV, to induce a mechanically
fragile zone under the surface of the donor wafer. The implanted wafer is then
bonded to a handle wafer and the obtained pair is subjected to thermal annealing
at a temperature in the 200—500°C range. During annealing, the interaction of
the implanted species with the radiated surface acts as an atomic scalpel
producing extended internal surfaces parallel to the bonding interface. This
leads to the splitting and transfer of a thin layer with a thickness roughly
equivalent to the implantation depth. The range of the proton determines the
thickness of the layer. This process is commonly known as ion-cut or smart-
cut process.

Silicon-on insulator (SOI) wafers are used as the starting material for Ultra
Large Scale Integration (ULSI) device structures. A typical SOI system consists
of a thin layer of single—crystal silicon supported by an underlying insulator
(for example SiO, and sapphire). Ion-cut process is now primarily used for
fabricating SOI wafers which have become the foundation for ULSI devise
structures, which was created to obtain delamination of thin layer in a thick
substrate [63]. It turned out to be very effective in the production of SOI wafers
because it enables greater uniformity of the top Si layer while preserving its
good crystal quality. It involves four steps: (1) Wafer A capped with a dielectric
layer (for example Si O,) is imparted a thin layer of sufficiently dense hydrogen
ions (proton implantation), (2) Wafer A is then bonded with wafer B, (3) The
bonded wafer is then split and annealed. The wafer A is then split in two parts,
yielding an SOI structure and the remainder of the wafer A which can be used
again, and (4) The SOI layer is then polished to produce a high quality surface.

The smart-cut process enables to have practically any type of mono-
crystalline layer on any type of support. Proton implantation enables
delamination of a thin film from a thick substrate. The wafer bonding enables
different multilayer structure to be achieved by transferring this delaminated
layer on to the second substrate. This crude looking but smart—cutting process
helps ensure that the wafers are accurate in thickness to less than 4 nm. Feng
and Huang [64] have studied the fundamental physics and mechanics of smart
cutting. It is possible to produce three dimensional patterns by, instead of
implanting protons into the whole wafer, directing them to localized regions
by specialized metal masks.

Ion-cut process is now being extended to make it into the process of “lon
Cut Synthesis”. This can be achieved by simultaneous nanostructure synthesis
and layer transfer. Formation and blistering of a layer of luminescent GaN-
rich nanostructures, using N ion implantation into GaAs, followed by high
temperature rapid thermal annealing can provide a way. Ion-cut synthesis is
expected to enable the development of low-cost manufacturing methods.
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lon Beam Mixing

Ion beam mixing (IBM) is a very powerful process which can mix materials at
the interface between two layers under the influence of incident ions [65, 66].
Consider a substrate with a film of some material deposited on the surface. lon
implantation can be used to achieve mixing atoms of the two materials. In the
process of ion implantation, the ions incident on a solid are incorporated over
arange of depths determined by their initial energy. It gives rise to mixing but
is not ideal for the desired mixing of the atoms of the two materials because in
the mixed region unwanted ions are implanted. lons with higher energy pass
through the film into the substrate and are not implanted in the region of interest.
Ions passing through the material do interact with the atoms of both the substrate
and the film which causes mixing of the atoms of the film and substrate atoms.
Materials under ion irradiation undergo atomic rearrangements giving rise to
atomic mixing. In low energy regime, IBM is primarily a result of ballistic
effects in which the kinetic energies of impinging ions are transferred to target
atoms on collision.

Ballistic ion beam mixing can be classified into two basic types: recoil
mixing and cascade mixing, which happen simultaneously as a result of ion
bombardment. In recoil mixing, atoms are relocated by single collision events
and the ion itself gets implanted in the material. This mode of mixing, however,
is not the dominant process in ion beam mixing. The relocated atoms of the
material undergo further collisions producing a collision cascade. A collision
cascade is a set of energetic collisions of atoms induced by an energetic particle
in the material. If the energies in a collision cascade are higher than the threshold
displacement energy of the material the collisions can permanently displace
atoms from their lattice sites. The fact that lots of atoms are displaced by a
cascade means that ions can be used to deliberately mix materials, even for
materials that are normally thermodynamically immiscible which is referred
to as cascade mixing. Collision cascades produce defects in the film and the
substrate (or both the layers for bilayer systems). These defects assist in diffusion
across the interface. This radiation enhanced diffusion (RED) also contributes
to the Ion Beam Mixing. The nature of collision cascades can vary strongly
depending on the energy and mass of the recoil/incoming ion and density of
the material. The degree of mixing of a film depends on the ion mass, fluence
and the total dose.

The non-equilibrium nature of irradiation can also be used to drive materials
out of thermodynamic equilibrium, and thus form new kinds of alloys. Higher
energies are preferred for ion beam mixing process. Energy of the ion is chosen
depending on the thickness of the film and such that the nuclear energy loss is
maximum at the interface [67].

Ion beam mixing (IBM) finds applications in the generation of new phases,
novel materials and enhancing the adhesion of the film to substrate. Low energy
ion beams have been very widely used for decades for such applications. The
ion energy and species are chosen in such a way that they impart a large amount
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of energy to the atom at the interface of thin film and substrate by the process
of elastic collisions. The electronic energy deposition beyond a certain threshold
can cause the movement of atoms which can lead to mixing. Swift heavy ions
have vast potential in the field of modification of materials by extremely large
energy transferred through the electronic excitation but negligible damage due
to elastic collisions. Ion beam mixing with swift heavy ions requires about two
orders of magnitude less fluence than that with low energy ions. Progress in
the area of materials engineering with swift heavy ions induced mixing is
discussed in Chapter 4.

1.4 MATERIALS MODIFICATIONS WITH ION BEAMS

Interaction of the ions with the material needs to be understood in detail in
order to analyze the ion induced changes in the materials. The interaction is
with both electrons and the nuclei of the target material. At low energies the
incident ion looses its energy predominantly by elastic collisions with the nuclei
of the solid. It is referred to as the nuclear energy loss. Materials modification
due to nuclear energy loss is caused by the diffusion properties of the implanted
species and on the defect formed, their probability to annihilate, to agglomerate
and on their ability to induce stable or metastable phase transitions. At higher
energies ions start having inelastic collisions leading to excitation/ionization
of electrons, which is referred as the electronic energy loss. The transition
from the initial electronic excitations to structural modification and macroscopic
changes in irradiated material involves a series of physical processes occurring
on largely different time scales. These include excitation of electrons by a
projectile, thermalization of the electronic subsystem, electron-to-ion energy
transfer, relaxation of the excited material and the accompanying structural
transformations. In this case the ability to induce material modifications is
mainly determined by the efficiency and the rapidity of the energy transfer
from the target electrons to the target lattice. Very spectacular effects are
observed when extremely high densities of energy deposition are reached. Non-
linear and threshold effects as function of deposited energy density are observed.
As radiation induces non-equilibrium states of matter, new materials can be
created with novel properties.

With the availability of high energy ions for materials studies interest
emerged in studying the electronic loss associated changes in the materials
[68]. A few examples of attempts made in the direction of modifying the
properties of materials with high energy heavy ions are mentioned here.

Performance of tribological coatings depends on adhesion, which requires
bond between the two materials having little chemical affinity. Significant
improvement was observed in micro-hardness of Cr coatings on stainless steel
irradiated with 75 MeV ions at 4.5 x 10" ions cm™ [69].

Study of magnetic and magneto transport properties of Fe/Tb and Fe/Cr
multilayers with 80 MeV Si ions indicated that interface roughness increased
without intermixing [70].
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The minority carrier life time can be reduced significantly by introducing
deep level defects in Si and switching characteristics of diodes can be improved
[71, 72].

The microstructure and properties of polycrystalline diamond thin films
were studied with 100 Mev I”" ions using elastic recoil detection analysis
(ERDA). Films containing lower amounts of hydrogen showed better resistance
to radiation damage [73].

The specific and unique feature of ion beams is that it can deposit a large
energy density which can drive the material to far from equilibrium, which can
result in unusual unexpected effects on materials. The large energy density in
nature exists, for example, in earth core in form of molten core. The ion beam
can produce transiently molten phase along the ion track in case of high energy
(~1 MeV/nucleon) heavy ions. Another example of large energy density in
nature is: the impact of meteorite at the earth and such large energy density has
created new phases of materials at the impact region. Similar situation exists
in materials under impingement of energetic ions where phase transitions due
to temperature and/or pressure are created. A schematic given in Fig. 1.2 shows
such possible effects. The pressure can arise due to expanding molten liquid
(transiently) causing pressure to the surrounding.

There have been surprises in this field of ion beams in materials science.
Some examples are given here:

Effect of Swift Heavy Ion
in a cylinder of a few nm
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Figure 1.2: A schematic to show how SHI can create phase transformation. SHI can

cause a temperature spike or a pressure spike (discussed in Chapter 2), which can

result in phase transformation. The volume expansion during transient melt phase
can cause pressure to the surrounding annular region.
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(i) The amorphous and glassy materials undergo plastic deformation under
SHI. The effect of SHI was just like hammering. The phenomenon is
called hammering effect [74].

(i1) The metals, considered to be unaffected by ion beams, showed ion track
with SHI [75].

(ii1) Defect creation by ion beam was well known but the defect annealing
and ion beam induced crystallization attracted attention of researchers
and industries [76].

(iv) Polymers, known to get huge defects in the form of latent tracks by ion
beams, exhibited crystallization under SHI irradiation [77].

(v) SHI at low fluences causes defect annealing of CNTs [78].

(vi) Phase transformations are observed from one crystalline to other
crystalline phase form under SHI irradiation in several materials (HfO,,
Zr0,) [79, 80] and TiO, [81].

(vii) There have been unusual phase transformation of material under
simultaneous effect of pressure and SHI irradiation [82].

(viii) Phase transformation in BISCO (superconductor) was shown under SHI
irradiation [83].

(ix) Ejection of large complex molecules occur as electronic sputtering under
SHI irradiation [84].

(x) Ejection of large Au clusters favouring the possibility of thermodynamic
liquid gas type phase transition under energetic ion bombardment [85].

(xi) Unusually large electronic sputtering was observed in thin Au films
and sputtering yield was found to be higher for small thickness [86].

(xii) Electronic sputtering from LiF occurs in the form of jet [87].

(xiii) Change of shape of particles from spherical to elongated along the beam
direction under ion impingement [88]. No other method allows the
control of shape of buried or core shell particle.

(xiv) Collective rotation of nanocrystal under SHI irradiation [89].

(xv) The crystalline plane of Ni encapsulated in CNT gets tilted under SHI
irradiation [90].

(xvi) Nanoscale line-like features observed in Cu;N/glass film irradiated with
200 MeV Au'**ions [91].

(xvii) Nanotracks were shown to act as transport routes for enhanced and
reversible hydrogen diffusion in swift heavy ion irradiated Pd—Pr layers
[92].

(xviii) Ferromagnetic behaviour is observed in irradiated Cg, [93] and
enhancement in ferromagnetic signal in SHI irradiated Pd-C nano-
composite [94].

(xix) Self affine structures in low energy ion irradiation are known. Recently
similar self aligned nanostructures are demonstrated by SHI irradiation
of ZnO [95].

(xx) SHI irradiation of Gd,Zr, , Ti, O, gives amorphous track surrounded by
crystalline but disordered shell [96].
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(xxi) Nanosize defects are observed in LiF crystals under SHI irradiation
[97].

(xxii) An Asymmetric Polymer Nanopore synthesized by etching of single
ion exposure of polymer was demonstrated for Single Molecule
Detection [98].

(xxiii) CNTs can be welded by low energy ions and fullerene can be welded as
dimmer or polymer [99, 100].

(xxiv) Flux Pinning in HTSC by SHI was demonstrated [101].

1.5 POSSIBILITIES OF TAILORING THE MATERIALS
PROPERTIES WITH ION BEAMS

Ion implantation has been exploited for decades in widely diverse fields both
as a powerful research tool for investigating solid state material processes and
properties, and as a means of controllably modifying the electrical, physical,
chemical, mechanical and optical properties of solid surfaces. The ion-matter
interaction processes lead to the modification of the composition, structure
and surface topography of materials.

Flexibility provided by ion beams to manoeuvre the changes in the
properties of the materials through the ion matter interaction is due to the fact
that we can have the ions of energy of almost zero (fraction of eV) to very high
energies (GeV), and can also control the ion fluence over a wide range covering
107 ions cm™2 to 10'* ions cm? in case of swift heavy ions and orders of
magnitude larger in case of low energy ions.

Immense possibilities have emerged with ion beams for engineering the
properties of materials. The opportunities here are in the development of new
materials and nanostructures. Ion beams can be employed in a reasonably
controlled way to make changes in the properties of the material. However,
although the position and distribution of the implanted ions can be predicted,
the defect distributions, stabilities and changes in the properties are not
adequately understood and needs serious efforts. Developments in the direction
ofthe use of ion beams towards nano-scale materials are giving rise to exciting
possibilities but there is much to be researched, found, understood and exploited.

Amorphous materials under MeV ion irradiation can undergo anisotropic
deformation. For example, silica contracts in the ion direction, while it expands
perpendicularly. This ion beam induced deformation provides a unique method
to tailor the shape of a wide variety of nanostructure materials. One can control
the pore shape and pore structure of mesoporous materials etc., discussed in
Chapter 5.

Availability of ions of wide range of energy is being exploited to explore
the possibilities in this vibrant and exciting field where developments are taking
place on a whole range of multidisciplinary frontiers particularly in the fields
of nano-materials and related areas. These are summarized in Table 1.1.
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Table 1.1: Developments in the field of nano-materials with ions of
different energy ranges

< Soft Landing through  Surface structuring without any collision with these ions
Ultra Low Energy lons is opening new horizons
% <10keV Ion assisted nano patterns/nano-ripples
Low Energy Ion Beam Example: Self Organized Quantum Dots [SOND] ~75
eV-1.8 keV Ar ions with normal incidence produce
“Hexagonally ordered Quantum Dots”, with charac-
teristic length of the array depending on the squareroot
of ion energy.
Ripple Structure: Ion beam incident at an angle produces
a ripple structure on the surface, which depends on the
angle of incidence.
% 10 keV-10 MeV Ions provide most versatile means to introduce an element
near Medium Energy ~ “A” in surface region of “B” and obtain supersaturated
solution of the two elements. This leads to: Synthesis of
nanoparticles through ion implantation and Ion Beam
Mixing in bilayers.
Ions alter tribological properties on a micro scale, alter
optical and other properties and form nanocomposites
nucleating nano dots.
Patterning nanostructures by ion induced dewetting
< >10 MeV (SHI) Swift heavy ions generate track shaped damage, a few
nm in radius which can be a few mm in length. Tracks
are modified materials contained in well defined
columns. By varying the parameters of ion beams one
can engineer the property of the material inside the track.
The track can be etched to make holes and filled with
the desired materials.

The table gives a brief account of the developments in the fields of
nanostructures and nanomaterials synthesis using ion beams accessible from
existing particle accelerators in different energy ranges from keV to hundreds
of MeV, and special facilities for creating ultra low energy heavy ions. It is
found that unique manipulations in the properties of the materials is possible
as we go to higher energies if we can understand how the ion matter interaction
changes as a function of energy.

There are plans to have a beam of heavy ions in the order of 10 GeV/amu
from the FAIR accelerator complex at GSI equipped with a raster scanning
beam delivery system which can ensure beam quality and shape homogeneous
large-field irradiations over a wide range of particle fluences. At such high
energies there are no systematic measurements and thus it is not possible to
predict the effect of these ions only from an extrapolation from lower energies.
At energies higher than 1 GeV/amu the radiative energy loss becomes relevant
in addition to the electronic energy loss.
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1.6 WHY ION BEAMS FOR MATERIALS ENGINEERING?

Starting with the creation of the revolution in semiconductor technology, ion
beams were making impact in characterization of the samples and were being
appreciated as non—destructive techniques for analyzing samples of various
kinds. Changes caused in the material being investigated by the ion matter
interaction were analyzed to focus on the possibilities of modification of the
properties of the materials of different kinds. With the advances in this direction
and availability of ion beams of all possible energies it became possible to
tailor the properties of the materials. This along with the development of the
understanding of ion matter interaction led to the idea that one can in fact
engineer the properties of materials in a planned way. The question naturally
arises as to why ion beams for materials engineering.

An attractive point of ion beams for materials science is the non-equilibrium
conditions produced by the ion matter interactions. Energy of 1 eV corresponds
to a temperature of 10* K. Of course, the comparison is not directly applicable
to materials effects, since the energy stored is rapidly relaxed. However, the
highly non-equilibrium states create unusual material processes and novel
material properties. These are never obtained under thermal equilibrium
conditions. Non-equilibrium materials science is still at a nascent state, but
with a promise of unlimited possibilities for the future.

Appropriate modelling of the non-equilibrium phase diagram produced
by ion irradiation can provide predictive power to ion-based techniques. It has
been shown how one can, in this way, go so far as to design systems with
interesting physical properties that may lead to applications in microelectronics
or magnetism [102].

There has been evolution in this field with high energy heavy ions during
the last two decades. A sizeable scientific community of materials science has
been researching with ion beam facilities originally devoted to nuclear science
studies. The interest of this community has been on the highly excited states of
matter induced by swift heavy ions [SHI]. Importance of other types of beams
such as cluster beams, highly charged ions etc. for materials engineering is
now gradually being realized.

Ion beam facilities provide tremendous flexibility due to the possible
variations in ion parameters and the sensitivity of the ion matter interaction on
these parameters. Energy of the ions can be produced from almost zero velocity
to GeV energy with the following variations:

e Jons: of all elements

e Charge states: 1" to 92" (in principle) Singly charged negative ions

e Current density: few ions cm2to 10'® ions cm™

e Beam: Continuous or Pulsed (up to ~50 Picosec)

o Focussed Beams: Nano, Micro, ..., or, Broad beams with uniform
intensity

Beam in high vacuum to atmospheric pressure
e Programmed scanning and dwell times
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There are opportunities in the area of development of new materials and
nanostructures. lon beams of isotopically pure species can be employed in an
energetically tailored environment combined with the remarkable in-situ and
favourable conditions of dynamic controls. A large array of parameters such as
the dose, the dose rate, the target temperature, the velocity of ions, the initial
state of the system, synergetic effects with the previous state etc. determine the
final outcome of the interaction of ion beam with matter. The subsequent post-
processing provides even more flexibility in the creation and manipulation of
new material. Currently most of the work seems to be empirical requiring
much more research and characterization before it can mature as technique to
be exploited industrially. The subject is very vibrant and exciting.

There has been significant activity in the direction of simulating the
expected results of the ion matter interactions under different conditions. These
efforts are helped by a great deal of enormous experimental data which is
becoming available, thanks to the availability of various types of ion beam
facilities being developed and increasing interest of scientists in the emerging
challenges in this field of engineering new materials, and proceeding in the
direction of making smart materials and thinking about ways to make intelligent
materials.

1.7 SPECIALLY CONFIGURED ION BEAMS

There have been phenomenal developments in accelerator technology providing
ion beams of any desired characteristics. It is making significant impact in the
futuristic technology development through the engineering of materials with
charged particles. A brief description of the contribution of the specially
configured beams to the development of materials science and new materials
is given here.

Low Energy Highly Charged lons

Low energy highly charged ions (HCI) provide a technique to produce
nanostructured surfaces. With the shrinking of semiconductor devices, nano
dimensional features and structuring become increasingly important. For fast
ions, the kinetic energy is not only dissipated close to the surface but also in
deeper layers of the material. Slow (< 1 keV) highly charged ions as opposed
to fast ions are a new tool for gentler structuring of surfaces at the nanometre
scale. The substrate is modified only at and slightly below the surface, opening
the possibility of controlling electronic properties at the nanometre scale.
The potential energy in a Highly Charged Ion (HCI) can be quite high.
The stored potential energy is equal to the energy spent in removing a large
part, say g, of their Z electrons (Z being the projectiles nuclear charge). This
potential energy becomes very large for high values of ¢ (the ion charge state).
Low energy very highly charged ions (HCI) can extract a large number of
electrons from surfaces. As the ion approaches the surface, target electrons are
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captured in high energy levels of the projectile and re-emitted by Auger effect.
Consequently, the number of electrons extracted can be higher than the charge
state of the projectile [103]. Upon surface impact this potential energy is
available for inducing various inelastic processes while the ion regains its ¢
missing electrons to again become fully neutralized. The ion deposits its
potential energy in a short time (typically about 100 fs) within a small area
(typically less than 1 nm?). In the course of HCI neutralization at the surface a
multiple excited neutral particle with empty inner shells is formed, which is
known as “Hollow Atom”. Hollow atoms are short-lived multiple-excited
neutral atoms which carry a large part of their Z electrons in high energy levels
while inner shells remain (transiently) empty. For impact on insulator surfaces
the potential energy contained by hollow atom may also cause the release of
target atoms and ions via potential sputtering and the formation of nanostructures
on a surface.

Negative lons

Negative ions play a crucial role in materials engineering. To fabricate a two-
dimensional structure embedded in an insulator, medium-low energy ions
(several tens keV) are effective. In the case of positive ions, Coulomb repulsion
due to surface charging impedes precise implantation, especially in case of
insulators. For instance, if surface current leakage is neglected, positive-ion
irradiation for several seconds builds up a surface voltage of several tens kV,
which is comparable with the acceleration voltage, and repels further incident
ions by Coulomb repulsion. It can cause decrease in the incident ion energy
and thus can effect the implanted species depth profile. Consequently, negative
metal ions have a decisive advantage, where slight positive charging by negative
ion bombardment is neutralized by surrounding electrons of low energy. The
charging-free conditions enable us to make precise and efficient atomic injection
into a solid. This merit further provides us with a good tool to kinetically control
nanoparticle precipitation, including morphology control, because we can
change the ion flux over a wide range without surface charging effects. The
insulating matrix are most common substrates of interest.

High Current lons

Increasing the ion number density provides a variety of material phases resulting
in new controllability. “High current density” implies a high number density
of'ions/atoms per unit time. For materials engineering, not only the high energy
but also the high current density is important factor. It provides high energy
deposition and high atomic flux per unit time, which give a variety of rate
dependent processes such as: radiation-induced diffusion, enhanced sputtering,
ion-beam mixing, annealing and so on. In more extreme cases, radiation-induced
melting or evaporation takes place. The “high current” here is of a level of
1 mA or 1 mA/cm? as a density. Current (~ mA) itself is small but energy is
high, tens of kV to several MV. The current density of I mA/cm? is comparable
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with the atomic number density in gaseous growth methods, such as vacuum
evaporation for thin film making, and each particle carries on huge energy
which produces spectacular effects.

Pulsed lon Beams

High-intensity pulsed ion beams (HIPIB) provide capability for surface
engineering based on rapid thermal processing of the top few microns of metal,
ceramic and glass surfaces. The processing is based on the beam-material
interaction: remelting and/or ablation of a top layer on the irradiated surfaces
(extreme surface heating effect); subsequently, the molten state may be frozen
at an ultra-fast re-solidification rate after termination of the ion beam pulse.
Short pulse lengths can create partial melting with subsequent quenching. The
depth of treatment is controllable by varying the ion energy and species. This
Ion Beam Surface Treatment (IBEST) process can produce enhancement in
the hardness, corrosion, wear and fatigue properties of surfaces by rapid melt
and resolidification. Efficient deposition of the energy in a thin surface layer
allows melting of the layer with relatively small energies (typically 1-10 J/
cm?) and allows rapid cooling and resolidification of the melted layer by thermal
diffusion into the underlying substrate. Typical cooling rates (~1 x 10'*K/sec)
are sufficient to cause amorphization and fine grain layer formation and the
production of new micro structures including nano-crystalline and meta-stable
phases, as seen in the case of magnesium alloy [104].

Surface smoothing and reconstruction of titanium alloys and ZrO,-Y,04
coatings have been observed as one of the typical outcome under high-intensity
pulsed ion beam irradiation. It is demonstrated that the changes in surface
morphology may significantly contribute to the improvements of overall
performance of the materials [105].

Cluster Beams

The unique capabilities of specially configured ion beams for nano-fabrication
are now opening new horizon. The uniqueness comes not only from the atomic
dimension of the ion but also from the details of the energy loss of the ion in
matter. The availability of energetic cluster beams holds the promise of
substantially broadening these capabilities for nano-fabrication. However, the
energy loss of cluster ions in matter is neither studied in detail experimentally
nor understood theoretically. For example, it is still not known whether the
differential energy loss of a cluster ion is the sum of the differential energy
losses of the constituent ions considering that the inter-atomic distances in a
cluster are much larger than atomic dimensions. The question to be answered
experimentally is whether the differential energy loss of a carbon dimer is
twice that of a carbon ion at the same ion velocity or is the same as that of a
magnesium ion at the same ion velocity.

An energetic ion interacting with a solid loses energy through electronic
excitation of target atoms and scattering by target atomic nuclei. If an energetic
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ion containing two atoms (dimer) enter into a solid they can travel a short
distance without being completely separated. Within this distance in the solid,
the closeness of the two components of the dimer ion can cause modifications
of the response of the electrons in the solid, in comparison to the passage of
monomer ions. This coherent dynamic response was indirectly observed in
C", implantation into a semi-insulating GaAs crystal [106]. In a semi-insulating
material electronic excitation can cause damage. An enhanced damage
production was observed in the GaAs crystal surface region for C*, implantation
compared to C* implantation, where in both cases same energy/mass of the
ions and the same atomic fluence was used. The near-surface modified layer
was studied by X-ray reflectometry, RBS, Channeling and TEM.

Ionized cluster beams are considered as a powerful and versatile tool for
modification and processing of surfaces and near-surface layers as an alternative
to ion implantation and ion assisted deposition.

Ion beam technologies have attained an advanced stage of development.
However, nowadays fabrication of nanometre scale structures needs much more
controllable and versatile tools on an atomistic scale. Requirements for ion
implantation are becoming especially challenging, for example, in areas of
shallow doping (shallow junction formation), low damage/high-rate etching
and smoothing, ultra thin film deposition and special surface relief growth.
Cluster beams provide special conditions mentioned below:

(i) Elastic scattering dominates from first atomic layer of the substrate
An ionized cluster is characterized by low charge to mass ratio. With clusters
consisting of up to a few hundreds or thousands of atoms it is possible to
transport a large amount of material with just a single charge. Due to the large
size and weak bonding of atoms the cluster-surface impact is fundamentally
different from that of monomers. The cluster size usually exceeds a target unit
cell size. Hence, nuclear stopping (direct collisions with target atoms) dominates
for clusters from the first atomic layer of the substrate.

(ii) High density energy deposition

Multiplication of this low energy by the number of atoms and dividing by very
small surface collision area leads to high energy density deposited by the cluster.
Depending on implantation energy and cluster size this can cause nonadiabatic
phenomena and nonstationary quantum phase transitions. High-density energy
deposition allows the formation of smooth films and fabrication of
nanostructured patterns [107]. At low energies it is possible to grow ultrathin
films and special surface by cluster assembling. One would like to have energy
in the realm where the energy per atom of the accelerated cluster is below the
binding energy of constituents in the substrater. At energies above this one gets
high sputtering yield by cluster bombardment which produces high-etching
rates and surface smoothing to a level unachievable using monomer ions. The
high sputtering effect gives an opportunity to use it as an effective technology
for surface smoothing and cleaning or etching.
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When the energy of a cluster constituent atom is more than the penetration
threshold energy of a target material, the cluster breaks down under the energetic
impact and constituents penetrate into the substrate or form a film. They can
also rebound or scatter from a surface, especially at high angles of incidence.

(iii) Shallow implantation to form nm thick layers

Clusters generate multiple-collision effects with lower energies. An acceleration
of, for example, 100 atoms cluster to 10 keV provides 100 eV energy to each
constituent atom. The possibility to decrease implantation energy to eV-range
per atom makes cluster beams very attractive for shallow implantation providing
effective doping of nm-scale-thick layers.

New generation of transistors needs to have junction of ~30 nm which
requires ions of a few keV energy. The beam current drops for such ions due to
the space charge effects which limits low energy implantations. Low energy
implantation of B,yH,, clusters is shown to provide the answer [108].

Cluster-solid interaction is non-linear which gradually increases with cluster
size. The nonlinearity arises from the fact that the cluster atoms influence each
other during the penetration into the target. Since the cluster breaks down into
single atoms quite rapidly after impact (tens of fs), one can expect, for example,
an overlapping of the collision cascades originating from individual cluster
atoms. Thus, the possible difference between the stopping of a dislodged atom
of a cluster and a single atom can make some difference in the projected range
of cluster constituents compared to single ion implantation of the same species.
MD and Monte Carlo simulations show a decrease in the stopping power per
atom in clusters compared to the single atom. In other words, the penetration
of clusters is larger than for the corresponding ions at the same incident velocity.
It was suggested that so-called clearing-the-way effect, where the “front” atoms
of the cluster push target atoms out of the way, could take place. The mean
range and straggling are found to be an increasing function of cluster size for
the same implantation energy per atom as shown by MD simulations for gold
implantation into copper [109, 110].

Cluster impact can cause surface erosion or crater formation [111]. Along
with craters, hillocks (nm-size protrusions) are found in cluster implantations
of various substrates. It is found that size selected Ar clusters implanted in Si
with ~18 keV energy show hillocks formed inside the craters.

The study of cluster—surface impact, soft landing of clusters on the surfaces,
and cluster implantation is important for the futuristic technology.

Microfocussed Heavy lon Beams

Focussed heavy ion beams are developed to achieve targeted irradiation to
engineer the properties of materials in configured ways. Focussed microbeam,
unlike a collimated one, is not restricted to a single location on the accelerator
exit window. This provided a way to develop high resolution lithography
technique using focussed ion beams. Proton beam [p-beam] writing is a direct-
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writing process that uses a focussed beam of MeV protons to pattern-resist
material using the beam scanner system. The direct-write technology using
focussed 50 keV electron beams (e-writing) has been providing efficient way
to fabricate structures up to ~100 nm level. The proton beams provide a better
technique because they travel in a more or less straight path apart from a small
amount of end-of-range broadening where nuclear energy loss becomes
prominent. The probability that a proton interacts with atomic electrons is a
few orders of magnitude larger than for nuclear scattering and because of the
high mismatch in mass between the proton and the electron, proton-electron
interactions do not result in any significant deviation in the trajectory of a
proton from a straight line path. On the other hand, focussed electron beam
spreads rapidly as it enters the resist material. Proton micro-beams can produce
3D structures with high aspect ratios. The sub-micron lateral resolution and
well defined range of proton microbeam provides a way to make multilevel
structures in polymers. Sub-micron structures with a depth of tens of microns
and aspect ratios approaching 20 have been achieved [112]. The primary
physical characteristics of focussed mega-electron-volt (MeV) proton beam,
that of high penetration with little lateral beam spreading, makes p-beam writing
the only true direct write, three dimensional fabrication technique at the
nanoscale. The ability of p-beam writing to create smooth three-dimensional
channels in polymers allows the direct writing of microfluidic devices which
can sort cells, DNA, and large proteins. P-beam writing in Si results in a pattern
damage profile that can be used in a variety of ways [113]. Technologies are
being developed to produce and integrate microstructures and
microelectromechanical systems (MEMS).

Microbeams opened new horizons in bioscience and related technologies.
Study of “Bystander effect” with a single alpha particle hitting a cell is providing
information which will help in radiation therapy. It is possible to study whether
the DNA is affected in the cell when the alpha particle hits the cytoplasm of the
cell but not the DNA [114]. A magnetic-coil-based fast deflector, placed between
the two quadrupole triplets allows deflecting the beam to any position in the
field of view to observe the cells during irradiation. Microbeams are ideally
suited to the study of so-called ‘non-targeted’ phenomena that are now known
to occur when living cells and tissues are irradiated. Non-targeted effects are
those where cells are seen to respond to ionising radiation through pathways
other than direct damage to the DNA [115].

Micro-PIXE based trace element analysis of cell is being done by exposing
individual cell to protons and analyzing the X-rays to look for correlations, if
any, of trace elements with diseases such as Alzeimer etc. [116].

Apart from the depth resolution of ion beam analysis techniques, one can
have spatial resolution governed by the beam diameter of the microbeam. Such
a spatial selectivity is very interesting in fault finding in electronic circuits, IC
chips etc. In principle one can perform 3D microscopy. One such example is
that of 3D hydrogen microscopy in diamond performed using a microbeam
and ERDA technique in conjugation with a magnetic spectrometer [117].
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Nano-Focussed lon Beams

Nanofocussed heavy ions are providing novel routes in the field of materials
engineering. Presently accessible focussed ion beam [FIB] system generate
gallium (Ga) ions with the beam energy of typically 30 keV, focussed to ~7 nm
with ~20 nA beam current. FIB system was first used by Hitachi in 1985 for
integrated circuit (IC) cross-sectioning for failure analysis [118]. These beams
in nanometre range have been of immense importance in the semiconductor
industry where they are used to carve structures with dimensions measured in
billionths of a metre, repair defects in masks used for photolithography, isolate
and analyze elements of integrated circuits, etc. Currently FIB systems are
widely used in nanofabrication, ion lithography, functional structure prototyping
etc.

Importance of these nano focussed ions is now realized in diverse
disciplines. FIB has emerged as one of the most important tools for the scientific
research and industrial applications involving nanotechnology. FIB can shape
materials with microscopic precision. They can shape nanoscale materials either
by adding atoms to a structure or by shaving them off. Besides the
nanoengineering possibilities with these nanofocussed ion beams, there is
another point which provides scope in a new direction. In ion beam based
engineering of the materials there are applications where one feels limited by
the flux of the available ion beams. Due to limited ion flux, the localized
excitation induced by single ion impacts are de-linked in time. In nanofocussed
ion beams, multiple ions can hit a nanometric zone in a time span, which can
be made less than the lifetime of excitation induced by a single ion. The current
provided by FIB is not large but because it is focussed in nanodimension the
current density is very large. Thus, before the excitation induced by one ion
has decayed down, another ion can hit the same zone and induce further
excitation. The consequence of such multiple ions hitting the same zone in a
short time span can be manyfold. High current density can induce dramatic
changes in the properties: magnetic, ferroelectric, optical, etc.

Present FIB systems use Liquid Metal Ion Source [LMIS] with metal
gallium because of its low melting point and low vapour pressure. Gallium
metal is placed in contact with a tungsten needle and heated. Gallium wets the
tungsten, and an intense electric field (> 10® V/cm) causes ionization and field
emission of the gallium atoms. Ga ions are then accelerated and focussed onto
the sample by electrostatic lenses. LMIS produces high current density Ga ion
beams with very small energy spread. Other materials, mostly alloys, tried
with LMIS have not been too successful.

Focussed Ion Beams [FIB] make it possible to implant single ions a few
nm apart. This level of control and the development of technology associated
with FIB facilities has opened a new horizon. When ions strike surface of the
sample they sputter atoms from the surface. Because the ion beams can be
focussed to small sizes their sputtering capability can be used as a nano-
machining tool.
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When the beam strikes the sample, secondary electrons and secondary
ions are emitted from its surface. The electron or ion intensity can be monitored
with appropriate detectors to generate an image of the surface. As with any
analytical technique, FIB analysis also has its drawbacks. Major problems
include damage to the surfaces from Ga ion implantation, and the fact that
some milling can occur during the imaging process. This milling slowly
degrades the quality of the images. Secondary electrons are used for most
imaging applications. Dual-beam FIB systems combine FIB and electron beam.
Ion beam can be used for milling and the electron beam for imaging.

Ion beam milling can be performed at an enhanced rate with the assistance
of small quantities of gas, termed as Gas assisted etching (GAE). These gases
are introduced via gas needles that are positioned near the area being milled.
Gas-assisted ion milling offers several advantages, including selective milling
of certain types of materials such as metals, insulators or carbon-based
compounds. When gas is introduced near the surface of the sample, the
sputtering yield can selectively increase depending on the chemistry between
the gas and the material. During the gas-assisted process, gas is adsorbed onto
the surface, where it reacts with the ion beam and the surface material, producing
volatile compounds that are pumped away.

In a similar process to gas-assisted milling, FIB is also used to deposit
material via ion beam induced deposition. FIB-assisted chemical vapour
deposition occurs when a precursor gas is allowed to chemisorb onto the sample
and the beam scans an area. The gas decomposes into volatile and non-volatile
components and the non-volatile component remains on the surface as a
deposition. In these applications, the beam parameters and gas flow are
optimized for the most efficient equilibrium between the cracking of the
precursor gases and the milling action of the beam. Complex structures can be
built, layer by layer, by spraying appropriate gas on the sample surface and
dissociating the gas molecules adhered to the surface by the energetic ions.
The volatile components which are mainly hydrocarbons leave the sample,
leaving behind the metallic element which is then firmly attached to the surface.

One of the basic structures, which are implemented in many MEMS
devices, is a resonator in the form of a cantilever or a pillar. Nano size cantilevers
and pillars on a suitable substrate can be easily fabricated by FIB or FEB
(Focussed Electron Beam) which offer the ability to detect very small motions
thereby improving the ability of mass sensing down to attograms (108 gm). A
cantilever fabricated with FIB has been prototyped and patented to act as a
miniature bomb-detector by having a sensor attached to the cantilever top. The
sensor part can be tagged to pick up particular types of proteins and can be
used for diagnosis.

The focussed ion beam facility provides basic research possibilities in
nanoscale physics. In one experiment classical laws governing electron emission
and transport in the presence of fields and space charges were studied for
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nanoscale vacuum electronic systems. The classical Child Langmuir’s law,
which is known to hold for space charged limited (SCL) flow of current for
electrodes placed in vacuum (/ proportional to ¥>?), where [ is the current and
V is the applied voltage between the electrodes, is investigated in the quantum
regime. The voltage is found to scale as V12 rather than 73 for the classical
case [119, 120].

Present FIB systems deliver tens of nanoamperes of current of Ga ions.
These beams are very useful for milling and deposition, or can image the sample
with a spot size on the order of a few nanometres. But Ga can contaminate the
surface. Erosion and contamination makes Ga poor ion for imaging technique.
Materials engineering also needs other types of ions.

There is a need to develop technology so that different type of ions can be
focussed to nanometre spots for imaging, milling and deposition. Attempts are
being made to develop ion beams from a variety of different atomic sources.
The ability to use lighter elements such as helium or lithium could be particularly
useful for imaging applications, such as ion microscopy. lon microscopes have
the potential to provide sharper images than electron microscopes, as long as
the ions are not so heavy that they damage the surface. As circuits get smaller
it becomes increasingly important to control the precise placement of single
metal atoms within semiconductor materials to give them the desired electrical
properties for developing the next-generation nanodevices.

Nanostructures by Focussed lon Beams (FIB)

FIB milling has proven to be a powerful tool to fabricate nanoscale structures.
It is used in the development of nanoelectronics [121], magnetoelectronics
[122], for high resolution modification of MFM tips etc. Nanofocussed ion
beams provide simple method to pattern metallic surface nanostructures with
precisely controlled size, spacing, and location. Predefined patterns by focussed
ion beam direct-writing can be used as the templates for the self-organization
of ordered nanostructures [123]. This approach represents a maskless process
that combines the top-down and bottom-up patterning methods, and no chemical
etching or pattern transfer steps are involved. Nano patterns can be generated
using focussed ion beam (FIB) induced adhesion, by selective irradiation of
thin metallic films grown on substrates by focussed ion beam followed by peel
off. After peel off of the irradiated thin film, the ion beam scanned portions are
retained on the substrate, creating nano patterns. The method is suitable for
materials of which the adhesion to the substrate can be improved by ion
bombardment [124].

Huang et al. [125] produced aligned nanoneedles in Fe/GaAs (001) epitaxial
thin film when irradiated with a Ga* ion beam normal to the sample surface at
an ion dose of 3 x 10'7 cm™2. These nanoneedles, with their axes perpendicular
to the original sample surface, are composed of GaAs nanorods with Fe
nanoislands situated at the top. The crystalline nature of the Fe thin film is



34 SHI for Materials Engineering and Nanostructuring

disrupted by the ion sputtering, becoming nanocrystalline Fe islands. It is the
thin Fe layer that is responsible for the formation of the nanoneedles. The ion
sputtering of the Fe layer roughens the sample surface due to the uneven
sputtering rate of the Fe layer. The removal of the Fe layer exposes the substrate
to the incident ions, which then sputter the substrate leading to the formation
of the nanoneedles.

The focussed ion beam is a powerful tool for engineering at nanoscale. It
allows high flexibility of the nanostructure designs that can be realized. The
slow process is the main drawback of the FIB. This technology is presently
best suited for prototyping nanostructures.

1.8 ION BEAM ASSISTED SELF ORGANIZATION

It is possible to guide the self-organization process in a material by imposition
of appropriate conditions through ion-matter interaction processes. In self-
organization a system develops some kind of structure by itself, that is, without
selective intervention from outside. lon beam sputtering i.e. the removal of
material from a surface due to the impact of energetic ions is a surface processing
technique which can induce self-organization process resulting in nanostructures
with different shape and high order arrangement can be evolved. The formation
and self-organization of “ripples” and “dots” spontaneously appear during
uniform irradiation of surfaces. Creation of nanoripples by ion irradiation at
certain range of angles has an analogy with self assembled sand dunes in the
desert due to wind. Glancing incidence ion beam irradiation on a surface induces
self ordering of atoms. This is a field with immense potential in creating
materials of desired properties for futuristic technologies. We first consider the
process of self organization before bringing in the ion beams.

The basic concept of self organization is that the dynamics of a system
tends to increase the inherent order of a system. There are processes that can
be described as self-organization, e.g. phase transitions, spontaneous
magnetization, crystallization, liquid crystal, Bose-Einstein condensation,
molecular self-assembly, etc. It is now believed that there are universal laws
(arising from fundamental physics and chemistry) that govern the growth
through self organization in biological systems.

The monolayer formation of alkanethiols on gold surfaces is an example
of self-organization. Alkanethiols are similar to lipids. They possess a
hydrocarbon tail group (1-4 nm length) but instead of head group designed to
be water soluble, they have a head group designed to specifically bond to a
gold surface, such as a thiol group. Because of the strong interaction between
the thiols and gold, when a gold surface is placed in a dilute solution containing
alkanathiols, a monolayer of these attaches itself to the gold surface via the
thiol group. This technique allows us to control the surface properties of
materials. It is possible to incorporate a wide range of functional groups into
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the individual molecules which can be used to further modify the properties of
the surface. For instance by making the functional group a methyl group, the
surface becomes hydrophobic, so that water runs off the surface. Replacing
the methyl groups with negatively charged phosphate groups makes the surface
hydrophilic and wettable with water. The surface is sensitive to the acidity of
the solution and thus can be used to measure pH changes. It is possible to
influence the electronic nature of the substrate material. These are some of the
wonderful possibilities with chemistry.

lon Beam Assisted Self-organized Nanostructure Formation

Synthesis of nanoparticles on the surface can be achieved with low energy
ions through ion induced surface modification. This technique can be utilized
in two ways. One can either deposit the film on selected areas and irradiate the
whole surface or make the ion beam raster over selected areas, thus leading to
the formation of nanoparticles in the desired regions.

keV lon Induced Formation of Nanostructures

Low energy ions can create periodic arrays of nano-ripples and nano-dots on
the surface. The ion energies from a few hundred eV to a few keV have been
very effective for ripple creation. The basic mechanism of the evolution of
surface morphology leading to nanostructures is a complex phenomenon, which
includes roughening by sputtering and smoothing by diffusion process, and
the final morphology is determined by the balance between them. The periodic
ripple can be formed either perpendicular or parallel to the projection of the
ion beam direction in the surface plane depending on the incidence angle. An
off-axis incident ion beam on solid can produce a ripple structure. The first
theoretical approach describing the process of ripple formation due to ion
bombardment was developed by Bradley and Harper [126]. Stochastic model
was developed by Cuerno et al. to explain the surface morphology [127].
Nonlinear continuum theory was later developed [128] to understand the
experimental observations not predicted by the linear theory. In this formalism
surface diffusion process was included. Diffusion constant has two terms:
thermally activated surface diffusion and the ion induced surface diffusion.
Ion induced process predicts an increase of the ripple wavelength with ion
energy, but the thermal diffusion process, assumed to be dominating at high
temperatures, predicts a reduction of ripple wavelength with increasing energy.
Increase of ripple wavelength with energy was observed [129]. Chini et al.
[130] showed that bombardment of Si with 50-140 keV Ar ions results in the
increase in the ripple wavelength with ion energy if the beam is scanned, and
decreases with energy without ion beam scanning.

The effect of pre-existing random roughness on the evolution of ripple
structures was investigated by Mishra et al. [131]. There is considerable
reduction in initial roughness of the film surface at the early stages of sputtering.
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For large scale surface structures, angle-dependent first order sputtering is
responsible for ion beam smoothening, while for smaller microscopic features,
different relaxation mechanisms dominate for smoothing of the surface. At the
later stages of sputtering, the curvature dependent erosion instability sets in
leading to the development of either coherent ripples or faceted structures
depending on the degree of virgin film roughness and bombarding angle. The
gas cluster ion beam (GCIB) provides excellent technique for surface
smoothening of materials [132-134].

Ion sputtering produces self-organized structures resulting from the balance
between the erosion induced by the ion collisions and diffusion of surface
atoms displaced after the impact. General mechanism involved is surface
curvature dependent sputtering yield and surface diffusion [135].

Metallic surface can be patterned into metallic nanostructures by utilizing
keV ion beam induced dewetting and Rayleigh instability [136]. Dewetting
studied by high energy ion irradiation indicate that it can be used for well
controllable sub-pum patterning of thin solid films [137].

Glancing incidence ion beam assists in self-organization of a periodic arrays
of different configurations depending on the material. A periodic wire arrays
can be created on a CaF, (111) substrate with low energy ions. Preferential
erosion of fluorine by the ion beam creates a surface enriched in calcium. The
calcium self-organizes in elongated island structures of preferential width and
separation. Batzill et al. [138] demonstrated that the CaF, (111) substrate
irradiated with 4.5 keV Ar" ion beam along a fixed azimuth produces nanowires
with ~10 nm periodicity and wire lengths of at least several micrometres oriented
along the azimuthal direction of ion beam incidence.

keV Atoms Induced Formation of Ripples and Nanodots

Atom beam has been used to create ripples at surface on Si crystal surface and
the dependence of the ripple wavelength on atom fluence and on the orientation
of Si surface was studied [132].

lon/atom bombardment is known to enhance surface diffusion and
affect the surface morphology to produce nanostructures. The fluence and
angle dependent studies done with 1.5 keV Ar atom beam with a flux of
14.8 mA/cm? are shown in Figs 1.3 and 1.4.

The formation of ripples and dot structures on sputtered InP (100) were
characterized with SPM. The ripple wavelengths and roughness increases with
the fluence [138-140]. A transition from nanodots to ripples was observed.
The formation of nanodots at lower angles of incidence is shown in Fig. 1.3.
The development of ripple structures at higher angles of incidence is shown in
Fig. 1.4.

MeV lon Beam for Synthesis of Embedded Quantum Dots

Ion beam irradiation can induce a formation of long-range ordered quantum
dot arrays in amorphous silica matrix. Twenty alternating (Ge+SiO,) and SiO,
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Figure 1.3: The formation of nanodots at different angles of incidence of the atom

beam (0°, 7°, 13° and 23°). [From I. Sulania, A. Tripathi, D. Kabiraj, M. Lequeux and

D.K. Avashi, Advanc. Mat. Lett., 1 (2010) 118, copyright VBRI Press, with permission
from VBRI.]

Elongation of dots
and ripples formation

nm

F)

Oion = 31°

Bion = 63°

7 ;

-
31°38° 45%%30 o30 >

eon 5°

Figure 1.4: The development of ripple structure as the angle of incidence of the atom

beam is changed from 31° to 38°, 45°, 53° and 63°. [From I. Sulania, A. Tripathi, D.

Kabiraj, M. Lequeux and D.K. Avasthi, Advanc. Mat. Lett., 1 (2010) 118, copyright
VBRI Press, with permission from VBRI.]

layers irradiated by 3 MeV O ions with the dose of 1 x 10'3 at/cm? under the
angle of 60° induces the nucleation of amorphous Ge quantum dots in well-
ordered chains and the inclination angle of the chains corresponds with the
irradiation direction. After the annealing quantum dots crystallize resulting in
a 3D array of crystalline Ge quantum dots embedded in SiO, matrix [139].

Buried Nanoparticles by lon Implantation

Ion beams offer possibilities for synthesizing nanoparticles under extreme
physical conditions and in highly localized regions, involving processes far
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from equilibrium. Traditional approach with ion beams is ion implantation
followed by annealing leading to supersaturated solid solution and subsequent
nanoparticle formation. Multiple ion implantation with intermediate anneals
to isolate nucleation and growth, provides a good way to control the particle
size distribution. Ramaswami et al. [141] used this technique to form
nanoparticles of Au in SiO, and obtained a standard deviation of 16% on an
average diameter of 1.68 nm, compared to 28% when no attempt is made to
isolate nucleation and growth.

Formation of embedded nanoparticles in a host matrix can be achieved
using ion beam energies in the range of keV to a few MeV. lon-beam-induced
collision cascade process creates embedded nanoparticles. For example,
embedded 10 nanoparticles in silicon oxide matrix were synthesized using
320 keV In ions and the size of which was varied by annealing [123].

1.9 SUMMARY AND PERSPECTIVE

Ion beams are now emerging as almost indispensible tools for mesoscopic
structuring overlapping various disciplines. In late sixties ion implanters became
must of electronic industry, now the trend is that the ion facilities being used
by electronic industry to create miniaturization are being re-discovered by
scientists for research in nanoworld and development leading towards futuristic
technologies. A few experiments done at nano-scale level have given clear
indications of new physics. Studies of this type will have important implications
for nano-devices.

Ions interact with matter through inelastic interaction with electrons and
elastic scattering with nuclei. At very low energies there are cascade of collisions
which produce some kind of nanopatterning which helps in producing
nanoparticles in thin insulating matrix. In energies of a few tens to hundred
keV one can produce nanoparticles through ion-implantation and ion-beam
mixing. In MeV range electronic collisions start playing important role in the
process of engineering the properties of materials. Then at higher energies
track technology starts playing role. Control of the way ion is interacting with
the material allows unlimited possibilities of creating materials with unique
properties. Ion beams are very versatile tools because of very large number of
controllable parameters: energy (eV-GeV), charge, current density, pulsing up
to ~pico-sec., focussing up to nanometre range etc. Considering the importance
of these parameters facilities are being developed for controllable cluster beams,
Ultra Low Energy lon Beam (ULEIB) for soft landing of ions on the surfaces
etc. providing new openings/handle to engineer the properties of the materials.
Now the excitement is due to the availability of nanofocussed ion beams.
Besides localization in nanorange it can give rise to synergetic effects of
individual impacts. Multiple ions can hit a nm zone in a time span which can
be made less than the life time of excitation induced by single ion. High current
density can create local defect injection, chemical composition modification,
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and phase transformation. It gives rise to dramatic changes of magnetic,
ferroelectric, optical, electric and magnetic properties.

Ion beams are opening various possibilities in the direction of tailoring the
properties of materials towards certain functional goals. Basically FIB patterning
techniques rely on a sequential process which can be used in manufacturing.
FIB instruments combine high resolution patterning by local irradiation and
imaging by Scanning Ion Microscopy. This can be turned into a process of
unattended—automatic batch operation having self diagnostic and repair
capability.

There seem to be unlimited possibilities for nanostructuring materials. To
what extent we can control the parameters is important. In order to examine
this point we have to concentrate on the fact that the ion-matter interaction at
the nano level is not yet fully analyzed. The crucial aspect of nanophysics is
that scaling does not hold. At the nanoscale, the properties of materials can be
easily ordered by small structural, compositional and size variations. Because
of the small energy differences involved, these properties are very sensitive to
ion beam interactions.

Ion beams can be used to tailor the structure and properties of nanosystems
with high precision. Use of ions to develop futuristic technologies has started
opening up not only challenges which can be handled through multidisciplinary
approach but has emphasized the need to look at the ion atom interaction physics
afresh through the subject of nanoscience. There is no reason to believe that
irradiation should have the same effects on nano-systems as on bulk solids.

Present bottle-neck in further developments in this field appears to be the
nonavailability of nanofocussed ion beams other than Ga produced with LIMIS.
Development of Multi-Element Focussed Ion Beam [ME-FIB] will open up
this undeveloped field of non-equilibrium materials science for experimentation
and provide new avenues for futuristic technologies. There are efforts world
wide to develop ME-FIBs based on different types of ion sources. Scientists in
the National Institute of Standards and Technology (NIST) of US have
developed a magneto-optical trap based ion source (MOTIS), using laser cooled
neutral atoms, which gives very small (~0.02 eV) energy spread [142, 143].

Different types of plasma sources like filamant based, Radio Frequency
and Microwave plasma sources are being investigated for FIB applications.
Based on the source developed at Lawrence Berkley National Laboratory
(LBNL) [144], Scipioni et al. studied the filament-based multicusp ion source
for FIB applications [145]. In filament driven plasma source, a hot filament
electrode is used for plasma generation and the plasma is confined using a
multicusp device.

Jiang et al. at LBNL, Berkeley have developed a mini RF driven multicusp
ion source, operated in inductively coupled discharge mode, with an external
antenna, for focussed ion beams [146, 147]. Smith et al., from ANU, Australia
have developed an inductive coupled plasma (ICP) source for high current
FIB applications [ 148]. Another type of plasma based ME-FIB system is being
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developed at IIT Kanpur using a microwave driven multicusp plasma source.
The system can generate numerous species of focussed ion beams including
inert gas ions like Ar, metallic ions like Mn etc. The large beam currents from
the plasma source enable high speed milling capabilities for large volume milling
applications [149, 150].

FIB fabrication technology can provide solutions for industrial use by
providing multiple focussed ion beamlets, since a single nanofocussed ion beam
being scanned on surface is inefficient for industrial applications. Some efforts
in this direction are in progress in IIT-Kanpur using microwave generated
multicusp plasma which can provide high density uniform plasma in a compact
cross section [151].

A major project in this direction is underway by the name CHARPAN
[Charged Particle Nanotechnology] in Europe [152]. The production process
and device is developed in this project of Mask—Less Patterning (MLP) for
nanomanufacturing technology, based on hundreds of thousands of finely
focussed ion beams with <10 nm resolution.

The research in this fast developing area of use of ion beams of energetic
particles for modifying/engineering the properties of materials is constantly
opening new directions. It exploits advances in nanoscale materials to develop
unique microstructures and material properties. Swift heavy ions have been
providing new directions for both the modification of the properties of the
materials and their characterization. This area also includes efforts to develop
the underlying physics for the behaviour of materials whose properties have
been engineered at the nanoscale level. Based on a wealth of experimental
results using ion beams of diverse characteristics it is clear that the developments
will provide new directions towards exploiting ion-matter interaction to tailor
desired properties in materials. The ongoing research is likely to open new
avenues for harnessing irradiation on the nanoscale.

Structure and chemistry at nanoscale have long been known to affect the
properties of materials. In terms of function, nanoscale features impact
mechanical, optical, magnetic, and many other bulk properties. Extremely small
grain sizes, nanometre-thickness films, nanodimension precipitates,
nanostructured surfaces etc. can have profound impact on the properties of all
types of materials. With the constant advances in our ability to characterize,
control, and model these nano-dimensioned structures and associated materials
properties, an entirely new aspect of materials research has begun. The ability
to enhance properties by controlling the synthesis of materials with
nanodimensional components provides opportunities which need controllable
tools, whereas in many situations ion beams seem to emerge as the only paths
to achieve the objectives.

Ion beam-based science and technology has emerged over the years as an
area of research having far reaching consequences in both fundamental
understanding of materials properties as well as providing a platform for
numerous exciting futuristic and some immediate applications. Many physical
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phenomena that occur in nano-metre regime and femtosecond time domain
exist under extreme physical conditions. lon beam-based techniques offer many
exciting possibilities because they produce conditions which are far from

equilibrium.
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lon Matter Interaction

2.1 INTRODUCTION

The ion beam applications, which involve either the modification of the
properties of the material or its characterization, stem from the basic interactions
ofthe ions with the target material. The basic physics that governs the interaction
of energetic ions with solids has its roots in the atomic and nuclear physics of
the last century. The interaction is with both electrons and the nuclei of
the target material. In contrast to electrons or photons, energetic ions
deposit extremely high localized density of energy to the target. In this way,
solids receive in a very short time (~10"! to 1071 s) within a very small volume
(~10""t0 10716 cm®) very high energy density by the impact of just one energetic
ion. Consider a high energy heavy ion having an energy loss of ~5 keV/A. It
can deposit energy of ~30 k Jule/cm® in a cylinder of 5 nm radius in 107'¢ s.
The energy is not high but it is concentrated in such a small area that it yields
an extremely large energy density. Such large energy densities are possible
only in the vicinity of exploding devices. With the availability of ions from
protons to uranium in the energy range of eV to GeV it is possible to have
penetration depth of a few nanometre for low energy heavy ions to several tens
of micrometres for medium energy (few MeV) light ions. The width of the
interaction zone ranges from a few nanometres to hundreds of nanometres.
Considering the time scale, the ion takes about a pico second time before it
comes to rest in the material.

Techniques used to characterize the material require that the material should
not change during the process. On the other hand engineering the properties of
the material requires significant changes in the materials properties such as
electrical, optical, structural etc. The challenge here is to evolve soft engineering
approach, where material is modified in an extremely controlled manner and
is characterized during the process of modification. Such a scenario is provided
by the way high energy heavy ions interact with the material. At high energy,
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the ions loose their energy predominantly by interacting with the electrons of
the atoms constituting the material, while the nuclei constituting the lattice are
not disturbed. The energy locked into electrons can cause modification of the
lattice through electron phonon interaction. This provides the soft engineering
approach. Engineering the properties will require movement of the nuclei
whether it is soft approach or the normal one, which is the displacement of
atoms through elastic collisions (nuclear energy loss). For heavy ions (M>4)
of energy a few keV/amu, the energy loss occurs predominantly by elastic
scattering, which can be used for modifying the properties of the material. For
higher energies, above 1-2 MeV/amu, the energy loss occurs predominantly
by inelastic scattering process. Materials however are modified when the
deposited energy in electrons goes above a certain threshold value, which
depends on the materials properties.

Ions travelling through the solid undergo collisions with the stationary
target atoms, which deflect the ion from its initial direction. During its transit
in the target material, an energetic ion, in addition to loosing energy through
various processes, picks up electrons from various shells. Ultimately, a very
slow moving ion propagates almost as a neutral atom going through cascade
of collisions and stops in the solid.

2.2 NUCLEAR AND ELECTRONIC ENERGY LOSS IN
MATERIALS

The incident ion, during its transit in material, continuously lose its energy by
elastic and inelastic collisions with atoms in the target materials. The energy
loss dE/dX basically has three components as follows [1].

dE/dX = (dE/ dX)nuclear + (dE/ d‘X) electronic + (dE/ dX)radiation (2 1)

The energy loss for heavy ions in radiative processes, such as
bremsstrahlung and Cerenkov radiation, is very small and will be neglected in
our discussions. The energy loss mechanism, at high energies, is the interaction
of the effective charge with the target electrons. The nuclear energy loss, (dE/
dX)uelear- dominates at low energies. The established designation “nuclear” is
a misnomer since nuclear energy loss is not due to nuclear forces. It is caused
by the scattering of the projectile by the screened nuclear potential of the target
atoms (Rutherford Scattering). When the recoil energy transferred to target
atom is higher than the binding energy, these atoms are released from their
chemical environment and can trigger off a chain of recoils, if kinetic energy is
big enough. The energy deposition is described by the “stopping power” or
dE/dx, which gives the energy loss per unit length of a particle along its
trajectory. There is slight difference in stopping power and dE/dx, although
both of them represent slowing down of ion in material. The stopping power
refers to the property of material to stop the incident ion and is given by —1/p
(dE/dx), where p is the density. There are two basic energy transfer mechanisms
in the atomic collisions with the target atoms:



Ion Matter Interaction 49

(i) Elastic collisions with the nuclei of the atoms, in which energy is
transmitted to the target atom as whole. It is referred to as nuclear energy
loss S,,, which dominates at low energies (typically below 10 keV/amu),
produces cascade of collisions with nuclei before coming to rest and
getting implanted. It can be varied from a fraction of eV/nm to a few
keV/nm, depending on the mass and energy of ion.

(i1) Through inelastic interaction with electrons, in which the ion causes
excitation or ionization of atoms in the target. It is referred to as electronic
energy loss (S,). In this process, the energy is locked into electrons and
gets transferred to the lattice through electron-phonon interaction. It
dominates at higher energies (typically >100 keV/amu). It can be varied
over a wide range of a few eV/nm to a few tens of keV/nm, by varying
the mass and the energies of the heavy ions.

Nuclear collisions produce lattice disorder by the displacement of atoms
from their positions. Electronic collisions involve small energy loss per
interaction and negligible deflection of the ion trajectory. Computer simulation
methods have been developed (over the years) to calculate the motion of ions
in a medium, which are used to calculate the stopping power theoretically. The
basic idea in them is to follow the movement of the ion in the medium by
simulating the collisions with nuclei in the medium. The best known simulation
programme is TRIM/SRIM (TRansport of lons in Matter, in more recent
versions called Stopping and Range of lons in Matter), which is developed by
Ziegler and Biersack [2] and accessible on the Web [www.srim.org] [3]. Typical
values of S, and S, estimated from TRIM simulation code are shown in Fig.
2.1(a) for Ag ions of different energies in Si. Both stopping powers increase
with increasing energy until they reach a maximum value, and thereafter
decrease. The peak in electronic energy loss curve is referred as Bragg peak.
The stopping power at energies below Bragg peak region is proportional to
velocity of ion (E'?) and is given by LSS theory [4]. The stopping power at
energies above the Bragg peak is proportional to 1/E and is expressed by Bethe
Bloch relation [5, 6]. The electronic energy transfer reaches its peak value at
energies, which are orders of magnitude higher than the nuclear stopping
maximum. The variation of energy loss (nuclear and electronic) with depth for
100 MeV Ag in Si, is shown in Fig. 2.1(b). It may be noted that the value of S,
is more or less constant within submicron thickness and the corresponding
value of S, is negligible. Therefore the experiments of SHI with thin film provide
information on modification of materials, solely due to electronic energy loss
of SHI in materials. Although there are possibilities of contribution of S, in
materials modification as discussed in Section 2.4. The nuclear and electronic
loss values in materials can be varied by choosing different ions and energies
as shown in Figs 2.2(a) and 2.2(b). The possibility of large variations in value
of S, can be seen in Fig. 2.3 where the values of S, for different ions (C, Si, Ni,
Ag and Au) of 1 MeV/amu are shown.
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There is one basic difference between the two processes. The individual
nuclear collisions lead to a deviation of the projectile’s flight direction from its
original one which is not the case for electronic energy transfer. Hence, for
projectiles with dominant nuclear energy transfer, the particles follow a zigzag
movement until they come to rest. This gives rise to a spatially extended damage
distribution. On the other hand, projectiles with dominant electronic energy
transfer, traverse in a straight line. TRIM simulation of the trajectories of
1 keV, 100 keV and 100 MeV ions in materials are shown in Figs 2.4(a),
(b) and (c) respectively. Several impacts of 1 keV ions have trajectories within
a spherical region near the surface (Fig. 2.4a). The 100 keV ions penetrate
inside the material as shown in Fig. 2.4(b). Ions of energies in these two cases
do not follow the straight path due to elastic collisions. When the energy of
recoil produced by the elastic collision is sufficient to produce further
recoil, which in turn can produce another recoil, and so on; such a condition
is called as collision cascade. Small branches emerging out of the main
trajectories, shown in Fig. 2.4(b) represent collision cascade. The trajectories
of 100 MeV ions are almost straight as shown in Fig. 2.4(c), because the elastic
collisions are almost negligible and the ion interact predominantly with atomic
electrons.

18

16 - o

14 -

12 4

| @
10 -

Electronic stopping power (keV/nm)

C Bgi Ni
Energy (1 MeV/nucleon)

Figure 2.3: The values of S, are shown for different ions of 1 MeV/nucleon to get an
idea of large possible variation in S, by changing ions of same velocity.



Ion Matter Interaction 53

+75A :
Depth vs. Z-Axis

|
0A — Target Depth — 150 A

Figure 2.4(a): Trajectories produced by 1 keV Xe ions (red in colour) in Si along
with the recoils (represented by green colour).
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Figure 2.4(b): Trajectories produced by 100 keV Xe ions (red in colour) in Si along
with the recoils (represented by green colour). The green colour dots show the cascade
recoils.
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Figure 2.4(c): Trajectories produced by 1 MeV Xe ions (red in colour) in Si along
with the recoils (represented by green colour).

2.3 CONSEQUENCE OF LARGE ELECTRONIC ENERGY
DENSITY DEPOSITION BY SWIFT HEAVY IONS

A major consequence of large electronic energy deposition is creation of ion
track. The material is modified within a cylindrical zone along the ion trajectory
called latent track or ion track (damage zone created along the paths of swift
heavy ions). Typical track diameter is upto 10 nm, which is surrounded by
radial zone upto about 2 um, so called ‘penumbra’. Two different mechanisms
named as Coulomb explosion [7] and thermal spike [8] are used to explain the
track formation.

Coulomb Explosion Model

An energetic ion, during its traversal in insulating material, ionizes the atoms
in a cylindrical region along the ion path. Repulsive electrostatic forces
(Coulomb force) act during the period before charge neutrality is restored,
giving rise to a violent explosion. The Coulomb explosion occurs, only if the
charge neutralization time exceeds 107 s [9]. This phenomenon leads to the
localized damage or change of the lattice within a narrow cylindrical zone in
insulators and not in metals. Metals, typically, have plasmon frequency typically
about 10'* Hz (obtained by the relation of plasmon frequency as (ne*/me,)"2,
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where 7 is the conduction electron density, e is the elementary charge, m is the
electron mass, and € is the permittivity of free space). Therefore the electron
return time to the ionized core is shorter than 10"'* s for metals and the ionized
core is neutralized before the Coulomb explosion.

If two ions with charge of ne on each, are formed in material of dielectric
constant €, having average atomic spacing a, the force F' between the charges
can be expressed as

F = n’é¥e a? 2.2
0

The local force per unit area (the electrostatic stress, 6,) [7] can be written
as

o = n*e’/(eag) (2.3)

The mechanical tensile strength G,, is approximately E/10, where E is
Young’s modulus of material. For Coulomb explosion to occur, 6, > o,,.. In

22
. . . n'e E
other words, the condition for the Coulomb explosion to occur is ——> 10"
€a,

It is clear from the above equation that track formation is easily possible
in materials of low mechanical strength, low dielectric constant, and small
inter-atomic spacing. Fleischer et al. [7] demonstrated that plastics are more
sensitive to radiation than glasses, as seen in experiments. The Coulomb
explosion model could not predict the experimentally observed ion track in
metals, for which the thermal spike model was invoked. Although the
applicability of thermal spike model was shown in insulators also especially in
several oxides [10, 11].

Thermal Spike Model

The thermal spike model considers the material as a two-component medium:
(a) the electrons, described by the quasi-free electron gas theory and (b) the
atomic lattice with known thermal properties. The projectile ion gives its energy
to the electron gas, and then energy is transferred to the lattice via electron-
phonon coupling in the hot electron system during the characteristic time
10713 5 [8]. It is assumed that when the temperature exceeds the melting point
of the material, a transient molten state is formed in a localized zone of few
nanometres existing for a short duration in typically ps time scale. The rapid
thermal quenching of the hot cylindrical region results in an amorphous track
along the ion path in a short span of time (¢ > 107!! s), with the diameter of
typically upto 10 nm. The narrow cylinder of material that was rapidly heated
to high temperature transiently and then rapidly quenched by thermal
conduction, results in modified material within a cylindrical region.
Consequent to the energy A4(r) deposition in the electronic system, the
temperature rise in electronic and lattice subsystems is governed by coupled
non-linear differential equations in cylindrical geometry [8] as given below:
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pCAT)dT.Jdt = didr [K(T,) dT.Jdr]+[KT)/rdT,jdr—g(T,~T)+A(r) (2.4)
pC(T)dT/dt = d/dr [K(T) dT/dr] + [K(T)/r] dT/dr + g (T,— T) (2.5)

where C,, C, K, and K are the specific heats and thermal conductivities for the
electronic and atomic systems respectively, p is the density of the material, 7 is
the radius of cylindrical geometry with heavy ion path as the axis, g is the
electron-phonon coupling constant, and 7, and T are the temperatures for the
electronic and atomic systems, respectively. The electron-phonon coupling
factor g depends on the velocity of sound s in the material, thermal conductivity
K and the temperature 7T of atomic system according to following relation [8].

g =1t (Kgns)/18K,T (2.6)

where Kp is the Boltzmann constant and 7, is the electronic number density.

It has been observed experimentally [11] that only continuous tracks are
formed if the energy deposition along the ion path exceeds a threshold value of
S,, which depends on the physical properties of the target material as given in
thermal spike equations.

Thermal spike model predicted that the damage zones or the ion track
diameters for two ions having same S, but different velocity can be different as
was observed in experiments [12]. The slower moving ion creates larger
diameter than the faster moving ion. This is also known as Velocity effect [ 13]
and is one of the important aspects to understand the affects of the SHI on
materials.

There are other versions [14, 15] of thermal spike model different from
the formulation given above.

Pressure Spike

Some materials undergo phase transition under swift heavy ion irradiation,
similar to the phase transition expected under the high pressure. It gives a clue
that the ion beam can induce a pressure spike. It can be seen that when the
material expands in the ion track during transient melt phase, it exerts a pressure
to the surrounding annular region and thus the temperature spike results in a
pressure spike. Similar argument can be given in the case of Coulomb explosion
that the ions getting exploded (due to electrostatic repulsion force) may exert a
pressure to the surrounding region. Schematically such a possibility of pressure
spike region around the ion track is shown in Fig. 2.5. Different research groups
have considered pressure spike in explaining the ion beam induced results and
simulations [16-18].

The above three models are normally the basis to understand the
modifications of materials by SHI. For metals, exclusively thermal spike model
is applicable whereas for the other materials, combination of models may be
required for explaining the modification of materials by SHI. In other words,
there could be competing processes of Coulomb spike, thermal spike and
pressure spike, responsible for the modification in the materials.
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Figure 2.5: Schematic showing the annular region surrounding the track core,
experiencing a pressure arising from expansion of material due to temperature spike or
Coulomb explosion, as an effect of impact of swift heavy ion.

Hammering Effect/Plastic Deformation and Viscoelastic
Model

Metallic glasses and amorphous solids under SHI irradiation undergo an increase
in dimension perpendicular to the beam axis whereas dimension parallel to
beam axis shrinks. In this anisotropic effect of SHI, sputtering effects are
negligible and the volume is conserved. This being analogous to the effect
produced by hammer is called as hammering effect, also known as plastic
deformation [19]. Experiments performed on various crystalline metals and
alloys show that the dimensional changes occur in amorphous structure but
not in crystalline structures. The results are explained on the basis that the
passage of SHI gives rise to mechanical stresses [20]. Trinkaus proposed a
viscoelastic model to understand the origin of plastic flow in the form of
anisotropic growth of amorphous solid under swift heavy ion irradiation. The
anisotropic growth is attributed to the relaxation of shear stresses coupled to
thermal expansion in a nanometric cylindrical zone (during temperature spike)
and freezing of the associated strain upon cooling. Such strain zones created
by individual ions accumulate and hence the anisotropic growth increases with
fluence [21, 22].

2.4 COOPERATIVE EFFECTS OF NUCLEAR AND
ELECTRONIC ENERGY LOSSES

Normally one considers the electronic and nuclear energy loss induced materials
modifications as independent processes, but the effects produced by the two
modes of energy loss need not be independent of each other. In fact, the materials
modification induced by ion beam can have contribution from both modes of
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energy losses. It is important to realize that there can be a cooperative effect of
nuclear and electronic energy losses of energetic ions in materials modifications.
There can be four types of cooperation between S, and S, induced effects.
These can be either compensatory type or synergetic type.

S, Induced Annealing of S_ Induced Defects

It has not been possible to create defects by electronic energy loss of SHI
in crystalline metallic materials like Cu, Ag and Au. The damage in these
materials is totally due to nuclear energy loss, S,. In some targets like Fe,
continuous amorphized latent tracks are created only beyond a threshold value
(~4 keV/A) of S,. Below this value, S, induces partial annealing of the defects
created by elastic collisions (S,) [23].

Ion induced amorphization and recrystallization of solid matrices
by energetic ions is an excellent example of the combined role of S,
and §,,. Klauminzer and Meier [24] studied U;Si,, an important material used
in nuclear reactor. Ion irradiation induced amorphization of this material leads
to swelling and growth, which needs to be avoided. It was found that for lower
S, (~8 keV/nm), the full amorphization achieved was solely due to elastic
collisions and S, had negligible influence. Increasing S, to ~20 keV/nm led to
partial annealing of the S, induced amorphization with a crystalline fraction,
f. ~0.7. A stationary state between S, induced amorphization and S, induced
recrystallization is thus achieved. The latter process led to a crystalline fraction
/. ~0.95 when S, was increased to 32 keV/nm. The understanding of the result
is based on a competition between direct amorphization by elastic collision
and recrystallization due to a thermal spike.

S,, Induced Modification during the Time Scale of S_
Induced Thermal Spike

It is found that in some situation the two modes of energy loss, S, and S,
re-enforce the effect of each other. There seems to be a synergetic effect that
leads to an extent of materials modification that cannot be accounted for by a
simple addition of the modifications separately induced by S, and S,, but by a
combined effect of both. Such complex synergetic effects of electronic and
nuclear energy loss demand certain experimental conditions, and the study of
sputtering provides a good tool to investigate this aspect.

To examine the combined role of S, and S, induced sputtering, effects of
200 MeV Ag and 100 MeV Au ion irradiations on InP surface were studied
[25]. Both the ions have same S, in InP. However, they induce very different
surface modifications. 100 Mev Au irradiation results into large size pits on
the surface whereas 200 MeV Ag ion irradiation does not affect the surface.
Thus it is not a case of electronic sputtering. Can it be due to the high value of
S, of Au ions? The large pits that one sees in 100 MeV Au irradiation could be
due to the combined effect of S, and S,. Although the velocity effect can also
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be invoked to explain this experimental result. Since the velocity of Au ions of
100 MeV is roughly half of the velocity of 200 MeV Ag ions, the damage
expected by slower ions can be expected to be more as expected from the
velocity effect.

Sputtering of metals such as Ti and Zr was studied with high energetic ion
beam of 210 MeV I and 230 MeV Au beams where electronic energy loss
dominates, and clear synergy between S, and S, was observed [26]. Sputtering
was studied by collecting the sputtered particles on a catcher foil like high
quality single crystalline Si and studying the amount collected by Rutherford
Back Scattering (RBS) in channelling mode. The sputtering is likely to occur
within the thermal spike period of a few picoseconds. During the short time
the lattice stays above the vapourization temperature where nuclear stopping
can result into much higher sputtering yield.

These studies suggest that, though small in magnitude, the effect of nuclear
energy loss can be augmented by the presence of electronic excitations created
by the high energy heavy ion.

S, Induced Atomic Mobility Accelerated by S Induced
Defects

This is another kind of synergetic effect of S, and S,,. Unlike the previous case,
the defect creation due to S, and S, in this case is decoupled in time. It was
shown [27] that irradiation of Co/Ge bilayers by 100 MeV Au ions results into
mixing at the interface leading to the formation of 4 nm thick Co-Ge alloy at
room temperature. Changes occurring across the Co/Ge interface were studied
by Rutherford Backscattering Spectrometry and cross-sectional TEM. Since
the energy is such that S, <S4, mixing in principle should not occur due to
electronic energy loss process. Going by nuclear energy loss, one needs a fluence
~10"® ions cm™ to effect any mixing. But mixing was observed at a fluence of
10" ions cm™. This implies that S, alone cannot account for mixing, and there
must be a synergetic effect of S, and S,. But the synergy here is different from
the synergy of S, and S, in modifying the materials during thermal spike period
as discussed above. To understand this unusual synergetic effect, one presumes
that S, builds up point defects with increasing irradiation fluence. At the fluence
of 10'*jons/cm?, there are enough point defects like vacancies and interstitials,
which accelerate atomic diffusion at the interface during the thermal spike
created by electronic energy loss.

Athermal Process

The above discussion pertains to thermodynamic equilibrium condition of
electron and lattice degrees of freedom. In the wake of SHI, the electrons
equilibrate to a maximum temperature in a time scale of a few femtoseconds.
Subsequent transfer of energy from electrons to lattice heats up the lattice to a
temperature of about a thousand Kelvin or above in a few picoseconds. In the
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background of these thermal processes, different athermal processes have been
envisaged where materials modification does not involve increase in
temperature, either transient or over long periods of time. The electronic
excitation in one such process, for example, drives the electronic subsystem
from a bonding to an anti-bonding state in a short time scale of a few
femtoseconds [28]. The lattice becomes soft. In this state, the nuclear excitation
S,, becomes much more effective in inducing enhanced atomic disorder. In
another process, athermal annealing has been achieved in phosphorous ion
implanted silicon [29]. In a study on YBCO it is observed that ions induce
modification not only through creation of amorphized latent tracks along the
ion path, but also through creation of atomic disorder in the oxygen sublattice
in the Cu—O chains of YBCO by the secondary electrons. These electrons are
emitted radially from the tracks during the passage of the SHI. It is found that
it is a consequence of the inelastic interaction of the SHI induced low-energy
secondary electrons with the YBCO lattice which reduces the critical
temperature [30-32]. The secondary electrons can even lead to relaxation of
surface stress [33, 34]. Although one cannot rule out the possibility of relaxation
of stress by temperature rise in an annular region surrounding the ion track due
to temperature spike.

Swift heavy ions can create a large density of defects, such as the ion
track, and are capable of defect annealing as well, depending on the value of
S,. The schematic Fig. 2.6 depicts both these possibilities. One can say that at
low values of S, defect annealing is achieved whereas with increase in S,
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Figure 2.6: Schematic showing the possibility of defect annealing and defect creation
by changing the values of S,. Concept from Ref. 11 and Ref. 23.
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defect creation starts dominating and first cluster of points are created along
the ion path. With further increase in S, one gets discontinuous ion tracks and
finally beyond a threshold of S, an ion track is formed. The schematic is only
a guideline of possible effects of ion beam in materials. For example, there are
materials, like most of the metals, where there is no formation of ion track.
The ion track corresponds to the central core region where there is a transient
melt phase and the surrounding annular region has lower temperature than
central core region and can have either low density of defects or can cause
defect annealing or ordering in the materials. It is thus also possible that an ion
impact causes an ion track and an annular region around this undergoes defect
annealing. Thus defect annealing and defect creation are competing process as
a consequence of each ion impact. This is depicted in Fig. 2.7, where temperature

Ton impact zone

Tw = Melting point

r = Track radius

[ Temperature >

Distance from the ion path

Figure 2.7: Centre core region of circle shows the damaged track core surrounded by
less damaged zone or a zone where defect annealing/ordering also can take place due
to favourable temperature. The central core region undergoes a melt zone for a short
duration, whereas the temperature in surrounding region is below melting point.
[Reprinted from N. Bajwa, Alka Ingale, D.K. Avasthi, Ravi Kumar, K. Dharamvir and
V.K. Jindal, Nucl. Instr. and Meth., B212 (2003) 233 with permission from Elsevier.]
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at different radial distance from ion path is shown. The central core region
which melts transiently becomes ion track and the surrounding annular region
has lower temperature where defect annealing or ordering can occur. Depending
on the value of S,, the diameter of the ion track and the surrounding annular
region can vary.

Detailed experiments with different ion beams at high energy irradiation
of fullerene thin films are explained with this picture, where the amorphization
in central core region (ion track region) and the dimer formation in a surrounding
annular region as ordering is considered [35, 36]. The annular region can also
be under transient pressure spike due to expansion of material in track core
during temperature spike. The coexistence of temperature and pressure in
annular region results in dimer formation. The experiments on defect annealing
in CNTs by high energy ion irradiation, recently reported [37, 38], are cases of
defect annealing by SHI as discussed above.

2.5 SIMULATION EFFORTS TO UNDERSTAND ION
IRRADIATION INDUCED MODIFICATIONS

In the low energy regime, the ion irradiation and its consequence on material is
well simulated by TRIM/SRIM simulation codes, where the ion trajectories,
energy loss S, and S,, recoils, defects, and sputtering rates are predicted in
reasonably good agreement with experimental results. The effect of low energy
ion irradiation in materials are simulated by another software called TRIDYNE
[39]. It considers various effects for example sputtering while predicting the
depth profile of implanted ions.

The consequence of SHI on materials is difficult to simulate due to lack of
exact knowledge of involved mechanisms. A fundamentally more
straightforward way to model multiple atomic collisions is provided by
molecular dynamics (MD) simulations, in which the time evolution of a system
of atoms is calculated by solving the equations of motion numerically.
Modifications by swift heavy ions (SHI) in different materials is predominantly
by electronic energy loss which makes its simulation challenging. Various
simulation tools have successfully modelled the effect of lower energy ions
where one needs to handle only atomic motions while electronic energy loss
part is dealt as a frictional term or damping force. However, when electronic
energy loss dominates, this procedure cannot be applied. Two models, viz.
Coulomb explosion model and thermal spike describe the way to understand
the process of transfer of such deposited energy to atomic motions but only
atomistic simulations like molecular dynamics (MD) simulations and Monte
Carlo simulations can provide detailed description of the modifications at the
atomic level.

Atomistic simulations can, in principle, provide information about defect
production, atomic density variation, electronic sputtering and motion across
interfaces but they too have limitations as they do not give any information at
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electronic level. MD simulations have been used to understand electronic
sputtering by energizing atoms around the ion path to mimic energy transfer
due to electronic energy loss [40]. The same methodology has been used to
study amorphization due to SHI irradiation in crystalline silicon [41]. The two-
temperature thermal spike model can be coupled with MD simulations to
simulate sputtering and to understand how it is influenced by details of the
initial temporal and spatial energy distribution [42]. Similar approach has been
used to model SHI induced modifications and for investigation of ion tracks
[43]. In all these simulations which utilize thermal spike concept, the main
issue is the electron phonon coupling constant as the result are very sensitive
to its value. Better estimate of its value can be obtained by density functional
theory [44]. Unified efforts involving various simulation techniques and
accessibility of faster and powerful computers may gradually lead to better
understanding of the modifications by SHI in different materials with minimal
assumptions.

2.6 PERSPECTIVES OF ION-SOLID INTERACTION

Over the years, an important dimension of materials science research involving
fusion of nanoparticles science with ion beam has emerged. This has opened
up studies on physical phenomena in nanometric regime and femtosecond to
picosecond time domain. Nanoparticles can be considered as intermediate
states of matter with microscopic aspects, presenting analogies with nuclei,
atoms, molecules, and macroscopic properties described by thermodynamic
equilibrium in condensed matter. It is of fundamental interest to understand
how mesoscopic system and properties evolve under high energy ion
irradiation.

The issue of the stability of nanoparticles under ion-irradiation needs to be
examined. This needs understanding of ion-matter interaction in the nano-scale
range of the particle size. The response of nanoparticles and hence the
modification induced in them due to ion irradiation, is expected to be governed
by the confinement effects. This includes the consequence of the confinement
of a high density of energy in a small volume, the energy that an energetic ion
can deposit in a nanoparticle.

In nano-world ion induced defects, dislocations, strains etc. need to be
examined in the light of the finite size of the nanoparticles as compared to the
length scales associated with the irradiation induced defects. The thermal
properties like the melting temperature, heat capacity, thermal conductivity
etc. will be modified. There exists report that nanoparticles are radiation soft
materials. Grain of SnO, nanoparticles for example fragment and even evaporate
under 950 MeV Pb ion irradiation while micron size SnO, particles remain
radiation resistance under similar irradiation condition [45]. On the contrary
there are also reports that nanoparticles are radiation hard materials. One can
damage bulk material by ion irradiation, but not nanoparticles. Shinde et al.



64 SHI for Materials Engineering and Nanostructuring

[46] demonstrated higher radiation resistance of strontium ferrite nanoparticles
than their bulk counterparts to ion irradiation.

What happens upon ion/solid interaction, when the target size is reduced
to nanometre scale? Collision cascades in nano dimension system, such as
free-standing or embedded nanoparticles, will behave completely different from
cascades in semi-infinite matter for which well-established computer codes
exist since long. On reducing particles to nanoscale, surface effects will
dominate and probably lead to enhanced sputtering. The increased phonon
scattering at the particle boundaries should give rise to higher damage, but, on
the other hand, the larger and close surface area of such particles should act as
a sink for defects that will anneal easier. Diffusing species should readily be
trapped at the particle surface so that one should expect a gettering effect of
the particle environment.

2.7 SUMMARY

The field of ion-solid interaction, a former spin-off from nuclear science, is
now a well established science with good foundation and useful applications
emerging. However, due to the relatively short life time of the ion-solid
interaction, many details are still unknown. Therefore, ion-solid interaction is
still a challenging scientific field that offers a lot of promising applications,
and justifies especially the invitation to interested scientists from other fields
to contribute to this discipline with their specific expertise. Modern technologies
require new materials with exquisite properties. Ion beam based methods to
engineer the materials properties has the potential to create such new materials.
However, the interaction of impurities, ion beam created defects and the control
of these processes on the nanoscale requires improved experimental and
theoretical approaches. For example: (1) the control of the size distribution of
nanocrystals formed in implanted material, (2) the investigation of the dynamics
of site-specific implantations etc. The ion-solid interaction can create unique
solids which cannot be created by other means.
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3

lon Beam Analysis

3.1 INTRODUCTION

The Ion Beam Analysis (IBA) techniques are powerful tools to investigate the
composition of a material in a non-destructive way. lon beams impinging on a
material induce several processes simultaneously which lead to emission of
secondary radiation and particles as illustrated in Fig. 3.1. These processes
have provided various analytical techniques [1] which have been classified
based on the process (scattering/photon emission or reaction) and the mode of
detection of the reaction products:

Ton Beam

—

) k learr ion products
Sputtered ions (useful in RBS and NRA)

(usefulin SIMS
Electrons g Optical photons /X-rays/y-rays
\ Usefalin ionoluminescence, PIXE, PIGE

Ion-matter interaction
zone for a single ion

sissssssasssssenisicet

)
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Figure 3.1: Various processes produced by ion beam interaction with materials which

provide different techniques for analyzing the materials properties. (a) Photons/X-rays/

v rays in ionoluminescence, PIXE and PIGE respectively. (b) Back scattered ions/

nuclear reaction products in RBS and NRA respectively. (¢) Sputtered ions in SIMS
(d) Recoils, in ERDA.
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e PIXE and PIGE: Proton induced X-ray emission and Proton induced y
emission provide the elemental compositions.

o IL: Ionoluminescence, also known as Ion Beam Induced Luminescence,
provides information about the ionic state of atoms by the study of the
emitted photons in UV, Visible and IR region.

e RBS: Rutherford Back scattering Spectrometry provides depth profiles
of elements. It is sensitive to heavy elements in light matrix.

e Jon-Channelling: Provides information on degree of crystallinity and
related aspects from single-crystalline materials or epitaxial layers.

e ERDA: Elastic Recoil Detection Analysis is sensitive to light elements
in a heavy matrix.

e LEIS and MEIS: Low Energy Ion Scattering and Medium Energy Ion
Scattering, basically use the principle of RBS and ERDA in a few keV
and ~100 keV region respectively.

e NRA: Nuclear Reaction Analysis provides isotope specific elemental
profiling.

e CPAA: Charged Particle Activation Analysis provides isotopic light
elements determination at sub ppb level.

e AMS: Accelerator Mass Spectroscopy provides an ultra sensitive
technique to determine ratio of isotopes of an element, from a small
quantity (~1 mg) sample.

Each technique provides unique information and, therefore, is utilized for
specific applications. The sample to be analyzed is used as a target for a beam
of accelerated ions. The interactions of the ion beam with the atoms (or the

MCA Amp L | PA e Detector

Ion Beam

MCA : Multi Channel Analyzer
Amp : Amplifier
PA : Pre-Amplifier Sample

Figure 3.2: The instrumentation normally used to detect and analyze the signals from
the events generated by the ion beam interaction with the material.
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nuclei) of the target material induce from it the emission of secondary radiation
(X-rays, y-rays, particles), having an energy characteristic of the emitting atom
or nucleus. Suitable nuclear detectors and signal processing electronic modules
are then used to analyze the emitted radiation to quantify the presence of the
different elements in the material as shown in Fig. 3.2.

In general, analysis done using ion beams are: Quantitative, Multi-elemental
(Nuclear Reaction Analysis excluded), sensitive down to trace level, and non-
destructive. Besides the techniques mentioned above there are several other
areas where ion induced emissions provide excellent ways to obtain physical
information. For example, the emitted electrons from the surface of the target
irradiated with ions could be secondary electrons or back scattered electrons
which are used in imaging techniques in Scanning Electron Microscopes (SEM).
The emitted Auger electron can be used for on-line measurements providing
crucial information on ion matter interaction [2-4]. Sputtered secondary ions
from the surface produced by the primary ions are used in Secondary Ion Mass
Spectroscopy (SIMS) to get elemental, isotopic or molecular compositions of
the target.

3.2 PROTON INDUCED X-RAY EMISSION (PIXE)

It was first shown by Johansson et al. [5] that the analysis of X-ray emission
following proton bombardment using silicon detectors constitutes a powerful
multi-elemental analytic method. When a material is bombarded with energetic
charged particles, the Coulomb interaction between these projectiles and the
atomic electrons in the material results in ionisation of the atoms. Subsequent
de-excitation of the ionised atoms leads to the emission of characteristic
X-rays. Depending on the sub-shell from which the electron has been removed
from the atom, as a result of the ionisation, K, L, M etc. X-rays are emitted.
The energies of the emitted X-rays, detected by a suitable X-ray detector of the
requisite resolution, give information on the various elements present in the
material (Qualitative Analysis). The intensity of the X-rays gives information
on the concentration of the elements (Quantitative Analysis).

Compared to electron based X-ray analytical techniques such as energy
dispersive spectroscopy (EDS), PIXE offers much higher sensitivities. It is
due to the fact that the background X-rays (Bremsstrahlung radiation) is three
order of magnitude smaller in PIXE as compared to EDS.

The PIXE spectrum consists of the characteristic peaks of the elements
present in the sample superposed on a continuous background, mainly arising
from the Bremsstrahlung generated by the electrons ejected from these elements
as a result of the Coulomb interaction of the incident projectiles. The PIXE
spectrum is analyzed to extract the area of each peak after suitable backgroumd
subtraction. The cross section for X-ray production for a given ion beam energy
is a smoothly varying function of the atomic number of the element. The
charactersitic X-ray yield is given by:
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N,=N,(mNjJ4)o,eT 3.1
where N, is the number of incident protons, m is the mass of the element, 4 is
its mass number, N, is the Avogadro number, G, is the X-ray production cross
section, € is the detection efficiency and T is a factor to account for X-ray
absorptions in the material and detector window.

The experimental arrangement consists of a vacuum chamber in which
the sample to be analyzed (Target) is bombarded with the proton beam, a Si(L1)
X-ray detector for detecting the emitted X-rays from the target, a data acquisition
and analysis system and a Faraday Cup for charge measurement. Some suitable
absorber may be some times inserted in front of the detector to absorb unwanted
low energy background radiation.

Sample preparation is of utmost importance in PIXE. Ideal condition is
thin self supporting target which can be directly bombarded with the proton
beam inside the chamber. But normally some suitable backing is required. The
backing should be thin so that the proton beam suffers minimum energy loss in
it and should not have any impurities. Commonly used backings are Mylar,
Kapton, carbon, formvar, nucleopore filter paper etc. Sample preparation is
relatively easy for liquid samples and those which can be brought into liquid
form (like water soluble samples). A drop of the solution allowed to dry up on
a backing such as formvar, nucleopore filter paper etc. forms a good target.

Equation 3.1 for the number of X-rays detected can be written as

N(Z, E,) = K(Z, E,) Oy m (3.2)

where Q, is the total charge collected at the Faraday Cup, N, is the number of
X-rays detected and K is a calibration constant, to be determined using a number
of standard samples (chemical compounds dissolved in distilled de-ionised
water and thin targets made out of these or other certified standard samples).
Knowing N, and K and by measuring O, the mass m of the element can be
estimated.

For any analytical technique, it is necessary to have an idea of the minimum
detection limit, i.e. the lowest concentration of an element which will give a
detectable X-ray count rate over and above the background. The usual criterion
is that N, = 35, where ¢ is the standard deviation of the background counts in
the expected peak region for a particular element. Typically the detection limit
is about 0.1 ppm for Z ~30 for K X-rays. It depends on the X-ray energy.

It is possible to do measurements at atmospheric pressure by bringing out
the proton beam from the high vacuum environment of the accelerator into the
ambient of the laboratory. This technology makes it possible to measure a
valuable artifact or precious material at atmospheric pressure outside the
confines of an evacuated chamber without sampling. Problem in running in
this configuration is that low energy X-rays from lighter elements are attenuated
in air. However, we can purge the area between the sample and the detector
with helium to minimize this effect.

Applications of the PIXE technique in areas such as Environmental
pollution, Forensic science, Geochemical prospecting, Archaeological studies,
etc. are described in Appendix 3.
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3.3 PARTICLE INDUCED y-RAY EMISSION (PIGE)

The particle induced y-ray emission (PIGE) method is complimentary to the
PIXE method. It provides additional ways to analyze the elemental compositions
in materials by analyzing the energies of the y-rays emitted by the materials
irradiated by a few MeV ions. Usually proton beams are used to induce 'y
emission and Ge(Li) detector is used for y-ray detection. It is very sensitive for
the light elements and provides a technique to measure low concentrations.
Simultaneous measurements of X-rays and y-rays from the samples using PIXE
and PIGE emissions have been used to measure inclusions in various ore
deposits and other materials science studies [6, 7].

3.4 IONOLUMINESCENCE (IL)

When ion beam is incident on certain materials, it emits photons in UV, visible
or IR region. The states in bandgap arising due to impurity atoms or the defect
states, are populated due to interaction of incident ion and material. The decay
of these populated states give photons in different energy regimes from UV to
IR. The emitted light is analyzed by suitable detection system such as
monochromator, detector, etc., which provides a spectrum of the intensities of
different wavelengths. Such a study is referred to as ionoluminescence (IL)
and has been extensively used for imaging and analysis of elements and chemical
compounds [8, 9]. It is a powerful tool to determine ionic state of impurity
atoms [10-12]. IL spectra provide signatures of the defects inside the material,
enabling differentiation of natural specimens from imitations. Since the ion
beam especially SHI’s can modify the material, resulting in change of
ionoluminescence, the on-line studies with ion fluence provide valuable
information on modification induced by SHI. The ionoluminescence and PIXE
are complimentary techniques. Their combination provides a powerful analytical
tool, particularly in geochemistry [8].

3.5 RUTHERFORD BACKSCATTERING
SPECTROMETRY (RBS)

Energetic ions of typically 1-3 MeV energy, incident on the sample, are
elastically scattered from the atoms in the sample. The number of scattered
ions and their energy is measured. These data provide information on the
composition of the sample, the distribution of those components, and the
thickness of the sample. The incident ion species, normally used, are positively
charged *He atoms [13]. RBS performed with heavy ions is referred to as
Heavy Ion Back Scattering (HIBS).

In an elastic collision the energy of scattered particle depends on the mass
and the energy of incident particle, mass of the target atom and the angle of
scattering. The measured scattered particle energy reveals the information about
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Figure 3.3: The ions of energy E|, and mass m,, are incident on a sample having two
elements of masses m| and m,. The back scattered particles having energies governed
by kinematics, are detected in a detector at an angle 6. The energies of the back scattered
particles provide information about mass of the elements. The ions scattered from the
surface (shown by single arrow) have higher energy than those scattered from inside
(shown by double arrow), give information of the depth profile as well as the film
thickness as shown here. [Reprinted from D.K. Avasthi, Physics Education, Apr—June
(1995) 28.]

the different elements in the material. The back angle for detector is chosen so
that the scattered particle energy separation from different masses (dE/dm) is
larger and the kinematic broadening (dE/d0) is small. The variation of energy
of the scattered particle due to scattering from different inner layers of the
sample enables one to reconstruct the depth profile, i.e. the information of
concentration versus depth of an element. The schematic in Fig. 3.3 explains
the basic principle of depth profiling by RBS. Consider ion beam of energy
(E,) striking a sample having two elements A and B. The backscattered ions at
an angle 6 from the elements at the surface will have the energies £, and £y,
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E =K\ E, (3.3)
Eg=Kp E, 3.4
where K is kinematic factor

K= [{m, cos 0+ (m>—m,’ sin®8)"*}/(m+ m)]? (3.5)

P

and m, and m, are the mass in amu of the projectile and the target respectively.

The energy loss of the backscattered ions is dependent on two processes:
scattering events with nuclei of the sample and from electrons in the sample.
The first process is dependent on the scattering cross-section of the nucleus
and thus on its mass and atomic number. For a given measurement angle, nuclei
of two different elements scatter incident ions to different degrees and with
different energies, producing separate peaks on a plot of counts N(E) versus
energy E. The energies of scattered particle can be converted to a mass scale as
shown in Fig. 3.3. These peaks are characteristic of the elements contained in
the material, providing a means of analyzing the composition of a sample.
Relative concentrations can be determined by measuring the peak heights.

The quantitative estimates of elements is made using the number of particles
detected in a given solid angle Q

Y= N, N,(do/d) Q (3.6)

N, is the number of incident particles, M, is the number of target atoms per
cm?, and (do/dQ) is the Rutherford scattering cross-section. The experimental
determination of Y provides the value of &V,.

The second energy loss process, the stopping power of the sample electrons,
does not result in large discrete losses such as those produced by nuclear
collisions. Instead it creates a gradual energy loss dependent on the electron
density and the distance traversed in the sample. This energy loss lowers the
measured energy of ions which backscatter from nuclei inside the sample in a
continuous manner dependent on the depth of the nuclei. The result is that
instead of the sharp backscattered peaks the observed peaks on the N(E) versus
E plot trail off gradually towards lower energy as the ions pass through the
depth occupied by that element. Elements which only appear at some depth
inside the sample have their peak positions shifted by some amount which
represents the distance an ion had to traverse to reach those nuclei.

When the scattering occurs inside of target, the backscattered particle energy
E, is smaller due to (i) energy loss of incoming ion in the sample and
(i) energy loss of scattered particle in the sample before reaching the detector.
Thus reduced energy provides the information about the depth at which the
scattering occurs and it becomes the basis for depth scale as shown in Fig. 3.3.

Depth profiling can be determined from the following equation [14]:

AE = At [K (dE/dx)g, + 1/cos 8 (dE/dx), ] (3.7)

where (dE/dx)g > and (dE/dx),g , fepresent rate of energy loss for incident ions
and scattered ions respectively, AE is the energy width of the peak in RBS
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spectrum, £, is the projectile energy, At is the film thickness, K is the kinematic
factor, and 0 is the scattering angle.

This kind of measurement determines the elemental composition; the
chemical structure of the sample cannot be determined from the N(E) versus E
profile of RBS spectrum. However, it is possible to learn about the crystallinity
of the sample through RBS channelling, discussed in the next section.

In practice, RBS is an analytical tool that uses elastic scattering of 0.1- a
few MeV charged particles to analyze the surface and the few micrometres of
solids. A typical RBS system consists of an accelerator and scattering chamber
with sample manipulators and particle detectors. The scattered particles are
detected by surface barrier detector. The signal from the detector is processed
by nuclear electronics and multi-channel analyzer (MCA), which can be
integrated with the computer. The data evaluation is accomplished using
standard procedures and RUMP computer code [15]. The advantage of the
low-energy RBS technique lies in its capability of quantitative analysis of major
and minor constituents lying in the first 0.5 to 2.0 micrometres of a material.
Depending on the sample structure and composition, the detection limits vary
from 10" to 10'° at. cm™ for heavy and light elements respectively. The
detection limits for some light elements may further be improved by using
resonant scattering. The depth distribution of constituents can be reconstructed
with a depth resolution of ~10 nm. The RBS technique is non-destructive since
the erosion and the radiation degradation of the sample material by the particle
impact is negligible. It is routinely used for quantifying impurity concentration,
film thickness measurement, diffusion studies, and compositional analysis of
novel phases. Novel phases synthesized by MeV ion beam mixing technique
can be investigated by RBS. A few examples of the applications of RBS are
given in Appendix 4.

3.6 RBS CHANNELLING

Ion channelling in a crystal is due to the repulsive force between the incident
ions and the atoms in the lattice. lons are deflected by this force causing a
shadow cone behind the atoms. If the ion beam is aligned parallel to a major
crystallographic direction, all atoms except the topmost ones are located in the
shadow cone of other atoms and the ions travel mainly in the open channels
between the atomic rows. This phenomenon is called RBS channelling. In
such a condition the backscattering yield or x-ray production is drastically
reduced and these events provide a monitoring signal to achieve channelling
condition. RBS channelling is a powerful tool to provide information on (i) the
content of crystallization, (ii) location of dopant atom, (iii) determination of
strain in super lattices, etc. [16-20].
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3.7 ELASTIC RECOIL DETECTION ANALYSIS (ERDA)

Elastic Recoil Detection is an ion beam technique to obtain elemental
concentration depth profiles [21, 22]. An ion beam is directed at the sample to
be depth profiled and as in RBS there is elastic interaction with the atoms of
the sample. The incident energetic ions used typically have MeV energies,
enough to kick out (recoil) the atoms being struck. The technique depends on
putting in an appropriate detector to detect these recoiled atoms. The great
advantage in ERDA is that all the atoms of the sample can be recoiled if a
heavy incident beam is used, so a complete analysis of the sample is immediately
available.

ERDA provides excellent technique for depth profiling light elements.
The use of large area position sensitive telescope detectors makes it a highly
sensitive technique with which ion beam induced modifications such as interface
mixing, electronic sputtering etc. can be performed during irradiation itself,
with its availability as an online facility.

The analysis of hydrogen is important in many areas of materials science.
Hydrogen also has important effects on the chemical, physical and electrical
properties of many materials. It is the lightest element in nature. Its detection
and quantitative analysis is difficult by the conventional methods utilized for
other elements. The technique of elastic recoil detection analysis (ERDA) using
1-2 MeV He" beam has been developed to quantitatively and simultaneously
analyze hydrogen and its isotopes in solids. For example, such a facility using
the 2 MeV Van-de-Graaff accelerator, facilitates H and D analysis in a material
up to a depth of ~1 pm with a detection sensitivity of 0.1 at.% and depth
resolution of about 100 A.

Elastic recoil detection analysis (ERDA) is a powerful method to investigate
elemental concentration of surfaces. Since each recoiling species carries the
specific information about its own depth distribution in the sample,
concentration depth profiles for all elements can be measured nondestructively
at once and without interferences. This is especially well suited to quantitatively
analyze light elements in heavy substrates. The time needed for a complete
measurement of one sample is only minutes.

Mathematical Formulation of ERDA

When an elastic collision occurs with the incident particle of mass m, and
energy £, with the atoms of mass m, the atoms in the sample recoil in forward
direction. The recoil energy E, of atom at an angle ¢ with respect to the beam
direction can be expressed as

E.= E, 4 mym, cos” o/(m, + m,)’ (3.8)

If the projectile mass is greater than that of the target atom (2,> m,), maximum
angle O of recoil is given by the relation

© = arc sin (m/m,) (3.9
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Figure 3.4: The ions are incident on a sample (tilted at an angle o), having two elements
of masses m, and m,. Unwanted ions and heavier recoils are stopped in a stopper foil.
The recoils having different energies provide information about the mass of the elements.
The recoils from the surface (shown by single arrow) have higher energy than those
originated from inside (shown by double and triple arrows) and give information of the
depth profile as well as film thickness. [Reprinted from D.K. Avasthi and W. Assmann,
Current Science, 80 (2001) 1532 with permission from Indian Academy of Science.]

The scattered projectiles are thus blocked by putting the detector beyond
the maximum scattering angle. If the sample has elements with mass more
than projectile, the scattered projectiles are stopped in a stopper foil of
appropriate thickness in front of the detector. Recoils of light elements are not
stopped in the stopper foil due to smaller energy loss. The schematic of an
ERDA set up is shown in Fig. 3.4.
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The concentration of sample atoms N, (in atoms/cm?) is given by relation
N, =Y sin 0/(N,, Q do/d) (3.10)

where Yis the number of recoils in a solid angle €2, N, is the number of incident
ions, o is the tilt angle of the sample as seen in Fig. 3.4, and do/dQQ is the
differential Rutherford recoil cross section given (at an angle ¢) by the following
relation.

do/dQ = [Z,Z, & (m,+ m)[’/(4 E,> m® cos’ ) (3.11)

where Z; and Z, are the atomic numbers of the projectile ion and the recoiling
ion from the sample respectively.

The recoil energy originating from a depth d, depends on (i) the kinematics
governed by Eq.(3.8), (ii) the energy loss of the incoming ion in the sample
material, (iii) the energy loss of the recoil in the sample and (iv) the energy
loss of the recoil in the stopper foil as shown in the schematic in Fig. 3.4. The
energy of a recoil generated at depth d is given by

Ey= k [E, — (dlsin o) (dE/dx),,] (3.12)

where (dE/dx),, is the energy loss of incident ion in the sample material.
The recoil energy as detected by the detector is given by

E4e = Eq— (d/sin (¢ — ) (dE/dx) , — AE g, (3.13)

where (dE/dx),,, is the energy loss of recoil ions in the sample, and AE; is the
energy loss of recoil in the stopper foil.

The recoil energy can be converted to depth scale using equations (3.12)
and (3.13). Recoil energy gives the information about the mass of the elements
in the sample. The identification of the elements from the recoil energy is
feasible if the difference in recoil energies of the elements is larger than the
energy resolution of the set up. Heavier recoils have higher energy and appear
as separate group as shown in Fig. 3.4.

Most common geometry used in ERDA is the reflection geometry where
the sample is tilted at an angle and the detector is kept at an angle greater than
the sample tilt angle. ERDA can be used in transmission geometry for self
supporting thin film samples. The detector resolution becomes critical if the
sample has elements with neighbouring masses, the recoil energies overlap
and it becomes difficult to distinguish them. In such a situation, various types
of'the particle identification techniques are utilized for discrimination of different
elements. These techniques are: Time of Flight (TOF) Spectrometer [23, 24],
AFE — E detector telescope [25-27], Magnetic Spectrograph [28], Bragg Curve
Spectrometer (BCS) [29] etc.

The TOF technique is normally preferable with low energy ion beams so
that the recoils have large flight time and the percentage error in flight time is
small. The magnetic spectrometer provides excellent resolution but are
expensive. The use of detector telescopes is an ideal choice for identifying
neighbouring mass elements with reasonably good depth resolution. The
detector telescope can be designed and fabricated according to the need.
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Telescope arrangement [30] consists of two detectors; first one is thin
detector, where a small part of the energy (AE) is deposited and the rest of the
energy E,. = E — AE is deposited in the second detector. The energy lost, AE
in the first detector, depends on the product MZ> where Z is atomic number
and M is the mass of recoil. Thus the energy lost in AE detector by the recoils
of different elements having almost identical energies is different and can be

used to identify the atomic number of recoil.

On-Line Monitoring with ERDA

Normally in ion beam techniques the ion dose required for analysis is small
and there is no significant change in the sample. However in case of heavy ion
ERDA, where it is known that SHI can induce changes in material under
investigation, there are chances of modification of material during analysis.
This however is a blessing in disguise as it provides a handle on the possibility
of engineering the properties of materials [31-33]. A large area position sensitive
gaseous telescope detector (discussed in Appendix 4) is an ideal system for
such studies as large area enables analysis with small dose and position sensitive
feature allows to retain depth resolution.

Elastic recoil detection analysis (ERDA) with SHI provides a unique
possibility of on-line monitoring of compositional changes produced in the
material by SHI irradiation. The probing ions provide information about the
modifications produced by the preceding ions since the probe action takes
place faster (in 10! s) in comparison to the time taken for material modification
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Figure 3.5: The recoils produced due to elastic collisions are used in ERDA for on-line

analysis which provides the information of material modification (in surface bulk and

interface) caused by electronic excitation. [Reprinted from D.K. Avasthi, S. Ghosh,

S.K. Srivastava and W. Assmann, Nucl. Instr. and Meth., B 219-220 (2004) 206 with
permission from Elsevier.]
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(~10'"' 5) by already impinged ions [34]. Thus fluence dependence of SHI
induced compositional changes in materials can be carried out using on-line
ERDA. The incident ions produce the modification in material due to large
electronic energy deposition (arising due to inelastic collisions) whereas the
recoils produced by elastic collisions are used for characterization by ERDA.
Schematic for this online monitoring of modification of material is shown in
Fig. 3.5. A few examples of applications of ERDA are given in Appendix 4.

3.8 MEDIUM ENERGY ION SCATTERING (MEIS)

Medium energy (50-250 keV) beams of light ions (usually H" or He") are
used to probe the surface and near-surface region. The beam is incident on a
sample target along a known direction and the energy and angle of the scattered
ions are measured simultaneously using an electrostatic analyzer with two-
dimensional detector. Simple ‘billiard-ball’ mechanics determines the atomic
mass of components of the target, whilst depth sensitivity arises due to the
more subtle energy losses that occur as an ion passes through a solid. Structure
determination is via the variation in scattered ion intensity that arises due to
shadowing and blocking of the ions by atoms in the target along specific
crystallographic directions. The ability to characterize materials in terms of
their composition and structure with virtually monolayer resolution makes MEIS
an ideal technique for the characterization of surfaces, thin films and
nanostructures. It is sensitive to both the composition and structure of materials,
with a depth resolution down to single atomic layer spacing [35-37].

3.9 LOW ENERGY ION SCATTERING (LEIS)

LEIS is in principle same as MEIS and RBS but a few keV energies are used to
analyze the surface region. Special equipment is used for the detection of the
positions, velocities and energies of the ions that have interacted with the surface.
It allows determinations of relative positions of atoms in a surface lattice and
elemental identity of those atoms [38-41]. LEIS is one of a very few surface-
sensitive techniques capable of directly observing hydrogen atoms as recoil
events [42].

3.10 NUCLEAR REACTION ANALYSIS (NRA)

NRA is a technique to obtain concentration versus depth distribution in thin
films. The basic principle is as follows: An incoming ion enters the film and
loses energy while penetrating the film. In the low energy regime, the ion
beam interacts with the specimen only by means of their electric charges. The
Coulomb barrier keeps the ion from reaching the nucleus. At higher energies
the incoming ion can undergo a nuclear reaction with the nucleus of the atoms
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of the film causing a change in the nucleus. The emitted radiation and the
reaction products can be detected with appropriate detectors to provide the
desired information. When the ion energy used is not high the nuclear reaction
takes place with only low-Z elements in the specimen. Because of this ability
to pick out low-Z elements in high-Z matrices, analysis via nuclear reaction is
well suited for the detection of light elements which is a major advantage of
NRA [14].

When the incident particle succeeds in penetrating the Coulomb barrier of
the target nucleus there are two types of nuclear reactions possible: (1) Direct
reaction producing the products or (2) Compound Nucleus Reaction in which
the particle is absorbed by the target nucleus A forming a compound nucleus B
in an excited state which then loses its internal energy by emitting 7y rays or
break up giving the reaction products.

a+A>B*>B+y (3.14)
a+A2B*>C+d (3.15)

The detection of the light particle d and the measurement of its energy
enables to generate a depth profile of an element. If the nuclear reaction leaves
the nucleus C in an excited state, its prompt y decay can also be used for NRA.

As an example, consider a reaction used to profile hydrogen.

SN+ 'H > 12C + o, + 7 (4.965 MeV) (3.16)

This reaction has a resonance at 6.383 MeV energy. The emitted v is
characteristic of the reaction and the number of y rays detected is proportional
to the concentration at the respective depth of hydrogen in the sample. To
obtain the depth information the stopping power of the projectile ion in the
sample has to be known. The H concentration profile [43] of the sample is
obtained by scanning the '°N incident beam on the sample.

NRA can also be used non-resonantly. For example, deuterium can be
profiled with He beam.

He+D > o+ p + 18.353 MeV (3.17)

For a fixed energy of the incident *He particle the energy of the emitted
proton depends on the depth of the deuterium atom in the sample.

3.11 CHARGED PARTICLE ACTIVATION ANALYSIS
(CPAA)

Charged particle activation analysis technique uses high current light ions (‘H,
2H, 3He and *He) to induce nuclear reaction in light elements (B, Be, C, F etc.)
in a sample [44, 45]. The decay of induced radioactivity is recorded to get
concentration of traces (upto sub ppb level) of the light elements. The technique
requires choosing a nuclear reaction depending on the light element, whose
concentration is to be determined.
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The difference between NRA and CPAA is that NRA uses prompt decay
events of nuclear reaction, whereas CPAA uses delayed events having large
lifetime. It has been a popular technique for in situ tribological investigation to
test the abrasion rate of surfaces. The material surface to be tested is bombarded
with light ions to produce activity. The loss in activity is monitored during
operation of wearing/tearing of surfaces under process, to determine the abrasion
rate.

3.12 ACCELERATOR MASS SPECTROMETRY (AMS)

Accelerator Mass Spectrometry is an ultra sensitive technique for detection
and counting of individual nuclei [46, 47]. It is typically used for determining
the ratio of the abundant to rare isotopes in any sample. It can determine
extremely small ratio of two isotopes of an element for estimating the age of
the sample (for example a rock). The process involved in a Mass Spectrometer
is to take the sample, ionize it to produce ions, which are then separated
according to their mass-to-charge ratio by the spectrometer and counted by
appropriate detection system. Accelerator Mass Spectrometer (AMS) is a
combination of mass spectrometer and a particle accelerator to provide a
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sensitive method to measure the natural abundances of very rare radioactive
isotopes. The advantage of counting the radioactive atoms themselves rather
than their decay products is well illustrated by radiocarbon dating, which
requires the measurement of the number of '*C atoms in a sample. In Accelerator
Mass Spectrometry (AMS) the particle accelerator in conjunction with ion
sources, analyzing magnets separates out interferences and detectors count
single atoms in the presence of 1 x 10'° stable atoms. AMS can use as little as
1-2 milligrams sample, and under special circumstances samples as small as
50-100 pgm. This ultra sensitive technique finds application in various
interdisciplinary branches of science as given in schematic in Fig. 3.6.

The ion source produces a beam of ions from a few milligrams of solid
material. The element extracted (for example, a rock, rain water, a meteorite)
is used in the ion source. Negative ions produced on the surface of the sample
are extracted from the ion source and sent down the evacuated beam line towards
the injector magnet. It bends the negative ion beam by 90° to select the mass of
interest.

AMS is an efficient tool for detection of a number of cosmogenic long-
lived radionuclides, such as *H, '°Be, '“C, 2°Al, 3°Cl, *'Ca, >Mn, **Ni, '*°I etc.
There are important applications of AMS in archaeological and geophysical
studies, for example, in radiocarbon dating by the counting of the rare carbon-
14 isotope. The long half-life of 5730 years for '4C implies that only 15
B-particle emissions per minute are observed from 1 g of contemporary carbon.
However, an AMS can be used to count the '“C atoms at over 15 per second
from one mg of carbon. Just to give an example of the versatile nature of super
sensitive technique of AMS, one can look at the AMS results of °°Fe isotope
measured from the samples collected from the Pacific Ocean floor, which was
produced in supernova three millions years ago [48].

Many of the applications of AMS so far have been in the earth sciences,
including geochronology, sedimentology, petrogensis, hydrology, volcanology,
glaciology and oceanography. In these fields, AMS has been applied
predominantly for chronological evaluations using dating principles but non-
dating applications have also played a contributory role in many fields, such as
nuclear physics and materials science [49].

3.13 SUMMARY

Various events resulting from the ion beam interaction with materials are utilized
for characterization of materials. The basic principles of the techniques—PIXE,
IL, RBS, Channelling, ERDA, MEIS, LEIS, NRA, CPAA and AMS—are
described briefly. PIXE and IL are the tools where the emitted photons are
analyzed for sample characterization, whereas RBS and ERDA use the scattering
events for analysis of the sample. Backscattering events provide the depth
profiling of high Z elements and the recoils provide the depth profile of low Z
elements. Ton channelling is a powerful tool to quantify crystallinity of the
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sample, determine the location of a foreign atom in a host crystal, determine
the strain in superlattice, etc. NRA and CPAA are the techniques based on
nuclear reactions where the prompt and delayed events, respectively, are used.
In the supersensitive technique AMS, the sample itself is used in ion source of
accelerator with state-of-art detector to discriminate the isotopes. There are a
large number of applications of these techniques in different branches of science
as shown in Fig. 3.6. A glimpse of some examples of the application of PIXE,
RBS and ERDA is given in the appendices. The swift heavy ions provide a
possibility of on-line monitoring of modification of materials, using a large
area position sensitive gaseous telescope detector.
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4

Engineering of Materials by Swift
Heavy lon Beam Mixing

4.1 INTRODUCTION

Ion beam mixing (IBM) is a phenomenon, at interface between two layers, in
which the atoms of one layer mingle with the atoms of the other elements
under the influence of ion beam traversal through them. When a thin film
deposited on a substrate is subjected to ion irradiation, intermixing of the atoms
in the film with that of in the substrate takes place. Such atomic mixing at the
interface forced by the energetic ion beam is referred to as ion beam mixing. It
can be understood by the schematic given in Fig. 4.1. The two layers after ion
exposure get mixed at the interface resulting in the mixed region of the properties
different from that of the individual two layers. If one of the two layers is very
thin, say about ten nm or smaller, it can result in complete mixing of the
layer. At low energies, of the order of keV to a few hundreds of keV,
irradiation causes a mixing at the interface due to elastic collision cascades,

Mixed Region

| '
SM;‘ S//M

AA4|A

| lon
[ Beam

As Deposited lon Beam Mixing

Figure 4.1: The schematic showing the ion beam mixing.
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which is primarily a result of ballistic effects. The kinetic energies of ions are
transferred to target atoms on collision. Ion energies are sufficiently high to
break molecular bonds and initiate relocations within an atomic lattice. During
this ballistic process, impinging ions displace atoms and electrons of the target
material several lattice sites away, resulting in relocations there and interface
mixing.

Ballistic ion beam mixing involves two basic processes, recoil mixing and
cascade mixing, which happen simultaneously as a result of ion bombardment.
In recoil mixing, atoms are relocated by single collision events. Recoil mixing
is predominantly seen at large angles as a result of soft collisions, with the
number of atoms undergoing recoil implantation varying linearly with ion dose.
Recoil implantation, however, is not the dominant process in ion beam mixing.
Most relocated atoms are part of a collisional cascade in which recoiled atoms
participate, initiating a series of lower energy lattice displacements, which is
referred to as cascade mixing. In addition to the cascade mixing, the elastic
collisions produce considerable defects in both the layers. These defects assist
the diffusion across the interfaces, referred to as radiation enhanced diffusion
(RED). The energy lost by the ions in elastic collisions, called nuclear energy
loss, is considered to be basically responsible for ion beam mixing. It has been
shown [1, 2] that the number of atoms in the mixed region are proportional to
the nuclear energy loss and the ion fluence. The rate of energy loss of the
bombarding ions in the target material depends on its energy in a complex
manner. The nuclear energy loss peaks at low ion energies and decreases
monotonically for higher values.

Ion beam mixing finds applications in the generation of new phases, novel
materials and enhancing the adhesion of the film to substrate. Low energy ion
beams have been very widely used over the last three decades for meeting
these objectives [1-10]. The ion energy and species are chosen in such a way
that they impart a large amount of energy to the atoms at the interface of the
thin film and the substrate by the process of elastic collisions. Normally, the
fluence required for ion beam mixing with low energy ions is of the order of
10'%ions cm™.

The situation differs completely for ions of higher energy (several MeV
per nucleon). Such high energy ions are referred to as swift heavy ions (SHI).
Here the initiation of atomic transport by the incident ion is much less obvious.
Stopping of the ion at these energies almost exclusively occurs by electronic
excitation and ionization of the target atoms (electronic stopping), while nuclear
stopping contributes <1% to the total energy loss. Initially it was believed that
the energy deposited by the ions in the electronic system will not result in any
atomic relocation causing any ion beam mixing process. It was observed in
nineties that the electronic energy deposition beyond a certain threshold can
cause the movement of atoms, which can lead to the mixing, at fluence two
orders of magnitude smaller than that in low energy case. When such a high
energy ion penetrates a solid it leaves behind a highly excited electronic system
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in a small cylindrical zone around its path, which results in the formation of
ion track having material different from surrounding. Part of the energy
deposited by incident ion is transferred to the lattice via two different
mechanisms: Coulomb-explosion [11] or thermal spike [12, 13] caused by
electron—phonon coupling, which are two models to explain the formation of
ion track. The passage of high energy heavy ions through certain materials
creates extensive defects along the ion path forming latent tracks. The materials
prone to getting defects by SHI irradiation are referred to as S, sensitive
materials.

The first observation of mixing mediated by swift heavy ions was reported
in Fe/Si system in 1993 by Dufour et al. [14]. The signature of mixing in
SHI irradiated Ti/Si system and diamond-like carbon (DLC) film deposited
on Si substrate were observed at the interfaces [15, 16]. These experiments
provided evidences of the ion beam mixing mediated by the swift heavy
ions passing through the material without any direct displacement of
atoms through elastic collisions. It is now more or less established that the
swift heavy ion beam mixing is due to the inter-diffusion during transient
temperature spike.

Ion beam mixing is an effective tool for synthesizing silicides and
germanides. Formation of silicides and germanides [17-21] has been of interest
because of their applications. The formation of silicides due to the defect created
(by ion beam) at metal/Si interfaces is of great interest owing to its use in inter-
connections and contacts in integrated circuit technology. Understanding of
defect creation is fundamental for electronic device technology. Ion beam
mixing has definite advantages over the mixing by thermal annealing process.
The striking feature of ion beam mixing is that (i) it has spatial selectivity, (ii)
it is a low temperature process and (iii) thermodynamically immiscible systems,
in principle, can be mixed.

The interface mixing can be analyzed by Rutherford Backscattering
Spectrometry (RBS) [22] and Elastic Recoil Detection Analysis (ERDA) [23].
However, since the ion beams can induce surface roughness, extra care needs
to be taken while analyzing the samples by RBS. The RBS spectra of a mixed
layer and a roughened (but unmixed) layer may appear similar. The roughness
at the surface and the interface mixing produces similar effects in the RBS
spectrum [24]. Thus the roughness of the irradiated samples should be taken
into account while determining the extent of the mixed layer thickness.

Secondary Ion Mass Spectrometry (SIMS) provides excellent technique
for depth profile of elements at interface. X-ray reflectivity and X-ray standing
wave techniques are employed for quantifying mixed region. X-ray diffraction
is used for phase identification, Mossbauer Spectroscopy is employed, if one
of the elements in the system under investigation is Mossbauer active. The
cross-sectional Transmission Electron Microscopy is a powerful character-
ization technique for direct viewing of the interfaces.
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4.2 SHIINDUCED MIXING FOR MATERIAL ENGINEERING

Adhesion Improvement through IBM

Adhesion between the two surfaces is of scientific and technological interest.
In most of the techniques the enhancement of adhesion is induced by the creation
of an intermediate layer induced by solid state reaction between the components.
The quality of the bonding then depends on the physiochemical characteristics
of the intermediate layer. For example, in the case of metal-ceramic system,
the bonding optimization needs high temperature and high pressures. lon beam
provides a way to induce the modification of the interface at room temperature
and in non-thermodynamic—equilibrium conditions.

Adhesion strength between metals and polymers for metallization
application can be improved by an order of magnitude by heavy ion irradiation.
SHI induced mixing in Cu film on teflon polymer results in a better adhesion
of the metal layer on polymer than the adhesion obtained by conventional
means [25, 26]. Despite Cu being insensitive to S, a very strong mixing was
observed as investigated by RBS. This shows that SHI induced mixing in metal/
polymer system takes place even if the metal layer is S, insensitive. The cause
of mixing is believed to be due to the diffusion of Cu in the transiently molten
track of polymer.

Metal Silicides and Germanides by IBM

Metal silicides are compounds formed by metal on silicon exhibiting metallic
conduction behaviour. They have low metal-like resistivity and high temperature
stability. Metal silicides, in general, are chemically more stable [27]. Some of
them are very good candidates for direct band gap material like beta FeSi,,
wide band gap semiconductor like SiC etc. Low electrical resistivity of metal
germanides make them potentially better candidates for use as contact and
interconnect materials [28] than the well-known metal silicides. Ferromagnetic
metal germanides (ferromagnetic metal doped semiconductors) have opened
up exciting possibilities of their use as ferromagnetic semiconductors in
magnetic devices [29]. Ferromagnetic semiconductor, as the name implies,
has semiconducting properties and long-range ferromagnetic order. Thus, in
brief, there is wide interest in mixing of metal/semiconductor systems.

Ion beam mixing provides a technique for producing metal silicides,
particularly for metastable phases and homogeneous mixing at the interface. It
has been used for long for the formation of metal silicides with low energy
ions where elastic collisions (nuclear stopping) are predominant.

Atomic transport occurring across the interface of Cu/Ge and Co/Ge layers
leading to the synthesis of Cu;Ge and Co,Ge phases, under MeV Kr and Ar
ion irradiations, was investigated in detail [30].
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It was found that in the case of Cu/Ge systems both Cu and Ge are mobile
but Cu is the dominant moving species. On the other hand, in the case of the
Co/Ge system only Ge atoms are mobile. The atomic movements during ion
irradiation in these two systems was explained on the basis of distribution of
defect density and effects of thermodynamic forces.

Attention is now towards materials modification and phase changes using
ion beam mixing with high energy ions [31-33].

Mixing in Fe/Si System

Fe with Si makes different silicides depending on the ratio of Fe and Si contents
and the temperature. FeSi, exists in two phases o and B. It is a very good
candidate for direct band gap semiconductor. The effects of 200 MeV Ag ion
irradiation and thermal annealing of Fe/Si multilayers with overall composition
Fes,Sis, was investigated [34] with two multilayers of Fe layer thickness of 19
A (having amorphous structure) and 62 A (having crystalline structure). X-ray
reflectivity studies show that although both the thermal annealing and heavy
ion irradiation result in significant inter-diffusion between the Fe and Si layers,
the final product of thermal annealing depends upon the initial structure of the
Fe layer whereas in the case of SHI irradiation, the formed phases are similar
and independent of initial structure.

The irradiation experiments on thin >’Fe layers deposited on Si were
performed [35] by varying the energy loss of the ions in the Fe layer between
32 and 47 keV/nm by taking different heavy ion beams and energies. The
formation of iron silicide (0t-FeSi,), was evident from the Conversion Electron
Mossbauer Spectroscopy (CEMS) measurement as shown in Fig. 4.2. The
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Figure 4.2: CEMS spectra of the Fe/Si system at different ion beam parameters, showing

the signature of ion beam mixing of Fe and Si. [Reprinted from W. Assmann, M. Dobler,

D.K. Avasthi, S. Kruijer, H.D. Mieskes and H. Nolte, Nucl. Instr. and Meth., B 146
(1998) 271 with permission from Elsevier.]
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occurrence of this phase, which is thermodynamically stable above 960°C,
was an indication of high temperature conditions along the ion tracks.

The irradiations using GeV ion beam (resulting in very high electronic
energy deposition) of Fe/Si multilayers were performed [14] where Fe was in
crystalline form and Si was in amorphous state. The formation of totally mixed
layer at a fluence of 10'® ions cm™ took place. The temperature spike was
given as possible cause of mixing. The phase formation was not reported in
this work. The amorphous nature of Si was considered to be responsible for
mixing in Fe/Si [36]. It was shown, as an outcome of several experiments, that
there is a S, threshold below which no mixing occurs [37].

The studies of SHI induced mixing by on-line ERDA were initiated by
Avasthi et al. [38-41] utilizing the capabilities of the ion beam in modification
as well as characterization of materials. On-line studies performed on mixing
in Fe/Si system induced by SHI provided quantitative information on the
dependence of mixing on the electronic excitation. It was found that about 56
atoms of Fe and 85 atoms of Si mix with each other for each incident Au ion of
230 MeV and 33 atoms of Fe and 33 atoms of Si mix with each other for each
incident [ ion of 210 MeV. It was also shown that mixing in Fe/Si does not take
place, in the case when oxygen concentration at the interface is high.

SHI induced mixing has been qualitatively suggested to be due to the
temperature spike. Quantitative support to this hypothesis was given by
Srivastava et al. [42]. The hypothesis that it is a consequence of a transient
molten state diffusion was tested by a detailed study of 230 MeV Au ion induced
mixing at an Fe/Si interface. The experimental diffusivities of Fe in Si, and
vice versa, believed to be occurring during the temperature spike was estimated
using experimental data and inputs of thermal spike model. The required ion
track diameter and duration of the transient melt phase was estimated
theoretically from the thermal spike model. A fair agreement of the experimental
diffusivities to the liquid state diffusivities (reported in the literature) was the
first comprehensive verification of the hypothesis that SHI induced mixing is
a consequence of inter-diffusion during transient melt phase. The occurrence
of SHI induced mixing between Fe and Si is unexpected since crystalline Si is
known to be insensitive to SHI. It was suggested that Si also melts near the Fe/
Si interface.

Mixing in Ti/Si, Ni/Si, Mn/Si, Mo/Si and W/Si

Nickel and titanium silicides are of interest for ohmic contact in semiconductors.
Different phases of silicides are made in Ti/Si and Ni/Si systems depending on
the temperature and the ratio of the contents of these. High electronic energy
deposition by 350 MeV Au" ions at different fluences for SHI induced mixing
in Ti/Si was studied [43]. Rutherford backscattering spectra (RBS) and the
X-ray reflectivity measurements indicated mixing at the interface, leading to
the formation of titanium di-silicide (TiSi,) phase which was evident in grazing
incidence X-ray diffraction data.
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The irradiation of Ni/Si and Ti/Si systems by 95 MeV Au ions at a fluence
of 10'? ions cm™ and subsequent annealing lead to the formation of silicides
[44]. Thermal annealing of the SHI irradiated Ni/Si system provided the required
energy to the atoms for diffusion across the interface. The defects produced by
SHI irradiation enhances the interface diffusion during annealing. However,
the mixing in Ni/Si is shown to take place, without annealing when irradiated
by higher energy ions (350 MeV Au ions) [45].

Manganese silicide is considered to be low cost thermoelectric material.
The mixing in Mn/Si by swift heavy ion irradiation results in formation of
manganese silicide phase, confirmed by X-ray diffraction and photoelectron
spectroscopy [46, 47]. Molybdenum silicide has high melting point and has
excellent corrosion resistance. SHI induced mixing was investigated at the
Mo/Si interface in single and multilayer samples. The extent of interfacial
mixing was estimated through X-ray reflectivity measurements and the phases
of the crystalline molybdenum silicides (Mo5Sis, h-MoSi,, t-MoSi,) formed in
the mixed zone were identified by grazing incidence X-ray diffraction. An
experimentally observed upper limit for the threshold of defect creation by
electronic energy loss in Mo was established [48].

Tungsten silicide is used as contact material in microelectronics. The mixing
in W/Siby 120 MeV Au ions results in formation of t-WsSi; and t-WSi, phases
[49], evidenced by glancing angle X-ray diffraction.

Comparison of Mixing in Co/c-Si and Co/a-Si

Cobalt silicide has low electrical resistivity and is a useful material for
semiconductors and VLSI technology. Multilayer heterostructure of a-Si(50
nm)/Co(50 nm)/a-Si(50 nm) on Si(100), prepared by an e-beam evaporation
technique under UHV conditions, were irradiated by 120 MeV Au ions with
fluence of 10'3 to 10'* jons cm2[50]. SIMS spectra of the pristine and irradiated
samples at different fluences shown in Fig. 4.3 indicate significant mixing at
the interface. The investigations by X-ray diffraction confirmed the formation
of different phases of cobalt silicides, Co,Si, CoSi and CoSi,. Fig. 4.4 gives
the X-ray diffraction confirming the silicide phase, without annealing [33].
This suggests that SHI irradiation can be used for making silicide buried layer
at room temperature without thermal annealing. The cross sectional TEM
showed that deposited Si was in a-Si form at the interface, which play an
important role in maximizing the effect of SHI irradiation. It is to be noted that
the irradiation of Co on Si did not yield significant mixing as discussed in the
next paragraph. The metal layer on a-Si results in higher mixing than that on
the Si substrate simply because the a-Si layer is sensitive to SHI irradiation
whereas Si substrate, being crystalline, is not sensitive to SHI irradiation.

In another study [51], thin films of Co deposited on Si were irradiated by
120 MeV Au beam irradiation at a fluence of 10'* jons cm™ and subsequently
subjected to thermal annealing to induce inter-diffusion at the interface.
Complete intermixing of Co and Si in the interfacial region to form CoSi was
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Figure 4.3: The SIMS spectra of the pristine as well as ion irradiated a-Si/Co/a-Si

system, indicating the mixing of Co and a-Si. [Reprinted from B.R. Chakraborty, S.K.

Halder, N. Karar, D. Kabiraj and D.K. Avasthi, J. Phys. D: Appl. Phys., 38 (2005) 2836
with permission from Institute of Physics Publishing Ltd.]

achieved following thermal annealing (at 400°C) of the SHI irradiated CoSi
system. The radiation enhanced diffusion mechanism explains the mixing in
SHI irradiated and subsequently annealed samples. Thermally assisted (ion
generated) defect migration across the CoSi interface enhanced defect mediated
atomic mobility, leading to the formation of cobalt silicides, in accordance
with the thermodynamically favoured route. The post-SHI irradiation annealing
temperature, required for the formation of crystalline phases (400°C), is lower
than that reported for low energy ion beam mixing cases where post-irradiation
annealing temperature in excess of 700°C is required for the formation of phase.
Due to lower processing temperatures, SHI irradiation and subsequent annealing
is a promising silicidation technique in solid state technology.
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Figure 4.4: The X-ray diffraction of the pristine and ion irradiated a-Si/Co/a-Si layers,

showing the formation of cobalt silicide. [Reprinted from B.R. Chakraborty, S.K. Halder,

N. Karar, D. Kabiraj and D.K. Avasthi, J. Phys. D: Appl. Phys., 38 (2005) 2836 with
permission from Institute of Physics Publishing Ltd.]

Mixing in a-Si/Metal/a-Si

Investigation of ion beam mixing in a-Si/Metal/a-Si system induced by
electronic excitation was carried out with Au ions of 120 MeV at different
fluences up to 10" ions cm™ [32, 50, 52, 53]. Here metals Ti, V, Fe, Mn, Ni
and Nb were taken. A linear dependence of the atomic mixing with the fluence
was observed. Strong mixing was observed at the fluence of 10'* jons cm™,
which was explained by the inter-diffusion at interface during transient melt
phase. The contribution of nuclear energy loss to the observed mixing was
shown to be insignificant on the basis of the reported results of mixing at low
energy ions.

The use of a-Si layer for silicide formation has two advantages. The
deposition of a-Si on Si followed by deposition of metal layer without breaking
the vacuum, makes the Si component free of oxygen. This was possible by
using four pocket electron gun. Another advantage is that the a-Si layer is
more sensitive to S, than the crystalline Si substrate and therefore stronger
mixing is expected in case of a-Si. A study [32, 50, 52, 53] was made on the
mixing in metal/a-Si, with different metal layers of Ti, V, Fe, Mn, Ni and Nb
and it was shown [52] that the content of mixing is dependent on the electron
phonon coupling of the metal component as shown in Fig. 4.5.

A detailed study of mixing was done on a-Si/Fe/c-Si trilayers with 350
MeV Au®* jons at fluences of (0.6-11.3)x10'* jons cm™. Si/Fe/Si trilayers
were made with 12 nm amorphous Si and 45 nm polycrystalline Fe films
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Figure 4.5: The dependence of the mixing content in the metal/a-Si systems on the
electron-phonon coupling of the metal layer. [From Diva, Ph.D. thesis, Agra University]

deposited on Si(100) wafers and irradiated. The mixing rate at the upper a-Si/
Fe interface was found to be three times as high as that at the lower Fe/c-Si
interface. Ion irradiation at a moderate fluence (6.7 x 10'%/cm?) induced a
magnetic anisotropy in the sample, which was magnetically isotropic after
deposition. At the highest fluence, full interface mixing occurred and the
magnetic anisotropy almost disappeared [54].

The mixing efficiencies of different metals with a-Si were investigated
using the X-ray standing wave technique combined with X-ray reflectivity
which can provide concentration profile of a marker layer with sub-nanometer
accuracy [55]. These techniques have been used to compare mixing efficiencies
of three different metals, namely, Ti, Fe and W with Si, by embedding thin
marker layers of the three metals in a single Si layer, which is then irradiated
with 100 MeV Au ions to a fluence of 1 x 10'3 ions cm™. Combined fitting of
reflectivity and fluorescence data yields the electron density profile, which
essentially reflects the concentration profiles of the three metallic marker layers
(Fig. 4.6) [56, 57]. Perusal of Fig. 4.6 shows that irradiation results in significant
intermixing of the metal layers with Si. However, there is large variation in the
efficiency of mixing of different metals. While Ti exhibits a strong mixing
with Si, Fe exhibits relatively less mixing.

Intermixing of W layer with Si is rather small. This is in accordance with
the mixing efficiencies predicted by the thermal spike model. Fe layer exhibits
intermixing even though the electronic energy loss S, in Fe layer is below the
threshold value of 30 keV/nm for bulk Fe. However, the observed intermixing
can be understood in terms of a reduction in the threshold S, value in thin film
as compared to that in bulk metal. In the case of thin film, a decrease in the
electron mobility due to scattering from the grain boundaries and surface/
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Figure 4.6: Electron density profiles in pristine and irradiated samples as obtained

from simultaneous fitting of X-ray reflectivity and X-ray fluorescence data.

The positions of the Ti, Fe, and W layers are marked by arrows. [Reprinted from Ajay

Gupta, Carlo Meneghini, Amit Saraiya, Giovanni Principi and D.K. Avasthi, Nucl.
Instr. and Meth., B 212 (2003) 458 with permission from Elsevier.]

interfaces and a possible modification in the electron-phonon interaction can
result in a decrease in threshold S, value as compared to the bulk [58]. By
moving the antinodes of X-ray standing waves to different depths in the
multilayer, XAFS measurements can be done as a function of depth [57, 59].
In this way it is found that, after an irradiation fluence of 1 x 10! ions cm™ in
the above system, in the centre of the layer an equiatomic FeSi phase is formed,
while away from the centre FeSi, phase is observed. Deep inside the Si layer,
isolated Fe atoms in Si are observed. On the other hand, XAFS study alone
would have suggested the formation of FeSi, phase only. Similar studies done
in W/Si system irradiated with 350 MeV Au ions also show formation of
different phases as a function of distance from the W layer [60]. These studies
suggest the importance of doing depth resolved measurements in understanding
the irradiation induced mixing process.

Synthesis of Germanides

Nickel germanides are of interest from microelectronics point of view. The
formation of Ni,Ge alloy by 100 MeV ion irradiation of Ni/Ge bilayer structure
at different temperatures and fluences was investigated [61]. High resolution
cross-sectional transmission electron microscopy was performed for thickness
determination and structure determination which provided strong evidence of
the formation of Ni,Ge. Figure 4.7 shows cross section TEM images at the
interface along with high resolution image which confirms the Ni,Ge phase.
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Figure 4.7: The cross sectional TEM image showing the formation of Ni,Ge phase

after irradiation of Ni/Ge system. [Reprinted from T. Som, B. Satpati, P.V. Satyam, D.

Kabiraj, P. Ayyub, S. Ghosh, Ajay Gupta, B.N. Dev and D.K. Avasthi, Nucl. Instr. and
Meth., B 212 (2003) 206 with permission from Elsevier.]

Mixing in Co/Ge and Au/Ge Systems

Cobalt germanides are of interest for contact materials. The interface
modification in Co/Ge bilayer system using 100 MeV Au ion irradiation was
studied at different temperatures and fluences [62]. The irradiation at low
temperature did not show any appreciable interface mixing. Formation of a
thin (3—4 nm) Co-Ge alloy layer was observed after room temperature irradia-
tion to a fluence of 1 x 10'* ions cm™. This mixing was attributed to synergetic
effects of nuclear and electronic energy loss processes in the bilayer system.
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The irradiation of bilayer Au/Gu by 120 MeV Au ions at a fluence of 10'3
ions cm and subsequent annealing results in the formation of Au, ; Ge, 4 alloy
[63].

Mixing in Cu/Ge System

Copper germanides is considered to be an advanced contact material for
MOSFETs. The ion beam mixing in Cu/Ge bilayer, which were irradiated by
120 and 140 MeV Au ions and Cu/Ge multilayer by 120 MeV Au ions was
studied [64, 65]. The pristine as well as irradiated Cu/Ge multilayer samples
were annealed at 200 °C temperature. The concentration versus depth profiles
at the interface were determined by Rutherford backscattering of the pristine
and irradiated samples. The irradiated annealed samples showed considerable
mixing as compared to pristine annealed due to radiation effected diffusion.
On the basis of several experiments with different ions and energies it was
concluded that the IBM increases with S, and fluence. Irradiation at room
temperature gave higher mixing than the irradiation at liquid nitrogen
temperature.

Formation of Special Semiconductors by Mixing

Mixing in Si/C System

SiC has different phases of interest depending on the phase diagram. It is mainly
of interest from the point of view of large band gap semiconductor with good
stability at higher temperature. It is therefore known as wide band semiconductor
for applications at high temperatures.

The irradiation of multilayer of Si and C by 100 MeV Au ions results in
formation of SiC [66]. This was confirmed by glancing angle XRD of the
pristine and irradiated systems. The formation of SiC is also reported [67] by
the irradiation of Si and fullerene (Cy,) multilayer at fluence of 10'¥ions cm™.
Figure 4.8 shows the X-ray diffraction of irradiated a-Si fullerene multilayer,
indicating the formation of SiC.
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Figure 4.8: The X-ray diffraction of the pristine and ion irradiated a-Si/Cy, multilayers,
showing the formation of silicon carbide. [Reprinted from S.K. Srivastava and D.K.
Avasthi, Defence Science Journal, 59 (2009) 425.]
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Mixing in In/Se Layer

Indium selenide is a potential candidate for photo voltaic applications. The
irradiation of In/Se bilayer by 40 MeV Si ions and subsequent annealing leads
to the formation of the InSe phase [68]. The temperature required for the
formation of InSe phase (for the irradiated sample) is much lower than that
required in the annealing of pristine In/Se pristine layer. It is similar to the
observation for mixing as in the Co/Si case [50].

Mixing in In/Sb

Indium antemonide is a narrow bandgap semiconductor. In/Sb is integrated
with Si by a process of swift heavy ion beam mixing. The samples of In/Sb
deposited on the Si substrate were irradiated using 100 MeV Au ions having
fluences from 1 x 10'? to 6 x 10'® ions cm™. Phase formation due to ion beam
mixing was detected using high-resolution X-ray diffraction measurements.
X-ray photoelectron spectroscopy measurements indicated that both In and Sb
were embedded in the Si substrate with an irradiation fluence of 3 x 10'3 ions
cm™. Formation of InSb phase was observed in the irradiated sample, at a
fluence of 1 x 10'3 ions cm™ and higher, without any post-irradiation annealing
[69].

Mixing in Al/Sb

Aluminium antimonide is a promising semiconductor material for high
temperature applications. It was synthesized by mixing of Al/Sb by 160 MeV
Ag ions at a fluence of 2 x 10" jons cm™. The phase was revealed by X-ray
diffraction [70].

SHI Induced Mixing in Metal/Metal Interface

Swift heavy ions can induce significant modifications in metallic systems above
a threshold value of the electronic energy loss S,, which varies considerably
from metal to metal. Studies have shown that, in thin films and multilayers,
swift heavy-ion-induced effects are much more pronounced and occur at
substantially lower values of (dE/dx), as compared to the bulk metals. The
observed effects include defect annihilation or creation, intermixing at the
interfaces, modification of the surface and interface roughnesses, and latent
track formation. Many of the features of electronically induced modifications
in metals can be understood in terms of the thermal spike model. However,
there exists experimental evidence to suggest that, similar to low-energy ion
irradiation, in the case of swift heavy ion irradiation also, thermodynamic
parameters like heat of mixing can play an important role in determining the
nature of the induced modifications. In thin films and multilayers, the magnitude
of electronic energy loss (dE/dx), and the ion fluence can be used as parameters
for selectively modifying the surface/interface roughness or interdiffusion at
the interfaces. Thus, swift heavy ions can be used to manipulate the interface-
sensitive properties of the multilayers [71].
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Comparison of Mixing in Ti/Fe and Ti/Au

The two systems were chosen such that in one system (Ti/Fe), both Ti and Fe
are sensitive to S,, while in other system (Ti/Au), only Ti is S, sensitive and the
other Au is S, insensitive. It was shown that mixing is higher when both the
layers are S, sensitive [72].

Mixing in Ni/Ti

The alloys of Ni and Ti are of interest as shape memory alloys. The electronic
excitations induced ion beam mixing in metallic bilayers, Ni/Ti bilayers,
irradiated at 80 K with GeV Ta ions was investigated [73, 74]. A very strong
inter-diffusion across the interface indicating the ion beam mixing was observed
in Ni/Ti system as a result of dense electronic excitations.

Mixing in Magnetic Multilayers

Mixing in Fe/Ni Multilayer

Alloys of Fe and Ni are of interest for magnetic properties. The Fe mixed with
Ni results in different phases of interest from magnetic properties point of
view. Effects of 120 MeV Au ion irradiation on a Fe/Ni multilayer were analyzed
in detail [75]. The characterization of pristine and irradiated films were made
through X-ray diffraction, X-ray reflectivity, magneto-optic Kerr effect and
four probe resistivity measurements. The formation of FeNi; and FeNi alloy
phases, evidenced by XRD, were observed due to SHI induced mixing. The
saturation magnetization of the film increased after irradiation because of the
high magnetic moment of the mixed phase. The measured resistivities of the
pristine and irradiated multilayers were found to be in agreement with the
theoretically predicted values, considering the contributions from interfaces
and grain boundaries. It is suggested that the mixing takes place due to an inter
diffusion during the transient melt phase predicted by the thermal spike model.

Mixing in Fe/Zr

Alloy of Fe and Zr is a magnetic material. SHI induced mixing and phase
change for Fe/Zr bilayer was studied [76]. A complete mixing was observed at
a fluence of 10'3 ions cm™ of high energy U ions. The electronic energy depo-
sitions in Zr and Fe by ion beam were 4.5 and 6.9 keV/nm respectively. Mixing
takes place since both Fe and Zr are S, sensitive and the ions deposited very
high electronic energy loss in the bilayer, which is more than the S, threshold
for both the layers.

Mixing in Fe/Cr Multilayer

The Fe/Cr multilayer is of interest from the giant magnetoresistance (GMR)
point of view. The irradiation of this multilayer by 200 MeV Ag ions resulted
in mixing at the interface, revealed by X-ray reflectivity measurements. It
resulted in decrease of GMR [77].

Mixing in Fe/Tb Multilayer
The transitional metal-rare earth (TM-RE) multilayers (such as Fe/Tb) have
interesting property of perpendicular magnetic anisotropy (PMA) and is
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considered as potential candidate for recording media. The swift heavy ion
irradiation causes significant changes at the interfaces and influence the
magnetic properties. In experiments of irradiation of multilayers by 80 MeV
Si and 150 MeV Ag ions, the modifications were studied [78]. It was noticed
that irradiation with 80 MeV Si ions causes interface roughening whereas 150
MeV Ag ions results in interface mixing as revealed by X-ray reflectivity and
Mossbauer spectroscopy. The PMA decreased with ion irradiation in both cases.
The decrease in PMA was more in case of Ag than that of Si ions.

The mixing in Tb/Fe amorphous multilayers by SHI irradiation was
explained by thermal spike model [79, 80]. There was partial recrystallization
of amorphous Fe layer in SHI irradiated multilayer [81]. Threshold of mixing
was established between 5 and 15 keV/nm. SHI irradiated FeTb/Co multilayer
showed an enhancement in the PMA, alongwith the mixing in Fe-Co at a low
fluence of 7 x 10! ions cm™ [82].

Asymmetry of Mixing at the Interfaces

X-ray waveguide structures have been used for precise depth profiling of thin
marker layers. The system to be studied forms the cavity of a planar waveguide
which consists of two layers of a high-Z element like Au or Pt [83]. It is found
that the mixing induced by 100 MeV Au ions in a Si/Fe/Si trilayer is not
symmetric at the two interfaces; Si-on-Fe interface gets mixed more strongly
as compared to the Fe-on-Si interface. This asymmetry of mixing is also
observed in a number of metal-semiconductor as well as metal-metal systems
like Ti/Si and Fe/Ti [84, 85]. Conversion electron Mossbauer spectroscopy
measurements show that the origin of this asymmetry is a difference in the
structure of the two interfaces.

4.3 INTERFACE MODIFICATION IN THERMO-
DYNAMICALLY IMMISCIBLE SYSTEMS

Interface Modification of Pt/C and Ni/C

Pt/C and Ni/C multilayers are of interest for optical applications as X-ray mirror.
Two bilayer systems were chosen in such a way that (i) one S, sensitive layer
is common and (ii) one system is miscible while the other is immiscible. It was
seen [86] that the mixing occurs in the Ni/C multilayer and the demixing occurs
in the Pt/C multilayer under 100 MeV ion irradiation. In the present case Ni/C
is miscible whereas Pt/C is immiscible. In both the multilayers, C is S, sensitive.
The study suggested that the interface of the immiscible system gets smoothened
or sharpened, whereas the interface in the miscible system mixes as a result of
swift heavy ion irradiation.
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Study on Mixing in Fe/Bi and Fe/Au Interfaces

Fe/Bi and Fe/Au multilayers are of interest from magnetic properties point of
view. Therefore the influence of SHI at these interfaces attracts attention. It
was shown [87] that the Fe/Bi interface, having positive heat of mixing, remains
immiscible despite large electronic energy deposition. Normally a strong mixing
at interface is expected if both the layers at the interface are S, sensitive. In the
present case, both the Fe and Bi are S, sensitive, still no mixing is observed
due to the fact that the heat of mixing is positive and thermodynamical concepts
prevail, resulting in no inter-diffusion at interface. Thus the Fe/Bi due to being
immiscible system does not mix under swift heavy ion irradiation and shows
the similar behaviour as was seen [86] in Pt/C (an immiscible system). Similarly
the interface smoothening has been observed [88] as a result of irradiation by
SHI of Fe/Au system. This observation is a bit in contrast, with what is observed
in low energy ion beam mixing. It has been seen [89] that the ion beam mixing
can occur in thermodynamically immiscible systems at low energies and high
fluences, due to recoils and cascade collisions at the interface region.

4.4 METAL/INSULATOR, SEMICONDUCTOR/INSULATOR
AND INSULATOR/INSULATOR SYSTEMS

It has been shown that the SHI induced mixing of Ni thin film on polymer
results in mixing of Ni in polymer [90]. A thin film of Ni on polytetrafluoro-
ethane was irradiated with 120 MeV Au ions. The mixing in the system was
revealed by RBS analysis and was explained as a consequence of reaction
taking place in molten ion track of polymer and hot zone around the ion path in
Ni metal layer during transient temperature spike. The evolution of several
gases (CF, CF;, C,F; etc.) from the bottom polymer layer was monitored by
on-line quadrupole mass analyzer. The reaction of F with metal layer was
revealed by electron spectroscopy for chemical analysis. Further investigation
showed the formation of Ni nanostructures embedded in carboneous matrix
[91].

Apart from the above cases of metal/semiconductor and metal/metal
interfaces, there have been several experiments [92-98] on insulating layer
(such as oxides, fluorides etc.) on Si or insulator substrate like glass, quartz,
alumina etc., where the key conclusion has been that the beam is a consequence
of interdiffusion across the transiently melt ion track, which is quite expected
because the ion track formation is favourable in insulating media. The observed
mixing did not have any dependence on Young’s modulus of the systems [95],
which suggests that there is no correlation of ion beam mixing with Coulomb
explosion. The observed threshold of mixing had a clear correlation with the
product of melting temperature and specific heat, therefore it could be explained
by the thermal spike model proposed by Szene [12].
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Mixing in the system CuO/glass was shown by on-line ERDA, utilizing
the capabilities of the ion beam in terms of modification as well as
characterization [38, 41].

4.5 CONCLUSIONS AND FUTURE PROSPECTS

A large number of compoud phases such as silicides, germanides, carbides,
metal alloys and chalcogenides could be synthesized by swift heavy ion beam
mixing.

One can make the following conclusions on the basis of a large number of
experiments performed so far. These could provide guidelines for planning
further explorations on IBM with SHI.

(1) The two layers should be thermodynamically miscible, i.e. the heat of
mixing should be negative, to get SHI induced mixing. In the immiscible
systems, demixing has been observed which means the interface
becomes sharp. This could be utilized for engineering the interface,
when one needs to make the interface sharper, like in X-ray mirror
applications.

(i1) SHI induced mixing has a threshold of electronic energy loss, beyond
which it occurs. The IBM increases with ion fluence.

(iii) One of the two layers must be S, sensitive in order to have SHI induced
mixing, and the mixing rate is quite large in the cases where both the
layers are S, sensitive.

(iv) Even if one of the layers is S, sensitive, the SHI induced mixing takes
place if the melting point of the S, insensitive layer is smaller than the
melting point of S, sensitive layer.

(v) The SHI induced mixing can be explained as inter-diffusion at the
interface during transient melt state.

(vi) The experiments on ion beam mixing in several metal/a-Si system
indicates that the content of mixed layer is dependent on the electron-
phonon coupling of the metal layer. It indirectly supports the hypothesis
of thermal spike model in explaining the SHI induced mixing.

(vii) SHI induced mixing in several metal/semiconductor [14, 32, 33, 39,
42,44, 48, 50, 53, 65, 67] and metal/metal [72, 73, 75] systems is well
explained as inter-diffusion across the interface during transient melt
phase.

(viii) Although Coulomb explosion [11] is considered to be most suitable
model for track formation in insulators, it fails [95] to explain the mixing
in insulator thin film on insulating substrate. The concept of thermal
spike explain the mixing in such cases also.

(ix) SHI induced mixing has not been observed in thermodynamically
immiscible system, in contrast to observations with the low energy
induced ion beam mixing in such systems. In the immiscible systems,
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the SHI irradiation induces smoothening of the interface, which is of
importance in optical and magnetic multilayers. This is an area which
requires further experiments and investigations.

(x) Irradiation followed by annealing leads to the formation of mixed phase

at lower temperature than that obtained in annealing of the pristine
samples. This is because of the enhanced diffusivity due to defects in
the SHI irradiated sample.

(xi) Metal/insulator system with immiscible combination under SHI ion

irradiation is shown to produce metal-insulator nanocomposite (metal
particles embedded in insulator). Even the low energy ion irradiation
can be very effective for this purpose. This is an important futuristic
area of investigation where the kinetics for the growth of nanostructures
can be studied and investigated with low energy as well as SHI.

(xii) For the mixing in the metal/a-Si, Fig. 4.5 could be a guideline to predict

o

10.
11.
12.
13.
14.

15.

the content of mixing and the film thickness can be chosen to achieve
complete mixing.
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5

SHI for Synthesis and Modifications
of Nanostructured Materials

5.1 INTRODUCTION

Nanostructured materials may be defined as those materials whose structural
elements—clusters, crystallites or molecules—have dimensions in 1 to 100
nm range. Their importance for applications is due to remarkable variations in
their fundamental electrical, optical and magnetic properties with their size.
Nanostructures are considered as the building blocks of future technologies.

The most common and economical approach of generating nanostructured
materials presently appears to be the chemical route. However, in most of the
applications, one requires thin films in suitable matrix, which is not achievable
by chemical route. There are other routes of creating nanostructures like vapour
phase condensation, thermal co-deposition, pulsed laser deposition, and various
methods related to the use of ion beams. Energetic ion beam is emerging as a
powerful technique for generating different nanostructures because it provides
remarkable ways to control the structures which can be approached in various
ways due to the availability of variety of ion beams with diverse and controllable
characteristics.

Energetic ion is an excellent tool for the creation of nanostructures on the
surface or in the near-surface region of a solid. In this process the energy of the
ion is transferred to the solid almost instantaneously into a highly localized
volume of nm dimensions. The deposited energy density by the ions can exceed
the binding energy of the solid resulting in a nanometer scale zone of non-
equilibrium conditions. Because of the energy dissipation into the cold
surrounding, this highly excited zone rapidly “cools” down within some tens
to hundreds of picoseconds. Such extremely short and intense solid state
excitations, localized in a nano-scale volume, cannot be achieved by any other
technique, providing unique ways for engineering the properties of materials.
A single high energy heavy ion can be used to generate non-equilibrium phases
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with novel structural and physical properties in nm-dimensions, which can be
used as the basis for functional nanostructures. Moreover, single-ion irradiation
is not the only possibility to generate nano-scale structures utilizing energetic
heavy ions. Increasing the ion fluence and the number of modified zones, the
interaction and finally the overlap of these zones give rise to surface instabilities
and self-organization effects.

Ion beams can circumvent many difficulties because of the continuous
developments and unique possibilities in ion beam technologies. lons can now
be focussed on to spots of a few nanometers in diameter and can be scanned
very fast over the structures in programmed fashion. Furthermore, bombardment
with energetic ions can cause chemical reactions locally or the sputtering of
atoms from one part of the structure into another part and remove or mix the
atoms in pre-defined areas.

Ion irradiation provides controlled ways to create or modify nanostructures.
Ions with low energies (the region where the energy loss is dominantly via
elastic collisions) induce a collision cascade in a controlled range of depths
and high energy ions (where the energy loss is dominantly due to electronic
process) perturb the structure of the target in narrow channels (with diameters
of the order of 10 nm) in a region upto a few microns. SHIs have a unique
feature of depositing a large energy per unit length, which can produce an
amorphous zone or a modified region along the ion path in a cylindrical region
of diameter of upto 10 nm, referred to as ion track. Transformations in the
material under ion impingement may result from the disordering correlated to
the atomic displacements or from local changes of compositions, because of
the diffusion of atoms during the cascade (radiation induced) or of residual
defects (radiation enhanced), when the latter are mobile at the temperature of
the experiments. The topology of the target surface is also affected by these
various types of events as well as by the ejection of atoms (sputtering).

The role of ions in nanostructuring of materials can be divided in three
energy regimes: (i) very low energies, upto a few keV, suitable for synthesis of
thin films by sputtering, (ii) energies from tens of keV to a few MeV for
implantation related processes and (iii) the swift heavy ions, energies >1 MeV/
nucleon, where electronic energy loss is dominant. Focus here is on the
nanostructuring with swift heavy ions.

Ion matter interaction leads to microstructructural changes in materials
which can provide unique ways to engineer the properties of materials directed
towards specific application but in order to achieve this objective it is necessary
to understand the ion-matter interaction in nanoscale regime.

Nanoscale Materials under Irradiation

The irradiation-induced generation of defects in nanosystems is different from
bulk materials because of the limited size of the system in one or more directions.
Many ions traverse these tiny objects without inelastic interaction so that little
energy is deposited. This means that the probability for energy loss of an
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impinging particle is low in nano targets and decreases with increasing ion
energy. Correspondingly, the amount of damage in a nanoscale object is low
when the particle energy is high, provided that displacement cascades do not
play a significant role.

The reduced dimensionality, on the other hand, may give rise to a different
temperature profile after the impact so that the local temperature may exceed
the melting temperature of the material. This is particularly important for ion
irradiation of zero-dimensional objects. For example, just 30 eV energy
transferred to an isolated fullerene (Cg4,) molecule, which is an amount of energy
that can easily be transferred by a single ion impact, will raise the ‘temperature’
in the fullerene to about 2,000 K. Furthermore, the large fraction of surface
atoms in nanosystems results in a high sputtering yield (removal of atoms
from the system). The finite size of the system also affects the electronic structure
and thus the mechanisms of conversion of electronic excitations to kinetic
energy of the atoms.

The response of some structures to the ion beam can be such that the
restructuring of the systems is governed by principles of self-organization.
Then, the desired modification of the nanosystems can be achieved even without
the need to focus the beam.

Irradiation-induced Self-organization Phenomena

In ‘self-organization’ a system develops some kind of structuring by itself, that
is, without selective intervention from outside. Surface instabilities and the
resulting self-organization processes play an important role in nanotechnology
since they allow for large-array nano-structuring. Such instabilities in thin film
systems can be triggered by energetic ion bombardment and the subsequent
self-assembly of the surface can be controlled by fine-tuning of the irradiation
conditions. The role of the ion in such processes is two fold. If the instability is
latently present in the virgin sample but self-assembly cannot take place because
of kinetic barriers, the ion impact may just supply the necessary atomic mobility.
On the other hand, the surface may become instable due to the ion beam induced
material modifications and further irradiation then results in its reorganization.

Nanomaterials are far from thermal equilibrium under intense ion
irradiation. Defects are continuously generated and heat is released from the
particles. Because only a minor fraction of the transferred energy is stored in
persistent defects (most defects anneal immediately), there is a considerable
energy flux through the particles and the conditions for self-organization in
dissipative systems may be fulfilled. The transformation of graphite to diamond
under ion irradiation is an example of such a process where a system is driven
to a state (diamond) that is energetically less favourable but has a higher degree
of order. Ion irradiation of a graphite—diamond interface at high temperature
can lead to the growth of diamond at the expense of graphite. Conversely,
heating without irradiation leads to the relaxation towards equilibrium—that
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is, to the transformation of diamond to graphite [1]. This interesting ion beam
induced effect is not nanostructuring but that of change in phase of the material.

Ordered nanostructures can be fabricated with ion irradiation by self-
organization originating from an interplay between disorder, sputtering and
self-assembly due to irradiation-stimulated diffusion [2]. A delicate balance
between different processes can result in the formation of nanoclusters or
quantum dots with unique electronic or magnetic properties and in the creation
of metallic nanoparticles in dielectric matrices.

In the field of nanostructured materials, the energetic ions provide ways
for the controlled synthesis and modification. The important issues in nano
materials are: (i) the control of the size of particles, (ii) the size distribution,
(iii) creation of special structures such as alignment of particles, (iv) shape
transformation of nanoparticles from spherical to prolate and oblate and (v)
alignment of nanoparticles in a row like a nanostring. These will result in
interesting properties such as tuning of surface plasmon resonance, tilting the
plane of magnetization in film of magnetic nanoparticles embedded in matrix,
etc. and many more yet to be explored and understood.

The processes involve the reorganization of a metastable system under the
influence of ion irradiation. Metastable states resulting from the deposition of
a film on the substrate with lattice mismatch and nonwetting characteristics
can undergo phase segregation and formation of nanostructures of the film
materials on the substrate. Silver films on Si surface, for example, leads to the
formation of nano size islands of silver under ion irradiation [3].

A metastable state can often be realised in systems prepared under
conditions which induce nonstoichiometry in the system. If the system possesses
sufficient kinetic stability in ambient temperature and pressure, it continues to
remain in a metastable state. Irradiation by high-energy ion beams can excite
the system in highly localized regions of a few nm dimension and can lead to
the transition of the metastable state to a stabler one in confined volume. Such
a process can lead to the formation of nanoparticles along the ion track. Si
nanocrystals for example can be produced in the nanometric size ion tracks of
SHI irradiated Si.

5.2 SYNTHESIS OF NANOSTRUCTURED MATERIALS
UNDER ELECTRONIC EXCITATION

Ion beams offer possibilities for synthesizing nanoparticles under extreme
physical conditions and in highly localized regions, involving processes far
from equilibrium. Traditional approach with ion beams is ion implantation
followed by annealing leading to supersaturated solid solution and subsequent
nanoparticle formation. This has led to formation of exotic phases such as Si
nanocrystals in SiO, matrix. One can combine low energy ion implantation
with the highly localized excitation capability of SHI. Basic idea is that the
diffusion coefficient of atom is widely different in defected and defect-free
medium.
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Nanostructures by Phase Separation

SHI irradiation leads to the formation of semiconductor nanostructures (Si and
Ge) embedded in their respective sub-oxides (SiO, and GeO,) [4-7]. This is
due to the ion beam induced separation of semiconductor phase from oxide
phase of the semiconductor suboxide matrix. The process of phase separation
takes place in the molten zone formed due to high temperature rise as a result
of passage of the swift heavy ion, most likely by spinodal decomposition as
discussed later.

Semiconductor nanocrystallites embedded in thin films can be synthesized
with the help of swift heavy ions. In an experiment with SiO, films deposited
on Si substrates with 100 MeV Ni*' ions irradiation, and fluence between 10'?
and 10'* ions per cm? amorphous SiO, films did not show any
photoluminescence (PL) before irradiation. However, after irradiation the films
exhibited clear peaks in the PL correlated with the luminescence from Si
nanoclusters embedded in the matrix of SiO, [8].

SHI irradiation of oxygen deficient germanium oxide (GeO, with x <2)
leads to the formation of Ge nanocrystals. X-ray diffraction, micro-Raman
studies of the pristine and irradiated films show the formation of Ge
nanocrystallites. Figure 5.1 shows the X-ray diffraction of the pristine and
irradiated GeO, films indicating the formation and growth of Ge nanoparticles,
evident by the evolution and decrease in fwhm of Ge peak with fluence.
Formation of Ge nanocrystallites can be explained on the basis of phenomenon
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Figure 5.1: The X-ray diffraction patterns of the pristine and irradiated GeO, films

indicating the formation and growth of Ge nanoparticles, revealed by the evolution

and decrease in fwhm of Ge peak with fluence. [Reprinted from Shyama Rath, D.

Kabiraj, D.K. Avasthi, A. Tripathi, K.P. Jain, Manoj Kumar, H.S. Mavi and A.K. Shukla,
Nucl. Instr. and Meth., B 263 (2007) 419 with permission from Elsevier.]
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of'ion beam induced phase separation [7, 9, 10]. The possibility of preferential
sputtering of oxygen, which can lead to precipitation of Ge, is ruled out by on-
line monitoring of Ge and O recoils. The observed sputtering is stoichiometric
sputtering [11].

In similar manner the SHI irradiation of InO, films lead to the formation
of In nanoparticles [12]. The films irradiated with 120 MeV Ag ions of varying
fluences indicate a phase separation of the In and In,O5 comprising largely of
nanometric crystallites of 35 to 45 nm size. This temperature spike leads to a
high temperature-induced phase separation in suboxides. The observed phase
separation during irradiation is understood to proceed in a large number of
small steps, in which oxygen-rich regions in films gradually become more
oxygen-rich and oxygen-poor region become more poor. The net result is
therefore a phase separation of In,O, into In and In,0;. Stoichiometry of the
film monitored by on-line ERDA measurements at different fluences shows
that the O/In ratio decreases with increasing fluence, indicating that there is a
preferential loss of oxygen in the film [12].

In all these experiments of SHI irradiation with suboxide of Si, Ge and In,
leading to the formation of respective nanocrystals in matrix, the precipitation
and phase separation is induced by electronic energy deposition. It is interesting
to note that if one performs the SHI irradiation of the perfect oxides such as
Si0,, GeO, and In,0;, the formation of nanoparticles does not take place. The
phase separation leading to nanocrystal formation is due to spinodal
decomposition, which is a mechanism by which a solution of two or more
components can separate into distinct regions (or phases) with distinctly
different chemical compositions and physical properties. This mechanism differs
from classical nucleation in that phase separation due to spinodal decomposition
occurs uniformly throughout the material—not just at discrete nucleation sites
[13]. This phase separation due to spinodal decomposition is not due to transport
of macroscopic matter by diffusion, but it is due to the local fluctuations in the
concentration of the constituent. In the spinodal decomposition, oxygen-rich
regions in the material become more oxygen-rich and oxygen-poor regions
become more oxygen-poor, during temperature spike.

Precipitation of Metal Particles in Oxides

The ion irradiation of samples containing metal ions M™" in triethoxysilane
gel, induces an oxidation-reduction process of these metal ions, resulting in
precipitation of metal as metal nanostructures. A critical amount of energy is
required to reduce enough number of atoms in order to form stable nuclei. The
rate of precipitation or the formation of nanostructures is found to be
proportional to the total electronic energy deposition (S, * @), where ¢ is fluence
[14].

In other metastable systems such as silicate glasses containing dissolved
Ag, asingle ion impact forms a stable nucleus even with He ions of a few MeV
having an electronic stopping power of the order of 30 eV/A [15]. Figure 5.2
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shows the UV-visible spectra of the pristine and irradiated films of silicate
glass containing a few % of Ag. The pristine film does not show any absorbance,
indicating the presence of Ag as solid solution, whereas the irradiated films
show absorbance at ~3 eV region, increasing with fluence. The absorbance is
due to SPR, indicative of the formation of Ag nanoparticles. Since absorbance
increases with fluence, the precipitation kinetics is simply a linear function of
the transferred energy (S, x @) per unit length. The interesting characteristics
of the particles formed in all these systems is their narrow size distribution,
compared to that obtained by annealing treatments at high temperatures of
same materials.
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Figure 5.2: The UV-Visible spectra of the pristine and irradiated films of silicate glass
containing a 3.5% of Ag. The absorbance in the irradiated films is due to SPR, indicative
of the formation of Ag nanoparticles. Dotted line in absorbance peak is the fitted curve
by Mie theory. [Reprinted from J.C. Pivin, G. Roger, M.A. Garcia, Fouran Singh and
D.K. Avasthi, Nucl. Instr. and Meth., B 215 (2004) 373 with permission from Elsevier.]

Reduction Process Leading to Nanostructural Transformations

Copper oxide has two stoichiometric forms: cuprous oxide (Cu,O) and cupric
oxide (CuO) having cubic and monoclinic crystal structures respectively. Phase
purity and stability of Cu,O is important for its application in solar cell and
other devices. SHI provides a way to achieve the desired transformation.
Balamurgan et al. investigated the effect of large electronic excitation (24 keV/
nm) generated by the 120 MeV Ag ions on copper oxide nanoparticles using
X-ray diffraction, Raman spectroscopy and photoluminescence [16]. The XRD
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revealed that the pristine films were having both the phases CuO and Cu,O
and the irradiation induced a reduction process resulting in phase change from
CuO to Cu,0. The size of nanocrystallites of Cu,O can be tuned by ion fluence
[16]. The phase transition is primarily due to atomic rearrangements caused by
dense electronic excitations. The crystalline quality of the films improved with
irradiation.

Annealing the glass containing copper oxide above a certain temperature
(855K) shows the existence of nanoparticles both of copper and copper oxide
[17]. Below this temperature, there is no signature of nanoparticles. The
SHI irradiation of these samples show a clear signature of nanoparticles
of copper only and with a narrow size distribution. Nanoparticles formation
occurs only in the first 40% of ion stopping range, corresponding to the
region where electronic energy loss is higher than 5 keV/nm, clearly showing
the role of electronic energy deposition in nucleation and growth of the particles
[17].

5.3 NANOSTRUCTURES WITHIN ION TRACK AND AT
THE SURFACE BY SELF-ORGANIZATION

Synthesis of Nanoparticles in Thin Films

Kumar et al. demonstrated the SHI induced conversion of indium oxide (I10)
thin film into nanocrsytalline IO thin film by 100 MeV Ag®" ion irradiation
[18]. The 100 MeV Ag ions produce latent tracks in IO but not in the Si substrate.
This discontinuity in the track formation results in a compressive stress at the
10/Si substrate interface. The ion-beam-induced compressive stress at the 10/
silicon substrate interface and the difference in their surface energies are
responsible for the dewetting of 1O along the ion tracks from the Si substrate,
which leads to the formation of 10 nanoparticles. The size of the nanoparticles
is restricted by the ion-induced molten zone where the temperature rises above
the melting point of the IO film. This method can be efficiently used for the
synthesis of nanoparticles of a variety of materials on different substrates with
a judicious choice of incident ion energy and fluence.

Ion tracks can be used to confine the growth of nanoparticles resulting in
narrow size distribution. The ion implantation followed by annealing is a
standard technique to synthesize embedded nanoparticles in a matrix. In the
ion implantation process, the depth and amount of nanoprecipitates can be
controlled by varying the energy and fluence of the ion during implantation.
Limitation of this method is that it always results in broad size distribution due
to lateral straggling of implanted species. In the case of swift heavy ions
nanoclusters grow inside the tracks. The boundary of latent tracks produced by
SHI irradiation acts as a capping agent to restrict the growth of nanoparticles
inside the track. The size of nanoparticles can be controlled by controlling the
parameters of the MeV ion beams [19].
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Thin film of SnO, transforms from amorphous to nanocrystalline form
under the swift heavy ion irradiation [20]. The substrate plays important role
in this process. Tin oxide thin films of thickness of 100 nm grown on both
amorphous substrate (SiO, layer on Si, fused silica) and crystalline substrate
(crystalline quartz and ai-sapphire) by electron beam evaporation method, are
amorphous in nature. The irradiation of these films by 100 MeV Ag ions leads
to the transformation from amorphous to nanocrystalline form. During SHI
irradiation both the competitive processes like amorphization and crystallization
take place. The rate of crystallization is more in crystalline substrates than in
the films grown on amorphous substrates.

Nanocrystalline TiO, structures, formed by irradiating polycrystalline thin
films of TiO, with 100 MeV Au®* ion, have nanoparticles nucleated along the
ion trajectory with the shape and size of nanoparticles dependent on the
irradiation fluence [21].

Surface Nanostructures by Self-organization

Thin oxide Fe,O5 and NiO films can be restructured on a sub-um scale by
triggering structural instabilities and subsequent self-assembly processes with
high fluence SHI irradiation [22-25]. This way regular arrays of nano-structures
at the surface and at the interface of the layer system can be achieved, which
cover a large area.

SHI irradiation at small angles of incidence with surface at liquid nitrogen
temperature results in restructuring of crystalline NiO films. Study of the
nanopatterning of the surface of NiO thin film under the 100 MeV Ag ion
bombardment at fluence of 6 x 10'* ion cm 2 showed that the continuous film
starts to crack at low fluence normal to the beam direction and at high fluence
the material between the cracks begins to shrink and self-organizes into the
periodic lamella structures (Fig. 5.3) [26]. The periodic lamella formation also
depends on the nature of substrate as shown in Fig. 5.3 for 100 MeV Ag ion
irradiation at a fluence of 6 x 10'* jon cm™2.

The self-organization of NiO thin film can be understood in the light of
the ion matter interaction at high energy. Each incident ion produces a Gaussian-
like temperature profile in the vicinity of ion path in the material [27-29]. High
temperature causes the transient local melting of the lattice within a cylindrical
zone. The energy rapidly dissipates into the cold surroundings resulting in the
solidification. The melting and subsequent re-solidification of materials
generates the uni-axial tensile stresses along the ion track [30, 31]. When the
tensile stresses along the beam direction overcome the fracture strength of the
NiO surface, it shows periodic cracking perpendicular to the beam direction
due to Grinfeld instability [32, 33]. Grinfeld showed by the linear surface
stability analysis that the competition between elastic strain energy and surface
energy leads to the amplification of perturbation of specific periodicity on
such stressed surface. The formation of cracks releases elastic stress energy



118 SHI for Materials Engineering and Nanostructuring
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Figure 5.3: The AFM micrographs of the NiO thin film on different substrates irradiated
by 100 MeV Ag ions at fluence of 6 x 10'* ions cm™. [Reprinted from R.S. Chauhan
et al., Vaccum (Accepted) with permission from Elsevier.]

and consumes energy for the creation of the crack surface. For each stressed
surface there is an optimum cracking distance, which minimizes the total free
energy. The lamellae formation can be explained by the hammering effect [34-
36]. When fluence increases, the material between cracks shrinks and develops
the lamellae structure. The width of the lamellae decreases and the separation
between them increases with the increase of fluence. The irradiated film on Al
substrate has higher width and lack of periodicity of lamellae as the energy
deposited by SHI in the film is easily transferred to Al substrate, since the
resistivity of the Al is less than Si and SiO,.

Online ERDA [37] measurements show that there is reduction in areal
concentration of both nickel and oxygen with ion fluence due to the electronic
sputtering. Sputtering takes place upto the fluence 1 x 10'3 ions cm™ fluence
and beyond this fluence the surface cracks and reorganization of NiO surface
starts. The stoichiometry (Ni/O) of the film increases from 0.74 to 0.91 up to
1 x 10'3 ions cm™ and beyond which it remains constant with fluence. When
the stoichiometry approaches 0.9, the sputtering of the NiO film ceases. This
implies that once plastic deformation starts, there is no loss of NiO material. It
appears that initially the sputtering of NiO thin film takes place under the ion
bombardment and whenever ions impart enough (S, * @) into the film such
that the tensile stress generated by ion beam exceeds the fracture strength of
the NiO surface, the plastic deformation of film occurs. The energy deposited
in the film is consumed in plastic deformation and sputtering ceases.
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Self Affine Structures at ZnO Surface by SHI Irradiation

The formation of self affine nanostructures on the surface of evaporated ZnO
thin film occurs under the heavy ion irradiation [39]. Surface roughness
increases upto a critical fluence and decreases beyond that fluence. Density of
the nanostructures increases from 8 x 10° ions cm™ to 3 x 10! jons cm™ upto
the fluence of 1 x 10'? ions cm™ due to the reduction in the size of the nano-
structures and after this critical fluence the density of nanostructures again
decreases due to evolution of bigger structures as shown in Fig. 5.4. The
reduction in size and increase in areal density of the nanostructures up to a
specific fluence can be explained in terms of ion induced stress generation and
change in surface energy due to total energy deposited by the ion beam. The
values of roughness and growth parameters extracted from the power spectral
density of AFM images, reveal that the surface diffusion is responsible for
nanostructuring. The value of the roughness parameter determined from the
power spectral density spectra is found to be around 0.9, which implies that
the energy deposition by swift heavy ion provides energy to the surface atoms
which causes the atomic mobility at the surface to be so high that it prevents
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Figure 5.4: Surface nanostructures in ZnO films at different fluences of [100 MeV Ag

ions [Reprinted with permission from D.C. Agarwal, R.S. Chauhan, D.K. Avasthi,

S.A. Khan, D. Kabiraj and 1. Sulania, J. Appl. Phys., 104 (2008) 024304, copyright
(2008) American Institute of Physics.]
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the roughening of the surface under the swift ion irradiation. The results of
online Elastic Recoil Detection (ERD) analysis show that there is reduction in
areal concentration of both zinc and oxygen with ion fluence, which is a clear
indication of sputtering under the ion bombardment. The sputtering in this
energy regime is dominantly due to electronic energy loss. The total sputtered
thickness is 0.05 nm at a fluence of 1 x 10'3 jons cm™, which is much less than
the sputtered thickness for low energy case where fluence is very high (~10'7
ions cm™). Therefore, the role of sputtering yield in creation of surface
nanostructures for irradiated ZnO thin film at normal incidence can be assumed
to be negligible. The stoichiometry of the ZnO thin film remains almost same
under the irradiation.

Creation of Nanowires by SHI

SHI can produce tracks in the insulators, semiconductors and metals beyond
certain threshold of electronic energy loss, S.,. This specific feature is utilized
to achieve nanostructures and to modify the existing nanoparticles in specific
shapes, discussed later in Section 5.4. Ion track is inherently a nanodimensional
cylinder with the shape of a nanowire or nanorod which is used in the synthesis
of conducting C nanowires by SHI irradiation of fullerene, DLC and Si based
gels/polymers [40-49]. Synthesis of carbon nanowires with SHI in carboneaous
materials is discussed in Chapter 6, Section 1. The Cu rich nanostructures are
formed by SHI irradiation of copper nitride film [50], attributed to the loss of
nitrogen along the ion track in SHI irradiation.

Nano size ion track has been shown as transport routes for H diffusion in
120 MeV Ag ion irradiated Pd-Pr film, which enhanced the hydrogenation
properties [51].

Depinning of Fermi Level along lon Tracks

Apart from structurally modified track region, electrically modified nano track
can be formed along the ion path through the formation of point defects. It has
been shown that electrically active defects produced in Si along a heavy ion
track can result in the pinning of the Fermi level to a deep level [52]. This
occurs within a region of <100 nm around an ion track and results in the
formation of a nanosized channel with a modified Fermi level embedded in
bulk Si. Such nanochannels might act as electronic nanowires due to the local
Fermi level modification that induces a bending of the electronic bands around
the ion track. The technological advantage of such nanochannels is that, unlike
the “traditional” nanowires, the ion-induced nanochannels are readily embedded
into the Si crystal, a semiconductor in contrast to an oxide, by conventional
ion implantation. Although no evidence of ion track in crystalline Si exists,
Vines et al. [52] show the evidence of single ion impact on crystalline Si by
using scanning capacitance microscopy.
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Etched lon Tracks as Templates for Nanostructures

The modified zone in the ion tracks specially in polymers can be chemically
etched to achieve nanopores of controlled diameters. These etched nano or
submicron pores can then be used as templates to grow nanostructures of desired
materials by electro-deposition. Etched ion tracks find variety of applications
[53-55]. The resonant tunnelling behaviour was observed in deposition of p
and n type material in micropores of polymer, created by etching of SHI
irradiated polymer [56]. Au nano chain of Au nanoparticle aggregates in the
etched ion track of silica have been synthesized giving interesting
photoluminescence properties [57].

These submicron pores in polymer can be used for controlled drug delivery
[58]. Etched ion track find application in filtering selective gases. The tracks
in nanocomposite (Co0.6Zn0.4Fe,0, particles embedded in polycarbonate)
film show higher permselectivity [59]. The track etched porous membranes
can be used as sensors when functionalized by grafting other molecules inside
or as templates to grow nanocylinders or nanotubes of desired materials
[60-64].

5.4 MODIFICATION OF THE METAL-DIELECTRIC
NANOCOMPOSITE FILMS

Engineering the Shape and Size of Ag and Au Particles
in Polymer Matrix

The shape of Au nanoparticles grown in teflon matrix (Au-teflon
nanocomposite) by tandem deposition are not of spherical shape. It was observed
that the shape of the particles becomes spherical and the size starts growing
with fluence in 120 MeV irradiation of Au-teflon nanocomposite (deposited
on TEM grid) [65]. Formation of spherical particles indicates the possibility of
the existence of transient molten state as in the molten state the metal will have
spherical shape like a liquid drop. The average size changed from about ~9 nm
to ~14 nm after irradiation, which shows that the particles coalesce together to
form bigger particles under SHI irradiation, like in Oswald ripening. Figure
5.5 gives the TEM images of Au polymer nanocomposite before and after
irradiation with 120 MeV Au ions.

Different behaviour is observed in the case of Ag particles embedded in
teflon matrix. The teflon films containing Ag nanoparticles deposited on TEM
grids irradiated with 100 MeV Au ions at different fluences, show slight
reduction of the particle size and loss of Ag in the films, due to electronic
sputtering similar to the observation of surprisingly high sputtering yield in
low dimension gold films under SHI irradiation [66], which is explained on
the basis of large rise in temperature spike in low dimension system. In an
experiment on Ag-teflon nanocomposite it is observed that SHI irradiation
leads to reduction in size and size distribution of Ag nanoparticles [67].
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Figure 5.5: The TEM images show the pristine and irradiated Au polymer

nanocomposite. The irradiation was with 100 MeV Au ions at a fluence of

10" and 3 x 10'?ions cm™. EDAX shows presence of Au. [Reprinted from A. Biswas,

D.K. Avasthi, D. Flink, J. Kanzow, U. Sch€urmann, S.J. Ding, O.C. Aktas, U. Saeed,

V. Zaporojtchenko, F. Faupel, R. Gupta and N. Kumar, Nucl. Instr. and Meth., B 217
(2004) 39 with permission from Elsevier.]

Engineering the Shape and Size of Embedded
Nanoparticles in Silica Matrix

The nanoparticles embedded in silica matrix are of interest due to their unique
properties. The nanoparticle size, its shape, and interparticle separation are the
key parameters deciding the properties of the nanocomposite thin film. These
can be engineered with SHI irradiation. The most common matrix has been
silica, where it is well established that SHI induced ion tracks in silica are
responsible for modifications in embedded nanoparticles. Some of these
experiments are briefly described here.

Au-silica Nanocomposite (NC) Thin Films

Reduction and growth of Au particle size with ion fluence

The Au-silica NC thin films with metal fraction of 5 at.%, irradiated with 100
MeV Ag ions show reduction in particle size with fluence [68]. The average
interparticle separation in this case is ~14 nm. The metal fraction and average
particle size are used for the estimation of average interparticle separation.
The particle size decreased from 10.1 nm to 8.8 nm at a fluence of 10'3 ions
cm as shown in Fig. 5.6. For the Au-silica NC thin films with metal fraction
of about 10 at.%, (having an estimated inert particle separation ~2 nm), growth
of Au particles was observed from about an average diameter of 4 nm to 9 nm
under the irradiation by 90 MeV Ni ions up to a fluence of 10'* ions cm [69].
In-situ XRD was performed to take the snap shots of the growth of the Au
particles in silica matrix under SHI irradiation, as shown in Fig. 5.7.
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Figure 5.6: The TEM pictures show the pristine and irradiated of Au-silica
nanocomposite thin films (with metal fraction of 5 at.%), irradiated with
100 MeV Ag ions. [Reprinted from D.K. Avasthi, Y.K. Mishra, F. Singh and J.P.
Stoquert, Nucl. Instr. and Meth., B 268 (2010) 3027 with permission from Elsevier.]
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Figure 5.7: The X-ray diffraction patterns recorded by in-situ XRD was performed to

take the snap shots of the growth of the Au particles in silica matrix under the irradiation

by 90 MeV Ni ions at different fluences. [Reprinted with permission from Y.K. Mishra,

D.K. Avasthi, P.K. Kulriya, F. Singh. D. Kabiraj, A. Tripathi, J.C. Pivin, [.S. Bayer and

A. Biswas, Appl. Phys. Lett., 90 (2007) 073110, copyright (2007) American Institute
of Physics.]
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There is an increase in size of Au nanoparticles when the interparticle
separation is small (~2 nm). On the other hand, when the interparticle separation
is large (~14 nm), the particle size decreases.

Elongation of Au nanoparticles under SHI irradiation

The Au-silica NC thin film, with metal fraction of 15 at.% annealed to get
large size particles when irradiated with 120 MeV Au ions at a fluence of 3 x
10'3 ions cm™, showed the elongation of Au particles along the beam direction
[70]. The particle size in this case is rather large as compared to track size.
There are smaller particles as well in the pristine film. Figure 5.8 shows a
cross sectional TEM picture of the (a) pristine and (b) irradiated Au-silica
nanocomposite, showing the elongation of Au nanoparticles along the beam
direction. It is observed that all the large size particles elongate whereas small
size particles remain spherical. There are several studies in this area [71-78].

Figure 5.8: The cross sectional TEM pictures of the (a) pristine and (b) irradiated

Au-silica nanocomposite, showing the elongation of Au nanoparticles along the beam

direction. [Reprinted with permission from Y.K. Mishra, F. Singh, D.K. Avasthi, J.C.

Pivin, D. Malinovska and E. Pippel, Appl. Phys. Lett., 91 (2007) 063103 copyright
(2007), American Institute of Physics.]

Awazu et al. [71] observed aspect ratio of ~2 for 110 MeV Cu and ~3 for
110 MeV Br ion irradiation at fluence of 10'* ions cm™. Au aspect ratio of ~2.3
is achieved by 5 GeV Pb ion irradiation [73], and ~5 for 54 MeV Ag ion
irradiation at 8 x 10'* ions cm™ [75].

The transformation of Au nanoparticles (NPs) embedded in SiO, from
spherical to rod-like shapes (with an aspect ratio of ~5) induced by swift heavy
ion irradiation has been studied with '*’Au ions at energies between 54 and
185 MeV. The saturation width of the NP rods as well as a minimum size
required for the NPs to elongate depends on the energy [78]. The saturation
width of NP is correlated with the ion track diameter in the SiO,.
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The irradiation of Au particle surrounded by silica shell results in the
flattening of the silica perpendicular to the incident ion direction, whereas the
Au particle gets elongated along the ion beam direction [76]. The flattening of
silica shell is due to the hammering effect caused by the viscoelastic flow of
material [79]. The silica material during its expansion causes a pressure to the
Au particle squeezing in plane perpendicular to the ion beam resulting in
elongation of particle in plane along the beam direction. The summary of results
so far on the irradiation of Au-silica system is given in Table 5.1.

Table 5.1: Summary of the effect of SHI irradiation on Au nanoparticles
embedded in silica matrix system by different groups

Metal- Growth/  NPsize  Energy Energy  Fluence S, * ¢ Refer-
matrix reduction/  (aspect and loss (®) (keV/ ences

elongation ratio, ion S, S,) ions nm?)

AR) (keV/inm) — /em?

AuNPs Reduction 1l1to5 100MeV 11.7,0.06 1x10" 1.17 [68]
in silica nm Ag
3DNC
AuNPs  Growth 4t09nm 90 MeVNi 7.2,0.01 1x10 72  [69]
in silica
3DNC
AuNPs Elongation Pri- 14 120 MeV  14.1,0.02 3x10"® 42  [70]
in silica, nm Au
3DNC AR=3.5
AuNPs Elongation 12 nm 185MeV 17.6,0.15 2x10" 352 [78]
in silica AR=5.0 Au
2D NC
Aussilica Elongation 14nm  30MeV  6.7,0.07 2x10" 134 [76]
core shell AR=9.0 Se
AuNPs Elongation AR=1.99 100MeV 3.6,0.02 1x10' 3.7 [71]
in silica Cu
2D NC
AuNPs Elongation 20 nm 110MeV  9.7,0.02 1x10™ 9.7  [71]
in silica AR=3.0 Br
2D NC
AuNPs Elongation 8 nm 5GeVPb 17, 0.01 5x10'3 8.5 [73]
n silica AR=2.3
2D NC
AuNPs Elongation 15nm  54MeV 9.6, 0.09 8x10™ 76.8 [75]
in silica AR=5 Ag
2D NC

Three types of Au silica nanocomposite are possible namely (i) Au core
silica shell, (i1) two dimensional nanocomposite (2D NC) where a single layer
of nanoparticles is embedded in silica matrix and (iii) three dimensional (3D
NC) nanocomposite where the nanoparticles are dispersed throughout the
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thickness of the film in three dimensions. On the basis of several experiments,
reported by different groups, it appears that the aspect ratio introduced by SHI
for the same electronic energy deposition (electronic energy loss % fluence) is
highest for core shell followed by three dimensional and two dimensional
nanocomposite as shown in Fig. 5.9 [77].
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Figure 5.9: The figure shows the aspect ratios achieved for different type of Au silica

nanocomposite thin films by different groups. [Reprinted from D.K. Avasthi, Y.K.

Mishra, F. Singh and J.P. Stoquert, Nucl. Instr. and Meth., B 268 (2010) 3027 with
permission from Elsevier.]

The ion induced elongation of Au nanoparticles is explained by reasoning
that the silica gets compressed in the beam direction and expands in the plane
perpendicular to the beam, which is a consequence of hammering effect, as
seen in Au-silica core shell experiment [76]. The pressure exerted by silica
results in compressing the Au nanoparticle causing shape transformation from
spherical to oblate. However, if we consider this mechanism, then irrespective
of nanoparticle size, the elongation should take place, except for very big size
particles, where the pressure is insufficient to cause effect on shape. It was
observed that the small size particles do not elongate and therefore this particular
mechanism is not appropriate for explaining the ion beam induced elongation
[70]. If the particle size is smaller or comparable to the track diameter in silica,
there is isotropic growth or reduction in particle size because the particle is
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surrounded by transiently melt silica, which explains the fact that the small
size nanoparticles do not elongate. The growth of the particle occurs at the
interface of the nanoparticle and silica within the ion track region nanoparticle
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Figure 5.10: The schematic shows growth of Au nanoparticle, occuring in ion track,

resulting in elongation of the particles. 7, is track radius, r, is radius of nanoparticles, »

is distance from the ion path, T is temperature of track and 7, is melting point of

material in track which is silica in the present case. [Reprinted from D.K. Avasthi, Y.K.

Mishra, F. Singh and J.P. Stoquert, Nucl. Instr. and Meth., B 268 (2010) 3027 with
permission from Elsevier.]

during transient melt state of silica, as shown in Fig. 5.10. There are large
number of overlaps of ion tracks in the nanocomposite sample and what is
observed is the cumulative effect of these. If the particle size is smaller than
the track size, there is isotropic growth or reduction in particle size (depending
on the interparticle separation), because the nanoparticle is surrounded by
transiently molten silica, as shown in Fig. 5.11. This explains why small size
nanoparticles do not elongate.

Another possible explanation is based on the volume expansion coefficient
of Au and silica in molten state. The volume expansion of Au in transformation
from solid to molten state, is more than that for silica under similar
transformation. Therefore the elongation of Au nanoparticle along the ion track
is expected. Possible mechanisms of reduction, growth and elongation of
nanoparticles embedded in dielectric matrix under swift heavy ion irradiation
in terms of ion beam and nanocomposites parameters are discussed in
framework of thermal spike model [71, 77, 80, 81] using the two coupled
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Figure 5.11: The schematic shows (a) increase and (b) decrease of nanoparticle size in
the ion track, depending on the inter particle separation. In (a) the inter particle separation
is small and the big particles grow at the expense of smaller ones while in (b) the inter
particle separation is large and dissolved atoms remain in the matrix. [Reprinted from
D.K. Avasthi, Y.K. Mishra, F. Singh and J.P. Stoquert, Nucl. Instr. and Meth., B 268
(2010) 3027 with permission from Elsevier.]

differential equation for the electronic and lattice subsystem, considering a
cylinder of SiO,, with one Au nanoparticle at the centre of the cylinder. The
ion track is assumed to be along the cylinder axis. To simplify the calculations,
the parameters for Au are taken same as that of bulk without considering the
size effect. The calculations qualitatively predict size and shape change of Au
nanoparticle as observed in experiments.
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Shape Change of Ag, Pt, Sn, Co and Ge Nanoparticles
A summary of the shape change of the nanoparticles of elements other than Au
is given in Table 5.2 and each case is discussed.

Table 5.2: Summary of the effect of SHI irradiation on the shape change of the
Ag, Pt, Sn, Co and Ge nanoparticles embedded in silica matrix

NPs  Growth/ NP size Ion Energy  Fluence S,* ¢ Refer-
reduction/ (nm) and loss )] (keV/  ences
elongation (aspect, energy S,S,) ions  nm’)

ratio AR) (keV/inm) — Jem?

Ag  Elongation 9.6 Aul120  13.9/0.02 3x10% 4.17  [80]
AR=1.47 MeV

Pt Elongation  14.5 185 MeV  54.9/0.81 1x10' 549  [84]
AR=1.87 Au

Sn  Elongation >11 185MeV  17.6/0.15 1x10"* 17.6  [85]
AR=23 Au

*Co  Elongation 10 200 MeV  14.8/0.048 1x10' 14.8  [91]
AR=39 I

#Co  Elongation 4.8 200 MeV  14.8/0.048 1x10™ 14.8  [90]
AR=6 I

Ge  Elongation  26+5 38MeVI  7.7/0.18 1x10Y° 77 [96]
AR=138

*Note: Sample heated at 873K during Co implantation.
#Note: Sample at 295K during Co implantation.

The SiO,:Ag films deposited by magnetron co-sputtering, with volume
fractions of particles (10-20%), annealed at high temperature for promoting a
growth of the particles were irradiated with 100 MeV Au. In this case, an
elongation of the particles parallel to the beam direction was evidenced by the
analysis of the optical response and TEM [80, 81]. The initial size of particles
and their volume fraction play a deciding role in the effect of swift heavy ions
on the nanoparticles. The Ag nanoparticles (of about 10 nm) in silica matrix
get aligned along the beam direction as a consequence of SHI irradiation [82].
The aligned metal nanoparticles have optical property quite similar to that
expected from metal nanorod or nanowire.

Calculations based on a thermal spike model for a single particle of metal
embedded in an insulating matrix with a lower thermal conductivity and
electron-phonon coupling constant indicate that the temperature in the particle
is more when the particle is small, which causes a transient melting [81]. Atoms
from particles close to the surface are volatilized more easily. Ag nanoparticles
(larger than the size of ion track) in silica matrix elongate under 120 MeV Ag
ion irradiation which is explainable by thermal spike model [80].

The Pt nanoparticles embedded in silica under 185 MeV Au ion irradiation
elongates along the beam direction with an aspect ratio of about 5, at a fluence
of 2 x 10" ions cm™. The width (minor axis) of elongated nano particles
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embedded in silica matrix saturates beyond certain fluence of SHI irradiation,
as was evident by experiments on Co, Pt and Au nanoparticles [83, 84]. Pt
nanoparticle in silica matrix undergo shape transformation from spherical to
prolate under SHI irradiation (27-185 MeV Ar ion). The minor axis of prolate
particles saturates with fluence [84]. However, the elongated nanoparticles
fragment via Raleigh instability.

The shape change from spherical to rod-like along the beam direction occurs
in Sn nanoparticles embedded in silica matrix by 185 MeV Au ion irradiation
[85]. The Sn nanoparticles more than 11 nm undergo this shape transformation
whereas the smaller particles remain spherical as reported in the case of Au
nanoparticle in silica matrix [70]. The experiment also proved that elongation
needs a molten ion track. The elongation of nanoparticle does not take place in
Si matrix [85] where it is known that the track formation does not occur by
mono energetic ion beam of any species and any energy. This is a very strong
proof that the basic condition of the shape engineering of nanoparticles is that
the nanoparticles must be embedded in a matrix where ions can create ion
tracks.

It has been shown that SHI irradiation causes the elongation of Zn
nanoparticles embedded in silica and the elongation is induced by each incident
ion [86].

Shape change from spherical to elongated along the beam direction is seen
in several metal nanoparticles (Au, Ag, Pt, Zn and Sn) embedded in silica
matrix, where the aspect ratio of the particles can be controlled by the ion
beam parameters. The common findings are that the nanoparticles below certain
size (smaller than the track diameter in silica) and above certain size, do not
undergo shape transformation. The metal nanoparticles above certain diameter
behave like bulk material for the incident ion beam.

Effect of SHI Irradiation on Magnetic Nanoparticles in Silica

Swift heavy ion irradiation on silica films containing Fe in the form of solute
ions indicate that the electronic excitations induce reduction of solute ions and
precipitation of metal particles. The hammering effect of ions on the silica
matrix causes a tilt of easy magnetization axis when the volume fraction of
particles is of a few percent, but this axis remains in the film plane for the Fe
silica nanocomposite with metal fraction over 10% [87]. TEM investigations
did not reveal elongation or alignment of particles. It is believed that the stress
on the particles due to the hammering effect can cause the tilt of magnetization
plane. Normally the magnetization of a thin film is parallel to the surface rather
than perpendicular to it because of the shape anisotropy: the hysteresis M(H)
curves are more squared and residual magnetization under zero applied field is
larger parallel to the surface. For application in magnetic recording with high
density, an easy axis of magnetization perpendicular to the surface is desirable.
It has been shown that this can be achieved for films made of silica embedded
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with small Fe particles with a low volume fraction by irradiation with swift
heavy ions [87]. SHI irradiation results in tilting the easy magnetic plane from
in plane to perpendicular to plane. This is explained on the basis of the stress
exerted on the particles by the matrix, due to the hammering effect of SHI on
amorphous targets. This change in the orientation of easy magnetization from
parallel to perpendicular to film plane was evident from electron spin resonance
measurements. The resonance field is minimum when magnetic field is parallel
to the surface in pristine films and becomes perpendicular to it after irradiation
with 10'3 Auions of 100 MeV as shown in Fig. 5.12 for a silica film containing
3 vol.% of super paramagnetic Fe particles with a size of ~5 nm. The minimum
resonance field occurs for the easy axis. The films of Fe-silica containing 14%
Fe under 100 MeV Ag ion irradiation shows Fe nanoparticles aligned like a
string along the beam direction as shown in Fig. 5.13. However, in this case,
the easy magnetic axis does not become perpendicular to film plane and remains
in the film plane, due to strong dipolar interaction between the arrays of
nanoparticles [81].
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Figure 5.12: The resonance field at different angles with respect to the magnetic field

axis for the Fe-silica nanocomposite irradiated by 100 MeV Au ions at different fluences.

[Reprinted with permission from J.C. Pivin, S. Esnouf, F. Singh and D.K. Avasthi, J.
Appl. Phys., 98 (2005) 023908, copyright (2005) American Institute of Physics.]
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Figure 5.13: The cross section TEM picture of Fe-silica film containing 14% Fe

irradiated by 100 MeV Ag ions shows that the nanoparticles get aligned along the

beam direction like a string. [Reprinted from J.C. Pivin, F. Singh, Y. Mishra, D.K.

Avasthi and J.P. Stoquert, Surface & Coatings Technology, 203 (2009) 2432 with
permission from Elsevier.]

The TEM investigations of the films of FePt nanoparticles embedded in
silica matrix irradiated with SHI at different fluences reveal the elongation of
FePt nanoparticles along the beam direction. The magnetic characterization of
pristine and irradiated films showed an increase in out of plane magnetization
[89].

The Co-silica nanocomposite thin films synthesized by ion implantation
of'silica, when irradiated by 200 MeV I ions transform from spherical shape to
prolate shape with an aspect ratio of about 7, at the fluence of ~10'*ions cm™
[90-91]. The Co nanoparticles embedded in silica transform from crystalline
to amorphous phase under SHI irradiation which otherwise is not possible in
bulk phase [92].

In another experiment, Ni particles of diameter below 10 nm did not change
the shape whereas particles larger than this diameter transformed to prolate
shape when the Ni-silica nanocomposite thin film (synthesized by atom beam
co-sputtering and subsequent annealing), were irradiated by 100 MeV Ag ions.
The particles of diameters more than 40 nm were unaffected [93]. These findings
of'ion beam induced shape transformation in case of FePt, Co and Ni particles
embedded in silica are similar to the findings of ion beam induced shape changes
in Au, Ag, Sn, Pt and Zn nanoparticles embedded in silica.
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Ferromagnetism in Non-magnetic Nanomaterials

Ferromagnetism in non-magnetic materials is a subject of interest, which is
also observed in nano dimensional systems. It is shown that embedded Ge
nanostructures formed by ion irradiation of GeO, show magnetic behaviour
[94]. The Pd-C nanocomposite (Pd nanoparticles embedded in C matrix),
synthesized by atom beam co-sputtering exhibits ferromagnetic behaviour and
the saturation magnetization increases about twenty times, by 100 MeV Ag
ion irradiation [95]. Since the size of Pd nanoparticles increase as a result of
SHI irradiation, it is expected that due to decrease in the surface to volume
ratio (because of increase in particle size) the ferromagnetic behaviour should
decrease as it is considered to be occurring only in the nano dimensional system
and not in the bulk. An experiment has shown that the ferromagnetic nature in
the irradiated films increases due to the defects created by ion beam especially
at the interface of Pd nanoparticle and the matrix [95].

Growth/Shape Change of Ge Nanoparticles in Silica

Spherical Ge nanoparticles (embedded in silica) can be transformed into disks
and rods by SHI irradiation. Irradiation with low fluences (10'# ions cm™) of
38 MeV I’ ions shapes medium-sized Ge nanospheres into disks, whereas
smaller ones become rod-like and larger ones do not change. At higher fluences,
the larger Ge nanospheres shrink due to Ge loss and also shape into disks [96].

Spheroidal silica SiO, and ZnS colloidal particles undergo transformation
to oblate ellipsoidal shapes under 4 MeV Xe ion irradiation [97].

The formation of Ge crystallites as a result of swift heavy ion (SHI)
irradiation was studied using Ge nanoparticles embedded in SiO, matrix
prepared by atom beam co-sputtering of Ge and SiO, on Si substrate. The
samples were annealed and irradiated with 100 MeV Au ions with fixed fluence.
The pristine and irradiated samples were characterized by Raman, X-ray
diffraction and atomic force microscopy (AFM). The nucleation and growth
of Ge nanoparticles occur during the transient melt state of ion track of silica
created by incident ion [98, 99].

Engineering the Optical Properties of Embedded
Nanoparticles

ZnO quantum dots embedded in polyvinyl alcohol (PVOH) irradiated with
100 MeV Cl ions at different fluence ranging from 1 x 10''to 1 x 10" jons cm™
show a red shift of the energy-gap parameter with respect to unirradiated
quantum dots [100]. The narrowing of the energy gap of nanoparticles indicates
particle growth under ion irradiation which is confirmed from transmission
electron microscope images.

SHI (80 to 100 MeV O, Cl, and Au ion) irradiation of CdS embedded in
PVOH matrix modifies the optical properties [101]. PL of O ion irradiated
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sample shows band edge emission, whereas band edge emission bleached in
Clion irradiation. Au ion irradiation causes broad PL. Thus PL in CdS-PVOH
nanocomposite can be tuned by electronic energy deposition.

SHI (80 MeV O ion) irradiation of Mn doped CdS nanoparticles embedded
in polymer matrix results in alignment and elongation of nanotracks. PL of the
irradiated film show tunablity with ion fluence [102]. SHI irradiation affects
the photoluminescence properties of semiconductor-conducting polymer
nanocomposites (SnO, nanoparticles embedded in polypyrrole). The PL
intensity is significantly increased in the case of irradiated samples [103]. Grain
boundaries act as colour centres and fragmentation of grains caused by SHI
irradiation increases the density of these grain boundaries which enhances the
PL emission intensity. The excitonic recombination is possible due to thermal
detrapping of charge carriers owing to the localized temperature spike generated
during SHI irradiation.

Making Poly(HFP) Layered Silicate Nanocomposites
Radiation Resistant

Poly (vinylidene fluoride-co-hexafluoropropylene) (HFP) nanocomposites with
layered silicate investigated with swift heavy ions in a wide range of fluence,
and the nanostructure, crystalline structure, morphology etc. of the
nanocomposites have been studied and compared critically with pristine
polymer [104]. The nanoclay induces the piezoelectric B-phase in bulk HFP,
and the structure remains intact upon SHI irradiation. SHI irradiation degrades
pure polymer, but the degradation is suppressed radically in nanocomposites.
The heat of fusion of pristine HFP gets reduced drastically upon SHI irradiation,
whereas there are relatively minute changes in nanocomposites. The degradation
has been considerably suppressed in nanocomposites through cross-linking of
polymer chains, providing a suitable high-energy, radiation-resistant polymeric
material.

Enhancement in Antioxidant Activity of PANI Nanofibres

Swift heavy ion irradiation increases the antioxidant activity and
biocompatibility of polyaniline (PANI) nanofibres [105]. Irradiation leads to
resizing of nanofibres. They undergo fragmentation and morphology changes.
PANI nanofibres are known to have antioxidant activity. To improve their
antioxidant activity, Kumar et al. doped PANI nanofibres with hydrochloric
acid and camphor sulphonic acid (CSA), and irradiated with 90 MeV O ions.
SHI irradiation decreased the diameter of HCI doped nanofibres from 40 nm
to about 10 nm and that of CSA doped nanofibres from 50 nm to 15 nm. The
enhancement in antioxidant activity of PANI nanofibres is due to the reduction
in their size which increases their surface to volume ratio and conformational
changes in the nanofibres.
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5.5 TAILORING THE MECHANICAL PROPERTIES OF Si
NANOROD STRUCTURES

Swift heavy ions provide a way to engineer the mechanical properties of
nanostructures needed for MEMS/NEMS. Hardness of arrays of slanted and
straight Cr nanorods on Si(100) substrates irradiated with 100 MeV Ag™® ions
at liquid nitrogen temperature increase with ion fluence. For slanted nanorods,
the samples show an almost 300% increase in hardness as compared to their
pristine counterparts. The corresponding increase in the case of straight nanorods
is found to be 77% [106].

Ion irradiation induces anisotropic deformation of Si nanosprings [107].
Si nanosprings grown on Si (111) substrates and irradiated with 1.2 MeV Ar'®
ions at different ion fluences varying from 10" ions cm™ to 10!7 ions cm™
decrease in length and the width of their arms increases after the irradiation.
The improved mechanical strength of irradiated Si nanosprings indicate that
these coatings are capable of withstanding higher loads without getting
delaminated. The role of inelastic electronic excitations and elastic nuclear
stopping on the stiffness of Si nanosprings was investigated by using different
ion beams at various energies such that the energy deposited per unit volume
ranged from less than 1 eV nm™ to ~keV nm™. For moderate values of energy
densities, a logarithmic dependence of the stiffness change was observed [108].
The stiffness of the nanosprings increased up to 32% without any visible
deformation due to densification of structures caused via electronic excitations
induced by energetic ions. However, for very high energy densities (~MeV
nm™?), predominantly an anisotropic deformation of nanosprings initiated by
nuclear energy losses occurred and the stiffness of the nanosprings was observed
to increase up to 170%.

100 MeV Ag™ ions have been used to study the modification in the
mechanical properties of slanted silicon nanorods grown by glancing angle
deposition technique [GLAD] on a patterned Si(1 0 0) substrate [109]. Atomic
force microscope (AFM) based force—distance (F—z) spectroscopy was
employed to measure the k-values of individual nanorods before and after
irradiation. The average spring constant (k) of the nanorods was found to
decrease to 65.6 = 20.8 Nm ! as compared to 174.2 + 26.5 Nm! for pristine
nanorods. Scanning electron microscope (SEM) micrographs show bending
of the Si nanorods after irradiation. Raman and high-resolution transmission
electron microscope (HRTEM) studies on pristine and irradiated Si nanorods
showed the transformation of nanocrystalline regions present in pristine
nanorods to amorphous phase on irradiation. This structural transformation
along with the bending of the nanorods leads to a decrease in the spring constant
of the nanorods. This technique offers a simpler possibility of tailoring the
mechanical properties of a variety of structures such as nanorods, nanosprings
and nanowires structures by ion beam irradiation.
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5.6 SUMMARY

Nanostructuring of materials holds the key for engineering the properties of
materials for specific applications in futuristic nanosystems. Present status of
multifarious studies in this area points to the need to focus the attention to
understand ion matter interactions in the nano region and find answers to some
of the basic questions such as: How does the electronic energy loss (S,) affect
the surface morphology, shape, size and size distribution, mechanical, optical,
magnetic properties etc. for nanodimensional system? There are some recent
reviews and books on the aspects of synthesis and engineering of nano structures
by energetic ions [110-115].

A summary of the possible ways of nanostructuring by SHI is given in
Fig. 5.14. The electronic energy loss brings in nucleation and growth of the
nanoparticles in semiconductor suboxides, metal suboxides, Si based gels and
metal dissolved glasses. Specific feature of swift heavy ions of creating an ion
track plays role in synthesizing nanowire-like structures. The ion tracks can be
utilized in different applications. The nanoripples at surface can be created by
swift heavy ion irradiation. The swift heavy ion irradiation of metal-silica
nanocomposite can result in increase or decrease in particle size depending on
the inter particle separation. If the embedded particles are larger than the track
size in silica, the elongation of particle occurs whereas the particles larger than
certain size (typically >40 nm) are unaffected. Contrary to the finding in metal
nanoparticles, the Ge nanoparticles embedded in silica matrix gets flattened
instead of getting elongated as a result of SHI irradiation. There are indications
of getting aligned arrays of nanoparticles in specific cases of Ag and Fe in
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Figure 5.14: A summary of the possible ways (discussed in chapter) of nanostructuring
by SHI is given.
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silica. The shape transformation of metal and semiconducting nanoparticles
embedded in silica (or any other matrix) is one of the most important aspects
of role of ion beams in nanostructuring. Such a shape engineering of embedded
nanoparticles in a matrix is not feasible by any other technique.
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6

Materials Engineering with Swift
Heavy lons

High energy heavy ions are proving to be important tools in the efforts to
modify the properties of materials in a controlled fashion to provide possibility
of making them functional for specific applications in planned developments
towards futuristic technologies. Presently, research in this field is mostly of
exploratory kind. Various types of materials are being irradiated with swift
heavy ions and the effects of irradiation are being studied using the sophisticated
characterization tools, such as XRD, RBS, ERDA, High resolution transmission
microscopy, Photoluminescence spectroscopy, Fourier transform infrared and
Raman spectroscopy, SQUID, AFM, SEM, etc.

The changes in the properties of the materials are being correlated with
the ion beam parameters to provide information about the irradiation required
to modify the desired property of the material. With the emergence of nano-
technology, the importance of the ion beams in the engineering of the
nanomaterials and producing nanostructures has been developing in several
directions. On-line characterization of materials under irradiation have been
used for quite some time. Now the efforts are to see whether we can use the
characterization facility in dynamic mode to enable us to see the development
of the required property of the material on-line and stop the irradiation when
the required condition is achieved.

Efforts made towards the engineering of the properties of various types
of materials using swift heavy ions are described here. There are several
other types of materials where effect of high energy heavy ions in changing
the properties has been studied. It has not been possible to cover all the
materials.
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6.1 CARBON

Introduction

Carbon based systems are fascinating materials of nature. They occur in several
different forms such as graphite, diamond, fullerenes, carbon nano tubes (CNT),
grapheme etc. Diamond-like Carbon (DLC) is amorphous in structure and
contains both sp? and sp* bonded carbon. It has both diamond-like and graphitic
properties depending upon the ratio of sp>to sp>. A new molecule Buckminster
fullerene (Cqy), discovered in 1985 [1], is a molecular cage made of 60 identical
carbon atoms which appears like a ~7 A soccer ball. Multi-walled carbon
nanotubes (MWNTs) were discovered in 1991 [2], followed by the observation
of single-walled carbon nanotubes (SWNTs), i.e., a very long cylindrical cage
of carbon with only a single wall of C-atoms [3]. Carbon also exists in several
other forms [4-7]. Anew member of the family, graphene is a sheet of crystalline
carbon just one atom thick. In diamond each carbon atom is bonded to four
others, and all four electrons in its outer shell are involved in joining the atoms
together, making it a good insulator. In contrast, graphene has one electron left
over when each carbon atom bonds with three others, thus making it an electrical
conductor.

Controlled Formation of Conducting Nanowires

The controlled growth of a single nanowire or an ensemble of nanowires, growth
direction, and their suitable alignment on a substrate is of paramount importance
for nanotechnology applications. Conducting carbon nanowires in fullerene,
diamond-like carbon films and Si based polymer films have been demonstrated
using ion beams [8-16]. Swift heavy ions provide unique way to control the
growth because they deposit large electronic energy in a confined cylindrical
zone in a controlled fashion, thus inducing modifications in the materials in
nanometre channels of controllable diameter. These narrow cylindrical zones
(ion tracks) have properties that are different from the surrounding virgin
material.

Thin film of fullerene (C¢, and C,) transforms to amorphous carbon (a:C)
and graphitic carbon under ion irradiation. At lower fluence (10'° ions cm™),
SHI irradiation of fullerene thin films results in the formation of conducting C
nanowires embedded in fullerene matrix [11, 12]. It is because each ion creates
a track within which the fullerene molecules are transformed into conducting
form of carbon. At low fluence these nanocylinders are well isolated and each
of'them is conducting. Thus, one can have the conducting nanowires embedded
in fullerene film, simply by the irradiation of the films with SHI. The ions
providing higher value of electronic energy (S,) create conducting wires with
larger diameter.The conductivity of carbon nanowire such formed is about 7
orders of magnitude more than the conductivity of virgin C¢, film. The
nanowires are parallel to each other and their length can be tuned by the thickness
of fullerene film. Further, the orientation of nanowires can be changed by simply
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changing the incidence angle of ion beam. The formation of conducting C
nanowires also occurs in SHI irradiation of DLC films [8].

The field emission from these conducting carbon nanowires of diameter
40 to 120 nm in Cg, matrix has been investigated by Amit Kumar et al. [13].
Figures 6.1 and 6.2 show the schematic of the nanowire formation and the
results of the field emission measurements. A threshold field of 9 V/um is
observed for field emission in these nanowires. The pristine fullerene film
shows breakdown at 51 V/um. Since the ion beam hits at the film are random,
the nanowires are randomly located in the film. However, if the SHI irradiation
is performed using a mask, the nanowires with regular and desired spacing can
be synthesized.

Substrate
Figure 6.1: The schematic sketch of field emission measurements is shown. Dark
black lines are C nanowires formed by SHI irradiation of fullerene. [Reprinted with
permission from Amit Kumar, D.K. Avasthi, A. Tripathi, L.D. Filip, J.D. Carey and

J.C. Pivin, J. Appl. Phys., 102 (2007) 044305, copyright (2007), American Institute of
Physics.]

The carbon nano-dot and nano-wires synthesized using energetic ion beams
in inorganic polymers/gels have been studied using high resolution Transmission
microscopy [14]. The diameter of the ion track (which is conducting nanowire
in present case) is also determined using online ERDA data on H release, which
is in agreement with the TEM results. The photoluminescence in the C nanodots
samples is maximum at a particular fluence. The nature of the formed carbon
nanostructures, which have amorphous sp® nature (-C:H, hydro generated
carbon) was investigated with the Fourier transform infrared and Raman
spectroscopy [15-17].
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Figure 6.2: The field emission measurements for the synthesized C nanowires are

shown. Inset shows the breakdown of the pristine film at high field. [Reprinted with

permission from Amit Kumar, D.K. Avasthi, A. Tripathi, L.D. Filip, J.D. Carey and

J.C. Pivin, J. Appl. Phys., 102 (2007) 044305, copyright (2007), American Institute of
Physics.]

Defect Mediated Magnetism in Carbon Based Materials

Magnetic moment formation in the solids is associated with the elements
containing partially filled 3d or 4f'sub shells. However, there has been increasing
evidence that localized defect states (or surface or edge states) in sp materials
may form local moments and exhibit magnetism. The study of magnetization
of fullerene films irradiated with 90 MeV Au ion at different fluences indicated
[18] ferromagnetic ordering induced by ion irradiation. The pristine film shows
a diamagnetic behaviour, and the ferromagnetic contribution increases with
increasing ion fluences shown in Fig. 6.3 [18]. The experimental findings of
Amit et al. [18-20] clearly show that the magnetism in carbon based materials
is mainly defect mediated, which provides information on the controversial
topic “origin of magnetism in carbon phases”.

It is known that the fullerene molecules at high temperature and pressure
form dimmers. This process is also referred to as polymerization. The
ferromagnetic behaviour was shown in dimerized fullerene [21]. Since the
dimmer formation was observed in SHI irradiated fullerenes (Cg,) at low
fluence, it was expected that fullerenes irradiated at low fluence will be
ferromagnetic in nature. Indeed the SHI irradiated fullerene showed the
ferromagnetism. It was found that the ferromagnetism increased more at higher
fluence where dimmer formation vanishes which indicated that the
ferromagnetism is not due to fullerene dimmers. It was proposed to be due to
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Figure 6.3: The magnetic behaviour of the pristine and irradiated Cg, films are shown.
[Reproduction from Amit Kumar, D.K. Avasthi and J.C. Pivin, Appl. Phys. Express,
1 (2008) 125002 with permission from Japan Society of Applied Physics.]

some ordering of sp” and sp> bonded atoms having the correlation between
unpaired spins [20]. Increase in O was observed in irradiated sample, indicating
that the trapping of O atoms could also be a possible cause of ferromagnetic
behaviour.

The ferromagnetism is also observed in low energy ion irradiated graphite
and nanocrystalline diamond [22, 23]. There have been calculations [24, 25]
predicting the magnetic ordering in graphene but there is no experimental
evidence so far. It is felt that the controlled defect creation in graphene layer
can be achieved by ion irradiation, but the challenge is to detect the small
magnetic signal.

Ordering of Carbon Nanostructures

SHI irradiation of carbon nanotubes at low fluence (<5 x 10'! jons cm™) results
in the ordering of carbon nanostructures but destruction at higher fluence [26].
The degree of modification/damage in irradiated CNTs is usually quantified
by a disorder parameter a = I/, where I, and I are the integrated intensity
of the D (Distorted Graphite) and G (Graphite like) modes respectively. Figure
6.4 shows the first order Raman scattering modes of pristine and 60 MeV Ni
ion irradiated MWCNTs. The inset of the figure shows the variation of disorder
parameter (/p/I;) as a function of ion fluence. It is evident from the figure that
the disorder parameter decreases at low fluence and increases at high fluence.
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Figure 6.4: First order Raman scattering modes of pristine and 60 MeV Ni ion irradiated

MWCNTs are shown. The inset shows the variation of disorder parameter (I,/I;) with

fluence. [Reprinted with permission from Amit Kumar, D.K. Avasthi, J.C. Pivin and

P.M. Koinkar, Appl. Phys. Lett., 92 (2008) 221904, copyright (2007), American Institute
of Physics.]

Low disorder parameter, for low fluence ion irradiated CNTs indicates the
ordering of CNTs. The ordering or purification of CNTs at low fluence
irradiation can be explained by energy dissipation process in ion-solid
interaction.

Stability of CNTs both single-wall CNTs (SWCNTs) and multiwalled CNTs
(MWCNTs) under irradiation of a 55 MeV carbon ions analyzed using Raman
spectroscopy shows interesting phenomenon of healing or annealing of CNTs
under ion beam irradiation. The annealing process appears to begin at the lowest
value of fluences and persists for quite a good range of fluence values. As the
irradiation fluence increases to ~1 x 10'# jons cm™ the MWCNTSs begin to
amorphize whereas the SWCNTSs continue to heal [27]. At low values of S, the
defect annealing continues till high fluences whereas the defect annealing at
high S, values starts vanishing at lower fluence, nevertheless, it does take place.
Similar irradiation effects are observed on multiwalled CNTs (MWCNTs) with
swift heavy Au ions of energy 120 MeV [28].

Raman results indicate that the net effect on the system is a result of two
competing processes occurring simultaneously—defect production and defect
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healing. When an energetic ion hits a CNT, it ejects or displaces one or several
C atom from the atomic network, thus creating many point defects in the system.
In MWCNTs system, additional complex defects like intershell covalent
bonding also occur. Point defects in both SWCNTs and MWCNTs are healed
through reconstruction of the atomic network by saturating dangling bonds of
the system but the complex intershell covalent bonding occurring in MWCNT
systems are difficult to heal. In high energy regime, it is speculated that a
narrow cylindrical region gets defects due to large energy density whereas in
larger annular region surrounding it, where the transient temperature is not
very high, the defect annealing takes place. These results demonstrate the
interesting phenomenon of ordering of the system under ion irradiation at low
fluences.

Enhancement in Field Emission of CNTs

Improvement/modifications of field emission properties in carbon nanotubes
(CNT), diamond-like carbon (DLC) films and nanocrystalline diamond film
under heavy ion irradiation have been studied [29-32]. It is found that the ion
irradiation leads to better field emission characteristics and the structural damage
caused by ion irradiation plays a significant role in the emission behaviour of
diamond films.

Reorientation of Ni Planes in Ni Encapsulated by CNT

Reorientation of the crystalline planes occurs in confined single crystal nickel
nanorods in carbon nanotubes under SHI irradiation [31, 33, 34]. The effects
of irradiation are less when the numbers of tube walls are large. It reveals that
the multi walled carbon nanotubes can be effectively used as radiation resistant
coatings.

Figure 6.5 shows the high resolution TEM images of pristine and 100
MeV Auion irradiated MWCNT filled with Ni. Figure 6.5 (a and b) shows the
pure/crystalline walls of the unirradiated CNTs and the nickel planes with lattice
spacing of 1.96 + 0.04 A. Figure 6.5 (c) is after irradiation at fluence 5 x 10'2
ions cm2. The irradiation leads to the change in inclination of nickel planes
with tube axis. The damage on the tube walls and reorientation of Ni planes
making angles of 15° and 30° at two consecutive locations for fluence of 5 x
10'?ions cm™ are shown in Fig. 6.5 (d). At a fluence of 3 x 10'® ions cm™ [Fig.
6.5 (e)] the Ni inside CNT is completely amorphous. The 100 MeV Au ions
irradiation induces an electronic energy loss of 32.5 keV/nm, which is not
sufficient to damage the nickel lattice in bulk whereas it is shown here that Ni
is completely amorphized when it is in nanodimensional form. This could also
be due to formation of NiC which can be amorphized.

The simulation of response of CNT’s under extreme conditions has been
useful to provide an insight to the effects of ion beams on CNT discussed in
detail along with other interesting aspects in recent review [35].
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Figure 6.5: (a) shows the pure/crystalline walls of the unirradiated CNTs. (b and c)
show the pristine and film irradiated at fluence 5 x 10'?ions cmand the lattice spacing
between nickel planes (1.96+0.04 A). The Ni planes make an angle of 39.6° with respect
to the CNT planes. (d) shows the irradiation (at fluence of 1 x 10'?ions cm?) induced
changes in inclination of nickel planes with tube axis, making angles of 15° and 30° at
two consecutive locations. (e) shows completely amorphous Ni nanorod at a fluence of
3 x 10" ions cm™. [Reprinted with permission from Abha Misra, Pawan K. Tyagi,
Padmnabh Rai, D.S. Misra, Jay Ghatak, P.V. Satyam and D.K. Avasthi, Appl. Phys.
Lett., 89 (2006) 091907, copyright (2006), American Institute of Physics.]

Modifications of the Fullerene Molecules (C,, and C.)

Study of polymerization of irradiated C, films shows the formation of dimmer
of fullerene (polymerization) [36-39] at low fluences and that fullerene
molecules are destroyed at high fluences. Raman spectroscopy is very effective
tool in characterizing various allotropes of C. Perfect crystalline graphite has
characteristic sharp Raman vibrational mode at 1588 cm™. The Raman modes
for a-C are distinctly different from that of graphite and appear as two broad
features as D (distorted graphite) and G (graphite-like) bands at 1350 cm™ and
1500 cm™!, whereas Raman mode signatures for C4, and C,,appear dominantly
at 1467 cm™ and 1567 cm’'.

Each incident ion produces a cylindrical zone with high temperature beyond
a S, threshold of the material. The molecules within this cylindrical region get
vapourized, due to low sublimation temperature of fullerene (~700 K). The
quenching of the vapourized state results in transformation of fullerene to a-C.
While the fullerene in cylindrical region is in vapour state, the surrounding
annular region experiences a high temperature and pressure. The high pressure
in annular region is due to pressure exerted by the vapours in cylindrical region
(due to volume increase resulting from change of state from solid to vapour).
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The annular region surrounding the cylindrical ion track undergoes trans-
formation to dimmer, as shown in Fig. 6.6. It is well established that fullerene
molecules under high pressure and temperature form dimmer. The formation
of dimmer can be considered as welding of two fullerene balls under the
influence of ion beam, which is similar to the welding of CNTs under electron
and ion bombardment [40, 41].

oo O O O O 00 0

Unaffected

QN
+ —
HighT, o pd.d

Figure 6.6: The annular region with radius (R,-Ry) surrounding the cylindrical ion

track radius (R ) is shown which undergoes transformation to dimmer. The schematic

below the figure shows the formation of dimmer when two fullerene molecules are
together at high temperature and pressure. [Concept from Ref. 38.]

Structural phase transitions in low temperature resistivity measurements
and optical molecular transitions using photoluminescence spectroscopy and
modifications of these under heavy ion irradiation have been investigated [42,
43]. The 90 MeV Si ion irradiation at low fluence (~10'% ions cm™) results in
enhancement of PL emission, whereas the PL intensity decreases at high fluence
(~10" ions cm™). Most of the optical molecular transitions could be observed
in PL of the sample irradiated at ~10'? ions cm™ due to significant enhancement
in PL [43]. The UV-Vis spectrum of this particular sample also reveals the
molecular transition, which are not so clear in the pristine sample.

The amorphization and polymerization of C,, molecules by low energy
ion irradiation has been investigated in detail [44]. Modifications of properties
of C,, thin films following ion beam irradiation with 120 MeV Au ions have
been investigated. The energetic ion impacts lead to the destruction of the C,
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molecules. The radius of damaged cylindrical zone is about 2.9 nm. The
resistivity for pristine C, is of the order of 105 ohm-cm, which decreases with
increasing ion fluence. Measurements show a steep increase in the conductivity
of irradiated fullerenes beyond a fluence of ~10'2 ions cm™ which is ascribed
to the transformation of C,, into a-C within each ion track, with higher
conductivity than the surrounding fullerene matrix. At a fluence of 3 x 10'3
ions cm, the molecule is transformed into a-C [45]. A study on the comparison
of behaviour of Cgy and C,, under the SHI impingement revealed that Cg,
fullerenes form dimmer whereas C, fullerenes do not form dimmer under
SHI bombardment [46].

Modification in DLC and Graphite

The DLC film can be prepared by microwave discharge of acetylene-hydrogen
and methane-hydrogen gas mixture. The effects produced by SHI irradiation
in these two type of films are different [47], due to different microstructure of
the film. The formation of diamond and C onions occurs in the irradiation of
graphitic carbon soot by 3 MeV Ne" ions at different fluences [48].
Discontinuous ion tracks are formed in SHI irradiation of HOPG [49]. Hillocks
and craters are formed in SHI irradiation of graphite [50-52]. Strong signature
of formation of CNT also exists as a result of SHI irradiation of graphite [50,
51].

The behaviour of thin films of different form of C under extreme conditions
created by ion beam, have been discussed in review articles [35, 38, 41, 53].

It is expected that the techniques connected with ion beams will help in
the following directions:

e Controlled formations of conducing channels for field emission devices
in fullerene matrix.

e Defect mediated magnetism in carbon based nanostructures.

e Electronic properties of graphene are not fully understood in terms of
scattering mechanism. Controlled defect creation using ion beam impacts
and simultaneously electrical transport measurement will be interesting
to understand the defect induced scattering mechanism in low dimensional
systems.

o It will be interesting to investigate the ion track formation in single atom
thick carbon sheet, in insulating and metallic state. In metallic case (when
doping is higher or Fermi level is far from Dirac point), graphene sheet
should work as ion resistant (as energy dissipation will be much faster as
carrier dynamics is relativistic and no track formation should occur)
therefore graphene can be used as radiation resist material.

e [t is proposed [54] that fullerene or DLC film can be made with a few
percent of noble metals dissolved in it. The SHI irradiation of such a
system may form small metal clusters in the ion track and enhance the
conductivity of the conducting ion track.
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e CNT has been in discussion for bending the energetic ion beam in
channeling condition, with a possibility of replacing huge and expensive
magnets used in bending the ion beam in accelerator laboratories [55,
56].

6.2 POLYMERS

Introduction

Polymers are highly radiation sensitive materials. Ion beams can modify
molecular structure in polymers leading to changes in their chemical, electronic,
electrical, tribological and optical properties in a tunable way. lonization trail
produced by swift heavy ions (SHI) causes bond cleavages and produce free
radicals. These are responsible for most of the chemical transformations in
polymers: chain scission, cross linking and bond formation. The structural
modifications in polymers depend on the electronic energy loss (S,) and ion
fluence. Bond cleavage and chain scission leads to formation of alkyne and
allene groups and this occurs only under SHI irradiation above a S, threshold
[1]. Beyond a threshold S, value SHI produces zone of reduced density along
its trajectory (ion track). What happens to the material inside the track depends
critically on the primary parameter, S..

The electronic energy loss along the trajectory of the particle occurs
discretely, not continuously because of the quantized energy levels and certain
potential barrier for excitation and ionization processes. Such discrete energy
loss [2] is called a “spur’. The spur energy for polymers is of the order of 30-40
eV, which is the energy required to produce one ion or radical pair. As a
consequence, a significant volume around impinging ion is affected and results
in the formation of several active chemical species like cations, anions, radicals,
secondary electrons, etc. along the polymeric chains. The Coulomb forces,
among these vibrant species, introduce segmental motion and vibrant bond
stretching resulting in the bond-cleavage as well as cross-linking in the polymer
chains. In the case of lower values of linear energy transfer (LET) by the ion,
the spurs develop far apart and remain independent and the deposited energy
tends to be confined in one chain leading to chain-scission. With increasing
LET, spurs may connect and overlap, resulting in a high radical concentration
gradient. Thus, the probability for two radical pairs to be in the neighbouring
chains is enhanced and the cross-linking is facilitated. The nuclear energy loss,
which displaces atoms from their original location, can lead to the chain-scission.
In this case, the possibility of cross-linking is small because of the fact that
nuclear energy loss is an independent damage and the probability of
simultaneous creation of two radicals in adjoining chains is small.

Both nuclear and electronic energy losses lead to chain-scissioning and
cross-linking during ion irradiation. However, the relative magnitude of chain-
scissioning and cross-linking depends on the structure of polymer and the nature
of the incident ion parameters. Such changes in the structure of the polymers
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are responsible for the changes in their optical, electrical, mechanical properties,
etc.

The properties of polymers can be engineered as per need with ion—polymer
interaction by correlating the induced changes in the properties of the polymers
with the energy loss process. This requires the knowledge of energy loss in
polymers and associated fluctuations. These have been measured for various
thicknesses of polypropylene to establish the validity of the energy loss and
straggling formulations [3].

A comparative study of various stopping power tables and codes for heavy
ions in polymers has been made by comparing the computed stopping power
values with the corresponding experimental values [4]. The energy loss of
different heavy ions in the energy domain of ~0.19-3.14 MeV/n has been studied
in different polymers used as particle track detectors viz., Mylar (Polyethylene
terephthalate), PEN (Polyethylene napthalate), Polycarbonate, CR-39 (Polyallyl
diglycol carbonate), Kapton (Polypyromellitimide) and LR-115 (Cellulose
nitrate) to compare with the simulated calculations based on available computer
codes. There have been extensive measurements for various types of ions in
different types of polymers such as: Polypropylene, Mylar, Polycarbonate,
Kapton, etc. covering a wide energy range of swift heavy ions [5-7].

The Latent Track and Etched Track

Swift heavy ion passing through an electrical insulator produces a narrow region
of radiation effected material, known as a ‘latent track’. The process of track
formation can be viewed as follows. A positively charged particle knocks out
the orbital electrons of the atoms lying along its trajectory producing cylindrical
region full of positive ions. The positive ions so formed produce a more or less
cylindrical modified-region which can be seen with a transmission electron
microscope [8]. The use of an ‘etching process’ is made to develop them as
enlarged version of the original damaged trail which can then be seen easily
under an ordinary optical microscope. Etched track from a few tens of nm to a
few um can be made by controlling the etching time.

Etched tracks can have conical, cylindrical or funnel-like shapes. These
can be used for various applications by depositing materials within the etched
tracks, such as metals, semiconductors, liquids or solid electrolytes. The material
deposited within the etched tracks can have various structures such as single
crystalline, polycrystalline, or amorphous, and one can have dispersed
nanoparticles or nanoparticle/polymer composites. Etched track membranes
can be filled with materials having sensitivity to temperature, pH value, electric
field etc. This provides immense possibilities of making sensitive sensors and
efficient control devices.

With high energy heavy ion beams it is possible to adjust the energy
deposited per unit length (S,) by choosing an ion and its energy, and then with
controlled etching one can produce micro-channels which provide the nuclear
track filters [9] capable of filtering bacterias. A moderate level of S, is preferable
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for achieving tracks in polymers [10]. Efforts are now being made to use these
channels to provide devices or sensors. Electro-deposition of pores of 800 nm
with copper and selenium was successfully done to produce diodes [11]. It is
now giving rise to a development of a new type of nanoelectronics based on
swift-heavy ions. These novel structures, denoted by the acronyms “TEAMS”
(tunable electrically anisotropic material on semiconductor) and “TEMPOS”
(tunable electronic material with pores in oxide on semiconductor), may exhibit
properties of tunable electronic components sensors and transistors [12-15].
Behaviour of the devices fabricated using the TEAMS/TEMPOS structures
depends upon the track dimension, their density, type of material embedded in
the tracks and the contact geometry. Devices like gateable resistors, capacitors,
diodes, transistors, sensors (light, temperature, humidity, ammonia and alcohol),
amplifiers, oscillators and logic gates have been made using these structures.
The TEMPOS structures have been used to obtain highly sensitive sensors of
ammonia and humidity by filling in polymer electrolytes and their composites
in the ion tracks [16, 17]. The nano-porous polymers are also used for gas
separation, ion separation, controlled drug delivery and low cost purification
process [18].

The micro filter can be used for slow drug delivery at suitable places for
medical treatment. Normally, a drug is given at regular interval, say once a
day. Controlled release of the drug or medicine through the micro filter of
optimum size offers the possibility of providing the drug or medicine
continuously through its pores at the infected region. Controlled drug release
through micropores has been demonstrated by Rao et al. [19].

Micro filters also find applications in the biomedical field in filtering the
bacteria of specific dimensions. Normally, in filter application, the micro holes
get clogged. The clogging can be removed by expansion of these micro holes
to use them again. Such a possibility has been demonstrated by coating the
inner walls of the micro holes with gel [20]. The gel expands at elevated
temperature of 80°C, which allows control on the size of micro holes. A similar
possibility of variable micron size pores exists in piezoelectric polymer
materials, where control on the pore size can be achieved by applying an electric
field. Determination of the dimensions of the ion damaged zone is of interest
from the application point of view and for the understanding of the ion-polymer
interaction.

Measurement of the Ion Track Radius

The track diameter is a quantity of interest for the understanding of basic ion
insulator interaction. It can be measured by scanning force microscopy and
other state-of-the-art surface morphology probing equipments. A novel approach
was used to determine the track diameters in polymers by online measurement
ofhydrogen loss during ion irradiation by on-line elastic recoil detection analysis
(ERDA) [21]. Hydrogen is liberated due to electronic excitation of constituent
atoms causing the breaking of bonds associated with H. Free H atoms combine
to form hydrogen molecules. These molecules, being the lightest gaseous
molecules having high diffusivity, escape from the polymer causing reduction
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in H content due to ion irradiation. Thus the incident ion along its path releases
H and it diffuses out of the polymer as hydrogen molecules. Each ion is effective
over a larger area than its own size, releasing H from a cylindrical zone of
damaged polymer, whose radius can be determined. The H concentration in
the film decreases due to the loss of H from the cylindrical damage zone. Thus
the concentration of H in the polymer decreases with the fluence, which is
measured on-line by ERDA.

On Line Analysis of the Track with Quadrupole Mass Analyzer

Apart from the measurement of ion track dimensions it has been possible to
look into varying damage zones within an ion track by on-line measurements
using quadrupole mass analyzer [QMA]. A thin (20 mm) polymer film when
irradiated with 200 MeV Ag ions (S, ~10 keV/nm), produces damage along its
path. Due to high electronic excitation, various gases are formed within the
ion damage core. These gases diffuse out, resulting in an increase in the partial
pressure of the gases, which reaches a saturation value and decreases, when
the overlap of the track diameter begins. This decrease in the partial pressure is
because of the fact that the amount of gas release is decreased when the ion
goes into an already ion-damaged track zone. The decay of the partial pressure
of the gases with the ion fluence thus gives an idea of the cylindrical zone [22]
through which the gases are released. The partial pressure measurements were
performed using QMA. The changes in the partial pressure of gases H,, CH,
and CO were measured as a function of ion fluence. The estimation of damage
cross-section by partial pressure measurement is similar to that done by on-
line ERDA. The only difference is that ERDA measures the H left behind in
the sample whereas in the partial pressure measurement technique, the hydrogen
coming out of the sample is measured. It was observed [22] that the release of
different gases followed different curves indicating that different gases get
released from the cylindrical zones of different diameters as shown in Fig. 6.7.
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Figure 6.7: Damage zones in polymer, from where the evolution of various gases

takes place under the impact of swift heavy ions. [Reprinted from D.K. Avasthi, J.P.

Singh, A. Biswas and S.K. Bose, Nucl. Instr. and Meth., B 146 (1998) 504 with
permission from Elsevier.]
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The inner damage core produced three different gases whereas the outer zone
gave only hydrogen. This can be understood from the fact that the influence of
the ion reduces with the radial distance and therefore more gases are evolved
from the inner zone (of diameter 5.6 nm) having a larger damage. In this
particular case, the damage by the incident ion beyond a radial distance of 5.8
nm is so small that only H is evolved in the outer zone of 5.8 nm to 8 nm. The
effect of the impinging ion beyond a radial distance of 8 nm is negligible and
therefore no gas is evolved beyond this distance.

Modification of the Polymers Properties with lon Beams

Ion beams modify electronic, electrical, tribological and optical properties. In
certain polymers new carbonaceous material is formed with enhanced electrical
conductivity and at the same time the optical absorption of material also
increases. Enhanced electrical properties of as much as eight order of magnitude
have been observed [23].

Irradiation can enhance the adhesion property [24], which improves
subsequent metallization of polymer with elements such as copper or aluminum
by an order of magnitude. Ion beam surface modification has shown great
potential for improving the tribological behaviour as well as surface mechanical
properties of polymeric materials. The wear resistance of ultra high molecular
weight polyethylene used for hip joints replacements shows dramatic
improvement following ion beam bombardment [25].

Heavy ions increase reflective index to permit optical guidance in the
irradiated layer. It is observed that the variation in reflective index depends on
the parameters S, and fluence and not on doping effect. Change of index of
refraction with S, has been measured in poly-methyl-meth-acrylate (PMMA)
when irradiated with 5.6 Mev He ions [26]. There are possibilities of engineering
waveguides with ion beams and optimizing and controlling the loss of
channelling but there is need to investigate the nature of damage created by
ions and its correlations with the ion beam parameters. Etched track membranes
can be filled with materials having sensitivity to temperature, pH value, electric
field etc. This provides immense possibilities of making sensitive sensors and
efficient control devices.

Polymeric materials have contributed significantly to the development and
improvement of medical devices and systems. Various interactions take place
between biomaterials and a body when polymeric biomaterials come into contact
with a living organism. lon implantation is a physicochemical surface
modification process that results from the impingement of a high-energy ion
beam. The chemical characteristics of a material surface are changed when ion
implantation is performed. Newly designed polymers using ion-beam
modification methods have been studied to improve blood and tissue
compatibility.

Further studies on the effects of heavy ions on different types of polymers
and their composites are opening up with the developments in ion beam
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technologies providing new application possibilities. Nano-focussed ion beams
are opening a new horizon by providing a technique to create one- and two-
dimensional nanoscale features on the surface of polymers. Controlled variation
of the ion intensity and angle at each surface point of the polymer can provide
structural surface features with desired shape and morphology.

Investigations [27] of the dielectric properties and average surface
roughness of polymethyl methacrylate (PMMA) Polymer Matrix filled with
organometallic complex irradiated with 120 MeV Ni'®* ions at the fluences of
1 x 10" and 1 x 10'? ions cm™ showed that the ion irradiation promotes the
metal to polymer bonding, and converts the polymeric structure into hydrogen
depleted carbon network due to the emission of hydrogen gas and/or other
volatile gases.

Effects of SHI at the interface of two media such as metal-polymers,
polymers-semiconductors are of interest. The polymer surface on semiconductor
shows drastic surface modifications resulting in formation of ~100 nm diameter
holes due to dewetting process when polycarbonate Makrofol KG coated on
GaAs substrate is irradiated with 50 MeV Li ions [28].

Polymer Gas Sensors

Particle track membrane (PTM) which provide cylindrical pores of uniform
size can be modified to possess characteristics which depend on physical and/
or chemical properties, according to the environmental factors such as
temperature, pH value, electric field etc. This provides [29] possibilities of
making sensitive sensors with modified polymer materials.

Swift heavy ion modified insulating polymer-conducting polymer (IPCP)
[polyvinyl chloride-polyaniline composites] was shown as very sensitive and
fast response sensors for ammonia gas [30]. Room Temperature Ammonia
Gas Sensing has been demonstrated by using mixed conductor based TEMPOS
structures [17].

Swift heavy ion irradiated polyvinylchloridepolyethylenterephthalate
(PVC-PET) composites have been tested for their hydrogen gas sensitivity [31].

Radiation Induced Grafting

Polymers are considered to be good electrical insulators and their applications
have exploited this property along with its chemical inertness, durability etc.
They are now classified as commodity polymers, engineering polymers and
specialty polymers. Radiation tailored polymers is an area which opens up
large number of possibilities.

In some situations, specific polymer properties such as solvent resistivity,
hydrophilicity or biocompatibility often limit their applications. Radiation
grafting provides a way to modify some of these properties. In grafting process
a monomer is polymerized in presence of a polymer which can be initiated by
ionizing radiation:
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e Pre-irradiation method: The material is first irradiated. The created radicals
react with oxygen during storage forming hydroperoxide. In a second
step monomer is added and temperature increased which starts the graft
polymerization.

e Simultaneous irradiation and grafting: The polymer (kapton) is first
saturated with styrene for many hours and then irradiated [32]. Thus the
grafting and irradiation occur simultaneously. For grafted particle track
membranes, reduced pore size are observed which increase the separation
ratio of H,/D, [33].

Functionalization of Industrial Polypropylene Films via SHI Induced
Grafting of Glycidyl Methacrylate

Swift silver ion irradiation was explored as a means of forming chemically
active sites on the surface of biaxially oriented polypropylene films [34]. The
active species, formed in air, were used to induce the graft copolymerization
of glycidyl methacrylate in an aqueous solution. The contact angle of the
modified films decreased with the grafting percentage of glycidyl methacrylate
on the polypropylene. The swift silver ions induce significant grafting only in
small regions (i.e., the latent tracks) of the polymer. When the fluence of swift
heavy ions increases beyond an optimum value, the overlapping of the latent
tracks reduce the grafting yield. This can provide a way to develop an initiator-
free grafting system.

Swift Heavy Ion Induced Graft Polymerization in Track-etched
Membrane’s Submicroscopic Pores

Grafting of styrene on the pore walls of nuclear track membranes was shown
by Mazzei et al. [35]. SHI irradiated foils of poly vinylidene difluoride (PVDF)
were chemically etched to produce nuclear track membranes (NTM) with
submicroscopic pores, and were grafted with styrene using the remaining active
sites produced by the heavy ion beams. Experimental curves of grafting yield
were measured by weight difference as a function of ion fluence and etching
time. Grafted foils were also analyzed by Fourier transform infrared
spectroscopy (FTIR). Both measurements suggest that the styrene was grafted
on the pore wall of the NTM using the active sites left by the ion beam.

Development of “Heparin-like” Polymers

The development of ideal antithrombogenic polymers, a major problem in
biomaterials sciences, is a primary objective in the fields of cardiovascular
prostheses, artificial hearts, and other devices. To decrease their
thrombogenicity, Porte-Durrieu et al. [36] developed polymeric materials
endowed with a specific affinity for antithrombin III (ATIII) to catalyze the
inhibition of thrombin by ATIII, like heparin. Sulfonate and sulfonamide groups
are introduced onto phenyl rings belonging to styrene residues, which are
radiation grafted (using swift heavy ion and gamma radiation) onto poly
(vinylidene difluoride) (PVDF) and also onto poly(vinylidene fluoride/
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hexafluoropropylene) [P(VDF-HFP)]. In contrast to gamma radiation, which
leads to a homogeneous modification, the advantage of swift heavy ion grafting
is that only small regions are modified; thus, the surface may present hydrophilic
(corresponding to the modified areas) and hydrophobic micro-domains
(corresponding to the unmodified areas) of different sizes, depending on the
absorbed dose and grafting yield. The amount of fluorine decreases as
polystyrene (PS) is grafted, whatever the kind of radiation and polymer. When
the polymers are functionalized, the amount of fluorine also decreases.
Functionalization seems to increase the roughness of the surface.

Engineering the Properties of Electroactive Polymers

Electroactive Polymers (EAPs) are polymers whose shapes are modified when
avoltage is applied to them. The fact that certain types of polymers can change
shape in response to electrical stimulation has been known for decades but the
induced strain was found to be small. Since early nineties, electroactive polymers
(EAPs) have emerged which can be stimulated to produce a significant shape
or size change, which can be used as actuators or sensors. Due to the similarities
with biological tissues in terms of achievable stress and force, they are often
called artificial muscles, and have the potential for application in the field of
robotics. Ion irradiation of polymers can be used to induce modifications of
their molecular structure, in a controlled way, leading to the desired changes in
the polymer properties [37, 38].

Conducting Polymers

Polymers are being developed which can be conductors or semiconductors. It
is generally accepted that metals conduct electricity well and that organic
compounds are insulating, but this class of materials combines the properties
of both. Conductive polymers are also plastics and therefore can combine the
mechanical properties (flexibility, toughness, malleability, elasticity, etc.) of
plastics with high electrical conductivities. The mobility of conductive polymers
is very low compared to inorganic semiconductors. This difference is
diminishing with the invention of new polymers and the development of new
processing techniques.

The conjugated polymers in their undoped, pristine state have >2 eV energy
gap which is too large for thermally activated conduction. Therefore, undoped
conjugated polymers, such as polythiophenes, polyacetylenes have a low
electrical conductivity of around 107'% to 10* S/cm. Even at a very low level of
doping (<1 %), electrical conductivity increases several orders of magnitude
up to values of around 10" S/cm. Subsequent doping of the conducting polymers
results in a saturation of the conductivity at values around 100-10000 S/cm for
different polymers.
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Engineering the Conductivity

Conducting polymers show enhancement in electronic conductivity upon
exposure to SHI irradiation, due to the electronic energy loss which produces
large number of charged and active chemical species, cations, anions, radicals
and electrons along the ion track. Coulombic interactions among these active
charged species may give rise to either cross-linking or bond breaking depending
upon the energy and fluence of the irradiating beam. Inter-chain electron hopping
required for conduction between two chains, which increases the resistance of
the polymer, is facilitated due to the cross-linking of the polymer chains after
irradiation. The increase of crystallinity of the polymer films upon SHI
irradiation also contributes to the increase in conductivity. At high energy (~100
MeV) irradiation of polymer, cross linking/recrystallization processes dominate
over chain scission and bond breaking processes, which increase the
conductivity by enhancing the carrier mobility through the polymer chains
which otherwise occur by the inter chain hopping mechanism required for
conduction between the chains. Defect sites in the molecular structure of the
polymer chain created by SHI irradiation also contributes to higher dc
conductivity as charge accumulation takes place which produces charge carriers,
the electrons.

The dc conductivity of polyaniline films increases very significantly on
heavy ion irradiation [39]. Measurements were done using Ni'>" and Si’* ions.
The increase in conductivity is less in case of Si** as compared to Ni'?* due to
the lower value of electronic energy loss of Si’" ion than that of Ni'?>"ion. In
case of poly(3-methylthiophene) the dc conductivity increases with increase
in ion fluence [40, 41].

Study of 50 MeV Li** and 90 MeV C®" ions on structural, electrical and
morphological properties of the free-standing PANI films indicated that the
crystalline nature of the Polyaniline (PANI) film increases with SHI fluence,
followed by a decrease beyond the critical ion fluence. The conductivity
increases with the formation of clusters and craters at higher fluences [42].
Swift heavy ion irradiation affects the interchain conductivity of polypyrrole.
The conductivity of irradiated samples is stable under atmospheric conditions
for more than nine months. The results open up the scope for the applicability
ofirradiated conducting polymers as microstructures with defined conductivity
for sensor applications. The mechanism of conduction in pristine as well as
irradiated polypyrrole is by 3D variable range hopping [43]. Poly(3-
hexyltiophene) films irradiated with 100 MeV Ag ions show an increase in
room temperature conductivity from 2.39 x 107 to 1.65 x 10° Ohm™ cm™! at
the fluence of 10'! ions cm™ [44]. Blended conducting polymer films irradiated
with swift heavy ions also show increase in conductivity [45].

Crystallinity

Conducting polymers are semi-crystalline materials. Their crystallinity is due
to chain folding or formation of multiple helices. SHI irradiation can change
the crystallinity of the conducting polymer films manifold. Collective excitations
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(plasmons) produced upon SHI irradiation, which produces a large excited
volume, can rotate the backbone bonds and adopt a variety of conformations,
which come to the lower-energy positions as they cool. Stereo-regular chains
will then favour regular helical shapes. At the same time, these regular sections
of chain may pack together to form regions of crystallinity. Upon SHI irradiation
the density of the polymer increases making the polymer more compact, which
may produce closely packed regions by chain folding, cross-linking of polymer
chain or by the formation of single or multiple helices, which also contributes
to the production of more crystalline regions in the polymer films resulting in
increase in degree of crystallinity. The unirradiated polypyrrole films are
semicrystalline. The increased degree of crystallinity also leads to higher
conductivity due to decreased scattering of charge carriers. The degree of
crystallinity increases with the increase in fluence of SHI irradiation [46].

Optical Properties

SHI irradiation affects the UV-visible optical properties of conducting polymers.
The UV-Vis spectra of conducting polypyrrole films doped with LiCF;SO,
before and after SHI irradiation at different fluences show that the intensity of
the carrier absorption peak goes on increasing with the increase in fluence
which indicates an increase in carrier concentration upon ion irradiation [47].
The electronic structure and carrier density can be visualized from the study of
UV-Vis spectra. The increase in absorption towards higher wavelength is also
observed in irradiated polypyrrole films, which indicates high dc conductivity
of the conducting polymer due to lowering of band gap [47].

The UV-visible absorption spectra of irradiated and pristine poly(m-
toluidine)-poly vinyl chloride (PmT-PVC) polymer blend reveal that the optical
density varies with fluence [48]. It is observed that there is no absorption peak
in the irradiated samples after a fluence of 10'? ions cm™. The band gap increases
up to a fluence of 10'? ions cm™ and then decreases with further increase in
fluence. The optical band gap increases when the sample gets amorphized and
decreases as the new crystallite formation starts. This means the structural
changes have more impact on the optical properties of the polymer, which in-
turn show the effect of irradiation on the optical properties. With irradiation, a
phase change takes place resulting in changes in the optical band gap.

Microstructural Changes

Conducting polymers exhibit changes in their grain size upon irradiation with
swift heavy ions. The surface morphological studies of the poly(3-
methylthiophene) conducting polymer films doped with LiCF;SO; were carried
out by taking SEM images before and after irradiation with 120 MeV Si®" ions
at different fluences of 5 x 10'°, 5 x 10" and 3 x 10'% ions cm™ [40]. A decrease
in porosity of the polymer films is observed due to densification owing to the
displacement of polymer molecules. The surface morphological studies of the
polypyrrole conducting polymer films doped with LiCF;SO; under similar
irradiation show cauliflower like flaky surface morphology. As the fluence of
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SHI irradiation increases the grain size decreases and at the fluence of 3 x 10'2
ions cm™, the surface of the polymer films becomes smooth and dense. The
changes observed in the morphology of the polymer films may be ascribed to
the displacement of the material from hilly to valley regions under the impact
of the incident swift heavy ions making the film surface dense and smooth
[40].

Electrochemical Stability

SHI irradiation affects the electrochemical stability of supercapacitors fabricated
from the conducting polymer films [46]. The supercapacitor with unirradiated
polypyrrole films on both sides as electrode initially show higher capacitance
(205.5 F/gm) but with continuous charging and discharging the capacitance
goes down and after 10,000 cycles it becomes 136.8 F/gm. The initial
capacitance of the supercapacitors with irradiated polymer films on both sides
show less capacitance but the capacitance after 10,000 cycles is higher than
that of the unirradiated films depicting increase in cycle life of the irradiated
samples as shown in Fig. 6.8 [46]. From the comparison of stability and
capacitance it can be seen that 5 x 10! ions cm™ is the most suitable fluence
for the use of polypyrrole films in supercapacitors. The decrease in capacitance
occurs due to some irreversible reactions in the electrode materials which
decreases the charge capacity.
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Figure 6.8: Stability plot of supercapacitors with LiClO, doped polypyrrole electrode

for pristine and irradiated cases. [Reprinted from A.M.P. Hussain, D. Saikia, F. Singh,

D.K. Avasthi and A. Kumar, Nucl. Instr. and Meth., B 240 (4) (2005) 834 with permission
from Elsevier.]
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Polymer Electrolytes

SHI irradiation of polymer electrolyte membranes leads to decrease in
crystallinity of the membranes at lower fluences (5 x 10'° and 10'% ions cm™)
and increase at higher fluences (5 x 10'? and 10'% ions cm™) [49, 50]. Degree
of crystallinity of C** and Li*" ions irradiated P(VDF — HFP) — (PC + DEC) —
LiCIO, gel polymer electrolytes decreases to 11.5% and 10.48% respectively
after low fluence (5 x 10'% and 5 x 10° ions cm™) ion irradiation and increases
to 18.75% and 17.1% respectively after high fluence (5 x 10'? and 10'? ions
cm?) ion irradiation as compared to 13.64% of unirradiated P(VDF — HFP) —
(PC + DEC) — LiClO, gel polymer electrolytes. In polymer electrolyte upon
SHI irradiation chain scission and bond breaking occurs at low fluence, which
amorphizes the polymer. However, at higher fluence, reordering and cross-
linking of polymer chains take place forming the new crystalline regions, which
leads to increased degree of crystallinity. The increased degree of crystallinity
leads to decrease in ionic conductivity as ion transport in polymer electrolyte
takes place through the amorphous rich phase.

Surface Morphology

SHI on polymer electrolytes changes the surface morphology completely. Upon
ion irradiation the porosity of the electrolytes membranes increases as shown
in Fig. 6.9, which helps to trap more liquid electrolyte in the same volume of
polymer resulting in higher ionic conductivity [49].

Figure 6.9: SEM image of (a) unirradiated and (b) Li*" ion irradiated P(VDF-HFP)—

(PC+DEC)-LiClO, gel polymer electrolyte. [Reprinted from D. Saikia, A. Kumar, F.

Singh and D.K. Avasthi, J. Phys. D: Appl. Phys., 39 (2006) 4208 with permission from
Institute of Physics Publishing Ltd.]

The SHI can cause creation of ion track, amorphization, chain scissioning
and cross linking. The measurement of released gases gave a clue that ion
track has different zones of cylindrical damage. SHI-induced grafting and etched
ion track have been shown to have potential applications. The use of SHI
irradiated doped polypyrrole as the electrodes of supercapacitor improve its
stability in terms of number of cycles (of use).
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6.3 SEMICONDUCTORS

Introduction

The semiconductors are group of elements and compounds that are neither
good electrical conductors nor insulators at normal room temperatures. Ideally
at absolute zero temperature, these are insulators but at any finite temperature,
their conductivity is in between conductors and insulators and hence the name
Semiconductors. The pure material semiconductors, such as germanium and
silicon, are referred to as intrinsic semiconductors. Semiconductors can also
be made by adding a small number of impurity atoms to certain substances.
Such a semiconductor is referred to as an extrinsic semiconductor.

The two most extensively used intrinsic semiconductors, namely Si and
Ge are Indirect Band Gap semiconductors. In these materials the bottom of
conduction band and top of the valence band do not fall at same value of wave
vector (i.e. momentum). Electron cannot shift from the top of the valence band
to the bottom of the conduction band without a change in momentum. By
contrast, there are several compound semiconductors (I1I-V as well as 1I-VI)
like GaAs, AlAs, InAs, GaN, AIN, InN, CdTe, CdSe, etc. which are Direct
Band Gap semiconductors with bottom of conduction band falling at the same
value of wave vector as top of valence band. Most of these compound
semiconductors have been extensively studied because of their direct band
gap nature on the one hand and possibility to engineer the band gaps by suitably
doping/implanting another n type or p type element, on the other. This flexibility
of III-V and II-VI semiconductors leads to possibility of electronic band gap
engineering and has been exploited extensively during last several years for
electronic device applications of these compounds. More recently, some of
these have also been investigated towards their role in energy applications in
general and photo-voltaic materials in particular, thus breaking the monopoly
of silicon-based solar cells. Another novel outcome of compound
semiconductors has been found in fabrication of super-lattices and multi-
quantum wells, as discussed below.

Effect of High Electronic Excitation in Semiconductors

Experimental evidence for the formation of continuous and discontinuous
amorphous tracks during SHI irradiation with monoatomic ion beams exists in
the crystalline semiconductors GeS [1], InP [2], InAs, InSb and GaSb [3], Ge
[4] as well as in crystalline SiGe alloys [5], but not in Si and GaAs. Swift-
heavy-ion-induced modifications in I1I-V binary semiconductors InP, GaP, InAs,
GaAs and the related ternary alloys Ga,, 55In, 5oP and Ga, 47In, s3As were studied
with 185 MeV Au ions using Rutherford backscattering spectroscopy in
channeling configuration, transmission electron microscopy, and small-angle
X-ray scattering [6]. Despite nearly identical ion-energy loss in these materials,
their behaviour under swift-heavy-ion irradiation is found to be strikingly
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different. InP and Ga,, 5yIn, 5,P are readily amorphized, GaP and GaAs remain
almost undamaged and InAs and Ga, 4;,In, 53As exhibit intermediate behaviour.
Irradiation-induced changes in the materials depend not only on the electronic
energy deposition but varies with properties of the material.

Irradiation of single-crystalline InP with swift heavy ions (SHIs) causes
the formation of ion tracks for certain irradiation temperatures if the electronic
energy deposition exceeds a threshold value. Kamarou et al. [7] showed that
the experimental data obtained can be qualitatively and quantitatively described
on the basis of the inelastic thermal spike (TS) model. It offers a self-consistent
way to explain the influence of various irradiation conditions (ion mass, ion
energy, irradiation temperature, etc.) on the ion track formation and damage
accumulation [7]. Further, they found that there is no universal RT threshold
for track formation in InP, but it is noticeably higher for lighter ions (12.0 and
14.8 keV/nm for irradiations with Au and Xe, respectively).

Structural Modification of SHI Irradiated Amorphous Si
and Ge Layers

Swift heavy ion (SHI) irradiation of amorphous Si (a-Si) at non-perpendicular
incidence leads to non-saturable plastic flow [8]. The positive direction of flow
suggests that a liquid phase of similar density to that of the amorphous solid
must exist and accordingly a-Si behaves like a conventional glass under SHI
irradiation. For room-temperature irradiation of a-Si, plastic flow is
accompanied by swelling due to the formation of voids and a porous structure.

Similar effect of SHI irradiation at room temperature is observed on
amorphous Ge (a-Ge). Like a-Si, positive plastic flow is apparent, demonstrating
that liquid polymorphism is common to these two semiconductors. Porosity is
also observed, again confined to the amorphous phase as a result of electronic
energy deposition. Enhanced plastic flow coupled with a volume expansion is
responsible for the structural modification of both a-Si and a-Ge irradiated at
room temperature with swift heavy ions.

High Energy Heavy lons in Semiconductor Devices

High energy ion implantation plays important role in the fabrication of special
device structures. The defects are produced due to nuclear collisions by high
energy ions at the end of their projected ranges in semiconductors, where they
are implanted. There are also some defects produced in surface and subsurface
regions in crystalline Si exposed to high energy Si ions [9, 10]. The devices
produced by high energy ion implantation are sensitive to electrically effective
defects. The effect of annealing of 70 MeV '2°Sn implanted GaAs on the
electrical properties of the implanted layer have been investigated [11]. An
effective passivation of the surface states in n-GaAs has been achieved by 50
MeV Si ion irradiation, which produced an enhancement in the intensity of the
band edge photoluminescence (PL) [12].
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The switching time of silicon diodes is reduced from 1000 ns to less than
200 ns by introducing ion induced defects into the n-region of silicon junction
diodes. It has been observed that the defects produced near the junction are
more effective in reducing the turn-off time as compared to those produced
near the surface [13].

Semiconductor devices irradiated with 100 MeV heavy ions show a change
of conductivity type i.e. from n to p, at a depth of approximately the stopping
range of the ions in silicon [14]. Si implantation using 100 MeV 2%Si ion in
GaAs shows an increase in mobility and a decrease in sheet resistivity [15].
Electrical behaviour of n-GaAs substrates implanted with 70 MeV '2Sn ions
after annealing at 850°C shows I-V characteristics typical of a p-n junction,
indicating a p-type conductivity in the implanted layer [16].

Fourier Transform Infrared reflectivity (FT/IR) and low temperature (298-
133 K) ESR measurements on 70 MeV *°Fe’* ion implanted samples of p-type
Si show the presence of interference fringes in high fluence (>1 x 10'® ions
cm ) implanted samples [17], providing information on the ion induced
modified layers.

SHI irradiation of silicon Schottky diodes results in saturated values of the
barrier height and other parameters after a critical ion fluence [18, 19]. It is
established that ion irradiation into semiconductors causes structural damage,
which in turn results in electrically active defects. These electrically active
defects produced in Si can result in pinning of the Fermi level to a dominant
deep level [20, 21].

The Schottky barrier height in Ni/n-Si (100) changes from a value of 0.59
eV for unirradiated diode to 0.68 eV after irradiation with 100 MeV oxygen
jons at a fluence of 1 x 10" ions cm™, and the leakage current decreases by
about two orders of magnitude [22]. The Schottky barrier in Au/n-Si structure
decreases after irradiation by 100MeV Si 7" ion at a fluence of 1 x 10'! ions
cm™ and remains immune to further irradiation upto a fluence of 1 x 10'% ions
cm™. A combination of in situ deep level transient spectroscopy and current-
voltage measurements of Au/n-Si diodes demonstrates that 100 MeV Si ion
irradiation introduces hydrogen related defect complexes, which has a major
influence on the Schottky barrier height and the leakage current in the irradiated
structure [23].

SHI Induced Changes in Porous Silicon

Anodically etched porous silicon samples irradiated with 85 MeV Ni ions results
in a complete suppression of the major photoluminescence (PL) peak at 697
nm and the shoulder peak at 6.7 nm, and a weak PL peak appears at 588 nm.
The changes in the photoluminescence spectra are correlated with the resulting
changes in the concentration of hydrogen and chemical complexes containing
Si, H and O in the porous silicon [24].

Irradiation of Porous Silicon (PS) samples with 10 MeV Si ions shows
improvement in the efficiency of photoluminescence (PL) and its stability with
time [25]. Grazing angle X-ray diffraction (XRD) analysis reveals that prefer-
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ential recrystallisation occurs in the irradiated region. The virgin PS sample
exhibited only the (111) peak in the XRD pattern, whereas the irradiated PS
sample showed a (311) peak along with the (111) peak. FTIR studies of boron
doped p-type (111) porous silicon irradiated with 10 MeV Si ions showed
considerable increase in the PL yield [26].

Role of Microstructure in the Energy Relaxation
Processes in Thin Film Semiconductors

In thin film semiconductors, the energy relaxation of swift heavy ions is greatly
influenced by the material properties, especially the microstructure [27-29].
The energy relaxation channels like defect annealing, defect generation, phase
transformation, etc., differ in their S, thresholds for their occurrence [30].

Study of CdS and CdTe thin films of different microstructures synthesized
by using thermal evaporation and spray pyrolysis after irradiation with 100
MeV Ag’" at the fluence of 3 x 10" to 1 x 10'3 ions cm™ show that they have
different energy relaxation channels [27]. In evaporated CdS, for lower energy
depositions, defect-annealing processes dominate, but at higher fluences, the
energy deposition results in many atomic displacements together with their
migration and development of a significant amount of compressive strain. The
atomic migration results in a transformation of the metastable arrangement in
these films to stable hexagonal phase with a change of bandgap from 2.34 eV
for the pristine film to 2.43 eV for the sample irradiated at the highest fluence.
However, for the same energy deposition range, in spray deposited CdS films,
ion irradiation results in an improvement of crystallinity and a relaxation of
tensile strain [27]. The studies performed on CdTe confirm the role of
microstructure [28, 29].

As in the case of evaporated CdS, evaporated CdTe also undergo defect
annealing at lower energy depositions, but at higher energy dissipations, defect
generation dominates. An increase of lattice constant with fluence due to an
increase of tensile strain is observed in these films. CdTe films grown by spray
deposition without electric field have stable cubic phase while the films
deposited in presence of the electric field possess metastable hexagonal regions
[31]. For the samples deposited by spray pyrolysis without electric field, defect
generation always dominates and no change of lattice parameter is observed as
aresult of SHI irradiation. In the films deposited with electric field, the dense
electronic excitation results in a transformation of the metastable hexagonal
regions in the film to stable cubic arrangements together with a change of
bandgap from 1.47 eV for the pristine sample to 1.44 eV for the sample irradiated
at the fluence 1 x 10" ions cm™ [29].

Superlattices and Multi Quantum Wells (MQW)

Introduction of another column III or column V element in a III-V compound
leads to small change in lattice parameter accompanied by corresponding
variation in energy band gap of original semiconductor. For example
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introduction of small amounts of Indium or Aluminum in GaAs or GaN results
in a change of lattice parameter and band gap. If such layers are deposited on
the parent substrate, the small lattice mismatch induces tensile or compressive
strain in the deposited epilayer. This strain increases with thickness of the
deposited layer or with composition of the doped/implanted amount of In or
Al. Beyond a certain critical value, the strain relaxes into misfit defects (mostly
dislocations). The optoelectronic device performance deteriorates drastically
due to generation of these misfit defects. It is possible to fabricate Strained
Layer Superlattice (SLS) with equal thickness of alternate layers of small lattice
mismatch with thickness below critical value for strain relaxation.

Semiconductor superlattices have potential device applications for high
performance detectors, high speed and high frequency digital and analogue
circuits. The usefulness of these structures is that, they offer precise control
over the states and motions of charge carriers in semiconductors, which is
possible because of the ability to tailor the band structure of these materials.
As a result, the electronic and optoelectronic properties are enhanced many-
fold. With the advent of epitaxial growth techniques, it is now possible to grow
multilayers with a small lattice mismatch leading to a tensile or compressive
strain in the alternating layers called strained layer superlattice (SLS). The
strain produced in SLS improves the device performance and is one of the
important parameters for tailoring the band structure. Spatial band gap tuning
of heterostructures is important because the integration of photonic circuits
demand different band gaps for different devices. Meeting such band gap
requirements is quite difficult during the growth. The alternative way is to
alter the band gap after growing the structures. Compositional disordering and
mixing at the interface by ion implantation and subsequent thermal annealing
is normally employed. Swift heavy ion (SHI) beam induced mixing is more
suitable for the integration of optoelectronic devices because of the advantage
that the mixing can be confined to a narrow region at the interface as against
the lateral straggling effects in low energy ion irradiation. Monolithic integration
of optoelectronic circuits is crucial for fabricating stable photonic devices with
submicron alignment of various optical components. These periodic structures
with alternating small and large energy band gap lead to realization of Multi
Quantum Wells (MQW) offering ideal situations for quantum confinement of
conduction/valence electrons at nanoscale. Such structures have in fact been
extensively investigated using ion beams, both for their modifications (leading
to band gap engineering) as well as characterizations.

Band Gap Engineering

Band gap engineering, the process of controlling or altering the band gap of
materials, is a powerful technique for the design of new semiconductor materials
and devices. For certain semiconductor alloys, such as GaAlAs, InGaAs and
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InAlAs, it can be done by controlling the composition. Advances in the growth
technology of semiconductors have made it possible to fabricate complicated
semiconductor microstructures, which can be used to regulate the motion of
electrons. In particular, one dimensional semiconductor superlattices consisting
of alternating ultrathin layers of different composition or different levels of
doping have been obtained using molecular beam epitaxy (MBE) and metal-
organic chemical vapour deposition (MOCVD). The thickness of the layers is
on the scale of the de Broglie wavelength of an electron.

Multi Quantum Wells (lll-V Systems)

SHI irradiation provides a way to induce a tensile strain in an initially lattice
matched system and to decrease the compressive strain in an initially
compressive strained system, without much loss of crystalline/interface quality
[32-38]. Rapid Thermal Annealing (RTA) is used to remove irradiation induced
defects in the samples. The study on InGaAs/GaAs based materials indicates a
gradual diffusion of In from surface and the migration of Ga or As like atoms
to the surface regions due to the SHI irradiation and/or annealing processes.
The study also shows an increase in the superlattice period after the irradiation.
The SHI can be used to tune layer composition, thickness and the strain of an
SLS which in turn will enable the spatial band-gap tuning for the integration of
optoelectronic devices. The multi-quantum wells are of total thickness in sub
micron range; within which the energy loss of swift heavy ions are more or
less uniform. This results in uniform modification throughout the entire
thickness of the multi-quantum well.

Band Gap Engineering of Multi Quantum Wells (MQW)

The band gap engineering of quantum well with SHI irradiations was studied
for Inj s5Gag 45As (20 nm)/InP and Inj ,;Ga;;As (5 nm)/InP [39, 40]. In the
first case InGaAs is nearly lattice matched to InP. It was irradiated with 150
MeV Ag'?" ions at fluence of 1 x 10! ions cm™. For the second case the
InGaAs layer is highly tensile strained to InP which was irradiated using 100
MeV Au'** jons of fluence 5 x 10'2 and 1 x 10'® ions cm™. All the samples
were annealed (rapid thermal annealing at 700°C for 60 sec in N, atmosphere)
before and after irradiation for comparison and subsequently characterized using
low-temperature photoluminescence. For nearly lattice matched sample and
with the irradiation conditions a band gap change of about 23 nm was observed
[39]. In case of the highly strained samples, band gap changes observed were
48 nm and 82 nm for 100 MeV Au'*" ions of 5 x 10'? and 1 x 10'* jons cm™
fluence respectively [40]. This increase of band gap has been attributed to
increase of tensile strain upon irradiation [41]. The dependence of the band
gap change with ion beam parameters can provide a way to engineer the MQW
properties in a controlled fashion.
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Band-gap Engineering in lll-Nitride Compound
Semiconductors

[II-Nitride compound semiconductors have applications in optoelectronics, high
power and high frequency devices. Band gaps of such compound
semiconductors can be tailored from 6.2 eV to 0.7 eV by changing alloy
composition and can be used in UV, IR and solar applications. These materials
show excellent luminescence properties in spite of huge defect densities that
arise from lattice mismatch and thermal mismatch with underling substrates
such as sapphire, silicon and silicon carbide. MOCVD and MBE are advanced
growth techniques in realizing hetero structures and MQW semiconductors.
Swift heavy ion irradiation of such grown MQWs for structural modifications
is a post-growth technique to alter band gap spatially. Interaction of such ion
with matter occurs on time scale of picoseconds and length scales as low as
nanometres.

Irradiation with 150 MeV Ag ions at fluence of 5 x 10'2 on GaN bulk
epitaxial crystal to study the effects of irradiation on III-Nitrides, showed the
epitaxial reconstruction of GaN layers [42-44]. Studies on AlGaN/GaN
heterostructures showed that AIGaN is more radiation resistant than GaN and
strain inducted in the AlGaN layer due to reconstruction of AlGaN layer, is
more pronounced than GaN layers. The defect density in GaN bulk epitaxial
layer increases on irradiation, which may be due to the reconstruction of the
low temperature GaN buffer layer at GaN/Sapphire interface [45]. Irradiation
of tensile strained AlIGaN/GaN MQWs with higher Se ions (200 MeV Au ions)
and low fluence (5 x 10! ions cm™) showed that there is shift of band gap of
AlGaN from 4.4 eV to 3.78 eV [46, 47].

Band Gap Engineering of Chalcogenides

A chalcogenide is a chemical compound consisting of chalcogenide elements
(Group 16 in the periodic table e.g. sulphur, selenium, tellurium). Research on
these compounds is leading towards applications in various fields. Swift heavy
ion based research is providing ways to enhance the band gap, photoconductivity
etc. of these materials. Effects of SHI on vy indium selenide [y-In,Se;] films
were studied using 90 MeV Si ions with a fluence of 2 x 10'% ions cm™ [48]. It
was observed that the photosensitivity increases and the negative
photoconductivity of the materials turns into positive photoconductivity on
irradiation. The increase in the optical band gap was attributed to the annihilation
of the localized defect band, near the conductance and valence band edge on
irradiation.

Optical properties of CdTe films show significant variations with Swift
Heavy Ion (80 MeV O%") irradiation. The band gap decreases and the refractive
index increases [49]. The band gap of the films get red shifted and the grain
size increases with SHI (100 MeV Au ions) leading to the decrease in resistivity
and the increase in thermo-emf of the film [50].
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The copper chalcogenide (CuX, X =S, Se) thin films irradiated with SHI
(100 MeV Au ions) show increase in the particle size, electrical conductivity,
and PL intensity and the optical band edges are red shifted [51].

From the technological viewpoint, technique to engineer the optical
properties using ion beams is not fully established in comparison to engineering
of the electrical properties. There is a need to investigate dependence of the
band gap change with ion beam parameters, which will provide a way to
engineer the MQW properties in a controlled fashion. The post irradiation
processes need to be optimized to achieve the device quality of the engineered
structures.

6.4 TRANSPARENT CONDUCTING OXIDES (TCO)

Introduction

Transparent conducting oxides (TCOs) have high electrical conductivity and
optical transparency. These simultaneous properties enable numerous
applications, such as flat-panel displays, photovoltaic devices, and light emitting
diodes (LED). Coexistence of transparency and conductivity is normally not
possible. For a material to be transparent, it must not absorb light in the
wavelength range 380 nm (3.26 eV) to 780 nm (1.59 eV). It should have an
optical band gap greater than 3.26 eV. It was found that binary oxides of tin,
indium and zinc could exhibit high conductivity, while possessing very large
optical band gaps of greater than 3 eV. Most common TCOs are ZnO, SnO,,
In,0;, CdO, Ga,0O; etc. They are insulators in stoichiometric form but can
become semiconductor in their off-stoichiometric form, with high optical trans-
parency and low electrical resistivity [ 1-3]. Functional oxides have two structural
characteristics: cations with mixed valence states and anions with deficiencies
(vacancies) [4]. Charge carriers in these oxides arise from three fundamental
sources: interstitial metal ion impurities, oxygen vacancies, and doping ions.
The first two sources are inherent and always act as electron donors. Thus,
these systems are typically n-type with a carrier concentration on the order of
10%° cm™, provided by interstitial metal ions and oxygen vacancies. When an
oxygen vacancy is present in the lattice it acts as a doubly-charged electron
donor. These oxides exhibit n-type free electron conductivity and doping with
higher valence cations or lower valence anions can help further reduce the
resistivity. Shallow donors near the conduction band (n-type) allow electrons
to be thermally excited into the conduction band (partially filled by degenerate
electron gas), while acceptors near the valence band (p-type) allow electrons
to jump from the valence band to the acceptor level, populating the valence
band with holes. There is a limit on resistivity that can be achieved by doping
of TCOs.

TCOs doped with transition metals form novel diluted magnetic
semiconductors (DMS). Engineering the DMS materials with ion beams is
discussed in Section 6.6.
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Zinc Oxide as TCO

Zinc oxide (ZnO), a II-VI semiconductor, has several favourable properties
such as: good transparency, high electron mobility, wide bandgap, strong room-
temperature luminescence etc. It has a relatively large direct band gap (~3.3eV)
at room temperature making pure ZnO colourless and transparent.

The radiation resistance of ZnO makes it suitable for space applications.
Mostly ZnO has n-type character, even in the absence of intentional doping.
Reliable p-type doping of ZnO is very difficult. ZnO nanostructures can be
synthesized into a variety of morphologies including nanowires, nanorods,
etc. For spintronic applications, if doped with 1-10% of magnetic ions (Mn,
Fe, Co, V, etc.), ZnO can become ferromagnetic even at room temperature. It
has high biocompatibility and fast electron transfer kinetics. Among the
functional oxide materials, ZnO is one of the most widely studied materials for
electronic, optoelectronics and optical application [5, 6]. It is unique in having
semiconducting, piezoelectric and pyroelectric properties and is an ideal
candidate for fabricating electromechanical coupled devices. It is biodegradable
and possibly biocompatible material suitable for medical and biological
applications [7].

Swift Heavy lon Modification of ZnO Thin Film

Swift heavy ion beams can be used very effectively to modify the properties of
ZnO thin film [8-11]. Figure 6.10 shows the XRD spectra of pristine and 100
MeV Ag ion irradiated ZnO films (synthesized by atom beam sputtering) at
different fluences [8]. Reflections (100), (002) and (101) of wurtzite phase are
observed at 31.7°, 34.5° and 36.4° respectively and the ratio of their intensities
accounts for a preferential growth of the ZnO crystals, with the C axis of the
hexagonal cell perpendicular to the surface. This type of texture is usual for
ZnO films, grown by physical vapour deposition techniques [12]. After low
fluence irradiation of evaporated films, the intensity of the (100) and (002)
peaks increases and full width at half maximum (FWHM) decreases, while the
intensity of (101) peak decreases. This shows that the irradiation at low fluence
increases the texturing along lower energy states and enables the atoms to
move to their stable orientation [13]. At higher fluences, a significant decrease
of peaks intensity but little broadening of all peaks is observed. The XRD
pattern of as-deposited sputtered film shows large value of FWHM and shifting
of peak towards the smaller 20 value with respect to the actual value, which
reveals the formation of compressive strained nanocrystalline ZnO thin film.
The crystallinity and the quality of the film is improved by ion irradiation for
all ion fluences. The irradiated films show the preferred orientation along
(0 0 2) at the expense of other reflections together with the release of
compressive strain.
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Figure 6.10: X-ray diffraction spectra of pristine and irradiated ZnO thin films (deposited

by atom beam sputtering) with 100 MeV Ag ions at different fluences. [Reprinted from

D.C. Agarwal, F. Singh, D. Kabiraj, S. Sen, P.K. Kulriya, I. Sulania, S. Nozaki, R.S.

Chauhan and D K. Avasthi, J. Phys. D: Appl. Phys., 41 (2008) 045305 with permission
from Institute of Physics Publishing Ltd.]

Raman and FTIR results of both films substantiated XRD results. From
the optical absorption study of evaporated film it is clear that there is no
significant change in band edge after the irradiation which implies that the
basic crystal structure is not changed. The lack of irradiation effect on the
vibration mode and electronic gap indicates that the atomic order at long distance
is not affected significantly. The lattice is not amorphized since this structural
transformation generally leads to a reduction in the gap of semiconductors.
The band-gap of the film is not modified by irradiation. However, significant
decrease in band-gap of the sputtered films, from 3.42 eV to 3.2 eV, occurs
after the irradiation, which could be due to increase in crystallite size.

The SHI (100 MeV Au ions) irradiation of ZnO thin film (synthesized
by e-gun evaporation) leads to improvement in crystallinity at lower fluence
(upto 5 x 10'? jons cm™) and loss of crystallinity and disorder at higher fluence
[10].

The amorphization of ZnO thin film (prepared using chemical spray
pyrolysis CSP technique) occurs under the swift heavy ion (120 MeV Ag ions)
irradiation [14]. Optical absorption edge remains unaffected after irradiation.
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Intensity of the peak corresponding to the plane (002) decreases with ion fluence
as shown in Fig. 6.11. Small peaks corresponding to the planes (101) and (103)
were also found to decrease with ion fluence and vanish completely at 1 x 10'3
ions cm™ ion fluence. Due to irradiation, only grain size is affected. From
these observations, it can be concluded that the grain size of ZnO film is getting
smaller and is slowly amorphized due to heavy ion irradiation.
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Figure 6.11: X-ray diffraction spectra of pristine and 120 MeV Au ion irradiated ZnO

thin films (deposited by CSP method) at different fluences. [Reprinted from P.M.

Ratheesh Kumar, C. Sudha Kartha, K.P. Vijayakumar, F. Singh, D.K. Avasthi, T. Abe,

Y. Kashiwaba, G.S. Okram, M. Kumar and Sarvesh Kumar, J. Appl. Phys., 97 (2005)
013509, copyright (2005), American Institute of Physics.]
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All samples showed characteristic photoluminescence (PL) peak at 517
nm, which corresponds to the blue-green emission due to the defects related to
oxygen and zinc (vacancies, interstitial etc.) as shown in Fig. 6.12. These
emissions were found to be extremely intense and broad, and decrease with
ion fluence. Conductivity of film increases with ion fluence.
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Figure 6.12: PL spectra of pristine and 120 MeV Au ion irradiated ZnO thin films

(deposited by CSP method) at different fluences. [Reprinted from P.M. Ratheesh Kumar,

C. Sudha Kartha, K.P. Vijayakumar, F. Singh, D.K. Avasthi, T. Abe, Y. Kashiwaba,

G.S. Okram, M. Kumar and Sarvesh Kumar, J Appl. Phys., 97 (2005) 013509, copyright
(2005), American Institute of Physics.]

Tin Oxide as TCO

Tin oxide SnO,, is of great scientific interest because of its wide range of
applications. It has been studied as overcoat for thin film magnetic recording
media, as transparent electrode in panels and other electrochromic devices, in
photoelectrochemical studies as well as those related to the development of
solar cells, and as material for Li-ion batteries. The study of SnO, as gas sensing
material is due to its suitable physicochemical properties as, for example, it
has a high reactivity to reducing gases at relatively low operating temperatures
due to the easy adsorption of oxygen at its surface because of the natural non-
stoichiometry of SnO,. The research on these materials is focussed to increase
their sensitivity, selectivity and stability.
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Swift Heavy lon Induced Enhancement in Gas Sensing
Properties of SnO,

The gas sensing property of SnO, thin film improves with the swift heavy ion
irradiation [15, 16]. SHI (75 MeV Ni ions) irradiation of SnO, films prepared
by solution cast method on corning glass results in increase in intensities of
XRD peaks with increase in ion fluence, implying that SHI beam irradiation
enhances crystallinity of the SnO, thin films. The relative intensity of (110)
peak in the irradiated films increases at a faster rate as compared to the intensities
of'the other peaks, which suggests that irradiation of Ni ion irradiation enhances
the preferred orientation of the SnO, thin films. Increase of crystallinity along
the (110) plane plays a crucial role in enhancing gas sensing properties of
SnO, thin films. High resolution transmission microscopy also supports the
XRD results. Gas sensing experiments performed on unirradiated SnO, films
with 1000 ppm ammonia and ethanol gases compares the responses of irradiated
(with 10'2ions cm?) films under similar conditions. Here it is worth mentioning
that unirradiated films show decrease of resistance when exposed to ammonia
and ethanol, both reducing gases, due to normal n-type behaviour; however,
the irradiated films show increase in resistance under similar conditions
indicating p-type conduction resulting from ion irradiation. The sensitivity of
SnO, for ammonia gas enhances 213%, while only 63% increase in sensitivity
for ethanol is observed at a fluence of 1 x 10'2 ions cm™. Such an enhancement
of ammonia sensitivity can be explained in terms of the surface chemistry
modifications due to ion beam irradiation.

Thermally evaporated ZnO film is radiation hard and is better suited for
space applications. On the other hand sputtered ZnO film is nanocrystalline
and undergoes significant improvement in structural and optical properties with
ion irradiation [8-11], suitable for other applications. This illustrates how ion
beams can enhance the functionality of surfaces without affecting other
properties of ZnO. Films deposited by CSP method [14], having large amount
of defects as characterized from PL spectra, can be amorphized under swift
heavy ion irradiation. Sol-gel derived film show enhancement in gas sensing
properties of SnO, film after the ion irradiation.

6.5 TRANSITION METAL OXIDES (TMO)

Introduction

The Transition metal oxides is a class of materials that contain transition
elements and oxygen, exhibiting a variety of structures and electrical, magnetic
and optical properties. The nature of metal-oxygen bonding can vary between
nearly ionic to highly covalent or metallic. The unusual properties of transition
metal oxides are due to unique nature of the outer d-electrons. The 4d oxides
are expected to be more ionic than the 3d oxides because the 4d electrons are
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less tightly bonded to metal atoms than 3d electrons. With increased ionicity,
the oxides tend to deviate from stoichiometry. In the transition-metal ions, for
example, d electrons experience competing forces: Coulombic repulsion tends
to localize individual electrons at atomic lattice sites, while hybridization with
the oxygen p electron states tends to delocalize the electrons. The subtle balance
makes many of the transition-metal oxides excellent resources for studying
and taking advantage of the metal-insulator transition that can accompany
dramatic changes in a system’s electronic properties.

Engineering the properties of a few transition metal oxides—nickel oxide,
titanium oxide and magnetite—with swift heavy ions are discussed here.

Nickel Oxide (NiO)

Nickel oxide is an attractive material for use as a stable antiferromagnetic
layer [1] in various magnetic structures and is a p-type transparent conducting
material due to holes generated by Ni vacancies. Stoichiometric NiO is
an insulator at room temperature. Its resistivity can be lowered by an
increase of Ni** ions resulting from addition of monovalent ions such as lithium,
by nickel vacancies, or by the presence of interstitial oxygen in the NiO
crystallites. It is used in electrochromic devices (information display, smart
window, variable reflectance mirror etc.) due to its ability to reversibly and
persistently change its optical properties under the applied electric field [2]. It
can also be used in functional sensor layers for chemical sensors and resistive
switching application [3]. Nonvolatile resistive memories, which employ
resistance switching initiated by applied voltage is extensively used in devices
for memory applications.

Texturing and Surface Evolution in NiO Thin Films

The swift heavy ion induces grain re-orientation in NiO thin film [4-6]. NiO
thin films grown on Si (100) substrate by electron beam evaporation and sintered
at 500 and 700 °C, irradiated with 120 MeV Au ions at room temperature,
show two prominent peaks ((111) and (200)) corresponding to the FCC structure
of NiO in the XRD patterns of the pristine and irradiated films. The FCC
structure is retained at all fluences of irradiation in both films [4]. This is in
contrast to the case of zirconia and hafnia where SHI induces transition from
monoclinic to tetragonal phase [7]. Since NiO retains its bunsenite structure
when heated till its melting point, no structural phase transition is expected in
this system due to SHI irradiation. The evolution of texture and crystallinity
with irradiation was studied. 120 MeV Au ions can create columnar defects
[6], since value of S, for these ions is 31.8 keV/nm, which is higher than S,
(30 keV/nm) [8]. These ions thus should suppress the crystalline volume fraction
with increasing irradiation fluence. Interestingly, improvement in crystallization
is observed at some intermediate fluences in both the films. Subsequent
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irradiation at higher fluences indicates SHI induced suppression of crystallinity.
Improvement in crystallization at low fluence and loss of crystallinity at high
fluence give an indication that crystallization and damage of crystallinity are
competing processes. The former occurs in the annular zone surrounding the
ion track and latter in the ion track.

SHI Induced Modification of the Microstructure of NiO Thin
Films

Microstructure of NiO nanoparticle films (200 nm thick) grown on Si substrates
was studied on irradiation with 200 MeV Ag'>* ions. Though electronic energy
loss 0f 200 MeV Ag ions in NiO matrix was higher than the threshold electronic
energy loss for creation of columnar defects, films remained crystalline with
the initial fcc structure even up to a fluence of 5 x 10'? jons cm 2, where ion
tracks are expected to overlap. Irradiation however modified the microstructure
of the NiO films considerably. The grain size decreased with increasing ion
fluence, which led to reduced surface roughness and increased optical band
gap due to quantum confinement [6, 9]. These results correlate well with
variation of the power spectral density exponent with ion fluence, which indicate
that at high ion fluences, the evolution of surface morphology is governed by
surface diffusion.

Titanium Dioxide (TiO,)

TiO, has a number of attractive properties, which includes high refractive index,
high dielectric constant, semiconducting properties and chemical stability. It is
known to exhibit three major crystalline structures: rutile tetragonal, anatase
tetragonal, and brookite rhombohedral with decreasing order of stability.

Titania thin films are of immense importance and there is need to optimize
their performance for wide range of applications as optical waveguides [10],
gas sensors [11], solar cells [12], thin film capacitors [13], electrochromic
materials [14, 15] etc. Titania acts as a photosensitiser for photovoltaic cells,
and when used as an electrode coating in photoelectrolysis cells can enhance
the efficiency of electrolytic splitting of water into hydrogen and oxygen. Even
in mildly reducing atmospheres titania tends to lose oxygen and become sub-
stoichiometric. In this form the material becomes a semiconductor and the
electrical resistivity of the material can be correlated to the oxygen content of
the atmosphere to which it is exposed. Hence titania can be used to sense the
amount of oxygen (or reducing species) present in an atmosphere.

Swift Heavy lon Modification of TiO, Thin Film

Thermal annealed TiO, films contain both the rutile and anatase phase whereas
the SHI irradiated TiO, has dominantly rutile phase [16]. A study on evolution
of the XRD pattern with 200 MeV Ag ion irradiation for the films containing
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both anatase and rutile phases, shows suppression of anatase phase at 3 x 102
ions cm™. The rutile phase on the other hand shows a complex variation with
irradiation fluence. Its peak decreases at the initial fluence of 5 x 10'! ions cm™
2 where additional peaks corresponding to the tetragonal and hexagonal phases
of TiO appear. At higher fluence (1 x 10'% ions cm™), the intensity of the XRD
peaks due to the unstable phases decreases considerably. At the highest fluence
of 3 x 10'? ions cm™, the peak due to rutile phase is most intense and peaks
due to all other phases are suppressed as shown in Fig. 6.13. The inset shows
the variation in intensities of different phases of TiO, with ion fluence.
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Figure 6.13: GAXRD of TiO, thin films annealed at 1000 °C and irradiated with 200
MeV Ag ion (a) pristine, (b) 5 x 10!, (¢) 1 x 10'%, and (d) 3 x 10'? ions cm 2. The inset
shows the evolution of total integrated intensity of XRD peaks and the intensity due to
individual phases with irradiation fluence. [Reprinted from H. Rath, P. Dash, T. Som,
P.V. Satyam, U.P. Singh, P.K. Kulriya, D. Kanjilal, D.K. Avasthi and N.C. Mishra, J.
Appl. Phys., 105 (2009) 074311, copyright (2009), American Institute of Physics.]

Raman study shows that complete conversion of anatase to rutile phase of
TiO, does not occur even at 1000 °C annealing temperature. However, complete
conversion from anatase to rutile phase occurs after the irradiation.

The SHI induced thermal spike in nanoparticle thin film of TiO,, which
leads to grain growth and improvement in crystallinity with increasing
irradiation fluence, also seems to be responsible for transformation of anatase
to rutile phase. Ordinarily, the transient temperature rise in the wake of SHI
leads to the formation of amorphized latent tracks in a crystalline medium if
the melted zone along the ion path is quenched very fast. However, if the
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quenching is hindered, the resulting slower cooling can lead to recrystallization
starting from the track periphery [17]. This process can even lead to crystalline-
to-crystalline phase transition if the thermal spike temperature 7, exceeds the
phase transition temperature 7}, [7]. At intermediate fluences, XRD shows for-
mation of other TiO, phases out of the mixed anatase/rutile phase in 1000 °C
annealed film. Evolution of these phases may be a consequence of the instability
of TiO, permitting the formation of a series of intermediate Ti,O,,_; crystalline
phases [18] on SHI irradiation. At the highest fluence of 3 x 10'% ions cm™,
where the thermal spike induced cylindrically excited regions of 5 nm radii
[19] start to overlap, the anatase and all other phases are completely suppressed
and the film contains mostly rutile phase.

Though high temperature provides the driving force for transition from
anatase to rutile phase in both thermal annealing and in SHI irradiation, there
is distinct difference between the two processes. In thermal annealing rutile
evolves through the growth from the surface of anatase grains. In case of
energetic ions, they can pierce through the grains along their path and convert
the anatase to rutile within the grain. Thermal spike temperature in oxide film
has been estimated to be ~1000 °C [20], which is within the grains and facilitates
complete conversion of anatase to rutile phase as observed. Thus due to the
intense interaction of the incident ion with the target atoms the SHI irradiation
is a unique post-deposition treatment for the formation of pure phase of rutile
TiO,. There have been other works on SHI irradiation of TiO, thin films
[21-26], where transformations from amorphous to crystalline and poly-
crystalline to nanocrystalline are shown.

Magnetite (Fe,;0,)

Magnetite [Fe;0,] is a ferrimagnetic mineral, one of several iron oxides, also
known as ferrous-ferric oxide [FeO.Fe,05]. It is a member of the spinel group
with the formula A(B),0,. A and B are usually different metal ions that occupy
specific sites in the crystal structure. In magnetite, A metal is Fe™> and the B
metal is Fe®>. It is a metallic ferrimagnet at ambient conditions but there is a
discontinuous drop in the conductance on cooling the sample below 122 K,
known as Verwey transition [27]. One third of the Fe ions with valence state
+3 occupy the A site, which is tetrahedrally coordinated by four oxygen ions.
The remaining two-thirds with equiproportion of +2 and +3 valence state are
octahedrally surrounded by six oxygen ions, known as B site. Fe;0, is an
important ferromagnetic material having 100% spin polarization at Fermi level
[28]. Some of its interesting properties are its high Curie temperature (~850
K), low electrical resistivity at room temperature and charge ordering at 120 K
(metal to insulator Verwey transition [27]. At 120 K structural transition from
room temperature cubic phase to monoclinic phase [27, 28] and across this
transition charge ordering also take place in the lattice.
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Swift Heavy lon Modification of Fe;O, Thin Film

A detailed analysis of the pristine and 190 MeV Ag ions irradiated Fe,;O, thin
films at different fluences (from 5 x 10'° to 1 x 10'3 ions cm™) shows that at
low fluence the films are partially relaxed, whereas at higher fluence the mixed
phase and finally the disordered maghemite phase appears [29]. The resistivity
measurements show that the Verwey transition temperature 7., of these films
increase with the ion fluence values from 109 K for pristine to 117 K for the
film irradiated with 5 x 10!! ions cm™. This may be due to changes in the
structure of the anti phase boundaries by SHI irradiation. However, at higher
fluences the films do not show Verwey transition down to 77 K and the resistivity
value is higher than that of the pristine film again representing that the SHI
irradiation induced structural disorder in the film in agreement to XRD results.

The study of the isothermal dc magnetization hysteresis at 300 K for pristine
Fe;0,4and 190 MeV Ag ion irradiated films shows that the magnetization for
the irradiated film is higher than that of the pristine film. As the fluence is
increased up to 5 x 10'? ions cm™ the magnetization decreases rapidly, which
is consistent with the formation of iron oxide phases other than magnetite [29].

These experimental results show that at low fluence the swift heavy ion
irradiation modifies the strain of the films and cation distribution in the vicinity
of APBs. Whereas, at higher fluence, it introduces structural disorder and
transforms the phase from magnetite to maghemite. It indicates that by selecting
appropriate irradiation parameters, the material’s properties can be tuned to
get an optimum Verwey transition temperature and the maximum magnetization
in this system. The SHI irradiation is a sensitive tool to modify the various
parameters of these materials [29, 30].

SHI irradiation results in texturing, surface evolution, phase transformation
and modification in Verwey transition temperature in TMO’s (NiO, TiO, and
Fe;0,). It is shown that complete rutile TiO, film can be achieved and Verwey
transition temperature in magnetite can be tuned by SHI irradiation.

6.6 DILUTED MAGNETIC SEMICONDUCTORS (DMS) AND
OTHER MAGNETIC MATERIALS

Introduction

The semiconductor based electronics uses the charge property of the electron.
But apart from the charge, electrons also possess spin. In the conventional
electronics, the spin of the electron is not utilized. Mass storage of information
carried out by magnetic recording use spin of electrons in ferromagnetic
materials. In order to use ‘spin’ degree of freedom in electronic devices one
needs to create, sustain, control and detect the spin polarization of electrons.
‘Diluted magnetic semiconductor (DMS)’ has strong potential for use in the
spin based devices. The semiconductors used for devices, such as Si and GaAs,
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do not contain magnetic ions and are nonmagnetic. The crystal structures of
magnetic materials are usually quite different from that of the semiconductors
used in electronics, which makes these materials incompatible with each other.
Magnetic semiconductors (MS) are materials which exhibit both
ferromagnetism and semiconductor properties. These materials are of interest
as they can provide a new type of control of conduction. The traditional
electronics is based on the control of charge carriers (n- or p-type). The magnetic
semiconductors can allow control of quantum spin state (up or down).

The usefulness of semiconductors resides in the ability to dope them with
impurities to change their properties, usually to p- or n-type. Similar approach
can be followed, i.e. to dope magnetic elements into nonmagnetic
semiconductors to make them magnetic. This category of semiconductors are
called Diluted Magnetic Semiconductors (DMS) [1] or Semi Magnetic
Semiconductors (SMSC). These are formed by replacing a fraction of the cations
in a range of compound semiconductors by the transition metal ions. Some
examples of DMS are Cd, Mn,Te, Zn, Fe,Se etc. A wide range of devices
can be produced using these DMS materials by exploiting their semiconducting
and magnetic properties. For example, the energy gap, lattice parameters, defects
etc. can be varied in a controlled fashion by varying the component x.

The possibility of using spins of the electrons in addition to their charge in
information technology has created a new field of electronics known as
“spintronics.” Manipulating an electron’s magnetic state in a semiconductor
device is the key to successful spintronics, and the simplest way to do that is to
incorporate magnetic elements in a semiconductor material. An intensely studied
approach to obtain spin-polarized carriers for data-storage devices is the use of
diluted magnetic semiconductors created by doping ions like Mn, Fe, or Co
having a net spin into a semiconducting host such as GaAs, ZnO, or GaN. The
interaction among these spins leads to ferromagnetic order at low temperatures,
which is necessary to create spin-polarized carriers. A major challenge to
develop such devices is creating magnetic semiconductor materials that work
at room temperature.

To realize diluted magnetic semiconductor (DMS) and transparent magnetic
semiconductor (TMS) materials based magneto-electronic or magneto-optical
device is a daunting task. Significant research efforts have been made so far by
different scientific groups throughout the globe. A brief survey of this is given
here.

Oxide semiconductors being wide band gap materials are transparent in
visible region and if optimally doped with n-type carriers become potential
candidate for transparent conductors [2]. Research interest is focussed to realize
optical as well as magnetic properties in a single host matrix [3, 4] for future
opto-spintronic devices, such as magnetic random access memories, optical
isolators, quantum computers etc. Zinc oxide (ZnO) doped with transition metals
has been identified as one of the potential candidate in this regard [5, 6].
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The basic requirements of these materials are ferromagnetism with high
Curie temperature (7,) value (room temperature and above) and good optical
transmittance. Ferromagnetism in transition metal doped ZnO was theoretically
predicted by Sato et al. [5] using abinitio calculations based on local density
approximation. Both physical and chemical synthesis routes have been adopted
to grow these materials. Molecular Beam Epitaxy (MBE) [7], Pulsed Laser
Deposition (PLD) [8] and RF magnetron sputtering [9] are some of the important
physical processes to develop these materials. Spin coating of high quality
colloidal DMS quantum dots as solution precursors [6], sol-gel technique etc.
are among the chemical synthesis routes of these materials. Implantation of
transition metal ions in wide band gap semiconductor host has also emerged as
another potential technique [10, 11]. Good control over depth, concentration
and radiation induced defects by implantation helps tuning the magnetic and
transport properties of these materials.

Swift Heavy lons for DMS

Ion implantation gives clustering of transition metals in the matrix and hence
needs high temperature post-annealing processes. Swift heavy ions (SHI)
provide a different way to synthesize DMS materials. Diluted magnetic
semiconductors (DMSs) with reduced dimensions, which have ferromagnetic
phase transition temperatures (7-) above 300 K, are seen as the prime candidate
materials for spintronic technologies. Integration of DMS materials in future
electronics will require very low dimension, in order to make real use of the
advantage offered by the spin. Efforts are being made to identify and prepare
transition-metal-doped semiconductor nanostructures that exhibit ferromagnetic
ordering above room temperature, high charge carrier concentration and
mobility, and are transparent to visible light for integrated optoelectronic
applications [12]. Swift heavy ions can provide a way to produce appropriate
nanostructures to achieve the objective.

Dissolution of Co Nanoclusters in Co Doped ZnO Thin Film

The effect of swift heavy ion irradiation on Co doped ZnO thin film for
spintronics application has been investigated [13]. Co implanted ZnO films
were irradiated with 200 MeV Ag ions to fluence of 1 x 10'?ions cm™. X-ray
diffraction (XRD) spectra indicated that Co clusters dissolve in the ZnO matrix
on irradiation. The presence of Co clusters of nanosize indicate that in the Co
implanted ZnO films, Co does not go to the Zn site. Further, it was found that
the Co cluster size increases as the doping concentration is increased. Co clusters
and other phases of Co oxide are dissolved with the ZnO matrix after the ion
irradiation. SHI irradiation has been very effective in taking the sample to very
high temperature through electron-phonon coupling in a short span of time,
which essentially dissolves the Co clusters and does not allow them to grow.
The electrical resistivity of the irradiated samples is lowered to half. The
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magnetization hysteresis measurements show ferromagnetic behaviour at
300 K.

Room temperature ferromagnetism and a metal-semiconductor transition
was observed at 227 K in 200 MeV Ag'>* ion irradiated thin films of Fe-
implanted ZnO. The single phase nature of Fe-doped ZnO after ion irradiation
was confirmed by X-ray diffraction. Magneto-resistance measurements show
spin polarization below 150 K. X-ray absorption spectroscopy and X-ray
magnetic circular dichroism studies at room temperature reveal that Fe is
oxidized in a mixed valence (Fe?>" and Fe") state and the magnetic signal is
due to the Fe?" state [14].

SHI in Magnetic Tunnel Junctions

Apart from the synthesis of DMS, SHI has been used in other spintronics
materials. A trilayer system consisting of two ferromagnetic layers separated
by an insulating layer acts like a magnetic tunnel junction (MTJ) [15]. Tunneling
magnetoresistance (TMR) is a specific feature of MTJ, dealing with change of
resistance in presence of magnetic field. The 70 MeV O ion irradiation
of magnetic tunnel junction causes reduction of TMR whereas the magnetic
tunnel junction is completely damaged by 200 MeV Ag ion irradiation [16].
Effects of SHI bombardment on functional properties of magnetic tunnel
junction (MTJ) have been investigated with various ions and fluences in 10
MeV/amu energy range [17]. It is observed that the tunnel magnetoresistance
of magnetic tunnel junctions (MTJ) decreases irreversibly with increasing ion
fluence, with little or no impact on overall resistance for all ions with different
fluence thresholds.

SHI in Giant Magnetoresistance (GMR)

Srivastava et al. [18] investigated Giant magnetoresistance (GMR) in swift
heavy ion irradiated Fe films on c-silicon. Fe/c-Si devices irradiated with 100
MeV ions of Fe’" at a dose of 10'* ions cm™ show large increase
in magnetoresistance (MR), up to 2400%. Unirradiated devices do not show
any effect of the magnetic field. M—H study of the irradiated devices shows
a behaviour of coupled magnetic nanograins. The results are explained
by considering the formation of a nanogranular magnetic silicide phase (of
Fe;Si;) due to intermixing at the interface (as evidenced from XRD and SEM
features). The observed strong GMR could be due to the spin dependent
interface scattering in the presence of the strong AF coupling across the
tunnelling barrier.

Defect Mediated Ferromagnetism in MgO

The samples of crystalline MgO doped with Ni and Co impurities have small
concentration of equilibrium vacancies and show perfect paramagnetic
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behaviour. The SHI irradiation of these sample results in ferromagnetic ordering
[19], indicating the defect mediated ferromagnetic behaviour.

Materials with Perpendicular Magnetic Anisotropy (PMA)

SHI irradiation induces PMA in ferromagnetic amorphous F,sB;; 5515 5C,
ribbon due to the stress generated between the unirradiated regions and
anisotropic deformed irradiated regions [20]. The Fe/Tb multilayers exhibits a
large PMA which decreases with 80 MeV Si ion irradiation [21]. The decrease
in PMA is due to stress relation in bulk film and increase in interfacial roughness
[21]. SHI irradiation of Fe, 45N, ;5 results in gradual removal of PMA which is
due to the relaxation of stress in the film [22]. Role of SHI in PMA in magnetic
nanoparticles embedded in insulating matrix is discussed in Chapter 5.

SHI irradiation of granite ceramic Y;Fe;O,, leads to the formation of
composite of ferromagnetic crystal and paramagnetic amorphous ion tracks
[23].

SHI is emerging as a tool which will provide ways to develop spintronics
materials. It is demonstrated that they play crucial role in dissolving Co clusters
in ZnO where it is important not to have the magnetic elements as clusters. It
has been used in synthesizing magnetic tunnel junction and material for GMR.
SHI created defects induce ferromagnetic ordering in doped MgO. SHI
irradiation can induce PMA.

6.7 HIGH TEMPERATURE SUPERCONDUCTORS (HTSC)

Introduction

Electric resistance in simple free electron metals is caused by the scattering of
electrons by phonons (quantized lattice vibrations) and the impurities or
imperfections. As the temperature is reduced, the first component (intrinsic
resistivity) starts decreasing. At sufficiently low temperature, around 20 K,
this part of resistivity nearly disappears. The second component called residual
resistivity, however, is temperature independent and stays constant down to
zero degree. Kammerlingh Onnes, soon after liquefying helium in 1908, started
probing into the temperature behaviour of the resistivity of pure metals at very
low temperatures available with the liquefaction of helium. He observed
complete disappearance of electrical resistivity in mercury just below 4.2 K.
This phenomenon named superconductivity was discovered by him in 1911.
Superconductors have the ability to conduct electrical current with no loss of
energy. Later the phenomenon was observed in a large number of metals when
cooled below a certain characteristic temperature, called the transition
temperature, 7T, limited to a highest value 0of 9.3 K for pure niobium. However,
Onnes found that the superconductivity is destroyed by the application of
magnetic field beyond a certain value called the critical magnetic field, H..
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This critical field in pure metals is quite low, of the order of a few hundred
Oersteds. Further, the superconductivity can also be destroyed by passing
a current through the superconductor just above a critical value, called
critical current, /. Thus a superconductor is bound by three critical parameters,
T,, H, and I, Superconductivity is destroyed if any of these parameters is
exceeded.

In 1986, a class of new compounds showing superconducting transition
temperature well beyond the previous limit of 23 K in Nb;Ge sputtered films
was discovered. Superconductivity was reported at 90 K in Y;Ba,Cu;0,5
compound. This was the first time that the 7, shifted from liquid helium regime
to liquid nitrogen regime.

When the magnetic field is applied to a superconductor, some of the field
can pierce it through the generation of magnetic vortices, each of which contains
some magnetic flux. Although the superconducting state of the material outside
each vortex is maintained (destroyed within each vortex) the interaction of
vortices with a current passing through the material can cause them to move,
dissipating energy and thereby a source of resistance. A limit on technological
applications of HTSC comes from the intrinsically low critical current density
J, and from the ease with which magnetic vortices can move. It was shown
by Nelsen and Vinokur [1] that the vortices in highly layered high
T, superconductors like the bismuth and thallium family of compounds can
be pinned effectively by columnar defects, produced by Swift Heavy lons
(SHI), as had already been established experimentally for the first time by
Budhani et al. [2]. Due to their well defined cylindrical shape, columnar tracks
provide efficient pinning centres. Every ion, if its electronic energy loss S,
exceeds a material dependent threshold S, (typically of the order of 1.2 keV/A
for HTSC), creates one latent track along its path. Introduction of columnar
defects improves J_, the most crucial property of cuprate superconductors for
device applications. Introduction of columnar defects is expected to improve
the properties of cuprate superconductors for device applications. For the
fabrication of superconducting microwave devices such as circulators where
the films are subjected to magnetic fields, it is essential to be able to control
dissipation due to the motion of vortices. This can be done by locking the
vortices to the columnar defects.

Engineering of the HTSC: Intra- and Inter-granular
Modifications

SHI irradiation is one of the widely used methods to produce controlled defects
inside HTSC materials [3]. A study of transient behaviour of resistivity during
irradiation of films was carried out by Mohanty et al. [4] with an aim to
understand the mechanism of creation and annealing of defects in cuprate
superconductors. Thin films (~3000 A) of YBa,Cu;0,_5 (YBCO) deposited
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on LaAlO; were studied with 100 MeV O ions. The resistivity was measured
continuously during the irradiation and also after turning the beam off. Studies
were also carried out on bulk Bi(Pb)-2223 superconductor irradiated with 100
MeV oxygen ions. Positron lifetime technique was employed to probe the defect
structure. Changes observed in resistivity and the critical temperature, 7, were
interpreted by taking into account the microstructural changes, the defect
structure and effect of SHI on the grain boundaries in sintered materials as
well as in thick films [5]. It was observed that S, leads to various different
types of effects depending on the nature of the target. SHI can partially anneal
defects originally present in the material, can create phase transformation
(amorphization or crystallization), anisotropic growth of the material etc. Atomic
size point defects can be produced if S, is below the threshold value Sy, and the
microstructure can be modified.

In situ resistance measurements by Agnihotri et al. [6] during 100 MeV O
ion irradiation of Bi-Pb-Sr-Ca-Cu-O bulk superconductors show that the oxygen
stoichiometry of the unirradiated sample plays a critical role in its response to
ion irradiation. The ion induced defects are associated with the displacement
of the excess oxygen atoms. The study led to the conclusion that due to the
mobile nature of these defects, they are redistributed leading to a reduction in
resistance below certain fluence ~ 3 x 10'2 jons cm™ for the 100 MeV oxygen
ion and a concomitant increase of the transport critical current.

The grain boundaries and oxygen deficient regions in the grains are known
to act as weak links to superconduction in sintered cuprate superconductors.
Proper oxygen-stoichiometry is crucial to all cuprate superconductors. For
example, the perfect Y,Ba,Cu;0, superconductor should have O,. Oxygen
deficient YBCO turns in to a semiconductor when O is below 6.5. Further
oxygen deficiency causes Y Ba,Cu;O4 (with O¢) to become an insulator. SHI
irradiation has been found useful for improving oxygen stoichiometry in these
materials. Sudarsan et al. [7] indeed observed displacement of oxygen from
the columnar tracks to the oxygen deficient regions of Bi-system when irradiated
with 250 MeV Ag ions. This eliminates weak links and improves the
superconducting behaviour of such cuprates. Ag residing at the grain boundaries
in the composite films has a strong affinity for oxygen [8]. The oxygen ions,
which are liberated from the ion tracks during irradiation, can thus migrate
over a much larger distance (compared to the ion track radius) leading to
improved oxygen stoichiometry in oxygen deficient regions.

Kaplan et al. [9] compared the far infrared (FIR) transmission spectra
in the spectral range ~2 to 80 cm™ of YBa,Cu,;0; 5 thin films with columnar
defects produced by 270 MeV Ag ions. These measurements performed in the
normal as well as the superconducting state in a magnetic field as high as 9
Tesla show significant increase in FIR transmission of samples with columnar
defects. However, the magnetic field does not change the transmission
appreciably which could otherwise be related to the vortex physics. The changes
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in transmission produced by irradiation has been modelled in the framework
of Maxwell-Garnett effective medium theory which treats the amorphous track
as insulating regions dispersed in a metallic background. The fraction of the
insulating phase required to fit the data agrees with the density of columnar
defects.

The irradiation experiments [10] of cuprate superconductors by High
Energy Light Ions (HELI) show that the response of the superconductor to ion
irradiation is governed by the pre-radiation defect structure in the films. The
experiments by Mishra et al. [10] on irradiation response of two types of YBCO
films: YBCO/Ag composite and Ag-free YBCO film indicate that YBCO/Ag
composite films do not show any change in the normal state resistivity when
irradiated with 140 MeV Si ions upto a fluence of 8 x 10'* ions cm™. At the
same time the 7, shows hardly a scatter of about 0.4 K. The YBCO/Ag composite
film thus appears to be insensitive to ion irradiation. The pure YBCO film, on
the other hand, shows a large increase in the normal state resistivity and a
sharp drop in 7, as the fluence rate is increased.

HELI irradiation induces only point defects in sintered granular YBCO
thick films. These defects cause a faster degradation of the grain boundaries
as compared to the grain. The superconducting phase coherence across
the grain boundaries is therefore suppressed and the samples show
semiconducting behaviour. In addition to this general kind of irradiation effect
in a granular medium, an interesting aspect of irradiation in inducing
improvement in the sample quality with improved grain alignment has been
observed [11].

In comparison to pure YBCO, the YBCO/Ag composite thick films have
much suppressed weak link resistivity. Response of this system to SHI
irradiation is therefore mostly intragranular. The evolution of this system with
fluence when irradiated with 250 MeV Ag ions with S, > S, should be
governed by the volume fraction of the amorphized latent tracks and T,
suppression should occur only when current percolation is inhibited by these
tracks. For a fluence of 5 x 10'° jons cm™, the damage area is calculated to be
~4% of the area exposed to ion beam. With such a low fraction of the damage
area, the percolation conduction in the thin film cannot be eliminated. The
decrease of T, at this fluence therefore is not expected from track. Even for the
fluence of 5 x 10" ions cm, tracks occupy 40% of the surface area, which is
well below the percolation threshold of 60 % in two dimensions. Against this
expectation, there is 7, suppression by about 10 K even when the volume fraction
of the ion tracks is an order of magnitude less than that required to bring about
this change. This result points to an enhanced interaction cross section of the
SHI in the medium which was explained in terms of frozen point defects created
by SHI induced secondary electrons [12, 13]. The effect of ion irradiation in
inducing materials modification arises not only through creation of amorphized
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latent tracks along the ion path, but also through creation of atomic disorder in
the oxygen sublattice in the Cu-O chains of YBCO by the secondary electrons.
These electrons are emitted radially from the tracks during the passage of the
SHI [12]. In situ XRD experiments during 200 MeV Ag ion irradiation
of YBCO thin film reveals [14] the picture that SHI induces three different
types of defects in YBCO at low temperature ~89 K: (i) amorphous ion tracks
provided S,>S,,, (ii) strained region around ion track, and (iii) oxygen disorder
point defects in the Cu-O basal plane. The track diameter is ~1.9 nm and one
defected zone is developed around the track in the range ~97 nm. This
observation is explained on the basis of SHI induced secondary electrons which
create oxygen disorder by an electron capture process in the Cu-O chains of a
fully oxygenated YBCO structure. This could also be due to the transiently
heated annular region surrounding the ion track. In the case of NBCO the
compositional variation of spatial density of defects and the concomitant vortex
mobility was shown [15].

Effect of Irradiation on Excess Conductivity in HTSC

High temperature superconductors are characterized by high 7, small coherence
length and have layered structure of the conducting CuO, planes. As a result
these materials exhibit excess conductivity or paracoherent regions which extend
at temperature well above 7. Fluctuation effects are thus expected to dominate
at such temperatures in these superconductors. Effect of disorder on the critical
exponent of the electrical conductivity in the paracoherent region of the high
temperature superconductor YBCO was studied by irradiating the material with
100 MeV %07 ions at liquid nitrogen temperature. The critical exponent was
found to change from a value of about 2 for the pristine sample to a value of
1.62 in the irradiated sample [16, 17]. An analysis of the excess conductivity
has been made within the framework of Aslamazov-Larkin (AL) [18] and
Lawrence-Doniach (LD) theories [19]. 2D to 3D transition is observed with
increasing fluence. The coherence length and the Josephson coupling can be
estimated from LD theory [20].

Modifications of Defect Structures

A pronounced peak is observed in the microwave surface resistance in thin
films of YBCO in magnetic fields, which is associated with “peak effect” [21].
Introduction of artificial pinning centres like columnar defects as a result of
irradiation with 200 MeV Ag ion leads to the suppression of the peak in films
exhibiting the ‘peak-effect’. The peak effect (PE) in surface resistance is
observed in thin HTSC films at subcritical currents at 4.88 and 9.55 GHz
microwave frequencies in dc magnetic fields in the range 0.2—0.8 T. The PE
phenomenon observed in different samples shows that the nature of the peak
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depends on the density of pinning centres, pinning potential, and hence, on the
defect structure in the samples [21].

Amorphous Columnar Tracks and Flux Pinning

The irradiation induced enhanced flux pinning of the high 7', material suppresses
the flux motion induced noise in the vicinity of 7. Effect of 250 MeV 07Ag
ion irradiation induced columnar defects on the noise properties of YBCO was
investigated [22]. The noise performance in the vicinity of the superconducting
transition as well as in the normal state is found to improve by an order of
magnitude with these ions. Influence of columnar defects produced by 250
MeV Ag ions on magneto-transport and magnetization properties of BSSCO
single crystal was studied by Pradhan et al. [23]. It was shown that the columnar
defects produced by the ions affect significantly the magnetotransport properties
of Bi,Sr,CaCu,0g,, single crystals. The generally observed long tail in the
magneto-resistance curve is drastically reduced and magnetic phase diagram
is modified in an irradiated BSCCO crystal displaying the suppression of thermal
fluctuations and enhanced interlayer coupling. SHI irradiation induced effects
on the magnetic properties of MgB, thin films have been studied with films of
thickness 300-400 nm and 200 MeV Au ions, along with the change in surface
morphology [24].

Frequency Dependence of Vortex Dynamics in SHI
Irradiated High T Cuprates

Microwave absorption in YBCO thin films with columnar defects was studied
[25] by measuring the angular dependence of microwave magneto-absorption
of both pristine and 270 MeV Ag ion irradiated YBCO C-axis oriented films.
Budhani et al. [2] had seen using dc measurements that columnar defects are
introduced at these energies. These measurements effectively measure the depth
of the pinning potential. Lofland et al. [26] obtained similar results in the
microwave frequency regime. The detailed study at 10 and 32 GHz frequency
indicated that the observed magneto-absorption arise from two contributions,
namely, a small Lorentz-force-free component and another, the loss due to
viscous damping of the vortices. It was found by Lofland et al. [27] that at 10
GHz there is an increased pinning but it reduces at higher frequencies. Patnaik
et al. [28] made a detailed study of the mixed state properties of highly c-axis
oriented Bi-2223 superconductors using a high frequency oscillator technique.
These measurements of rf penetration depth in the unirradiated and SHI
irradiated pellets of this superconductor unambiguously establish granularity
in these composite conductors. They also carried out a quantitative estimation
of the pinning force constant and its enhancement by SHI. The localizing effect
of columnar defect sites as a function of temperature, defect density, anisotropy
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and magnetic field strength have been studied through a precision angle
dependent measurement of the radio frequency response. The SHI irradiated
samples show cusp-like feature in the rf response when the external magnetic
field is brought into alignment with the defect sites. Vortex dynamics in SHI
irradiated epitaxial thin films of Tl,Ba,CaCu,Og4 superconductor has been
studied by Sahoo et al. [29] using a micro-Hall probe based ac susceptometer,
using 250 MeV Ag ions.

Observations on the vortex locked-in state in YBCO thin films with
columnar defects produced by 270 MeV Ag ions showed that the effective
pinning along the column increases with increasing fluence, and is a function
of applied field [27]. Shifting of irreversibility line to higher magnetic field
and temperature in Bi-2212 single crystals has been observed by Pradhan et al.
[30].

Enhancement of Critical Current Density

Practical applications of high temperature superconductors demands that the
material should have high critical current density (J,). As the cuprates are
granular in nature, the high density of grain boundaries impedes the flow of
current. It is generally believed that grain boundaries together with the poor
flux pinning are the main factors for low J, in HTSC. Irradiation with lighter
ions like 120 MeV S, which does not create amorphized latent tracks (S, <S,)
is seen to cause grain alignment in sintered YBCO thick films as revealed from
the enhancement of current percolation factor with ion fluence [10] and grain
aligned sample show better conduction.

The weak link problem between the grains, responsible for poor J, in these
materials, has attracted the attention of many researchers. Attempts have been
made to prepare samples of small misorientation angle between the grains and
by reducing grain boundaries. The layered structure of HTSC with complex
crystal chemistry and the inherent granularity lead to strong structural disorder
at the microscopic and the mesoscopic levels respectively. The inhomogeneities
occur at widely varying length scales in single crystals, grain aligned films,
melt-textured and sintered samples. The mesoscopic inhomogeneities like grain
boundaries, cracks, voids etc. have much larger length scale than coherence
length. However, the best grain boundary J_ value is much smaller than the J,
in grains and much less for practical applications especially in high magnetic
field.

Swift Heavy Ion (SHI) Irradiation technique is a versatile technique for
creating controlled columnar defects in cuprate superconductors [31]. These
defects pin the flux lines along entire path of the beam rather than occasional
pinning at randomly distributed point defects. These controlled columnar defects
serve as efficient pinning centres. Pinning centres can also be achieved in
nanostructured materials. Several recent studies have reported improved flux
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pinning in nanostructured HTSC materials prepared by a variety of routes [32].
The extremely local nature of energy deposition leads to creation of nanosized
hillocks or nanodots under normal incidence. Akcoltekin et al. have shown
that multiple nanodots can be created if a single high energy Xenon ion strikes
the surface at a grazing angle by SHI and it will produce latent tracks [32].

SHI irradiation is of interest in increasing critical current density in presence
of moderate magnetic field and producing a shift in the irreversibility line
towards higher temperatures [31-34]. Enhancement of flux pinning in cuprate
superconductors have been observed in HTSC [35] by irradiating the material
with 200 MeV Ag ions. An enhancement of J(H) in La-2125 thin films has
been reported [35] with increasing Ag"'? ion irradiation upto an ion fluence of
1 x 10" ions cm™. Interestingly, the maximum enhancement in J(H) is observed
to be five-fold higher (1.6 x 107 A.cm™) compared to J,(H) of pristine thin
films. This large enhancement in J (H) of irradiated thin film is attributed to
augmented flux pinning caused by the columnar defects.

Haugan et al. [36] have shown that high density pinning centres can be
achieved in YBCO in form of ~8 nm nano particles which will increase J, by a
factor of two or three at high magnetic field [36].

The interaction of the ions with the material modification (craters, hillock,
tracks etc.) is still not exactly understood. The thermal spike model describes
the energy transport out of the electronically heated region whereas Coulomb
explosion model couples the electronic excitation due to repulsive forces [37].
Both the models show the material modifications though in different ways
[38]. It has been reported that columnar defects generated by irradiating HTSC
materials with heavy ions significantly enhance the infield critical current
density [39].

It has been found that J, in MgB, films increases after irradiation, the
enhancement being more pronounced for Au ion irradiation, which is attributed
to higher flux-pinning efficiency in the irradiated samples [40, 41]. Kaushik et
al. [42] have ascertained that extended defects alter the band properties of this
two-gap superconductor MgB, more effectively than the point defects when
irradiated with SHI. They find that while all defects alter the ¢ band scattering
mechanism, extended defects along the c-axis preferentially affect the 7w band.
The improvement in upper critical field and critical current density is intricately
related to the type and density of created defects. NdBa,Cu;0,_5 (NBCO) thin
films (2000 A) grown by excimer KrF laser, irradiated with Au™'® (200 MeV)
ions, show an almost four-fold increase in J, at the optimum ion dose, indicating
a robust pinning of vortices [43].

These experiments demonstrate that the SHI irradiation is a very potent
technique to control the defect structure in a HTSC and increase the J, value
very significantly. Ion tracks are of significant importance for its role in flux
pinning of vortices in the high T, superconducting thin films.
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6.8 SPECIAL OXIDES (FERRITES, MULTIFERROICS
AND LCMO)

Ferrites

Ferrites are ferrimagnetic ceramic compounds with the chemical formula AB,O,
(where A and B represent various cations). They are usually derived from iron
oxide such as hematite (Fe,0;) and oxide of other metals. Due to their low
coercivity, these are widely used as magnetic cores in transformers. There are
variation in ferrites by replacing fraction of cations at A site by other ions, to
achieve variations in electrical and magnetic properties.

Irradiation of nanocrystalline thin film of Li,,sMg, sMn, ,Fe, ;50,, on
Si(1 0 0) substrate by 190 MeV Au'*" ions results in drastic change in resistivity
(reduction by three orders of magnitude) as revealed by in situ measurement
of electrical resistance using two-probe method [1]. On-line ERDA
measurement shows that there is no loss of oxygen content within the film
with the increase in ion fluence. Transformation from ferrimagnetic to
superparamagnetic behaviour occurs in nanocrystalline Li-Mg ferrite under
190 MeV Au ion irradiation beyond certain fluence [2].

The study of the pristine and SHI irradiated single crystal plates of
ferrimagnetic yttrium iron garnet (111)-YIG:Si (Y;Fe4 9451, 040,,) and barium
hexaferrite (00.1)-BaM (BaFe,0,4) or (00.1)-BaM:Co,Ti (BaFe,
Co, 4T1, 50,9) in the electronic slowing down regime, above the S, threshold
of formation of ion track, reveals that magnetomechanical effect generated by
the stress field induced by the amorphous tracks flips the magnetization along
the track-axis direction [3]. This shows that the stress created by SHI can be
used in tilting the plane of magnetization.

Multiferroics

Multiferroics are the materials having more than one ferroic order in a single
phase. These ferroic order parameters are ferromagnetism, ferroelectricity and
ferroelasticity. The ferroelectric material undergoes spontaneous electrical
polarizaion under electric field and thus ferroelectricity is an electrical anologue
of ferromgnetism. The ferroelastic material undergoes phase transition by
application of stress and thus ferroelasticity is the mechanical anologue of
ferromagnetism. Another, fourth ferroic order parameter, which is under debate
is the ferrotoroidicity pertaining to magnetic vortices [4].

Shukla et al., showed that a muliferroic film of BiMnOjs (synthesized by
pulsed laser deposition) undergoes a transition from antiferririmagnetic to
ferrimagnetic by 200 MeV Ag ion irradiation at low fluence due to evolution
of Mn?* [5]. It demonstrates the capability of the SHI irradiation to tailor the
properties of oxide multiferroics. The multiferroic BiFeO; thin film (existing
in thombohedral phase) undergoes complete amorphization under 200 MeV
Ag ion irradiation, indicating that S, deposited in the film is larger than the
threshold for the creation of ion track [6].
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LCMO

Transport properties of doped pervoskite of type A; ,B,MnO;,, (where A is
La,Nd andY, and B is Ca, Ba and Sr) have attracted attention due to their large
magnetoresistance referred to as Colossal Magneto Resistance (CMR) [7].
Basically in the parent compound of RMnO; (where R is rare earth element),
R is partially substituted by divalent cations such as Ca, Sr etc, to achieve high
CMR. Similarly when the rare earth is partially subsituted by tetra valent Ce, a
high value of CMR is observed. The difference being that divalent doping
results in hole-doped system whereas Ce doping results in electron-doped
system.

The resistivity transition temperature and magnetic transition temperature
in thin LCMO (La, ,5Ca, 7sMnO;) film deposited by PLD can be tuned by 90
MeV O ion irradiation at different fluences [8]. LCMO thin film with
composition La,, ; Ca, ;MnO; on irradiation with 250 MeV Ag ions results in
the formation of ion tracks, increase in resistivity by an order of magnitude
and decrease in Curie temperature [9, 10]. High values of CMR and high
temperature coefficient of resistance (TCR) in preferred range of temperature
and magnetic field are desirable. Irradiation of La, ; Ca,, ;MnO; thin films by
200 MeV Ag ions can tune the TCR value and magnetic sensitivity in different
temperature regime by ion fluence [11]. A study on 250 MeV Ag ion irradiation
of La,,Ca,,sMnOj; thin films reveal that the metal insulator transition
temperature and resistivity can be varied by the ion fluence [12].

These examples of SHI irradiation of special oxides such as ferrites,
multiferroics and LCMO show that the properties of these special oxides can
be tuned by SHI irradiation.

6.9 RESISTIVE RANDOM ACCESS MEMORY (RRAM)
DEVICES BASED ON OXIDES

Introduction

Modern semiconductor nonvolatile memories, such as flash memory, have been
scaled down to achieve large capacity memories through state of art
photolithography technology. The conventional memory scaling, however, is
expected to meet technical and physical limits in the near future. The new
materials such as ferroelectric random access memory (FERAM), in which the
polarization of a ferroelectric material is reversed, magneto resistive RAM
(MRAM), which uses magnetic tunnel junctions, and phase-change RAM
(PRAM), which uses the change in resistance between crystalline and
amorphous states of a chalcogenide compound, have attracted attention of
researchers and technologists for use as next-generation nonvolatile memories.
Recently, a new candidate—resistance random access memory (RRAM)—
based on resistance switching has emerged [1, 2]. It is based on metal oxides
[3] and organic compounds [4, 5], which exhibit a resistive switching
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phenomenon. The RRAM memory cell has a capacitor-like structure, which
consist of insulating or semiconducting layer sandwiched between two metal
electrodes. A recent study has shown that the switching speed can be in
nanoseconds [6]. In 1962, Hickmott [ 7] first reported hysteretic current—voltage
(I-V) characteristics in metal insulator-metal (MIM) structures of AI/AL,O5/
Al indicating that resistive switching occurs as a result of applied electric
fields. Resistive switching has subsequently been reported in a wide variety of
MIM structures composed of binary metal oxides, such as SiO [8] and NiO
[9]. Some models for the driving mechanism of resistive switching have been
proposed, e.g., the charge trap model [8] and conductive filament model [9].
Earlier studies on binary metal oxides have been reviewed [10]. In the 1990s,
complex transition metal oxides, such as perovskite-type manganites and
titanates, became the focus because of a report of resistive switching in
Pr, ,Ca, ;MnO; (PCMO) by Asamitsu et al. [11].

Classification of Resistive Switching Behaviour

The resistive switching phenomenon has been observed in a wide variety of
transition metal oxides, such as PCMO [12], NiO [3, 9], TiO, [13] and StTiO,
[14, 15]. However, the observed switching behaviour seems to differ depending
on the material. On the basis of I-V characteristics, the switching behaviours
can be classified into two types: unipolar (nonpolar) and bipolar. In unipolar
resistive switching, the switching direction depends on the amplitude of the
applied voltage and not on the polarity. An as-prepared memory cell is in a
highly resistive state and is put into a low-resistance state (LRS) by applying a
high voltage stress. This is called the ‘forming process’. After the forming
process, the cell in a LRS is switched to a high-resistance state (HRS) by
applying a threshold voltage (‘reset process’). In the set process, the current is
limited by adding a series resistor. Bipolar resistive switching shows directional
resistive switching depending on the polarity of the applied voltage. This type
of resistive switching behaviour occurs with many semiconducting oxides,
complex perovskite oxides [12].

Resistive Switching Mechanisms

The resistive switching can be categorized in terms of the type of conducting
path. One class shows a filamentary conducting path, in which the resistive
switching originates from the formation and rupture of conductive filaments
in an insulating matrix. The driving mechanism for unipolar resistance switching
is attributed to filament-type resistive switching. Here, during the forming
process, filamentary conducting paths form as a soft breakdown in the dielectric
material. Rupture of the filaments takes place during the reset process, and
filament formation during the set process. There are indications that the
filamentary paths are formed in grain boundaries. Thermal redox and/or
anodization near the interface between the metal electrode and the oxide is
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widely considered to be the mechanism behind the formation and rupture of
the filaments [13, 14]. In contrast, in bipolar-type switching, electrochemical
migration of oxygen ions is regarded as the driving mechanism [15].

The Role of Swift Heavy lon irradiation (SHI) in RRAM
Research

Since the polycrystalline films of the oxide compounds show better resistive
switching properties than their epitaxial counterpart, it favours the defect state
model for the retentive behaviour. SHI is an ideal (and only) tool for selectively
creating the defect states in a controlled manner in the epitaxial films to examine
the defect state model for resistive switching in detail. Combination of
experiments such as fluence dependence of resistance switching phenomena
along with on-line elastic recoil detection analysis (ERDA) is a unique tool to
examine the loss of surface oxygen or the electrochemical migration of oxygen
atoms. The irradiation effects of binary oxides (such as Li-doped NiO and
anatase TiO, thin films) by 100 MeV Ag*!'* ions results in hysteresis curves,
giving evidence of the resistance switching (RS) behaviour induced by SHI
irradiation [16].

The RS ratio (Ry;/Ry,,,) of nearly 230% was estimated at an applied voltage
of + 2.4 V for the sample irradiated with the fluence of 1 x 10'3 ions cm™. The
RS is highly symmetric and depends on the ion fluence. The switching ratio
increases non-linearly with ion fluence. Further, the RS becomes nearly constant
for ion fluence doses of 2 x 10'2and beyond. This suggests that the switching
is induced by the bulk defects and/or the oxygen vacancy in the vicinity of the
Ag/NiO interface, created by swift heavy ion irradiation. Interestingly, upon
SHI irradiation, the current values were found to increase by more than two
orders of magnitude as compared to that of the pristine sample.

The observed resistance switching in SHI irradiated NiO films reveals
several features, such as, independent of bias polarity, high degree of symmetry,
enhanced on to off resistance ratio and increased current values compared to
the pristine sample. The primary effect of SHI irradiation is to induce gross
defects viz., point, planner and/or columnar, to create interstitials, vacancies as
well as dislocations in the band gap in oxide system, which results in novel
electrical transport properties of it. The unipolar switching in polycrystalline
NiO is chiefly due to the formation and rupture of metal filaments which causes,
the low resistance state (LRS) and high resistance state (HRS), respectively [3,
7]. However, in most cases the filamentary model is treated as local phenomena,
close to the metal/TMO interface. Heavy ion irradiation yields number of gross
defect states within the oxide band gap and not only at the metal/TMO interface.
SHI irradiation is known not only to create and/or change the defect density,
but also the type of defects in the system. The formation of defects depend
upon the type of ion, its energy and fluence. The gross defects, the large area
filament density, i.e., number of filaments per unit area away from the metal/
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TMO interface, may be responsible for the observed RS switching in two
dimensional nanostructured Li:NiO thin films [16].

In search for another mechanism for RRAM devices, particularly the bi-
polar type RS observed in perovskite oxides, recent studies have indicated that
the electrochemical migration of oxygen vacancies in the vicinity of the interface
drives resistive switching [ 17]. On-line Elastic recoil detection analysis (ERDA)
employed to monitor the compositional changes as a result of irradiation with
100 MeV Ag™'* ions [18-20], indicated that there is insignificant change, in
the amount of oxygen. However, preferential loss of oxygen very close to the
surface and at the metal/oxide interface could not be ruled out [21]. Li-doped
NiO is a p-type oxide semiconductor in which the oxygen vacancies are
considered to be an acceptor scavenger. Therefore, even a small preferential
oxygen loss can result in the interfacial oxygen vacancies upon SHI irradiation
that, in turn, cause the depletion layer to become narrower, resulting in a decrease
in the observed film resistivity. Combined with the SHI irradiation and fluence
dependence results, the observed ERD analysis suggested that the RS
mechanism of Ag/Li:NiO/Ag planner structure can be attributed chiefly to the
gross defect formation and possible change in the conducting filament density
as compared to the interfacial oxygen vacancies.

RRAM based on resistive switching is potential candidate for memory
device. SHI irradiation is shown to enhance the resistive switching behaviour
as well as a possibility to resolve the basic questions on mechanism of switching.

6.10 QUASICRYSTALS

Introduction

A crystal is defined as a three-dimensional periodic arrangement of atoms with
translational periodicity along its three principal axes. Thus it is possible to
obtain an infinitely extended crystal structure by aligning building blocks called
unit-cells until the space is filled up. Quasicrystals are structural forms that are
ordered but nonperiodic. They form patterns that fill all the space but lack
translational symmetry. Normally “quasicrystal” refers to a class of binary and
higher order metallic alloys that show translational quasiperiodicity and are
distinguished by their rotational symmetry of an icosahedron that are forbidden
in crystalline structures. Most of the known quasicrystalline alloys contain
60% to 70% of Aluminium (Al). Among the most well-studied system in
literature, Al-Cu-Fe and Al-Pd-Mn are well-established icosahedral phases.

These specialized structural forms which can be classified intermediates
between crystal and glass are called “quasicrystals”. Just like crystals,
quasicrystals produce modified Bragg diffraction, but where crystals have a
simple repeating structure, quasicrystals are more complex.

The basic question—‘where are the atoms in quasicrystals?’—has been
essentially a challenge for crystallographers. The theory of aperiodic crystals
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was given by Levine and Steinhardt [1]. Schetman et al. [2] reported the bright
diffraction spots on transmission electron diffraction pattern taken for Alg;Mn,.
Quasicrystalline materials offer a new challenge to material scientists and to
production engineers. The main areas that arise from the premises of
technological use of quasicrystals and also from the point of fundamentals in
physics and chemistry are the potential applications of quasicrystalline coatings
where surface properties of these quasicrystals like low friction, reduced
apparent surface energy, corrosion and oxidation resistance and hardness are
exploited. The unique property of “very low coefficient of friction” particularly
against steel in vacuum has special relevance to aerospace applications and
vacuum technology. In this regard the icosahedral quasicrystals will play an
important role in making of the heavy load bearings and latches of the space
vehicles. Quasicrystals are promising candidates for coatings, hydrogen storage
materials, thermal barrier, infra red sensors and many others.

It has been pointed out that the reduced density of states at the Fermi
energy which is a characteristic of icosahedral and related crystalline material,
plays an important role and affects two very important surface properties of
quasicrystals. The surface energy of these alloys is low, ~500 mJ/meter square.

Al-Pd-Mn or Al-Cu-Fe icosahedral phases are well-studied systems and
their atomic and electronic structures are also well-characterized. The study of
the influence of electronic structure on adhesion and friction on this class of
intermetallic alloys, and study of electron-phonon coupling on these materials
are relevant. Since electronic excitations by swift heavy ions and friction within
a contact area (a macroscopic phenomenon) are both expected to cause heat-
spikes and strain in the material, the two studies are correlated. Dubois et al.
have shown [3-4] that the DOS at Ep plays an important role in deciding
important surface properties (friction etc.) that have a bearing on potential
applications of quasicrystals.

Structural Modifications with Swift Heavy lons

The electronic excitation and ionization arising from the energy loss of SHI
induce structural changes in insulators and semiconductors. It was believed
[5] that no effect of this kind could exist in metallic alloys, due to the ability of
the free electrons to rapidly and efficiently smear out the perturbation caused
by the SHI bombardment. Later, it was shown [6] that structural changes due
to S, also occur in metallic alloys above a critical electronic stopping power
threshold. It was pointed out that for metallic alloys to be affected by the SHI
requires efficient electron—phonon coupling, and thus a large density of states
at the Fermi level. Quasicrystals have a very low density of states at the Fermi
level, thus it was interesting to study the effect of SHI irradiation on metallic
alloys with a quasicrystalline structure. Chatterjee et al. [7] investigated the
effects of SHI irradiation on quasicrystals.
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Investigations have been done on the interaction of swift heavy ions (SHI)
with quasicrystalline metallic alloys focussed on the Al-Cu-Fe system [8-10].
These quasicrystals irradiated with high energy projectiles (up to 900 MeV Pb
with ~40 keV/nm and 780 MeV Xe ions with ~25 keV/nm energy deposition)
in the electronic energy deposition regime showed only minor structural modi-
fications (production of defects). The phase transitions in Al-Cu-Fe can be
governed by (phason) atomic jumps. Phason is a quasiparticle existing in
quasicrystals due to their specific, quasiperiodic lattice structure. Phason is
associated with atomic motion, similar to phonon. However, whereas phonons
are related to translation of atoms, phasons are associated with atomic rearrange-
ments. As a result of these rearrangements, waves, describing the position of
atoms in crystal, change phase, thus the term “phason”. Such jumps have been
observed experimentally at or near phase transition temperatures [9-10]. These
jumps can create a structural defect that is typical of quasicrystals. However,
from these studies it was learnt that the principal effect of irradiation in electronic
excitation/electronic energy deposition regime was a minute global broadening
of the line shape in Bragg diffraction pattern only.

Quasicrystals are remarkably stable under irradiation in this electronic
energy deposition regime. It was established firmly that these broadening of
peaks do not depend on the phason elastic constants and the defects created by
irradiations are not phason defects.

In 2006, Mechler et al. [11] demonstrated that by choosing a metastable
quasicrystal which is presumably more sensitive to amorphization, e.g.
Zrg, 5Ty 4Nij; gCuyq 3, deposition of ~38-42 keV/nm energy in the electronic
excitation regime could induce complete amorphization of the alloy after a
fluence of 1 x 10'3 jons cm™. Single amorphous ion tracks after irradiation up
to lower fluences were also observed.

Present efforts are to understand the influence of the electronic structure
on adhesion and friction. Efforts are in the direction to study thin-films of Al-
Pd-Mn based quasicrystals and study the relevance of electron phonon coupling
in these films by using swift heavy ions to get electronic excitations in the
system. Such studies are expected to provide a wide range of applications for
the quasicrystals.

6.11 ALKALI HALIDES

Alkali halides are ionic crystals having large band gap and are electronic
insulators. The impurities, excess constituents, defects etc. give rise to different
types of colour centres. Some of the experiments with SHI are briefly described
here.

SHI irradiation of LIF crystals produces F centres in a large halo of 5 to 30
nm around ion path [1]. At S, above 10 keV/nm, complex defect clusters are
formed in a narrow cylindrical region of ~2 nm [2].
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Pure calcium fluoride (CaF,) single crystals irradiated with 100 MeV Ni’*
ions at fluences in the range 5 x 10''-2.5 x 10" jons cm™ show a broad
absorption band with a peak at ~556 nm and a weak one at ~220 nm, whereas
Ytterbium (Yb) doped CaF, crystals show two strong absorption bands at ~300
and 550 nm under similar irradiation. TL measurements of irradiated pure CaF,
samples show a strong TL peak at ~510 K and Yb-doped crystals show two TL
peaks at ~406 and 496 K [3]. Detailed investigation of SHI irradiation of CaF,
single crystal by different ions from *2S to 2*’Bi at energies between 1 and 12
MeV/amu suggest that out of plane swelling occurs which increases linearly
with fluence [4]. It is seen that SHI irradiation induces swelling at the surface
in some other materials also like quartz. The irradiation of CaF, by 4 MeV/
amu Pb ions result in reduction in grain size and amorphization [5]. The ion
tracks are created in LiF and CaF, single crystals as examined by scanning
electron microscope [6].

A detailed study on SHI irradiation of NaCl and LiF crystals for different
electronic energy depositions at room temperature and at 8 K reveal that anion
interstitials (I and H centres) are created on irradiation at 8 K only, which
disappear at 100 K [7].

A large number of irradiation experiments of alkali halide crystals reveal
that various effects like chemical etchability, surface hillock creation, swelling,
sputtering etc., have different S, thresholds [8]. A general phenomenon in the
irradiated halides is the creation of mechanical stress arising due to ion tracks
[8].

The SHI irradiation induces structural and optical modifications in
polycrystalline LiF thin films deposited on glass [9] and silica substrates [10].
The irradiations are performerd at RT and at 77 K (liquid nitogen temperature)
with different ion species (Au, Ag and Ni) in the fluence range of 5 x 10'°—
1 x 10" ions cm™. The average grain size decreases systematically from 46.3
nm for the pristine sample to 18.3 nm for the sample irradiated at a fluence of
3 x 10'? jons cm™ [9]. Thereafter at higher fluences, it remains constant. The
optical absorption studies of the irradiated LiF thin films show dominant
absorption bands of F5 (385 nm) and F, and/or F;" (445 nm) colour centres in
case of glass substrate whereas the films on silica substrates show three bands
at 260, 380 and 445 nm corresponding to F, F; and F, colour centres,
respectively. The PL spectra of irradiated samples show well resolved bands at
534 and 665 nm corresponding to F;" and F, colour centres [9-12]. A study on
comparison of the PL intensity behaviour of two bands, (a) F, and (b) F;", as a
function of fluence for different ions and irradiation temperature [12] reveal
that the luminescence intensity ratio of F;" and F, colour centres increases
with irradiation fluence. At higher fluence, the luminescence intensity of F5*
colour centre is nearly twice as strong as the F, colour centre intensity. The
irradiation at liquid nitrogen temperature results in decrease of the intensity of
CCs and increase in the ratio of F;" and F, CCs with irradiation fluence. The
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concentration ratio between F; " and F, can be enhanced by irradiation at low
temperature even at lower ion fluence. Thus, by controlling the ion fluence
and irradiation temperature, one can have controlled creation of F, and/or F;*
CCs.

The lamellae structures were observed in LiF thin films irradiated with
120 MeV Ag ions at liquid nitrogen temperature at an angle of 10° for a fluence
of 5 x 10'3 ions cm™ [13]. However, lower fluence irradiation at 1 x 10'? jons
cm did not show any lamellae formation.

SHI irradiation of LiF crystal have two different zones of damage consisting
of different type of colour centres. The intensity of colour centres can be tuned
by SHI irradiation in alkali halides.

6.12 PLASMONIC MATERIALS

Introduction

Plasmon is a collective excitation of the electrons in a piece of conducting
material. When the electrons are displaced, the positive charge left behind exerts
an attractive force on the electrons, trying to pull them back to their original
positions. This interaction makes the electrons to oscillate once collectively.
These Coulomb interactions with the positive background core also compel
the excited plasmons to obey certain boundary conditions at the interface of
nanoparticle surface and host material. If the surface of metal itself has nanoscale
patterns, due to extremely small surface area the plasmons undergo high-electric
field variations and they can have discrete allowed plasmonic modes strongly
influenced by existing nanopatterns. However large structures (e.g., thin metal
films) can have propagating plasmon modes over a broad range of wavelengths.

Noble metal nanoparticles are of enormous interest due to their fascinating
property of absorbing visible light around a narrow band of wavelength, due to
localized surface plasmon resonance (LSPR). The noble metal-dielectric
nanocomposites (noble metal nanoparticles embedded in an insulating matrix)
can support various electromagnetically coupled plasmon modes, open the new
avenues for manipulating light and sensing different inorganic-organic
molecules. These plasmonic nanomaterials have potential applications in
photonics, telecommunications, and biomedical engineering due to their
excellent optical and electrical properties in nanoscale region [1]. The LSPR
and hence optical properties of these noble metal dielectric nanocomposites
depend on their size, shape, particle-distribution and the environment in which
they are embedded. Therefore, for the actual applications of noble metal-
dielectric nanocomposites, a careful control of the size, shape and their
distribution of NPs is needed to achieve the desired tailoring of the properties
for functional applications. The ion beams have unique role in controlling the
size and shape of the noble metal particles as discussed in Chapter 5. Especially
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the shape of nanoparticles embedded in a matrix is difficult to control by any
other means than ion beams.

A change in the local refractive index of the surrounding medium causes a
significant blue or red shift in the SPR wavelength of NPs depending upon
whether refractive index of surrounding medium decreases or increases. This
property makes the SPR as a potential tool in biosensors.

Elongated nanoparticles exhibit different plasmon resonant absorptions
with respect to the transverse and longitudinal polarization axes [2]. These
interesting aspects of metal-dielectric nanocomposites lead to major challenges
for their synthesis. There are several methods for the synthesis of NPs embedded
in different dielectric matrices and although nanostructures with different sizes
and shapes have been synthesized, their controlled synthesis in nanometric
dimensions (from 5 nm to 20 nm) remains a challenge [1-5].

Synthesis of Plasmonic Nanocomposites

Chemical synthesis technique has been widely used to produce NPs with
different sizes and morphology. Various types of physical and biological routes
have been tried for their synthesis [6]. Gold and silver nanostructures embedded
in different dielectric matrices can be synthesized by atom beam (energy 1.5
keV) co-sputtering, a novel technique [7]. Synthesis of nanocomposites using
this technique results in relatively narrow particle size distribution. Gold-silicon
core shell nanostructures with tunable localized surface plasmon resonance
(LSPR) have been synthesized by atom beam co-sputtering and subsequent
annealing [8]. The Au NPs at the surface of quartz have been synthesized by
electron beam evaporation and subsequent annealing in Argon environment
[9, 10]. Gold-silicon core shell nanostructures and Au-ZnO nanocomposite
with tunable LSPR have been synthesized [8, 11]. Fullerene thin films of
identical thickness were deposited on Au-ZnO nanocomposite and Si substrate.
It was shown that the Raman scattering from fullerene was enhanced when it
was on the nanocomposite [11]. It was attributed to electric field enhancement
in the vicinity of noble metal particle (due to LSPR) which enhances the
polarization of fullerene molecule, resulting in surface enhanced Raman
scattering (SERS).

Tuning of SPR of Noble Metal-fullerene Nanocomposites

The nanocomposite of noble metal NPs with carbon is of interest due to wide
range of the value of the refractive index (1.5 to 2.3 from amorphous carbon to
fullerenes) among different allotropes of carbon which provides the possibility
to tune the SPR wavelength of NPs according to the requirement in various
applications. These have been studied in detail by synthesizing Au and Ag
nanoparticles (NPs) in fullerene (Cy, and C,, separately) matrix by thermal
co-evaporation technique. The Ag-C¢y, Ag-C,, Au-Cgp, and Au-C,,
nanocomposite thin films on glass substrates and TEM grids were irradiated
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with a beam of 120 MeV Ag ions at different fluences from 1 x 1012 to 3 x 103
ions cm™. After ion irradiation at a fluence of 3 x 10" jons cm™, nanocomposite
thin films showed two interesting features: (i) a regular and large blue shift in
SPR wavelength and (ii) growth of metal NPs, with increasing ion fluence. In
the case of Ag-C, and Ag-C,, nanocomposites, the blue shift was 49 nm and
100 nm respectively after ion irradiation at a fluence of 3 x 10" ions cm™ [12,
13], whereas in the case of Au-Cy, and Au-C,, nanocomposites, the blue shift
after ion irradiation at a fluence of 3 x 10! ions cm™ was 119 and 135 nm.
Raman spectroscopy on these samples confirmed the complete transformation
of fullerene matrix (Cq, and C5,) into amorphous carbon at a fluence of 3 x
10'3 ions cm™ evident by appearance of D and G peaks in irradiated fullerene
films [14, 15]. Figure 6.14 shows the absorbance of the Ag-C,, nanocomposite
at different fluences of 100 MeV Ag ions. Since the refractive index of
amorphous carbon (1.6) is less than that of fullerene (2.1 for Cy, and 2.3 for
C), blue shift in SPR wavelength is expected by ion irradiation of these
nanocomposites. Blue shift is higher when NPs are embedded in C,, compared
to C¢o, which may be due to the higher refractive index of C;, than Cg,. Ion
beam irradiation of these nanocomposites provides a unique way to spatially
tune the SPR wavelength at desired value in visible region. The SPR frequency
can be tuned, controllably and systematically, by simply varying the ion fluence.
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Figure 6.14: The absorbance of Ag-C,, nanocomposite thin film at different fluences

of 100 MeV Ag ions. [Reprinted from R. Singhal, D.C. Agarwal, Y.K. Mishra, F. Singh,

J.C. Pivin, R. Chandra and D.K. Avasthi, J. Phys. D.: Appl. Phys., 42 (2009) 155103
with permission from Institute of Physics Publishing Ltd.]
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With ion irradiation, NPs grow in size. A growth of Ag NPs from 6 to 10
nm for Ag-Cy, and 7 to 11 nm for Ag-C,, was observed after ion irradiation at
a fluence of 3 x 10'® jons cm™, whereas in the case of Au-Cg, and Au-Co,, a
growth from 6.3 to 9.5 and 5.7 to 8.6 was observed respectively. Figure 6.15
gives the TEM pictures of pristine and 120 MeV Ag ion irradiated Ag-C,
nanocomposite thin films at the fluence of 10'* and 3 x 10'® ions cm™. The
growth of NPs with irradiation can be understood in the frame of thermal spike
model. According to the Mie theory calculations, a growth of NPs by 3—4 nm
induces a red shift in SPR wavelength but only by few nm, whereas the decrease
in refractive index of fullerene matrix, from ~ (2.3 to 1.6) for C,, and from ~
(2.1 to 1.6) for Cg, gives a large blue shift to SPR wavelength. So the large
blue shift (induced by the transformation of fullerene into amorphous carbon
with a smaller refractive index) dominates the small red shift due to increase in
the particle size.

B Pristine
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Figure 6.15: The TEM pictures show the Ag nanoparticles in pristine and at three

different fluences, showing the growth of nanoparticles with ion fluence. [Reprinted

from R. Singhal, D.C. Agarwal, Y.K. Mishra, F. Singh, J.C. Pivin, R. Chandra and

D.K. Avasthi, J. Phys. D: Appl. Phys., 42 (2009) 155103 with permission from Institute
of Physics Publishing Ltd.]
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Optical Properties of SHI Irradiated Metal-polymer
Nanocomposite

Ag-PET nanocomposites synthesized by atom beam co-sputtering [16] and
irradiated by 120 MeV Ni ions were studied [17]. The pristine Ag-PET
nanocopomposite thin film show an interesting property of transmission of
UV light at 320 nm suitable for UV filter application. The irradiation with 120
MeV Ni ion results in reduction of few nm in transmittance (further narrowing
the fwhm of transmittance of UV filter), depending on the ion fluence [18].
SHI irradiation can control these properties by choosing ion beams
characteristics.

The Ag nanoparticles (embedded in soda lime glass) aligned along the ion
beam direction exhibit the SPR response as expected in elongated particle giving
indication of coupling of plasmonic mode in adjacent particles. The SPR
frequency of such an array of Ag nanostructures embedded in glass for
transverse and longitudinal modes were ~1.5 ev apart [18]. Similar type of
linear arrays of Ag nanostructures (obtained by ion beam irradiation) studied
by Z scan measurements show saturable absorption [19]. In the linear arrays of
Au nanoparticles obtained by Au ion implantation followed by annealing and
10 MeV Si ion irradiation, splitting of SPR is observed depending on the
polarization angle of incident light [20]. The study of the optical properties of
elongated Cu, Ag and Au nanoparticles show that the frequencies of transverse
and longitudinal modes depend on aspect ratio of anisotropic nanoparticles as
well as on the end shape [21].

The ability of ion beam irradiation to control the plasmonic properties are
highlighted. The SPR depends on the particle size, its shape and surrounding
matrix. The ion beam has potential to alter the size which can alter the SPR by
a small amount, whereas in certain specific cases it is possible to control the
shape anisotropy by ion beam, which results in significant changes in the SPR
due to the two modes (longitudinal and transverse) of the collective oscillations
of electrons. Especially in case of metal fullerene nanocomposite (Ag or Au
nanoparticles embedded in Cy, or C,, matrix), the tuning of SPR is demonstrated
in large range, due to the transformation of fullerene to a:C, thereby changing
the surrounding matrix of the metal particles by ion beams. The shape anisotropy
in noble metal particles induced by SHI irradiation is capable of tuning the
SPR.

6.13 MATERIALS FOR ENERGY

The development of materials for energy is of great importance due to depleting
conventional resources of energy. lon beams are providing ways to engineer
properties of materials required for this purpose. A brief account is given here
of the role of ion beam in the materials required for (i) Thermoelectrics, (ii) H
by splitting of water, (iii) H storage and (iv) Solar energy.
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Thermoelectric Materials

Thermoelectric material can convert solar heat or waste heat directly into
electricity as well as electricity into thermal energy for cooling or heating. The
efficiency of thermoelectric material is measured by its Figure of Merit (Z7)
and Power Factor (Py) defined as:

ZT = S’cTlk, Pr= S’

where S is thermopower, © is electrical conductivity, & is thermal conductivity
and T is the temperature in degrees absolute at which the properties are
measured. It is normally difficult to increase the Figure of Merit because S, 6
and k are interdependent. For reduced dimensionality materials the thermal
conductivity reduces significantly without affecting the power factor. All these
properties can be independently controlled using ion beams. Ordered
nanostructures created by swift heavy ion bombardment improve the
thermoelectric properties of the materials. It is shown that the properties of
thermoeletcric materials are improved by irradiation with 5 MeV Si ions at
different fluences [1, 2]. The band gap can be tuned by appropriate ion fluence.
A smaller band gap leads to increase of electrical conductivity. lon irradiation
also causes reduction in thermal conductivity due to interface scattering and
absorption of phonons. Budak et al. [1] found that the Figure of Merit (Z7) of
Bi, Te;/Sb, Te; multilayers (50 layers of 5 nm thickness) is enhanced from 0.0049
to 1.3 as a result of irradiation by 5 MeV Si ions at 1 x 10'* ions cm™ fluence,
beyond which it decreases until 0.042 at 5 x 10'% ions cm™ [1]. Si, ,Ge,/Si
multilayers (70 layers with 10 nm period) with ion bombardment of 5 MeV Si
ions enhancing the ZT from ~0.008 to 1 at 1 x 10'*ions cm™ fluence [2]. Grain
boundaries of nano clusters formed by ion bombardment increase phonon
scattering, limits the phonon mean free path, reducing the thermal conductivity.
Electrical conductivity also increases due to increase in the density of states by
ion irradiation [2]. The grain growth causes the enhancement in electrical
conductivity and thermo power [3]. Swift heavy ions can engineer the grain
size to achieve the enhancement. It is shown that 100 MeV Au ion irradiation
increases the grain size of nano crystalline cadmium sulfide from 3.2 nm to
69.2 nm [3]. Thermoelectric generator has been fabricated using ion track
lithography by ~2.3 GeV Pb ion irradiation at fluences of 5 x 108 to 5 x 10°
ions cm™ giving improved thermoelectric properties [4].

Hydrogen Evolving Photoelectrochemical Material

Photoelectrochemical systems are advance alternative to the conventional
photovoltaic cells for solar energy utilization offering just one step process of
converting solar energy into directly usable clean fuel i.e., hydrogen. A
photoelectrochemical (PEC) hydrogen production cell consists of a semi-
conductor electrode, metal counter electrode and a reference electrode immersed
in an aqueous electrolyte. Main requirements for suitable semiconductor
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photoelectrodes are: (a) sufficient light absorption, (b) high chemical stability,
(c) favourable energetic positions of the band edges with respect to water
oxidation potential, (d) fast transport of photo-generated charge carriers and
(e) low cost. Nanostructured metal oxide semiconductors are being investigated
as potential materials to develop an efficient photo-electrochemical device for
solar hydrogen generation. Nanostructured semiconductor can be used to obtain
large specific surface area for solar energy absorption and ultrafine nanoparticles
can be explored to modify the local electron polarization and spatial separation
of photogenerated electrons and holes.

Swift heavy ions (SHI) provide ways to modify nanomaterials for various
applications. Such modifications, occurring at atomic and grain level, lead to
alteration in the properties viz., band gap, resistance, additional states, which
can modify the PEC response of the material. The role of SHI irradiation in
modification of semiconductor materials and their effect on PEC water splitting
for hydrogen production have been investigated [5-8]. Results related to these
studies are summarized here.

Fe,O; Thin Films

Iron oxide thin films (prepared using spray pyrolysis) irradiated with 170 MeV
Au'"®" ions at the fluence ranging from 10'! to 10'* ions cm™ show enhanced
photocurrent upon irradiation at 10'? ions cm™ fluence, attributed to the
formation of tubular structures in films [5]. However, at fluence of 10'3 ions
cm marginal decrease in the photocurrent was observed probably due to the
collapse of the initially formed tubular structures, resulting in the formation of
large number of discontinuities/dislocations, which act as recombination centres
for photo-generated charge carriers. The X-ray diffraction analysis exhibited
diffused nature, indicating highly disordered material at the fluence of 10
ions cm™. Elastic recoil detection analysis exhibited no change occurring in
stochiometry of thin films throughout irradiation.

The films irradiated by 120 MeV Ag ions show an additional peak at 656
cm as analyzed by Raman spectroscopy which suggests that partial transition
of phase occurs from 0-Fe,05 to Fe;0,. The irradiation of Ag”* ions on o-
Fe,O5improves PEC response. The photocurrent density increases with fluence.
Sample irradiated at 1 x 10'® ions cm™ fluence exhibits maximum photocurrent
density, five times larger than from the unirradiated sample [6].

1

ZnO Thin Films

A study on ZnO films irradiation by 120 MeV Ag® ions at different fluences
revealed that the effects of SHI irradiation on resistivity are more pronounced
in ZnO films sintered at 500°C and 600°C. SHI irradiation at low fluence
results in increase in the crystallinity, but at higher fluences crystallinity
decreases. The highest photo response is recorded with sintered films at 500°C
irradiated at fluence 3 x 10'? ions cm™ [7].
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TiO, Thin Films

TiO, thin films deposited on conducting glass substrate (SnO,:In), prepared
by the sol-gel spin coating method, irradiated at room temperature with 120
MeVAg9+ jons with fluence values of 5 x 10", 1 x 10'2,5x 10'?and 1 x 103
ions cm™ show a significant decrease in the average grain size (from 23 to 11
nm). The PEC cell having thin films irradiated at fluence 5 x 10'! jons cm™
exhibits a photocurrent of 0.76 mA cm™ at zero bias conditions, significantly
better than that of the unirradiated sample [8].

The swift heavy ion irradiation of these materials results in 2 to 5 times
enhancement in photoelectrochemical current [5-8]. For most of the oxides,
increased photocurrent has been obtained at low fluences of 10! to 10! ions
cm’? of ion irradiation.

H-Storage Materials

Ion beams play an important role in quantifying H as well as in increasing the
H-storage capacity of the materials. They provide method for standardizing
the contents of H in samples. For example, SIMS is a powerful technique but
the quantification of H by SIMS requires a standard sample containing known
amount of H and such standard measurements are performed by ion beam
techniques like ERDA and NRA, discussed in Chapter 3.

A significant increase (about 18 %) in hydrogenation properties is achieved
by SHI (120 MeV Ag ion) irradiation of Pd capped Pr layers (Pd-Pr layers) [9].
Ion induced defects surrounding the ion path (nanodimension track) in the Pd-
Pr layer enhance the H diffusion and improve the hydrogenation. The samples
are cooled to liquid nitrogen temperature so that H does not escape from the
sample during ERDA. The H loading of the irradiated samples is performed
in-situ by introducing H gas in the irradiation chamber at 760 torr.

Solar Energy Materials

There are various approaches for harnessing solar energies like Si based
photovoltaic cell, dye sensitized solar cell, polymer based solar cell etc. The
ion beams play a role in improving the properties of the solar cell constituent
materials and in testing the solar cell at extreme conditions. Transparent
conducting oxide (TCO) is used in most of the solar cell configurations. The
most common TCO for this purpose is indium tin oxide (ITO). The desirable
property for TCO as electrode in solar cell is high transmittance and high
conductivity.

Effect of swift heavy ion irradiation on the structural, optical and electrical
properties of ITO to study the effect on photoanode of Dye-Sensitized Solar
Cell (DSSC) was investigated with a view to examine the stability of ITO in
space irradiations [10]. The DSSC photoanode consists of: transparent
conducting oxide (TCO) as electrodes at top and bottom, TiO, or other porous
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oxide material with wide band gap, and suitable dye. RF sputtered ITO film on
corning glass substrate were irradiated with 110 MeV Ni®" ions at different
fluences ranging from 3.0 x 10'! jons cm™ to 1.0 x 10'* ions cm™. XRD patterns
indicated that at low fluences of up to 3.0 x 10'? jons cm™ there is strain in
film and beyond this fluence strain is relaxed. A significant improvement in
transmittance from 75% for pristine to 84% was observed for irradiation at the
fluence 3 x 10'! ions cm™, revealing an interesting result in the context of
DSSC electrode study. Although the resistivity increased marginally but it
remained in acceptable limits.

In another experiment Deshpande et al. [11] reported a study on the effect
of 100 MeV Au ion irradiation of ITO samples, prepared by Spray Pyrolysis
(SP) method. A decrease of about 30% in optical transmittance and also in
bulk resistance was observed [11]. The ITO synthesized by two different
techniques produces different effects under SHI irradiation.

SHI irradiation of a DSSC results in improvement of the efficiency of dye
sensitized solar cell [12]. The DSSC cell consisting of F-doped tin oxide (FTO)
as electrode and TiO, as blocking layer and N719 dye, irradiated by 100 MeV
O ion irradiation improves the energy conversion efficiency from 3.8% to 5.5%.

There are definite improvements in different type of energy materials under
ion impingement. SHI irradiation also has decisive role in testing the energy
materials under extreme conditions.

6.14 NUCLEAR MATERIALS

Ion beams help in the development of nuclear materials by simulating the effects
produced in reactor environment. Low energy ion irradiation having dominant
elastic collisions in energy loss processes are used to simulate the defects
produced by the neutrons in reactor materials. The density of defects produced
by ion beams is very large compared to that produced by the neutrons and thus
the damage equivalent to that produced by the neutrons in several years is
equivalent to that produced by ion beam in a short time, with the achievable
fluences. High energy heavy ions are useful in testing the inert matrix fuel
(IMF) by simulating the reactor core environment, so that an appropriate choice
out of vast possibilities among IMF can be made. Inert matrix, as suggested by
it’s name, does not lead to the formation of any fissile material after irradiation.
It is a neutron transparent matrix used for diluting the fissile phase to the
volumetric considerations required by reactor control considerations [1]. Inert
matrix fuels are of interest for futuristic Accelerator Driven Subcritical (ADS)
reactors. One of the criteria for the selection of these materials is their radiation
stability at elevated temperatures in the radiation environment of a reactor.
Energetic ion beams (SHI as well as low energy ions) can experimentally
simulate the same damage that a material would experience in a radiation
environment in the reactor. Ions and the energies of SHIs are chosen so that
they are equivalent to fission fragments.
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Materials in a reactor undergo structural modifications due to radiation
damage. The main sources of radiation being plutonium and minor actinides
(MA’s; Am, Np Cm etc.) produced by a-particles, neutrons (>1 MeV) and
fission fragments (A = Ga-Dy and energy 70 to 120 MeV). Accumulation and
release of fission gases (He, Xe, Kr) pose other problems. The recoils and
primary knock-on atoms (PKA) created by neutrons cause damage in materials
by depositing energy via elastic collisions. Fission fragments deposit energy
by interacting with the electronic sub-system of the target atoms by inelastic
collisions. Radiation causes point defects and defect clusters which then evolve
in formation of dislocation loops thus leading to various kinds of damage.
Moreover, high temperatures existing in a reactor, influence the damage
recovery and structural modifications of materials. All this occurs inside the
reactor in a radioactive environment. Simulation of radiation damage outside a
reactor can be done using energetic ion beams.

Potential materials for IMF are, pyrochlores (A,B,0,) of various r,/r,
(where r, and ry, are the radii of A and B cations) CeO,, ThO, spinels such as
MgAL O, etc. The pyrochlore structure consists of AOg and BOg polyhedra
and most importantly A and B occupy specific positions forming a superstructure
lattice with a = 10 A [2]. Pyrochlores are considered as potential candidates
for disposal of nuclear waste [3]. This is due to their ability for accommodating
MAs and stability against radiation damage in the nuclear stopping regime.
The radiation stability of pyrochlores is very well studied in the nuclear stopping
regime and it is seen to decrease with an increase in r,/ry, [4, 5]. It is shown [6,
7] that the radiation stability of pyrochlores obeys the same rule even in the
electronic stopping regime (Fig. 6.16), envisaging their use also as potential
IMF. Three different pyrochlores [Gd,Zr,0; (r,/ry, = 1.46), Nd,Z1,0, (r,/r, =
1.54) and Gd,T1,0, (r,/r, = 1.75)] of varying r,/r, were studied with different
SHIs of varying S, (equivalent to some FF’s like 90 MeV I). The XRD in Fig.
6.16 summarizes the results. Gd,Zr,0, and Nd,Zr,0, transform to anion
deficient fluorite and the former does not amorphize even with ions of highest
S, (typical of a FF) and fluence. Nd,Zr,0, amorphizes at S, = 16 keV/nm and
Gd, Ti,O, amorphizes at even lower S, and fluence. Thus pyrochlore with lowest
r,/r, is most radiation resistant. This criterion for radiation stability is due to
the energy required for formation of cation antisites (randomization of A and B
cations from their specific locations) which decreases with decrease in r,/r,.
The pyrochlore with lowest r,/r, prefers to undergo disordering to fluorite
structure rather than amorphizing. There have been other experiments on SHI
irradiation of pyrochlores or other potential candidates for IMF [8-10].

SHI irradiation of pyrochlores (one of the potential candidates of IMF)
reveal that pyrochlores with smallest value of r,/r, are most stable, whereas
those with largest value of r,/r are prone to radiation damage. This observation
is similar to what is observed for low energy ions where nuclear energy loss is
dominant.
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Figure 6.16: The XRD spectra of different pyrochlores after irradiation by 90 MeV 1

ions at a fluence of 10'® ions cm™. To begin with all the pyrochlores were perfectly

crystalline. [Reprinted from M.K. Patel, V. Vijayakumar, D.K. Avasthi, S. Kailas, J.C.

Pivin, V. Grover, B.P. Mandal and A.K. Tyagi, Nucl. Instr. and Meth., B 266 (2008)
2898 with permission from Elsevier.]

6.15 SUMMARY

Swift heavy ion irradiation of a wide variety of materials has been used to
study the modifications of their properties by ion matter interaction. One of
the important goals in materials science is to be able to design materials with
specific properties. Phenomenal developments in ion beam technology are
providing ways to tailor the properties in the desired direction to create the
materials required for specific applications.

When SHI penetrates a solid, it loses its energy predominantly through
inelastic scattering with electrons (Electronic energy loss, S.) and some through
elastic scattering with atoms (Nuclear energy loss, S,). For thin film with the
thickness smaller than the range of the ion, there is negligible loss due to elastic
collisions leading to smooth transfer of energy from the ion to the solid, which
is locked into electron excitations. This then gets coupled to the lattice which
results in the modification of material along the trajectory of the ion. Atoms
are pushed out of their normal position, molecules are split and ordered
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structures such as that of the crystal lattice are destroyed. In this process, a so-
called latent track is created by the ion. What happens to the material in the
path of the ion depends critically on the basic properties of the material. There
is a threshold value of S, for the formation of the track. A wide choice of ion
species and energies allows features which makes them very versatile probes
opening possibilities of modifying materials, to fine tune some properties,
tailoring the device characteristics, creating channels of modified refractive
index etc.

The conversion of the electronic energy into damage (modification) depends
strongly on the materials properties. Studying the detailed characteristics of an
ion track provides the information about the processes giving rise to its formation
in different materials ranging from metals to semiconductors and insulators.
Besides the threshold for the formation of track, size and the structure, the
transition zone from the central area of damage to the surrounding annular
region is of interest. By increasing the ion fluence, it is possible to create a
situation where the tracks overlap, then the physical and chemical properties
of the materials can also be altered on a macroscopic level to such an extent
that it can be considered a new material with new properties.

Since the defect creation and annealing are transient processes, probing of
these with dynamic studies of the S, induced effects and on-line monitoring of
the transient response of the system during irradiation under different conditions
are of immense importance from the point of view of engineering the properties
of materials with the ion beams.

Research so far is mostly aimed at a better understanding of the changes
produced in materials by ion beams. It is now gradually getting focussed on the
desired modifications in the properties of the materials to make them functional
for specific applications. Ultimately it will be possible to direct efforts towards
the development of improved materials and possibly completely new materials.

Present and potential application of ion beam for materials engineering
needs detailed understanding of ion matter interaction and the material in nano
region. Various types of non-equilibrium and non-linear conditions are produced
by ion matter interaction which can be exploited for producing new types of
materials. A deeper understanding of the nanoscale pattern formation could
lead to many useful applications.

SHI has unique feature of depositing high energy density along its ion
path which creates a narrow cylindrical zone of modified material significantly
different from its surrounding. This ion track is an amorphous zone in case of
most of insulators like polymers and ceramics, may have colour centres in
ionic crystals and small nanoclusters in Si-based gels and polymers, etc. These
nanometric size ion tracks have interesting properties of tremendous interest
because these are not achievable so efficiently by any other route.

Challenges in tailoring polymers and their composites for applications are
opening possibilities of using ion beam for producing low band gap polymer,
surface engineering of fillers in polymer nanocomposites, encapsulation of
thermoelectric devices, tailoring of biodegradable polymers, creating
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nanocomposites for biomedical applications, fabricating functional co-
polymers, tailoring structural, optical and electrical properties of MWCNT
nanocomposites etc. lon tracks (latent as well as etched) in polymers are of
importance for grafting of monomers of interest to achieve desirable properties.

Ion tracks in high Tc superconductor materials are crucial for flux pinning,
enhancing the current carrying capabilities at higher magnetic fields. lon tracks
in fullerene, DLC films and Si-based gels and polymers such as MTES, MPS
etc., are basically conducting cylindrical zones because these are either filled
up with conducting C clusters in case of MTES or they are conducting zones
due to transformation of material to conducting form of C. The field emission
properties of such conducting nanowires are of immense importance. In the
field emission properties the aspect ratio of conducting wire, inter-separation
of the nanowires and their parallelness are of importance. These parameters
are well controllable by ion beam parameters. For example, the aspect ratio
can be controlled by choosing the film thickness and the S, of the ion beam,
where film thickness defines the length of the nanowire and S, will dictate the
diameter of the nanowire. The inter separation of nanowire is controlled by ion
fluence. Ion tracks in silica can be used to control the size and shape of embedded
nanoparticles in nanocomposite thin films. Experiments have shown that the
size of embedded nanoparticles can be increased, if the inter particle separation
is small and can be reduced if the inter particle separation is large. The shape
of the embedded particles can be engineered as the aspect ratio can be changed
by the deposited electronic energy (S, x ¢). More experiments are required to
understand these transformations and their dependence on the ion beam
parameters. The plasmonic properties of the noble metal dielectric nano-
composites can be tuned by changing the shape of particles and modifying the
matrix.

Perpendicular magnetic anisotropy (PMA) in magnetic materials has been
of wide interest. For the systems with magnetic nanoparticles embedded in
silica matrix, the SHI irradiation induces perpendicular magnetic anisotropy
(PMA). There are open questions related to the aspects of elongation of magnetic
particles and its correlation with PMA, which needs to be addressed in the SHI
irradiation experiments. In GMR multilayers, there are possibilities of
engineering the interface in terms of smoothness, roughness and mixed layer,
which can control the PMA behaviour, by varying the electronic energy
deposition. The capability of SHI of dissolving the small magnetic metal clusters
in the semiconducting matrix is of interest from DMS point of view.

Large electronic energy density deposition in metals (except for some
exception like Fe) does not cause any effect due to high thermal and electrical
conductivity of metals resulting in fast smearing of electronic energy in the
system. However, it does effect metals if it is in nanodimensional form. For
example, bulk Au shows small sputtering under the impact of SHI whereas
thin Au film (~ 20 nm thickness) shows sputtering which is two orders of
magnitude larger than expected in bulk Au. The materials which are immiscible
and do not form compound by ion beam mixing can become miscible by ion
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beam mixing if the individual components are nanosize grains. The interaction
of SHI with nanodimensional materials is different from that of bulk which
needs to be investigated in detail. The experiments on electronic sputtering
and ion beam mixing for nanodimensional system are of great interest.

SHI can cause various phase transformations. The transformation from
crystalline to amorphous phase due to damage within the ion track is well
known but apart from this the phase transformation from crystalline to crystalline
(for example anatase TiO, to rutile TiO,), amorphous to crystalline and
formation of high pressure phases have been observed in and around ion track.
Thus apart from damaging action, SHI can cause crystallization (ion beam
induced epitaxial crystallization) and crystalline to crystalline phase
transformation (in some materials) can be achieved simply by tuning the ion
beam parameters. The ion beam parameters optimized for a given system for a
process do not hold good for another system due to difference in dissipation of
deposited electronic energy, which is due to differences in physical parameters
such as thermal conductivity, specific heat and electron phonon coupling.

The unique feature of high energy density deposition by SHI is of interest
to test the new materials under extreme conditions. SHI irradiation, on one
hand, provides conditions to simulate the conditions existing in reactor and on
the other hand high energy light ions [HELI] can provide conditions to simulate
the space radiation. The electronic chips and circuits prone to radiation damage
can be tested at the accelerator for the fail safe flight of satellite. In medical
field apart from synthesis of useful short-lived isotopes (by a few MeV light
ions) required in medical diagnostic, SHIs up to carbon and oxygen have been
shown to be useful in ion beam cancer therapy.

SHI is emerging as a very powerful tool for providing unique features to
the materials and for tailoring them for possible applications. At present it may
appear that these interesting possibilities will not be feasible for practical
applications when considered from their commercial viability. Development
of table-top accelerators for SHI will solve this problem. There are presently
very specific applications in sectors like space, defense and health care, which
are gradually increasing. Applications of swift heavy ions in various fields are
leading towards the research and developments in multidisciplinary science
and various technologies. Ion beams have unique role in the nanoworld. The
physics in this domain and the ion matter interaction have to be understood to
enable us to engineer the nanomaterials, including the bio-materials at the
cellular level.
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Appendix 1

Epitaxial Crystallization

Ion implantation process provided the ways to tailor the conducting properties
of semiconductors and thereby initiated the transistor revolution in electronics.
During implantation of the desired element in a semiconductor, ion-induced
collisions produce athermal atomic movements at and around the surface or
interface, which can be controlled by varying the temperature and ion-beam
characteristics, guiding the system between non-equilibrium and quasi-
equilibrium states. Subject to the ion implantation process, high degree of
damage formation due to collision cascades can lead to amorphization in
semiconductors like Si and Ge. At temperatures where defects are mobile and
interact, irradiation can lead to layer-by-layer amorphization, whereas at higher
temperatures irradiation can lead to the recrystallization of previously
amorphized layers.

Silicon-on-insulator (SOI) structure is used in the integrated circuits. SOI
refers to the use of a layered silicon-insulator-silicon substrate in place of
conventional silicon substrates in semiconductor manufacturing, especially
microelectronics, to reduce parasitic device capacitance and thereby improving
performance. SOI-based devices differ from conventional silicon-built devices
in that the silicon junction is above an electrical insulator, typically silicon
dioxide.

SOI structures are typically synthesized by implantation of oxygen ions in
silicon (at elevated temperatures), which gives rise to amorphization, introduces
roughness, and produces defects. Various annealing methods like furnace, laser
and electron-beam have been employed to either recover the damage or to
recrystallize the amorphous layers. In these processes annealing temperatures
greater than 1000°C are generally needed. With the reduction in the size of the
devices to submicron scales it has become a challenge to regain the lattice
structure at lower temperatures to avoid undesired diffusion of the dopants [1].
It can be achieved in silicon at lower temperatures (only a few hundred °C) by
simultaneous irradiation with energetic ions [2]. This recrystallization process,
achieved by ion-atom collision, is termed as ion beam induced epitaxial
crystallization (IBIEC).
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Ion beam induced epitaxial crystallization (IBIEC) has been shown to take
place in silicon and other materials at considerably lower target temperatures
than necessary for thermal annealing when performed under irradiation. Skorupa
et al. showed that amorphous Si layer deposited by chemical vapour deposition
on silicon substrate can be epitaxially recrystallized by IBIEC at 400°C by
implanting Si ions at 330 keV with a dose of ~1 x 10! em™ [3].

IBIEC provides a way not only to anneal the defects at low processing
temperature but has unique characteristics such as layer-by-layer and selective
area crystallization, and dynamic defect annealing. Ion energy is chosen such
that their projected range is well beyond the original amorphous/crystalline
interface [4].

Heera et al. [5] showed that the ion irradiation substantially reduces the
onset temperature of both the epitaxial layer regrowth and the random nucleation
of crystalline grains.

Low-to-medium energy IBIEC has been mainly ascribed to the migration
and recombination of defects (at the amorphous/crystalline (a/c) interface)
created by the elastic collisions between ions and target atoms. The role of
inelastic scattering processes on IBIEC was first pointed out by Nakata [6].
The inelastic electronic scattering of **Kr at energies of 0.5-5 MeV and 131:13*Xe
ions at energies of 1-5 MeV were used for IBIEC of amorphous Si layers on
crystalline Si substrate at 310-450°C. It was found that the crystallization rate
per unit vacancy (normalized crystallization rate) created by the elastic nuclear
scattering of the incident ion beam at the amorphous-crystalline (a/c) interface
is increased 40-50% by increasing the inelastic electronic scattering three to
four fold while maintaining the same elastic nuclear scattering conditions at
the a/c interface [7]. Sahoo et al. [8] comprehensively showed 100 MeV Ag
ion induced recrystallizataion of Si, where inelastic scattering process plays a
major role.

Swift Heavy lon Beam Induced Epitaxial
Crystallization (SHIBIEC)

Epitaxial recrystallization of 200 nm amorphous Si layers by swift heavy ions
(50 and 100 MeV Au®") was investigated by Rutherford backscattering
spectrometry and Micro-Raman spectroscopy [9]. Good epitaxial
recrystallization was observed in the range of 473-673 K, which is a lower
temperature regime as compared to the one needed for conventional solid phase
epitaxial growth of Si. The self ion (50 MeV Si) induced SHIBIEC showed
that the regrowth rate is higher as compared to 50 MeV or 100 MeV Au ions.
The enhancement in the regrowth rates shows a systematic dependence on the
S,/S, ratio. For 50 MeV Si ions, for which the S./S, ratio is about 3000, an
enhancement of an order of magnitude in the normalized regrowth rate is seen.
The mechanism of layer-by-layer growth of the amorphous layer involves
creation and migration of vacancies towards interface causing creation of large
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vacant spaces around the interface. These vacant spaces make the thermal
vibrations of Si atoms around the interface more free, as a consequence of
which, the redistribution and recrystallization of Si atoms occurs resulting in
the layer-by-layer epitaxial growth of the amorphous region. For swift heavy
ions a hot region around the ion track is created due to the very large electronic
energy loss. Vacancies created in this hot region migrate, increase the vacant
spaces at the a/c interface, and enhance the regrowth rate dramatically.

SHI induced recrystallization of materials has been studied extensively by
Som et al. [10-12]. SHIBIEC of a buried Si;N, layer was observed at
temperatures as low as 373 K, at energies where the projectile ions lose their
energy mainly by inelastic collision processes [13, 14]. Complete recrystal-
lization of silicon nitride layer, having good quality interfaces with the top-
and the substrate-Si, can be obtained this way at significantly lower temperatures
of 373, 423 and 473 K for O, Si and Ag ions, respectively.

Recent advances in the scaling down approach of microelectronic devices
have given rise to the possibility of using a combination of high-k dielectric
materials with high-mobility substrates. Germanium has higher carrier
mobilities than silicon (3800 versus 1900 cm? V! s™! for electrons and 1820
versus 500 cm? V! s7! for holes) and is thus attractive material.

Amorphous regions in Ge, produced by ion implantation, regrow epitaxially
in the solid phase well below its melting point. The regrowth related defects
are very stable ones in high-energy implants in Ge and can be removed only by
annealing at temperatures as high as 1123 K [15].

Benyagoub et al. investigated SHIBIEC by irradiating SiC with low and
high energy ions and also successively with both types of ions. Sequential
irradiations revealed that the damage formed by the low energy ion irradiation
can be readily removed by electronic excitations generated by SHI [16].

Som et al. [17] made extensive measurements to get the experimental
evidence of intense electronic excitation induced athermal crystallization of a-
Ge grown on crystalline Ge substrate by using 100 MeV silver ions to the
fluence of 1 x 10'*ions cm™. High-resolution transmission electron microscopic
(HRTEM) studies showed complete recrystallization of the a-Ge layer induced
by the Ag ions at room temperature. Cross-sectional TEM (XTEM) images
collected from various parts of the sample showed uniform morphology, which
is single crystalline in nature. This was further confirmed by the selected area
electron diffraction (SAED) patterns recorded at different regions in the sample.
The observed recrystallization results from the local transient melting due to
intense electronic excitation along the ion trajectory and is not because of bulk
heating of the sample by the ions. However, no signature of recrystallization in
a-Ge was observed when the samples were irradiated by 70 MeV Si and 100
MeV O ions. This indicates to a possible existence of a threshold S, value for
SHI induced recrystallization to take place in a-Ge. Thus, it is clear that room
temperature recrystallization of Group I'V semiconducting materials is possible
only by using swift heavy ions where high electronic excitation induced
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processes dominate. The irradiation by 150 MeV Ag ions induce recrystal-
lization in buried Si;N, and Si overlayer [18].

Results of various experiments in different conditions reveal that although

the phenomenon of SHIBIEC resembles the process of IBIEC, it differs from
it significantly. High recrystallization rate at low temperature can be accounted
for by a mechanism [19] based on the melting of the amorphous zoned through
a thermal spike process followed by an epitaxial recrystallization. The
conventional IBIEC is triggered by the atomic displacements generated by
nuclear collisions, while the effects in SHIIEC is related to the energy deposited
by the incoming ions into the target electrons leading to thermal spike process.
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Appendix 2

Sputtering

An energetic ion penetrating a solid causes electronic excitations and nuclear
collisions. Atoms are emitted from the surface if the energy transfer in
such collisions is enough to overcome surface binding energy. This emission
process of surface atoms by energetic ions is called sputtering. The average
number of atoms ejected from the target per incident ion is called the sputter
yield which depends on the ion incident angle, the energy of the ion, the masses
of the ion and target atoms, and the surface binding energy of atoms in the
target. For a crystalline target the orientation of the crystal axes with respect to
the target surface are relevant. Depending on projectile energy loss, different
scenario of sputtering occur, that include materials removal due to atomic
collision cascade due to nuclear energy loss, so-called “Nuclear Sputtering”
and “Electronic Sputtering” governed by the electronic energy loss process.
Nuclear sputtering and electronic sputtering are completely different processes.
Some ion-induced phenomena depend on the internal (potential) projectile
energy, particularly if this potential energy greatly exceeds the kinetic projectile
energy. The stored potential energy in a highly charged ion (HCI) can be quite
high and produce sputtering in insulators, which is known as the “Potential
Sputtering”.

Nuclear Sputtering

The nuclear sputtering is essentially kinetic sputtering, which is due to elastic
energy transfer from the ion to solid atom [1]. Any ion impinging on the solid
matrix knocks out atoms due to a series of collisions in its journey. Knocked
atoms may also remove other atoms from their lattice site due to secondary
collisions. Thus a collision cascade develops inside the lattice matrix. When
such cascades recoil and reach the target surface with an energy above the
surface binding energy, an atom can be ejected. If the target is thin on an atomic
scale the collision cascade can reach the back side of the target and atoms can
escape the surface providing sputtering ‘in transmission’ mode, if the energy
exceeds the surface binding energy.
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Nuclear sputtering has a lot of applications in different fields such as:
surface cleaning and thinning, thin film deposition, micromachining etc. The
controlled removal of material on an atomic scale from the surface by sputtering
is the basis of many analytical techniques which provide techniques to determine
the sample composition as a function of depth.

Potential Sputtering

Some ion-induced phenomena depend on the internal (potential) projectile
energy, particularly if this potential energy greatly exceeds the kinetic
energy of the projectile. The stored potential energy in a highly charged ion
can be quite high. The stored potential energy is equal to the energy spent in
removing a part, say ¢, of their Z electrons (Z being the projectiles nuclear
charge). This potential energy becomes very large for high values of ¢ (the ion
charge state). Upon surface impact this potential energy induces various inelastic
processes while the ion regains its missing ¢ electrons to again become fully
neutralized. The ion deposits its potential energy in a short time (typically
about 100 fs) within a small area (typically less than 1 nm?). In the course of
the neutralization of the highly charged ion (HCI) at the surface a multiply-
excited neutral particle with empty inner shells is formed, which is known as
the “Hollow Atom”.

Hollow atoms are short-lived multiply-excited neutral atoms which carry
a large part of their Z electrons (Z is projectile nuclear charge) in high-n levels
while inner shells remain (transiently) empty. This population inversion exists
for typically 100 femtoseconds during the interaction of a slow highly charged
ion (HCI) with a solid surface. For impact on insulator surfaces the potential
energy contained by hollow atom may also cause the release of target
atoms and ions via potential sputtering [2-5] which can cause the formation
of nanostructures on a surface. For metal surfaces, even rather sudden
perturbations of the electronic structure can occur without inducing any
structural modification while the excitation energy is being rapidly dissipated
in the target material.

The extent to which the electronic relaxation of hollow atom takes place
above or below the surface is closely related to the way it dissipates its large
potential energy. Emission of electrons and X-ray photons carries away a
fraction of the total potential energy originally stored in the highly charged
ion. The remaining part is deposited into the solid and converted into electronic
excitation of a small surface region. This electronic excitation causes
modifications in the material if it is insulating. For metal surfaces the excitation
energy gets rapidly dissipated in the target material without inducing any
structural modification. On certain insulator surfaces a quite dramatic increase
of the yields for total sputtering and secondary ion emission with increasing g
has been observed.
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Electronic Sputtering

The ejection of atoms due to the electronic energy loss is referred as the
electronic sputtering. It is caused by very high-energy or highly charged heavy
ions which lose energy to the solid mostly by electronic stopping power. Simple
and complex molecules can be ejected intact into the vapour phase when a
material is electronically excited by incident particles, which provides an
excellent probe to study the behaviour of condensed matter at high excitation
densities and has applications in fields as diverse as astrophysics and
biomolecular mass spectrometry [6].

Dependence of Electronic Sputtering on the Film Thickness

Electronically mediated sputtering in thin gold films with 200 MeV Ag ions
was studied with ex-situ thickness measurements of the film using X-ray
reflectivity technique. The sputter yield was observed to be a few orders of
magnitude higher as compared to that normally encountered in the regime of
elastic collisions and depends upon the film thickness as shown in Fig. A2.1
[7]. The increased number of oscillations in the irradiated sample is indication
of decreased thickness as compared to the unirradiated sample. Sputtering is
accompanied by a significant smoothening of the film surface and smearing of
the boundaries between the grains. A systematic decrease in sputtering yield of
carbon with increase in film (Cg/silicon) thickness was observed [8].
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Figure A2.1: The patterns of X-ray specular reflectivity of Au films of 15 nm before

and after irradiation by 200 MeV Ag ions with fluence of 1 x 10" jons cm™. [Reprinted

from A. Gupta and D.K. Avasthi, Phys. Rev., B 64 (2001) 155407, copyright (2009),
American Institute of Physics.]
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Figure A2.2: Two different regimes of sputtering as well as grain size vs film thickness

are shown. Sputtering yield decreases and grain size of pristine film increases with

increasing film thickness. The sputtering is enhanced about one order of magnitude for

film <100 nm. [Reprinted from Manvendra Kumar, S.A. Khan, Parasmani Rajput, F.

Singh, A. Tripathi, D.K. Avasthi and A.C. Pandey, J. Appl. Phys., 102 (2007) 083510,
copyright (2009), American Institute of Physics.]

The dependence of electronic sputtering yield on the film thickness was
studied in detail using LiF thin films of different thickness (10, 20, 40, 80, 160
and 265 nm) as shown in Fig. A2.2 [9]. It was found that the electronic sputtering
decreases with increase in the film thickness as was observed in case of thin
Au film. Two distinct regimes of thickness dependence of electronic sputtering
were observed. In the regime I, up to 50 nm thickness film, the yield was of the
order of 10® atoms/ion, whereas beyond this thickness the yield was an order
less (10° atoms/ion). It was observed that the yield is more sensitive to thickness
in regime I than in regime II. High sputtering yield in regime I is due to the
combined effect of reduced thickness and grain size, whereas the change in
yield in regime II is due to the change in grain size. Also the rate of change of
the yield is higher in regime I as compared to regime II. For the dependence of
grain size with film thickness, two distinct behaviours were also observed which
indicates effective role of grain size on the sputtering, as discussed earlier.

A series of experiments were performed on CaF, and BaF, and results
were compared with LiF thin films deposited on different substrates (glass,
fused silica and Si) [10]. The film thicknesses were 10 and 100 nm for LiF and
100 nm for BaF, and CaF, films. The Li/F sputter yields, calculated from ERDA
areal concentration versus fluence curves, were 2.3 x 10° and 6.2 x 10* atoms/
ion from 10 and 100 nm LiF films deposited on Si substrates, whereas they
were 7.4 x 10° and 1.9 x 10° for 10 and 100 nm LiF films deposited on glass



Appendix 2 239

substrates. The F and Ca sputter yields were 5.3 x 10% and 2.5 x 10* atoms/ion
for CaF, deposited on Si substrates and 1.7 x 10* and 8.1 x 10° for film on
glass substrate. The F and Ba sputter yields are 2.5 x 10* and 1.2 x 10* atoms/
ion in BaF, films deposited on Si substrates, while they were 8.3 x 10° and 4.1
x 10° atoms/ion for films deposited on glass substrates, respectively. No
significant difference in the sputtering yield was observed for films on glass
and fused silica substrates. The sputtering yield for film deposited on glass
substrate is nearly three times higher than that on Si substrate for all the
materials. The observed yields for different materials were compared as a
function of band gap of the bulk materials. The band gap of bulk LiF, CaF, and
BaF, are 14.2, 12.1 and 9.2 eV, respectively. It is clear that the yield increases
as the band gap of the material increases.

Insulating materials grown in form of thin films show higher sputtering
than that in the corresponding bulk. In thin films, the sputtering has strong
dependence on film growth and irradiation parameters. These parameters (grain
size and thickness of the film, substrate, irradiation species, energy and
temperature) greatly influence the rate of removal of material. The novelty of
these experiments is to use equilibrium charge state of the ions for sputtering.
For SHI induced surface and/or near-surface modifications of materials, the
charge state of the incident ions should be equilibrium charge state i.e. of the
order of effective charge defined in the electronic energy loss theory. To reach
equilibrium charge state, all the projectiles from the accelerator having +9
charge states were passed through a thin carbon foil. The charge state +25,
being the most probable in charge state distribution, was selected by dipole
magnet for the experiment. The energy losses of these ions were 15.4, 15.8
and 16.5 keV/nm in LiF, BaF, and CaF, crystals, respectively, and contribution
of nuclear energy loss is only up to 0.4%. During irradiation the layer thickness
and stoichiometry were continuously monitored by ERDA in reflection
geometry using a large area position sensitive detector telescope (LAPSDT)
[11].

The on-line ERDA analysis performed to measure electronic sputtering of
thin films by measuring the loss of material with the fluence and to quantify
interface modification by quantifying the changes at the interface with fluence
showed that the observations in electronic sputtering were qualitatively
explainable by the thermal spike model, and that interface modification was
quantitatively explained to be due to the diffusion of species during the transient
melt phase. Diffusivity so obtained in the measurements is in the range of
10 to 10° m? s”'. Such a high diffusivity is possible only for the molten state
[12].

Dependence of Electronic Sputtering on lon Velocity,
Charge State and Substrate

Ion velocity, charge state and substrate dependence of electronic sputtering of
fullerene (C,) was studied with thin films deposited on Si and glass substrates
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using Au and Ag ions of different energies. Slower ion having same electronic
energy deposition (S,) as compared to its high velocity counterpart erodes more.
Cyp films deposited on more insulating substrate shows higher sputtering yield
as compared to those deposited on Si substrate. No charge state effect was
observed in the electronic sputtering yield within the experimental error of the
setup [13].

Structural Effects on Electronic Sputtering

Structural effect on electronic sputtering of hydrogenated amorphous carbon
films on bombardment with 150 MeV Ag'*" ions were studied with on-line
elastic recoil detection analysis (ERDA) technique. A large erosion (~10° atoms/
ion) of C and H from hydrogenated amorphous carbon films (a-C:H) was
observed [14].

Angular Distribution of the Sputtering Yield

The angular distribution of the sputtering yield from highly oriented pyrolytic
graphite sample irradiated with a 130 MeV Ag beam was studied using a high
resolution ERDA set up. The maximum sputtering yield is observed at 53°,
falling rapidly to almost zero at 90°, with an average sputter yield of 5.5 x 10°
atoms/ion [15].

Electronic sputtering produces high sputtering yields from insulators, as
the electronic excitations that cause sputtering are not immediately quenched,
as they would be in a conductor. The yield of the electronically sputtered atoms
is higher normal to the sample surface and as a function of the electronic energy
loss (S,) of the projectiles, the total sputter yield follows a S5 law [16].

The angular dependence of electronic sputtering from HOPG with 120
MeV Au ion beam for three cases: from crystalline highly oriented pyrolytic
graphite (HOPG) for (A) normal and (B) 70° incidence and from (C) amorphous
carbon sample for normal incidence was studied in detail [17]. The sputtering
yield shows an anisotropic distribution for all the three cases studied. However,
the anomalous peak observed at 53° for normal incidence for HOPG sample is
found to shift to 73° when the sample is tilted by 20°. Similar study with
amorphous carbon sample shows no peak. The peaks observed in sputtering
yield distribution have been attributed to the crystalline structure of the sample
which allows the preferential release of pressure pulse along the crystal axis.
The high exponent of over-cosine distribution (rn = 3.2-3.8) signifies formation
of intense pressure pulse induced jet-like sputtering.

Importance of Nuclear Energy Loss in Electronic Sputtering

Effect of 100 MeV Au irradiation on embedded Au nanoclusters in silica glass
was analyzed using Rutherford backscattering spectrometry, transmission
electron microscopy and optical absorption spectroscopy [18]. At lower
irradiation fluence the high energy heavy ion irradiation has been found to
result in a loss in Au due to an outward movement of the NCs together with a
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growth in size. At the highest irradiation fluence, almost 80% Au was lost,
with only a few large NCs seen which had moved to the surface. These were
found to be of a deformed non-spherical shape. The amount of Au lost was
found to increase linearly with irradiation fluence indicating the movement of
Au to be not dominated by diffusion. The enhanced sputtering of Au under
SHI irradiation has been suggested to be due to collision cascades produced by
nuclear energy loss S, operating along with the inelastic scattering due to S,
[19].

Surface Modification by Electronic Spufttering

Swift heavy ions induced effects on optical (colour centres), structural and
surface (electronic sputtering and morphology) modifications, in nano-grains
LiF thin films were studied by glancing angle X-ray diffraction, optical
absorption, photoluminescence and elastic recoil detection analysis techniques.
Results show that grain size and irradiation temperature play a crucial role in
materials modifications as a function of fluence for the selected ion beam
parameters. Also for the first time, lamellae formation was observed in LiF
thin films after a high fluence irradiation of 5 x 10" ions cm™ at liquid nitrogen
temperature with 120 MeV Ag ions irradiation under grazing incidence (~10°)
[20].

Surface Structuring through the Electronic Sputtering

Structure dependence of electronic sputtering of a-C:H films by 80 MeV Ni®*
and 150 MeV Ag'** ion irradiations were analyzed from the characteristic
graphitic (G) and disordered (D) modes of Raman vibration [21].

Scanning force microscopy studies on the organic single crystals irradiated
with GeV energy ions reveal two different defect morphologies, i.e., either
hillocks or craters. The defect morphology depends exclusively on the electronic
energy loss of ions. For the same crystal namely, benzoyl glycine, hillocks are
produced at an energy loss less than 4 keV/nm, and above this value up to 15
keV/nm craters are produced [22].

Formation of nanoscale metallic structures by the impact of 200 MeV Au
ions on cupric nitride thin film surface was studied with on-line elastic recoil
detection analysis (ERDA) technique. A large depletion of N (~75% depletion)
from the films due to electronic sputtering effect was observed whereas the
copper content remains unchanged. The surface of the pristine film studied by
atomic force microscope (AFM) shows nanodimensional grain formation.
Conducting AFM (CAFM) measurements show that at certain regions
(10-30 nm) of the irradiated film surface a rapid rise of current (~9000 pA)
takes place. Enhancement of electron emission together with conducting
AFM measurements lead to the conclusion that conductivity of the surface
enhances due to formation of nanodimensional metallic zones under Au ion
impact [23].

15+
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Electronic sputtering of different allotropes of carbon (diamond, graphite,
fullerene, a-C and a-C:H) were studied under 200 MeV Au'®* ion irradiation.
Erosion behaviour is distinctly different in different allotropes as observed by
ERDA. Hardest known material diamond does not show any sputtering within
the detection limit of the experimental set up, whereas the soft polymers like a-
C:H shows highest sputtering yield (5.8 x 10° atoms/ion). Yields in case of
other allotropes are 1 x 10* atoms/ion (graphite), 3 x 10* atoms/ion (fullerene),
1.8 x 10* atoms/ion (a-C), respectively [24].

Energy dependent sputtering of nanoclusters from a nanodisperse target
of Au nanoparticles, prepared on Si substrate was studied at different ion
energies to analyze the synergetic effects of nuclear stopping and electronic
stopping [25].

Highly oriented pyrolytic graphite (HOPG) samples (Grade ZYB with
grain size ~1 mm) were studied with 150 MeV Au beam using scanning
tunnelling microscopy (STM) and scanning tunnelling spectroscopy (STS).
The formation of hillocks is observed for the samples irradiated with fluences
of 1 x 10" jons cm™, 1 x 10'? ions cm™ and 1 x 10" ions cm™ with typical
diameters of 6.2, 2.2 and 1.5 nm, respectively. No hillocks are observed for the
sample irradiated with fluence of 2 x 10'% ions cm™, though the formations of
small craters were observed. The formation of hillocks is attributed to nuclear
energy loss induced collision cascades near the surface. The reduction in hillocks
size and formation of craters at higher fluence is attributed to the electronic
sputtering from the surface. The STS studies of [-V characteristics show an
increasing ohmic behaviour with fluence which is attributed to increasing
metallic state for HOPG surface due to irradiation induced increase of carbon
bond lengths [26].

Ejection of ZnS nanoparticles from ZnS film on Au irradiation was studied
using transmission electron microscopy. No nanoparticle (NP) could be observed
on irradiation with 35 keV Au ions. However, 2—7 nm size NPs were observed
on MeV irradiations at room temperature. For particle sizes = 3 nm, the
distributions could be fitted to power law with decay exponents varying between
2 and 3.5. At 2 MeV, after correction for cluster breakup effects, the decay
exponent was found to be close to 2, indicating shock waves induced ejection
to be the dominant mechanism. The corrected decay exponent for the 100 MeV
Au irradiation case was found to be about 2.6 [27].

The study of the influence of grain size on electronic sputtering of LiF
thin showed a reduction in sputter yield with increasing grain size. The electrons
liberated in different directions from the ion track have different diffusion length
according to its energy. The motion of the electrons is affected by the smaller
grain size due to grain boundary scattering resulting in reduction in the mean
diffusion length of the electrons, which finally enhanced energy deposition
inside the grains and thus the sputter yield. From ERDA measurements,
reduction in the area concentration of F and Li due to ion bombardment with
fluence was observed indicating the sputtering of Li and F from the film. It
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was found that the Li and F are nearly equally present in the film before and
after sputtering, which showed the stoichiometric sputtering of LiF. The grain
size decreased from 58 nm to 22 nm with the decrease in the substrate
temperature from 500 K to 77 K, respectively, while the film thickness (150
nm) was kept constant for all the depositions. The reduction in sputter yield,
from ~5.5 x 10* to 7.1 x 10 atoms/ion, was observed with the increase in
grain size of the film [28]. The sputtering from LiF single crystal were measured
by Toulemonde et al. [29] using catcher technique and the yield of Li and F
was found to be about 17530 and 15790 atoms/ion, respectively, for ions having
electronic energy loss of 16.4 keV/nm.

Comparing the observed yield obtained in the films having different grain
sizes, it was observed that the yield (1.6 x 10* atoms/ion for F) in case of the
film having the grains of 46.8 nm is comparable to the existing results, while
in other cases there is huge difference in the sputter yield with change in the
grain size of the films.

The experimental results are assessed within the framework of thermal
spike model along with size effect in thin films and influence of substrate.
Reduction in the film thickness and the grain size can restrict the motion of the
excited electrons because of the scattering from surface and interface and grain
boundaries, respectively. So, the size effect can result in reduction of the mean
diffusion length, A, of the electrons resulting in increase in the deposition of
energy in confined region, which finally can enhance the temperature spike in
the thinner films/films having smaller grains. On the other hand, in smaller
grains and thinner films, the duration of thermal spike will be more because of
less out-diffusion. As a quantitative approach to explain the higher sputtering
yield in case of insulator substrate, inelastic thermal spike model can be applied.
As the range of ion (>15 um for all the cases) is more than the film thickness,
a thermal spike will be developed in the substrate also. This temperature spike
can increase the temperature generated in the film resulting in higher sputtering.
The temperature in Si substrate will smear out more efficiently due to its higher
thermal conductivity (nearly 40 times more than that of glass/fused silica) and
yield will be higher for glass/fused silica substrates. On the other hand, because
of amorphous nature of glass/fused silica, the electron-phonon coupling strength
will be stronger than that in Si, resulting in higher temperature rise in glass and
silica substrates supported by thermal spike model. The contribution from
temperature developed in substrate will enhance the yield and the sputtering
will be lower in case of the film deposited on Si substrate than that for glass/
fused silica.

Two exponents & for the size distribution of n-atom clusters, ¥(n) ~n,
were found in Au clusters sputtered from embedded Au nanoparticles under
swift heavy ion irradiation [30]. For small clusters, below 12.5 nm in size, &
was found to be 3/2, which can be due to a steady state aggregation process
with size independent aggregation. For larger clusters, a & value of 7/2 is
suggested, which might come from a dynamical transition to another steady
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state where aggregation and evaporation rates are size dependent. In the present
case, the observed decay exponents do not support any possibility of a
thermodynamic liquid-gas-type phase transition taking place, resulting in cluster
formation. The results imply that observables such as the sputtering yield may
be used as signatures of the fast electron-lattice energy transfer in the electronic
energy-loss regime [31].
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Appendix 3

Applications of the PIXE Technique

Proton Induced X-Ray Emission (PIXE), non-destructive elemental analysis
technique, has proved to be of immense importance in diverse areas such as
forensic science, bio-medical field, archaeological and environmental studies,
geochemical prospecting etc.

Normally PIXE samples are mounted inside a vacuum chamber and
exposed to the proton beam for measurements. It creates problems for
archeological large samples and biological targets. It is possible to extract the
beam outside the accelerator beam line and plan measurements at atmospheric
presure with appropriate modifications, i.e. PIXE with External Beam.

Availability of micro-focussed proton beam has opened up a new horizon
for exploiting PIXE technique in many disciplines. PIXE using micro-focussed
beams, called Micro-PIXE, gives additional capability of microscopic analysis.

Trace Elements in Water

Elemental composition of water is of great importance as it is the prime source
of the trace elements essential for the growth of living organisms. A systematic
study of river water samples collected from various places in the Indo Gangetic
valley (River Ganges) was done. The trace levels of several elements increase
as one goes down the stream and pass through cities [1]. Concentrations of
certain heavy elements are large near industrial areas and decrease downstream
[2]. Samples from a hot spring, well known for its curative properties for skin
diseases contain large S content, a main constituent of several skin medications.
A comparison of the trace levels in various mineral water samples was carried
out by Kennedy et al. [3].

A study of the drinking water from Salt Lake City, a residential locality in
Kolkata, India, was done using a chelating agent (NaDDTC) for the pre-
concentration of the trace elements. A large number of elements, namely Ca,
Ti, Mn, Fe, Co, Ni, Cu, Zn, As, Sr, Ba, Tl and Pb were analyzed [4]. In a
similar study at Chandigarh [5], the main pollutants in the river samples around
Patiala District in Punjab were found to be K, Ca and S with the relative
percentage of K as maximum.
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Bolormaa et al. [6] investigated the effect of mining activity on the
environment by studying the heavy metal contents in the Boroo River water
samples collected in mining area of Mongolia. Similarly, Saleh [7] carried out
investigations on trace metal contamination in drinking water in Jordan.
Quinones et al. [8] used the PIXE technique with the objective of characterizing
and monitoring of the trace elements in the water of Sdo Francisco River, as
well as to provide valuable information about the levels of metallic ions
pollutants.

Analysis of Human Hair Samples

Hair is the most easily accessible biological tissue. It contains trace elements
which reflect metabolic changes in the body over long periods of time. Also,
continuous exposure to environment leaves an imprint of atmospheric pollutants.
The elemental composition of hair vary greatly from individual to individual
and with geographical location. Varier et al. [9] studied whether the elemental
content exhibits any systemetic pattern for members of the same family and
for different families in comparable environment and nutritional background.
Hair samples from the different parts of the head of the same person and from
different persons were subjected to PIXE analysis. The standard deviations in
the estimated trace levels were about 17-28% in samples from same person
and about 30% to 69% in samples from different individuals.

It was found that the zinc content remains constant along the length of the
hair and is not governed by external pollutants but by internal metabolism.
Concentration ratios of all elements in the samples relative to Zn were extracted
from the data. Following are a few results from the study:

e Mn/Zn and Fe/Zn ratios are higher in the family from rural areas.
e Females were found to have higher Cu/Zn ratio.
e Married females were found to have higher Pb/Zn ratio.

No definite trend in the copper content of black hair (blackness due to a
copper containing pigment called melanin) versus grey hair is found. The reason
may be that other sources of copper content may mask the copper in melanin.
It was observed that married women have more lead in their hair, probably due
to the kumkum they apply on their foreheads.

Small scale miners in the mountainous regions of Benguet Province in the
Philippines extract gold using a method which involves the use of mercury, via
amalgamation. In the separation of gold from mercury the method involves
the release of mercury vapour into the atmosphere. This is therefore expected
to affect the people living in the nearby areas, which was investigated. This
study involves the accumulation of baseline data on the extent of mercury
contamination in humans through the analysis of their hair [10]. In 1989, Hursh
et al. [11] studied human volunteers and found that uptake of mercury vapour
through the skin is only about 1% of the uptake through inhalation [12]. In this
light, any residual mercury which might have deposited in human hair is
speculated to give an indication of how much mercury vapour the subject could
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have actually inhaled. A high concentration of mercury in the sample can
therefore be indicative of the high rate of intake of the mercury vapour through
inhalation.

Arsenic pollution in Bangladesh and Japan was studied using hair samples
by Habib et al. [13]. The results show markedly higher levels of arsenic,
manganese, iron and lead where the later three elements show a positive relation
with arsenic in the case of Bangladeshi as compared to the samples from Japan.
On the other hand, selenium concentrations show very low level in the
Bangladeshi samples compared to Japanese, displaying an inverse relationship
with arsenic. Sera et al. did quantitative analysis of untreated hair samples for
monitoring human exposure to heavy metals. It was found that the concentration
of mercury and arsenic in hairs taken from different parts of a body does not
show significant difference, demonstrating that the concentration in hairs are
good index for an estimation of human exposure to these toxic elements [14].

Forensic Science Studies

Elemental analysis has been found to be quite helpful in the identification of
crime related samples, with possibility of identifying the criminal. For example,
in cases of gunshot firing, the type of bullet and distance of firing are important
parameters. The bullet carries along with it a part of the primer, gun powder
and also a part of the material of the gun itself. Some of these get deposited
around the bullet hole on the body of the victim. An analysis of the radial
distribution of these elements (Sb, Ba, Cu, Pb and Fe) can be helpful in this
respect. Laboratory simulated samples analysed for the gunshot residues by
the PIXE technique shows clearly the dependence of the radial distributions of
the various elements on the distance of firing [15]. Representative results for
Pb are shown in Fig. A3.1.
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Figure A3.1: Relative intensities of Pb detected as a function of distance from the

centre of bullet hole. Each curve corresponds to a different firing distance as specified.

[Reprinted from S. Sen, K.M. Varier, GK. Mehta, M.S. Rao, P. Sen and N. Panigrahi,
Nucl. Instr. and Meth., 181 (1981) 517 with permission from Elsevier.]
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The non-destructive characteristic of PIXE has proven to be extremely
valuable in the area of forensic applications. Samples can be analyzed
maintaining their integrity. For example, bone samples from a victim in order
to determine the presence of lead and samples returned to the court as evidence.

Warren et al. [16] used PIXE analysis in two forensic contexts: (1) case of
cremation in which the nature of the remains is questioned and (2) cases of
death by gunshot wound. In the first case, elemental analysis by PIXE revealed
that the purported cremated remains are not bone, and in the second that
radiopaque metallic residue embedded in bone is composed of lead from a
projectile.

Other crime related samples subjected to the PIXE analysis include
typewritten papers, nails, hair, blood stains etc. [17].

Geochemical Prospecting

Geochemical studies are largely concerned with establishing the distribution
patterns of elements or group of elements, and classifying the laws governing
these distribution patterns in natural systems. Mineral deposits represent
anomalous concentrations of specific elements, usually within a relatively
confined volume of the Earth’s crust. Most mineral deposits include a central
zone, or core, in which the valuable elements or minerals are concentrated,
often in percentage quantities, to a degree sufficient to permit economic
exploitation. The valuable elements surrounding this core generally decrease
in concentration until they reach levels, measured in parts per million (ppm) or
parts per billion (ppb), which appreciably exceed the normal background level
of the enclosing rocks. These zones or halos afford means by which mineral
deposits can be detected and traced; they are the geochemical anomalies being
sought by all geochemical prospectors. The use of trace elements as indicators
of geochemical processes provides an excellent way.

A large number of samples of the U.P. State Geology & Mining Department
in India from eight regions spread over several kilometres in Kumaun Hills
were analyzed [18]. It was concluded that Koirali region has good prospect for
tungsten mining and indicated presence of uranium in Kuria Hill in Mirzapur
district. A few samples from Orissa Mining Corporation indicated presence of
Pt and Mo in the specimens from Sukinda Valley.

Ahmed [19] analyzed geochemical samples by the micro-PIXE technique
of gold-bearing rocks, phosphorite ores and volcanic sediments. Elemental
composition and distribution maps across single mineral grains, fluid inclusions,
grain boundaries and matrices were measured. Frietas et al. [20] studied the
serpentinophytes from north-east of Portugal for trace metal accumulation and
to study its relevance to the management of mine environment. Ryan et al. [21,
22] carried out quantitative PIXE microanalysis of geological material using
the CSIRO proton microprobe.
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Archaeological Studies

Ancient cultures had developed highly sophisticated techniques manifested in
beautiful artworks. For example pigments used in mural paintings provide very
significant information. Ancient Indian coins made of Cu and Ag of Hindu
Sahi dynasty (990-1015 AD) were analyzed. The presence of trace elements
like Ti, Cr, Ni, Fe and Pb provides information about the source of Cu as from
Khetri mines in Rajasthan. Analysis of metallic compositions of coins can
provide valuable information regarding coin minting, methodology, provenance,
art, culture and economics of the minting time [23, 24].

External proton induced X-ray emission (PIXE) is a good scientific method
for nondestructive analysis of coins preserved in museum. Ten Kushana copper
coins (3rd and 4" century AD) from the Orissa State Museum, Bhubaneswar
were analyzed by using an external beam PIXE [25]. The study reveals that
copper is the main constituent of the coins, with minor/trace elements like
titanium, iron, nickel, zinc, lead and bismuth.

A quantitative analysis of an ancient statue was performed by external
beam proton induced X-ray emission for the purpose of identifying its
originality. The elemental composition of the statue is compared with that of
several samples with definite ages. The analysed elements were Fe, Cu, Ag,
Au and Hg for gold coating and Fe, Ni, Cu, Zn, As, Ag, Sn, Au, Pb and Bi for
bronze body [26-28].

Sanchez del Reo et al. [29] applied the PIXE technique to the analysis of
blue pigments contained in several Mesoamerican mural samples. Problems
concerning the determination of technology and provenance of archaeological
metals have been studied by PIXE and XRF by M.F. Guerra [30]. Bugoi et al.
[31] have utilized a micro-PIXE set up for the study of the metal provenness of
gold archaeological samples.

Bio-Medical Applications

The importance of trace elements in biomedical processes has been recognized
but the details in which it manifests their biological role needs detailed study.
Blood, tooth, nail, hair etc. have been investigated. However, most of these
have been of exploratory type. As an example, blood samples of rheumatoid
and non-rheumatoid group patients were analyzed as a part of a student project
of the Medical College in Kanpur. It was found that Zn level is relatively high
for non-rheumatoid group [32]. A patient lying in coma in the All India Institute
of Medical Sciences in New Delhi was suspected of Hg poisoning but no
technique was available to test the diagnosis. PIXE analysis done in IIT Kanpur
helped the diagnosis and monitoring the progress of the treatment [32].
Quantitative analysis of lead levels in blood is important from the point of
monitoring the effect of environment pollution on the human health. PIXE
facility in the BARC laboratory in Mumbai was used to determine the blood
lead levels in children admitted to hospital in Mumbai with suspected lead
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poisoning, ascribable to environmental pollution from heavy vehicular traffic
and industrial sources. The lead concentration in the blood samples of the
patients varied from 10 to 600 mg/dl.

The samples were grouped on the basis of clinical findings such as
hypochromic microcytic anaemia, gastrointestinal symptomology,
encephalopathy of unknown actiology, mental retardation and pica. The samples
having significantly elevated (> 140 mg/dl) blood lead levels belonged mostly
to the patients of encephalopathy, pica and anaemia groups [33].

Trace elemental analysis was carried out in the biological samples of cancer
afflicted intestine [34]. It was found that the concentration of the elements Cr,
Fe and Ni are higher in the cancerous tissue of the intestine than those observed
in the normal tissue, whereas the concentration levels of the element Zn is
slightly lower in the cancer tissue of intestine than that observed in the normal
tissue. The concentrations of S, Cl, K, Ca, Ti, Mn, Co and Cu in the cancer
tissue of the intestine are in agreement with those observed in the normal tissues
within standard deviations. The present results support the belief that Ni and
Cr are carcinogenic agents. The observed slightly low levels of zinc in the
cancer tissue of the intestine suggest that zinc could possibly inhibit the tumour
growth and development of neoplastic transformation. Trace elemental
correlation studies in human malignant and normal tissues in different parts
has been studied using PIXE technique [35-38].

Trace element changes in tissues of experimental animals (rats) as a result
of liver necrosis or cirrhosis and the determination of the regional distribution
of trace elements in the human brain have been done by Maenhaut et al. [39].

Trace elemental analysis was carried out in the tissue samples of normal,
benign hypertrophic and carcinoma prostate using 3 MeV proton beam of
Institute of Physics, Bhubaneswar. It was observed that in benign tissues the
concentrations of Cl, K, Zn and Se are lower and those of Cr, Fe, Ni and Cu are
higher than in normal tissues. The concentrations of K, Ca, Zn, Se and Br are
lower and those of Ti, Cr, Mn, Fe, Ni and Cu are significantly higher in cancerous
tissues than in normal tissues. Free radicals generated by elevated levels of Cr,
Fe, Ni and Cu possibly initiate and promote prostate cancer by oxidative DNA
damage. The excess Cu levels in cancerous tissues support the fact that Cu
promotes cancer through angiogenesis. The higher levels of Fe observed in
cancerous tissues might be a consequence of tumour growth through
angiogenesis. Significantly higher levels of Ni and Cr observed in carcinoma
tissues support the well established role of Ni and Cr as carcinogens. It is
likely that the observed low levels of Zn and Se in cancerous tissues lead to the
development of prostate cancer owing to a decrease in antioxidative defense
capacity and impaired immune function of cells and also suggest that the
inability to retain high levels of Zn and Se may possibly be an important factor
in the development and progression of malignant prostate cells [40, 41].
However, in order to substantiate the observed elevated or deficient levels of
trace elements in initiating, promoting and inhibiting prostate cancer, several
cellular and molecular studies are required.
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The role of some trace elements in the formation of gallstones was
investigated. It was observed that 14 minor/trace elements, namely S, Cl, K,
Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br and Pb, were present in the cholesterol
stone samples. The average concentration of Fe in south Indian (Chennai region)
gallstone samples (503.4 ppm) is about 2.5 times more than that of the east
Indian gallstone samples (205.0 ppm), whereas the concentration of Fe is still
higher in other parts of south India (848.2 ppm) [42]. The higher concentration
of Cu (in some parts of south India except the Chennai region) and Fe in south
Indian cholesterol stone samples may be due to the intake of tamarind (Garcinia
camborginia) as their regular food. The thermogravimetry curves provided
information on the thermal decompositions of cholesterol stones.

The iron content in human alveolar macrophages has been studied by Corhe
et al. [43] to investigate the clinical usefulness of the PIXE technique in
occupational respiratory medicine and in various pulmonary diseases. Surgically
excised malignant and normal tumours of breast tissue were subjected to PIXE
investigations by Vatankhah et al. [44]. Statistically significant differences in
the trace levels were noted between malignant and normal tumours.

PIXE using micro-focussed beams, called MicroPIXE, gives the additional
capability of microscopic analysis. It can, for example, quantify the metal
content of protein molecules. It is being utilized, for example, in Columbia
University for trying to correlate trace element deficiencies with Alzheimer
disease. Trace elements, such as Fe, Mn, Zn and Co, form the active centres of
enzyme proteins and play important roles in their biochemical functions.
Fluctuations in these elements affect the function of living tissues. Each tissue
and organ has different patterns of trace elements. The micro-PIXE system at
Tohoku University Japan [45], developed by Ishii’s group, enables to obtain
two-dimensional images of tracer elements in tissue slices with high spatial
resolution. When combined with microbeam scanning of a sample surface, the
PIXE method provides the spatial distribution of the elements in a cell. Two-
dimensional maps of elemental compositions can be generated by scanning
the microPIXE beam across the target.
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Applications of RBS and ERDA

Introduction

The impingement of ions on solid results in scattering of ion, producing recoil,
emission of photons such as X-rays, gamma rays and visible light, emission of
gases for polymer targets, etc. All these events are utilized by developing
techniques for the characterization of materials. The scattering of incident ion
and the complementary event i.e. recoils are used in these techniques. Elastic
recoil detection analysis (ERDA) is used for light elements depth profiling
and Rutherford backscattering spectrometry for depth profiling of high Z
elements. Some examples of these techniques are described here.

Rutherford Backscattering Spectrometry (RBS)

Compositional Analysis

The determination of stoichiometry of thin films is one of the major uses of
RBS. It has been used very effectively in the determination of the metal content
in metal dielectric nanocomposite thin films [1-5]. One such example is given
here [6]. A typical RBS spectrum for the Au-silica nanocomposite thin film
(Au nanoparticles embedded in silica) is shown in Fig. A4.1 for the films with
two different Au content (10 at% and 20 at%). The peak in higher energy
region of scattered o particle represents Au with two different contents. At
lower energy, two edges correspond to the Si of the substrate and Si in silica of
the nanocomposite thin film. A small peak riding over the plateau region
corresponds to oxygen in silica in the nanocomposite thin film. The information
of metal content in the noble metal silica nanocomposite thin film is useful in
simulating the surface plasmon resonance, where metal content is one of the
input parameters for simulation.

lon Beam Mixing

RBS is one of the most effective tools for the interface analysis for the ion
beam mixing experiments [7-18]. One example is discussed here [19].
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Figure A4.1: RBS spectra of Au-silica nanocomposite thin film. [Reprinted from Y.K.

Mishra, S. Mohapatra, D.K. Avasthi, D. Kabiraj, N.P. Lalla, J.C. Pivin, H. Sharma, R.

Kar and N. Singh, Nanotechnology, 18 (2007) 345606 with permission from Institute
of Physics Publishing Ltd.]
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Figure A4.2: RBS spectra of pristine and SHI (120 MeV Au ions) irradiated sample of

Ni deposited on Teflon. Asymmetrical broadening and shift of the low energy edge of

Ni peak indicates strong mixing. [Reprinted from Jai Prakash, A. Tripathi, S.A. Khan,

J.C. Pivin, F. Singh, Jalal Tripathi, Sarvesh Kumar and D.K. Avasthi, Vacuum, 84 (2010)
1275 with permission from Elsevier.]



Appendix 4 257

RBS spectra of the pristine and the irradiated Ni/Teflon system (Ni thin
film deposited on Teflon polymer sheet) are shown in Fig. A4.2 [19]. RBS
spectrum of the pristine film has a low energy edge which correspond to F
present in Teflon, whereas the peak at higher energy corresponds to Au. The
RBS spectrum of irradiated sample has F edge extending as tail towards higher
energy while the low energy edge of Au extends towards lower energy region
which indicate that the irradiated sample had mixed region of Au and Teflon.

When interface in a multilayer is to be analyzed in which the layer thickness
is smaller than the resolution (~10 nm) of RBS, one requires high resolution
RBS. For example, the interface of SHI C,/a-Si multilayer deposited on Si is
examined by high resolution RBS using an electrostatic deflector. The high
resolution RBS spectra recorded for pristine and SHI irradiated films are shown
in Fig. A4.3 [20].

Counts (arbitrary unit)

== Data Pristine
- - Data 120 MeV Au
- @ Dala 350 MeV Au

SIMNRA fits

I T T T T T T T
1250 1300 1350 1400 1450 1500 1550 1600 1650

Energy (keV)

Figure A4.3: High resolution RBS spectra of pristine and SHI irradiated multilayer of

Ceo/Si. [Reprinted from S.K. Srivastava, D. Kabiraj, B. Schattat, H.D. Carstanjen and

D.K.Avasthi, Nucl. Instr. and Meth., B 219-220 (2004) 815 with permission from
Elsevier.]

Nuclear/Electronic Sputtering

The sputtering measurements of thin film are studied very effectively by
measuring elemental composition of pristine and irradiated samples using RBS
[21, 22]. The RBS spectra of pristine and 100 MeV Ag ion irradiated (at a
fluence of 10'* ions cm™) Au film are shown in Fig. A4.4(a). The metal content
clearly decreases with increase of SHI fluence, revealing SHI induced electronic
sputtering. The decrease in film thickness with such low fluence is an indication
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of large electronic sputtering due to nano dimensional film thickness. RBS
spectra for pristine (of the same thickness as in previous case) and 50 keV Si
ion irradiated Au film at a fluence of 10' jons cm™ are shown in Fig. A4.4(b).
The decrease in peak is due to loss of Au because of nuclear sputtering. The
same film under SHI irradiation results in decrease in Au film thickness at a
fluence of 10'3 ions cm™, showing a large sputtering due to electronic energy
loss. Thus electronic and nuclear sputtering are determined by RBS.
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Figure A4.4: RBS spectra of the pristine and irradiated Au thin film on glass (a) for
SHI with 100 MeV Ag ions and (b) for low energy with 50 keV Si ion.
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RBS Channelling

RBS channelling is a unique way to measure strain in strained layer superlattice
(SLS). An experiment to study the modification of strain in SHI irradiated
hetrostructures (InGaAs/GaAs), reveals that the compressive strain decreases
with ion fluence without loss of crystallinity [23]. The modification in strain
with SHI irradiation results in controlled modification in optical properties.
RBS channelling revealed that SHI irradiation can induce strain in an initially
lattice matched system and can result in decrease in the compressive strain in
an initially strained system without effecting the crystalline/interface quality
[24]. Experiments of RBS channelling at room temperature and low temperature
are capable of probing the atomic vibrations in lattice. RBS channelling is an
effective tool to study ion induced epitaxial crystallization [25].

H Depth Profiling by Conventional ERDA

Correlation of H Content with the Microstructure

Hydrogen contributes to the carbon sp® or sp? bonding, which in turn affects
the hybridization of carbon-carbon atoms during growth leading to graphitic
or diamond-like character. Further, the microstructure of a-C:H films is
intimately related to the total H content and the nature of C—C and C—H bonds
in the films. ERDA provides an excellent technique for studying the correlation
of hydrogen content with the microstructure of a-C:H films [26].

Dependence of Hardness on H Content

The depth profiling hydrogen in thin diamond-like carbon (DLC) films produced
using dc glow discharge decomposition of acetylene show that high hardness
DLC films have a low hydrogen content and higher thermal stability [27].

lon Induced Delamination

Delamination of CVD diamond films deposited on Si substrates was studied
with MeV He ions. It is found that film gets delaminated during 1.5 MeV He"-
ion irradiation. In-situ monitoring of hydrogen, during irradiation, using ERDA
provides a way to estimate the threshold ion fluence for exfoliation to occur [28].

H Depth Profiling of Diamond Films

H profiling in diamond film grown by hot filament CVD and microwave CVD
for different deposition pressure gave valuable information on the mechanism
of growth of diamond films [29].

H Depletion from KH,PO, Under He*-ion Bombardment

Hydrogen depletion was probed in the optoelectronically important insulating
material, KH,PO, (KDP). It was found that depletion of hydrogen occurs
under He "-ion bombardment [30]. Investigation of the effect of Au of varying
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thicknesses showed that a 6 nm Au layer on KDP acts as a barrier and reduces
the depletion of hydrogen from the sample by a considerable amount. These
results provide insight into the ion beam induced structural and compositional
changes in these materials to tailor their properties.

lon Track Radius by H Loss Measurements

The diameter of the track produced by the ion is a quantity of interest for the
understanding of basic ion insulator interaction. There have been attempts to
measure the track diameters by scanning force microscopy and other state-of-
the-art surface morphology probing equipments. A novel approach was
demonstrated by the measurement of H loss during ion irradiation by the on-
line elastic recoil detection analysis [31].

Swift heavy ion irradiation leads to decrease in hydrogen content in
hydrogen containing materials. The hydrogen loss can be further correlated
with other chemical transformations in these materials by the online-ERD
measurements. For example, it was shown that 120 MeV Au irradiation of
400-500 nm thick films of methyltriethosilane on silicon substrates led to
hydrogen loss from a narrow cylindrical zone which caused formation of C
rich cylindrical zones [32].

Effect of Incident lon Charge State on H Loss

The effect of charge state on hydrogen loss from polypropylene (PP) and
polyethylene terephthalate (PET) foils was studied by online-ERD using 130
MeV Ag ions with 117, 14" and 25" charge states (g). It is known that the swift
heavy ions with different charge states deposit different amount of energy in
the first 10 nm or so while travelling in the material. This small thickness was
not resolvable by the detection system and hence top 100 nm were considered
for comparison. Hydrogen release cross-section from top 100 nm was found to
vary as ¢", n being 2.98 and 1.94 for PP and PET respectively. The radii of ion
tracks formed was also found to depend on the charge state [33].

H Depth Profiling in Pr-Pd Layers

The role of ion tracks formed in Pr-Pd layers on an all-round enhancement in
the hydrogenation properties of these films was investigated with 120 MeV
Ag™'? jons. Same ion beam was used to record hydrogen concentration in
hydrogenation (absorption of hydrogen) and dehydrogenation (removal of
hydrogen by creating vacuum) processes of these films by ERDA. The
hydrogenation property has been found to be strongly influenced by the ion
fluence. About 17.8% increase in the hydrogen stoichiometry value during
hydrogenation, near maximal removal (about 31%) during dehydrogenation
was observed for the highest ion fluence. Non-equilibrium structural changes
during ion irradiation leading to the formation of nanotracks throughout the
film thickness may provide two-way transport routes for H diffusion. This
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study provides a novel methodology of improving the hydrogenation properties
of materials [34, 35].

The hydrogenation properties of nanoparticle Gd (grain size ~8 nm) and
nanocrystalline Gd samples (grain size ~30 nm) were studied by ERDA [36].
The nanoparticle sample exhibited a larger difference in the stoichiometry ([H]/
[Gd]) values (2.9 and 1.7) in comparison to polycrystalline sample (2.4 and
2.0) in the hydrogenated and dehydrogenated states respectively.

H Depth Profiling in NEG Strip

Hydrogen depth profiling of Non Evaporable Getter (NEG) material (an alloy
of 'V, Fe and Zr) was performed in transmission geometry [37]. H recoil spectra
of pristine and used NEG strip is shown in Fig. A4.5. NEG has the property of
absorbing the gases after its activation and is, therefore, of interest in vacuum
technology for its use as pumping device. Since hydrogen is one of the most
dominant residual gases in vacuum, an experiment was performed to quantify
the absorbed H in NEG strip used in vacuum pumping and in the pristine NEG
strip.
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Figure A4.5: H recoil spectra of pristine and used (for vacuum pumping application)
NEG strip. [Reprinted from D.K. Avasthi, Material Science Forum, 248-249 (1997)
405 with permission from Trans Tech Publications. ]
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Stoichiometric Analysis of a-SiN,:H Thin Film by ERDA

Stoichiometric analysis of a thin a-SiN,:H film on Fe substrate was performed
[38]. A film on Fe substrate instead of Si substrate because of the interest
to detect the content of Si along with other elements in the film and the
recoils from Fe were stopped in stopper foil [38]. The sample was tilted at an
angle of 20° and detector was kept at 34° with a stopper foil of 6 um in front of
it to stop unwanted scattered Ni ions and Fe recoils. The recoil spectrum is
shown in Fig. A4.6 clearly distinguished recoils of H, N and Si and the film
composition of H, N and Si were estimated as 3.8 at.%, 20.4 at.% and 75.7
at.% respectively.
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Figure A4.6: ERDA spectrum of a-SiN:H thin film using a stopper foil in tilted sample.
[Reprinted from D.K. Avasthi, M.G. Acharya, R.D. Tarey, L.K. Malhotra and GK.
Mehta, Vacuum, 46 (1995) 265 with permission from Elsevier.]

Impurities in Thin C Foil by Conventional ERDA

The impurities in self supporting thin foil, used in nuclear physics experiments,
were determined by ERDA in transmission geometry [39]. The recoil spectrum
at 30° from a thin C foil for 10 MeV 2’ ions, indicating the impurities (N, O,
Na and Cl) is shown in Fig. A4.7. The scattered ions do not reach the detector
placed at 30° as the maximum scattering angle for >’I on !2C is 5.4°.
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Figure A4.7: ERDA of a thin C foil using 100 MeV I ions, showing light mass impurities,

which is possible only for self supporting thin film of a few tens of nm. [Reprinted

from Jaipal, D. Kabiraj and D.K. Avasthi, Nucl. Instr. and Meth., A 334 (1993) 196
with permission from Elsevier.]

Simultaneous Detection of Several Light Elements ERDA
Using Telescope Detector

ERDA with conventional detectors provide the required information when the
sample has elements with well separated masses. If the sample has elements
with neighbouring masses, the recoil energies overlap and it becomes difficult
to distinguish them. In such a situation, the particle identification techniques
are utilized for the discrimination of different elements [40-42]. There are
different possible configuration for telescope detectors. Transmission type thin
solid state detector as AE detector and thick solid state detector as E, . detector
is the simplest choice. But the solid state detectors are prone to radiation damage
and thus have limited life in experiments. Second choice is to use a gaseous
detector (which can be designed and fabricated according to the requirements)
for AE along with a solid state detectors as the E .., detector. Third choice is to

rest
use the gaseous detector for both the AE and E., detectors. Important feature
and advantage of gaseous telescope detector is its being insensitive to radiation
damage, rugged and can be fabricated indigenously. The telescope detectors
are in use in major laboratories where SHIs are used for materials science such

as LMU Munich [43], ITUAC New Delhi [44], GSI Darmstadt [45], ANU
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Figure A4.8: ERDA using a telescope detector showing the capability to distinguish

light element in thin film of DLC on a Si substrate. [Reprinted from D.K. Avasthi, D.

Kabiraj, A. Bhagwat, GK. Mehta, V.D. Vankar and S.B. Ogale, Nucl. Instr. and Meth.,
B 93 (1994) 480 with permission from Elsevier.]

Canberra [46] and Rossendrof Dresden [47]. Figure A4.8 is a two dimensional
(AE-E) ERDA spectrum [48] of a diamond-like carbon (DLC) film using such
a telescope detector and 90 MeV Ni ions, which clearly shows the presence of
N and O. The recoil energies from the surface of the sample for C, N and O
recoils are well distinguished in the spectrum.

Need of Large Area Position Sensitive Telescope
Detector in ERDA

Since there are possibilities of modification of sample in high energy heavy
ion ERDA due to large S,, it is desirable to record the recoil spectrum with
sufficient statistics using only a small fluence. To accomplish this objective, it
is necessary to increase the solid angle of the telescope detector. However, the
increase in the solid angle of the detector results in larger kinematic broadening,
which in turn hampers the depth resolution. This problem is overcome by using
a large area position sensitive detector and making kinematic correction by
software utilizing the position of detected recoils [49]. The advantage of this
approach is to increase the sensitivity without compromising the depth
resolution. A schematic sketch of telescope detector is shown in Fig. A4.9. The
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Figure A4.9: (a) Sectional view of the position sensitive AE-E telescope detector. The

gas handling system is also shown. [Reprinted from D.K. Avasthi and W. Assmann,

(Ed.) P. Chakroborty, Ion beam analysis of surfaces and interfaces of condensed matter

systems. pp. 137, Nova Publisher.] (b) Schematic shows the anode, cathode Frisch grid

which are main constituents of the telescope detector. All these are housed in a vacuum

chamber shown in figure (a). [From Ref. (41) with permission from Indian Academy
of Science.]

anode is split in two or three parts. The length of the anode is taken in such a
way that the recoils of interest are stopped within this length when operating at
a feasible gas pressure. Cathode is given a shape of backgammon so that
the left and right side signals are created by the passage of recoil in the gas
medium of detector to provide the information of position. The photograph of
the on-line ERDA facility is shown in Fig. A4.10.
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Figure A4.10: Photograph of the experimental facility of telescope detector in beam
line. Bare telescope detecope detector (a), installed in experimental beam line as
shown in (b).

On-line Monitoring of lon Induced Modifications

On-line monitoring of ion induced modifications using a large area position
sensitive detector [50], is one of the most interesting aspects of the ERDA.
SHI is capable of producing modification at the surface, bulk and the interface
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of thin film and substrate. Electronic sputtering is an area which can be
investigated by on-line monitoring in specific cases. The stoichiometric changes
in the film, especially in the case of hydrogen and light element constituents,
are also investigated by on-line ERDA. Modifying the sample by SHI irradiation
and probing it at the same time is a unique feature of on-line ERDA.

N Depletion Studies

N loss in copper nitride film leads to the formation of nanoscale metallic
structures in cupric nitride thin films by the impact of 200 MeV Au ions [51].
ERDA results show that the nitrogen content is reduced by 4.5 times due to
irradiation to a fluence of 1.8 x 10'® jons cm™. Conducting AFM showed the
presence of conducting regions in the irradiated films, which could be due to
production of copper-rich region as a result of the large nitrogen loss.

Oxygen Content Measurements

Majority of oxide materials studied by on-line ERD [52, 53] show that although
there may be significant electronic sputtering but there is no preferential
sputtering of oxygen. The studies show that 250 nm thick film of ZnO has
sputter yield of 400 atoms/ion on irradiation with 100 MeV Au but the zinc to
oxygen atomic ratio remains nearly constant throughout [54]. Fe,O5 [55],
NiMn, (s Tiy ,MgFeO, [56], Li, ,sMg, sMn, ;Fe, ;50,4 [57], CuO [58] and nickel
oxide [59] also do not show any preferential depletion of oxygen. Similar result
is obtained in the case of GeO), 5 thin films under 100 MeV Au ion irradiation
[60]. Even though this system shows Ge phase separation due to SHI irradiation
with the same beam [61]. However, sub-stoichiometric indium oxide film
irradiated with 120 MeV Ag ions show preferential decrease of oxygen as well
as phase separation leading to indium clusters of 35-45 nm size [62].

Electronic Sputtering Measurements

The large area gaseous telescope detector is used to measure the elemental
content in the film at different fluences, which in turn gives the electronic
sputtering [49, 50, 64-67] or desorption yield. A two dimensional AE-E spectrum
is shown in Fig. A4.11 for the recoils from thin CaF, deposited on Si substrate,
when 100 MeV Au ions are incident on the sample [63]. Integrated counts of
Ca and F at different fluences are used to determine the electronic sputtering.
At these high energies the contribution to sputtering due to nuclear energy loss
is negligible and the sputtering in totally mediated by electronic energy loss.
The desorption of carbon and hydrogen from amorphous C film was found to
be dependent on the structural properties of the film. The electronic sputtering
of LiF thin films [63, 68-70] were studied extensively by on-line ERDA. Typical
spectra of LiF and CaF thin films on Si substrate are shown [63] in Fig. A4.11.
The decrease in the number of recoils in individual elements with fluence
allowed the measurement of electronic sputtering of thin halide films. A series
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Figure A4.11: (a) A two dimensional AE-E spectrum for the recoils from BaF, thin

film on Si substrate. (b) A two dimensional AE-E spectrum for the recoils from CaF,

thin film on Si substrate. [Reprinted from Manvendra Kumar, Parasmani Rajput, S.A.

Khan, D.K. Avasthi and A.C. Pandey, Applied Surface Science, 256 (2010) 2199 with
permission from Elsevier.]
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of experiments were performed on LiF, CaF, and BaF, thin films deposited on
different substrates (glass, fused silica and Si) [63, 68-70]. Thickness of the
films was 100 nm for all the films and the sputter yield of both the elements in
the film was found to be stoichiometric. The total sputter yield, determined
from ERDA areal concentration versus fluence curves, were 1.3 x 10°, 2.5 x
10* and 1.2 x 10* atoms/ion, respectively from LiF, CaF, and BaF, films
deposited on Si substrates, whereas they were 3.8 x 10°, 7.8 x 10* and 3.7 x
10* atoms/ion respectively for LiF, CaF, and BaF, films deposited on glass
substrates. No significant difference in the sputtering yield is observed for
films on glass and fused silica substrates. The sputtering yield for film deposited
on glass substrate is nearly three times higher than that on Si substrate for
these halide thin films. The observed yields for different materials were
compared as a function of band gap of the bulk materials. The band gap of
bulk LiF, CaF, and BaF, are 14.2, 12.1 and 9.2 eV, respectively. It is clear that
the yield increase as the band gap of the materials increases.

On-line Monitoring of Mixing at Interface

SHI produces mixing at the interface and the recoils provide information about
the changes at the interface [49, 71]. For example, Cu recoil spectra indicated
the mixing at the interface in an online ERDA measurement of CuO film on
glass using 210 MeV I ion beam. The recoils detected in a large area position
sensitive telescope detector and different masses appeared as different bands
which were gated by software and the Cu recoil spectra at different fluences
(in the beginning of irradiation and in the end of irradiation) was constructed,
as shown in Fig. A4.12. The low energy region of the spectra represents the
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Figure A4.12: Recoil spectra of Fe (extracted from two dimensional AE-E spectra)

obtained when 210 MeV T ion beam is incident on thin film of CuO deposited on glass.

[Reprinted from D.K. Avasthi, W. Assmann, H. Nolte, H.D. Mieskes, H. Huber, E.T.

Subramaniyam, A. Tripathi and S. Ghosh, Nucl. Instr. and Meth., B 156 (1999) 143
with permission from Elsevier.]
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interface region. The change in the interface region is indication of the mixing
caused by SHI’s at the interface. In another study [71], the mixing induced by
230 MeV Au ions incident on a thin Fe film deposited on a Si substrate was
monitored on-line. With the application of kinematic correction and subsequent
improvement in depth resolution, the detection system allowed the on-line
study of ion beam mixing in Fe/Ti bilayer system using 135 MeV Au projectiles
at room temperature. The decrease in the slope of the recoil spectra
corresponding to Fe/Ti interface indicates mixing. For this system, the mixing
rate was found to be 147+9 nm* [72].

ERDA Channelling and Blocking Measurements

Channelling ERDA experiments with energetic heavy ion beams are performed
by detecting the recoils in forward direction. The experiment is carried out
with the aligned sample to get the channelling scan by recording recoils (for a
fixed incidence charge) at different angles. The channelling ERDA technique
has been used to measure the strain [ 73] at the interface of CoSi, and Si crystal.
When the recoils get blocked in crystallographic directions (by manipulating
the sample using a goniometer), one records these recoils in the axial direction
by a two dimensional position sensitive detector and a ‘shadow’ of the crystal
axis appears. The shadow pattern is referred to as blocking pattern. Sample
with high crystallinity gives rise to a blocking pattern with a very sharp contrast
of the axes and the surrounding region. The blocking pattern for an amorphous
sample will not show any axes. The contrast of the axis with the background
gives the content of the crystallinity of the sample. ERD blocking has been
used [74, 75] to investigate the radiation damage induced by swift heavy ions
in semiconductor crystals.

Energy Loss Measurements in ERDA Mode

Energy loss (dE/dx) is a quantity of interest in characterization of sample by
ion beam analysis such as RBS, ERDA, ion beam based cancer therapy, nuclear
physics experiments like Doppler shift attenuation method (DSAM), etc.
A large number of experiments [76-86] have been performed to measure the
dE/dx of light and heavy recoils upto Si in C and polymer films in different
energy regimes. The recoils from a thin film act as ion beam for energy loss
measurement in a foil of known thickness as shown in Fig. A4.13(a). A detector
holding arrangement is shown in Fig. A4.13(b) where one detector is kept with
the foil (in which dE/dx is to be determined) and another without foil. Both the
detectors make equal azimuthal angle from the plane of scattering [77]. The
recoil spectra are recorded with and without foil using the detectors holding
arrangement shown in Fig. A4.13(b). Other possibility is to use a detector
covered half by the foil in which energy loss measurement is required.

The usefulness of RBS and RBS channelling is shown for determining the
content of elements, sputtering, ion beam mixing and determination of strained
layer superlattice. The use of detector telescope in ERDA allowed depth
profiling of a wide range of elements up to mass 150 simultaneously. The large
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Figure A4.13: (a) Schematic sketch of the energy loss measurements using the recoils.

(b) Au arrangement to mount two detector. [Reproduction from A. Bhagwat and D.K.

Avasthi, Jpn. J. Appl. Phys., 35 (1996) 313 with permission from Japan Society of
Applied Physics.]
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area position sensitive detectors with kinematics correction has been effective
for keeping high sensitivity alongwith reasonable depth resolution, enabling
the possibilities of on-line monitoring of the SHI induced chances at surface
and at the interface of thin films on a substrate to probe electronic sputtering
and SHI induced ion beam mixing. The experiment in ERDA mode using the
recoils for energy loss measurement in thin foils/films have been effectively
used.
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