
SOFT X-RAYS AND EXTREME ULTRAVIOLET RADIATION

This self-contained, comprehensive book describes the fundamental properties of soft x-rays
and extreme ultraviolet (EUV) radiation and discusses their applications in a wide variety
of fields, including EUV lithography for semiconductor chip manufacture and soft x-ray
biomicroscopy.

The author begins by presenting the relevant basic principles such as radiation and scatter-
ing, wave propagation, diffraction, and coherence. He then goes on to examine a broad range
of phenomena and applications. Each chapter begins with a simple summary of key results and
concepts, followed by an introduction with little or no mathematics so as to be accessible to
the widest possible audience. This is followed by a detailed mathematical development of the
theoretical structure of the subject in question. The topics covered include EUV lithography,
biomicroscopy, spectromicroscopy, EUV astronomy, synchrotron radiation, and soft x-ray
lasers.

The author also provides a great deal of useful reference material such as electron binding
energies, characteristic emission lines, and photoabsorption cross-sections. The bookwill be of
great interest to graduate students and researchers in engineering, physics, chemistry, and the
life sciences. It will also appeal to practicing engineers involved in semiconductor fabrication
and materials science.

David Attwood is the Director of the Center for X-Ray Optics at the Lawrence Berkeley
National Laboratory. He is also a Professor in Residence in both the Department of Electrical
Engineering and Computer Science and the Graduate Group in Applied Science and Technol-
ogy at the University of California, Berkeley. He is a Fellow of the Optical Society of America
and has published over 100 scientific articles.
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Preface

This book is intended to provide an introduction to the physics and applications of soft x-
rays and extreme ultraviolet (EUV) radiation. These short wavelengths are located within
the electromagnetic spectrum between the ultraviolet, which we commonly associate with
sunburn, and harder x-rays, which we often associate with medical and dental imaging. The
soft x-ray/EUV region of the spectrum has been slow to develop because of the myriad
atomic resonances and concomitant short absorption lengths in all materials, typically of
order one micrometer or less. This spectral region, however, offers great opportunities for
both science and technology. Here the wavelengths are considerably shorter than visible or
ultraviolet radiation, thus permitting one to see smaller features in microscopy, and to write
finer patterns in lithography. Furthermore, optical techniques such as high spatial resolution
lenses and high reflectivity mirrors have been developed that enable these applications to
a degree not possible at still shorter wavelengths. Photon energies in the soft x-ray/EUV
spectral region are well matched to primary resonances of essentially all elements. While this
leads to very short absorption lengths, typically one micrometer or less, it provides a very
accurate means for elemental and chemical speciation, which is essential, for instance, in
the surface and environmental sciences. Interestingly, water is relatively transparent in the
spectral region below the oxygen absorption edge, providing a natural contrast mechanism
for imaging carbon-containing material in the spectral window extending from 284 to 543 eV.
This provides interesting new opportunities for both the life and the environmental sciences.

Exploitation of this region of the spectrum is relatively recent. Indeed the names and
spectral limits of soft x-rays and extreme ultraviolet radiation are not yet uniformly accepted.
We have chosen here to follow the lead of astronomers, the lithography community, and much
of the synchrotron and plasma physics communities in taking extreme ultraviolet as extending
from photon energies of about 30 eV to 250 eV (wavelengths from about 40 nm to 5 nm) and
soft x-rays as extending from about 250 eV (just below the carbon K edge) to several thousand
eV (wavelengths from 5 nm to about 0.3 nm). The overlaps with ultraviolet radiation on the
low photon energy side and with x-rays on the high photon energy side of the spectrum are not
well defined. For comparison, green light has a photon energy in the vicinity of 2.3 eV and a
wavelength of 530 nm. Recent developments involve advances in both science and technology,
moving forward in a symbiotic relationship. Of particular importance is the development of
nanofabrication techniques by the electronics industry. These provide well-defined structures
with feature sizes similar to the wavelengths of interest here. The development of thin film
multilayer coating capabilities by the materials science community has also been of great
importance.

xiii
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xiv P R E F A C E

This book is intended for use by graduate students and researchers from physics, chem-
istry, engineering, and the life sciences. It is an outgrowth of classes I have taught during the
past 14 years at the University of California at Berkeley. Typically the students in these classes
were from the Ph.D. programs in Applied Science and Technology, Electrical Engineering
and Computer Science, Physics, Chemistry, Materials Science, Nuclear Engineering, and
Bioengineering. In some cases there were undergraduate students. This diversity of academic
backgrounds has led to a text well suited for interdisciplinary pursuits. The text is intended to
be comprehensive, covering basic knowledge of electromagnetic theory, sources, optics, and
applications. It is designed to bring readers from these backgrounds to a common understand-
ing with reviews of relevant atomic physics and electromagnetic theory in the first chapters.
The remaining chapters develop understanding ofmultilayer coated optics with applications to
materials science and EUV astronomy; synchrotron and undulator radiation; laser-produced
plasmas; EUV and soft-x-ray lasers; coherence at short wavelengths; zone plate lenses and
other diffractive structures with applications to biomicroscopy, materials microscopy and in-
spection of nanostructure patterns; and, finally, a chapter on the application of EUV and soft
x-ray lithography to future high-volume production of sub-100 nm feature size electronic
devices.

While the book is comprehensive in nature, it is meant to be accessible to the widest
possible audience. Each chapter begins with a short summary of the important points in the
material, illustrations that capture the main subject matter, and a few selected equations to
whet the academic appetite.Most chapters have introductory sections designed for readers new
to the field that include heuristic arguments and illustrations meant to clarify basic concepts.
Each chapter also contains amathematical development of equations for graduate students and
specialists with particular interest in the chapter subject matter. To follow these mathematical
developments, an undergraduate training in vector calculus and Fourier transforms is required.
Descriptions of current applications in the physical and life sciences are incorporated. While
there is a rigorous mathematical development, it is possible to absorb important concepts
in the introductory material and then skip directly to the applications. Homework problems,
which may be found at the website http://www.coe.berkeley.edu/AST/sxreuv, are designed to
strengthen understanding of the material, to familiarize the reader with units and magnitudes,
and to illustrate application of various formulas to current applications.

Over 600 references are provided to serve as an entry point to current research and ap-
plications. To facilitate use as a reference work many of the more important equations are
boxed. In some cases the equations are repeated in numerical form, with common units, for
more convenient use in a handbook fashion. Reference appendicies include tables of elec-
tron binding energies, characteristic emission lines, tables and graphs of real and imaginary
scattering factors for many elements, graphs of calculated photo-absorption cross-sections,
updated physical constants, and a convenient list of vector and mathematical relations. The
International System of Units (SI) is also summarized, with lists of derived units and conver-
sion factors commonly used in this field.

Berkeley, California
June 1999
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