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Foreword

The irradiation of solid surfaces by energetic particles gives rise

to a wide variety of phenomena that are closely correlated with

the energy deposition processes of the incoming ions. Over a near-

surface region of the solid whose extension depends primarily on

the range of the incident particles, the ions transfer energy and

momentum to the target atoms, displacing them from their original

positions. These processes may cause the ejection of target atoms

and molecules from the surface (i.e., sputtering), while displacement

cascades result in an accumulation of point defects (vacancies and

interstitials) or more extensive defect structures; the concurrent

incorporation of the implanted species may also lead to phase

changes within that zone. The amount of research done in this

field has been quite substantial over the past decades, and the

understanding of the pertinent processes appears now to be highly

evolved.

Based on that experience, ion beam processing of materials

became an important and widely employed technological tool. In

microelectronic device fabrication, for example, ion implantation

matured into an indispensable method for the highly controlled

doping of semiconductors. Other applications included ion-beam-

assisted thin film growth, modification of magnetic or optical

properties of pertinent materials, or alteration of polymer surfaces

for biological applications.

At the surface, ion irradiation may result in substantial morpho-

logical changes. At low fluences, isolated defects such as vacancies

and adatoms can be created. If these defects are mobile (for

example, at elevated sample temperatures), they may annihilate

or form adatom and vacancy clusters. For higher bombarding

fluences, such structures may cause a coarsening of the surface;
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xiv Foreword

the extent of this roughening will depend again on the specimen

temperature. Eventually, prolonged ion bombardment often leads

to the development of a very specific surface morphology that can

exhibit a high degree of periodicity: features such as “nanodots” or

“ripple”-like contours, with sizes in the nm range, were observed.

Naturally, these self-organized surface nanostructures caused by

ion irradiation attracted considerable interest and they have been

studied in some detail. In fact, the various aspects of the evolution

of the surface morphology caused by ion bombardment and their

potential applications constitute the subject of this book.

First reports on the production of submicrometer-sized patterns

on the surfaces of solid targets irradiated by low- and medium-

energy ions date back at least to the early 1960s. The periodic

ripple morphologies observed in those early studies have been well

documented in later experimental observations. The full exploration

of such structures became more advanced with the availability

of high-resolution surface-imaging methods, in particular scanning

probe techniques such as atomic force microscopy and scanning

tunneling microscopy. Using these tools, highly regular arrays of

dots (each with a linear size of a few ten nanometers) were

eventually observed on ion-bombarded surfaces in 1999. However

surprising this finding was at that time, it triggered a flow of further

investigations in this area.

Theoretical models describing the evolution of surface topogra-

phy due to ion irradiation have been put forth by Carter, Barber, and

others in the 1970s. Renewed interest in such concepts came with

the work of Bradley and Harper. This frequently cited description of

the morphological effects of ion sputtering was based on Sigmund’s

classic theory of sputtering and initiated a considerable number

of further theoretical studies. Recently, also computer simulations

were employed for the elucidation of the mechanisms leading to the

development of those surface nanostructures.

Although a substantial degree of self-organization is often

observed in the nanostructures produced by ion irradiation, many

basic questions still remain open as to the specific ways in which

these processes of structural ordering unfold. Nevertheless, the

considerable extent of control achieved in experimentally created

nanopatterns on a variety of targets has spurred the imagination
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of researchers to exploit these structures in a range of potential

applications for the nanofabrication of materials. While these

technological uses can be considered to be still in their infancy,

this situation may change rapidly given the enormous interest

these procedures have recently attracted and the large number of

researchers now active in this field.

The present volume is an attempt to account for this growing

interest and to respond to the demand for a well-balanced, yet

detailed state-of-the-art presentation of this thriving research area.

The contributions in this compilation convey a representative view

of its present status and the unresolved issues that drive most

current and future efforts. They are authored by a number of highly

knowledgeable scientists and their expertise leads to concise and

informative reviews of those topics.

Hubert Gnaser
Department of Physics

University of Kaiserslautern
Kaiserslautern, Germany
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Preface

The advantages of using an energetic ion beam to modify surfaces

are precise control, reproducibility, and cleanliness of the process

due to high-vacuum environment. Reports on the production of

submicron and nanometric patterns on the surfaces of solid targets

eroded by ion irradiation (sputtering) at low and medium energies

date back to the 1960s. However, the advent of high-resolution

tools for surface and interface characterization helped us develop

a deeper understanding of the underlying physical processes and

recognize the high potential of this method for efficient production

of well-ordered surface patterns. The significance of this method

for patterning surfaces is that the technique is fast, simple, and

relatively less expensive. The possibility to create patterns on

large areas at once makes it even more attractive. Such self-

organized morphologies are made up of periodic arrangements

of nanometric-sized features (e.g., dots and ripples) that show

properties of high technological interest. Over the last decade, a

lot of efforts were made toward harnessing this nanofabrication

technique. These include intensive and fruitful experimental and

theoretical works albeit there is no consensus yet on any particular

model or dependence of pattern on experimental parameters. In

spite of this, such ion-induced self-organized nanopatterns onto a

large variety of targets have led to the possibility of a wide range

of applications (e.g., photonics, magnetic, catalytic, and others).

Although these technological uses can be considered to be still in a

nascent stage, the situation may change rapidly given the enormous

interest this nanofabrication tool has recently attracted. As a result, a

large number of researchers are now active in this field. This volume

is an attempt to account for this growing interest and to respond to

the demand for a state-of-the-art presentation of this research area.
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xviii Preface

The contributions are authored by a number of experts in this field,

leading to concise and informative accounts of those topics.

In general, sputtering forms the basis for the evolution of all

morphological features observed on ion-bombarded surfaces. This

book starts with a specific discussion of sputtering theory in Chapter

1. In this overview by Prof. Peter Sigmund, he outlines pertinent

aspects of high-energy cascade dynamics such as sputtering yields,

spatial distribution of the deposited energy, and fluctuations. In

addition, he discusses the tools required as input for the theoretical

treatment (potentials, cross sections, and stopping concepts),

characteristics of the emitted flux, compositional changes, and

the occurrence of spikes. Experimental aspects of nanostructure

formation by ion irradiation are described for semiconductor

surfaces by Mollick and Ghose (Chapter 2) and Sarkar (Chapter 3),

for ionic insulators by Krok et al. (Chapter 4), and for oxide

films by Karmakar (Chapter 5). These contributions highlight the

dependence of ripple formation and its characteristic features on

various ion beam parameters such as energy, angle of incidence,

ion fluence, and specimen temperature. In addition, the possible

role of the chemical reactivity of the surface is pointed out. These

data nicely illustrate the substantial influence various experimental

parameters may have and the wide variety of surface morphological

features that might evolve. Recently, it has been identified that the

presence of contaminants on sputtered surfaces may drastically

change the topographical structures that develop. Although this

phenomenon is still not understood in detail, it could exhibit a

tremendous influence on the applicability of these ion-induced

nanostructures, by providing the possibility to tailor them to specific

technological requirements. In Chapter 6, Gago et al. describe

the range of patterns and properties that can be achieved by an

intentional incorporation of metallic impurities into the bombarded

surface. Simulation studies clearly constitute a very promising

method to scrutinize the mechanisms that lead to the formation

of self-organized nanostructures on ion-bombarded surfaces. This

approach and the results obtained thereby are presented in the

contributions of Chan and Chason (Chapter 7), Kree and Yasseri

(Chapter 8), and Ódor et al. (Chapter 9). Characteristically, these

simulations offer the option to explore a wealth of parameters
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(some not accessible in experiments) and their influence on surface

patterning. Finally, Chapter 10 concludes the book with a detailed

description, by Ranjan et al., of the use of ion-induced patterned

substrates in plasmonics. Arguably, this might be one of the most

imminent technological applications of such nanostructures. A range

of plasmonic properties (such as optical anisotropy and dielectric

functions) of metallic nanostructures, deposited on rippled surfaces,

are discussed in this contribution; this provides also a flavor of the

many pressing issues that still have to be resolved for their full

exploitation.

We have tried to show in the book where the field is now and in

which direction it is going to move. We hope that this book will be

useful for a broad readership, including young researchers carrying

out research in this interesting field.

It has been a great pleasure to work with some of the leading

scientists in this area during the preparation of this book. We are

extremely grateful to all the contributors for kindly accepting our

invitation to contribute to the book and presenting their latest

results in this exciting field. Our special thanks are due to Professor

Hubert Gnaser, who was very kind to write the foreword and provide

valuable ideas in projecting the strong points of the book. We would

also like to thank Profs. John E. E. Baglin, Rodolfo Cuerno, and R.

Mark Bradley for writing highly encouraging words about the book.

Tapobrata Som
Dinakar Kanjilal
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