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Preface

Nanoscale characterization has enabled the discovery of many novel functional ma-
terials which started from understanding important relationships between material
properties and morphologies. Therefore, nanoscale characterization has become an
important research topic in nanoscience. It fosters the foundation for the design of
functional nanodevices and applications of these nanomaterials.

The book “Progress in Nanoscale Characterization and Manipulation” is fo-
cused on charged-particle optics and microscopy as well as their applications in
materials sciences. Prof. Rongming Wang acts as editor-in-chief of this volume.
This book involves many cutting-edge theoretical and methodological advances in
electron microscopy and microanalysis, testifying their crucial roles in modern ma-
terials research. It will be of primary importance to all researcher who work on
ultramicroscopy and/or materials research.

While nanomaterials find wider and more significant applications in almost
every aspect of modern science and technology. researchers have been trying to gain
detailed knowledge of novel materials with atomic (even sub-A) scale resolution that
are responsible for their unique properties, including chemical composition, atomic
organization, coordinates, valence states, etc. This has been driving the develop-
ment of ultramicroscopy. This book addresses the growing opportunities in this
field and introduces the state-of-the-art charged-particle microscopy techniques. It
showcases the recent progress in scanning electron microscopy, transmission elec-
tron microscopy and helium ion microscopy including the advanced spectroscopy,
spherical-corrected microscopy, focused-ion imaging and in-situ microscopy. To ap-
preciate the synergies of the above-mentioned charged-particle methods, the com-
mon features of their optical systems are summarized in the first chapter.

Our authors are active international researchers working at the forefront of
the field, while we have received direction and assistance from several senior Chi-

nese scientists (Prof. Hengqgiang Ye, Prof. Fanghua Li, Prof. Ze Zhang, Prof. Junen
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Yao and Prof. Xiaofeng Duan, etc.). Based on their extensive expertise in ultrami-
croscopy, our authors have provided many their cutting-edge research outputs and
demonstrated the indispensable roles of charged-beam microscopy in the develop-
ment of modern materials research. This defines the unique style of the book: an
excellent integration of fundamental theories and practical applications. Therefore,
it can meet the needs of a range of readers who are either working on those mi-
croscopy techniques or applying them to the investigation of advanced materials.
While the development of Cs-corrected microscopy, in-situ microscopy and high-
resolution spectroscopy is stepping into a golden age, it is clearly imperative to gain
a big picture of the development. The book covers many timely topics and it can
serve as a good reference for researchers or students working in many fields such as
materials sciences, physics, chemistry, electronics, the semiconductor industry and
biology.

We have received numerous constructive suggestions and comments from
many colleagues. On behalf of all the editors, I would like to offer our sincere
gratitude to those who have contributed to the book.

On behalf of the editors, I would like to thank all our authors. They have
been working diligently. I would like to thank my fellow editors for their hard work.
I hope this book can facilitate the development of microscopy techniques, inspire

young researchers, and make due contributions to the field.

Prof. Rongming Wang
April, 2017
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1
Electron/Ion Optics

Jing Tao, Rongming Wang and Hongzhou Zhang

Transmission electron microscopes (TEM) have very delicate optical systems in
order to fulfill their research purpose, i.e., the characterization of material’s struc-
tures in a versatile manner in modern science. High-energy electrons are generated,
forming an electron probe with variable sizes to bombard the sample materials.
The scattered electrons, which carry details of material’s structures, are reflected
to produce a set of data including diffraction patterns, images and spectra. The
processes of the electron generation, interaction with the materials and data ac-
quisition are all accomplished in high-level vacuum inside the microscopes. Unlike
optical microscopes, most of the lenses in the TEM use electric currents in a parti-
cular geometry to generate magnetic fields. which are used to bend the path of the
electron beam. Therefore, the experimental operation of TEM and interpretation
of the TEM results require background in electromagnetism, vacuum physics, scat-
tering theory and specimen-related solid state physics, among which understanding
the optical structure of the microscopes should be considered as the first step of the

TEM-based study to but not limited to those who plan and perform experiments
using TEM.

Although this chapter attempts to provide a comprehensive overview of the
optical system of the TEM and cover the main components inside the electron
microscopes, we note that this is a developing research area, in which new designs
of the electron paths and new generations of lenses/detectors are emerging very
quickly in academic institutes and industries all over the world. Some of the fore-
front technology in high-end TEM, such as aberration correctors both for the probe

forming and imaging. will be elaborated in detail in following Chapters.



2 Progress in Nanoscale Characterization and Manipulation

1.1 General ray diagram of TEM

The optical system of a conventional TEM consists of three main components: il-
lumination system, imaging system and projection system. As shown in Fig. 1.1.1,
those three systems, each with their own apertures, lenses and other necessary
pieces, are arranged following the sequence of the electron beam path. In partic-

ular, 1) high-energy electrons are released from an electron gun and such an elec-

FEG source

Cl lens <X

Mini lens </ s
Upper objective lens < \ —
Electron probe
Specimen

Lower objective lens

Back focal plane

Image plane -\ __} _ ¥ _ _.

Projector system (
!

Entrance aperture

| \& Energy dispersion plane
Magnetic prism \ -

—

spectrometer

Fig. 1.1.1 A general ray diagram of conventional transmission electron microscopes.
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tron beam is confined by a multiple-aperture-lens system before the electron beam
reaches the specimen. Sometimes a mini lens or a combination of lenses is added to
the microscope, together with the upper objective lens, for further confinement of
the beam size and shape. Controllable parallel illumination is thus formed on the
specimen by the lenses and apertures described above. 2) The objective lens and
objective apertures constitute the imaging system. After the interaction between
the electron beam and the specimen, scattered electrons interfere at the back focal
plane of the objective lens to form electron diffraction patterns and at the imag-
ing plane of the objective lens to form images of the specimen. Usually objective
apertures are placed at or very close to the back focal plane so that the direct
beam or a particular diffracted beam can be selected to form bright-field (BF) or
dark-field (DF) images, respectively. 3) However, both the diffraction patterns and
the images formed by the imaging system might still be too small to view, and thus
a projection system. which is composed of several lenses, is required to significantly

magnify the patterns and images for data detection and acquisition.

In addition, electrons that undergo inelastic scattering with the specimen are
analyzed by a magnetic prism spectrometer to reveal their energy distribution
in the electron energy-loss spectra formed at the energy dispersion plane of the
spectrometer system. Most of the spectrometer systems are attached at the end of
the electron paths, however some commercial TEMs have the spectrometer system

incorporated in the design of the column.

In the following sections of this chapter, details of the illumination system.
imaging system and projection system will be introduced in this sequence. Due to
the importance and the uniqueness of the electron sources to the microscopes their

description including classification and characterization of the electron sources are

-

discussed in the next section. Moreover, the quality of the TEM data is critically
dependent on the detectors. Thus the detectors with recent updates and applica-
tions will be described after the optics section. Different types of detectors and their
functions in a TEM will be discussed in Section 1.4. For example, energy-dispersive
X-ray (EDX: the X-ray is generated from specimen by the electron beam) spec-
troscopy, which is not shown in Fig. 1.1.1, plays a key role in charactering the heavy

metal elements in materials with catalytic applications. Finally, a different but
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similar microscope using ion beams, as well as the details of their unique optic

system, will be discussed in this Chapter.

1.2 Electron sources

The type and quality of electron sources are essential to the performance of a mi-
croscope and to the final results coming out from the TEM. Before using a TEM, a
researcher should know the type of the electron source and the basic characteristics

of the electron beam, such as how bright it is and the energy spread of the beam,

in order to achieve their particular research purposes. Usually users of a TEM do
not need to measure by themselves the characteristics of the electron source, which
could be provided by the manufacturer or the instrument maintainer. For the above
reasons, this section will focus on the types of the electron sources and the charac-
terizations of the electron beam that is emitted from the gun assembly. The optics
of a TEM is specifically designed for certain types of the electron sources. There-
fore, the type of the electron source in one TEM is not interchangeable between

thermionic and field emission kinds.

1.2.1 Types of electron sources

The types of the electron sources are determined by the physical mechanisms of
electron emission from the gun tip materials. There are basically three kinds of
electron emission in most of the TEM guns: thermionic emission, field emission
and Schottky emission, where Schottky emission can be considered as a mixture
of thermionic and field emission (Williams and Carter, 2009; Richardson, 2003:
Murphy and Good, 1956).

Thermionic emission: Thermionic sources have often been called filaments
and sometimes cathodes. If the material of the source is heated and electrons gain
sufficient thermal energy to overcome the potential barrier at the material’s surface,
i.e., the material's work function ¢, the electrons can be emitted from the surface
of the source. The electron flow is described by current density J and has the

following relationship with the heating temperature 7" in the Richardson equation



1 Electron/Ion Optics 5

(Richardson, 2003):
J = AT?e %7

where k is the Boltzmann constant. The proportional coefficient, A, is called
Richardson’s constant, determined by the source material. The work functions of
most metal materials are about a few eV. In order to have a large current of
electron emission and a long lifetime of the electron source, a low material work
function is required and the source should not melt or evaporate at the operating
temperature. Williams and Carter’'s book shows a good comparison of the work
function, operating temperature and lifetime etc., between different source mate-
rials. Tungsten and lanthanum hexaboride (LaBg) crystals are the most common
materials selected for thermionic TEM sources, mainly for their low work functions
and high melting temperatures. On the other hand, thermionic guns are measured
to have a saturate emission current and the operating temperature/heating current
is set at the optimum value below the saturation condition in order to maximize
the emission current and the source lifetime (Williams and Carter, 2009).

Field emission: A TEM with a field emission gun (FEG) costs much more
than a TEM with a thermionic source. The mechanism of field emission is shown in
Fig. 1.2.1. Electron emission of this kind is induced by an electrostatic field applied

at the source (Fowler and Nordheim, 1928). There is a potential gradient such that

Fig.1.2.1  Principle of field electron emission by quantum tunneling of electrons from

surface into vacuum induced by an electrostatic field.
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the energy level at vacuum is tremendously lowered. Thus the energy barrier at
the surface is narrow enough so that the electrons inside the source material have

a certain probability to tunnel out and generate emission current.

Field emission takes place only when the electrostatic field is very high at the
source. To produce high electrostatic fields, the source material is manufactured to
be a needle tip because the sharper the tip is the higher the electrostatic field will
be. Without help from thermal heating the emission is called cold field emission.
Usually the cold field-emission source is made of single-crystal tungsten that is a
sharp needle tip. If the electrons are heated and an electrostatic field is still applied
at the tip, thermal energy can assist the electron escape over the reduced barrier
and the emission current is significantly enhanced. This is known as Schottky emis-

sion or field-enhanced thermionic emission. Schottky emitters are the predominant

source in modern TEMs. They are made of tungsten tips coated with a layer of zir-
conium oxide (ZrOs) to improve the emission stability. The emission current from
a Schottky emitter can be determined by Richardson equation with modification

of the work function term.

The vacuum in the surrounding space of the cold field-emission gun should reach
ultra-high vacuum (UHV; < 10~ Pa) level to maintain the gun tip in pristine
condition without contamination or oxidation. However, as time goes by, contam-
ination of the residual gas occurs at the tip surface of a cold FEG. In order to
remove the contaminants accumulated at the tip, we need to flash the tip once or
twice a day in practice by heating the tip in a very short time to evaporate the

contaminants. No flashing is needed for Schottky FEG and thermionic sources.

Without regard to the cost, each of the three types of the electron sources has
its pros and cons in terms of brightness, coherency and stability, which will be
introduced in Section 1.2.2. The development of TEM technology includes finding
new materials and establishing new types of the electron source, always pursuing
better performance of the electron source with versatile functions. A new gen-
eration of ultra-bright electron sources has been studied and developed recently
based on advanced materials. For example, carbon nanotubes have shown excellent
field-emission properties to be good candidates for this purpose (de Jonge and van

Druten, 2003). Furthermore, polarized electron source (PES) has been developed



1 Electron/Ion Optics 7

for many years, especially for low-energy (< 40 keV) electron microscopy. Recently
such a technique was established in TEM with operating voltage ~20 kV at Nagoya
University in Japan (Kuwahara et al., 2011). By modifying the setup of the illumi-
nation system of a conventional TEM, the instrument with PES has achieved a high
level of electron spin polarization, quantum efficiency and large electron dose on
the specimen. With PES, it is possible that the materials’ magnetic structures that

remain undetectable by conventional TEM will be unveiled by the spin-polarized
TEM in the future.

1.2.2 Characteristics of electron beams

The electron sources introduced above have clear definitions that are specifically
referred to the electron emitter. However, electron beams are more complicated
than simply the electron flow out from the emitter. Indeed, a TEM needs a gun
assembly to have the electrons accelerated and focused at a crossover. Once an
electron beam is formed. we are able to characterize the beam in terms of its
brightness, coherency and stability. The outcome results, including high resolution
TEM images, electron diffraction, electron energy-loss spectroscopy. ete., by using
a TEM critically depend on these characteristics of the electron beam.

Gun assembly: Fig. 1.2.2 shows a schematic diagram of a gun assembly of
a thermionic source. Modern TEM instruments with thermionic sources use LaBg
crystal as the filament. The high tension is applied between the filament and the
anode to accelerate the electrons with the anode at the earth potential. Wehnelt
cylinder acts as the first lens in a TEM along the electron path. Unlike the magnetic
lens. it is indeed an electrostatic lens. The role of the Wehnelt cylinder is to focus
the emitted electrons at a crossover before the anode by applying an optimum bias
at the Wehnelt cylinder. The purpose of the Wehnelt bias is to maximize the beam
brightness. The beam’s diameter at the crossover is dy. The emission beam that
goes through the anode has a divergent semi-angle oy and the current i.. The beam
from this point can be considered as the object of the first lens in the illumination

system of TEM optics.

On the other hand, the gun assembly of an FEG has two sets of anodes. The first

anode has a positive potential of a few kV with respect to the tip, which enhances



