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Preface

How is this book different from the many other TEM books? It has several unique
features but what we think distinguishes it from all other such books is that it is truly a
textbook. We wrote it to be read by, and taught to, senior undergraduates and starting
graduate students, rather than studied in a research laboratory. We wrote it using the
same style and sentence construction that we have used in countless classroom
lectures, rather than how we have written our countless (and much-less read) formal
scientific papers. In this respect particularly, we have been deliberate in not referencing
the sources of every experimental fact or theoretical concept (although we do include
some hints and clues in the chapters). However, at the end of each chapter we have
included groups of references that should lead you to the best sources in the literature
and help you go into more depth as you become more confident about what you are
looking for. We are great believers in the value of history as the basis for under-
standing the present and so the history of the techniques and key historical references
are threaded throughout the book. Just because a reference is dated in the previous
century (or even the antepenultimate century) doesn’t mean it isn’t useful! Likewise,
with the numerous figures drawn from across the fields of materials science and
engineering and nanotechnology, we do not reference the source in each caption.
But at the very end of the book each of our many generous colleagues whose work we
have used is clearly acknowledged.

The book consists of 40 relatively small chapters (with a few notable Carter
exceptions!). The contents of most of the chapters can be covered in a typical lecture
of 50-75 minutes (especially if you talk as fast as Williams). Furthermore, each of the
four softbound volumes is flexible enough to be usable at the TEM console so you can
check what you are seeing against what you should be seeing. Most importantly
perhaps, the softbound version is cheap enough for all serious students to buy. So
we hope you won’t have to try and work out the meaning of the many complex color
diagrams from secondhand B&W copies that you acquired from a former student. We
have deliberately used color where it is useful rather than simply for its own sake (since
all electron signals are colorless anyhow). There are numerous boxes throughout the
text, drawing your attention to key information (green), warnings about mistakes you
might easily make (amber), and dangerous practices or common errors (red).

Our approach throughout this text is to answer two fundamental questions:

Why should we use a particular TEM technique?
How do we put the technique into practice?

In answering the first question we attempt to establish a sound theoretical basis
where necessary although not always giving all the details. We use this knowledge to
answer the second question by explaining operational details in a generic sense and
showing many illustrative figures. In contrast, other TEM books tend to be either
strongly theoretical or predominantly descriptive (often covering more than just
TEM). We view our approach as a compromise between the two extremes, covering
enough theory to be reasonably rigorous without incurring the wrath of electron
physicists yet containing sufficient hands-on instructions and practical examples to
be useful to the materials engineer/nanotechnologist who wants an answer to a



materials problem rather than just a set of glorious images, spectra, and diffraction
patterns. We acknowledge that, in attempting to seek this compromise, we often gloss
over the details of much of the physics and math behind the many techniques but
contend that the content is usually approximately right (even if on occasions, it might
be precisely incorrect!).

Since this text covers the whole field of TEM we incorporate, to varying degrees,
all the capabilities of the various kinds of current TEMs and we attempt to create a
coherent view of the many aspects of these instruments. For instance, rather than
separating out the broad-beam techniques of a traditional TEM from the focused-
beam techniques of an analytical TEM, we treat these two approaches as different
sides of the same coin. There is no reason to regard ‘conventional’ bright-field imaging
in a parallel-beam TEM as being more fundamental (although it is certainly a more-
established technique) than annular dark-field imaging in a focused-beam STEM.
Convergent beam, scanning beam, and selected-area diffraction are likewise integral
parts of the whole of TEM diffraction.

However, in the decade and more since the first edition was published, there has
been a significant increase in the number of TEM and related techniques, greater
sophistication in the microscope’s experimental capabilities, astonishing improve-
ments in computer control of the instrument, and new hardware designs and amazing
developments in software to model the gigabytes of data generated by these almost-
completely digital instruments. Much of this explosion of information has coincided
with the worldwide drive to explore the nanoworld, and the still-ongoing effects of
Moore’s law. It is not possible to include all of this new knowledge in the second
edition without transforming the already doorstop sized text into something capable
of halting a large projectile in its tracks. It is still essential that this second edition
teaches you to understand the essence of the TEM before you attempt to master the
latest advances. But we personally cannot hope to understand fully all the new
techniques, especially as we both descend into more administrative positions in our
professional lives. Therefore, we have prevailed on almost 20 of our close friends and
colleagues to put together with us a companion text (TEM; a companion text,
Williams and Carter (Eds.) Springer 2010) to which we will refer throughout this
second edition. The companion text is just as it says—it’s a friend whose advice you
should seek when the main text isn’t enough. The companion is not necessarily more
advanced but is certainly more detailed in dealing with key recent developments as
well as some more traditional aspects of TEM that have seen a resurgence of interest.
We have taken our colleagues’ contributions and rewritten them in a similar conversa-
tional vein to this main text and we hope that this approach, combined with the in-
depth cross-referencing between the two texts will guide you as you start down the
rewarding path to becoming a transmission microscopist.

We each bring more than 35 years of teaching and research in all aspects of TEM.
Our research into different materials includes metals, alloys, ceramics, semiconduc-
tors, glasses, composites, nano and other particles, atomic-level planar interfaces, and
other crystal defects. (The lack of polymeric and biological materials in our own
research is evident in their relative absence in this book.) We have contributed to the
training of a generation of (we hope) skilled microscopists, several of whom have
followed us as professors and researchers in the EM field. These students represent our
legacy to our beloved research field and we are overtly proud of their accomplish-
ments. But we also expect some combination of these (still relatively young) men and
women to write the third edition. We know that they, like us, will find that writing such
a text broadens their knowledge considerably and will also be the source of much joy,
frustration, and enduring friendship. We hope you have as much fun reading this book
as we had writing it, but we hope also that it takes you much less time. Lastly, we
encourage you to send us any comments, both positive and negative. We can both be
reached by e-mail: david.williams@uah.edu and cbcarter@engr.uconn.edu.



Foreword to First Edition

Electron microscopy has revolutionized our understanding of materials by completing
the processing-structure-properties links down to atomistic levels. It is now even
possible to tailor the microstructure (and mesostructure) of materials to achieve
specific sets of properties; the extraordinary abilities of modern transmission electron
microscopy— TEM—instruments to provide almost all the structural, phase, and
crystallographic data allow us to accomplish this feat. Therefore, it is obvious that
any curriculum in modern materials education must include suitable courses in
electron microscopy. It is also essential that suitable texts be available for the prep-
aration of the students and researchers who must carry out electron microscopy
properly and quantitatively.

The 40 chapters of this new text by Barry Carter and David Williams (like many of
us, well schooled in microscopy at Cambridge and Oxford) do just that. If you want to
learn about electron microscopy from specimen preparation (the ultimate limitation);
or via the instrument; or how to use the TEM correctly to perform imaging, diffrac-
tion, and spectroscopy—it’s all there! This, to my knowledge, is the only complete text
now available that includes all the remarkable advances made in the field of TEM in
the past 30 to 40 years. The timing for this book is just right and, personally, it is
exciting to have been part of the development it covers—developments that have
impacted so heavily on materials science.

In case there are people out there who still think TEM is just taking pretty pictures
to fill up one’s bibliography, please stop, pause, take a look at this book, and digest the
extraordinary intellectual demands required of the microscopist in order to do the job
properly: crystallography, diffraction, image contrast, inelastic scattering events, and
spectroscopy. Remember, these used to be fields in themselves. Today, one has to
understand the fundamentals of all these areas before one can hope to tackle signifi-
cant problems in materials science. TEM is a technique of characterizing materials
down to the atomic limits. It must be used with care and attention, in many cases
involving teams of experts from different venues. The fundamentals are, of course,
based in physics, so aspiring materials scientists would be well advised to have prior
exposure to, for example, solid-state physics, crystallography, and crystal defects, as
well as a basic understanding of materials science, for without the latter, how can a
person see where TEM can (or may) be put to best use?

So much for the philosophy. This fine new book definitely fills a gap. It provides a
sound basis for research workers and graduate students interested in exploring those
aspects of structure, especially defects, that control properties. Even undergraduates
are now expected (and rightly) to know the basis for electron microscopy, and this
book, or appropriate parts of it, can also be utilized for undergraduate curricula in
science and engineering.

The authors can be proud of an enormous task, very well done.

G. Thomas
Berkeley, California
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ForEWORD TO SECOND EDITION

Foreword to Second Edition

This book is an exciting entry into the world of atomic structure and characterization
in materials science, with very practical instruction on how you can see it and measure
it, using an electron microscope. You will learn an immense amount from it, and
probably want to keep it for the rest of your life (particularly if the problems cost you
some effort!).

Is nanoscience “the next industrial revolution”? Perhaps that will be some combi-
nation of energy, environmental and nanoscience. Whatever it is, the new methods
which now allow control of materials synthesis at the atomic level will be a large part
of it, from the manufacture of jet engine turbine-blades to that of catalysts, polymers,
ceramics and semiconductors. As an exercise, work out how much reduction would
result in the transatlantic airfare if aircraft turbine blade temperatures could be
increased by 200°C. Now calculate the reduction in CO, emission, and increased
efficiency (reduced coal use for the same amount of electricity) resulting from this
temperature increase for a coal-fired electrical generating turbine. Perhaps you will be
the person to invent these urgently needed things! The US Department of Energy’s
Grand Challenge report on the web lists the remarkable advances in exotic nanoma-
terials useful for energy research, from separation media in fuel cells, to photovoltaics
and nano-catalysts which might someday electrolyze water under sunlight alone.
Beyond these functional and structural materials, we are now also starting to see for
the first time the intentional fabrication of atomic structures in which atoms can be
addressed individually, for example, as quantum computers based perhaps on quan-
tum dots. ‘Quantum control’ has been demonstrated, and we have seen fluorescent
nanodots which can be used to label proteins.

Increasingly, in order to find out exactly what new material we have made, and
how perfect it is (and so to improve the synthesis), these new synthesis methods must
be accompanied by atomic scale compositional and structural analysis. The transmis-
sion electron microscope (TEM) has emerged as the perfect tool for this purpose. It
can now give us atomic-resolution images of materials and their defects, together with
spectroscopic data and diffraction patterns from sub-nanometer regions. The field-
emission electron gun it uses is still the brightest particle source in all of physics, so that
electron microdiffraction produces the most intense signal from the smallest volume
of matter in all of science. For the TEM electron beam probe, we have magnetic lenses
(now aberration corrected) which are extremely difficult for our X-ray and neutron
competitors to produce (even with much more limited performance) and, perhaps
most important of all, our energy-loss spectroscopy provides unrivalled spatial reso-
lution combined with parallel detection (not possible with X-ray absorption spectro-
scopy, where absorbed X-rays disappear, rather than losing some energy and
continuing to the detector).

Much of the advance in synthesis is the legacy of half a century of research in the
semiconductor industry, as we attempt to synthesize and fabricate with other materi-
als what is now so easily done with silicon. Exotic oxides, for example, can now be laid
down layer by layer to form artificial crystal structures with new, useful properties.
But it is also a result of the spectacular advances in materials characterization, and our
ability to see structures at the atomic level. Perhaps the best example of this is the
discovery of the carbon nanotube, which was first identified by using an electron



microscope. Any curious and observant electron microscopist can now discover new
nanostructures just because they look interesting at the atomic scale. The important
point is that if this is done in an environmental microscope, he or she will know how to
make them, since the thermodynamic conditions will be recorded when using such a
‘lab in a microscope’. There are efforts at materials discovery by just such combina-
torial trial-and-error methods, which could perhaps be incorporated into our electron
microscopes. This is needed because there are often just ‘too many possibilities’ in
nature to explore in the computer — the number of possible structures rises very
rapidly with the number of distinct types of atoms.

It was Richard Feynman who said that, “if, in some catastrophe, all scientific
knowledge was lost, and only one sentence could be preserved, then the statement to
be passed on, which contained the most information in the fewest words, would be
that matter consists of atoms.” But confidence that matter consists of atoms developed
surprisingly recently and as late as 1900 many (including Kelvin) were unconvinced,
despite Avagadro’s work and Faraday’s on electrodeposition. Einstein’s Brownian
motion paper of 1905 finally persuaded most, as did Rutherford’s experiments. Muller
was first to see atoms (in his field-ion microscope in the early 1950s), and Albert Crewe
two decades later in Chicago, with his invention of the field-emission gun for his
scanning transmission electron microscope (STEM). The Greek Atomists first sug-
gested that a stone, cut repeatedly, would eventually lead to an indivisible smallest
fragment, and indeed Democritus believed that “nothing exists except vacuum and
atoms. All else is opinion.” Marco Polo remarks on the use of spectacles by the
Chinese, but it was van Leeuwenhoek (1632-1723) whose series of papers in Phil.
Trans. brought the microworld to the general scientific community for the first time
using his much improved optical microscope. Robert Hooke’s 1665 Micrographica
sketches what he saw through his new compound microscope, including fascinating
images of facetted crystallites, whose facet angles he explained with drawings of piles
of cannon balls. Perhaps this was the first resurrection of the atomistic theory of
matter since the Greeks. Zernike’s phase-plate in the 1930s brought phase contrast to
previously invisible ultra-thin biological ‘phase objects’, and so is the forerunner for
the corresponding theory in high-resolution electron microscopy.

The past fifty years has been a wonderfully exciting time for electron microscopists
in materials science, with continuous rapid advances in all of its many modes and
detectors. From the development of the theory of Bragg diffraction contrast and the
column approximation, which enables us to understand TEM images of crystals and
their defects, to the theory of high-resolution microscopy useful for atomic-scale
imaging, and on into the theory of all the powerful analytic modes and associated
detectors, such as X-rays, cathodoluminescence and energy-loss spectroscopy, we
have seen steady advances. And we have always known that defect structure in most
cases controls properties — the most common (first-order) phase transitions are
initiated at special sites, and in the electronic oxides a whole zoo of charge-density
excitations and defects waits to be fully understood by electron microscopy. The
theory of phase-transformation toughening of ceramics, for example, is a wonderful
story which combines TEM observations with theory, as does that of precipitate
hardening in alloys, or the early stages of semiconductor-crystal growth. The study
of diffuse scattering from defects as a function of temperature at phase transitions is in
its infancy, yet we have a far stronger signal there than in competing X-ray methods.
The mapping of strain-fields at the nanoscale in devices, by quantitative convergent-
beam electron diffraction, was developed just in time to solve a problem listed on the
Semiconductor Roadmap (the speed of your laptop depends on strain-induced mobil-
ity enhancement). In biology, where the quantification of TEM data is taken more
seriously, we have seen three-dimensional image reconstructions of many large pro-
teins, including the ribosome (the factory which makes proteins according to DNA
instructions). Their work should be a model to the materials science community in the
constant effort toward better quantification of data.

Like all the best textbooks, this one was distilled from lecture notes, debugged over
many years and generations of students. The authors have extracted the heart from
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ForEWORD TO SECOND EDITION

many difficult theory papers and a huge literature, to explain to you in the simplest,
clearest manner (with many examples) the most important concepts and practices of
modern transmission electron microscopy. This is a great service to the field and to its
teaching worldwide. Your love affair with atoms begins!

J.C.H. Spence

Regent’s Professor of Physics

Arizona State University and Lawrence
Berkeley National Laboratory
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List of Initials and Acronyms

The field of TEM is a rich source of initials and acronyms (these are words formed by the initials), behind which we hide
both simple and esoteric concepts. While the generation of new initials and acronyms can be a source of original thinking
(e.g., see ALCHEMYI), it undoubtedly makes for easier communication in many cases and certainly reduces the length of
voluminous textbooks. You have to master this strange language before being accepted into the community of micro-
scopists, so we present a comprehensive listing that you should memorize.

ACF absorption-correction factor

ACT automated crystallography for TEM

A/D analog to digital (converter)

ADF annular dark field

AEM analytical electron microscope/microscopy

AES Auger electron spectrometer/spectroscopy

AFF aberration-free focus

AFM atomic force microscope/microscopy

ALCHEMI atom location by channeling-enhanced
micro-analysis

ANL Argonne National Laboratory

APB anti-phase domain boundary

APFIM atom-probe field ion microscope/microscopy

APW augmented plane wave

ASW augmented spherical wave

ATW atmospheric thin window

BF bright field

BFP back-focal plane

BSE Dbackscattered electron
BZB Brillouin-zone boundary

Cl1,2 condenser 1, 2, etc. lens
CASTEP electronic-potential calculation software
CAT computerized axial tomography

LIST OF INITIALS AND ACRONYMS covuiiiiiieiieeeieeeeteeeeeeee et eaeeeeeeen

CB coherent bremsstrahlung
CBED convergent-beam electron diffraction
CBIM convergent beam imaging
CCD charge-coupled device

CCF cross-correlation function
CCM charge-collection microscopy
CDF centered dark field

CF coherent Fresnel/Foucault
CFE cold field emission

CL cathodoluminescence

cps counts per second

CRT cathode-ray tube

CS crystallographic shear

CSL coincident-site lattice

CVD chemical vapor deposition

DADF displaced-aperture dark field

DDF diffuse dark field

DF dark field

DFT density-functional theory

DOS density of states

DP diffraction pattern

DQE detection quantum efficiency

DSTEM dedicated scanning transmission electron
microscope/microscopy

DTSA desktop spectrum analyzer



EBIC electron beam-induced current/conductivity

EBSD electron-backscatter diffraction

EELS electron energy-loss spectrometer/
spectrometry

EFI energy-filtered imaging

EFTEM energy-filtered transmission electron
microscope

ELNES energy-loss near-edge structure

ELP™  energy-loss program (Gatan)

EMMA electron microscope microanalyzer

EMS electron microscopy image simulation

(E)YMSA (Electron) Microscopy Society of America

EPMA electron-probe microanalyzer

ESCA electron spectroscopy for chemical analysis

ESI electron-spectroscopic imaging

EXAFS extended X-ray-absorption fine structure

EXELFS extended energy-loss fine structure

FEFF ab-initio multiple-scattering software

FEG field-emission gun

FET field-effect transistor

FFP front-focal plane

FFT fast Fourier transform

FIB focused ion beam

FLAPW full-potential linearized augmented
plane wave

FOLZ first-order Laue zone

FTP file-transfer protocol

FWHM full width at half maximum

FWTM full width at tenth maximum

GB grain boundary

GIF Gatan image filter ™

GIGO garbage in garbage out
GOS generalized oscillator strength

HAADF high-angle annular dark field

HOLZ higher-order Laue zone

HPGe high-purity germanium

HREELS high-resolution electron energy-loss
spectrometer/spectrometry

HRTEM high-resolution transmission electron
microscope/microscopy

HV high vacuum

HVEM high-voltage electron microscope/
microscopy

ICC incomplete charge collection

ICDD International Center for Diffraction Data

ID identification (of peaks in spectrum)

IDB inversion domain boundary

IEEE International Electronics and Electrical
Engineering

IG intrinsic Ge

IVEM intermediate-voltage electron microscope/
microscopy

K-M Kossel-Mollenstedt

LACBED large-angle convergent-beam electron
diffraction

LCAO linear combination of atomic orbitals

LCD liquid-crystal display

LDA local-density approximation

LEED low-energy electron diffraction

LKKR layered Korringa-Kohn-Rostoker

MAS Microbeam Analysis Society
MBE molecular-beam epitaxy
MC minimum contrast

MCA multichannel analyzer
MDM minimum detectable mass
MLS multiple least-squares

MMF minimum mass fraction
MO molecular orbital

MRS Materials Research Society
MS multiple scattering

MSA multivariate statistical analysis
MSDS material safety data sheets
MT muffin tin

MV  megavolt

NCEMSS National Center for Electron Microscopy
simulation system

NIH National Institutes of Health

NIST National Institute of Standards and
Technology

NPL National Physical Laboratory

OIM orientation-imaging microscopy
OR orientation relationship

PARODI parallel recording of dark-field images

PB phase boundary

P/B peak-to-background ratio

PEELS parallel electron energy-loss spectrometer/
spectrometry

PIPS Precision Ion-Polishing System ™™

PIXE proton-induced X-ray emission

PM photomultiplier

POA phase-object approximation

ppb/m parts per billion/million

PDA photo-diode array

PSF point-spread function

PTS position-tagged spectrometry

QHRTEM quantitative high-resolution transmission
electron microscopy

RB translation boundary (yes, it does!)

RDF radial distribution function

REM reflection electron microscope/microscopy
RHEED reflection high-energy electron diffraction
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SACT small-angle cleaving technique

SAD(P) selected-area diffraction (pattern)

SCF self-consistent field

SDD silicon-drift detector

SE secondary electron

SEELS serial electron energy-loss spectrometer/
spectrometry

SEM  scanning electron microscope/microscopy

SESAMe sub-eV sub-A microscope

SF stacking fault

SHRLI simulated high-resolution lattice images

SI  spectrum imaging

SI  Systéme Internationale

SIGMAK K-edge quantification software

SIGMAL L-edge quantification software

SIMS secondary-ion mass spectrometry

S/N  signal-to-noise ratio

SOLZ second-order Laue zone

SRM standard reference material

STEM scanning transmission electron microscope/

microscopy
STM scanning tunneling microscope/microscopy

TB twin boundary

TEM transmission electron microscope/
microscopy

TFE thermal field emission

TMBA too many bloody acronyms
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UHYV ultrahigh vacuum
URL uniform resource locator
UTW ultra-thin window

V/F voltage to frequency (converter)
VLM visible-light microscope/microscopy
VUV  vacuum ultra violet

WB weak beam

WBDF weak-beam dark field

WDS wavelength-dispersive spectrometer/spectrometry
WP whole pattern

WPOA weak-phase object approximation

WWW  World Wide Web

XANES X-ray absorption near-edge structure

XEDS X-ray energy-dispersive spectrometer/
spectrometry

XPS X-ray photoelectron spectrometer/spectrometry

XRD/F X-ray diffraction/fluorescence

YAG yttrium-aluminum garnet
YBCO yttrium-barium-copper oxide
YSZ yttria-stabilized zirconia

ZAF atomic number/absorption/fluorescence correction
ZAP zone-axis pattern

ZLP zero-loss peak

ZOLZ zero-order Laue zone



List of Symbols

We use a large number of symbols. Because we are constrained by the limits of our own and the Greek alphabets, we
often use the same symbol for different terms, which can confuse the unwary. We have tried to be consistent where
possible but undoubtedly we have not always succeeded. The following (not totally inclusive) list may help if you
remain confused after reading the text.
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a,b,c
a*, b*, ¢*
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interatomic spacing

relative transition probability

width of diffraction disk

Bohr radius

lattice parameter

lattice vectors

reciprocal-lattice vectors

absorption-correction factor

active area of X-ray detector

amplitude

amplitude of scattered beam

amperes

atomic weight

Richardson’s constant

Angstrom

Bloch wave amplitude

aperture function

fitting parameters for energy-loss
background subtraction

beam-broadening parameter
separation of diffraction disks

edge component of the Burgers vector
Burgers vector of partial dislocation
Burgers vector of total dislocation

T w®
£

&

L]

@

SEORaNONo NN RO NGNS TN

()"
(Ca
c/o

beam direction
magnetic field strength
background intensity
aberration function

centi

velocity of light

composition

contrast

coulomb

astigmatism-aberration coefficient
chromatic-aberration coefficient

g component of Bloch wave
spherical-aberration coefficient
fraction of X atoms on specific sites
amplitude of direct beam
combination of the elastic constants
scherzer

glaser

condenser /objective

beam (probe) diameter

diameter of spectrometer entrance
aperture

interplanar spacing



D
D4
Dim

Dy, D,

e} [e] o

o ER S ERC

spacing of moire fringes

effective source size

diffraction-limited beam diameter

effective entrance-aperture diameter
at recording plane

Gaussian beam diameter

hkl interplanar spacing

image distance

smallest resolvable image distance

object distance

smallest resolvable object distance

spherical-aberration limited beam diameter

total beam diameter

thickness of a diffracting slice

differential cross section of one atom

aperture diameter

change in focus

dimension (as in 1D, 2D...)

distance from projector crossover
to recording plane

electron dose

distance from beam crossover to
spectrometer entrance aperture

depth of focus

depth of field

tie-line points on dispersion surfaces
in presence of defect

charge on the electron

energy

electric-field strength

Young’s modulus

total energy

energy loss

spatial-coherence envelope

chromatic-coherence envelope

critical ionization energy

displacement energy

Fermi energy/level

high/low energy for background-
subtraction window

ionization energy for K/L/M-shell electron

energy of K/L/M X-ray

average energy loss

plasmon energy

plasmon energy loss

sputtering-threshold energy

threshold energy

beam energy

envelope function

envelope function for chromatic aberration

envelope function for specimen drift

Ep(u)
Ey(u)
E\(u)

S(r)
f(8)
JK)

fi(x)

SRR

F(P)
F(u)
F0)
F(1)
F(9)
g/g

hkil

g(r)

G(u)
Gy

h(r)
(hic)
hkl

H(u)

envelope function for the detector
envelope function for the source
envelope function for specimen vibration

focal length

strength of object at point (x,y)

atomic-scattering factor

atomic-scattering amplitude

scattering factor for X-rays

residual of least-squares fit

Fano factor

fluorescence-correction factor

Lorentz force

relativistic-correction factor

Fourier transform

Fourier transform of edge intensity

fraction of alloying element B

special value of F(0) when 0 is the
Bragg angle

Fourier transform of plasmon intensity

Fourier transform of f{r)

Fourier transform of elastic intensity

Fourier transform of single-scattering
intensity

structure factor

diffraction vector (magnitude of 4/- K
at the Bragg angle)

diffraction vector for /ik/ plane

gram

intensity of image at point (x,y)

Bragg reflection

radius of a HOLZ ring

giga

Fourier transform of g(r)

gray (radiation unit)

Planck’s constant

distance from specimen to the aperture

contrast-transfer function

Miller indices of a crystal plane

indices of diffraction spots from /kl plane

spacing of the reciprocal-lattice planes
parallel to beam

Fourier transform of /(r)

beam current

imaginary number

number of atoms in unit cell

intensity

intrinsic line width of the XEDS detector
emission current
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filament-heating current

intensity in the diffracted beam
K/L/M-shell intensity above background
kinematical intensity

single-scattering intensity

intensity in the first plasmon peak

total transmitted intensity

intensity in the zero-loss peak

intensity in the direct beam

low-loss spectrum intensity

current density
joule
sum of spin and angular quantum numbers

magnitude of the wave vector

Boltzmann’s constant

kilo

k-vector of the incident wave

k-vector of the diffracted wave

Cliff-Lorimer factor/sensitivity factor

bulk modulus

Kelvin

Kramers’ constant

sensitivity factor

inner-shell/characteristic X-ray/
ionization edge

change in k due to diffraction

magnitude of K at the Bragg angle

kernel

angular quantum number

camera length

lattice spacing in beam direction

length of magnetic field

length of magnetic field along optic axis
path difference

width of composition line-profile

meters

milli

mirror plane

number of focal increments

rest mass of the electron
magnification

mega

angular magnification

transverse magnification

tie-line points on dispersion surfaces

integer
free-electron density
number of counts

e T

number of scattered electrons

number of incident electrons

nano

principal quantum number

vector normal to the surface

number of electrons in the ionized
sub-shell

h+k+1

newton

noise

number of counts in ionization edge

number of atoms/unit area

number of atoms/unit volume

number of bremsstrahlung photons
of energy E

Avogadro’s number

direct beam

integer

momentum

pico

probability of scattering

peak intensity

FWHM of a randomized electronic-pulse
generator

pascal
probability of K/L/M-shell ionization
scattering matrix for a slice of thickness z

charge
cross section

radius

distance a wave propagates

distance between contamination spots

minimum resolvable distance/resolution

power term to fit background in EEL
spectrum

image-translation distance

lattice vector

reciprocal-lattice vector

radius of astigmatism disk

radius of chromatic-aberration disk

radius of spherical-aberration disk

minimum disk radius

theoretical disk radius

lattice vector in strained crystal

maximum radius of DP in focal plane
of spectrometer

ALCHEMI intensity ratio

count rate

crystal-lattice vector



SR
S,(Sg)
Seff

distance on screen between diffraction
spots

radius of curvature of EEL spectrometer

resolution of XEDS detector

spatial resolution

reduction in partial cross section with
increasing o

diameter of beam emerging from
specimen

lattice-displacement vector

displacement

excitation error/deviation parameter
second

spin quantum number

excitation error due to defect
excitation error

effective excitation error

distance from specimen to detector
signal

standard deviation for n measurements
steradians

shift vector between the ZOLZ and
HOLZ

student (t) distribution

thickness

absorption path length

thickness at zero tilt

absolute temperature

tesla

period of rotation

objective-lens transfer function

effective transfer function

reciprocal lattice vector

unit vector along the dislocation
line

vector normal to the ZOLZ

overvoltage

Fourier component of the perfect-crystal
potential

indices of a crystal direction

indices of beam direction

velocity

accelerating voltage

potential energy

volume of the unit cell

inner potential of cavity

projected potential through specimen
thickness

crystal inner potential

w s&q (excitation error multiplied by
extinction distance)

w projected width of planar defect

w width

X distance

X times (magnification)

X, 0,z atom coordinates

X FWHM due to XEDS detector

X rotation axis

y displacement at the specimen

y number of counts in channel

y parallax shift in the image

z distance within a specimen

z distance along optic axis

z specimen height

Z atomic number/atomic-number correction
factor

Greek symbols

o phase shift due to defect

o semi-angle of incidence/convergence

o X-ray take-off angle

ol beam divergence semi-angle at gun
crossover

Aopt optimum convergence semi-angle

B brightness

B ratio of electron velocity to light velocity

§ semi-angle of collection

Bopt optimum collection semi-angle

Y degree of spatial coherence

Y phase of direct beam

Y relativistic-correction factor

Y specimen tilt angle

A change/difference

A width of energy window

Ad change in lattice parameter

Ad phase difference

AB; angle between Kossel-Mollenstedt fringes

Ayp difference in mass-absorption coefficients

AE energy width /spread

AEp plasmon-line width/change in plasmon
energy

Af maximum difference in focus

Af defocus error due to chromatic aberration

Afarr aberration-free (de)focus

Afyvic minimum contrast defocus

Afop optimum defocus

A change (in height)
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relative depth in specimen

change in intensity

parallax shift

change in the inner potential

path difference/image shift

half-width of image of undissociated
screw dislocation

resolution at Scherzer defocus

Scherzer defocus

angle between XEDS detector normal
and line from detector to specimen

angle between beam and plane of defect

diameter of disk image

diffuseness of interface

precipitate/matrix misfit

small increment

smallest resolvable distance (resolution)

deflection angle

detector efficiency

energy to create an electron-hole pair
specimen-tilt angle

strain

permittivity of free space (dielectric constant)

phase change

angle between excess Kikuchi lines at
s =0and s>0

phase of the atomic-scattering factor

phase shift accompanying scattering

work function

rotation angle between image and
diffraction pattern

angle between Kikuchi line and diffraction
spot

angle between two Kikuchi-line pairs

angle between two planes

angle between two plane normals

angle of tilt between stereo images

phase of a wave

complex conjugate of ¢

amplitude of the diffracted beam

amplitude of the direct beam

angle of deflection of the beam

depth distribution of X-ray production

wave vector outside the specimen

wave vector terminating on the point G
in reciprocal space

wave vector terminating on the point O
in reciprocal space

e goodness of fit (between standard and
experimental spectra)

y(u) phase-distortion function

(k) momentum transfer

K thermal conductivity

&y extinction distance for the diffracted beam

Ey absorption parameter

o extinction distance for the direct beam

Ectr effective extinction distance (s # 0)

igabs absorption-modified &,

e coherence length

N mean-free path

N wavelength

Ak /LM mean-free path for K/L/M-shell
ionization

Ap plasmon mean-free path

AR relativistic wavelength

At radius of Ewald sphere

u micro

u refractive index

w/p mass-absorption coefficient

n9(r) Bloch function

v frequency

\% Poisson’s ratio

] amplitude of a wave

\ the wave function

Vsph amplitude of spherical wave

Vot total wave function

o amplitude

p angle between two directions

p density

Pe/s information limit due to chromatic/
spherical aberration

p(r) radial distribution function

pt mass thickness

PP area of a pixel

c scattering cross section of one atom

c standard deviation

o} stress

OK/L/M ionization cross section for K/L/M-shell
electron

oT total ionization cross section

ok ,//m(BA) partial ionization cross section
for K/L/M-shell electron

0 scattering semi-angle



05
0c
Ok
0o

Bragg angle

cut-off semi-angle

characteristic scattering semi-angle
screening parameter

XEDS detector time constant
dwell time
analysis time

fluorescence yield
cyclotron frequency

plasmon frequency

filter for energy loss

solid angle of collection
of XEDS

volume of unit cell
zeta factor

convolution (multiply and integrate)
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ABoUT THE COMPANION VOLUME

About the Companion Volume

As described in our Preface, the many years since the publication of the first
edition have seen a significant increase in the number of TEM (and related)
techniques and the sophistication of the microscope’s experimental capabilities,
as well as new hardware designs, astonishing improvements in computer control of
the instrument and amazing developments in software to handle and model the
gigabytes of data generated by these (now almost completely digital) instruments.
Much of this explosion of information has coincided with the world-wide drive to
explore the nanoworld, and the still-ongoing effects of Moore’s law. It is not
possible to include all of this new knowledge in a textbook, and the primary
objective of the second edition is still to teach you to understand the essence of
the TEM before you attempt to master the latest advances. We also personally
cannot hope to comprehend fully all of the new techniques, especially as we both
descend into more administrative positions in our professional lives.

Therefore, we have prevailed on almost 20 of our close friends and colleagues
to put together with us a companion applications text (Carter and Williams, eds.,
Springer, 2010) to which we will refer throughout this second edition. The com-
panion text is just as it says; it’s a friend whose advice you should seek when the
main text is not enough. The companion is not intended to be more advanced but
it certainly provides much more detail on key recent developments and some more
traditional aspects of TEM that have seen a resurgence of interest. We have taken
our colleagues’ contributions and worked with them to produce chapters that are
in a similar conversational vein to this main text. While Transmission Electron
Microscopy, Second Edition, is a completely stand-alone textbook, we think that
you will find the cross-referencing between the two texts to be of great value as you
continue along the rewarding path of becoming a transmission microscopist.
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The Transmission Electron Microscope

CHAPTER PREVIEW

A typical commercial transmission electron microscope (TEM) costs about $5 for each electron
volt (eV) of energy in the beam and, if you add on all available options, it can easily cost up to
$10 per eV. As you'll see, we use beam energies in the range from 100,000 to 400,000 eV, so a
TEM is an extremely expensive piece of equipment. Consequently, there have to be very sound
scientific reasons for investing such a large amount of money in one microscope. In this chapter
(which is just a brief overview of many of the concepts that we’ll talk about in detail throughout
the book) we start by introducing you to some of the historical development of the TEM
because the history is intertwined with some of the reasons why you need to use a TEM to
characterize materials. Other reasons for using a TEM have appeared as the instrument
continues to develop, to the point where it can seriously be claimed that no other scientific
instrument exists which can offer such a broad range of characterization techniques with such
high spatial and analytical resolution, coupled with a completely quantitative understanding of
the various techniques. Indeed as nanotechnology and related areas seize both the public and
the technological community’s imaginations, it is increasingly obvious that the TEM is the
central tool for complete characterization of nanoscale materials and devices. Unfortunately,
coupled with the TEM’s advantages are some serious drawbacks and you must be just as aware
of the instrument’s limitations as you are of its advantages, so we summarize these also.

A TEM can appear in several different forms, all of which are described by different
acronyms such as HRTEM, STEM, and AEM, and we’ll introduce you to these different
instruments. We’ll also use the same acronyms or initials (go back and read p. xxi) to denote
both the technique (microscopy) and the instrument (microscope). We regard all of the
different types of TEM as simply variations on a basic theme and that is why only “TEM’ is
in the book title. We will also describe some of the basic physical characteristics of the
electron. Throughout the book you’ll have to confront some physics and mathematics every
now and again because understanding what we can do with a TEM and why we operate it in
certain ways is governed by the fundamental physics of electrons, how electrons are con-
trolled by magnetic fields in the microscope, how electrons interact with materials, and how
we detect the many signals emitted from a specimen in the TEM.

Finally we will summarize some of the most popular computer software packages for
TEM. We will refer to many of these throughout the text. We are including them in the first
chapter to emphasize the central role of the computer in today’s TEM operation and
analysis. A basic lesson to take away from this chapter is not just the versatility of the
TEM but the fact that it is fundamentally a signal-generating and detecting instrument
rather than simply a microscope for high-resolution images and diffraction patterns (we’ll
call them DPs), which is how it operated for many decades.

1.1 WHAT MATERIALS SHOULD WE
STUDY IN THE TEM?

The materials scientist has traditionally examined
metals, alloys, ceramics, glasses, polymers, semiconduc-
tors, and composite mixtures of these materials, with

1.1 WHAT MATERIALS SHOULD WE STUuDY IN THE TEM? ........

sporadic adventures into wood, textiles, and concrete.
In addition to thinning them from the bulk state, parti-
cles and fibers of some of these materials are also com-
monly studied and, in such shapes, they are sometimes
thin enough for direct TEM examination. Nanotechnol-
ogy, which will feature as a common theme throughout

....................................................................................................... 3



this book, is defined as “the ability to understand and
control matter at dimensions of roughly 1 to 100 nan-
ometers, where unique phenomena enable novel applica-
tions. Encompassing nanoscale science, engineering and
technology, nanotechnology involves imaging, measur-
ing, modeling, and manipulating matter at this length
scale” (URL #1).

THE CRUCIAL WORDS
“Imaging, measuring, modeling, and manipulating
matter” can be accomplished with the help of the
TEM and are often thrown together as part of the
emerging field of ‘nanocharacterization,” a term
which we will try not to use too often.

When we create nanoscale materials, they come with
specific dimensional limits in 1D, 2D, or 3D and the TEM
is well suited to observing them, precisely because of these
limits. We will include examples of archetypal dimension-
ally limited structures throughout the book. For example,
single layers (such as graphene sheets or quantum wells),
nanotubes and nanowires, quantum dots, nanoparticles,
and most catalyst particles can be viewed as 1D struc-
tures. We can put all of these types of specimen into the
TEM without modification, since 1D is always thin
enough for direct observation; 2D nanomaterials include
interfaces, and complex 3D nanomaterials are typified by
multilayer, semiconductor devices, functional materials,
or nanoporous structures such as substrates for catalyst-
particle dispersions. Lastly, we should note the rapidly
growing interface between the nano- and the bio-worlds.
While much of biological electron microscopy has been
superceded in the last decade or more by less-damaging
techniques such as confocal, two-photon, multi-photon,
and near-field light microscopies, there is still a major role
for TEM in biomaterials, bio/inorganic interfaces, and
nano-bio/biomaterials.

1.2 WHY USE ELECTRONS?

Why should we use an electron microscope? Historically
TEMs were developed because of the limited image
resolution in light microscopes, which is imposed by
the wavelength of visible light. Only after electron
microscopes were developed was it realized that there
are many other equally sound reasons for using elec-
trons, most of which are utilized to some extent in a
modern TEM. By way of introduction to the topic, let’s
look at how the TEM developed and the pros and cons
of using such an instrument.

1.2.A An Extremely Brief History

Louis de Broglie (1925) first theorized that the electron
had wave-like characteristics, with a wavelength sub-
stantially less than visible light. Then in 1927 two

FIGURE 1.1. The electron microscope built by Ruska (in the lab coat)
and Knoll, in Berlin in the early 1930s.

research groups, Davisson and Germer and Thomson
and Reid, independently carried out their classic
electron-diffraction experiments, which demonstrated
the wave nature of electrons. It didn’t take long for the
idea of an electron microscope to be proposed, and the
term was first used in the paper of Knoll and Ruska
(1932). In this paper they developed the idea of electron
lenses into a practical reality and demonstrated electron
images taken on the instrument shown in Figure 1.1.
This was a most crucial step, for which Ruska received
the Nobel Prize (“somewhat late” he was quoted as
saying), in 1986, shortly before his death in 1988. Within
a year of Knoll and Ruska’s publication, the resolution
limit of the light microscope was surpassed. Ruska, sur-
prisingly, revealed that he hadn’t heard of de Broglie’s
ideas about electron waves and thought that the wave-
length limit didn’t apply to electrons. Some idea of the
power of Ruska’s breakthrough is the fact that commer-
cial TEMs were first developed only 4 years later. The
Metropolitan-Vickers EM1 was the first such instrument
and was built in the UK in 1936. Apparently it didn’t
work very well and regular production of commercial
TEMs was really started by Siemens and Halske in
Germany in 1939. TEMs became widely available from
several other sources (Hitachi, JEOL, Philips, and RCA,
inter alia) after the conclusion of World War II.

For materials scientists a most important develop-
ment took place in the mid-1950s when Bollman in
Switzerland and Hirsch and co-workers in Cambridge,
in the UK, perfected techniques to thin metal foils to
electron transparency. (In fact, because so much of the
early TEM work examined metal specimens, the word
“foil’ came to be synonymous with ‘specimen’ and we’ll
often use it this way.) In addition, the Cambridge group
also developed the theory of electron-diffraction con-
trast with which we can now identify, often in a quanti-
tative manner, a/l known line and planar crystal defects
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in TEM images. This work is summarized in a formid-
able but essential text often referred to as the ‘Bible’ of
TEM (Hirsch et al. 1977). For the materials scientist,
practical applications of the TEM for the solution of
materials problems were pioneered in the United States
by Thomas and first clearly expounded in his text. Other
materials-oriented texts followed, notably the first stu-
dent-friendly ‘hands-on’ text by Edington.

Today TEMs constitute arguably the most efficient
and versatile tools for the characterization of materials
over spatial ranges from the atomic scale, through the
ever-growing ‘nano’ regime (from < 1 nm to ~ 100 nm)
up to the micrometer level and beyond. If you want to
read a history of the TEM, the book by Marton (1968) is
a compact, personal monograph and the text edited by
Hawkes in 1985 contains a series of individual reminis-
cences. Fujita’s (1986) paper emphasizes the substantial
contribution of Japanese scientists to the development
of the instrument. The field is now at the point where
many of the pioneers have put their memoirs down on
paper, or Festschrifts have been organized in their
honor (e.g., Cosslett 1979, Ruska 1980, Hashimoto
1986, Howie 2000, Thomas 2002, Zeitler 2003) which
detail their contributions over the decades, and compile
some useful overview papers of the field. If you enjoy
reading about the history of science, we strongly recom-
mend the review of Fifty Years of Electron Diffraction
edited by Goodman (1981) and Fifty Years of X-ray
Diffraction edited by Ewald (1962) (the spelling of X-
ray is discussed in the CBE Manual, 1994). More
recently, Haguenau et al. (2003) compiled an extensive
list of references describing key events in the history of
electron microscopy. As always, there is a wealth of
information, some of it accurate, available on the Web.

1.2.B Microscopy and the Concept
of Resolution

When asked “what is a microscope?,” most people
would answer that it is an instrument for magnifying
things too small to see with the naked eye, and most
likely they would be referring to the visible-light micro-
scope (VLM). Because of the general familiarity with
the concept of the VLM, we will draw analogies between
electron and light microscopes wherever it’s instructive.

The smallest distance between two points that we
can resolve with our eyes is about 0.1-0.2 mm, depend-
ing on how good our eyes are, and assuming that there’s
sufficient illumination by which to see. This distance is
the resolution or (more accurately) the resolving power of
our eyes. So any instrument that can show us pictures
(or images as we’ll often refer to them) revealing detail
finer than 0.1 mm could be described as a microscope,
and its highest useful magnification is governed by its
resolution. A major attraction to the early developers of
the TEM was that, since electrons are smaller than
atoms, it should be possible, at least theoretically, to
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build a microscope that could ‘see’ detail well below the
atomic level. The idea of being able to ‘see’ with elec-
trons may be confusing to you. Our eyes are not sensi-
tive to electrons. If a beam of high-energy electrons was
aimed into your eye, you would most likely be blinded as
the electrons killed your retinal cells, but you wouldn’t
see anything (ever again!). So an integral part of any
electron microscope is a viewing screen of some form
(now usually a flat-panel computer display), which dis-
plays electron intensity as light intensity, which we first
observe and then record photographically or store digi-
tally. (We’ll discuss these screens and other ways of
recording electron images in Chapter 7.)

VLM
We'll try to avoid the phrases ‘optical microscope’
(they all are) and ‘light microscope’ (some are very
heavy).
“Visible-light microscope/y’ is simple and appropriate
use of the hyphen.

The resolution of a TEM means different things for
different functions of the instrument, and we’ll discuss
them in the appropriate chapters. It’s easiest to think of
the image resolution in TEM in terms of the classic
Rayleigh criterion for VLM, which states that the smallest
distance that can be resolved, 9, is given approximately by

5 0.61x
~ usinB

(1.1)

In equation 1.1, A is the wavelength of the radiation, p
the refractive index of the viewing medium, and P the
semi-angle of collection of the magnifying lens. For the
sake of simplicity we can approximate p sin  (which is
sometimes called the numerical aperture) to unity and
so the resolution is equal to about half the wavelength of
light. For green light in the middle of the visible spec-
trum, A is about 550 nm, and so the resolution of a good
VLM is about 300 nm. In TEMs we can approximate
the best resolution using an expression similar to equa-
tion 1.1 (actually ~ 1.22A/B) which, as we’ll see later, is
very small.

Now although 300 nm is a small dimension to us, it
corresponds to about 1000 atom diameters, and, there-
fore, many of the features that control the properties of
materials are on a scale well below the resolution of the
VLM. Also, 300 nm is well above the upper limit of the
nano regime which we defined earlier. So there’s a real
need in nano/materials science and engineering to image
details, all the way down to the atomic level, if we want to
understand and ultimately control the properties of mate-
rials, and that’s a major reason why TEMs are so useful.

This limit of light microscopy was well understood at
the turn of the last century and prompted Ernst Abbe,
one of the giants in the field, to complain that “it is poor
comfort to hope that human ingenuity will find ways
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and means of overcoming this limit.” (He was right to be
so depressed because he died in 1905, some 20 years
before de Broglie’s ingenuity solved the problem.)
Louis de Broglie’s famous equation shows that the
wavelength of electrons is related to their energy, E,
and, if we ignore relativistic effects, we can show
approximately (and exactly in Section 1.4 below) that
(ignoring the inconsistency in units)

1.22

In this equation E'is in electron volts (eV) and A in nm.

So from equation 1.2 you can work out that for a
100 keV electron, A ~4 pm (0.004 nm), which is much
smaller than the diameter of an atom.

V AND eV
Remember that we should be precise in our use of
these units: V represents the accelerating voltage of
the microscope while eV refers to the energy of the
electrons in the microscope (look ahead to equation
1.4 to see the relation between the two).

We’ll see later that we cannot yet build a ‘perfect’
TEM that approaches this wavelength-limited limit of
resolution, because we can’t make perfect electron
lenses (see Chapter 6). Until recently, a top of the line
lens could rightly be compared to using the bottom of a
Coca-Cola™ bottle as a lens for light microscopy. Pro-
gress was rapid after Ruska’s early work on lenses and
since the mid-1970s many commercial TEMs have been
capable of resolving individual columns of atoms in
crystals, creating the field of high-resolution transmis-
sion electron microscopy or HRTEM, which we’ll dis-
cuss in Chapter 28. A typical HRTEM image is shown
in Figure 1.2A.

The advantages of shorter wavelengths led in the
1960s to the development of high-voltage electron micro-
scopes (HVEMs), with accelerating potentials between 1
and 3 MV. In fact, rather than push the resolution limits,
most of these instruments were used to introduce con-
trolled amounts of radiation damage into specimens, in
an attempt to simulate nuclear-reactor environments.
Three-Mile Island and Chernobyl contributed to
changes in the emphasis of energy research; recently
there has not been much call for HVEMs. Today, climate
change is forcing a reconsideration of nuclear power.
Only one HVEM (1 MV) for HRTEM imaging was
constructed in the 1980s and three 1.25 MV machines
in the 1990s. Intermediate voltage electron microscopes
(IVEMs) were introduced in the 1980s. These TEMs
operate at 200400 kV, but still offer very high resolu-
tion, close to that achieved at 1 MV. In fact, progress is
such that most IVEMs purchased these days are, effec-
tively, HRTEMs with atomic resolution.
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FIGURE 1.2. (A) A twin boundary in spinel stepping from one {111} plane
to another parallel plane. The white dots are columns of atoms. The change in
atomic orientation across the twin boundary can be readily seen even if we do
not know what causes the white dots or why indeed they are white. (B) A grain
boundary in SrTiO; imaged without C; correction and (C) with C correction.
As you can see, the effect is just as dramatic as putting on your reading glasses
(if you need them).

We are still improving the resolution, and recent
breakthroughs in spherical- and chromatic-aberration
corrections (see Chapters 6 and 37, respectively) are
revolutionizing the TEM field. Among many advan-
tages, corrections of spherical aberration (which, for
reasons we’ll explain in Chapter 6, we abbreviate to
C,) and chromatic aberration (C.) allow us to produce
sharper atomic-resolution images. By filtering out elec-
trons of different wavelengths we can also better image
thicker specimens.

The combination of IVEMs and C correction has
pushed TEM image resolution to well below the 0.1 nm
(1 A) barrier. Today the point has perhaps been reached
where the drive for much better resolution is now no
longer paramount and the TEM will develop more con-
structively in other ways. As we’ll illustrate many times
throughout the book and elaborate in the companion
text, C correction is perhaps the most exciting advance
in TEM technology in several decades and Figure 1.2B
and C shows beautifully the difference in a typical
atomic-resolution image with and without C correction.
The advantages of Cg and C, aberration correction in
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TEM are explored in depth in chapters on C correction
and energy-filtered TEM (EFTEM) in the companion
text.

Cs,Cc AND MAGNIFICATION

Having extolled the virtues of C, correction it is worth
pointing out that most TEM images are recorded at
magnifications where such correction makes no dis-
cernible difference. Most TEM specimens are not thin
enough to produce images with resolution that bene-
fits from Cg correction. For thicker specimens C,
correction via energy filtering is much more useful.

1.2.C Interaction of Electrons with Matter

Electrons are one type of ionizing radiation, which is the
general term given to radiation that is capable of remov-
ing the tightly bound, inner-shell electrons from the
attractive field of the nucleus by transferring some of
its energy to individual atoms in the specimen.

One of the advantages of using ionizing radiation is
that it produces a wide range of secondary signals from
the specimen and some of these are summarized in Fig-
ure 1.3. Many of these signals are used in analytical
electron microscopy (AEM), giving us chemical infor-
mation and a lot of other details about our specimens.
AEM uses X-ray energy-dispersive spectrometry
(XEDS) and electron energy-loss spectrometry (EELS).
For example, Figure 1.4A shows X-ray spectra from
very small regions of the TEM specimen imaged in
Figure 1.4B. The spectra exhibit characteristic peaks,
which identify the different elements present in different
regions. We can transform such spectra into quantitative

Incident S d
highkV beam o1 ctrons (SE)
Backscattered
electrons (BSE) Characteristic
X-rays
Auger Visible
electrons \ / Light
‘Absorbed’ Electron-hole
electrons pairs
N Bremsstrahlung
Specimen X-rays
Elastically Inelastically
scattered Direct scattered
electrons Beam electrons

FIGURE 1.3. Signals generated when a high-energy beam of electrons
interacts with a thin specimen. Most of these signals can be detected
in different types of TEM. The directions shown for each signal do not
always represent the physical direction of the signal, but indicate, in a
relative manner, where the signal is strongest or where it is detected.
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FIGURE 1.4. (A) X-ray spectra from three different regions of a speci-
men of Ni-base superalloy imaged in (B). The spectra are color-coded to
match the different regions of the specimen highlighted in (C) which is a
quantitative map showing the distribution of the elements detected in the
spectra in (A) (e.g., green areas are rich in Cr, blue areas contain pre-
dominantly Ti, etc.). Quantitative composition profiles showing the loca-
lized changes in composition across one of the small matrix precipitates in
(C) are shown in (D).

images of the distributions of all the elements present in
the specimen (Figure 1.4C) and from such images extract
quantitative data describing elemental changes asso-
ciated with inhomogeneous microstructures as shown
in Figure 1.4D. This and similar analyses with EELS
comprise Part 4 of the book. In contrast, microscopes
using non-ionizing radiation, such as visible light,
usually only generate light (but not much heat, which is
good).
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In order to get the best signal out of our specimens
we have to put the best signal in, and so the electron
source is critical. We are now very accomplished in this
respect, as you’ll see in Chapter 5; modern TEMs are
very good signal-generating instruments. To localize
these signals we need our TEM to produce a very
small electron beam (or probe as it is often called),
typically <5 nm and at best < 0.1 nm in diameter. We
combine TEM and scanning electron microscope
(SEM) technology to create a scanning transmission
electron microscope (STEM). The STEM is both the
basis for AEMs and a unique scanning-imaging (or
scanned-probe) microscope in its own right. In fact
there are instruments that are only capable of operating
in scanning mode and these are sometimes referred to as
dedicated STEMs or DSTEMs. AEMs offer improved
analytical performance at intermediate voltages, similar
to the improvement in image resolution gained in stan-
dard TEMs.

Most importantly, C, correction permits the genera-
tion of smaller electron probes with higher currents,
thus significantly improving both analytical spatial
resolution and sensitivity. Chromatic-aberration cor-
rection (i.e., energy filtering) also offers the opportunity
to form images of electrons with a whole range of spe-
cific energies, permitting such breakthroughs as band-
gap imaging and chemical-bond imaging.

1.2.D Depth of Field and Depth of Focus

The depth of field of a microscope is a measure of how
much of the object that we are looking at remains in
focus at the same time; the term depth of focus refers to
the distance over which the image can move relative to
the object and still remain in focus. If you are confused,
it may help to recall that depth of field and field of view
both refer to the object in everyday photography. The
lenses in the TEM govern these properties just as they
determine the resolution. Electron lenses are not very
good, as we’ve already mentioned, and one way to
improve their performance is to insert very small limit-
ing apertures, narrowing the beam down to a thin ‘pen-
cil’ of electrons which at most is a few micrometers
across. These apertures obviously cut down the intensity
of the electron beam, but they also act to increase
the depth of field of the specimen and depth of focus
of the images that we produce, as we explain in detail in
Chapter 6.

While this large depth of field is chiefly used in the
SEM to produce 3D-like images of the surfaces of
specimens with large changes in topography, it is also
critical in the TEM. It turns out that in the TEM, your
specimen is usually in focus from the top to the bottom
surfaces at the same time, independent of its topogra-
phy, so long as it’s electron transparent! Figure 1.5
shows a TEM image of some dislocations in a crystal.

FIGURE 1.5. TEM image of dislocations (dark lines) in GaAs. The
dislocations in the band across the middle of the image are on slip planes
close to 90° to one another and thread through the thin specimen from the
top to the bottom but remain in focus through the foil thickness.

The dislocations appear to start and finish in the speci-
men, but in fact they are threading their way through
the specimen from the top to the bottom surfaces, and
they remain in sharp focus at all times. (By the time you
finish reading this book, you should be able to work
out which is the top and which is the bottom surface of
the specimen.) Furthermore, you can record the final
image at different positions below the final lens of the
instrument and it will still be in focus (although the
magnification will change). Compare these properties
with the VLM where, as you probably know, unless the
surface of your specimen is flat within the wavelength
of light, it is not all in focus at the same time. This
aspect of TEM gives us both advantages and disadvan-
tages in comparison to the VLM. You should note
that, in this rare situation, C, correction is not an
advantage since it permits the use of larger apertures
without degrading the resolution of the lens. But smal-
ler apertures are the ones that give better depth of focus
and depth of field (see Section 6.7). However, if you are
using a C corrector, your specimen has to be so thin
that it will still remain in focus except under extreme
conditions. We’ll see more on this topic in the compan-
ion text and also mention using TEM in a ‘confocal’
mode.

1.2.E Diffraction

As we’ve noted, Thompson, Reid, Davisson, and
Germer independently showed that electrons could be
diffracted when passing through thin crystals of nickel.
Performing electron diffraction in TEMs was first rea-
lized by Kossel and Moéllenstedt (1939). Today, electron
diffraction is an indispensable part of TEM and is argu-
ably the most useful aspect for materials scientists and
nanotechnologists for whom crystal structure (and par-
ticularly crystal defects) is an essential characteristic
when it comes to controlling properties. Figure 1.6
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FIGURE 1.6. TEM DP from a thin foil of Al-Li-Cu containing various
precipitate phases, shown in the inset image. The central spot (X) contains
electrons that come directly through the foil and the other spots and lines
are diffracted electrons which are scattered from the different crystal
planes.

shows a TEM DP that contains information on the
crystal structure, lattice repeat distance, and specimen
shape (as well as being a most striking pattern). We’ll see
that the pattern can always be related to the image of the
area of the specimen from which it came, in this case
shown in the inset. You will also see in Part 2 that, in
addition to the things we just listed, if you converge the
usually parallel TEM beam to a focused probe, then you
can produce even more striking convergent-beam pat-
terns (see Figure 2.13D) from which you can conduct a
complete crystal-symmetry analysis of minuscule crys-
tals, including such esoteric aspects as point-group and
space-group determination. You shouldn’t be surprised
by now if we tell you that aberration correction can
produce even better DPs, which are both sharper (by
reducing chromatic aberration) and come from smaller
regions of the specimen (by reducing C). The crystal
structure produces no diffraction informationina VLM
because of the relatively large wavelength of visible
light.

KEY POINT TO REMEMBER
At all times the crystallographic information in the
DP (and all the analytical information) can be related
to the image of your specimen.

So a TEM can produce atomic-resolution images, it
can generate a variety of signals telling you about your
specimen chemistry and crystallography, and you can
always produce images that are in focus. There are
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many other good reasons why you should use electron
microscopes. We hope they will become evident as you
read through this book. At the same time there are many
reasons why you should not always seek to solve your
problems with the TEM, and it is most important that
you realize what the instrument cannot do, as well as
knowing its capabilities.

1.3 LIMITATIONS OF THE TEM

1.3.A Sampling

All the above advantages of the TEM bring accom-
panying drawbacks. First of all, the price to pay for
any high-resolution imaging technique is that you only
look at a small part of your specimen at any one time.
The higher the resolution therefore, the worse the
sampling abilities of the instrument. Von Heimendahl
(1980) reported a calculation by Swann around 1970
estimating that all TEMs, since they first became
available commercially (~15 years), had only exam-
ined 0.3 mm® of material! Extending that calculation
to the present time probably increases this volume to
no more than 10* mm?. So we have an instrument that
is not a good sampling tool! This sampling problem
only serves to emphasize that, if you're just starting
your research, before you put your specimen in the
TEM you must have examined it with techniques that
offer poorer resolution but better sampling, such as
your eyes, the VLM, and the SEM. In other words,
know the forest before you start looking at the veins in
the leaves on the trees.

1.3.B Interpreting Transmission Images

Another problem is that the TEM presents us with 2D
images of 3D specimens, viewed in transmission. Our
eyes and brain routinely understand reflected light
images but are ill-equipped to interpret TEM images
and so we must be cautious. Hayes illustrates this pro-
blem well by showing a picture of two rhinoceros side by
side such that the head of one appears attached to the
rear of the other (see Figure 1.7). As Hayes puts it “when
we see this image we laugh” (because we understand its
true nature in 3D) “but when we see equivalent (but
more misleading) images in the TEM, we publish!” So
beware of artifacts which abound in TEM images.

One aspect of this particular drawback (sometimes
called the projection-limitation) is that generally all the
TEM information that we talk about in this book
(images, DPs, spectra) is averaged through the thickness
of the specimen. In other words, a single TEM image has
no depth sensitivity. As we noted in Figure 1.5 there
often is information about the top and bottom surfaces
of the thin foil, but this is not immediately apparent. So
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FIGURE 1.7. Photograph of two rhinos taken so that, in projection, they
appear as one two-headed beast. Such projection artifacts in reflected-light
images are easily discernible to the human eye but similar artifacts in TEM
images are easily mistaken for ‘real’ features.

other techniques which are more clearly surface sensi-
tive or depth sensitive, such as field-ion microscopy,
scanning-probe microscopy, Auger spectroscopy, and
Rutherford backscattering, are necessary complemen-
tary techniques if you want a full characterization of
your specimen.

However, there has been progress in overcoming
this limitation, which was much more of a problem for
biologists interested in the shape of complex mole-
cules, cells, and other natural structures. So they
invented the technique of electron tomography,
which uses a sequence of images taken at different
tilts to create a 3D image, identical in principle to
the more familiar medical CAT (computerized-axial
tomography) scans using X-rays. Recently, there has
been rapid improvement in specimen-holder design to
permit full 360° rotation and, in combination with
easy data storage and manipulation, nanotechnolo-
gists have begun to use this technique to look at com-
plex 3D inorganic structures such as porous materials
containing catalyst particles. This relatively new
aspect of TEM for materials scientists is explored in
depth in the companion text.

1.3.C Electron Beam Damage and Safety

A detrimental effect of ionizing radiation is that it can
damage your specimen, particularly polymers (and most
organics) or certain minerals and ceramics. Some
aspects of beam damage are exacerbated at higher vol-
tages, and with commercial instruments offering up to
400 kV, beam damage can now limit much of what we
do in the TEM, even with refractory metals. The situa-
tion is even worse with more intense beams made

FIGURE 1.8. Beam damage (bright bubble-like regions) in quartz
after bombardment with 125 keV electrons. With increasing time from
(A) to (B) the damaged regions increase in size.

possible because of advances in Cg correction. Figure 1.8
shows an area of a specimen damaged by high-energy
electrons.

However, all is not lost and we can combine more
intense electron sources with more sensitive electron
detectors and use computer enhancement of noisy
images to minimize the total dose received by the
specimen to levels below the damage threshold. Mini-
mum-dose microscopy techniques, often combined
with specimen cooling (cryo-microscopy) and low-
noise, charge-coupled device (CCD) cameras (see
Chapters 7 and 31, respectively), are standard
approaches in biological TEM and permit images to
be obtained even when only a few hundred electrons/
nm? are hitting the specimen. These approaches are
finding increasing usage in TEM of materials where
digital control of the beam in STEMs is another way
to minimize radiation damage.

The combination of high kV beams with the intense
electron sources that are available means that you can
destroy almost any specimen, if you are not careful. At
the same time comes the danger that should never be
forgotten, that of exposing yourself to ionizing radiation.
Modern TEMs are remarkably well engineered and
designed with safety as a primary concern, but never
forget that you are dealing with a potentially dangerous
instrument that generates radiation levels that will kill
tissue (and managed to damage some operators in the
early days of the technique). So never modify your micro-
scope in any way without consulting the manufacturer
and without carrying out routine radiation-leak tests. If
in doubt, don’t do it!
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1.3.D Specimen Preparation

Your specimens have to be thin if you’re going to get
any information using transmitted electrons in the
TEM. ‘Thin’ is a relative term, but in this context it
means electron transparent. For a specimen to be trans-
parent to electrons, it must be thin enough to transmit
sufficient electrons such that enough intensity falls on the
screen, CCD, or photographic plate to give an interpre-
table image in a reasonable time. Generally this require-
ment is a function of the electron energy and the average
atomic number (Z) of your specimen. Typically for
100-keV electrons, specimens of aluminum alloys up to
~1 pm would be thin, while steel would be thin up to
about several hundred nanometers. However, it is an
axiom in TEM that, almost invariably, thinner is better
and specimens <100 nm should be used wherever possi-
ble. In extreme cases such as doing HRTEM or electron
spectrometry, specimen thicknesses <50 nm (even
<10 nm) are essential. These demands become less strict
as the beam voltage increases, but this is offset by the
production of beam damage.

Again these words of caution are balanced by the
development of a specialized specimen-preparation
tool called a focused ion beam (FIB) which is essential
to the semiconductor-device fabricators who use
them (by the dozen) to prepare, in a matter of a few
tens of minutes, thin foils of specific, individual gates
or junctions from one of the many millions of such on
a 12-in. VLSI wafer. The only drawback is that, to
buy a FIB, you have to pay as much as it costs to buy
a TEM. We’'ll talk about this and other methods of
specimen preparation in Chapter 10 and in the com-
panion text.

THIN SPECIMENS

A major limitation of the TEM is we need thin speci-
mens. Methods to prepare thin specimens exist for
almost all materials, and we talk about them in
Chapter 10. But as a general rule, the thinning pro-
cesses that we use do affect the specimens, changing
both their structure and chemistry. So you need to be
aware of the drawbacks of specimen preparation and
learn to recognize the artifacts introduced by stan-
dard preparation methods.

A terminological distinction is worth noting here. The
words sample and specimen are often used interchange-
ably but, in this text, we’ll distinguish the specimen spe-
cifically as the thin piece of material that you insert into
the TEM in a specimen holder and we’ll assume that the
specimen was thinned from a much larger, bulk sample of
the material you are interested in studying. Sometimes
we’ll mix the terms to test your understanding.

So it should be obvious to you by now that while
TEM and associated techniques are tremendously
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powerful characterization tools when used properly,
they should never be used in isolation to solve a materi-
als problem. You must understand your material at low
magnification with your eyes and with VLM and SEM
before venturing into TEM studies. Otherwise you may
fall-foul of some of the limitations we have just listed.
But you should also have got the message that we are
constantly improving the technique and overcoming
these limitations while, at the same time, making the
positive aspects even better.

1.4 DIFFERENT KINDS OF TEMs

As you read through the previous sections you will have
seen that TEMs come in a wide variety of types:
HRTEMs, HVEMs, IVEMs, STEMs, and AEMs.
Complete books have been written on each of these
instruments, but it is our philosophy that all these are
simply different forms of the basic TEM. So in this book
we intend to treat them as such. Indeed a current 200 or
300 keV TEM can combine aspects of a/l the above
microscope types. Figure 1.9 shows several of the dif-
ferent kinds of TEMs we have mentioned. It is instruc-
tive to consider some of the features of the instruments
shown here. An HVEM usually requires a two- or three-
story room; the operator shows the scale of this
instrument. A modern machine essentially is an elec-
tron-optical column in which we can maintain a good
vacuum but the lenses and most other functions can be
controlled by one or more computers. Note that the
DSTEM only has a flat-panel display: there is no (inter-
nal) viewing screen. This aspect is becoming a more
popular design feature in TEMs because, if the screen
is not in the microscope, then the operator doesn’t have
to be in the room or in the building or even in the same
country. Removing the operator from proximity to the
TEM overcomes many of the factors that limit the
performance of the best instruments. Remote operation
(or telepresence) is an increasingly attractive feature,
which will give many more researchers access to the
most sophisticated TEMs, as already happens in the
world of astronomy with major telescopes.

1.5 SOME FUNDAMENTAL PROPERTIES
OF ELECTRONS

Many times in the book we’ll have to refer to some of the
basic properties of electrons. You know that electrons
show both particle and wave characteristics, illustrating
one of the great puzzles of quantum physics that we all
seem to accept without too much trouble. In fact the
TEM routinely demonstrates both the particle and wave
characteristics of the electron, repeating the electron
analog of GI Taylor’s famous experiment in which he
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FIGURE 1.9. A selection of different commercial TEMs: (A) JEM 1.25 MeV HVEM. Note the size of the instrument; often the high-voltage tank is in
another room above the column. (B) Zeiss HRTEM with a C corrector and an in-column energy filter. Note the large frame to provide high mechanical
stability for the highest-resolution performance. (C) Hitachi 200 keV dedicated STEM; note the absence of a viewing chamber. Such instruments are often
designed to aid failure analysis for the semiconductor device manufacturers. Specimens thinned from wafers on the production line can be easily
transferred and examined. (D) JEOL 200 keV TEM/STEM; note also the absence of a viewing chamber. (E) Nion 200 keV ultrahigh vacuum
SuperSTEM; the only US-manufactured (S)TEM and current holder of the world record image resolution (F) FEI Titan. Comparison with Ruska’s

instrument (Figure 1.1), which is 70-80 years older than these instruments, is instructive.

demonstrated Young’s slits interference patterns despite
using such a weak light source that only one photon
passed through either slit at any one time. The electron
beam current in a TEM can be as high as ~ 0.1-1 pA,
which corresponds to about 10'? electrons passing
through the specimen plane. But, as we’ll see below,
with 100 keV energy, these electrons travel at about
0.5¢ (actually ~1.6 x 10® m/s), so they are separated
by ~1.6 mm and this means that there is never more
than one electron in the specimen at any one time.
Nevertheless, electron diffraction and interference
occur, both of which are wave phenomena, and
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require interaction between different electron waves.
Despite this dilemma, we know a lot about the elec-
tron and its behavior, and some of the basic charac-
teristics are summarized in Table 1.1, along with
some relevant physical constants.

There are a few important equations that you should
know. First of all, based on de Broglie’s ideas of the
wave-particle duality, we can relate the particle momen-
tum p to its wavelength A through Planck’s constant, thus

A= (1.3)



TABLE 1.1 Fundamental Constants and Definitions

Charge (e)

1eV

Rest mass (mq)

Rest energy (mqc?)

Kinetic energy (charge x voltage)
Planck’s constant (h)

1A

Speed of light in vacuum (c)

(-)1.602 x 107"°C

1.602 x107'°J

9.109 x 103" kg

511 keV

1.602 x 107'° N m (for 1 volt potential) = J
6.626 x 10°*Nms

1C/s

2.998 x 108 m/s

In the TEM we impart momentum to the electron by
accelerating it through a potential drop, V, giving it a
kinetic energy e). This potential energy must equal the
kinetic energy, thus

(1.4)

Now we can equate the momentum p to the electron
mass, my, times the velocity, v, and substituting for v
from equation 1.4

p=myv = (2mOeV)1/2 (1.5)

These three simple equations define the relationship
between the electron wavelength A and the accelerating
voltage of the electron microscope, V'

h

r=——
(2mye V)l/2

(1.6)

If you look back, this equation is equivalent to equation
1.2. The inverse relationship between A and V introduces a
very important concept: by increasing the accelerating vol-
tage we decrease the wavelength of the electrons. So you,
the operator, can do this whenever you wish!

Equations 1.2 and 1.6 are useful expressions for
deducing ballpark estimates, but be careful to note the
differences. We can use equation 1.6 to calculate the
non-relativistic electron wavelength for typical commer-
cial TEM operating voltages as listed in Table 1.2.

The simple treatment we just went through neglects
relativistic effects and, unfortunately for electron
microscopists, relativistic effects cannot be ignored at
energies > ~100 keV because the velocity of the elec-
trons (as particles) becomes greater than half the
speed of light! So to be exact we must modify equation
1.6 to give

A= h (1.7)

1/2
[2moe V(l + 2§10VC2)]

A full listing for many more voltages can easily be
generated by putting equations 1.6 and 1.7 into a
spreadsheet. The effect of relativity is greater for higher
accelerating voltages as shown in Table 1.2 which com-
prises all the commercial TEM accelerating voltages.

There will be many times when it’s useful to refer back
to these numbers, especially when we consider the resolu-
tion of the microscope and when we need to make calcu-
lations about the way electrons interact with matter.

A word about units: as we noted above, we should all
be using SI units. We don’t for two reasons: first, some
special units are ideal for the purpose at hand; second we
forget to include special conversion factors in some
formulas. The difference between, e.g., the Gaussian
system of units and SI units is summarized in the invalu-
able reference by Fischbeck and Fischbeck (1987) or in
the electronic version of the almost 100-year-old stan-
dard source, Kaye and Laby (1986) (URL #2), or on the
NIST database from which you can quickly find any
number or constant that you need (URL #3).

TABLE 1.2 Electron Properties as a Function of Accelerating Voltage

Accelerating Non-relativistic Relativistic Mass Velocity

voltage (kV) wavelength (nm) wavelength (nm) (x mo) (x 108 m/s)
100 0.00386 0.00370 1.196 1.644
120 0.00352 0.00335 1.235 1.759
200 0.00273 0.00251 1.391 2.086
300 0.00223 0.00197 1.587 2.330
400 0.00193 0.00164 1.783 2.484

1000 0.00122 0.00087 2.957 2.823
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1.6 MICROSCOPY ON THE INTERNET/
WORLD WIDE WEB

TEM users are well integrated into the Internet and the
World Wide Web (WWW) and this is a source of useful
information (and also some useful knowledge!) about
what’s going on in the field. You can view research
TEMs in real time over the Internet and, as we’ve seen,
you may not only see other instruments but you may be
able to operate them remotely (a quick search on tele-
microscopy or telepresence microscopy will get you
some useful hits). So rather than spend a week in
sunny Storrs operating an advanced TEM you can
(regretfully) do it from the comfort of your own office
or lab (or even from the beach in Aruba if there’s a good
broadband connection). As Internet2 and the National
Lambda Rail further penetrate research labs in the Uni-
ted States and equivalent systems spread throughout the
world, the rapid exchange of experimental information
and the parallel simulation of data via access to high-
end computational resources will continue to expand
the options available to microscopists and analysts.

In addition, specialized software packages are also
available on the Web which allow you to carry out many
of the advanced analyses that we will introduce in this
text (e.g., DP analysis and image/diffraction/spectral
simulation). In many cases access to this software is
limited (i.e., you have to pay for it) but any serious
microscopy operator should have access to such soft-
ware on site. Sometimes it is useful to explore the pos-
sibilities before you purchase.

We have already referenced a few important URLs in
this chapter and we will continue to do so throughout the
book and give lists at the end of each chapter. We have
tried to keep the referenced URLs to sites associated with
longstanding, reputable organizations such as national
labs, professional societies, and major publishers. A list
of broadly useful sites is included below and, not surpris-
ingly, much of this list is very different from the one that
we gave more than a decade ago when the first edition of
this text was published. Nothing much has changed in
this respect and so we cannot guarantee that these same
URLs will still be active when you get round to searching
for them. Such is life in the age of the Web.

1.6.A Microscopy and Analysis-Related Web Sites

http://www.amc.anl.gov This is the best source for TEM information on the Web in the United States and it is run by
NJ Zaluzec at Argonne National Laboratory (ANL). Through it you can get access to the Microscopy ListServer
and a Software Library. There is a connection to the Microscopy & Microanalysis FTP Site and to access
Software/Image Libraries. Other useful connections through this site include:

http://microscopy.com/MicroscopyListserver/ This is an email-based discussion forum giving members of the EM
community a centralized Internet address to which questions/comments/answers in the various fields of micro-
scopy or analysis can be rapidly distributed to a list of (subscribed) individuals by electronic mail.

http://www.microscopy.com/MMMeetingCalendar.pl Listing of currently planned meetings, symposia, and courses.

http://zaluzec.com/cgi-bin/ ANLWWW ListingSQL.pl?SearchOrg = society This is a listing of the Web sites of
various national and international microscopy and analysis societies. There are also connections to university,
government, and individual microscopy-related sites.

http://cimewww.epfl.ch/EMYP/emyp.html This is the home of the Electron Microscopy Yellow Pages which is a
similar operation to the ANL site, but based at the Ecole Polytechnique Fédérale de Lausanne in Switzerland, run
by P Stadelmann. The Yellow Pages contain electron microscopy laboratories, software for electron microscopy,
learned societies, instruments, equipment and consulting education in electron microscopy, data and databases,
news and publications-related sources of information, conferences, workshops and schools, and getting some-
where else on the Web.

http://cimesgl.epfl.ch/CIOL/ and http://cimesg]1.epfl.ch/CIOL/summary.html Stadelmann also offers access to very
sophisticated EMS software for high-resolution image analysis and diffraction simulation and much more detail
about this is covered in Chapter 30 and in the companion text.

http://iucr.org/resources/commissions A great resource operated for the International Union of Crystallography by
JCH Spence at Arizona State University giving listings of electron diffraction and microscopy-related software,
etc.

http://www.numis.northwestern.edu/I[UCR_CED/ L Marks resource site for electron microscopy and diffraction

http://tem.msae.wisc.edu/emdb/index.html NSF supported TEM data base maintained by P. Voyles.

1.6.B Microscopy and Analysis Software

There is a lot of software available on the WWW and this
is an aspect of TEM which is changing on a rapid basis,
but you can now buy excellent software packages for all
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the fundamental aspects of microscopy: diffraction, imag-
ing, and analysis. Many of these programs will be refer-
enced throughout the text, but here is a brief summary of



the best that are currently used (with an indication of the
source of the software) some of which are still free! There
are many more packages than we have listed here but
these are the ones with which we are familiar.

® Cross sections for electron scattering: The NIST
version 3.0 of this database provides values of differ-
ential elastic-scattering cross sections, total elastic-
scattering cross sections, phase shifts, and transport
cross sections for elements with atomic numbers
from 1 to 96 and for electron energies between
50 eV and 300 keV (in steps of 1 eV). Free downloads
at http://www.nist.gov/srd/nist64.htm.

m CRISP: It is a commercial package running under
Windows on a PC. It is designed for imaging process
of HRTEM images. It can be combined with ELD
(see below) and is available from Calidris, Man-
hemsvigen 4, S-191 46 Solltuna, Sweden (46 8 625
00 41). www.calidris-em.com/crisp.htm—the site
does not change very often.

= DigitalMicrograph™ (DM): It is a complete system
for the acquisition, control, and processing of digital
images from any electron microscope and is the central
software for the Gatan Microscopy Suite'™ (GMS)
(see below). Gatan is to TEM as Microsoft is to PC.

® DTSA (Desk-Top Spectrum Analyzer): The NIST/

NIH Desktop Spectrum Analyzer generates, inter-
prets, and analyzes X-ray spectra from specimens
under electron bombardment. This remarkable soft-
ware/database package simulates the experimental
environment and emulates specimen properties to
generate spectra reflecting the relevant physics, chem-
istry, and statistics of a real-world application. DTSA
incorporates many widely accepted X-ray data ana-
lysis procedures. Technical Contact: johnhenry.
scott@nist, (301) 975-4981; http://www.cstl.nist.gov/
div837/Division/outputs/DTSA/DTSA.htm.
Really essential for the X-ray analyst but currently
only available from NIST for Macintosh users. A
PC version has been developed by Masashi Wata-
nabe at Lehigh University.

= ELD: It is a commercial package from the producers
of CRISP running under Windows on a PC. It is
intended for quantitative analysis of DPs and is
available from Calidris, Manhemsvégen 4, S-191 46
Solltuna, Sweden (46 8 625 00 41). www.calidris-
em.com/eld.htm—still not changing often.

® ELP: The original Gatan energy-loss acquisition, pro-
cessing, and analysis program now incorporated as part
of the Gatan Microscopy Suite™ (GMS) (see below).

® EMS and jJEMS: Image simulation program; see the
listing of its capabilities in Section 1.6.A.

= Gatan Microscopy Suite™ (GMS): It permits data
acquisition, processing, and analysis for a wide range
of TEM applications including EELS analysis, and
energy-filtered compositional mapping, DP analysis,

and 3D tomography acquisition. Open to individual

scripting for user-specific needs. Widely used by many

microscopists and analysts for acquiring, analyzing,

and processing any kind of image data. Use with a

CCD camera that provides digital images from the

TEM or interface to any STEM system. From Gatan

Inc., 5933 Coronado Lane, Pleasanton, CA 94588,

(925) 463-0200; info@gatan.com.

ImageJ: It is a versatile and extremely powerful

image-processing and analysis open-source freeware

available from NIH (has largely replaced the popu-
lar NIH Image). Developed by Wayne Rasband and
aided by input from more than 1400 users round the

world, ImagelJ runs on Linux, Mac OS 9, Mac OS X,

Windows. It is the world’s fastest pure Java image-

processing program. It can filter a 2048 x 2048

image in 0.1 s (40 million pixels per second!). Open

and save all supported data types as TIFF (uncom-
pressed) or as raw data. Open and save GIF, JPEG,

BMP, PNG, PGM, FITS, and ASCII. Open

DICOM. Open TIFFs, GIFs, JPEGs, DICOM:s,

and raw data using a URL. Open and save many

other formats using plugins. Supports smoothing,
sharpening, edge detection, median filtering, and
thresholding on both 8-bit grayscale and RGB
color images. Measure area, mean, standard devia-
tion, min, and max of selection or entire image.

Measure lengths and angles. Use real-world mea-

surement units such as millimeters. Calibrate using

density standards. Generate histograms and profile
plots and much more.

Available from http://rsb.info.nih.gov/ij/.

Also look for Image SXM, a version of NIH Image

extended to handle the loading, display, and analysis

of scanning images: http://www.liv.ac.uk/~sdb/

ImageSXM).

Maclispix: A Macintosh-based image-processing pro-

gram, which works in conjunction with NIH Image

(see below) or Imagel (see above); permits analysis of

Stacks: Movies, Depth profiles, Cropping and sav-
ing of large data sets.

Groups: Coordinated measurements, Color over-
lays, Scatter diagrams.

Pixels: bit, byte, integer, RGB, real, complex.

Statistical measurements. Signal/noise determi-
nations.

Also diffraction analysis, segmentation (blobbing
and measurement), registration, principal com-
ponent analysis.

Developed by David Bright at NIST (micro@nist.
gov) and can be downloaded (free) from http://
www.nist.gov/lispix/MLxDoc/mlx.html.

MacTempas and CrystalKit: MacTempas is a Macin-

tosh-based image analysis program for the simula-

tion of high-resolution images, DPs, and crystal
structures. Features include
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Full multislice calculation of HRTEM Images and
dynamical DPs.

Automatic calculation of the correct unit cell for any
given beam orientation.

Automatic selection of correct array size and shape
for the multislice calculation.

Display of atomistic models from any direction in
both color and shades of gray.

Display of projected potentials, Fourier coefficients,
diffractogram of images.

Plotting of amplitudes/phases of diffracted beams
vs. thickness, contrast transfer functions.

Database on the 230 space groups; calculates the
associated symmetry operators and atomic
coordinates.

http://www.totalresolution.com/MacTempas.html.

CrystalKit: It works within MacTempas or EMS
and builds models of crystalline defects, from
point defects to grain boundaries and precipi-
tates. A geometric grain boundary involving sev-
eral thousand atoms can be generated in a matter
of minutes by specifying the orientation relation
between the grains, the interface plane, and the
zone axis. CrystalKit allows the user to freely
rotate the crystal, identify planes, measure angles
and distances between atoms, visually move
atoms, delete atoms, and add new atoms or cre-
ate an arbitrary path interface.

http://www.totalresolution.com/CrystalKit.html.

= Monte Carlo Simulations: Software to simulate elec-
tron-beam trajectories through materials for

estimating the spatial resolution of X-ray analysis or
the backscattered electron yield. The best source of
information is NIST’s Web site http://www.cstl.nist.
gov/div837/837.02/epq/index.html.

For thin specimens you should use David Joy’s Monte
Carlo program described in his book (Joy 1995) and
available at the University of Tennessee Web site
http://web.utk.edu/~srcutk/htm/simulati.htm.
NIH-Image (and ImageJ): It is a public domain soft-
ware from NIH, developed by Wayne Rasband for
general image manipulation with a limited set of
image-processing tools. Details can be found at
http://rsb.info.nih.gov/nih-image/about.html but
it has been largely replaced by ImagelJ (see
above).

Adobe Photoshop: Professional page layout pro-
grams for presentations and labeling your fig-
ures. Still the standard and available for a
nominal fee at http://www.adobe.com/products/
photoshop/.

Diffraction-Pattern Indexing: Start with http://
emaps.mrl.uiuc.edu JM Zuo’s excellent free site
at the University of Illinois. After this you should
check the EM Yellow Pages and the EMS soft-
ware and also the Web site for the International
Union of Crystallography (both already referenced
in Section 1.6.A). Also try SingleCrystalTM; part
of the extensive CrystalMaker®™ suite of DP and
crystal structure software. Free demo download
at: http://www.crystalmaker.co.uk/singlecrystal/
index.html.

CHAPTER SUMMARY

CHAPTER SUMMARY

TEMs comprise a range of different instruments that make use of the properties of electrons,
both as particles and as waves. The TEM generates a tremendous range of signals so we can
obtain images, DPs, and several different kinds of spectra from the same small region of the
specimen. In the rest of this book we’ll take you through the fundamental aspects of TEM,
trying to explain at all times why we do certain things in certain ways. We’ll also explain to
some degree how we carry out certain operations. Since many different commercial TEMs
exist, there’s no point in being specific in how to operate a particular TEM, but we can explain
in a generic sense, in many cases, what you have to do to get your particular one to deliver the
enormous amounts of information that it can generate. Not least of course, we also describe
what you need to know to interpret the images, DPs, and spectra that you obtain.

If you count up the different imaging, diffraction, and spectroscopic operations that are
available in a TEM there are almost 40 different modes of forming an image, DP, or
spectrum, each of which produces different information about your specimen. (Your last
homework, when you’ve finished the book, is to validate this claim!) Each of these informa-
tion planes can be understood in a quantitative manner, to the extent that we can simulate all
TEM images, DPs, and spectra in a computer. No other characterization technique comes
close to the combination of versatility and quantification that is produced by this remark-
able instrument, particularly when you consider the enormous range of magnifications over
which the information is obtainable.

There is a wealth of other sources of information about TEM and in the general reference
list below we give a selection of appropriate books that emphasize materials science and



nanotechnology (most of which remain in print) as well as some standard journals and
regular conference proceedings. We also encourage you to get on the WWW and see
what’s out there, but be careful about the validity of the content on any particular site. It
is probably reasonable to trust the Web sites from reputable institutions such as govern-
ment labs, commercial TEM and related equipment manufacturers organizations where,
once you get past any sales pitch, there’s often great educational material, and of course
the Web pages of professional electron microscopists such as that associated with this text
(URL #4).

REFERENCES PHILOSOPHY

In the reference sections throughout the book, we will annotate the references but we won’t necessarily spell
them out in the text (we’ll give clues); we don’t want the chapters to look like journal papers themselves and
we want to encourage you to look at these reference sections. (This chapter is the exception.) In addition,
don’t forget the references for the figures right at the end of the textbook where you’ll find much more than
is in the figure captions. We do encourage you to explore the literature—you really have no choice if you
want to understand TEM.

GENERAL TEM BOOKS

Amelinckx, S, van Dyck, D, van Landuyt, J and van Tendeloo, G (Eds.) 1997 Electron Microscopy:
Principles and Fundamentals VCH Weinheim Germany. An expensive text containing review articles
by leading microscopists covering TEM and much more. A good overview to put TEM in context, but
make sure your library buys this along with the even more expensive Handbook of Microscopy:
Applications in Materials Science, Solid State Physics and Chemistry edited by the same authors and
published by VCH in 1997.

DeGraef, M 2003 Introduction to Conventional Transmission Microscopy Cambridge University Press New
York. A complementary text to this one, in many ways. It uses different materials specimens as a thread
to introduce different techniques. Supported by an excellent Web site (http://ctem.web.cmu.edu/) but not
really an introduction!

Edington, JW 1976 Practical Electron Microscopy in Materials Science Van Nostrand-Reinhold
New York. The original out-of-print 1976 edition has been reprinted by TechBooks, 2600 Seskey
Glen Court, Herndon, VA 22071. A very helpful, if outdated, text full of examples and hands-on
operations; no AEM or HREM, just diffraction-based imaging.

Egerton, RF 2006 Physical Principles of Electron Microscopy; An Introduction to TEM, SEM, and AEM
Springer New York. If you need a general introduction to EM, this is a good choice.

Ernst, F and Riihle, M (Eds.) 2003 High- Resolution Imaging and Spectrometry of Materials Springer Series
in Materials Science 50 Springer Berlin. A collection of review articles covering some aspects of TEM
and other high-resolution techniques.

Fultz, B and Howe, JM 2002 Transmission Electron Microscopy and Diffractometry of Materials 2nd Ed.
Springer New York. A broad-based text emphasizing diffraction-based imaging and crystallography
via studies with X-ray and electrons.

Goodhew, PJ, Humphreys, FJ and Beanland, R 2001 Electron Microscopy and Analysis 3rd Ed. Taylor &
Francis New York. A succinct summary of SEM, TEM, and AEM.

Hall, CE 1953 Introduction to Electron Microscopy McGraw-Hill New York. A wonderful but nowadays
neglected book. The level is very close to this text. Historically minded students will enjoy the preface.

Hawkes, PW and Spence, JCH (Eds.) 2007 Science of Microscopy Springer New Y ork. Comprehensive, up-
to-date, multi-author review of many forms of microscopy. Get your library to buy it.

Heidenreich, RD 1964 Fundamentals of Transmission Electron Microscopy Interscience Publisher
New York NY. Another wonderful, but sometimes forgotten, classic.

Hirsch, PB, Howie, A, Nicholson, RB, Pashley, DW and Whelan, MJ 1977 Electron Microscopy of Thin
Crystals 2nd Ed. Krieger Huntington NY. For many years, the ‘Bible’ for TEM users and still required
reading for true TEM converts!

Marton, L 1968 Early History of the Electron Microscope San Francisco Press San Francisco.

McLaren, AC 1991 Transmission Electron Microscopy of Minerals and Rocks Cambridge University Press
New York. Invaluable for the geologist or ceramist.

Reimer, L 1997 Transmission Electron Microscopy; Physics of Image Formation and Microanalysis 4th Ed.
Springer New York. Essential reference text. Strong physics background required; never uses a few
words where a triple integral will do.

Ruska, E 1980 The Early Development of Electron Lenses and Electron Microscopy (translated by
T Mulvey) S Hirzel Verlag Stuttgart.
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Sawyer, LC, Grubb, DT and Meyers, GF 2008 Polymer Microscopy 3rd Ed. Springer New York. An
expensive but useful qualitative introduction to TEM and SEM of polymers.

Thomas, G and Goringe, MJ 1979 Transmission Electron Microscopy of Metals Wiley New York. Invaluable
for classical imaging and diffraction topics. The original out-of-print 1979 edition has been reprinted by
TechBooks, 2600 Seskey Glen Court, Herndon, VA 22071.

Watt, IM 1997 The Principles and Practice of Electron Microscopy 2nd Ed. CUP New York NY. A basic,
practical introduction to SEM and TEM.

Wenk, H-R 1976 Electron Microscopy in Mineralogy Springer New York NY. Required reading for
microscopy of geological or ceramic materials. From the library.

Yao, N and Wang, ZL 2005 Microscopy for Nanotechnology Kluwer New York. In-depth review articles on
techniques for nano-characterization. Half of the 22 chapters are devoted to EM methods and more
than 80% of those are TEM.

SPECIALIZED TEM BOOKS

Ahn, CC (Ed.) 2004 Transmission Electron Energy Loss Spectrometry in Materials Science and the EELS
Atlas 2nd Ed. Wiley-VCH Berlin. An excellent, in-depth review of EELS and the best database for
ionization-edge energies.

Brydson, R 2001 Electron Energy Loss Spectroscopy Bios (Royal Microsc. Soc.) Oxford UK. You must
read this before going on to Egerton’s classic.

Champness, PE 2001 Electron Diffraction in the TEM Bios (Royal Microsc. Soc.) Oxford UK. Outstand-
ing, essential introductory text by a crystallographer who also knows TEM.

Cowley, JM (Ed.) 1992 Electron Diffraction Techniques Vols. 1 and 2 Oxford University Press New York.
Another collection of excellent individual review articles.

Egerton, RF 1996 Electron Energy Loss Spectroscopy in the Electron Microscope 2nd Ed. Plenum Press
New York. The quintessential text for this aspect of AEM.

Frank, J 1992 Electron Tomography Plenum Press New York. A biological EM text but the basis for much
of what’s going to happen in TEM of materials.

Garratt-Reed, AJ and Bell, DC 2002 Energy-Dispersive X-ray Analysis in the Electron Microscope
Bios (Royal Microsc. Soc.) Oxford, UK. Basic introduction pitched at a similar level to this
text.

Hawkes, PW and Kasper, E 1989, 1994 Principles of Electron Optics Vols. 1-3 Academic Press
New York, 1900 pp. Comprehensive but advanced. The third volume deals with many aspects of
imaging in the TEM, simulation and processing with ~118 pages of TEM references; an exceptional
resource.

Head, AK, Humble, P, Clarebrough, LM, Morton, AJ and Forwood, CT 1973 Computed Electron
Micrographs and Defect Identification North-Holland New York NY. Long out of print but often
referenced.

Horiuchi, S 1994 Fundamentals of High-Resolution Transmission Electron Microscopy North-Holland
Amsterdam. As it says; a one topic book.

Kirkland, EJ 1998 Advanced Computing in Electron Microscopy Plenum Press New York. Required reading
for the mathematically inclined microscopist.

Jones, IP 1992 Chemical Microanalysis Using Electron Beams Institute of Materials London. Great
introduction to AEM with lots of calculations to introduce the principles of quantitative
analysis.

Loretto, MH 1994 Electron Beam Analysis of Materials 2nd Ed. Chapman and Hall New York. A concise
overview of the subject.

Royal Microscopical Society Handbook series: a broad range of introductory texts covering many
aspects of TEM but also SEM and visible-light microscopy. Easy reading and not expensive
(URL #5).

Shindo, D and Oikawa, T 2002 Analytical Electron Microscopy for Materials Science Springer New Y ork.
Brief summary of X-ray and electron spectrometry.

Spence, JCH 2003 High Resolution Electron Microscopy 3rd Ed. Oxford University Press New York.
Practical HREM combined with lots of sound theory.

Spence, JCH and Zuo, JM 1992 Electron Microdiffraction Plenum Press New York. Quantitative con-
vergent-beam diffraction in great depth.

Tonomura, A 1999 Electron Holography Springer New York. A good introduction.

von Heimendahl, M 1980 Electron Microscopy of Materials Academic Press New York NY. An introduc-
tory-level text, no AEM or HRTEM component. From the library.

Wang, ZL 1995 Elastic and Inelastic Scattering in Electron Diffraction and Imaging Plenum Press
New York. Everything you ever need to know about scattering of electrons in the TEM.



THE COMPANION TEXT

Throughout this chapter and the rest of the text we will refer to the companion text. This new textbook is
not a required reading for all students but does contain chapters on special topics that are only covered
briefly in the present text.

JOURNALS

Advances in Imaging and Electron Physics Ed. PW Hawkes. Peter Hawkes is an editor, author, and
historian without peer in the field of electron microscopy. Any text he edits or book he writes is
worth reading. This journal merges two long-running serial journals Advances in Electronics and
Electron Physics and Advances in Optical and Electron Microscopy. Reviews on particle optics at high
and low energies, image science and digital image processing, electromagnetic-wave propagation,
electron microscopy, and computing methods associated with all these topics. http//www.elsevier.
com/wps/find/bookdescription.cws_home/711044/description#description.

Journal of Electron Microscopy Official Journal of the Japanese Society for Microscopy, becoming a more
widely appreciated resource now that the papers are all in English. Oxford University Press Oxford.
http//jmicro.oxfordjournals.org/archive/.

Journal of Microscopy Official Journal of the Royal Microscopical Society, the International Society for
Stereology, the Microscopical Society of Ireland, the Polish Society for Microscopy, and the Austrian
Society for Electron Microscopy. Many groundbreaking papers in the TEM of materials have
appeared in this journal despite the strong biological theme of many of the papers. Blackwell Publish-
ing Ltd Oxford, UK. http//www.rms.org.uk/journal.shtml.

Micron The International Research and Review Journal for Microscopy. Elsevier Amsterdam The
Netherlands. http//www.elsevier.com/wps/find /journaldescription.cws_home/475/description#description.

Microscopy and Microanalysis Official Journal of the Microscopy Society of America, Microbeam Analysis
Society (USA), Microscopical Society of Canada/Société de Microscopie du Canada, Mexican Micro-
scopy Society, Brazilian Society for Microscopy and Microanalysis, Venezuelan Society for Electron
Microscopy, European Microbeam Analysis Society, Australian Microscopy and Microanalysis
Society. Has the largest circulation of any EM journal. Cambridge University Press New York
NY. http//www.msa.microscopy.org/MSA Units/Journal/MscopyManalysis.html.

Microscopy, Microanalysis, Microstructure Official Journal of the Société Frangaise des Microscopies.
Publication continued by The European Physical Journal (Applied Physics) in 1998 since when it has
lost much visibility, but there are key papers in here before 1998.

Microscopy Research and Technique A place to publish your new techniques and methods for microscopy,
specimen preparation, or any related aspect of TEM. John Wiley & Sons Hoboken NIJ. http//
www3.interscience.wiley.com/cgi-bin/jhome/38527.

Ultramicroscopy An international journal affiliated with multiple national societies, committed to the
advancement of new methods, tools, and theories in microscopy, where much cutting-edge TEM research
is published. Look out for Peter Hawkes’ occasional reviews of the state of the microscopy literature.
Elsevier Amsterdam The Netherlands http//www.elsevier.com/wps/find/journaldescription.cws_home/
505679 /description#description.

SELECTED CONFERENCE PROCEEDINGS

Asia-Pacific Electron Microscopy Conference organized by the Committee of Asia-Pacific Societies for
Electron Microscopy (CAPSEM) every 4 years (2012).

Australian Microscopy and Microanalysis Society every 2 years (2010).

Electron Microscopy and Analysis Group (EMAG), Institute of Physics, London, UK every 2 years (2011).

European Microbeam Analysis Society every 2 years (2011).

European Microscopy Congress organized by the European Microscopy Society, every 4 years
(2012).

Inter-American Congress for Electron Microscopy organized by Comité Interamericano De Sociedades De
Microscopia Electronica (CIASEM), every 2 years (2011).

International Congress for Microscopy organized by the International Federation of Societies for
Microscopy (IFSM), every 4 years (2010 in Rio de Janeiro). The world gathers here.

International Union of Microbeam Analysis Societies every 4 years (2012).

Japanese Society for Microscopy annually.

Microscopy & Microanalysis combined meeting of the Microscopy Society of America, the Microbeam
Analysis Society and occasionally others (including the Canadians); annually.
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USEFUL SOURCES OF NUMERICAL DATA AND CONSTANTS

Fischbeck, HJ and Fischbeck, KH 1987 Formulas, Facts and Constants 2nd Ed. Springer New York. An
invaluable reference. SI units are described in Chapter 2. Relevant equations in Gaussian units are
related to SI units on page 127.

Jackson, AG 1991 Handbook for Crystallography for Electron Microscopists and Others Springer
New York. Ideal for the microscopist but see the review by JA Eades Microsc. Res. Tech. 21 368.
Kaye, GWC and Laby, TH 1986 Tables of Physical and Chemical Constants 15th Ed. This invaluable
resource was first published in 1911 and is now online courtesy of the National Physical Laboratory

(UK) (URL #2).

SPECIFIC REFERENCES IN CHAPTER 1

Usually we will group these into topics but this time the topic is “The Introduction.’

CBE (Council of Biology Editors) 1994 Scientific Style and Format 6th Ed. Cambridge University Press
New York.

Cosslett, VE 1979 The Cosslett Festschrift J. Microsc. 117 1-184.

Davisson, CJ and Germer, LH 1927 Diffraction of Electrons by a Crystal of Nickel Phys. Rev. 30 705-740.
Early work by Clinton J. Germer and Lester H. German; read the introduction for encouragement.

de Broglie, L 1925 Recherches sur la Theorie des Quanta ( Researches on the Quantum Theory) Ann. Phys. 3
22-128.

Ewald, PP 1962 Fifty Years of X-ray Diffraction International Union of Crystallography D. Reidel
Dordrecht.

Fujita, H 1986 History of Electron Microscopes Business Center for Academic Societies Japan.

Goodman, P 1981 Fifty Years of Electron Diffraction International Union of Crystallography Utrecht.

Haguenau, F, Hawkes, PW, Hutchison JL, Satiat-Jeunemaitre, B, Simon, G and Williams, DB 2003 Key
Events in the History of Electron Microscopy Microsc. Microanal. 9 96-138.

Hashimoto, H 1986 High Resolution and High Voltage Electron Microscopy J. Elec. Microsc. Tech. 3 1.

Hawkes, PW (Ed.) 1985 The Beginnings of Electron Microscopy, Advances in Electronics and Electron
Physics Academic Press New York NY.

Hayes, TL 1980 Biophysical Aspects of Scanning Electron Microscopy SEM-1980 1 1-10 Ed. O Johari SEM
Inc. AMF O’Hare IL.

Howie, A 2000 A Symposium in Honor of Professor Archie Howie’s 65th Birthday Eds. PL Gai, ED Boyes,
CB Carter, DJH Cockayne, LD Marks and SJ Pennycook. Microsc. Microanal. 6 281-284.

Joy, DC 1995 Monte Carlo Modeling for Electron Microscopy and Microanalysis Oxford University Press
New York.

Knoll, M and Ruska, E 1932 Das Elektronenmikroskop ( Electron Microscope) Z. Phys. 78 318-339.

Kossel, W and Mollenstedt, G 1939 Electroneninterferenzen im Konvergenten Ann. Phys. 36 113-140.

Thomas, G 2002 4 Symposium in Honor of Gareth Thomas’ 70th Birthday Eds. DG Howitt, CB Carter,
U Dahmen, R Gronsky, DB Williams and R Sinclair Microsc. Microanal. 8 237-364.

Thomson, GP 1928 Experiments on the Diffraction of Cathode Rays Proc. Roy. Soc. Lond. 117 600-609.
George Paget Thomson was the son of J. J. Thomson; he shared the 1937 Nobel Prize for physics with
Davisson. A good read.

Zeitler, E 2003 Zeitler Festschrift Eds. GA Botton, K Moore and D Su Micron 34 119-260.

SPECIFIC URLs

1. http//www.nano.gov/html/facts/whatIsNano.html

2. http//www.kayelaby.npl.co.uk/

3. http//www.physics.nist.gov/cuu/Constants/archive1998.html
4. http//www.TEMbook.com

5. http//www.rms.org.uk/other-publications.shtml

SELF-ASSESSMENT QUESTIONS
Q1.1 Define ionizing radiation and explain why it’s useful.
Q1.2 List four signals generated by electrons interacting with the atoms in your specimen.
Q1.3 What makes electrons interact strongly with matter?
Q1.4 What is the resolution or the resolving power of a microscope?
Q1.5 What limits the resolution of VLMs?
Q1.6 What limits the resolution of TEMs?
Q1.7 How can we get high resolution in a TEM?
Q1.8 Define depth of field for a specimen in the TEM.
Q1.9 Explain why sampling is a problem with TEMs and how to combat this limitation.

CHAPTER SUMMARY .ouiiiiitie et eeete e etee et ee e et eeees e eeeae e esaeeeetseeeaaeeeeseeeeseseesseeesseeeaseeeaaseensseeasseeesseeesseeeasesenaseeanseeeasseeesaeesssseenssseensseesaeeseeeesnes 21



QL.
Ql.
Ql.
QL.
Ql.

QL.
Ql.

QL.
Ql.
Ql.

10 List three benefits of using a TEM rather than any other instrument to characterize nanoparticles.

11 What is the major difficulty with interpreting all TEM images?

12 Why is TEM so powerful a characterization tool?

13 What signals are most commonly used in the conventional TEM?

14 Define the acronyms TEM, AEM, STEM, HREM, HVEM. Are there any other kinds of electron
microscopes?

15 Which two signals produced when electrons interact with matter are used in AEM?

16 What happens to the wavelength of the electron beam when the accelerating voltage of the TEM is
increased?

17 What does ‘thin’ mean when referring to a TEM specimen?

18 Give a ballpark figure for a suitably ‘thin” TEM specimen.

19 Why is TEM such an important experimental tool for materials scientists and nanotechnologists?

Q1.20 What is a typical electron beam current in a TEM?
Q1.21 What are the typical causes of specimen damage in the TEM?
Q1.22 What effect should we consider in any calculations when the energy of the electrons is 100 keV or higher

T1.2

T1.3

T1.4

TL.5

T1.6

T1.7

TL.8

T1.9

and why?

TEXT-SPECIFIC QUESTIONS

If you were a physicist in the 1920s why would you think that the fact that electrons can be diffracted by
crystals is a good reason to develop an electron microscope?

Calculate an approximate wavelength for 50 kV electrons via equations 1.1 and 1.2 and then estimate the
Rayleigh-defined resolving power of a microscope using such electrons. We tell you to assume i sin f ~  so
what does this tell you about what numbers might be reasonable for the refractive index and numerical
aperture in a TEM?

Examine Figure 1.2A; draw a schematic diagram to summarize all that you can deduce about the crystal-
lography of the specimen with the information given in the text.

Look at the arrows in Figure 1.3. From what little you know at this stage about how electrons interact with
matter, can you work out which signals are most likely to be used in a TEM and which are less likely to be
used? (Hint: relate the diagram to the actual construction of the TEM.)

Examine Figure 1.4; as a materials scientist, do you expect there to be more of the Ti (blue) alloying element
present in the smaller precipitates in the matrix, the larger precipitates on the boundary or the large particle
on the boundary, the big dark lumps up the middle of the image or in the matrix? Are there reasons to be
concerned about trying to estimate compositions from the color in the image only?

In Figure 1.5 some dislocations appear to begin or end in the material but you will recall that dislocation
lines cannot begin or end in a crystal. (Refer, e.g., to Hull, D and Bacon, DJ Introduction to Dislocations,
Butterworth-Heinemann, 2001 ISBN 0750646810 or Weertman, J and Weertman, J, Elementary Dis-
location Theory, Oxford University Press; 1992 ISBN 0195069005.) So why do the lines appear to do just
this?

Why do you think it is useful to be able to relate the directions in the DP in Figure 1.6 to the directions of the
plate-like precipitates in the inset in the same figure?

Can you think of an analogy to Figure 1.7 involving images viewed in transmission using visible light?
(Hint: think about looking at images of objects at varying distance apart viewed through a transparent
medium, e.g., air or water).

Examine Figure 1.8; what information in the images would lead you to infer that electron-beam damage
was occurring and what could you do to try and avoid further damage? (Hint: what is the difference
between the two images and what is causing it?)

T1.10 Would you expect a higher-voltage TEM to be capable of more damage to your specimen than a lower-

voltage instrument?

T1.11 Useequations 1.6 and 1.7 in a spreadsheet to reproduce Table 1.2 and add in lines for electrons accelerated

to 50 and 250 kV.

T1.12 Compare the usefulness of Google searches for “TEM” and ‘transmission electron microscopy,” ‘AEM’, and

‘analytical electron microscopy.” What does this tell you about acronyms (TMBA?)

T1.13 See how many of the URLSs listed in Section 1.6 are still active. Make your own list of useful URLs related

to your own interests in electron microscopy.

T1.14 Confirm for yourself the calculation referred to in Section 1.4 that there is never more than one electron

inside a typical thin specimen in a 100 keV TEM.

T1.15 Looking at Figure 1.9, you’ll notice that high-voltage microscope is bigger than other ones. Can you think

of any reasons why this is so?

T1.16 Why do some TEMs have viewing screens and some only have computer displays?
T1.17 Why might you want to build an ultrahigh vacuum TEM and why are there so few available?
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Scattering and Diffraction

CHAPTER PREVIEW

The electron is a low-mass, negatively charged particle. As such, it can easily be deflected by
passing close to other electrons or the positive nucleus of an atom. These Coulomb
(electrostatic) interactions cause electron scattering, which is the process that makes TEM
feasible. We will also discuss how the wave nature of the electron gives rise to diffraction
effects. What we can already say is that if the electrons weren’t scattered, there would be no
mechanism to create TEM images or DPs and no source of spectroscopic data. So it is
essential to understand both the particle approach and the wave approach to electron
scattering in order to be able to interpret all the information that comes from a TEM.
Electron scattering from materials is a reasonably complex area of physics, but it isn’t
necessary to develop a detailed comprehension of scattering theory to be a competent
microscopist.

We start by defining some terminology that recurs throughout the book and then we
introduce a few fundamental ideas that have to be grasped. These fundamental ideas can be
summarized in the answers to four questions.

What is the probability that an electron will be scattered when it passes near an atom?
If the electron is scattered, what is the angle through which it is deviated?

What is the average distance an electron travels between scattering events?

Does the scattering event cause the electron to lose energy or not?

The answer to the first question concerning the probability of scattering is embodied in
the idea of a cross section. The angle of scattering (usually determined through the differ-
ential cross section) is also important because it allows you as the TEM operator to control
which electrons form the image and therefore what information is contained in the image.
We will develop this point much further when we talk about image contrast in Part 3 of the
book. The third question requires defining the mean-free path, an important concept given
that we use thin specimens. The answer to the fourth question requires distinguishing elastic
and inelastic scattering. The former constitutes most of the useful information in DPs
obtained in the TEM, discussed in Part 2, while the latter is the source of X-rays and
other spectroscopic signals discussed in Part 4. The distinction between electrons that lose
energy and those that don’t is important enough that we devote the next two chapters to
each kind of electron and expand on the basic ideas introduced here.

2.1 WHY ARE WE INTERESTED IN
ELECTRON SCATTERING?

We need to know about electron scattering because it is
fundamental to all electron microscopy (not just TEM).
You know well that your eyes cannot see any object
unless it interacts with visible light in some way, for
example through reflection or refraction, which are
two forms of scattering (e.g., we can’t see a light beam
unless it is scattered by dust within it or it hits a surface).
Similarly, we cannot see anything in EM images unless

2.1 WHY ARE WE INTERESTED IN ELECTRON SCATTERING? ....

the specimen interacts with and scatters the electrons
in some way. Thus, any non-scattering object is
invisible and we will come across situations where
‘invisibility” is an important criterion in TEM
images. In the TEM we are usually most interested
in those electrons that do not deviate far from the
incident-electron direction. This is because the TEM
is constructed to gather these electrons primarily and
they also give us the information we seek about the
internal structure and chemistry of the specimen.
Other forms of scattering, such as electrons which
are scattered through large angles (e.g., backscattered
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electrons) and electrons ejected from the specimen
(such as secondary electrons) are also of interest and
we will not totally neglect them (although they are of
much greater interest in the SEM where they provide
atomic number contrast and surface-sensitive, topogra-
phical images, respectively).

WAVE AND PARTICLE

The electron is treated in two different ways through-
out this book: in electron scattering it is a succession
of particles, while in electron diffraction it is treated
by wave theory. The analogy to X-rays or visible light
would be to compare a beam of photons and an
electromagnetic wave. However, you must always
remember that electrons are charged particles and
that Coulomb forces are very strong.

In this chapter we introduce the fundamental
ideas of electron scattering; then, in the next two
chapters, we discuss the two principal forms of scat-
tering, namely, elastic and inelastic. Both forms are
useful to us, but you’ll see that the latter has the
unfortunate side effect of being responsible for speci-
men damage and ultimately limits what we can do
with a TEM.

To give you some feel for the importance of electron
scattering, it is worth illustrating at this stage the basic
principles of the TEM. You will see in due course that in
a TEM we illuminate a thin specimen with a broad beam
of electrons in which the intensity is uniform over the
illuminated area.

We will often refer to incident and scattered elec-
trons as beams of electrons, because we are dealing with
many electrons, not an individual electron; these elec-
trons are usually confined to well-defined paths in the
microscope. So the electrons that hit the specimen are
often called the incident beam and those scattered by the
specimen are called scattered (or sometimes specifically,
diffracted) beams. Electrons coming through a thin spe-
cimen are separated into those that suffer no angular
deviation and those scattered though measurable
angles. We call the undeviated electrons the ‘direct
beam’ (in contrast to most texts that describe this as
the ‘transmitted beam’ despite the fact that all electrons
coming through the specimen have been ‘transmitted’).
As the electrons travel through the specimen they are
either scattered by a variety of processes or they may
remain unaffected. The end result, however, is that a non-
uniform distribution of electrons emerges from the exit
surface of the specimen, as shown schematically in Figure
2.1. It is this non-uniform distribution that contains all the
structural, chemical, and other information about our
specimen. So everything we learn about our specimen
using TEM can be attributed to some form of electron
scattering.

DIRECT BEAM
The beam that comes through the specimen, but
remains parallel to the direction of the incident elec-
trons is a very important beam, which we will term
the direct beam.

We’ll see in Chapter 9 that the TEM is constructed to
display this non-uniform distribution of electrons in two
different ways. First the spatial distribution (Figure
2.1A) of scattering can be observed as contrast in images
of the specimen, and the angular distribution of scatter-
ing (Figure 2.1B) can be viewed in the form of scattering
patterns, usually called diffraction patterns. A simple
(and fundamental) operational step in the TEM is to
use a restricting aperture, or an electron detector, of a
size such that it only selects electrons that have suffered
more or less than a certain angular deviation. So you as
the operator have the ability to choose which electrons
you want to use and thus you control what information

(A)
_ Incident
electron beam
~ with uniform
intensity

Thin specimen

- l inag e\_/\_/\/

Scattered
with
varying intensity
(B)

Incident electron
beam direction

Thin specimen

Forward scattered

Diffraction : !
\ beam directions

pattern

FIGURE 2.1. (A) A uniform intensity of electrons, represented by the hori-
zontal lines, falls on a thin specimen. Scattering within the specimen changes
both the spatial and angular distributions of the emerging electrons. The
spatial distribution (intensity) is indicated by the wavy line. (B) The change in
angular distribution is shown by an incident beam of electrons being trans-
formed into several forward-scattered beams.

....................................................... SCATTERING AND DIFFRACTION



will be present in the image. Therefore, to comprehend
these images, you have to understand what causes elec-
trons to scatter in the first place. The same is true for
DPs since you can also control (to a lesser extent) the
angular-scattering distribution, e.g., by tilting your
specimen.

We devote the whole of Part 2 to diffraction
phenomena and Part 3 to images. Lastly, Part 4 deals
with ways in which we use inelastic scattering for
analytical electron microscopy (AEM) to study, e.g.,
the chemistry and the bonding of the atoms in our
specimen.

2.2 TERMINOLOGY OF SCATTERING
AND DIFFRACTION

Electron-scattering phenomena can be grouped in dif-
ferent ways. We’ve already used the most important
terms: elastic and inelastic scattering. These terms,
respectively, describe scattering that results in no loss
of energy or in some measurable loss of energy (usually
very small with respect to the beam energy). In either
case, we can consider the beam electrons and specimen
atoms as particles, and scattering of the incident elec-
trons by the atoms in the specimen can often be approxi-
mated to something like billiard balls colliding. The
billiard-ball analogy will be good through Section 2.7
after which we’ll be talking about waves.

ELECTRON SCATTERING
This theme permeates the whole text and connects
ALL aspects of TEM.

However, we can also separate scattered electrons
into coherent and incoherent, which refers, of course,
to their wave nature. These distinctions are related
since elastically scattered electrons are usually coherent
and inelastic electrons are usually incoherent (note the
modifier ‘usually’). Let’s assume that the incident elec-
tron waves are coherent, that is, they are essentially in
step (in phase) with one another and of a fixed wave-
length, governed by the accelerating voltage. You’ll see
that this isn’t a bad assumption in most circumstances.
Then, coherently scattered electrons are those that
remain in step and incoherently scattered electrons
have no phase relationship, after interacting with the
specimen.

The nature of the scattering can result in different
angular distributions. Scattering can be either forward
scattering or back scattering (usually written as one
word) wherein the terms refer to the angle of scattering
with respect to the incident beam and a specimen that is
normal to that beam. (Note: you will sometimes see the

2.2 TERMINOLOGY OF SCATTERING AND DIFFRACTION .............

(A)
Coherent
Incoherent incident beam
elastic
backscattered SEs from
electrons within
the specimen
Thin specimen
Coherent
elastic Incoherent
scattered inelastic
electrons scattered Incoherent
electrons elastic
Direct forward
beam scattered
electrons
(B)
Incoherent
Coherent incident elastic
beam BSEs
Incoherent . .SES from.
. within the specimen
elastic BSEs

Bulk specimen

FIGURE 2.2. Different kinds of electron scattering from (A) a thin speci-
men and (B) a bulk specimen: a thin specimen permits electrons to be
scattered in both the forward and back directions while a bulk specimen
only backscatters the incident-beam electrons.

term ‘forward scattering’ used in another sense.) If an
electron is scattered through < 90°, then it is forward
scattered and > 90° it is backscattered. These various
terms are related by the following general principles,
summarized in Figure 2.2.

® Elastic scattering is usually coherent, if the specimen
is thin and crystalline (think in terms of waves).

m Elastic scattering usually occurs at relatively low
angles (1-10°), i.e., it is strongly peaked in the for-
ward direction (waves).

= At higher angles (>~10°) elastic scattering becomes
more incoherent (now think of particles).

® [nelastic scattering is almost always incoherent and
is very low angle (<1°) scattering (think particles).

®m As the specimen gets thicker, fewer electrons are
forward scattered and more are backscattered. Inco-
herent, backscattered electrons are the only rem-
nants of the incident beam that emerge from bulk,
non-transparent specimens (think particles).



The notion that electrons can be scattered through
different angles is related to the fact that an electron can
also be scattered more than once. Generally, the more
scattering events, the greater the angle of scattering
(although sometimes a second scattering event can
redirect the electron back into the direct beam, so it
appears to have undergone no scattering).

The simplest scattering process is single scattering
and we often approximate all scattering within a TEM
specimen to this process (i.e., an electron either under-
goes a single-scattering event or it suffers no scattering).
We’ll see that this can be a very reasonable assumption if
the specimen is very thin (something you can control). If
the electron is scattered more than once, we use the term
plural scattering and if it is scattered >20 times, we say
multiple scattering. It is generally safe to assume that,
unless you have a particularly thick specimen (through
which you probably can’t see anything anyhow), multi-
ple scattering will not occur in the TEM. The greater the
number of scattering events, the more difficult it is to
predict what will happen to the electron and the more
difficult it is to interpret the images, DPs, and spectra
that we gather. So, once again, we emphasize the impor-
tance of the ‘thinner is better’ criterion, i.e., if you create
thin enough specimens so that the single-scattering
assumption is plausible, your TEM research will be
easier.

Diffraction is a very special form of elastic scattering
and the terminology used can be confusing. Collins’
Dictionary defines diffraction as ‘a deviation in the
direction of a wave at the edge of an obstacle in its
path’ while scattering is defined as ‘the process in
which particles, atoms, etc., are deflected as a result of
collision.” The word scatter can also be a noun denoting
the act of scattering. So scattering might best apply to
particles and diffraction to waves; both terms thus apply
to electrons! You should also note that the term diffrac-
tion is not limited to Bragg diffraction which we’ll
emphasize in TEM; it refers to any interaction involving
a wave, but many texts are not consistent in this respect.

DEFINE DIFFRACTION
An interaction between a wave of any kind and an
object of any kind (Taylor 1987).

In the TEM we utilize the electrons that go through a
specimen; it is important to note that such electrons are
not simply ‘transmitted’ in the sense of visible light
through window glass. Electrons are scattered mainly
in the forward direction, i.e., parallel to the incident
beam direction (and we’ve already noted the confusion
between ‘direct’ and ‘transmitted”). We'll tell you in a
short while what fraction of the electrons are forward
scattered and how this varies with the thickness of the
specimen and atomic number of the ‘target’ atom. This

scattering is a direct consequence of the fact that there is
such a strong interaction between electrons and matter.

Forward scattering includes the direct beam, most
elastic scattering, diffraction, particularly Bragg diffrac-
tion (see Chapter 3), refraction, and inelastic scattering
(see Chapter 4). Because of forward scattering through
our thin specimen, we see a DP or an image on the
viewing screen, and detect an X-ray spectrum or an
electron energy-loss spectrum outside the TEM column.
But don’t neglect backscattering; it is an important
imaging mode in the SEM.

FORWARD SCATTERING
The cause of most of the signals used in the TEM.

When physicists consider the theory of electron inter-
actions within a solid, they usually consider scattering of
electrons by a single, isolated atom, then progress to
agglomerations of atoms, first in amorphous solids and
then in crystalline solids and we’ll follow a similar path.

2.3 THE ANGLE OF SCATTERING

When an electron encounters a single, isolated atom it
can be scattered in several ways which we will cover in
the next two chapters. For the time being, let’s imagine
simply that, as shown in Figure 2.3, the electron is
scattered through an angle 0 (radians) into some solid
angle o, measured in steradians (sr). We have to define
this angle first because you’ll see that it plays an impor-
tant role in the subsequent discussion of cross sections.

SEMI-ANGLE
Note that the scattering angle 0 is in fact a semi-angle,
not a total angle of scattering. Henceforth, whenever
we say “scattering angle” we mean “scattering semi-
angle.”

Often we assume that 0 is small enough such that
sin O ~ tan 6 ~ 0. When 0 is this small, it is often
convenient to use milliradians or mrads; 1 mrad is
0.0573°, 10 mrads is ~0.5°.

SMALL ANGLE
A convenient upper limit is <10 mrads.

The characteristics of the scattering event are con-
trolled by factors such as the incident-electron energy
and the atomic number/weight of the scattering atom.
When we consider a specimen rather than a single
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Incident beam

Scattered

electrons 9

Unscattered dQ
electrons

FIGURE 2.3. Electron scattering by a single isolated atom. The electrons
are scattered through an angle 6 and the total solid angle of scattering is
Q. An incremental increase in scattering angle ¢0 gives an incremental
increase in a solid angle dQ, which is the basis for determining the differential
scattering cross section.

atom, factors such as the thickness, density, crystal-
linity, and angle of the specimen to the incident beam
also become important. To understand these variables,
we need to examine the physics of scattering in more
detail. Of necessity, we’ll be rather brief and often
imprecise since we’re trying to condense much of
Mott and Massey’s substantial and classic textbook
into just a few pages.

2.4 THE INTERACTION CROSS SECTION
AND ITS DIFFERENTIAL

The chance of a particular electron undergoing any kind
of interaction with an atom is determined by an inter-
action cross section. The concept of a cross section is
well described by the following analogy given by Rudolf
Peierls (Rhodes 1986)

“If I throw a ball at a glass window one square foot
in area, there may be one chance in ten that the
window will break and nine chances in ten that the
ball will just bounce. In the physicist’s language
this particular window, for a ball thrown in this
particular way, has a disintegration (inelastic!)

2.4 THE INTERACTION CROSS SECTION AND ITS DIFFERENTIAL

cross section of 0.1 square feet and an elastic
cross section of 0.9 square feet.”

So each possible interaction has a different cross
section which depends on the energy of the particle, in
our case the beam energy. The cross section (for which
we’ll use the Greek letter o) has units of area (not square
feet as used in Peierls’ analogy, but a tiny fraction of the
area of an atom termed a ‘barn’). One barn is 10 2® m?
(that’s (1075 nm)>) and the name arises because of the
perverse sense of humor of some of the early atomic
physicists who considered that this unimaginably small
area is ‘as big as a barn door.” The cross section does not
represent a physical area but, when divided by the actual
area of the atom, it represents a probability that a scat-
tering event will occur.

2.4.A Scattering from an Isolated Atom

First of all we’ll consider the scattering cross section for
a single isolated atom, then extend the concept to a
specimen with many atoms. We’ll use a generalized
form to start with in this chapter and then break down
the concept of a total cross section into cross sections for
individual processes such as elastic scattering and the
various inelastic processes in the next two chapters.

SCATTERING PROBABILITY
The larger the cross section, the better the chances of
scattering.

Following Heidenreich (1964), we can define the
cross section (an area) in terms of the effective radius
of a single, isolated atom, r

Gatom = T~ (2.1)

where r has a different value for each scattering process
as we’ll see in the next chapter. What interests us in the
TEM is whether or not the scattering process deviates
the incident-beam electrons outside a particular scatter-
ing angle 0 such that, e.g., they do not go through the
aperture in the lens or they miss the electron detector. So
we have to know the differential cross section (dc/dQ)
which describes the angular distribution of scattering from
an atom. As shown in Figure 2.3 electrons are scattered
through an angle 0 into a solid angle Q and there is a
simple geometrical relationship between 6 and Q

Q =2n(1 —cos0) (2.2)

and therefore
dQ — 2nsin0d 0 (2.3)
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So the differential scattering cross section for a sin-
gle, isolated atom can be written as

do 1 do
— = 2.4
dQ  2msin6 do (24)

Now, we can calculate G, for scattering into all
angles greater than 0 by integrating equation 2.4 from 0
tomn

Catom = J do = 21‘CJ d—csinede (2.5)
0

o dQ

The limits of the integration are governed by the
fact that the values of 6 can vary from 0 to m,
depending on the specific type of scattering. If we
work out the integral we find that o decreases as 0
increases (which makes physical sense). Since dc/dQ
is often what is measured experimentally (but not in
the TEM), equation 2.5 gives us an easy way to
determine the cross section for a given atom
(Catom) for all values of 0, by working out the inte-
gral of (do/dQ)sin® from 0 to w.

INTEGRATE
If we integrate from 0 to 0 then we determine the
cross section for scattering into all angles less than 0
which is in fact more relevant to the TEM situation.

2.4.B Scattering from the Specimen

So let’s move on from the cross section for a single
isolated atom (with units of area) and consider that the
specimen contains N atoms/unit volume. Therefore, we
can define the total cross section for scattering from the
specimen (in units of m ') as

Gtotal = NGatom (26)
Since N= Nyp/4 where Ny is Avogadro’s number (in
units of atoms mol™'), 4 is the atomic weight of the

scattering atoms in the specimen (kg mol~') which has
density p (kg m ), we can write

NO GatomP

£ (2.7)

Gtotal = NOatom =

Thus, o 1s the number of scattering events per unit
distance that the electron travels through the specimen.
If the specimen has thickness ¢, then the probability of
scattering from the specimen is given by

NoGatom (PI)

- (2.8)

Cotall =

Here we’ve gathered together the product of p and ¢
because this is called the mass thickness of the speci-
men (e.g., doubling p produces the same effect as dou-
bling ¢) and we’ll come across this term again when
we discuss image contrast and also X-ray absorption.
Equation 2.8 is an important expression, since it contains
all the variables that affect the scattering probability from
a real specimen. We'll use it again when we consider how
certain kinds of image contrast arise in the TEM.

So we can now appreciate, through a few (rather
simplified) equations, the relationship between the phy-
sics of electron scattering and the information we collect
in the TEM.

Expressions for the cross section become more com-
plicated as they are modified to give better approxima-
tions for the scattering in a real specimen, as we’ll see in
the next couple of chapters. However, the more complex
equations don’t alter the basic scattering behavior pre-
dicted by the simple equations we’ve just given.

2.4.C Some Numbers

Because of all the variables that affect 6,:0m and Giotal
it is only possible to give a ballpark (barnyard?) value
for the cross section. For TEM electron energies
(100400 keV), the elastic cross section is almost
always the dominant component of the total scatter-
ing. If you look ahead to Figure 3.3, typical small-
angle, elastic cross sections for transition metals bom-
barded by 100-keV electrons are ~10~>? m?. This is a
good number to remember for typical elastic scatter-
ing. Inelastic cross sections are generally smaller and
range from ~1072* m? down to 107 m? depending on
the specific type of scattering and the material. Going
back to equation 2.1, a typical scattering radius (r) is
~107"" m or ~0.01 nm, which might seem a bit small
(about a tenth of an atomic radius) but, since the
scattering is localized to the inner or core shells which
are closer to the nucleus or to a particular electron-
electron interaction, perhaps this isn’t such a bad esti-
mate, given all the caveats.

2.5 THE MEAN FREE PATH

Instead of using an area to describe the interaction we
can use a length since the distance an electron travels
between interactions with atoms is clearly going to be
important when we are using thin specimens. This new
parameter is then the average distance that the electron
travels between scattering events. This distance is impor-
tant because, if we know what it is, we can work out how
thin we have to make our specimen, so plural scattering
is not significant, thus making it easier to interpret our
images and spectroscopic data in terms of single-scatter-
ing theory. The term G, can be expressed as the inverse
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of the mean free path, L. Because the dimensions of Gy
arem ! (you can check this using equations 2.1 and 2.7)
there is a simple expression for the mean free path A
which has units of length

1 A
7\, = g
Gtotal NO Gatom P

(2.9)

Typical values of A for scattering at TEM voltages are of
the order of tens of nm, so single-scattering approxima-
tions imply specimen thicknesses of this order. It is,
unfortunately, conventional to use A to denote the
mean free path; it is not the wavelength of the electron.
From equation 2.9 we can define a probability of scat-
tering p as the electron travels through a specimen thick-
ness ¢

NOGatom(pt)

|
— = 2.1
pP=5 y (2.10)

which is (Gyoai?) from equation 2.8.

Although computational resources are constantly
improving, our knowledge of the values of o, A, and 6
is imprecise at best, particularly at the 100400 keV
beam energies used in TEMs. Cross sections and mean
free paths for particular scattering events may only be
known within a factor of two, but we can often measure
0 very precisely in the TEM. We can combine all our
knowledge of scattering in Monte Carlo simulations to
predict the electron paths as a beam is scattered through
a thin foil.

MONTE CARLO SIMULATION
So called because random numbers are used in the
computer programs; the outcome is always predicted
by statistics!

The first Monte Carlo calculation was developed by
two of the United States’ foremost mathematicians,
John von Neumann and Stanley Ulam, at Los Alamos
in the late 1940s. Ulam actually rolled dice and made
hand (!) calculations to determine the paths of neutrons
through deuterium and tritium which proved that Tell-
er’s design for the ‘Super’ (H-bomb) was not feasible
(Rhodes 1995). Monte Carlo methods are used more
often in SEM imaging and X-ray calculations (see,
e.g., NIST’s Web site (URL #1), Joy 1995, Goldstein
et al. 2003) but they have a role in TEM in determining
the expected spatial resolution of X-ray analysis as we’ll
discuss in Chapter 36. Figure 2.4 shows Monte Carlo
simulations of electron paths through thin foils of Cu
and Au.

2.6 How WE USE SCATTERING IN THE TEM .......cccooiniiin.

(A)
I[ncident beam

Cu

100 nm /A N TR e

FIGURE 2.4. Monte Carlo simulation of the paths followed by 10° 100-
keV electrons as they pass through thin foils of (A) Cu and (B) Au. Notice
the increase in scattering angle with atomic number and the small number
of electrons that are scattered through >90°.

2.6 HOW WE USE SCATTERING
IN THE TEM

So why have we made you go through all this math?
Because when you select electrons that have been
scattered through a certain angle (choosing a 0), you are
changing the effective scattering cross section (cy), because
the scattering strength generally decreases as the angle of
scattering increases. Therefore, there will generally be less
scattering at higher angles, which explains why we said at
the start of the chapter that we are mainly interested in
forward scattering in the TEM. Most scattered electrons
are contained within +5° of the direct beam.

300 VERSUS 100 kV
Total ¢ decreases as Ej increases; electron scattering
at 300 kV will be less than at 100 kV. Higher-density
regions of your specimen scatter more than lower-
density regions. The target becomes smaller as the
bullets become faster!



You also have control of the scattering cross section
in other ways. First, the accelerating voltage, which
determines the electron energy E, (eV), will affect the
cross section as implied in equation 2.3 (specifically for
elastic scattering). In fact, for all forms of scattering,
the total cross section decreases as E increases. There-
fore, intermediate- and higher-voltage TEMs will
result in /less electron scattering than typical 100-kV
instruments and, as we’ll see in Chapter 4, this has
important implications for electron-beam damage in
delicate specimens, such as polymers. Second, and
more intuitively, you can choose specimens with dif-
ferent densities. Denser materials scatter more strongly,
so you have to make them thinner to keep the single-
scattering approximation valid.

We shall see in the next two chapters that the effect
of the atomic number of the atom is more important in
elastic than inelastic scattering and, as Z increases, elas-
tic scattering dominates. This behavior helps when we
consider ways to enhance scattering (and therefore con-
trast) in low-Z materials such as polymers and biologi-
cal tissue.

2.7 COMPARISON TO X-RAY
DIFFRACTION

There is a very good reason why electrons are used in
microscopy: they have a ‘suitable interaction’ with mat-
ter. Most descriptions of the interaction of electrons
with matter are based on scattering. You will come
across such topics as kinematical scattering and dynam-
ical scattering in addition to elastic and inelastic scatter-
ing, and we will use the formalism of a scattering factor
to describe the process mathematically. It is this scat-
tering process that varies with the structure or composi-
tion of the specimen, permitting us ultimately to image a
microstructure, record a DP, or collect a spectrum.
We'll see in the next chapter that scattering factors are
used when we consider electrons as waves and their
diffraction as a specific form of scattering.

So now it’s time to move from billiard balls to waves.
Historically, it was diffraction that provided most of the
crystallographic information we have about materials,
and the majority of those studies used X-rays. This is
partly why X-ray diffraction is so well documented in
the scientific literature. A good understanding of X-ray
diffraction helps considerably in understanding electron
diffraction; however, the primary processes by which
electrons are scattered are very different to the processes
by which X-rays are scattered. Electron scattering is
much more complex.

X-rays are scattered by the electrons in a material
through an interaction between the negatively
charged electrons and the electromagnetic field of
the incoming X-rays. The electrons in the specimen

respond to the applied field of the X-ray flux,
oscillating with the period of the X-ray beam. These
accelerated charged particles then emit their own elec-
tromagnetic field, identical in wavelength and phase
to the incident X-rays. The resultant field, which
propagates radially from every scattering source, is
called the scattered wave.

ELECTRONS VERSUS X-RAYS
Electrons are scattered much more strongly than
X-rays.

Electrons are scattered by both the electrons and
the nuclei in a material; the incoming negatively
charged electrons interact with the local electromag-
netic fields of the specimen. The incoming electrons
are therefore directly scattered by the specimen; it is
not a field-to-field exchange as occurs for the case of
X-rays.

2.8 FRAUNHOFER AND FRESNEL
DIFFRACTION

Diffraction of visible light is well understood, so we
should carry over as much of the analysis as possible.
Optics is a venerable discipline with a history of several
hundred years and what we’re trying to do here is con-
dense the principal messages from classic texts such as
Hecht (2003) into a few pages. So, as with electron
scattering, we’ll be making a few simplifications. If you
have any experience with diffraction of visible light
you will have encountered Fraunhofer and Fresnel
diffraction.

® Fraunhofer diffraction occurs when a flat wavefront
interacts with an object. Since a wave emitted by a
point becomes planar at large distances, this is
known as far-field diffraction.

® Fresnel diffraction occurs when it’s not Fraunhofer.
This case is also known as near-field diffraction.

We will see later that electron-diffraction patterns
correspond closely to the Fraunhofer case while we ‘see’
the effects of Fresnel diffraction in our images.

In TEM we will find both forms of diffraction.
We will briefly go through the Huygens’ explanation
of how a wave propagates, then consider Fraunhofer
diffraction from two slits (Young’s slits) and then
extend this process to many slits. So why discuss
these topics now? There are two reasons for review-
ing this analysis
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® |t reminds us that coherent interference is purely a
matter of physical optics.

® We can introduce the concept of phasor diagrams
which we’ll use in later chapters.

Huygens explained the propagation of any wave-
front by imagining that each point on the wavefront
itself acts as a new source for a spherical wavelet. The
wavelets interfere with one another to give the new
wavefront and the process is repeated.

2.9 DIFFRACTION OF LIGHT FROM SLITS
AND HOLES

In this section we will very briefly review the topic
known as physical or geometric optics as it relates
to diffraction. Much of what we know about diffraction
of electron waves has been carried over from the under-
standing of the diffraction of visible light and X-rays.
There are textbooks on this topic if you don’t vaguely
remember it from high school.

Two slits (the Young’s slits experiment)

We start with diffraction caused by a wavefront
incident on a pair of very narrow slits. We then select
just two of the Huygens wavelets; these wavelets then
must have the same phase at the slits. As they propa-
gate past the slits, their phases differ depending on the
position of the detector. The important term is the
path difference L = d sin 0 as shown in Figure 2.5.
The two wavelets propagating in direction r have a
path difference of L and a phase difference of 2nL/A,
i.e., 2nd sin B/A. If d and A are such that this phase
difference is actually a multiple of 27 (so d sin O/A =
an integer, n) then the rays are again in phase and their
amplitudes add. The condition for this additive inter-
ference is thus that d sin © = nA. Therefore, there is an
inverse relationship between d and 0 for a given d; as d
decreases, sin 0 increases. If we think of each wavelet
as having an amplitude and a phase we can represent
each by a vector—a phasor. When the phasors are
parallel to one another (in phase) they add; when
they are antiparallel, they cancel (since they have
equal lengths). A phasor diagram is a way to plot the
amplitude and phase of the total scattered wave; in
other words, when we add the amplitudes of beams we
must take into account their phase.

THE INVERSE RELATIONSHIP
0 o d ' solely due to the positions of the slits. We’ll
come across an identical relationship when we talk
about electron diffraction.

2.9 DIFFRACTION OF LIGHT FROM SLITS AND HOLES .................

(X Grating

FIGURE 2.5. An incident plane wave is scattered by two slits, distance d
apart. The scattered waves are in phase when the path difference d sin 6 is
n.

Many slits (the diffraction grating)

When we extend this analysis to more than two slits
we see a similar result but with added subsidiary peaks.
The origin of the subsidiary peaks can best be illustrated
by considering a series of phasor diagrams. (We’ll find
similar diagrams useful when we discuss TEM images in
Chapter 27.) We'll examine the case of five slits. Each of
the polyhedra in Figure 2.6 represents a different value
of 6. When 0 is zero, the five rays are all in phase and we
simply add all of the amplitudes (the phasor vectors are
aligned); as 6 increases the rays become out of phase but
the phasors can still add to give a large resultant vector
but can also add to give zero. For example, when 6 is
exactly 72° (360°/5 for 5 slits) the phasor diagram is a
closed pentagon (shown in the figure) and the resultant
amplitude is zero. This process repeats at 144° (2x720°/
5) and 216° (3%x360°/5). In between these values at 108°

Amplitude %3%440
J%
/N
-/
b

FIGURE 2.6. A phasor diagram showing how the total amplitude pro-
duced by summing five waves produced by five slits varies with the phase
angle 0 between the different waves. The individual phasors from each of
the five slits sum to create a total amplitude of zero at 6 = 72°, 144°, 216°,
and 288°, large positive amplitudes at 6 = 0° and 360°, a single-phasor
negative amplitude at 6 = 108° and 252°, and a single-phasor positive
amplitude at 6 = 180°. Remember the intensity is governed by the square
of the amplitude, so positive and negative values both contribute to
diffracted intensity.
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FIGURE 2.7. Geometry for the scattering from an individual slit.

(1.5%360°/5) we produce a local maximum in amplitude
which is repeated at 180° (2.5x360°/5). If we plot the
amplitude as a function of 0, we produce the curve with
a series of subsidiary maxima shown in Figure 2.6. From
this figure you see that the amplitude is a strong func-
tion of 6 and you’ll learn in the next chapter that the
electron intensity (which is what we see in images and
DPs) is proportional to the square of the amplitude (so
negative amplitudes don’t mean anything) and the scat-
tered electron intensity is, therefore, a similarly strong
function of 6.

A single wide slit

What happens if we allow the slit to have some width
as shown in Figure 2.7? Now the rays from within a
single slit will interfere with each other. We can think
of the single slit as being many adjacent slits of width dw.
Imagine dividing the one slit into 11 slits of width 6w/11.
This one slit would then produce a phasor diagram as
shown in Figure 2.8; if we make 6w increasingly small,

A U 4
Total phase
change

Phase change
between two
phasors

Resultant amplitude:
add all 11 phasors

S

Phasor contributed
by 'slit' at origin

. Each arrow is
one phasor

Phasor contributed
by 'slit' dy at y

FIGURE 2.8. How the phasors from within an individual slit can be
added to give the total phasor for the slit shown in Figure 2.7.

the phasor diagram becomes a curve: instead of having
Figure 2.8, we have Figure 2.9 (for several different
values of 0). If you do the full analysis you’d find that
the amplitude from a single slit varies as 4 = Ayp~'sin ¢
where ¢ is the phase mw sin 0/A for a slit of width w (which
reminds you of the analysis from Figure 2.5). For one slit,
we would see a zero in the phasor diagram when ¢ = +nm.
If we plot the intensity (rather than 4) we obtain the Airy
plot shown in Figure 2.10.

THE AIRY DISK
The disk of radius r=1.221/D is named after Airy
and is one of the fundamental limits on the achievable
resolution in TEM, as we will discuss in Chapter 6. If
we introduce any aperture into any microscope we
will limit the ultimate resolution of the instrument.

0=0° Resultant

Resultant

]
1l

0

No resultant

Resultant

No resultant

FIGURE 2.9. How a single slit can produce a beam which has zero
amplitude for certain values of 6 in Figure 2.7. The circles are directly
comparable to the polyhedra in Figure 2.6. The total length of the phasor
increments (from each dy) is the same in each figure.
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FIGURE 2.10. The plot of the resulting intensity for scattering from the
slit shown in Figure 2.7; this is known as the Fraunhofer DP from a single
slit; w is the slit width defined in Figure 2.7.

FIGURE 2.11. The visible-light intensity produced by a 0.5-mm-diameter
circular aperture and the observed Airy rings (inset). The width of the
central intense region is 1.22A/D.

Scattering from a circular hole

Now the real purpose of the exercise: without going
into the detailed math we can replace the slit of width w,

2.10 CONSTRUCTIVE INTERFERENCE w.oocoviiiiiecieeeiieeeeee et

by a circular hole or aperture of diameter D. The result-
ing peak width in the plot of amplitude versus 0 then has
amaximum at 1.22A/D as shown in Figure 2.11, which is
a 3D representation of Figure 2.10 (but the third dimen-
sion is 1, not 1/1).

Because of the circular symmetry of the aperture, the
calculation needed to obtain the number 1.22 involves
the use of Bessel functions which you can find in texts on
physical optics, a few of which we reference at the end of
the chapter.

As the diameter of the aperture, D, decreases, the mini-
mum resolvable spacing, r, increases (i.e., the resolving
power gets worse). This expression for the Airy disk
diameter also shows that as A decreases, r decreases
(so decreasing A by increasing the accelerating voltage
of the TEM will improve resolution).

Why is this relevant to TEM?

The important point about this analysis for TEM is
that we’ll see the same relationship in several later chap-
ters. In those chapters, we will replace the slits by an
aperture or we’ll replace the hole by an atom or by your
specimen. In other words, this analysis of diffraction
from slits and holes is just geometry applied to optics—
it’s geometric optics.

2.10 CONSTRUCTIVE INTERFERENCE

To expand on this point, consider an infinite plane wave
described by the usual characteristics of amplitude and
phase. We can describe the wave function {y by the
standard expression

U = Yoexp [id]

where sy 1s the amplitude and ¢ the phase of the wave.
The phase depends on position x, such that if the path
length changes by one wavelength A, the phase differ-
ence is 2m. Stated another way, the phase difference Ad
between any two monochromatic (same wavelength)
waves is related to the path difference Ax they must
travel in going from the source to the detector. The
relationship is

(2.11)

Ad = 2T Ax

- (2.12)

This phenomenon of constructive interference is pre-
cisely what we discussed in Figure 2.6. Constructive
interference between waves relies on the fact that the
amplitudes of the waves add when you take account
of the phase. If all waves scattered by all of the atoms
in the specimen are to interfere constructively, they
must all differ in phase by integral multiples of 2m.
Clearly this condition requires that the path differences
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traveled by all of the waves be integer multiples of the
wavelength of the incident wave. We can ensure this by
requiring that the scattering centers be periodically spaced;
fortunately this can happen for all crystals. So the
mathematical description of constructive interference
is simplified (as we’ll see in Part 2 of this text). The
point here is that this analysis was carried out for
X-rays and was not changed for electrons since it
does not depend on the scattering mechanism, only
on the geometry.

2.11 A WORD ABOUT ANGLES

Since angles (remember we mean semi-angles) are so
important in the TEM (you can control some of them
and the specimen controls others) we want to try to be
consistent in our terminology.

® We can control the angle of incidence of electrons on
the specimen and we will define the angle of inci-
dence as a, as shown in Figure 2.12.

® In the TEM we use apertures or detectors to collect a
certain fraction of the scattered electrons and we will
define any angle of collection as f.

= We will define all scattering angles controlled by the
specimen as 0. This may be a specific angle, such as
twice the Bragg angle (where 6 = 20p) (see Section
11.4) or a general scattering angle 0. So 0 is the scatter-
ing semi-angle for diffraction even though it is 26!

In fact the only angle of interest in TEM which is not
given as a semi-angle is the solid angle of collection of
X-rays by the XEDS detector (see Chapter 32) which is
such a miserably small fraction of the total solid angle of
X-ray generation (4w sr) that it is traditionally given in
terms of the full collection angle!

2.12 ELECTRON-DIFFRACTION
PATTERNS

We’ve mentioned a couple of times that the TEM is
uniquely suited to take advantage of electron scattering
because it can form a picture (DP) of the distribution of
scattered electrons, which we’ll discuss in Part 2 in
much more detail. To understand fully how a DP is
formed in the TEM, you need to go to Chapter 6 to
see how electron lenses work and then to Chapter 9 to
find how we combine several lenses to create the TEM
imaging system. But before we take you through these
concepts it is worth just showing a few of the many kinds
of DPs that can be formed in the TEM. At this stage, all
you have to do is imagine that a photographic film is
placed directly after the thin specimen and that electrons
scattered by the specimen as in Figure 2.1B impinge

<t
o
&__/- Beam-convergence
semiangle
Specimen
General
scattering
semiangle
Limiting
aperture or 0
detector
Collection
B semiangle
<V

Optic axis
Y Y

FIGURE 2.12. Definition of the major angles (i.e., semi-angles) in TEM.
Any incidence/convergence angle of the beam is o; any collection angle is
B and general scattering angles are 6. All the angles are measured from the
optic axis, an imaginary line along the length of the TEM column.

directly on the film. Under these circumstances, the
greater the angle of scatter, the further off center the
electron hits the film.

ON THE ‘FILM’
Thus in a DP, distances on the film correspond to
angles of scatter at the specimen.

Even using this simple description, however, you
can comprehend some of the basic features of DPs.
Figure 2.13 is a montage of several kinds of DPs, all of
which are routinely obtainable in a TEM. You can see
that several points we’ve already made about scattering
are intuitively obvious in the patterns. First, most of the
intensity is in the direct beam, in the center of the
pattern, which means that most electrons appear to
travel straight through the specimen. Second, the scat-
tered intensity decreases with increasing 6 (increasing
distance from the direct beam), which reflects the
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FIGURE 2.13. Several kinds of DPs obtained from a range of materials in a conventional 100-kV TEM: (A) amorphous carbon, (B) an Al single crystal,
(C) polycrystalline Au, (D) Si illuminated with a convergent beam of electrons. In all cases the direct beam of electrons is responsible for the bright
intensity at the center of the pattern and the scattered beams account for the spots or rings that appear around the direct beam.
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decrease in the scattering cross section with increasing 6.
Third, the scattering intensity varies strongly with the
structure of the specimen. You’ll see much more of this
in Part II.

ANGLE OF SCATTER AND DISTANCES IN DPs
This relationship is different to the usual interpreta-
tion of images in which distances correspond to
distances in the specimen, but it is critical to our
understanding of diffraction patterns.

So far, we’ve only considered the amplitude/inten-
sity of the electron wave and neglected the phase.
When a wave is scattered, it will change its phase

with respect to the incident wave. This is because a
wave cannot change direction and remain in step with
a wave that is not scattered. The phase of the scattered
wave is most important in the specific topic of phase-
contrast images, which have until recently been the
principal form of high-resolution, atomic-level images
such as shown back in Figure 1.2. We’ll also come
across the importance of the phase of the scattered
wave when we consider the intensity of diffracted
electron beams and the intensity in diffraction-con-
trast images. But at this stage all you need to know
is that the electrons in the beam are in phase when
they hit the specimen and the process of scattering, in
any form, results in a loss of phase between the scat-
tered and direct beams.

CHAPTER SUMMARY
Remember that electrons are strongly scattered because they are charged particles. This is
the big difference compared to X-rays. Electrons are scattered by the electron cloud and by
the nucleus of an atom. Remember X-rays are only scattered by the electron cloud. (In case
you are physics oriented, a quantum-mechanical calculation does give the same distribution
as the classic calculation for the Coulomb force.)
We have defined four important parameters in this chapter:

Gatom

Gotal

the scattering cross section of one atom
the number of scattering events per unit distance traveled in the specimen

do/dQ the differential scattering cross section of one atom
A the mean free path of (average distance traveled by) an electron between

scattering events

Finally, a note on grammar! Should we discuss electron scatter or electron scattering?
Electrons are scattered and we observe the results of this scattering (a gerund) but in fact
we see the scatter (noun) of the electrons, which can be measured. However, if you’ve been
observant you’ll have noticed that we have always used scattering to denote the effect. Our
practice is also consistent with the popular usage, which goes back to the early work of

Bragg and others.

SCATTERING AND CROSS SECTIONS

Born, M and Wolf, E 1999 Principle of Optics Tth (yes, 7th!) Ed. Cambridge University Press New York.
Perhaps the optics textbook in terms of classical treatments and number of editions.
Heidenreich, RD 1964 Fundamentals of Transmission Electron Microscope Interscience Publisher New

York NY.

Jones 1992 gives a succinct introduction to scattering and Newbury (1986) gives a clear exposition on the
units of cross sections. If you want to see a fuller description, read Wang (1995). If you’re a glutton for
punishment, the classic text is by Mott and Massey (1965) as we’ve already mentioned. You should
realize that we’ve introduced you to some of the giants of electron optics, e.g., Airy, Fresnel, and
Fraunhofer, who never knew about electron waves.

Jones, IP 1992 Chemical Microanalysis Using Electron Beams The Institute of Materials London.

Mott, NF and Massey, HSW 1965 The Theory of Atomic Collisions Oxford University Press Oxford.

Newbury, DE 1986 in Principles of Analytical Electron Microscopy p 1 Eds. DC Joy, AD Romig Jr and JI

Goldstein Plenum Press New York.

Wang, ZL 1995 Elastic and Inelastic Scattering in Electron Diffraction and Imaging Plenum Press New York. An
in-depth treatment of scattering using a much more rigorous mathematical approach than in this chapter.
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OPTICS

We should have references to some of the founders of optics here, especially Abbe, Airy, Fraunhofer, and
Fresnel, but we’ll leave you to chase those up in the optics texts.

Fishbane, PM, Gasiorowicz, S and Thornton, ST 2004 Physics for Scientists and Engineers 3rd Ed. Prentice
Hall Englewood Cliffs NJ.

Goodman, JW 2004 Introduction to Fourier Optics 3rd Ed. Roberts & Company Greenwood Village CO.
An excellent source for the advanced student.

Hecht,

Klein,

Smith,

E 2003 Optics 4th Ed. Addison-Wesley Reading MA. A favorite.
MYV and Furtak, TE 1985 Optics 2nd Ed. Wiley & Sons New York NY. Not for the faint-hearted.
FG and Thomson, JH 1988 Optics 2nd Ed. Wiley & Sons New York.

Taylor, C 1987 Diffraction Adam Hilger Bristol UK.

SOME MICROANALYSIS AND MORE
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SELF-ASSESSMENT QUESTIONS

Q2.1
Q2.2
Q2.3

Q2.4
Q2.5

Q2.6

Q2.7

Q2.8

Q2.9

Q2.10
Q2.11
Q2.12
Q2.13
Q2.14
Q2.15
Q2.16
Q2.17
Q2.18
Q2.19
Q2.20

What is a cross section and in what units is it measured?

Distinguish between total, atomic, and differential cross sections.

Why are we interested in variations in the scattering intensity and the angular distribution of
electron scattering?

What is the mean free path of an electron?

What do we mean by the term electron beams and why do we ask this question?
How is the direct beam different from or similar to the scattered beams?

Distinguish scatter and scattering.

What'’s the difference between forward scattering and backscattering?

What distinguishes elastic and inelastic scatterings?

Distinguish between coherent and incoherent scattering.

Describe what distinguishes diffraction from other kinds of scattering.

Distinguish between Fraunhofer and Fresnel diffractions.

Distinguish the angles a, B, 0, and Q.

List the different ways a specimen can scatter electrons.

How many different ways can you control the scattering processes in the TEM?
How can you select electrons that have suffered a specific kind of scattering?

What’s the fundamental difference between electron scattering and X-ray scattering?
What is a phasor diagram?

Why would you want to draw a phasor diagram in TEM?

How small is a small angle in the TEM and why are scattering angles in the TEM usually this small?

TEXT-SPECIFIC QUESTIONS

T2.1

T2.2

T2.3
T2.4

T2.5

CHAPTER SUMMARY

Write down concise definitions of coherent, incoherent, elastic, and inelastic as we use them and link
these definitions to the information in Figure 2.2.

Explain in a paragraph the relationship between scattering cross section and atomic scattering
factor, mentioning the important factors that influence them.

Explain the link between the information in Figures 1.3 and 2.1.

Distinguish the scattering angles 6 and Q in Figure 2.3 and the information that can be gathered
within them. Relate these angles to the relevant angles in a TEM described in Figure 2.12.

Sketch the intensity projected onto a photographic plate or viewing screen from the scattering
produced by the Cu and Au specimens in Figure 2.4. The result does not look like the intensity in
either a typical TEM image or DP shown in many figures throughout the book. Explain why this
is so.



T2.6

T2.7

T2.8

T2.9
T2.10

Why are the backscattered electrons so few in number in Figure 2.4A and B and why do they all
scatter to the one side in Figure 2.4A?

Draw equivalent diagrams to Figure 2.5 for (a) 2 slits d/2 apart; (b) 2 slits 2d apart; (c) 5 slits d apart.
What does this tell you about the effect on the scattering distribution of both the number and the
spacing of the scattering centers?

Draw a phasor diagram like Figure 2.6, but for three slits only.

What is the relationship between Figure 2.10 and Figure 2.11?

Make a copy of Figure 2.13. Cut out two circular holes with diameters ~ 5 and ~ 40 mm in another
sheet of paper corresponding to different collection angles (B) in Figure 2.12. Superimpose the
smaller circular hole on the different patterns in different positions to simulate the selection of
electrons for forming images in a TEM. Note how easy it is to select electrons scattered in specific
directions, but also note how many electrons are excluded when you do this. (a) What does this tell
you about the advantages and disadvantages of a small selection aperture (or small detector)? Now
superimpose the larger hole and note how many more electrons can be selected. (b) What does this
tell you about the advantages and disadvantages of a large selection aperture (or large detector)?

SCATTERING AND DIFFRACTION



Elastic Scattering

CHAPTER PREVIEW

Elastically scattered electrons are the major source of contrast in TEM images. They also
create much of the intensity in DPs, so we need to understand what controls this process.
First we’ll consider elastic scattering from single, isolated atoms and then from many atoms
together in the specimen. To comprehend elastic scattering we need to invoke both particle
and wave characteristics of electrons.

Scattering from isolated atoms can occur either as a result of electrons interacting with
the negatively charged electron cloud, which results in angular deviations of only a few
degrees, or by attraction toward the positive nucleus which scatters the electrons through
much larger angles, up to 180°. Such scattering can often be interpreted in terms of billiard-
ball type, particle-particle collisions, cross sections, and mean free paths that we introduced
in the previous chapter. We'll introduce the Rutherford differential cross section, which
explains the strong dependence of high-angle elastic scattering on the atomic number (Z) of
the atom. Later in the book, we’ll show how to use this Z dependence to form images that
reflect the chemistry of the specimen. When we treat the electrons as waves, their coherency
becomes important. The coherency of the scattered electrons is related to their angle of
scattering (0). As this angle becomes larger, the degree of coherency becomes less and
electrons that are Rutherford-scattered out to high angles are incoherent.

In contrast to Rutherford scattering, electrons that are scattered elastically through
small angles (which we’ll define as <3°) are coherent. The intensity of this low-angle
scattering is strongly affected by the arrangement of atoms within the specimen. As we
introduced in the previous chapter, such collective scattering by the atoms is referred to as
diffraction and can only be understood if we treat the electron as a wave. Diffraction is
controlled mainly by the angle of incidence of the electron beam to the atomic planes in the
specimen, the spacing between these planes, and interatomic distances within the planes. So
this small-angle, coherent scattering is invaluable for characterizing the crystallography of
the specimen and is undoubtedly the most significant scattering phenomenon in the TEM.

So as we discuss elastic scattering, you’ll see that we often use the wave-particle duality
simultaneously, because both lines of thought are necessary for a full understanding.

3.1 PARTICLES AND WAVES

We have two different ways of looking at how an elec-
tron beam interacts with our TEM specimens. We can
consider the beam as a succession of particles or as a
number of waves. What we want to do is understand the
relationship between the two approaches and we can
summarize the two viewpoints thus:

Electrons are particles so they have the following
properties, which we introduced in Chapter 2.

® They have a scattering cross section and a differen-
tial scattering cross section.

3.1 PARTICLES AND WAVES ittt

® They can be scattered through particular angles
(remember our angles are semi-angles).

® The electrons interact with the nucleus and the
electron cloud through Coulomb forces.

® We can relate this process to scattering of other parti-
cles such as o particles, so lots of analysis can carry over
from other systems.

PARTICLES AND WAVES
When we discuss X-ray and electron spectrometry
you’ll see that we have to use a particle description.
When we discuss imaging, HRTEM, and DPs you’ll
see that we use a wave description.



Electrons have a wave nature and the electron beam
is almost a plane wave, hence:

® Waves are diffracted by atoms or ‘scattering centers.’

® How strongly a wave is scattered by an atom is
determined by the atomic-scattering amplitude.

® When we gather atoms together into a solid, the
diffraction process gets much more complicated
but it is central to TEM.

® We can relate the process to the diffraction of
X-rays, so lots of analysis already exists.

3.2 MECHANISMS OF ELASTIC
SCATTERING

In the previous chapter we simply stated that elec-
trons going through a thin specimen are either scat-
tered or not scattered and either lose energy or don’t
lose energy. It’s now time to describe the ways in
which this scattering occurs and in this chapter we’ll
confine our attention to elastic events, saving inelas-
tic scattering for Chapter 4.

It’s convenient to divide elastic-scattering mechan-
isms into two principal forms: electron scattering from
single, isolated atoms and collective scattering from
many atoms together within the specimen. We'll start
in the same way we did in the previous chapter by
looking first at the interaction of a single electron with
anisolated atom. In this situation, elastic scatteringcan
occur in one of two ways, both of which involve Cou-
lomb forces. As shown in Figure 3.1, the electron may
interact with the electron cloud, resulting in a small
angular deviation. Alternatively, if an electron pene-
trates the electron cloud and approaches the nucleus, it
will be strongly attracted and may be scattered through
a larger angle that, in rare cases in the TEM, can
approach 180° (i.e., complete backscattering).

ELASTIC?
You should be aware that either of these two inter-
actions may not be truly elastic, so our separation of
scattering into elastic and inelastic is a bit of a
simplification.

In fact many electron-electron interactions are
inelastic, as we’ll see in the next chapter. We’ll also see,
for example, that the nuclear interaction may result in
the generation of a bremsstrahlung X-ray or may even
result in the displacement of the atom from its site in the
crystal, both of which involve some energy loss for the
electron. Indeed, the higher the angle of scattering of an
electron emerging from the specimen, the greater the

chance that it will have undergone an inelastic event at
some time during its passage through the specimen.
Despite all this, we’ll continue to ignore any inelastic
effects in this chapter.

The second principal form of elastic scattering occurs
when the electron wave interacts with the specimen as a
whole. We've already mentioned the best-known form of
this interaction, namely, diffraction, which is particularly
important at low-scattering angles. Understanding dif-
fraction involves treating the electron beam as a wave,
rather than as a particle as we did in Figure 3.1. Following
the original approach of Huygens for the diffraction of
visible light, we imagine each atom in the specimen
that interacts with the incident plane wave acts as a
source of secondary spherical wavelets, as illustrated in
Figure 3.2.

INTERFERENCE
These wavelets reinforce one another in certain angu-
lar directions and cancel in other directions: both
reinforcement and cancellation are extremely useful
phenomena.

Thus, the low-angle, elastic scattering distribution is
modified by the crystal structure of the specimen, and
strong diffracted beams emerge at specific angles. The

FIGURE 3.1. An isolated atom can scatter a high-energy electron by two
mechanisms. Coulombic interaction within the electron cloud results in
low-angle scattering; Coulombic attraction by the nucleus causes higher-
angle scattering (and perhaps complete backscatter when 0 > 90°). The
potential within the electron cloud is always positive.

.......................................................................... ELASTIC SCATTERING
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FIGURE 3.2. A plane, coherent electron wave generates secondary
wavelets from a row of scattering centers (e.g., atoms in the specimen).
The secondary wavelets interfere, resulting in a strong direct (zero-
order) beam and several (higher order) coherent beams scattered (dif-
fracted) at specific angles.

diffracted beam scattered through the smallest angle is
called the first-order beam and we’ll discuss these and
higher-order effects in depth in Chapters 11 and 12.
We’ll now go on to examine these two forms of elastic
scattering in more detail, starting with the billiard-ball
approach. Then we will briefly describe the scattering of
a wave to show how it relates to this particle-based
treatment and later we’ll use the wave approach as the
basis for a full analysis of diffraction.

3.3 ELASTIC SCATTERING FROM
ISOLATED ATOMS

So let’s look at two possible paths for a beam electron
interacting with an isolated atom as shown in Figure 3.1.
Whether it interacts more strongly with the nucleus or the
electrons, the electron is scattered through an angle 9.

SCATTERING ANGLE
Elastic electron-electron interactions usually result in
a relatively low scattering angle, while electron-
nucleus interactions cause higher-angle scattering.

If we just consider an electron, charge e, accelerated
through a voltage V before being scattered from an
isolated atom, the electron-electron and electron-
nucleus scattering paths are hyperbolic and can be
given by two simple equations (Hall 1953) which are
useful because they summarize the principal factors that
control elastic scattering

34 THE RUTHERFORD CROSS SECTION ..ccoiiiiiiiiiceeiieeee e

re=¢e/V0 (3.1)

m=2e/V0 (3.2)
where r is the radius of the scattering field of the nucleus
and the electron. The different cross sections for scatter-
ing through angles > 0 are given by mr,? for the nucleus
and Znr.” for the scattering by Z electrons in the cloud.
If we sum the two components and (just as back in
equation 2.8) multiply by Nopt/4 we’ll get a sense of
the total elastic scattering through a film of thickness ¢.

This approach is “defective in many respects” as Hall
says but gives you a good qualitative sense of the various
parameters that affect elastic scattering. You can see that
the atomic number Z of the atom controls the elastic
interaction with the nucleus, but the electron-electron
scattering is more a function of the incident-beam energy
V' (which has to be in esu if the dimensions of these
equations are to be correct). We'll see later in Chapter
22 that the strong effect of Z becomes important when
we need to enhance scattering in low-Z materials, such as
polymers and biological tissue, in order to get better
TEM image contrast. Notice that when the electron
passes close to the nucleus (r, is small) the angle 6 will
be large. We'll see in Chapter 22 that this dependence on
0 directly relates to TEM-image contrast. The electron-
beam energy can also control the image contrast to some
extent. So Z, V, and 0 all affect image contrast and are
the three major reasons why you cannot avoid having to
study the physics of electron scattering.

3.4 THE RUTHERFORD CROSS SECTION

For the next three sections, we’ll ignore the low-angle,
electron-electron scattering and concentrate only on scat-
tering by the nucleus. The high-angle, electron-nucleus
interaction is analogous to the backscattering of o parti-
cles from a thin metal foil. The first observation of such
backscattering in 1911 by H. Geiger (of counter fame) and
a Manchester University undergraduate, E. Marsden,
enabled their professor, Ernest Rutherford, to deduce
the existence of the nucleus (never overlook undergradu-
ate research results!). Rutherford (1911) described back-
scattering as “the most incredible event that has ever
happened to me” (even though he’d already won the
Nobel Prize for Chemistry in 1908), and he derived the
following expression for the differential cross section for
this high-angle scattering by the nucleus alone

et 72 dQ
16(4ne0Ey ) sin

or(0) = (3:3)

\Sllan}

All the terms in this equation were defined back in
Chapter 2. The expression ignores relativistic effects
and assumes that the incident electron does not lose



significant energy through inelastic processes, so that
the energy of the electrons, £, (in keV), is fixed. As we’ve
already noted, although strictly inaccurate, these
assumptions can be tolerated in the TEM (at least at
100 keV or below).

3.5 MODIFICATIONS TO THE
RUTHERFORD CROSS SECTION

You’ll often see the Rutherford differential cross
section in different, but mathematically similar, forms.
For example, equation 3.3 neglects the so-called screen-
ing effect of the electron cloud. Screening can be
thought of as making the nucleus appear somewhat
less positive to the incident electron (although the over-
all charge within the electron cloud is always positive).
So the differential cross section is effectively reduced
and the amount of scattering is lowered. Screening is
only important when the beam electron passes far from
the nucleus and under these circumstances the scattering
angle will be small (say <~3°). If we wish to account for
screening, we replace the sin’(6/2) term with [sin*(6/2)
+ (00/2)%] where 0, is called the screening parameter
given by

0.1172'3

o= (3.4)

Eo/

(Here Ej is in keV.) What we are saying is that the
screening parameter can be described by a particular
scattering angle, 8,. When the scattering angle is greater
than 6, we can neglect electron-electron interactions and
the electron-nucleus interaction is dominant. The value
of By at 100 keV is only ~2° for Cu and less for lighter
elements, so above a few degrees, all scattering can be
approximated to Rutherford high-angle scattering.

As we’ve noted, so far all our equations are non-
relativistic, which is unfortunate since relativistic
effects are significant for electrons with energies
>~100 keV (which is the case for most materials inves-
tigations in the TEM). Fortunately, we can easily cor-
rect for relativity to give a more accurate cross section
by using Agr, the relativistically corrected electron
wavelength (see equation 1.7), and a,, the Bohr radius
of the scattering atom

h280
ap = 5
TTmo€

(3.5)

where ¢y is the dielectric constant. Using the other
constants listed in Table 1.1 we find aq is 0.0529 nm
(if you’re old enough you can easily remember this as
0.5 A). The net result of adding screening and relativity
corrections is that

2% dQ
= 647[4616 Sinz 9 N 9_(2) 2
2) 4

This expression describes the screened, relativistic, differ-
ential Rutherford cross section. One very important
effect of incorporating screening into these equations is
that the cross section does not go to infinity as the scat-
tering angle goes to zero which is an important limita-
tion of all the simpler equations that we used initially.

The screened Rutherford cross section is the one
most widely used for TEM calculations, although it
has particular limitations at the highest operating vol-
tages (300400 kV) and for heavier elements (Z>30)
which scatter electrons through large angles. Under
these circumstances, you should use another cross
section, such as that of Mott, for which you should
consult the text by Mott and Massey (which we referred
to in Chapter 2) or Newbury (1986).

So, as we did for the basic cross section back in
Chapter 2, we can integrate this expression to obtain
the total cross section over specific angular ranges. We
can substitute appropriate values for the various con-
stants and integrate the differential cross section from 0
to m to obtain the total nuclear cross section (in scatter-
ing events/electron/atom/m?) for electrons elastically
scattered into angles > 0

GR(G)

(3.6)

Z\* 0
Crnucleus = 1.62 x 10724 (F) cot’ = (3.7)

0 2

(From what we told you in Chapter 2 you ought to be
able to work out the integration necessary to determine
the probability of electrons being scattered into angles
<0.) Again we see that the beam energy (Ey), the angle of
scattering (0), and the atomic number (Z) all affect the
probability that an electron will be scattered by the nuclei
of atoms in the specimen. If you simplify this last expres-
sion by assuming that 0 is small you should be able to see
some parallels with Hall’s less accurate equation 3.2 for
nuclear scattering. However, there’s much more to this
whole scattering process than we have covered here and
you should read Newbury (1986) and Jones (1992) for
further discussion of these calculations once you really
appreciate their significance.

The best way to summarize the characteristics of
cross sections is to present some data. Figure 3.3
shows the variation of the screened Rutherford cross
section in equation 3.7 with scattering angle for (a) three
different elements and (b) two different beam energies.
As you can see for Cu, the cross section decreases by
several orders of magnitude from ~10~%* to ~10~2® m?
as the scattering angle increases from 0 to 180°; so, as
we’ve already told you, scattering is most likely to occur
in the forward (0 ~ 0°) direction and drops off rapidly

.......................................................................... ELASTIC SCATTERING
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FIGURE 3.3. The variation of the logarithm of the screened relativistic
Rutherford cross section with scattering angle from equation 3.7, describ-
ing the change in cross section for electrons scattered at angles > 0 (A) for
different elements at 100 keV and (B) for scattering from Cu at different
accelerating voltages.

above a few degrees. Increasing Z from carbon to gold
can increase the cross section by a factor of ~100, which
is why you need proportionately thinner TEM speci-
mens if you want to ‘see’ through higher-Z materials.
Doubling the electron-beam energy can lower the cross
section by a factor of two or three, which is why higher-
energy electrons are less likely to be scattered by your
specimen than lower-energy electrons, all else being
equal. Figure 3.4 plots the related mean free paths for
elastic scattering. From this graph you can see that
very few high-angle elastic scattering events will occur

3.6 COHERENCY OF THE RUTHERFORD-SCATTERED ELECTRONS
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FIGURE 3.4. The variation of the mean free paths of elastic scattering for
four different elements as a function of the beam energy, calculated
assuming a screened, relativistic Rutherford cross section.

if you can make your specimen < 100 nm in thickness.
Within such specimens, most electrons either undergo
a single-scattering event or are not scattered and we’ll
assume that this simplification is a viable approxima-
tion to what’s actually going on in the microscope
many times throughout this text. This approximation
is the main reason why, as we’ve already noted that in
almost all TEM studies, the ‘thinner is better’ criterion
applies.

3.6 COHERENCY OF THE RUTHERFORD-
SCATTERED ELECTRONS

Up to now, in this chapter, we’ve treated the electron as a
particle, but there is useful insight to be gained if we
examine the wave nature of the scattered electron.
High-angle Rutherford-scattered electrons are incoher-
ent: i.e., there is no phase relationship between them.
This is a tricky concept because we are scattering
particles. Such incoherent scattering is important in
two respects. First, the high-angle, forward scattering
can be used to form exceptionally high-resolution



images of a crystalline specimen in which the image
contrast is due solely to the value of Z, not the
orientation of the specimen (as is the case for low-
angle coherent diffraction). Such Z-contrast images,
as we'll see in Chapter 22, provide qualitative atomic-
resolution elemental analysis, in addition to showing
atomic-resolution detail at interfaces between regions
of different Z. Compared to other image-contrast
mechanisms, Z-contrast imaging is a relatively new
technique for most microscopists but, particularly
since the availability of Cs-correctors, it has consis-
tently held the record for the highest-resolution
images and analysis in the TEM (e.g., Varela et al.
2005) and is already beginning to revolutionize our
understanding of the atomic-level structure and chem-
istry of crystal defects.

COHERENCY
Coherency of the scattered electron is a wave prop-
erty. If the scattered electron waves have a phase
relationship they must be coherent.

Second (but much less important), the high-angle
backscattered electrons (BSEs) can be used to form
images of the beam-entrance surface of the specimen,
in which the contrast is not only due to differences in Z,
but also to changes in surface topography of the speci-
men. BSE images are rarely used in the TEM because
the BSE signal is small. If you go back and look at the
Monte Carlo simulation in Figure 2.4 you’ll see that
out of 10% incident electrons in Cu only about three
(0.3%) were backscattered. Therefore, the quality of
this signal is very poor, the images are noisy, and the
contrast is low. The contrast is much better for bulk
specimens in an SEM in which many more electrons are
backscattered (e.g., about 30% in Cu) and BSEs pro-
vide a stable, high-contrast imaging technique in SEMs
in which you can discriminate between the signals from
adjacent elements in the periodic table. In principle, Z-
contrast should be able to do the same in the TEM.

3.7 THE ATOMIC-SCATTERING FACTOR

The classic Rutherford differential cross section cannot
be used to calculate the cross section exactly, because it
ignores the wave nature of the electron beam. A full
treatment involves wave mechanics and is well beyond
the scope of this text. Perhaps the most familiar aspect
of the wave approach to cross sections is the concept of
the atomic-scattering factor f{0), which is related to the
differential elastic cross section by a simple equation
(more on this in Section 3.8)

o2 do(0)
o= "2

(3.8)

What we will now do is to highlight some of the impor-
tant features that lead to this result by outlining the
basic arguments.

B £(0)is a measure of the amplitude of an electron wave
scattered from an isolated atom.
= |/(0)|* is proportional to the scattered intensity.

From these two statements and given the importance of
scattered-electron intensity in images and DPs, you can
appreciate why £(0) is such an important parameter in
TEM.

The scattering-factor approach is complementary to the
Rutherford differential cross section analysis, because it is
most useful for describing the low-angle (i.e., <~3°) elastic
scattering where the Rutherford model is inappropriate.
Usually, £{0) is defined in the following manner
Ey
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All the terms have been previously defined (note
that we’ve dropped the screening term, so remember
what this implies). If you need a more detailed approach
you could consult the physics-based text by Reimer.
Because we’re now thinking in terms of waves, we need
the wavelength A (controlled of course by the beam energy
Ey), and f; is the scattering factor for X-rays, which is well
known. The most widely referenced source of electron-
scattering factors for TEM was usually the classic work of
Doyle and Turner (1968), but you can now find values in
software packages (see Section 1.6) and you can even do
your own calculations using the free software on the
NIST database (also in Section 1.6 and URL #1). The
appearance of f; in equation 3.9 is a reminder that f(0) is a
fundamental result of the wave nature of the electron.

f(6)
The atomic-scattering factor f{(0) depends on A, 0,
and Z.

We can plot this angular variation for a single iso-
lated atom. Figure 3.5 summarizes graphically what we
already know about the magnitude of elastic scattering
(see equations 3.1 and 3.2)

® [t decreases as 0 increases (8 =0° for the incident-
beam direction).

® [t decreases as A decreases (i.e., as the accelerating
voltage (V) increases).

® [t increases with Z for any value of 6.

.......................................................................... ELASTIC SCATTERING
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FIGURE 3.5. Change in the atomic scattering factor f{0) with scattering
angle 0 (calculated from equation 3.9) showing that elastic scattering
decreases with angle away from the incident beam direction (6 =0°) and
increases with Z.

This expression (equation 3.9) for f{(0) contains
components of both elastic nuclear scattering (the Z
term) and elastic electron-cloud scattering (the f
term). We’'ll see later in the chapters on diffraction
in Part 2 that the f{(0) approach is used exclusively
and, if we neglect the f, term, then it can be shown that
If(0)]* is mathematically equivalent to the high-angle
Rutherford differential cross section, as we defined it
in equation 3.6. So now we’ve tied together the
particle and wave approaches to elastic scattering.

ANGLE VARIATION
The important point to remember is that both the
differential cross section and the scattering factor are
simply measures of how the electron-scattering inten-
sity varies with 0.

3.8 THE ORIGIN OF f(6)

Since f(0) relates to the amplitude of a scattered wave,
we’ll consider briefly how it arises. The following anal-
ysis is not intended to be completely rigorous, but only
to give the fundamental ideas behind the meaning of f(0)
and its relation to the differential scattering cross
section. You can safely delay studying this topic until
curiosity wins, then you can go and read the really thick
physics textbooks.

3.8 THE ORIGIN OF f1(0) oottt

To find the total elastic-scattering cross section,
we have to integrate do/dQ. Note that this is a particle
model, but you should also be aware of how the wave
nature of the electrons is brought in. We can consider
the wave nature by looking at Figure 3.6 (which
you should realize is closely related to Figures 2.3
and 2.12).

We can describe the incident beam as a wave of
amplitude \, and phase 2nkr

\Ij — \|10€2Ttikr (3 10)
In this definition of phase, k is the magnitude of the
wave vector and r is the distance that the wave has
propagated, as we’ll discuss in detail later in Chapter
11. When the incident plane wave is scattered by a
point charge, a spherical scattered wave is created
which has a different amplitude . but keeps the
same phase apart from a ©/2 addition which we return
to in a moment

e2ﬂ:1kr

\L’sc = \|10f(9)

(3.11)
.

In this equation, f{(0) is the amplitude we would have
if Yo =1, i.e., it is the atomic-scattering amplitude.

Incident beam

Plane wave

£/ Constructive
interference

Radial
scattered
spherical

wave

FIGURE 3.6. Generating a scattered wave by the interaction of a plane
wave (horizontal line, wavelength L) with a point charge. The circles
represent the scattered spherical wavefronts which are in phase and retain
the original A. The in-phase, constructive interference between the plane
and spherical waves is shown by the dark areas. The angles 6 and d0 are
the same as in Figure 2.3.



So obviously we need to know f{0) and an accep-
table model is essential to make the problem manage-
able. Up to this point, our treatment has been quite
rigorous and ideally, the model would distinguish
between a neutral atom in a metal, a covalently bonded
atom, and an ion. If you’re desperate, the quantity f{(6)
can always, in principle, be calculated from the
Schrodinger equation. In practice, however, we usually
use a simple approximation which we’ll now describe.

If we write down the expression for the scattering
process shown in Figure 3.6, then we have

eZnikr

‘*Ijsc = \IIO ki + lf(e)

(3.12)

r

You should note first of all that, as usual for Huygens
wavelets, there is a 90° phase shift (shown by the
inclusion of ‘i’ in the second term) between the incident
and scattered beams and secondly, that f{(6) can be
expressed as

f10) = [/(0)|"® = |/(6)|(cos n(0) +isinn(6))  (3.13)

which means that the phase, n(0), of f(0) also depends
on the angle of scatter, 0.

First aside: In writing equation 3.12, we have
introduced two wave-propagation parameters:
the vector k; for the incident plane wave and
the scalar k for the spherical scattered wavelet.
By writing the 2n factor separately as part of the
phase term, we have implicitly defined k to be 1/A.
Many physics textbooks include the 2r in & so they
have k given by 2n/A. Just be careful when you
compare similar formulas in two textbooks.

1/A AND 27/A
Sometimes k= 1/A and sometimes k =2n/A and it’s
sometimes difficult to find out which definition is
being used.

Second aside: The 90° phase change for
the scattered-wave component in equation 3.13
can be easily understood if you consider
the following. If the amplitude of the wave
is initially osin(2nkr) then, after it has passed
through the specimen, it will be ... After scatter-
ing, the phase is increased by ¢, so we can express
the new o as

Vit = Yo sin(2nkz + ¢) = Y sin(2nkz) cos ¢
+{y cos(2mkz)sind  (3.14)

Now if ¢ is small, then cos ¢ ~ 1 and sin ¢ ~ ¢; cos 0 is
always the same as sin (0 + m/2), hence

Voo, = Vo sin(2mkz) + Wiy sin (21tkz + g) (3.15)

The m/2 term would arise if we used the exponential
rather than the sine to denote phase, so we can now
write equation 3.15 as

\Iltot = \Il + i\Ijsc

This equation has the same form as that given in equa-
tion 3.12.

(3.16)

3.9 THE STRUCTURE FACTOR F(0)

The next introductory step in discussing electron scatter-
ing is to take the idea of individual atoms scattering
electrons (i.e., f(0)), which we’ve just discussed in some
detail, and consider what happens when the atoms are
stacked together regularly in a crystal structure. (We can,
in principle, also do this for an amorphous solid but we’ll
stick to crystals for simplicity.) We will deal with this
approach in great detail in Chapter 13, but for now we
canintroduce the structure factor F(0), which is a measure
of the amplitude scattered by a unit cell of a crystal
structure. Because F(0) is an amplitude like f(0), it also
has dimensions of length. We can define F(0) as the sum of
the f(0) terms from all the i atoms in the unit cell (with
atomic coordinates x; y; z;) multiplied by a phase factor.
The phase factor takes account of the difference in phase
between waves scattered from atoms on different but
parallel atomic planes with the same Miller indices (hkl).
The scattering angle 0 is the angle between the incident
and scattered electron beams. So we can write

F(e) — ZﬁeZTri(hx,--&-ky;—&-/z,-) (3]7)

The amplitude (and hence its square, the intensity)
of scattering is influenced by the type of atom (f(0)),
the position of the atom in the cell (x,y,z), and the
specific atomic planes (hkl) that make up the crystal
structure. None of this is very surprising, but it turns
out that this equation predicts that in certain circum-
stances the amplitude of scattering is zero. This beha-
vior is intrinsic to the scattering process, is implicit
back in Figure 3.2, and is often a very useful diagnostic
test when determining crystal structures in the TEM.

ZERO SCATTERING
Under specific conditions, electrons scattering in a
crystal may result in ZERO scattered intensity. Why
might this occur?

.......................................................................... ELASTIC SCATTERING



We'll return to this point in Chapter 13 in much
more detail.

3.10 SIMPLE DIFFRACTION CONCEPTS

As we mentioned earlier, electron diffraction is by
far the most important scattering phenomenon in the
TEM. The reason for this importance, as we’ll show
you in Chapters 11 and 12, is that we can use
diffraction to determine the spacing of planes in
crystals and, as you’ll see later in Chapters 20, 21,
and in the companion text, there is a whole field
termed electron crystallography which gives an
unprecedented amount of crystallographic informa-
tion from space-group symmetry data right down to
the dimensions of single unit cells. At the most basic
level, the interplanar spacings in different crystal
structures are characteristic of that structure.

We'll see that the positions of the diffracted beams
of electrons are determined by the size and shape of
the unit cell and the intensities of the diffracted beams
are governed by the distribution, number, and types of
atoms in the specimen. We’ll also show you in Part 3
how diffraction leads to contrast in TEM images
which is controlled by the orientation of a crystal
with respect to the electron beam and which you can
control simply by tilting your specimen.

DP PLUS IMAGE
We can distinguish different crystal structures by
observing and measuring DPs. The combination of
the DP and the electron image(s) is a most powerful
tool for characterizing crystals and particularly their
defects.

It’s easy to see, in a qualitative manner, how diffrac-
tion modifies the distribution of the low-angle scatter-
ing, described by f(0), and shown for a single atom in
Figure 3.5. When we consider the effect of the arrange-
ment of atoms in the specimen, then Figure 3.5 has to be
modified. For an amorphous specimen, the atoms are
almost (but not quite) randomly arranged. A random
arrangement would result in a plot similar to Figure 3.5,
but there are certain interatomic spacings that tend to
occur in an amorphous structure (e.g., first- and sec-
ond-nearest neighbor spacings are usually relatively
well defined). As a result, the amplitude (and hence
the intensity) of diffraction is stronger at some angles
than at others, so we see diffuse, bright rings on the
TEM screen. If the specimen is crystalline, then the
intensity of the diffracted beams is a maximum at
specific angles because the interplanar spacings are
very well defined. The variation of f(0) with 6 plotted
in Figure 3.7A and B is equivalent to the radial
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FIGURE 3.7. Change in f{6) with 8 for (A) an amorphous specimen and (B)
a crystalline specimen. The amplitude (and therefore the intensity) of scatter-
ing generally decreases with increasing 0 but the smooth decrease is modified
at certain scattering angles (compare these curves with the intensity variation
along a radius of the DPs in Figure 2.13A and C, respectively).

intensity variation across the DPs in Figure 2.13A
and C, respectively, and thus emphasizes the strong
relationship between f{(0) and diffracted intensity.
We'll describe this important relationship mathemati-
cally in Section 3.10.B below.

3.10.A Interference of Electron Waves; Creation
of the Direct and Diffracted Beams

To interpret low-angle elastic scattering (which is pri-
marily from the electron cloud) it is best to think in



terms of electron waves and not in terms of particle-
particle interactions that characterize high-angle
Rutherford scattering. If you go back and look at
Figure 3.2 you see a periodic one-dimensional array
of scattering centers (slits), and a monochromatic
wave (i.e., fixed A) is advancing toward these centers.
Each center acts as a new source of a wave of the same
A. Thus many new waves are created and, when more
than one wave is present, the waves can interfere with
one another. This process happens from even the
thinnest specimens and is entirely a wave phenom-
enon that doesn’t need concepts such as cross section,
which we apply when we think of the electron as a
particle.

A rule of wave theory is that waves reinforce one
another (this is constructive interference) when they are
in phase. Waves also cancel one another (destructive
interference) when they are out of phase. What you see
in Figure 3.2 is that the diffracted waves are in phase
with one another only in certain directions. There is
invariably a zero-order wave that proceeds in the same
direction as the incident wave, which in the TEM we’ll
refer to as the direct beam of electrons, as we defined at
the start of Chapter 2. There are also higher-order waves
that propagate in forward directions that are at some
fixed (but very small) angle to the incident wave and
we’ll call these the diffracted beams.

So diffraction creates many electron beams trav-
eling at specific angles relative to a single mono-
chromatic incident beam. In the chapters on
diffraction in Part 2, we’ll find ways to measure
these angles and relate them to the spacing of the
scattering planes.

DIRECT AND DIFFRACTED
The direct beam consists of electron, scattered in the
same direction as the incident beam. Often in TEM
terminology these electrons are called the transmitted
beam but this term is ambiguous since, in fact, all
forward-scattered beams are ‘transmitted’ through
the specimen.

3.10.B Diffraction Equations

Here we’ll introduce the mathematical relationships
that describe the diffraction process. The idea of using
diffraction to probe the atomic structure of materials
was credited to von Laue (1913) in Germany, although
others such as Ewald were working on similar ideas at
the same time. Von Laue’s crucial idea was that much
shorter electromagnetic rays than light would cause diffrac-
tion or interference phenomena in a crystal. Although his
colleague Sommerfeld, with whom he discussed the idea
while skiing, disagreed, Friedrich, one of Sommerfeld’s

assistants, and Knipping tested the idea experimentally
by irradiating a copper sulfate crystal and became the
first to observe diffraction from crystal planes. In fact it
was a remarkable stroke of luck that the CuSO, dif-
fracted the X-rays at all because of the strict equations
that govern diffraction.

Von Laue used the well-known light-optics
approach to argue that the diffracted waves are in
phase if the path difference between waves scattered by
adjacent scattering centers is a whole number of wave-
lengths, hA (4 is an integer). Thus, as shown in Figure
3.8, if the scattering centers (B and C) are spaced some
distance a apart and the incident beam (wavelength L)
makes an angle 0; with the line connecting the scattering
centers and is diffracted at an angle 0,, then the path
difference AB — CD is

a(cos0; — cos 0,) = M (3.18)

Now in three dimensions, two more Laue equations
can be written for two more distances » and ¢ and
appropriate angles 0,

b(cos 03 —cos By) = k\ (3.19)

¢(cosBs — cosBg) = Ih (3.20)

These three simultaneous equations bear von
Laue’s name and for his original suggestion and the
analysis of the experiments of Sommerfeld’s students,
he received the Nobel Prize in Physics in 1914 (nice
work: three equations). We’ll show in Chapter 11 that
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FIGURE 3.8. The approach used by von Laue to calculate the path differ-
ence for a wave (wavelength ). In this one-dimensional figure the wave is
incident at an angle 6, and scattered at an angle 6, from two atoms (B and
C) spaced distance a apart. The path difference between scattered waves is
AB-CD.
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in a TEM specimen, when all three Laue equations are
satisfied simultaneously a diffracted beam is produced.
We’ll also show you in Chapters 11 and 12 that the
letters Akl are the indices of the diffracted beam and
are equivalent to the Miller indices (4k/[) of the diffract-
ing crystal plane (or some multiple thereof).

Usually in TEM, we use a simpler approach to
describe diffraction. Von Laue’s approach was simpli-
fied by the family team of Sir William H. (obviously the
dad) and Mr. W. Lawrence Bragg (the son) in England
who proposed (Bragg and Bragg 1913) that the waves
behaved as if they were reflected off atomic planes as
shown in Figure 3.9.

In parallel with von Laue’s optical approach, the
Braggs argued that waves reflected off adjacent scattering
centers must have a path difference equal to an integral
number of wavelengths, if they are to remain in phase.
So, in the TEM the path difference between electron
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FIGURE 3.9. The Bragg description of diffraction in terms of the
reflection of a plane wave (wavelength A) incident at an angle 0 to
atomic planes of spacing d. The path difference between reflected
waves is AB + BC.

waves reflected from the upper and lower planes in Fig-
ure 3.9 is (AB + BC). Thus, if the ‘reflecting’ 1kl planes
are spaced a distance d apart and the wave is incident and
reflected at an angle 6, both AB and BC are equal to
d sin 0 and the total path difference is 2d sin 0p. So we
can write what is known as Bragg’s (although gramma-
tically and historically it should be Braggs’) law
n = 2dsin Og (3.21)
We’ll reserve Oy for the Bragg angle, which is the
most important scattering angle (remember we really
mean semi-angle) in TEM and youw’ll come across it
many more times in this text. The Braggs also received
a Nobel Prize in Physics a year after von Laue but this
time for only one equation (even nicer work!) and
despite the fact that the idea of reflected electrons,
while mathematically correct, is physically wrong.
We'll continue to use the term Bragg reflection to
describe diffraction in the TEM because everyone
does so, even though it’s inaccurate, and because it is
extremely useful. However, we’ll demonstrate to you,
in a rigorous fashion, the mathematical equivalence of
the Bragg and von Laue approaches in Chapter 12.
It is simple to see from the Bragg equation that
atomic planes which are closer together give rise to
larger angles of scatter. This reciprocal relationship (d
is proportional to 1/6; see Chapter 12) is very impor-
tant in diffraction-pattern interpretation. So, if you
know A for the incident electron (which you control
by choosing the accelerating voltage) and you can
measure 0 experimentally, you can work out the inter-
planar spacings in your specimen. It is this crystallo-
graphic information that makes diffraction such an
important aspect of the TEM.

CHAPTER SUMMARY

What should you remember from this chapter? Until you have time to study this material
very carefully you may find it difficult, so here are a few suggestions:

= Know the words! In particular, we can describe the scattering process by three param-

eters

o(0) the scattering cross section
do(0)

dQ
f(0) the atomic-scattering amplitude

the differential scattering cross section

In particular, don’t be put off because ‘differential scattering cross section’ sounds
difficult. All three terms are very important in different parts of TEM.
® The relationships between f(0) and o(0) are very important (as a principle, but not

much used in practice).
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® The relationship between f{(6) and the intensity in a DP is very important.

Remember that, although we often write c(0) as o, there is an angle involved in any &

® The fact that the electron is a charged particle is critical to the whole scattering process.
® The strength of the scattering, f(0), depends inversely on the scattering angle, 6.

Yes, a really rigorous treatment of scattering would take into account the wave nature of the
electron (wave mechanics), relativity, and the electron charge, all at the same time. Because
we’re good guys we won’t inflict this on you or ourselves. Fortunately, if required, we can do
very well using compiled tables of cross sections and scattering data, which are available on
the web (e.g., URL #1).

We can describe the effect of the crystal structure on the electron scattering by one more
parameter, the structure factor F(0)

= [1(0) is a measure of the amplitude scattered by a unit cell and |F(0) |2 is proportional to
the scattered intensity.

The diffraction process from a TEM specimen is usually described by the Bragg equation
which tells us the important reciprocal relationship between atomic-plane spacings and
scattering angles.

A final point to think about: remember that f(0) is the property of a ‘scattering center.” We
usually think of this center as being an atom. What happens if the scattering center is an ion (i.e.,
if it is charged)? Is the scattering process affected by how this atom is bonded to its neighbors?
What changes if the atom has a covalent rather than a metallic bond? These are important
questions (otherwise we wouldn’t ask them) and we’ll teach you the answers as we go on.
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URLs

(1) www.nist.gov/srd/nist64.htm NIST Standard reference database #64 provides values of the differential
elastic-scattering cross sections, total elastic-scattering cross sections, phase shifts, and transport cross
sections for elements with Z =1 to 96 and for beam energies from 50 eV to 300 keV (in steps of 1 eV).

SELF-ASSESSMENT QUESTIONS

Q3.1 What are the primary causes of elastic scattering?

Q3.2  What do we mean by the term ‘wave-particle duality’?

Q3.3 What forces act on an electron as it interacts with atoms?

Q3.4 What term describes the strength of the scattering process?

Q3.5 What factors control the interference between waves?

Q3.6 How is the scattering amplitude related to the intensity of the scattered beams that we see in the microscope?

Q3.7 What are the two principal forms of elastic scatter?

Q3.8 Relate the general form of the Rutherford differential cross section (equation 3.3) to the equation
describing the cross section for nucleus scattering proposed by Hall (equation 3.2).

Q3.9 Whatisa screening parameter and why do we need to incorporate it in the equations that describe scattering?

Q3.10 Why is it important to include a screening parameter in the Rutherford cross section?

Q3.11 Why do elastic electron-electron interactions usually result in a relatively low scattering angle, while
elastic electron-nucleus interactions cause higher-angle scattering?

Q3.12 From your answer to the previous question describe the different information that might be contained in
low-angle and high-angle scattered electrons and how you might obtain that information

Q3.13 How thin should your specimen be so that scattering within it approaches the ideal of a single event per electron?

Q3.14 What is the relationship between the atomic scattering factor f{0) and the structure factor F(0)?

Q3.15 Why do crystalline and amorphous specimens give rise to different scattering distributions?

Q3.16 What are the fundamental differences between the von Laue and Bragg approaches to diffraction and
what are the similarities?

Q3.17 Put some reasonable values for 4 and A into equation 3.21 and calculate a typical Bragg angle in a TEM.

Q3.18 Why is the Bragg approach fundamentally incorrect?

Q3.19 What do we mean by the term ‘scattering center’?

Q3.20 What is the relationship between the spacing of the lattice planes and the angle of scatter?

TEXT-SPECIFIC QUESTIONS

T3.1 In Figure 3.1, why are the electrons interacting with both the nucleus and the electron cloud shown to
deviate in the same directions (i.e., both are bent through an angle 6) when the nucleus and the electron
clouds in fact have opposite electrical charges?

T3.2 Why do we show the electron close to the nucleus in Figure 3.1 as being turned around rather than being
pulled directly into the (highly positively charged) nucleus?

T3.3 Look again at Figure 3.1 and explain why elastic electron-electron interactions usually result in a
relatively low scattering angle, while elastic electron-nucleus interactions cause higher-angle scattering.

T3.4 In Figure 3.2 why don’t we see a third-order scattered beam?

T3.5 Relate Figure 3.3 to equations 3.1 and 3.2.

T3.6 Can you show that the data in Figures 3.3 and 3.4 are consistent? (Hint: assume that 0 is small (i.e., ~ 0°)
for elastic scatter.)

T3.7 Relate Figure 3.5 to equations 3.1 and 3.2.

T3.8 Is Figure 3.5 plotted for a screened or unscreened atomic potential? Explain your answer.

T3.9 In Figure 3.6 why don’t we show constructive interference of waves going back in the direction of the
incident beam?

T3.10 Figures 3.3, 3.5, and 3.7 all have the same general form. Why is this?

T3.11 Discuss the advantages and disadvantages of the Rutherford cross section for elastic scattering. Put in
some values into equation 3.7 and determine the value of the cross section.

T3.12 Write down concise definitions of coherent, incoherent, elastic, and inelastic as we use them. (Hint: first
take a look at Webster’s.)

T3.13 Explain in a paragraph the relationship between scattering cross section and atomic scattering factor
mentioning the important factors that influence them.

T3.14 In Figure 3.6, if this process were Bragg diffraction, how would the Bragg angle relate to 6?

T3.15 Use equation 3.21 to determine the value of 0 if » =1 and d = 2 for each of the wavelengths in Table 1.2.
Thus, discuss whether or not relativistic corrections are important.

T3.16 Copy Figure 3.8 and draw on it where other atoms in the diffracting planes might be positioned. (Hint:
look at Figure 3.9.)

T3.17 Explain why we talk about the Bragg angle in Figure 3.9 as being a semi-angle of scattering.

CHAPTER SUMMARY ....ovtiiiutiieetieeeteeeeeteeeeaeeeeuseeaetaeeesseeeesesesaseeesseeeaaeeeesseeesesesseeesseeesseeeaesensseeasaeeessseesseeeasesenaseeeaseeesseesaeessseeenssseaassennsaeeseeeesnens



Inelastic Scattering and Beam Damage

CHAPTER PREVIEW

In the previous chapter, we discussed elastic scattering of the electron beam in which the
incident electrons lost no energy as they traversed the specimen. Inelastically scattered
(often termed energy-loss) electrons are equally important and we’ll discuss many of these
processes here, but leave the applications till later. Why are we interested in inelastic
scattering? Well, such scattering generates a whole range of signals, each of which can tell
us more about the chemistry of the specimen than we can find out from the elastic electrons.
In addition to the energy-loss electrons themselves, the most important signals are the
characteristic X-rays, secondary electrons, and, occasionally, visible light (cathodolumines-
cence (CL)) and so we’ll emphasize how these arise. We will also tell you why all these signals
are useful, to varying degrees, to materials scientists, engineers, and nanotechnologists.

So how do we use these inelastic signals? First we have to detect them and we’ll describe
electron detection in general in