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Preface

Semiconductor manufacturing technology in recent years has evolved to the
point at which traditional metrologies, largely based upon optical tech-
niques, are no longer adequate for process development or product moni-
toring. Thin films in current manufacturing processes may be less than 1 nm
in thickness. Measuring these with a tool whose probing wavelength is
several hundred nanometers is akin to measuring the thickness of a pencil
line with a yardstick. X-rays, with their wavelengths around 0.1 nm, are
clearly appropriate. Moreover, the constants that describe their interaction
with materials are “Goldilocks” values, just right for the requirement. X-ray
metrology (XRM) is now being rapidly adopted in manufacturing industry
for semiconductor, magnetic, and other advanced thin-film materials.

This book is about wafer metrology for the semiconductor industry by
x-ray methods. Its scope includes the highly accurate and traceable interfer-
ometric methods of diffraction and specular reflectivity, the methods of
diffuse scatter that require detailed modeling but provide unique insights
into film structure, and the simpler intensity methods, such as x-ray fluores-
cence, which require calibration but give valuable complementary informa-
tion about material composition and mass density.

The metrologies that ensue are appropriate for measuring film thickness,
composition, strain and its relaxation, crystallinity, mosaic spread, surface
and interface roughness, and porosity and pore size. The techniques that
have evolved include x-ray reflectivity (both specular and diffuse), high-
resolution x-ray diffraction, diffraction imaging and interferometry, and flu-
orescence. The scope of this book is their application to measuring these
parameters repeatably, accurately, and rapidly on development and produc-
tion wafers.

Part 1 of the book, “The Applications,” is intended to answer the following
questions: Can I use x-rays to measure this parameter in my wafers? What
are the limits of measurement? The key elements of the techniques are given
by means of inset boxes in this part, which is organized by the parameters
to be measured rather than by technique.

Part 2 of the book, “The Science,” discusses the techniques and the basic
theory underlying each. This is intended for the more specialized engineer
or tool owner who wants to see whether a particular technique is well
established in theory or is more speculative, or wants to discover whether
it can be pushed to solve new materials problems. The theory is described
and assessed, but detailed derivations are not given, since they are readily
available in earlier publications.



Part 3 of the book, “The Technology,” deals with the practical implemen-
tation of x-ray metrology. First, the technique of automated data analysis
and modeling is covered, followed by the instrumentation fundamentals for
the various techniques. Topics such as x-ray optics are discussed in terms of
their contribution and potential to solve metrological problems, such as
sufficient intensity in a small spot, rather than in academic detail. The con-
cluding chapter covers the essential metrological questions of precision and
repeatability, absolute accuracy, spot size, and throughput for each type of
measurement.
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Introduction

1.1 Scope of X-ray Metrology (XRM)

This book is about wafer metrology for the semiconductor industry using
x-ray methods. Its scope includes the highly accurate and traceable interfer-
ometric methods of diffraction and specular reflectivity, the methods of
diffuse scatter that require detailed modeling but provide unique insights
into film structure, and the simpler intensity methods, such as x-ray fluores-
cence, which require calibration but give valuable complementary informa-
tion about material composition and mass density.

Interferometric methods work by splitting the x-ray wavefront at some
discontinuity in the material and detecting the recombined component
waves, normally by the intensity of scattering as a function of angle. They
are analogous to optical interference, but no external optical element is
required to split the wavefront; a natural feature such as an interface or a
crystal plane is used. Such methods include specular x-ray reflectivity, dif-
fuse scatter, high-resolution diffraction, x-ray topography, and x-ray inter-
ferometry. The interference of x-rays allows us to make three fundamental
measurements, from which several others derive. These are thickness, from
the interference fringes generated by rays reflected from pairs of interfaces,
strain, and tilt, from the positions (and displacements) of Bragg diffraction
peaks. The parameters that we can measure or infer include:

® Thickness

e Strain

¢ Composition

* Mosaic spread

e Lateral nanostructure dimensions, including critical dimension (CD)
measurements

* Porosity



