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1 Introduction

Transistors are modern workhorses of today’s society. Large-scale integration of

transistors enabled efficient data processing and thereby computers, the internet and

mobile communication devices. Transistors are based on semiconductor materials,

together with other semiconductor devices, such as lasers, light-emitting diodes or

solar cells, these devices are the basis for a large part of modern electronic devices.

The processes used for creating semiconductor devices need to be controlled with

an accuracy down to the atomic level. Understanding and optimizing semiconduc-

tor devices requires characterization: Electrical and optical characterization of the

finished devices to verify their behavior as well as local morphological, chemical

and structural characterization to understand the roots of device behavior and to

optimize manufacturing processes and device design.

Most of these physical and chemical characterization techniques can provide only

two-dimensional (2D) or one-dimensional (1D) representations of the original three-

dimensional (3D) object such as 2D images or 1D depth profiles. As in many cases

the three-dimensional structure is relevant for device behavior though, 3D character-

ization techniques are necessary. Such techniques have been developed at different

length scales for 3D morphological, chemical and structural imaging.

The transmission electron microscope (TEM) is among the most important tools

for semiconductor materials and device characterization. With electron tomography

TEM has been extended to three dimensions allowing 3D imaging with nanometer

down to atomic resolution.

This thesis deals with the application and development of electron tomography

for semiconductors. Electron tomography is applied on semiconductor materials

and devices to answer open questions about 3D morphology and chemistry. With

this background tomographic techniques have been studied in detail to introduce

technical improvements necessary for the investigated applications. As such different

contrast techniques are investigated and routes towards improved spatial resolution

are studied.
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1 Introduction

1.1 Research Environment for this Work

This thesis was carried out at CEA, LETI in Grenoble. CEA, the “Commisariat

à l’énergie atomique et aux énergies alternatives” , is a French national institu-

tion for fundamental and applied research, located at several sites all over France.

It was originally founded for nuclear research, and later extended to several do-

mains, such as renewable energies or information technology. LETI, the “Laboratoire

d’électronique et de technologies de l’information” is the largest of CEA’s laborato-

ries in Grenoble and is concerned with research in nanoelectronics and other types

of semiconductor nanotechnology.

Semiconductor research requires characterization, which is why a number of in-

struments for this purpose are required. For this purpose the “Plateforme Nanocar-

actérisation” (PFNC), where this thesis was carried out, was installed in Grenoble.

The PFNC is a shared facility between three of CEA’s laboratories – LETI, working

on information technology, INAC, working on fundamental materials research, and

LITEN, working on renewable energies and energy efficiency. One of the compe-

tence centers of the PFNC is concerned with electron microscopy and comprehends

several state of the art transmission electron microscopes – e.g. a double spherical

aberration corrected FEI Titan Ultimate microscope and a probe-corrected FEI Ti-

tan microscope – and about 15 permanent researchers as well as a similar number

of PhD students and postdoctoral researchers.

In this framework the goal of this thesis was to establish and further develop

electron tomography techniques at the PFNC, in particular for LETI’s applications

- electron devices and semiconductor materials.

1.2 Outline of this Work

This thesis is split into four major parts. Part I constitutes an introduction to

the domain of this thesis, in Part II the experimental methods are presented and

Parts III&IV illustrate and discuss results of this thesis. Part III is concerned with

different contrast mechanisms usable for electron tomography, while Part IV deals

with improving resolution of a reconstruction.

In Part I, Chapter 2 gives an introduction to semiconductor materials and de-

vices and highlights challenges, which need to be addressed by 3D characterization

techniques. Chapter 3 introduces different 3D characterization techniques for micro-

and nanoscale investigations in materials science and discusses strengths, limitations

and applications of each technique.

2



1.2 Outline of this Work

Part II is an introduction to the used methods. In Chapter 4 the principles

of tomographic reconstruction are discussed, together with different tomographic

reconstruction algorithms and data pre- and postprocessing. Chapter 5 gives an

introduction to TEM and in particular to TEM-techniques used for electron tomog-

raphy. In Chapter 6 requirements for sample preparation for electron tomography

and methods applied in this thesis are discussed.

In Part III two different types of semiconductor nanowires as well as selenium

hyperdoped silicon is studied. This part highlights applications of different TEM

contrast techniques for electron tomography. Chapter 7 deals with the application of

high-angle annular dark field (HAADF) scanning transmission electron microscopy

(STEM) tomography for morphological and compositional studies of nanowires as

well as to investigate selenium dopant distribution in femtosecond laser-doped sili-

con. Chapter 8 deals with an application, where HAADF STEM tomography failed

due to too small mass contrast. For this reason low-loss energy-filtered transmis-

sion electron microscope (EFTEM) tomography is applied for the characterization

of nanowire-based capacitors and the potential of spectral low-loss EFTEM tomog-

raphy is investigated.

Part IV deals with routes towards improving resolution in electron tomography.

In Chapter 9 dual-axis electron tomography is applied to tri-gate transistors for

the purpose of improving resolution in the reconstruction for all gate surfaces of

the transistor. Chapter 10 extends the principle of dual-axis tomography to mul-

tiple tilt-axis and shows perspectives of resolution improvements by such multiple-

axis tomographic schemes. Finally Chapter 11 shows examples of reconstruction

algorithm-based resolution improvements. Compressed sensing based algorithms

are applied to the reconstruction of GaAs nanowires.

The thesis finishes with conclusions and perspectives in Chapter 12 and a “Ré-

sumé” in French language in Chapter 13.

For the reader’s convenience a list with used abbreviations can be found on

page 239, the used notations are summarized on page 243 and used physical con-

stants on page 247.
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Part I

Background





2 Semiconductor Materials and

Devices

Semiconducting materials form the basis for a large number of applications today.

Their success started in 1947 with the creation of the first transistor. While previ-

ously switching of electron currents was done mechanically, transistors allowed for

the first time pure electrical switching. This first transistor was a bipolar transistor

made of germanium, the first silicon bipolar transistor was produced seven years

later in 1954 and the first silicon field-effect transistor (FET) in 1960.

Transistors allowed the creation of integrated circuits (ICs), functionalized as-

semblies of transistors. The number of transistors in integrated circuits quickly

increased. Based on observations of the development of integrated circuits in the pre-

ceding years, this caused Gordon Moore in 1965 to predict an exponential growth of

the number of components on an integrated circuit, doubling every two years (Moore,

1965). This prediction is now popularly known as “Moore’s law” and turned out to

work up to today. Fig. 2.1 shows Moore’s original prediction and its extrapolation

until today. In the same article Gordon Moore also predicted “(...) such wonders

as home computers (...) automatic controls for automobiles, and personal portable

communications equipment”.

The method for increasing the number of components on a chip is scaling: Re-

ducing the size of a single component reduces the space and power consumption

of each transistor, allowing more components to be integrated on a single chip.

The forefront of scaling is built up by complementary metal-oxide-semiconductor

(CMOS) technology. Metal-oxide-semiconductor field-effect transistors (MOSFETs)

allow the highest integration rate of all devices, currently around a billion transistors

are integrated on a single chip.

While scaling of CMOS technology is a major driving force for semiconductor

research and development of processes, a large number of other devices based on

silicon or other semiconductors have been developed and gained importance for a

wide range of applications. While classical CMOS scaling is now often referred to as

“More Moore”, a part of this diversification, which is based on processes developed

7



2 Semiconductor Materials and Devices

(a) (b)

Figure 2.1: Moore’s law: (a) Graph originally published by Gordon Moore in 1965
(Moore, 1965) (b) Extrapolation until 2011 showing important microproces-
sors (Wikipedia, 2013).

for CMOS technology is summarized as being “More than Moore” (Arden et al.,

2010). Fig. 2.2 shows these trends.

Apart from CMOS, semiconductor-based nanotechnology covers a wide field. Rel-

atively close to CMOS technology are other transistor technologies, for example for

power applications or high frequency application, based on silicon or on other semi-

conductors. Examples of transistors used for such applications are bipolar transis-

tors, double-diffused metal-oxide-semiconductor (DMOS) transistors based on sili-

con or high-electron mobility transistors high-electron mobility transistors (HEMTs)

based on III-V materials.

Based on silicon technology microelectromechanical systems (MEMS) and nano-

electromechanical systems (NEMS) have been developed, which are used as sensors

and actuators towards the environment of the chips. Accelerometers or gyroscopes

are popular examples.

III-V, II-VI, but also organic semiconductors have become important in particu-

lar for optical applications. Laser diodes and light emitting diodes are commercially

very successful devices based on these materials. Photovoltaics are another optical

application of semiconductors, based most frequently on silicon, using a semicon-

ductor’s capability to create active charge carriers from photons. They range among

the most promising technologies for exploiting regenerative energy sources.

In this chapter an overview about important semiconductor devices and processes

for creating these devices is given to illustrate the potential of semiconductors and
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Figure 2.2: The trends of “More than Moore” as compared to “More Moore” (Arden et al.,
2010).

the necessity of using advanced nanoscale characterization techniques. Additionally

some basic physics of semiconductors and their electrical and optical properties are

discussed in Appendix A. There exist a large number of books extensively covering

semiconductor physics, processes and devices (Balandin and Wang, 2009, Doering

and Nishi, 2008, Sze, 1981, Yu and Cardona, 2004).

2.1 Processes in Semiconductor Technology

The production of semiconductor devices requires complicated, precise and expen-

sive processes. Semiconductor processing requires a well-controlled environment and

is therefore usually done in cleanrooms, which contain a large number of machines

for doing all necessary processes. While in research and development the concep-

tion and demonstration of a small number of nanoscale objects can be done on

smaller machines, which allow human interaction in or between different process

steps, industrial fabrication of semiconductor devices is done on a large scale in a

semiconductor fabrication plant (often called fab). In these plants a large number

of chips is processed at the same time and human interaction in the manufacturing

process is reduced as far as possible. The purpose of production at a large scale is

reduction of the cost per chip, a well controlled environment is necessary to limit

the number of defective devices and chips. While the parallel production of many

chips reduces the cost per chip, it increases the cost of machines and manufacturing
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(a) (b)

Figure 2.3: Silicon wafer growth: (a) Czochralski puller for growth of silicon wafers (b)
Evolution of wafer sizes overlaid with the evolution of integrated circuits fol-
lowing Moore’s law. Source: Siltronic AG, reproduced from (Müller, 2007).

plants, the cost of a new fab is in the range of a few billion Euro. The complexity of

semiconductor devices and their cost explains, why serious efforts are necessary for

their characterization, for controlling the different processes and device design. In

the following the most important processes used in semiconductor technology and

processes used for the samples investigated in this thesis are described.

2.1.1 Wafer Production

The most important method for the production of semiconductor substrates is the

Czochralski method. The principles of this method were found by Jan Czochralski in

1917 (Czochralski, 1918). The material, silicon or another material is melted and a

crystal is grown starting from a seed crystal, which is dipped into the melt and slowly

lifted out of the melt. The diameter of the crystal is controlled by the temperature

of the melt, by the pulling speed and by rotation of the crystal (Müller, 2007). After

growth the crystal is sliced into wafers, which are polished. The first semiconductor

crystal grown was germanium (Teal and Little, 1950), today silicon is by far the most

frequently used substrate. Currently silicon wafers with a diameter of 300 mm are in

use, the transition to even larger wafers with a diameter of 450 mm is in discussion.

Fig. 2.3 shows a Czochralski puller and the evolution of silicon wafer diameter.

The challenge in the growth of wafers consists in the need for growing high purity

crystal with very small amounts of defects and contamination. Apart from silicon

and germanium also several other semiconductor substrates can be grown. When

compound semiconductors are grown a major challenge is to prevent dissociation of
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Figure 2.4: SmartCutTM process for manufacturing SOI wafers (Allibert et al., 2001).

the compound (Müller, 2007). Several techniques to encapsulate the melt have been

developed. Examples for compound substrates are GaAs or InP.

For some devices substrates, which contain an insulating layer (SiO2), are nec-

essary. The most frequently used process to create such silicon on insulator (SOI)

wafers is the SmartCutTM process (Bruel, 1995). The SmartCutTM process is shown

in Fig. 2.4. One wafer (wafer A) is thermally oxidized. After oxidation hydrogen is

implanted to create a layer of defects at a controlled depth, which will serve to cut

the wafer. The wafer is bonded to a second pure silicon wafer. After bonding the

wafer is split at the level of the defects leaving a thin homogeneous wafer of silicon on

SiO2. The wafer is now polished and can be used a SOI wafer. The remaining part

of the first wafer, which was split of can be polished an reused. SOI wafers are of

importance for transistors with improved performance, as discussed in Section 2.2.1.

2.1.2 Lithography

Photolithography or optical lithography is the most important process for lateral

structuring in semiconductor technology (Seisyan, 2011). It is used to transfer struc-

tures from a mask to a photoresist on a sample. These structures can then be used

to selectively manipulate parts of the sample by doping, etching or growth of a ma-

terial. The smallest feature size which can be transferred onto a photoresist on the
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Figure 2.5: Basic operation modes of optical lithography: In contact lithography the mask
is in direct contact with the resist, in proximity lithography there is a small
gap in between. Projection lithography uses a lens system between the mask
and the sample (Seisyan, 2011).

sample is one of the main limiting factors for the integration density of nanoscale

devices. In the photolithography process first a resist is deposited on the wafer sur-

face. Then the mask is aligned with the wafer and exposure takes place. Exposure

changes the chemistry of the exposed surface. The photoresist is then developed

and the exposed photoresist is removed. The structured resist can now be used as

mask for a process. Fig 2.5 shows the principle of optical lithography in different

operation modes. Originally contact and proximity lithography were used, current

systems use projection lithography.

The smallest possible feature size, which can be created by lithography is influ-

enced first of all by the wavelength of the used radiation for exposure. Classically

Hg-lamps have been used for optical lithography, which emit at wavelengths around

400 nm. These were later replaced by excimer lasers emitting in the deep ultra-violet

region, first by Krypton fluoride (KrF) lasers (248 nm) and later argon fluoride (ArF)

lasers (193 nm). However reduction of the wavelength alone was not sufficient for

continued scaling for microelectronics. Several techniques are being employed to cre-

ate structures with sizes well below the used wavelength such as phase-shift masks,

off-axis resolution, lenses with high aperture and finally fluid immersion systems.

Many efforts have been put into pushing the resolution using 193 nm, due to

technological challenges in switching to lower wavelengths. One major challenge at

lower wavelength is that air and all materials become absorbing at wavelengths below

about 185 nm. Therefore photolithography at lower wavelength requires operation

under vacuum as well as reflective optics. Systems emitting in the extreme ultra-
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violet (EUV), around 13.5 nm have been developed, based on emission from plasma.

Currently their main limitations, which still prevent from industrial applications,

are a relatively low power of the light source, as well as very high cost.

There exist several alternatives to optical lithography, such as electron beam (e-

beam) lithography or nanoimprint lithography. E-beam lithography is currently

much in use for research and development. In e-beam lithography a resist sensitive

to electrons is used and writing of the resist is done without a mask by scanning of

the electron beam. Due to the small wavelength of electrons very small features can

be written. In research e-beam lithography is of interest as it allows writing without

the need for masks. For industrial application the serial writing by the electron beam

is a major drawback leading to a low throughput compared to optical lithography.

Systems have been developed which use a large number (several thousands up to a

million) parallel electron beams for writing. These tools are a possible candidate for

replacing optical lithography tools. Nanoimprint lithography is based on mechanical

transfer from the mask to the resist, based on similar principles as a simple stamp

(Schift, 2008). The mask is mechanically pressed into a resist, which is deformed

by the pattern of the mask. In an anisotropic etching step the mask is completely

removed from the compressed areas and can then serve as mask for other processes.

2.1.3 Doping

Doping is the process of introducing impurities into an intrinsic semiconductor to

modify its bandstructure and thereby its electrical properties. Dopants are divided

into acceptors, elements with three or less outer shell electrons and donators, ele-

ments with five or more outer shell electrons. Acceptors remove electrons from the

crystal giving rise to holes, which serve as positively charged carriers (p-type dop-

ing). Donators provide additional free electrons which serve as negatively charged

carriers (n-type doping). In silicon technology the most common dopants are boron

for p-doping and arsenic or phosphorus for n-type doping.

The most common processes for doping are thermal diffusion and ion implantation.

For thermal diffusion the dopant is provided at the surface of the semiconductor,

either in gaseous, liquid or solid form. At elevated temperature the dopants can

diffuse into the semiconductor driven by a gradient of their concentration. For ion

implantation the dopant is ionized and accelerated towards the surface. The kinetic

energy defines the depth at which the dopants are introduced.

Ion implantation allows a more precise control of the dopant profile than thermal

diffusion. Dopant concentration and depth can be well adapted to specific needs.

However ion implantation damages the crystal structure, so an annealing step is
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required after implantation. During this step generally also thermal diffusion of

dopants occurs. On a process level the throughput of ion implantation is lower than

using thermal diffusion.

Some samples investigated in the frame of this thesis were doped by a particular

process, called optical hyperdoping (Sher et al., 2011). In this process the crystal

(e.g. silicon) is irradiated by a train of laser pulses in the presence of a dopant

precursor. This precursor can be either a gas-phase precursor like sulfur hexafluoride

(SF6) (Wu et al., 2001, Younkin et al., 2003) or a thin solid film precursor (e.g.

a selenium or tellurium film) (Sheehy et al., 2007). Laser irradiation causes fast

melting and resolidification of the surface of the material, which traps dopant atoms.

This process yields very high dopant concentrations, however solid segregation and

loss of crystalline order can occur.

In addition to the incorporation of dopant atoms the laser pulses can also modify

the surface structure and induce surface texturing. Of particular interest is fem-

tosecond laser-doping of silicon with chalcogens (S, Se, Te) as doping and texturing

provides a material with near-unity optical absorptance in the visible and infrared

range, which is of interest for photovoltaics and optical detectors.

2.1.4 Etching

Etching is used as process to remove material from a surface (Lang, 1996, Rad-

jenović and Radmilović-Radjenović, 2010). An etching process is characterized by

its properties and by the type of etchant used. The two large groups of etching are

liquid-phase (or wet) etching and vapor-phase (or dry) etching. Furthermore etching

processes are categorized by their isotropy and their selectivity. Isotropic etching

refers to a process, which removes material equally in all direction, anisotropic etch-

ing has a preferred direction. The selectivity of an etching process denotes the

differences of the etch rate of different materials.

In wet etching the surface to etch is put inside a bath of the etchant where the

material is removed. The process can be stopped by removal and cleaning of the

sample or by dilution of the etchant. Wet etching provides usually a high amount

of selectivity, but is generally isotropic, which is often unwanted.

Dry etching is done using gas molecules, which are split into free radicals under

the influence of a plasma. Fig. 2.6 shows different types of dry etching. In classical

plasma etching the etchants coincide with the surface from all directions, typically

giving an isotropic and selective process. Sputtering and reactive ion etching are

other types of dry etching, with higher anisotropy. Sputtering is done at much

lower pressures than plasma etching, ions are accelerated towards the surface of the

14



2.1 Processes in Semiconductor Technology

(a) (b) (c)

Figure 2.6: Dry-etch methods: (a) Plasma etching, (b) reactive-ion etching, (c) sputtering
(Lang, 1996).

sample, where they knock out atoms. Sputtering provides high anisotropy but poor

selectivity. Reactive ion etching is an intermediate process between plasma etching

and sputtering, being generally anisotropic but more selective than sputtering.

2.1.5 Thermal Oxidation of Silicon

To create films of SiO2 an important process is the thermal oxidation of a silicon

surface (Atalla et al., 1959). This process provides a high-quality dielectric, which for

many years formed also the core of CMOS technology as gate oxide. Silicon can be

oxidized purely thermally in an O2 environment (dry oxidation) or hydrothermally

in a gaseous H2O environment (wet oxidation). Oxidation uses up a part of the

silicon surface to create SiO2. The SiO2-layer is approximately two times as thick

as the layer of used Si. Though SiO2 is now being replaced by high-κ dielectrics

in the gate stack a thin layer of SiO2 is still necessary and SiO2 is in use for many

purposes. In contrast to SiO2 high-κ dielectrics cannot be grown from Si, but are

deposited, using methods as discussed in the next section.

2.1.6 Layer Deposition

Several techniques exist for the deposition of thin solid films on a surface. Here

we will shortly discuss chemical vapor deposition (CVD) including atomic layer

deposition (ALD) and molecular beam epitaxy molecular beam epitaxy (MBE).

In CVD processes carrier gases react on a heated surface leaving a stable solid

on the surface (Choy, 2003). Fig. 2.7 shows this principle. A wide range of mate-

rials can be deposited by CVD, which exists in several variants. While in classical

CVD the reaction is activated thermally, plasma-enhanced chemical vapor deposition

(PECVD) uses a plasma to activate the chemical reaction on the surface, enabling

operation at low temperatures. metal-organic chemical vapor deposition (MOCVD)

is classified by the use of metalorganic precursors. These are compounds, which
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Figure 2.7: Principle of CVD deposition. The material to deposit A is transferred to a
gaseous precursor AX2 from a solid or a liquid source. On the heated surface
the precursor reacts and the material is deposited (Choy, 2003).

Figure 2.8: Illustration of one reaction cycle of ALD (Puurunen, 2005).

contain metal atoms being bonded to organic radicals. MOCVD is of interest as

these compound decompose at relatively low temperatures.

ALD is another special mode of CVD (Puurunen, 2005). The particularity of

ALD is the use of self-terminating reactions, which allow the growth of monoatomic

layers. ALD uses several cycles consisting of two distinct reactions. Such a reaction

cycle is illustrated in Fig. 2.8. The first reaction forms a monolayer on the surface.

Once the whole surface is covered the reaction terminates. The chamber is purged

and a second self-terminating reaction or a surface treatment activates the surface

again for the first reaction. In this way high quality thin films can be deposited and

the thickness can be controlled exactly by counting atomic layers.

MBE is another method for deposition of high quality thin films, which is of

particular importance for compound semiconductors. MBE allows the deposition of
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thin films on a heated surface from molecular beams of different elements under ultra-

high vacuum. Molecular beams can be created by thermal evaporation from Knudsen

sources. MBE is a popular method for the growth of semiconductor heterostructures,

in particular for optoelectronic devices, such as lasers. It is also an important method

for the formation of quantum dots. For this purpose a thin layer of a material with

a larger lattice constant is grown on a material with a smaller constant. Relaxation

of the thin layer leads to the formation of quantum dots (Franchi et al., 2003).

2.1.7 Nanowire Synthesis

Nanowires are one type of nanostructures, which are gaining significant attention

in semiconductor research (Lu and Lieber, 2006, Schmidt et al., 2009). Nanowires

are structures, which are small in two dimensions and larger in the third dimension.

Their diameter is usually below 100 nm, their length is generally in the range of

a few micrometers. They can be therefore considered one-dimensional systems.

The elaboration of nanowires is divided into top-down and bottom-up approaches.

Top-down refers to processes which start from a continuous layer or a substrate of

material, which is then patterned to create nanowire structures. Vertical nanowires

can be created in this way by defining their position by lithography followed by

anisotropic etching. The elaboration of horizontal nanowire structures is possible

for example by using combinations of anisotropic and isotropic etching or by starting

from thin layers of a material, for example from an SOI substrate.

In bottom-up approaches nanowires are grown from precursors, which are provided

most frequently in gaseous form, but can be also liquid or solid. Generally catalyst

particles are used, which favor directional and localized growth. The catalyst can be

either liquid or solid during growth. The most frequently used approach for bottom-

up elaboration of nanowires is the vapor-liquid-solid (VLS) method, where a gaseous

precursor is supplied, which is incorporated in the liquid catalyst particle (Wagner

and Ellis, 1964). From the catalyst the supplied atoms precipitate into a solid phase

to form the nanowire. If a molecular precursor is used, which reacts at the surface

of the catalyst this process is also described to be CVD. Another important method

for bottom-up growth is the elaboration by molecular beam epitaxy. In this case the

precursor is directly provided in its atomic form as a molecular beam. Those atoms

are more readily deposited via the catalyst particle than directly on the surface. A

large range of materials can be grown as nanowires. Silicon, germanium, III-V as

well as II-VI composite semiconductors. Other materials, which can be grown as

nanowires are for example metallic oxides or different types of silicides.
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An interesting option when nanowires are synthesized is the possibility to create

heterostructures consisting of different materials. Such heterostructures are classified

into axial heterostructures, where the material composition changes along the direc-

tion of the nanowire and radial or core/shell heterostructures, where the composition

changes from the center of the nanowire towards its exterior. Axial heterostructure

nanowires are grown by modulating the supply of precursors during growth. Radial

heterostructures can be formed by homogeneous deposition on the nanowire surface

after its growth. Such structures provide combinations of several one-dimensional or

zero-dimensional systems, where electrical and optical properties can be adjusted by

adapting the size of different elements. Core/shell nanowires can be also obtained

by layer deposition onto a nanowire, which was elaborated in a top-down method.

An interesting feature, when semiconductor heterostructures are grown is that due

to the small lateral size of nanowires they can accommodate a large lattice mismatch

without defects. Therefore material combinations, which cannot be grown on full

layers can be often still grown as nanowires. In particular this allows also a wide

range of materials to be grown directly on silicon. When nanowires devices should

be included in integrated circuit for many concepts a limitation are used materi-

als or temperatures necessary for growth, which are often not compatible with IC

technologies.

2.2 Semiconductor Devices

Eventually the goal of semiconductor research is to create devices. Understanding of

physics and control of processes are necessary for this task and allow the conception

of new devices and devices with improved performance. There exist a huge num-

ber of semiconductor devices. Electronic applications require many different types

of transistors, but also resistors, capacitors or diodes. Well known optical devices

are light-emitting diodes, laser-diodes, solar cells or optical detectors. Integrated

optics are a newer field in semiconductor technology, which require devices for guid-

ing and modulating light. Apart from these applications semiconductor technology

has also been expanded to new fields, microelectromechanical and nanoelectrome-

chanical systems are one such example. Here we will give an overlook over a few

semiconductor devices, in particular such, which are of relevance for this thesis.
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2.2.1 CMOS Transistors and New Transistor Concepts

CMOS technology combines negative metal-oxide-semiconductor (NMOS) and pos-

itive metal-oxide-semiconductor (PMOS) transistors to form logic circuits. NMOS

transistors allow conduction of electrons between source and drain, if a positive volt-

age is applied on the gate, PMOS transistors conduct holes, if a negative voltage

is applied on the gate. Combination of NMOS and PMOS transistors gives logic

circuits, which became the dominant technology for very large scale integration, in

particular due to a low power consumption in static states.

Since their first integration the materials used in metal-oxide-semiconductor (MOS)

transistors have changed only little, but huge changes have taken place regarding

their size. In the end of the 1960s the classical MOSFET gate stack consisting of

SiO2 and polycrystalline silicon (poly-Si) was developed (Faggin and Klein, 1969).

This material combination proved very successful, in particular the easy fabrication

of a high-quality oxide by thermal oxidation was a major advantage for silicon com-

pared to germanium and a basis for the success of silicon MOS transistors (Atalla

et al., 1959). The material combination Si/SiO2/Poly-Si formed the basis of MOS

transistors for over 30 years until finally SiO2 was replaced, first by nitrided SiO2

(SiON) and later by high-κ gate dielectrics (Wilk et al., 2001).

The core of a MOSFET is built up by a metal-oxide-semiconductor capacitor

(Wong et al., 1999). In the case of a classical MOSFET poly-Si is the conductor,

SiO2 the insulator and silicon the semiconductor. The semiconductor body region is

p-doped for an NMOS transistor and n-doped silicon for a PMOS transistor. Fig. 2.9

shows a classical NMOS transistor. An applied voltage on the poly-silicon gate cre-

ates an external electrical field which bends the bandstructure in the semiconductor

body region and thereby changes the carrier statistics through the field-effect. If a

positive voltage is applied to the gate of an NMOS transistor the density of holes is

reduced at the interface to the insulator. This is called depletion. If the voltage is

high enough the bands in the semiconductor bend far enough to shift the conduction

band below the Fermi-level, which then allows current transport by electrons in a

thin region at the interface. This state is called inversion, the conducting region is

referred to as channel. In a NMOS transistor the n-doped source and drain regions

are located on both sides of the channel and under inversion conditions electrons

can move between source and drain through the channel. In a PMOS transistor

n- and p-regions are inverted. A large enough negative voltage causes inversion in

the n-doped channel of the transistor and allows the transport of holes between the

p-doped source and drain.
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Figure 2.9: Schematic of a classical NMOS transistor, inversion and depletion layers in its
active state are shown (Ferain et al., 2011).

While the basic design of MOSFET devices has not changed over the years, their

size was continuously reduced, which allowed increasing the number of devices on

a chip. This reduction of the size is known as scaling. For scaling all geometrical

sizes of a transistor, the gate length, gate width and oxide thickness as well as the

operating voltage are reduced. For many years scaling provided faster transistors

with lower power consumption. Simple scaling came to its end, when physical limits

became important. By reducing the oxide thickness the insulating power of SiO2

came to its limits and gate leakage became too high to allow further reduction of

the oxide thickness. This limit was overcome by replacing SiO2 by high-κ dielectrics.

Several oxides were under research for this purpose, finally hafnium-based oxides,

either HfO2 or HfSiON, were chosen to replace SiO2. These oxide have a relative

permittivity of 20-25 compared to SiO2, which has a relative permittivity of only 3.9.

This higher permittivity allows using thicker oxide films to get the same capacitance.

Practically SiO2 is not completely removed from the gate stack, but a thin layer is

grown before deposition of the high-κ dielectric as this gives oxides with higher

quality (Gusev et al., 2003). Since several years now also strain is employed in the

channel of MOSFET transistors to improve the mobility of carriers (Fischetti and

Laux, 1996). Electron mobility in silicon can be improved by tensile strain, while

the mobility of holes increases by applying compressive strain.

Short channel effects became important in the last years and are putting an end to

using conventional planar transistors on bulk substrates. Two strategies are currently
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Figure 2.10: Different concepts for multi-gate transistors on SOI (Colinge, 2007).

being followed for overcoming this challenge, which can eventually also be combined:

The first one is switching from bulk to SOI devices (Takagi et al., 2008), the second

one is the use of thin multi-gate devices (Colinge, 2007, Ferain et al., 2011). The

main motivation for these approaches is to create fully-depleted devices, where the

whole silicon body region is depleted. Those devices provide significantly better

performance compared to bulk transistors. Multi-gate transistors are characterized

by the number of active gate surfaces around the channel as double-gate, tri-gate

or gate-all-around transistors. An overview of these concepts is given in Fig. 2.10.

Several names exist for particular types of multi-gate devices: FinFET transistors

are a special type of a double-gate transistor with a thin channel. Ω- or Π- gate

transistors are special types of tri-gate transistors, where underetching of the channel

is used to allow a partial control also from the fourth side of the channel. There

exist several ideas for further device performance improvements, one such concept

is to replace silicon as material in the channel by semiconductors with higher carrier

mobility (Takagi et al., 2008, Wu et al., 2008a). Germanium provides higher mobility

for both electrons and holes, and for NMOS transistors GaAs would be even better

providing again higher electron mobility.

The question whether to overcome limitations of scaling by multi-gate devices

or by switching to SOI devices is currently dividing semiconductor manufacturing

companies. Most notably Intel has chosen the path of multi-gate transistors, current

high-end processors contain FinFET devices. A company using SOI devices is for

example STMicroelectronics.
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Figure 2.11: Schematic of an InGaN/GaN HEMT (Mishra et al., 2002).

2.2.2 Other Types of Transistors

Apart from CMOS transistors several other types of transistors are in use in inte-

grated circuits. Important types of applications, which cannot be covered by classical

CMOS devices are high-frequency and power applications. Bipolar transistors are

of importance for high-frequency applications and are frequently integrated together

with CMOS technology in BiCMOS processes. A silicon device used for power appli-

cations are DMOS transistors, cointegration of bipolar, CMOS and DMOS devices

is known as BCD or Smart Power technology (Baliga, 1991). An important type

of transistors based on III-V materials are HEMTs (Mimura et al., 1980). Such a

device is shown in Fig. 2.11. In HEMTs a heterostructure of different III-V materials

is used in the gate stack of the device. A material with a smaller bandgap is used in

the channel, while a larger bandgap material is used as insulator in the gate stack.

Impurity atoms for doping are introduced in the material with the larger bandgap,

but electrons or holes provided by the dopant move into the smaller bandgap ma-

terial, where they localize at a thin layer close to the interface between the two

materials and form a two-dimensional electron gas (2DEG). Carriers in the 2DEG

have a very high mobility due to the absence of scattering from ionized impurities.

This makes them interesting devices for very high frequency applications and they

are therefore in use for communication systems, e.g. in cell phones, satellite receivers

or radar. The first HEMTs were based on heterostructures of GaAs and GaAlAs,

later also GaN-based HEMTs have gained significant attention, the large bandgap

is of interest in particular for high power applications (Kuzmik, 2001, Mishra et al.,

2002).

2.2.3 Optoelectronic Devices

Optoelectronics are a field where semiconductor materials are being successfully used

for a large number of devices exploiting interactions between photons and electrons.

Examples for such devices are solar cells, optical detectors, light-emitting diodes
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Figure 2.12: Band gap and lattice constant of different compound semiconductor. The
visible spectrum is indicated (Ponce and Bour, 1997).

(LEDs) and semiconductor lasers. The most important semiconductor property for

such devices is the bandgap of a semiconductor, which for most devices corresponds

to the minimum photon energy, which is necessary for absorption or to the energy

of photons, which are emitted.

For light-emitting optoelectronic devices, compound semiconductors, in particular

III-V compounds are important as they offer a wide range of available band gap

energies. Many of them are direct semiconductors, and they allow adjusting the band

gap by using mixtures of compound semiconductors. Fig. 2.12 shows an overview of

the bandgap and the lattice constant of different compound semiconductors as well

as domains, where mixtures are possible. The lattice constant is of importance when

heterostructures are formed as generally only materials with low lattice mismatch

can be grown on top of each other without structural defects.

Light-emitting diodes are based on a simple p-n junction of a direct semiconduc-

tor material (Black et al., 1963). With forward biasing of the diode electrons and

holes flow towards the junction, where they can recombine, creating photons by

spontaneous emission. The first light-emitting diodes were based on GaAs and on

materials allowing emission in the infrared up to green light region. An important

step was the development of LEDs based on III-V nitrides (Ponce and Bour, 1997).

Those materials allow emission in the blue range and provided thereby coverage of

the full visible spectrum. Blue light-emitting diode are necessary for lighting appli-
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cation, creating white light either by mixing of several differently colored LEDs or

by downconversion of the energy of a part of the photons to lower energies.

Semiconductor laser diodes are based on stimulated emission in direct semicon-

ductors (Dupuis, 1987, Holonyak and Bevacqua, 1962, Renk, 2012). Laser diodes

basically require a resonating cavity as well as a pumped direct semiconductor which

is excited to be in optical inversion. As resonating cavity, in the simplest cases two

cleaved surfaces of a semiconductor can be used, in other concepts Bragg-mirrors

based on heterostructures on both sides of the cavity are employed. The cavity

governs the resonant modes of the laser-diode. Pumping is most frequently done

electrically by inserting electrons and holes into a p-n junction. In principle the p-n

junction can be a homogeneous semiconductor made of a single material, but such

homojunction lasers are very inefficient. Generally a heterojunction is used, where

the active region is made of a semiconductor with a smaller bandgap, so the active

zone is reduced to this zone. When the active zone is thin enough, the density of

states becomes two-dimensional, which provides again more efficient diodes, due to

the abrupt changes of the density of states in a 2D system. Such devices are known as

quantum-well lasers. There exist several other types of semiconductor laser diodes.

One interesting concept is the quantum-cascade laser, which uses interband transi-

tions, based on a large number of quantum wells (Faist et al., 1994). Such lasers are

emitting photons with a large wavelength in the far-infrared and THz regime.

Solar cells (or photodiodes) are optoelectronic devices, which are used to convert

energy from photons to electrons (Goetzberger et al., 2003). As other optoelectronic

devices, solar cells are based on p-n junctions. Photons which arrive in the p-n

junction can create an electron-hole pair by absorption. These electrons and holes

can then be separated and provide electrical energy. As absorption happens also

in indirect semiconductors, these can be also used for solar cells, even though the

are less efficient. Many different concepts exist for solar cells and a wide range of

materials is used, in particular also organic semiconductors (Günes et al., 2007).

Commercially currently the most frequently used material is silicon, in different

crystalline phases due to its relatively low price. The main goal when developing

solar cells is to improve the energy efficiency of conversion from photons to electrons.

This efficiency depends on the solar cells reflectance, on the efficiency of the creation

of electron-hole pairs, on their separation efficiency as well as on conduction losses

in the solar cell.
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2.2.4 Nanowire-Based Devices

Several different types of devices based on nanowires have been demonstrated (Li

et al., 2006a). Transistors have been created based on nanowires both from top-

down as well as from bottom-up approaches. Using top-down approaches is of in-

terest as the controlled structuring allows high integration densities. In fact many

multi-gate concepts, in particular gate-all-around transistors can be seen as nano-

wire transistors. Transistors using bottom-up synthesis of nanowires have been also

demonstrated. Several groups have demonstrated horizontal nanowire transistor by

contacting nanowires after deposition on a substrate (Xiang et al., 2006). This ap-

proach is of interest to show the performance of nanowires for transistors, but it

can be only used for single devices and cannot be integrated. A more interesting

approach in terms of integration is to leave the nanowires as grown and construct

transistors on this basis. In this way vertical nanowire transistors have been grown

(Goldberger et al., 2006, Schmidt et al., 2006).

Composite semiconductor nanowires are of interest for optical applications (Yan

et al., 2009). LEDs as well as lasers based on nanowires have been demonstrated

(Qian et al., 2005, 2008). Furthermore sensors have been developed based on grown

nanowires with a functionalized surface (Cui et al., 2001), as well as silicon nanowire-

based batteries (Chan et al., 2008). Recently nanowire-based capacitors have been

demonstrated (Morel et al., 2012), which have been characterized in the frame of

this thesis (see Chapter 8).

2.2.5 NEMS

The processes developed for micro- and nanoelectronics are being used for a wide

range of applications apart from classical transistor manufacturing. One large field,

which is mostly concerned with sensors and actuators towards the surroundings

of a chip are microelectromechanical systems (MEMS) and nanoelectromechanical

systems (NEMS). These use lithography, etching and other processes to form devices

which are converting mechanical into electrical signals at the nanoscale and vice

versa. Classically such devices have been known as MEMS. MEMS are now in use

for a wide range of applications, as pressure sensors, accelerometers, gyroscopes, for

bio-chips and the manipulation of micro-fluids or for communication applications

(Ko, 2007).

The advances of silicon technology to feature sizes well below the micrometer

has lead to electromechanical systems with very small sizes, which are now referred

to as NEMS (Ekinci and Roukes, 2005). NEMS are usually created on compound
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(a) (b)

Figure 2.13: NEMS: (a) Surface nanomachining of a NEMS: (i) The process is start-
ing from a composite (e.g. SOI) substrate. (ii) Definition of the NEMS by
lithography. (iii) Anisotropic etching transfers the structure. (iv) Selective
isotropic etching is applied to remove the sacrificial layer below the NEMS
and liberate it. (b) SEM image showing finished NEMS (Ekinci and Roukes,
2005).

substrates, for example on SOI, GaAs/AlGaAs or SiC on silicon. The fabrication

process it then referred to as surface nanomachining. In this process suspended

nanostructures, for example cantilevers or nanowires, are created by patterning fol-

lowed by anisotropic and isotropic etching. An example for such a process is shown

in Fig. 2.13.

Such suspended structures can mechanically interact with the environment. They

are generally classified into resonant and quasistatic NEMS. Resonant NEMS are

much more frequently used. These are excited by an electrical signal to resonant

modes. This excitation can happen for example by magnetic forces or by capacitive

forces. Influences from the environment can modify these vibrational characteristics,

these changes need to be detected. For the detection several schemes are possible,

based on magnetic or electric forces or on optical schemes. Resonant frequencies can

change due to changes of the NEMS’ mass or due to external forces. Sensitivity to the

mass can be employed for sensing in chemistry or biology, by applying functionalized

layers on the NEMS, which are sensitive for example to a specific molecule, cell or

virus (Eom et al., 2011).
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2.3 3D Characterization Needs for Semiconductor

Devices

Several technological issues in semiconductor devices need to be addressed by three-

dimensional (3D) characterization techniques. In transistors two major questions

when morphological and chemical characterization is concerned are the positioning

of dopant atoms and characteristics of different materials in the gate stack, in par-

ticular the gate oxide. Information is required about roughness of these layers in

different directions. Transmission electron microscopy (TEM) techniques have al-

ways played a significant role for addressing these issues, high-resolution TEM and

scanning transmission electron microscopy (STEM) allow morphology investigations

on thin lamella prepared by the focused ion beam (FIB). Electron energy-loss spec-

troscopy (EELS) or energy-dispersive x-ray spectroscopy (EDS) are methods for

imaging of dopants, though with limited chemical resolution (Clement et al., 2011).

A limitation of these two-dimensional (2D) TEM techniques is, that they do not

allow observations of variations along the thickness of the prepared samples, as they

provide only projections of the device. One technique, which can reconstruct the

roughness of different layers in all directions is atomic force microscopy (AFM).

However AFM can be only applied directly after deposition of a specific layer and

cannot be used to investigate the morphology of the finished device. Tomographic

techniques, which are therefore of interest for investigating transistors are electron

tomography and atom probe tomography. Atom probe tomography provides high

chemical sensitivity and offers thereby great perspectives for 3D characterization of

dopants (Inoue et al., 2009, Lauhon et al., 2009). Electron tomography by contrast

is of interest for morphological studies, to see variations of layers in the gate stack

in all three dimensions on finished devices. In this thesis tri-gate transistors have

been studied by electron tomography for this purpose (see Chapter 9).

When optically active semiconductors, in particular solar cells, are concerned,

it is often their internal material structure, which governs their optical properties.

Localization of impurities, or compositional characterization of compound material

systems are tasks, which can require 3D characterization at different length scales

(Herzing et al., 2010). In this thesis one such example is the investigation of femtosec-

ond laser-doped silicon, where the distribution of selenium dopants was analyzed by

electron tomography to understand optical material properties (see Section 7.2).

For nanowires and nanowire-based devices the morphology and composition of

nanowires governs their electrical and optical properties. Therefore these parameters

need to be controlled when nanowires are grown. To understand growth parameters,
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characterization techniques are required, which allow recovering morphology and

composition. Electron tomography is a useful technique for this purpose, which

allows recovering the shape of nanowires and the distinction of different materials in

many nanowire heterostructures (see Section 7.1 and Chapters 8&11). When doping

of nanowires is concerned atom probe tomography can be a useful tool.

For NEMS characterization, similar to nanowires, characterization of their mor-

phology can be important. Another issue, which may be addressed by 3D charac-

terization techniques is the analysis of functionalized layers for sensor applications.

Furthermore electron tomography can be useful for the exploration of any other ma-

terials relevant for semiconductor technology. For example investigation of porous

materials – porous silicon or porous low-κ dielectrics – can be of interest or different

types of composite nanoparticles or other nanostructures.

2.4 Conclusion

This chapter gave an introduction to semiconductor physics, technology and devices.

Properties of semiconductors depend on their morphology and chemical composition

at the atomic scale. With ever shrinking devices, this local material composition is

governing the behavior of devices. Understanding and controlling device behavior

therefore requires knowledge about their composition. A large range of character-

ization techniques exist for this purpose, most of them providing either images of

the surface or averaged signals (projections) over one or two dimensions. Though

some of these techniques, notably TEM or AFM provide atomic resolution, the loss

of information by recording only reduced representations of the three-dimensional

object can prevent from seeing important compositional information. This explains

the need for three-dimensional characterization techniques, for understanding and

optimizing nanoscale devices.
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Nanotechnology

While real objects are always three-dimensional, detectors generally loose informa-

tion about these objects collecting only representations in two, or even less dimen-

sions. Tomography in its widest sense includes techniques, which try to recover

properties of the original object from such reduced representations, often called pro-

jections. Tomography is done over a large range of length scales for many different

types of applications using different types of detectors for collecting information.

Tomography is generally best known from medical applications such as computed

x-ray tomography or magnetic resonance tomography. One extreme example of to-

mography at a very large scale is seismic tomography, which gives insight into the

mantle of the earth (Rawlinson et al., 2010). Another rather exotic example of to-

mography is network or internet tomography, where the properties of a computer

network are reconstructed from observations about its behavior (Castro et al., 2004,

Coates et al., 2002).

Important tomographic techniques for three-dimensional imaging at microscopic

and nanoscopic length scales are, ordered from large to small scale, x-ray tomog-

raphy, serial sectioning in a dual-beam FIB/scanning electron microscope (SEM),

electron tomography and atom probe tomography. Here the focus is on application

of these techniques for investigations of materials, but they are also of importance

in other scientific fields, in particular for life science applications. Table 3.1 gives an

overview of 3D characterization techniques for micro- and nanoscale materials char-

acterization and their typical field of view and resolution. As x-ray tomography is

also done at a larger scale, microscopic application of this technique is referred to as

x-ray micro- and nanotomography. The resolution limits given are indicative for typ-

ical applications of the technique, but can depend significantly on the size and type

of investigated samples. For electron tomography for example, atomic resolution has

been demonstrated, but only for very small samples of materials strongly scattering

electrons. As to atom probe tomography, while in principle it provides atomic res-
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Sample cross-section Resolution
X-ray microtomography mm μm
X-ray nanotomography 10 μm <100 nm
FIB/SEM serial sectioning μm-mm 10 nm-μm
Electron tomography few 100 nm nm
Atom probe tomography 100 nm atomic resolution

Table 3.1: Approximate field of view and resolution of tomographic techniques for micro-
scopic materials characterization.

olution, the resolution can be seriously reduced for complex samples consisting of

several materials due to uncertainties in the reconstruction.

In this chapter a short overview of tomographic methods for materials applications

is given. The principles of the different techniques are explained, capabilities and

limitations of each technique are given. For each technique typical applications are

referenced and a special focus is put on the techniques relevance for semiconductor

materials and device application.

3.1 X-ray Tomography

The first tomography systems were based on x-rays. In 1968 Godfrey Hounsfield

constructed the first system for computed x-ray tomography, which earned him the

Nobel prize in Physiology or Medicine in 1979 together with Allan McLeod Cormack

who had founded the theoretical basis for the application (Cormack, 1963). The

first applications of tomography were found in medicine to obtain 3D images of

the interior of a human body. While medical applications remain among the most

important applications of tomography until today, the same principles were extended

to a large field of applications. For materials science in particular tomography

systems providing higher resolution are of importance. X-ray tomography for high

resolution applications is known as x-ray microtomography (Landis and Keane, 2010)

and x-ray nanotomography (Withers, 2007) classified by the achievable resolution.

X-ray tomography is done with laboratory-based equipment or in beamlines on

synchrotrons, where x-rays are created by bending of a high-energy electron beam

in a magnetic field (Baruchel et al., 2006). Synchrotrons provide beams 10 orders

of magnitude brighter than conventional sources. Furthermore the x-ray beams can

be tuned to be highly monochromatic and parallel beams can be provided. X-ray

tomography can be done with several types of projection geometries, fan-beam, cone-

beam or parallel beam geometries. The main limitation for the resolution in x-ray

tomography is generally the source size: If the source is large a specific pixel on
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the detector, will collect information from several beam paths through the sample,

which leads to blurring in the image.

For x-ray nanotomography focusing optics are used to improve the achievable res-

olution (Withers, 2007). For lower beam energies of few keV diffractive optics, in

particular Fresnel zone plates can be used to focus x-ray beams (Vila-Comamala

et al., 2012), at higher beam energies refractive or reflective optics, for example

Kirpatrick-Baez mirrors have to be used (Bleuet et al., 2009). Using such optics

tomographic reconstructions with spatial resolution up to 20 nm have been demon-

strated (Vila-Comamala et al., 2012). A method, which has been used to acquire

high-resolution tomographic reconstructions in a lens-less system is the combina-

tion of ptychography and tomography. With this technique reconstructions with a

resolution better than 100 nm have been demonstrated (Dierolf et al., 2010).

The most frequently used contrast method for x-ray tomography is to acquire a

series of 2D radiographs, which give contrast depending on the x-ray absorption

along the beam path (Landis and Keane, 2010). The absorption of x-rays travelling

through a sample is a logarithmic function of the absorptivity of the material. The

absorptivity depends on the number and types of atoms. Generally atoms with lower

atomic mass absorb less than atoms with a higher atomic mass. The absorptivity

decreases with increasing energy of the x-rays, except for energies close to x-ray

absorption edges, which are characteristic for each element.

Apart from pure absorption also other contrast mechanisms can be used for x-ray

tomography. Phase contrast is of interest in particular for samples with small atomic

mass, which provide only little amplitude contrast. Tomographic reconstruction

based on phase imaging has been done by interferometric methods (Momose, 2003,

Momose et al., 1996) and by projection methods, where several tomographic series

are acquired at different focal distances to the sample, which allows retrieval and

reconstruction of phase maps (Cloetens et al., 1996, 1999). This approach is also

called holotomography. Phase imaging generally requires synchrotron radiation as

a coherent beam is needed.

In fluorescence tomography the photons, which are created due to excitation by

the x-ray beam are recorded on an energy dispersive detector (de Jonge and Vogt,

2010). For fluorescence tomography the x-ray beam needs to be focused and scanned

over the sample, to acquire 2D projections of the fluorescence spectra. The detector

is usually located at the side of the sample at an angle of 90◦ to the specimen.

Fluorescence tomography is interesting due to its chemical sensitivity but is quite

time consuming.
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(a) (b)

Figure 3.1: Principle of serial sectioning in a FIB/SEM instrument: (a) Geometry of
sample with respect to the FIB and SEM column (b) Sample prepared for
serial sectioning. On this example markers are indicated, which are used for
alignment if the sample is rotated (Uchic et al., 2007).

Diffraction tomography is another mode of x-ray tomography (Bleuet et al., 2008,

Larson et al., 2002). As with fluorescence tomography the beam is scanned along

the sample and diffraction patterns are acquired for each position. From these

projections local three-dimensional diffraction patterns can be reconstructed, which

give information about local structural properties.

3.2 Serial Sectioning in a Dual-Beam FIB/SEM

Dual-beam focused ion beam/scanning electron microscope instruments offer a plat-

form for three-dimensional imaging by serial sectioning (Uchic et al., 2007). Fig. 3.1a

shows the typical geometry of a dual-beam FIB/SEM system and the positioning of

a sample for serial sectioning. For investigating a volume of a sample, the FIB is

used to remove the surface of the material one layer at a time by ion milling. The

imaging capabilities of the SEM or of the FIB itself can then be used to acquire an

image of each exposed surface. This provides a series of two-dimensional images,

which can be assembled to a 3D stack providing information about the full inves-

tigated volume. The resolution of this technique is limited in two dimensions by

the resolution of the acquired images and in the third dimension by the precision of

FIB milling. These parameters are usually adapted to the size of the sample to per-

form experiments within a reasonable amount of time. For large samples generally

thicker slices are cut and images are acquired at lower resolution, while for smaller

samples the resolution can be improved. This technique requires no reconstruction
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in a classical sense, but it is generally necessary to shift images to be aligned to each

other.

While in principle no specific sample preparation is necessary, it is generally ad-

vantageous to liberate the region of interest before the beginning of the image ac-

quisition for the experiment. An example of a sample prepared for serial sectioning

is shown in Fig. 3.1b. This type of preparation limits the redeposition of removed

material on the sample and prevents shielding of detectors by the surrounding mate-

rial. For image acquisition the FIB column itself can be used to acquire scanning ion

microscopy images or secondary ion mass spectroscopy maps. Using the SEM, con-

ventional SEM images can be acquired, but it is also possible to acquire EDS maps

or electron backscatter diffraction (EBSD) maps. While for SEM or EDS imaging

the geometry of dual-beam systems allows imaging with the SEM and cutting with

the FIB without repositioning the sample, for ion-based images or EBSD the sam-

ple needs to be rotated between the cutting and imaging steps. For this purpose

realignment is necessary after each rotation, which can be done based on pattern

recognition of markers as shown in Fig. 3.1b.

FIB/SEM tomography has been used extensively for the investigation of solid-

oxide fuel cells (Iwai et al., 2010, Smith et al., 2009, Wilson et al., 2009). Of the

available imaging modes, in particular EBSD has gained significant attention, due to

its capability of imaging three-dimensional structural material properties (Groeber

et al., 2006, Zaefferer et al., 2008). In semiconductor device applications, FIB/SEM

tomography is of interest for applications requiring the investigation of volumes

in the micrometer range, but at a resolution, which can not be achieved by x-

ray tomography. One example is the investigation of copper vias and lines in the

interconnect level of integrated circuits (Clement et al., 2011).

3.3 Electron Tomography

Electron tomography refers to tomographic techniques which use contrast mecha-

nisms in a transmission electron microscope as basis for tomographic reconstruction.

As electron tomography is the technique mostly applied in this work a detailed de-

scription of TEM techniques used for tomography, sample preparation methods and

of the principles of reconstruction applied in electron tomography is given in Part II.

Here the discussion will be limited to a rough overview of imaging techniques, im-

portant technical advances and targeted applications.

Historically the development of electron tomography started around the same

time as x-ray computed tomography (De Rosier and Klug, 1968, Hart, 1968, Hoppe
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et al., 1968). First applications were focused in particular on symmetrical particles

(Crowther et al., 1970a,b) but soon the principle was extended to non-symmetrical

objects (Hoppe, 1974, Hoppe et al., 1974). The computational problems involved

in tomography limited spreading of the technique until the beginning of the 1990s.

In this period charge-coupled device (CCD) cameras for electron microscopes and

computers capable of tomographic data processing became affordable for a larger

community. This lead to automation of image acquisition and data processing and

made electron tomography more widely available (Dierksen et al., 1993, 1992, Koster

et al., 1992).

Up to the end of the 1990s applications targeted by electron tomography were

almost exclusively found in life sciences (Baumeister et al., 1999, Grimm et al.,

1997, 1998a,b, Koster et al., 1997), where electron tomography is still an important

tool (Anderson et al., 2008, Frank et al., 2002, Leapman et al., 2004). The transfer

of the principle to materials science happened relatively late (Koster et al., 2000,

Midgley and Weyland, 2003, Midgley et al., 2001, Möbus and Inkson, 2001, Wey-

land and Midgley, 2003). The main limitation for this step was the need for an

imaging technique which fulfils the projection requirement. For biological applica-

tions bright-field (BF) TEM imaging can be used as basis for a reconstruction, as

the contrast depends on the type and density of material encountered by electrons

in the sample. For crystalline samples however diffraction contrast is dominant in

BF TEM imaging, which gives a signal strongly dependant on the orientation of

the crystal relative to the electron beam, making reconstruction unreliable or even

impossible. Electron tomography in materials science was enabled by the introduc-

tion of imaging techniques based on the detection of incoherently scattered electrons.

These techniques are high-angle annular dark field (HAADF) STEM (Midgley et al.,

2001), where electrons scattered incoherently and elastically to large angles are de-

tected and energy-filtered transmission electron microscopy (EFTEM) as well as

later also EELS, where incoherently, inelastically scattered electrons are detected

(Möbus et al., 2003, Möbus and Inkson, 2001) and EDS where x-rays created in the

scattering process are detected.

Another TEM technique, which has been combined with tomography is nanobeam

electron diffraction (NBED), to do diffraction tomography (Kolb et al., 2007, 2008,

2011). Diffraction tomography allows reconstruction of local 3D crystallographic

information.

Furthermore also 3D imaging of dislocations has been demonstrated by using

contrast techniques, which are sensitive to diffraction contrast originating from dis-

locations, but still fulfil within a good approximation the requirements necessary
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for tomographic reconstruction. The first technique, which was applied for disloca-

tion tomography was weak-beam dark-field imaging (Barnard et al., 2006a,b) and

later it was realized than medium-angle annular dark field (MAADF) STEM imag-

ing using smaller collection angles than in HAADF STEM can provide even better

reconstructions of dislocations (Barnard et al., 2010).

Electron tomography has been applied in many fields of materials science. One of

the first applications was the study of heterogeneous catalysts (Florea et al., 2010,

Grothausmann et al., 2011, Midgley et al., 2001, Ward et al., 2007). Many differ-

ent types of nanostructures are investigated by electron tomography. It has been

used for example for recovery of the shape of tetrapod shaped (Arslan et al., 2006)

and octapods shaped particles (Brescia et al., 2011), for investigation of plasmonic

nanostructures (Chuntonov et al., 2012, Perassi et al., 2010), palladium nanoparti-

cles (Benlekbir et al., 2009), or hollow nanospheres (Stagg et al., 2011).

Another type of investigated materials are carbonaceous structures, for example

the distribution of metallic particles in carbon nanotubes has been analyzed (Ersen

et al., 2007), catalyst particles of carbon nanotubes (Bals et al., 2007) or carbon

nanotubes inside cells (Porter et al., 2007). Electron tomography has been used for

morphological studies in porous structures (Bals et al., 2009, de Jong and Koster,

2002, Shen et al., 2012) and for precipitation studies in metallic alloys and semicon-

ductors (Feng et al., 2011, Hata et al., 2008, Kaneko et al., 2008, Schierning et al.,

2011).

Nanowires, in particular semiconductor nanowires are other frequently investi-

gated samples (Hemesath et al., 2012, Tourbot et al., 2011, Verheijen et al., 2007).

Tomography is employed to get information about the shape of catalyst particles, as

well as about nanowire morphology and chemical composition. Embedded quantum

dots have also been observed by electron tomography (Inoue et al., 2009, Wu et al.,

2008b). For microelectronics applications several investigations have been done on

different types of transistors (Bender et al., 2007, Cherns et al., 2010, Yaguchi et al.,

2008), copper interconnects (Ercius et al., 2009, 2006) as well as on rather exotic

interconnects based on carbon nanotubes (Ke et al., 2010). Another type of material

relevant for microelectronics, where characterization with electron tomography has

been attempted are low-κ dielectrics (Huolin et al., 2010, Xin and Muller, 2010).

Advances in electron tomography have been made within the last two decades in

improving resolution and in the application of new imaging methods. Concerning

imaging methods electron tomography has been extended towards several imaging

methods based on inelastic scattering (Goris et al., 2011). The first of these tech-

niques used was EFTEM tomography, in particular in the core-loss range (Florea
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et al., 2010, Jin-Phillipp et al., 2011, Midgley and Weyland, 2003, Möbus et al.,

2003, Möbus and Inkson, 2001). Core-loss EFTEM is chemically sensitive and al-

lows elemental identification. Its drawbacks are long acquisition times in particular

for elements with absorption edges at high energy losses, and problems if absorption

edges of different elements are located at energy losses close to each other. EFTEM

tomography in the low-loss range has been applied for materials, which have lit-

tle differences in mass, but can be distinguished by their volume plasmons (Gass

et al., 2006, Herzing et al., 2010, Yurtsever et al., 2006). Compared to core-loss

EFTEM, EFTEM tomography in the low-loss range has the advantage of requir-

ing much shorter image acquisition times, which also allows spectral tomographic

imaging (Gass et al., 2006).

EELS is based on the same physical principles as EFTEM, but a full energy-loss

spectrum is acquired for each pixel. This generally requires longer acquisition times

than EFTEM, even so EELS was combined with tomography for three-dimensional

reconstruction (Jarausch et al., 2009, Yedra et al., 2012). Another technique based

on inelastic scattering is EDS. In EDS x-rays created by inelastic scattering pro-

cesses are detected (Kotula et al., 2007, 2006, Saghi et al., 2007). EDS tomography

is gaining attention with the recent advent of more efficient x-ray detectors (Lep-

inay et al., 2013). EDS tomography provides elemental identification in an easily

accessible manner, however even with new x-ray detectors acquisition times remain

long.

Resolution improvements in electron tomography are based on improved acqui-

sition schemes as well as on advanced reconstruction algorithms. For many years

a major problem in electron tomography have been missing wedge artifacts, which

refers to artifacts appearing, when a sample can not be tilted over a full tilt range

of 180◦. This leads to loss of resolution and elongation of sample features in the

reconstruction along one direction. To reduce these artifacts dual- and multiple-axis

tomography has been introduced, for biological applications (Mastronarde, 1997,

Messaoudi et al., 2006, Penczek et al., 1995) as well as for materials applications

(Arslan et al., 2006, Sugimori et al., 2005, Tong et al., 2006).

Many samples, in particular FIB-prepared samples can be prepared in needle-

shape instead of as a thin lamella, as usual for TEM. This provides advantages as

for such needle-shaped samples the sample thickness along the beam path does not

increase with the tilt angle. Additionally sample holders have been developed, which

allow rotation over a full tilt range of 180◦ and eliminate the missing wedge in this

way (Kawase et al., 2007, Ke et al., 2010).
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Recent developments of reconstruction algorithms focus on including prior knowl-

edge about the sample in the reconstruction process and improving the resolution in

this way. The first such technique, which was employed in electron tomography is

discrete tomography (Bals et al., 2009, 2007, Batenburg et al., 2009, Jinschek et al.,

2008). In discrete tomography it is assumed that only a limited number of discrete

grey levels exist in the reconstruction, in the simplest case only two levels.

Compressed-sensing based reconstruction is based on similar ideas as discrete to-

mography. Mathematically it is founded on the sparsity of signals. It assumes that

either the reconstruction itself or more frequently a transformation, e.g. the gradi-

ent of the reconstruction consists mostly of zero values (Goris et al., 2012b, Saghi

et al., 2011). If sparsity of the gradient is assumed, this technique is referred to

as total-variation minimization reconstruction. It assumes the grey-levels of the

reconstruction to be locally constant, an assumption closely related to discrete to-

mography.

Based on discrete tomography and total-variation minimization techniques atomic

resolution tomography has been demonstrated. The first demonstrations were based

on discrete schemes, in combination with very strong prior assumptions about the

object (Bals et al., 2010, Van Aert et al., 2011). With more relaxed assumptions near-

atomic resolution has been demonstrated on polycrystalline samples (Scott et al.,

2012) and atomic resolution based on compressed-sensing in single-crystalline sam-

ples (Goris et al., 2012a). All these demonstrations have in common that very small

particles consisting of strongly scattering materials have been investigated.

3.4 Atom Probe Tomography

Atom probe tomography has its origins in field ion microscopy. In atom probe

tomography atoms are ionized from the surface of a tip-shaped sample located in

ultrahigh vacuum (Blavette et al., 1993, Kelly and Miller, 2007, Miller and Forbes,

2009). A high voltage is applied, which leads to a very high electric field at the

apex of the needle. This ionizes atoms on the surface, which are projected towards a

position-sensitive detector. From the position of the ions impact on the detector the

original position of the atom can be reconstructed. The atom can be identified by

time of flight mass spectroscopy from the time difference between the evaporation

event and the impact on the ion on the detector.

Classically in atom probe tomography a pulsed voltage is used, which causes

evaporation by an electric field. This technique works well for good conductors,

in particular metals have been extensively studied by this method (Blavette et al.,
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Figure 3.2: Schematic of a laser-assisted atom probe (Miller and Forbes, 2009).

1996, Miller et al., 2005a, 2003). For semiconductors or insulators pure electric field

evaporation does not work, which lead to the development of laser-assisted atom

probe tomography. In this technique a constant voltage is applied on the sample

and short laser pulses are used to evaporate atoms from the tip. An example of a

laser-assisted atom probe is shown in Fig. 3.2. Evaporation in this case is assumed

to be driven mostly by thermal excitation though other mechanisms can also play a

role (Gault et al., 2007).

While earlier applications of atom probe tomography were mostly concerned with

metals, due to their good electrical conductivity, since the introduction of laser-

assisted atom probe tomography, this technique has received significant attention

within the semiconductor community (Lauhon et al., 2009, Thompson et al., 2005).

Nanowires have been investigated (Perea et al., 2005, 2008) and for electron devices,

in particular for transistors the perspective of three-dimensional detection of the

position of dopant atoms is of considerable interest (Inoue et al., 2009, Kambham

et al., 2011, Ronsheim et al., 2010)

Though in principle atom probe tomography inherently provides atomic resolu-

tion, the resolution is reduced to some degree by uncertainties and artifacts. One

limitation is the efficiency of detectors, which usually detect around 60% of all atoms.

Sample fracture is another issue, which seriously limits the number of successful ex-

periments. Another limitation are reconstruction uncertainties, in particular for

complex samples, consisting of several materials: If materials have different evapo-

ration properties the shape of the tip no longer has a uniform radius, as is generally
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assumed for atom probe tomography. This leads to an uncertainty about the original

position of a detected atom, which introduces distortions in the reconstruction. Con-

siderable effort is currently put into understanding and correcting these artifacts.

While simulations and modelling are one important point, another contribution

towards improving atom probe results is the correlation with other techniques. In

particular combined electron tomography and atom probe tomography is an exciting

perspective (Arslan et al., 2008). Electron tomography can provide reliable three-

dimensional geometric information, as resolution limits and artifacts are rather well

understood, while atom probe tomography provides excellent chemical sensitivity.

3.5 Conclusion

In this chapter an overview of different techniques for 3D micro- and nanoscale

characterization was given. The choice of a characterization technique for a specific

application depends on many different factors. The size of the sample and its com-

position determine whether a technique is applicable or not. The spatial resolution

needs to be high enough to retrieve the required detail quality. The type of infor-

mation, whether chemical, structural or just geometrical information is required will

determine the used imaging mode. In this context electron tomography is currently

the most reliable technique for 3D morphological characterization at the nanoscale.

A large range of materials can be analyzed and success rate is relatively high, com-

pared in particular to atom probe tomography. Contrast between different materials

can be an issue, but eventually the imaging mode can be adapted to the materi-

als. Reconstruction artifacts can be another issue, but for complex material systems

their effect is smaller than in atom probe tomography. By contrast for acquiring 3D

nanoscale chemical information, atom probe tomography is generally better suited

than electron tomography. Altogether the discussed techniques build up a large

framework of methods for 3D material characterization, which will be continuously

extended towards the utopic goal of identifying and locating each single atom (or

its components) in a millimeter- (or meter-) sized sample.
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4 Principles of Tomography

Tomography in its classical sense deals with the reconstruction of a three-dimensional

(3D) object from its two-dimensional (2D) projections, which are measurements of

some physical, chemical or other property of the sample integrated over straight lines

through the object. Electron tomography is a tomographic technique in this classical

sense, the same as x-ray tomography. Other techniques, referred to as tomography

are not, notably atom probe tomography or focused ion beam (FIB)/scanning elec-

tron microscopy (SEM) serial sectioning. For this classical type of tomography the

problem of reconstruction consists of recovering the original 3D parameters of the

investigated sample from the measured 2D projections. This chapter deals with the

formulation of this problem and different approaches to solve it. While the mentioned

methods are applicable to several types of tomography, this chapter concentrates on

the techniques, which are relevant for electron tomography in a transmission electron

microscope. Detailed descriptions about principles of tomography and reconstruc-

tion can be found for example in (Frank, 2005, Kak and Slaney, 1987).

4.1 Projections and the Radon Transform

For the mathematical formulation of tomographic problems, line integrals are used.

These describe the integral over some function, which depends on parameters of

the object, over a straight lines through the object. Line integrals can be defined

through 3D representations of the object, for the following considerations 2D cases

are considered, which can represent a slice through the 3D object.

The formulation of a line integral through an object, represented by the func-

tion f (x, y), is given for the parameters θ and t (Kak and Slaney, 1987). These

parameters define the line as

x cos (θ) + y sin (θ) = t (4.1)

This is illustrated in Fig. 4.1a. The line integral along such a line is then defined as
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(a) (b)

Figure 4.1: (a) Line integral Rθ1
(t1) through an object f(x, y). (b) Parallel projection

Rθ1
(t) of an object f(x, y) constituted of a set of line integrals.

R(θ, t) =
∫

(θ,t)line
f (x, y) ds (4.2)

This function is the Radon transform. It was first formulated by the Austrian

mathematician Johann Radon in 1917 (Radon, 1917). The Radon transform maps

data from its real space representation in (x, y)-coordinates to its Radon transform

in (θ, t)-coordinates. From the Radon transform a projection can be defined as a

collection of several line integrals. In the case of electron tomography the relevant

type of projections are parallel projections. Many imaging techniques in the trans-

mission electron microscope (TEM) provide such parallel projections, at least to a

good approximation. In a parallel projection source and detector have the same size

and each projection consists of line integrals at a constant θ with several values for t.

An example of such a parallel projection is shown in Fig. 4.1b. Several other types

of projections exist like fan-beam or cone-beam projections, but as they are of no

relevance for electron tomography, only parallel projections are considered.

4.2 The Central Slice Theorem

The central or Fourier slice theorem gives a relationship between the Radon trans-

form and the Fourier transform of an object and has great importance for all recon-

struction procedures. The central slice theorem is illustrated in Fig. 4.2.
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(a) (b)

(c) (d)

Figure 4.2: Central slice theorem: (a) 2D object f (x, y), (b), 2D Fourier transform F (u, v)
of (a), (c) projections R(θ, t) of the 2D object (a), (d) 1D Fourier transform
S (θ, w) of the projections (c) along the direction t. The 1D Fourier transform
S (θ1, w) of a projection Rθ1

(t) is equal to a central slice through the 2D Fourier
transform F (u, v) of the object f(x, y) lying at an angle θ1 to the u-axis.
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With the two-dimensional Fourier transform F (u, v) of an object f(x, y) defined

as

F (u, v) =
∫ ∞

−∞

∫ ∞

−∞
f (x, y) e−j2π(ux+vy)dxdy (4.3)

and the Fourier transform S(θ, w) of a projection R(θ, t)

S (θ, w) =
∫ ∞

−∞
R(θ, t)e−j2πwtdt (4.4)

it can be shown that the Fourier transform of a projection at an angle θ is equal to

a central slice through the 2D Fourier transform of the object, which is lying at the

same angle θ to the u-axis (Kak and Slaney, 1987):

S (θ, w) = F (w cos θ, w sin θ) (4.5)

In this way projections acquired at different tilt angles give information about

the Fourier transform of the object along central slices. If enough projections are

acquired the full information about the object can be recovered.

From these considerations it can be understood that in principle the reconstruction

can be done by an inverse Fourier transform in two dimensions. Such methods are

known as direct Fourier reconstruction methods (Stark et al., 1981). However this

requires an interpolation in Fourier space to transform the discrete data from polar

coordinates to Cartesian coordinates, which can cause errors. It is therefore generally

preferred to reformulate the problem in a way which requires an interpolation in real

space rather than in Fourier space.

4.3 Backprojection Operations

Starting from the formula for the inverse Fourier transform

f (x, y) =
∫ ∞

−∞

∫ ∞

−∞
F (u, v) ej2π(ux+vy)dudv (4.6)

substitution of the Cartesian coordinates for polar coordinates gives

f (x, y) =
∫ 2π

0

∫ ∞

−∞
F (w, θ)wej2πwtdwdθ (4.7)

t has been defined previously in (4.2).
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4.3 Backprojection Operations

Figure 4.3: Filtering of a sinogram with a ramp-filter in Fourier space.

As the projections from 0◦ to 180◦ are equal to the projections from 180◦ to 360◦

and using the central slice theorem (4.7) can be written as

f (x, y) =
∫ π

0

∫ ∞

−∞
S (w, θ) |w| ej2πwtdwdθ (4.8)

This is the basic formula for the weighted backprojection (WBP) or filtered back-

projection (FBP). The operation can be split up into two parts. The inner, filtering

operation is defined as

Q (θ, t) =
∫ ∞

−∞
S (w, θ) |w| ej2πwtdw (4.9)

which provides Q (θ, t), the filtered projection, which is filtered in Fourier space by

a ramp filter given by |w|. This operation of filtering the projections is illustrated in

Fig. 4.3. The necessity of filtering can be also intuitively seen in the Fourier domain

(see Fig. 4.2b). As the data is sampled more densely at low frequencies, close to the

center of the Fourier space, weighting is necessary to equalize the impact of different

frequency components.

The outer operation is the backprojection, which can be written as

f (x, y) =
∫ π

0
Q (θ, x cos (θ) + y sin (θ)) dθ (4.10)

The backprojection is illustrated in Fig. 4.4. In the backprojection operation the

filtered projections for all angles are summed to reconstruct an estimate of the

original object f (x, y). Each filtered projection will contribute equally to all points,

which are on lines through the object in the direction of this projection.

Though for the case of continuous signals the filtered backprojection using a

ramp-filter is mathematically exact, for practical discrete cases it often needs to

be adapted. In practice only limited often noisy data is available. For this purpose
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(a) (b) (c)

Figure 4.4: Filtered backprojection: (a) Filtered sinogram, (b) filtered backprojection of
one projection, (c) filtered backprojection from all projections.

(a) (b) (c)

Figure 4.5: Unfiltered backprojection: (a) Unfiltered sinogram, (b) unfiltered backprojec-
tion of one projection, (c) unfiltered backprojection from all projections.

the filter can be adapted to reduce high frequency noise, or iterative reconstruction

methods can be used. In particular also an unfiltered backprojection operator (usu-

ally referred to simply as backprojection) can be useful. This operator is formulated

as

f (x, y) =
∫ π

0
R (θ, x cos (θ) + y sin (θ)) dθ (4.11)

with R (θ, t) being the unfiltered projections of the object. Fig. 4.5 illustrates this

operation. It can be clearly seen that low frequency contributions to the signal

are overestimated, due to the absence of a filter, which directly transfers the dense

sampling in the central part of the Fourier domain to the reconstruction.

Though the backprojection operation cannot correctly reconstruct the original

object it is often useful, in particular in combination with iterative reconstruction

algorithms. The operation allows a stronger weighting of low-frequency components,
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(a) (b)

Figure 4.6: (a) Sampling in 2D Fourier space, (b) sampling in 3D Fourier space.

which can be used in the initial reconstruction and can then be corrected using

high frequency contributions up to the amount of available data. Such iterative

algorithms reduce artifacts due to missing information, which cause high frequency

contributions to the reconstruction. These artifacts and algorithms will be discussed

in the next sections.

4.4 Resolution and Artifacts

The central slice theorem allows estimating the possible resolution in tomography

and understanding artifacts, which appear in the reconstruction. An important

point about the resolution in tomography is that it is generally anisotropic. It is

different along different directions of space and depends on the original resolution

of the imaging technique as well as on acquisition parameters of the projections. In

this section, we will consider only the effect of acquisition parameters, such as the

number of projections, on the resolution of the reconstruction. The resolution of the

imaging techniques is discussed in the corresponding sections.

For this simplified approach, we assume that the resolution of the individual pro-

jections is limited only by their pixel size. Projections with an image size W × W

and a number of pixels N ×N along both dimensions have therefore a 2D resolution

of one pixel (W/N)2. In the optimal case the reconstruction can then have the same

resolution as the projections along all three dimensions.

From the central slice theorem we know, that each projection provides information

on a central slice through the 3D Fourier transform of the object. Fig. 4.6 shows

schematically the sampling of the Fourier space by a typical electron tomography

experiment. Recovery of the information of the object with a resolution equal to
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the resolution of the projection requires that the spacing between central slices is

smaller than the voxel size of the 3D Fourier transform of the objects at least in

the central sphere of the Fourier transform. To fulfil this criterion the number of

projections nproj necessary for reconstructing a volume of the size N ×N ×N from

projections of the size N ×N with the same resolution as the projections is

nproj =
N ∗ π

2
(4.12)

The projections need to be equally spaced over a range of 180°. For projections with

a size of 1024 × 1024 pixels therefore 1600 projections would be necessary to fulfil

this criterion.

While for example in x-ray tomography it is feasible to acquire such a large number

of projections, in electron tomography this is practically impossible. Limitations

arise due to beam sensitivity of the samples, due to precision of the sample stage as

well as due to time restrictions. In practice projections are typically acquired every

degree or every few degrees, giving 180 projections or less. A resolution limit is given

by the Crowther criterion (Crowther et al., 1970b) for the resolution in the xz-plane

without a missing wedge1. The resolution can be estimated by the spacing of the

central slices through the number of projections nproj as well as by the diameter of

the object D as

dx =
D ∗ π
nproj

(4.13)

It should be noted however that the resolution depends also on the shape and ori-

entation of the object. Eventually higher resolution could be achieved, if the spatial

frequencies composing the object happen to match the information sampled by the

projections. Fig. 4.7a illustrates the effects of the limited number of projections for

the reconstruction of a circle.

Another limitation in the resolution of electron tomography arises from the so-

called missing wedge. Due to the geometry of the sample or the sample holder it is

often not possible to tilt the sample over a full tilt range of 180°. This leads to missing

projections in a part of the tilt range and in consequence to missing information in

a wedge-shaped part of the Fourier domain (see Fig. 4.6). This missing information

leads to an elongation of features in the reconstruction in the direction of the missing

wedge. The impact of missing wedge artifacts depends on the missing tilt range and

on the size of features in the direction perpendicular to the missing wedge. Fig. 4.7b

illustrates the effects of the missing wedge for the reconstruction of a circle.

1In this thesis the direction of the tilt axis is denoted with y. z is the direction of the electron
beam at 0° tilt. x is perpendicular to y and z.
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(a) (b)

Figure 4.7: Effects of (a) limited number of projections (4 projections) and (b) missing
wedge (range ±70◦) in a reconstruction of a circle. Images show (1) original
images, (2) FFT of the original images and Fourier domain covered by the
projections, (3) reconstructions from projections taken as indicated in (2) using
a SIRT algorithm (see Section 4.5), (4) FFT of the reconstructions.

To quantify the impact of the missing wedge on resolution frequently an elongation

factor, first introduced by Radermacher, is used (Radermacher, 1988). In his work

he used the point spread function to calculate an elongation factor, which gives the

elongation of a single point in the reconstruction in the direction of missing wedge

(z-direction). This elongation factor can be calculated as

exz =

√

α+ sinα cosα
α− sinα cosα

(4.14)

for a maximum tilt angle α expressed in radians. Based on this elongation factor

Radermacher gives the degradation of the resolution z-direction as a function of the

resolution in the x-direction as

dz = exzdx (4.15)

an estimation frequently reproduced in literature. As example for a tilt range of

±70◦ this would give an elongation factor of 1.3, indicating that in the direction of

the missing wedge resolution is only slightly worse than outside of the missing wedge.

Furthermore this resolution estimation suggests, that improving the resolution in the

x-direction, for example by using a large number of projections, leads to resolution

improvements in the z-direction, affected by the missing wedge. From practical

experience it is well known that this is not the case and that the resolution of
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features affected by missing wedge artifacts is frequently much worse than given by

Radermacher’s estimation, in particular for features having high aspect-ratio.

Eventually the error in Radermacher’s estimation lies in concluding from the elon-

gation of the point-spread function to the degradation in the resolution. Such a

conclusion would require linearity. However while forward projection is a linear op-

eration – the projection of two objects being equal to the sum of the individual

projections – the reconstruction operation is generally not linear, at least in the case

of limited data. The sum of the reconstructions from two different sets of projections

is not necessarily equal to the reconstruction from the sum of the sets of projections.

What can actually be derived from the elongation factor is the elongation of a circle

relative to its diameter in the z-direction (see Fig. 4.7b).

To re-examine considerations on resolution an useful approach is to consider the

sampling of an object in 3D Fourier space by its 2D projections taken around a

single tilt axis (see Fig. 4.6b). First of all the missing wedge has an impact on all

features with dominating frequency components in the z-direction. These can not

be reconstructed correctly and will be reconstructed with an additional frequency

component in the x-direction. The worst resolution will appear for thin lines or

planes oriented in the x-direction. Depending on its size along the x-direction sx

with the maximum tilt angle α such an object will be elongated to

ez =
sx

tanα
(4.16)

in the z-direction as can be estimated from geometrical considerations. As an exam-

ple α = 70◦ and sy = 100nm lead to ez = 30nm. This is illustrated for a simulation

in Fig. 4.8.

Features with high frequency components along the xz-plane can loose resolution

depending on the spacing between the different slices caused by the limited number

of projections. This is illustrated in Fig. 4.9. In the y-direction the resolution is

independent of the spatial frequency. The quality of the reconstruction depends

therefore only on the x- and z-frequency components. Features with low spatial

frequency components along these directions can be therefore reconstructed with

the original image resolution along the y-direction.

4.5 Iterative Reconstruction Techniques

The most commonly used reconstruction algorithms in electron tomography are

iterative algebraic reconstruction methods, most frequently the simultaneous itera-
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(a) (b)

Figure 4.8: Effects of the missing wedge in a reconstruction of a thin line (a) oriented
favorable with respect to the missing wedge, (b) oriented not favorable with
respect to the missing wedge. Images show (1) original images, (2) FFT of
the original images and range of Fourier domain covered by the projections,
(3) reconstructions from projections taken with a step of 1° over a range of
±70◦ as indicated in (2) using a SIRT algorithm (see Section 4.5), (4) FFT
of the reconstructions.

(a) (b)

Figure 4.9: Effects of the limited number of projections (a) for projections acquired at
tilt angles favorable for the reconstruction, (b) for projections acquired at tilt
angles not favorable for the reconstruction. Images show (1) original images,
(2) FFT of the original images and sampling by 4 projections used for the
reconstruction, (3) reconstructions from projections as indicated in (2) using
a SIRT algorithm (see Section 4.5), (4) FFT of the reconstructions.
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tive reconstruction technique (SIRT) (Gilbert, 1972), less frequently the algebraic

reconstruction technique (ART) (Gordon et al., 1970) as well as variants of these

techniques such as simultaneous algebraic reconstruction technique (SART). These

algorithms are generally less sensitive to noise than weighted backprojection and re-

duce the impact of artifacts from limited number of projections and missing wedge

in the reconstruction.

Algebraic methods are based on setting up a system of equations, which links

the unknown object data to the measured projections (Kak and Slaney, 1987). The

object, or image f(x, y) consists of j pixels (or voxels) fj, each of which is assumed

to be constant. Through these pixels rays are defined, the sum over each ray pi is

the result of a linear equation. The system of equations given by all ray sums can

be written as
N
∑

j=1

wijfj = pi (4.17)

where wij are weighting factors. To calculate the weighting factors, one possibility

is assume rays with a thickness corresponding to the size of a pixel of the detector.

The weighting factors then denote the area of an image pixel, which is intercepted

by a ray. Most of these factors are zero.

To solve this equation system an iterative algorithm is applied. At each iteration

n the value of each pixel f (n)
j is updated based on its current value f (n−1)

j with a

calculated difference reconstruction value ∆f (n)
j as

f
(n)
j = f

(n−1)
j + λ∆f (n)

j (4.18)

where λ is a relaxation factor, which affects the convergence speed and stability

(Herman and Lent, 1976). ∆f (n)
j is calculated from the values of all pixels f (n−1)

k for

each projection value pi with

∆f (n)
j =

pi − qi
∑N

k=1 w
2
ik

wij (4.19)

where

qi =
N
∑

k=1

f i−1
k wik (4.20)

In these equations qi are the sums along a ray through pixels in the current iteration.

These are compared to the measured ray sums pi. This gives a difference projection,

which is normalized by the weighting factors over the ray with
∑N

k=1 w
2
ik and by the

weighting factor of the corresponding pixel wij. It should be noted that in principle
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the calculation of the ray sums qi is a Radon transform, while the calculation of the

normalized differences ∆fj is an inverse Radon transform.

Different types of algebraic algorithms are distinguished by the moment, when

the pixels fj are updated. (4.19) actually provides a difference reconstruction ∆f i
j

for each pixel fj from each projection value pi. In ART the update is done for

each projection using the sum of the difference projections from all detector pixels.

One iteration of an ART update is finished, when all projections have been used to

update the reconstruction one time. Updating the estimate after each projection is

advantageous in terms of convergence speed, however it is more sensitive to noise in

the projections. Approximations, which are generally used for the weighting factors

wij can introduce salt and pepper noise, noise and errors of single projections are

directly transferred to the reconstruction. Furthermore projections, which are used

for the update at the end of an iteration generally have a larger impact on the

reconstruction than projections, which have been used earlier. This is in particular

an issue, when the single projections are used in the order of the tilt angles, so

frequently random or alternating orders are used.

An algorithm, which is more robust than ART is SIRT. In SIRT the pixels of

the reconstruction are updated using all projections at once. For this purpose from

each projection the changes ∆f i
j for each pixel j from each equation i are calculated.

The update of the individual pixel is done only after all changes for all projections

have been calculated, by a mean value of the changes calculated for each pixel

from each projection. Eventually instead of calculating the difference between the

measured and calculated projections, also their quotient can be used to calculate

the difference projection. The update by the difference reconstruction is then done

with a multiplication.

Fig. 4.10 illustrates the principle of a SIRT algorithm with a multiplicative up-

date. First the reconstruction is initialized. In the present case this is done with

a simple backprojection, but eventually the reconstruction can be also initialized

with a constant value for all pixels. This initial reconstruction is used as first tem-

porary reconstruction in the iterative loop. The ray sums qi, the re-projections of

the temporary reconstruction are calculated by a Radon transform. These are com-

pared to the measured ray sums pi, the acquired tilt series, to get the difference

projections. From these difference projections the changes ∆fj for each pixel, the

difference reconstruction is calculated. The temporary reconstruction is updated

with the difference reconstruction. In this work for most reconstructions a SIRT

algorithm with a multiplicative update was used with 20 to 30 iterations.
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Figure 4.10: Principle of the SIRT algorithm.

4.6 Constrained Reconstruction Techniques

In electron tomography generally the number of unknowns is larger than the num-

ber of measurements, so the reconstruction represents an underdetermined problem,

which does not have a unique solution. Algebraic reconstruction techniques are

generally designed to treat these uncertainties using the available measurements for

filling up the information about the object from low spatial frequencies to higher

spatial frequencies as far as information is available. This provides relatively smooth

reconstructions, which suffer however from a limited resolution. To improve the res-

olution, prior knowledge can be introduced as constraints in the tomographic prob-

lem. Two techniques using prior knowledge have received significant attention for

electron tomography applications, which are discrete tomography and compressed

sensing based tomographic reconstruction. Discrete tomography directly introduces

constraints to the reconstruction, while compressed sensing is based on minimizing

a feasible norm calculated from the reconstruction.

4.6.1 Discrete Tomography

Discrete tomography is based on the assumption that the investigated object con-

tains only a discrete number of grey levels (Herman and Kuba, 1999). This is an

assumption, which is often valid in materials science, as frequently relative large

parts of a volume consist of the same material. The number and values of these
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grey levels are used as constraints for the reconstruction. A practical implementa-

tion of a discrete scheme is for example given in (Batenburg et al., 2009). In this

case SIRT is used as basis for the reconstruction. After a certain number of SIRT

iterations the reconstruction is discretized by using thresholds between the different

discrete grey levels. In the discretized reconstruction boundary pixels are identi-

fied, which are subject to new SIRT iterations, while non-boundary pixels are kept

constant. After a certain number of new SIRT iterations these boundary pixels are

again discretized and new boundary pixels are identified, finishing one iteration of

the discrete algorithm.

Discrete reconstruction is of particular interest for reconstruction from very lim-

ited data, where only a small number of projections are available. Practically the

prior definition of the grey values can be problematic, it is generally based on a

non-discrete reconstruction, which is done before starting the discrete algorithms.

Discrete tomography can not reconstruct small differences between different regions,

which could represent for example changes in the relative concentration of a com-

posite material.

4.6.2 Compressed Sensing

Compressed sensing is based on the assumption that a signal or the transformation

of a signal is sparse (Candes et al., 2006, Candes and Wakin, 2008, Donoho, 2006).

This signal f is observed by a measurement p, with A being a linear mapping matrix

as

Af = p (4.21)

In tomography f is the image or volume containing all pixels (or voxels), p are

the values of all acquired projections, the linear equation system for tomography has

been defined in (4.17). If dim(p) < dim(f) the system is underdetermined, allowing

an infinite number of possible solutions. In compressed sensing it is assumed that

f is sparse, and therefore the optimal solution for f can be found by minimizing its

l1-norm as

min ‖f‖1 = min
∑

i

fi (4.22)

In electron tomography the l1-norm has been directly applied to the volume for

reconstruction with atomic resolution, as for this purpose it can be assumed that

most of the values of f are zero, c.f. do not contain an atom (Goris et al., 2012a).

More frequently however not f itself, but rather its gradient is assumed to be sparse
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(a) (b)

Figure 4.11: Illustration of the sparse gradient assumption: (a) Sheep-Logan phantom
and (b) its gradient. The gradient image is a sparse matrix.

(Goris et al., 2012b, Saghi et al., 2011). This can be written with f(x, y) being an

image represented in pixels as

min ‖f‖T V = min







∑

x,y

√

√

√

√

∂f(x, y)
∂x

2

+
∂f(x, y)
∂y

2




 (4.23)

This is also known as total variation (TV)-minimization. A sparse gradient im-

age assumes a piecewise constant image f(x, y). This assumption is illustrated in

Fig. 4.11 for the case of a Sheep-Logan phantom. This is an assumption closely

related to discrete tomography, however it is not necessary to define the number of

grey levels and their values. Additionally TV-minimization does not necessarily force

the reconstruction to discrete values, but prefers these solution, if multiple solutions

are available. Eventually, if enough measurements are acquired, TV-minimization

should be also able to reproduce non-discrete objects.

Practical approaches to minimize the TV-norm most frequently solve either the

problem

min ‖f‖T V s.t. Af = p (4.24)

or the problem

min ‖f‖T V +
µ

2
‖Af − p‖2

2 (4.25)

where µ is a regularization parameter. The second formulation has advantages as µ

can be set accordingly to suppress noise present in the projections, though too low

values of µ can lead to loss of high frequency information.

It should be noted though, that while TV-minimization works usually perfectly for

simulations with low noise level, it has been also shown that it can loose information
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(a) (b) (c)

Figure 4.12: Sampling of the Fourier domain by different acquisition schemes: (a) single-
axis tomography, (b) dual-axis tomography, (c) multiple-axis tomography
using four tilt axes.

in the case of projections with higher noise levels, as compared to conventional

reconstruction techniques (Herman and Davidi, 2008).

Apart from the signal itself or its gradient also other transformations of the signal

can be assumed to be sparse. In classical image processing often the wavelet trans-

form of an image is assumed to be sparse, such algorithms are being used for image

recovery (Candes and Wakin, 2008).

4.7 Dual- and Multiple-Axis Tomography

Dual- and multiple- axis tomography are being principally used to reduce effects of

missing wedge artifacts. For dual-axis tomography, after acquisition of a first tilt

series the sample is rotated by 90° in the plane perpendicular to the direction of

the electron beam to acquire a second tilt series around a second axis (Mastronarde,

1997, Penczek et al., 1995, Tong et al., 2006). For multiple-axis tomography several

rotations in the plane perpendicular to the electron beam are done between the

acquisition of the different tilt series (Messaoudi et al., 2006). The impact of using

two or more axis can be best understood by considering sampling in the Fourier

domain. Fig. 4.12 compares sampling by single-axis, dual-axis and multiple-axis

tomography. It can be seen that in dual-axis tomography the missing wedge is

reduced to a missing pyramid, in the case of multiple-axis tomography it is reduced

even further towards the shape of a missing cone. Practically this has the advantage

that the resolution degradation by the missing data affects only features which are

small in the z-direction, and large in both the x- and the y-direction, while if they

are small in either the x- or the y-direction they can be well reconstructed. As

discussed previously, in single-axis tomography features need to be small in the x-
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direction to be well reconstructed in the z-direction, the size in y-direction does not

have an impact on the resolution in the z-direction.

Several methods exist for the reconstruction of tilt series acquired in a dual-axis

scheme. The first applications used simple real-space combination of the two individ-

ual reconstructed series (Penczek et al., 1995), later it was realized that combination

in Fourier-space generally works better than real-space combination (Mastronarde,

1997). In particular it allows using only the information of one tilt series, in parts of

the Fourier domain, which lie in the missing wedge of the other tilt series. Finally

the two tilt-series can be also combined directly in the reconstruction by combi-

nation with iterative reconstruction algorithms. As such an alternating dual-axis

SIRT algorithm has been proposed, which uses the two tilt-series alternating in each

iteration (Tong et al., 2006) and in this work we will describe a combined dual-axis

SIRT algorithm, which uses both series at the same time (see Chapter 9).

Apart from the reduction of missing wedge artifacts, dual- and multiple-axis to-

mography changes the sampling conditions also for all spatial frequencies outside of

the missing wedge. Notably frequency components in the direction of the different

tilt axis are very densely sampled. This effect has been investigated only little so far,

but in this thesis experiments have been done which take advantage of this dense

sampling. It will be therefore not discussed further here, but will be detailed in

Part IV.

4.8 Alignment

Alignment of the projections is a critical step in electron tomography. Due to the

small size of samples, the stability of sample stages for TEMs is generally not suf-

ficiently high to keep a common tilt axis in the center of all projections during the

acquisition of a tilt series. Acquisition of a tilt series in a TEM generally requires

re-centering of the sample before the acquisition of each projection, which is usually

done by shifting the electron beam. While this allows keeping the region of interest

inside the field of view, the projections are generally not aligned to each other after

acquisition, i.e. there is no common line (tilt-axis) in the center of the projections

around which sample features are rotating. Therefore before reconstruction electron

tomography necessitates an alignment step.

Alignment is frequently split into two parts. In the first part, the shift alignment,

the shift between the projections is calculated with the goal of finding alignment

parameters, for which a common tilt-axis exists for all projections. The second step

is the alignment of this tilt-axis, the position of which needs to be identified, its shift
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(a) (b) (c) (d)

Figure 4.13: Effects of misalignment: (a) Projections with erroneous shift alignment, (b)
Reconstruction from the misaligned projections shown in (a). (c) Projec-
tions with erroneous alignment of the tilt-axis, (d) Reconstruction from the
misaligned projections shown in (c).

with respect to the center of the images and its angle with respect to the y-axis of the

images. Fig. 4.13 shows effects from both erroneous shift alignment and erroneous

alignment of the tilt axis.

For shift alignment the most commonly used techniques are alignment by cross-

correlation (Owen and Landis, 1996) of subsequent tilt images and marker-based

alignment (Brandt et al., 2001, Ress et al., 1999). For cross-correlation methods

the cross-correlation between two subsequent images is calculated and the position

of the maximum of the cross-correlation gives the shift between the images. Fre-

quently before calculation of the cross-correlation, filters are applied to the images

to improve the quality of the result. Filters can be used to enhance specific features

of the sample, which then impact the cross-correlation calculation. In the case of

needle-shaped samples frequently the boundaries of the needle are enhanced for this

purpose, to be used as reference for the shift alignment. It is usually necessary to

do several iterations of cross-correlation alignment, in particular if filters are used.

Generally alignment by cross-correlation is done on a trial and error basis: Filters

are applied, the shift is calculated and the result is controlled by visual inspection. If

the result appears satisfying it is kept. Therefore eventually alignment can introduce

errors in the reconstruction, which are hard to estimate as they depend on subjec-

tive verification of the alignment task. Even so for many samples cross-correlation

is currently the best working alignment method and was used almost exclusively in

the experiments presented in this thesis.

An alignment method, which is used frequently in tomography for life science

applications is the alignment based on markers (Brandt et al., 2001, Ress et al.,

1999). For this purpose markers, usually gold beads, are deposited onto the sample.

In the alignment step the trajectories of these markers are recorded and based on

61



4 Principles of Tomography

these trajectories the shift between images and the position of the tilt axis can be

calculated. The same principle can be also applied without artificially introduced

markers, if the sample contains easily identifiable local features. In the frame of this

work such approaches have been tested on samples containing high contrast features.

Generally however these features were too large in one or two dimensions to make

such algorithms work. Another alignment method, which has been proved useful for

atomic resolution reconstruction of isolated particles is alignment based on center of

mass calculations (Goris et al., 2012a, Scott et al., 2012).

Marker-based alignment methods also provide directly the alignment of the tilt

axis, while the other methods in particular cross-correlation based methods do not.

There exist several possibilities to find the correct position of the tilt axis. The

technique mostly used in this work is to test several different alignment parameters

manually and to find the parameters for which “banana-shaped” artifacts are reduced

(Kobayashi et al., 2009). These artifacts appear especially for round features, if the

position of the tilt axis is not correct. For needle-shaped samples the exterior surface

of the sample can be generally well used for this purpose. Other methods, which can

be applied for finding the tilt axis are the tracking of features throughout the tilt

series, either manually or automated, to find the direction along which they move, or

the calculation of rotational center from the center of mass of individual sinograms

(Azevedo et al., 1990). These methods were in some cases employed to verify or

improve alignment of the tilt axis.

Eventually alignment and reconstruction could be combined to improve the align-

ment. With certain alignment parameters a reconstruction can be done, which could

then be re-projected and compared to the original projections to calculate misalign-

ment of the individual projections.

4.9 Post-Processing

The reconstruction process provides a volume, with voxels containing grey values.

This volume can be displayed by showing slices through the volume or by volume

rendering, where to each voxel a color and transparency is attributed according to its

grey value. Often however, the goal is to display interfaces between different materi-

als, or even to extract quantitative information about sample morphology. For this

purpose individual voxels need to be attributed to a specific material, giving a vol-

ume with discrete values, the number of discrete levels corresponding to the number

of different materials, often referred to as phases. Previously discrete tomography

was discussed as a method, which includes discretization in the reconstruction, if
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the discretization is done independently after reconstruction, this step is known as

segmentation.

4.9.1 Filtering

It can be advantageous to filter a volume before segmentation, to reduce noise.

There exist a large number of filters known in image processing, which can be in

principle applied for this task. One group of filters, which are frequently used in

tomography are anisotropic diffusion filters, which are also known as edge-preserving

smoothing filters (Black et al., 1998, Perona and Malik, 1990, Weickert et al., 1998).

These filters are iterative filters, based on gradient measures and on conduction

coefficients calculated from these gradient measures, which weight how strong each

neighboring value changes a specific value in each iteration.

In an example for a 3D implementation of this algorithm (Perona and Malik, 1990)

in each iteration the value of a specific voxel Ii,j,k is updated by the formula

I
(t+1)
i,j,k = I

(t)
i,j,k + λ

∑

d=N,S,E,W,U,D

(

c
(

∇dI
(t)
i,j,k

)

∇dI
(t)
i,j,k

)

(4.26)

where ∇dI
(t)
i,j,k gives the difference to the nearest neighbors of a voxel (in north, south,

east, west, up, down) and λ is a weighting factor.

The difference to the northern neighbor for example is calculated as

∇NI
(t)
i,j,k = I

(t)
i−1,j,k − I

(t)
i,j,k (4.27)

c(∇I) is the diffusion coefficient, which is calculated by a non-linear function. Ex-

amples for such functions are

c(∇I) = e−( ‖∇I‖
K )

2

(4.28)

or

c(∇I) =
1

1 +
(

‖∇I‖
K

)2 (4.29)

The diffusion coefficient approaches 1 for small values of ‖∇I‖ and 0 for large

values. Practically this means that the filter reduces the differences between neigh-

boring voxels, which have only a small difference (which is assumed to correspond

to noise), while it keeps differences between neighboring voxels, if the differences

are large (which is assumed to correspond to the edge of a sample feature). The

constant K needs to be chosen to describe the boundary between differences, which
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should be interpreted as noise as compared to what should be interpreted as edge.

The weighting factor λ needs to be chosen accordingly to guarantee stability and

influences the convergence speed of the algorithm. The number of iterations can be

chosen to define how strongly the volume should be filtered.

4.9.2 Segmentation

Segmentation generally refers to two tasks in image processing, to identifying dif-

ferent distinct components in an image and to identifying connected regions in an

image (Ohser and Schladitz, 2009). For most applications in this thesis the first task

is relevant, to distinguish between different materials inside a reconstructed volume.

Identifying connectedness is of importance for example for porous materials and

similar types of samples.

A large number of possibilities exist for segmentation. Segmentation can be done

manually, semi-automated or fully automated. A problem with manual methods is

their subjectivity, which can make results dependent on the person performing the

segmentation. However still it is frequently employed as human experience can often

identify sample features better than computer vision.

The simplest method for segmentation is segmentation based on absolute thresh-

old values. All voxels with values below a certain threshold are attributed to one

phase, while all voxels above the threshold are attributed to another phase. Thresh-

olds for such a segmentation can be chosen manually, but there exist also several

criteria for choosing a threshold, mostly based on evaluation of the histogram of

an image (Otsu, 1979, Ridler and Calvard, 1978, Sezgin and Sankur, 2004). These

methods work relatively well, if different phases are well separated by their grey

value and if the noise is much lower than their differences. In other cases, noise will

lead to erroneous voxels in the different regions and the boundary between materials

will not be well defined. Apart from such global thresholding methods there exist

also methods using local thresholds, which are useful, if the image intensity varies

between different regions (Trier and Jain, 1995).

Region growing methods are another important family of segmentation methods

(Ohser and Schladitz, 2009). These methods usually use seed pixels. Starting from

these seed pixels neighboring pixels are added to a specific region, if they fulfil a

homogeneity criterion. Such a criterion can be based for example the mean grey

value and variance of the current grey values of the region or on an edge-detection

algorithm. Apart from seeded region growing also algorithms for region growing

without seeds exist (Revol-Muller et al., 2002).
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A useful tool for image segmentation is the watershed transform (Vincent and

Soille, 1991, Volkmann, 2002). For the watershed transform in two dimensions an

image can be interpreted as a topological surface where the height is defined by the

grey-value of a pixel. Starting from local minima this surface is flooded and the

water rises with growing grey-values. Now pixels where water from different sources

meet are denoted as watershed pixels and can be used to define the interface between

different regions.

While the watershed transform can be applied directly on the image to distinguish

for example between different pores in a porous material it can be also applied on

the gradient of an image to distinguish between different materials. Such a method

combined with seeded region growing was applied for some experiments presented

in this thesis (Adams and Bischof, 1994). For this purpose first of all the gradient

of the volume is calculated. Based on the gradient volume a mask is defined by

applying a threshold in the gradient volume. All voxels above a certain threshold

are masked. Such high gradient regions generally correspond to transition regions

between different materials. In the remaining volume seed regions, which belong to

a specific material, are defined. In our applications this was done based on absolute

threshold values. However it is possible to leave gaps between the ranges of grey

values which are attributed to the specific materials. In this way only voxels, which

certainly belong to a specific material are attributed in this step. Additionally voxels

which were masked before are not attributed to a specific material, independent of

their grey value. After these steps, which necessitate input from the user the actual

segmentation takes place. For this purpose a watershed transform is applied to the

gradient volume, to allocate masked voxels and voxels lying between the thresholded

intervals and set the boundary between regions of different materials. The water-

shed transform sets the boundary between seed regions of different materials to the

position of the highest gradient.

4.10 Conclusion

In this chapter principles and relevant techniques for reconstruction in electron to-

mography have been discussed. The main goal in tomographic reconstruction is to

get the best possible reconstruction from the available data. To compensate for prac-

tical limits, such as limited number of projections and missing projections imposed

by the imaging system and the sample, two principal approaches are being followed:

The adaption of the acquisition geometry to dual- or multiple-axis tomography, and

the development of reconstruction algorithms, in particular algorithms including
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prior knowledge. Eventually these approaches can also be combined. Apart from

the reconstruction itself also pre- and post-processing of the data is of importance

in electron tomography. Alignment before reconstruction is necessary to even al-

low the reconstruction of a tilt series, while filtering and segmentation after the

reconstruction are important, when quantitative information should be recovered.
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5 Transmission Electron Microscopy

for Tomography

A transmission electron microscope (TEM) is a versatile instrument, which allows

the recovery of morphological, structural and chemical information down to the

atomic scale. There are a large number of operation modes for different applications

and many modern microscopes allow relatively easy switching between these modes.

Where tomography is concerned images need to fulfil specific conditions to allow

tomographic reconstruction from a series of images. In this chapter principles of

transmission electron microscopy are reviewed and techniques applicable to tomog-

raphy are discussed in more detail. Several books exist with detailed introductions

to transmission electron microscopy (Pennycook and Nellist, 2011, Reimer and Kohl,

2008, Williams and Carter, 2009).

5.1 Electron-Matter Interaction in a TEM

Contrast in a TEM stems from interactions between the fast electrons which traverse

the sample and the nuclei and shell electrons of the atoms in the sample. Electrons

can be scattered when traversing the sample and such scattering can be elastic

or inelastic, depending on whether energy is transferred in the scattering process.

Furthermore it can be distinguished between coherent and incoherent scattering,

designating whether a phase relation exists between the electron wave before and

after the scattering event. Generally elastic scattering is usually coherent, while

inelastic scattering is usually incoherent. For larger scattering angles however elastic

scattering is getting incoherent. For tomographic applications, we are particularly

interested in incoherent scattering, which is why we will discuss these processes in

more detail. In inelastic scattering processes energy is transferred to the sample and

this excess energy can lead to the creation of secondary signals.

Fig. 5.1 gives an overview of the most important signals which arise from electron-

matter interactions in a TEM. In TEM several of these signals are used for char-

acterization of the sample. The direct beam, elastically scattered and inelastically
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Figure 5.1: Signals arising due to fast electrons in a sample (Williams and Carter, 2009).

scattered electrons are recorded on different detectors located below the sample.

X-rays created by electron-matter interaction can be detected in energy-dispersive

x-ray spectroscopy (EDS) by detectors located in the vicinity of the sample. Here

the main interest is in characteristic x-rays, which can be used for elemental iden-

tification and quantification. Another signal which is sometimes used in a TEM is

the visible light emitted from the sample. This is known as cathodoluminescence.

5.1.1 Elastic Scattering

As samples prepared for TEM are quite thin, it can be usually assumed that single-

scattering is the dominant process, while it is much less likely that electrons are

scattered more than once, while traversing the sample. This assumption simplifies

the analysis of scattering processes. To analyze scattering, first of all it is important

to know the probability of an electron being scattered from a single atom. To

quantify this probability atomic scattering cross sections are used (Williams and

Carter, 2009). The cross section is defined from an effective radius of an atom r as

σatom = r2π (5.1)

Generally different cross sections are used for different scattering processes. Usually

one is not interested into the overall scattering from a single atom, but into scattering

to a specific angular range. For this purpose a differential scattering cross section

dσ/dΩ is introduced, which defines scattering towards a differential solid angle dΩ. It

is usually more convenient to use a scattering angle θ with respect to the direction of

the incident beam. The relation between the differential scattering cross section with
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respect to a solid angle and to a scattering angle can be derived from geometrical

considerations and is given as

dσ

dΩ
=

1
2π sin θ

dσ

dθ
(5.2)

Integration of this expression gives the scattering cross section over a specific

angular range. From the scattering cross section of a single atom the total cross

section σtotal per unit distance of a beam traversing a sample can be calculated as

σtotal =
N0σatomρ

A
(5.3)

with the Avogradro number N0 = 6.022 × 1023 atoms mol−1, A the atomic weight of

the scattering atoms (in kg mol−1) and the density ρ (in kg m−3). The scattering

cross section is linked to another frequently used property, the electron mean free

path, which is generally denoted by λ but should not be confused with the electron

equivalent wavelength. The mean free path is given in units of length as

λ =
1

σtotal

(5.4)

It gives the mean distance between two scattering events.

When considering scattering processes, these can be caused by electron-electron

interactions between the fast electrons traversing the sample and the electrons in the

sample or by electron-nucleus interactions. Generally electron-electron interactions

lead to relatively small scattering angles and coherent scattering. As such the wave

character of the incident electron beam needs to be considered, which interacts with

the sample as a whole and leads to diffraction, depending on the crystal structure

of the sample. In contrast electron-nucleus interactions generally lead to larger

scattering angles and dominate over electron-electron scattering for larger scattering

angles. Electrons scattered by the nucleus generally have no phase relation to the

electron wave before the scattering event, it can be therefore considered as incoherent

scattering. The contrast arising from electron-nucleus interactions is therefore not

affected by diffraction, which is of interest for tomography.

Electron-nucleus interactions can be described as Rayleigh scattering and the

differential scattering cross section can be approximated by the Rutherford cross

section

σR(θ) =
e4Z2

16 (4πε0E0)
2

dΩ

sin4
(

θ
2

) (5.5)
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where e = 1.602×10−19C is the elemental charge, ε0 = 8.854×10−12A2 s4 kg−1 m−3

the vacuum permittivity, Z the atomic number, and E0 the electron beam energy in

eV. (5.5) is non-relativistic and neglects the so-called screening effect of the electron

cloud, which affects the charge distribution and is important for scattering of elec-

trons relatively far from the nucleus. Additionally at least for acceleration voltages

above 100 kV also relativistic effects should be included (Williams and Carter, 2009).

The differential cross section can be integrated to get the scattering cross section

for electron-nucleus scattering to angles greater than θ as

σnucleus = 1.62 × 10−24
(

Z

E0

)2

cot2 θ

2
(5.6)

It can be seen that the scattering cross section depends on the atomic number Z as

well as on the beam energy E0. This is the basis for high-angle annular dark field

(HAADF) scanning transmission electron microscopy (STEM), which is also called

Z-contrast imaging as images display the proportionality to the atomic number.

5.1.2 Inelastic Scattering

When fast electrons interact with a sample they can loose energy in inelastic scatter-

ing events due to electron-electron collisions or collective excitation with outer-shell

electrons. Such collisions reduce the energy of the fast incident electron and transfer

energy to the sample. This excess energy can generate different detectable signals

such as x-rays, secondary electrons or visible light. Some of these signals have been

displayed in Fig. 5.1. The probability of these events and the energy lost contain a

large amount of information about sample properties, such as their chemistry and

electronic structure. Information can be retrieved either by recording the secondary

signal or by recording the energy-loss spectrum of the incident electrons, which have

traversed the sample. Several techniques deal with recording the secondary signal,

depending on which type of signal is recorded. In EDS x-rays are recorded, in

cathodoluminescence visible light is recorded, in Auger electron spectroscopy sec-

ondary electrons are recorded.

Techniques based on analysis of the energy-loss spectrum of electrons traversing

the sample are electron energy-loss spectroscopy (EELS) (Egerton, 2009, Egerton

and Malac, 2005, Kociak et al., 2011) and energy-filtered TEM (EFTEM) (Hofer

et al., 1997, Hofer and Warbichler, 1996, Verbeeck et al., 2004). Fig. 5.2 shows an

example of an energy-loss spectrum including some important features. It should

be noted that counts are displayed in logarithmic scale. The spectrum is generally

divided into a low-loss and high-loss (or core-loss) region with the boundary be-
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Figure 5.2: Example of an electron energy-loss spectrum (Williams and Carter, 2009).

tween these two regions being at about 50 eV. The first feature of the energy-loss

spectrum is the zero-loss peak, which contains all unscattered and elastically scat-

tered electrons. The zero-loss peak is very intense compared to all other features

of the spectrum. In the low-loss region the dominating features are plasmon peaks.

These and other features of the low-loss region are caused by weakly bound outer

shell electrons. The signal in the low-loss region is still quite intense, in particular

compared to the signal in the high-loss region. The high-loss region contains ion-

ization edges, features of the high-loss regions are mostly linked to strongly bound

inner-shell electrons.

The Low-Loss Spectrum

The low-loss spectrum is dominated by interactions of fast electrons with outer-

shell electrons in the sample. The features dominating the low-loss spectrum are

plasmon peaks, caused by the creation of volume plasmons and surface plasmons in

the sample. Plasmons are pseudoparticles, created due to an oscillatory response of

outer-shell electrons to a passing fast-moving electron. The outer shell electrons are

weakly bound to the atoms and coupled to each other due to electrostatic forces.

Therefore the Coulomb force of a passing electron causes an oscillatory response

with alternating positive and negative space charge regions. The frequency of these

oscillations can be calculated from the density n of the outer-shell electrons and

their effective mass m∗ (Egerton, 2009)

2πfp = ωp =

(

ne2

ε0m∗

)1/2

(5.7)
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The energy of a plasmon is therefore given by

Ep = hfp (5.8)

with Planck’s constant h = 4.135 × 10−15eV s = 6.626 × 10−34J s and is typically in

the range of few tens of eV. Plasmon peaks arise at energy losses which correspond

to multiples of the plasmon energy Ep.

The probability of the creation of N plasmons by a fast electron in a sample of

thickness t is given by Poisson statistics

PN =
1
N !

(

t

λp

)N

e−t/λp (5.9)

with the plasmon mean free path λp.

Being caused by the electric field of the incident electron, plasmon generation can

be also related to the dielectric properties of the sample. One such formulation,

which also allows energy-loss spectra to be simulated is the Drude-model. From this

model the complex permittivity ε can be written as

ε = 1 − E2
p

E2 + jEΓ
(5.10)

with the plasmon damping Γ, which corresponds approximately to the full width at

half maximum of the plasmon peak. From the complex permittivity an energy-loss

function can be defined as the imaginary part of its negative inverse:

ℑ
(

− 1
ε(E)

)

=
EΓE2

p
(

E2 − E2
p

)2
+ (EΓ)2

(5.11)

This loss-function can be used as an approximation for the shape of a plasmon peak.

Surface plasmons occur at interfaces between different materials as the surface is

polarized. This gives a longitudinal wave with a frequency satisfying the condition

εa (ω) + εb (ω) = 0 (5.12)

with εa (ω) and εb (ω), the relative permittivity of the two materials. One simple

example is the interface between vacuum and a metal, where the free electron ap-

proximation is valid. Here εa (ω) = 1 for vacuum and εb (ω) = 1 − ω2
p/ω

2 giving a
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surface plasmon peak at an energy Es related to the energy of the volume plasmon

peak in the metal Ep

Es = Ep/
√

2 (5.13)

Surface plasmon scattering is strongly dependent on the incident angle of the electron

beam on the surface. Its contribution is small compared to bulk plasmons at normal

incidence, but grows with inclination of the surface with respect to the incident

electron direction, and dominates over bulk plasmons for large incidence angles.

The intensity of surface plasmons reduces the intensity of volume plasmons. This

is called begrenzungs1 effect. Surface plasmon fields of different surfaces can also be

electrostatically coupled which leads to the generation of Čerenkov radiation.

In addition to collective plasmon excitation valence electrons can be also excited

individually by a fast electron and be lifted to a higher energy state. In semicon-

ductors these excitations can be in principle used to get information about their

bandstructure.

The Core-Loss Spectrum

The core-loss spectrum is dominated by ionization edges from the excitation of inner

shell electrons. These electrons have binding energies in the range of hundreds to

thousands of electron volts. A fast electron can ionize an atom, elevating an electron

to an energy state above the Fermi level. These transitions are characterized by a

minimum energy necessary typical for each element and type of shell and follow

a specific transition law. Therefore these transitions give rise to ionization edges

in the energy-loss spectrum, which can be used for elemental identification. They

are therefore denoted by the atomic shells, for example as K, L1 edges or as L23 or

M45 edges, if neighboring edges give an overlapping signal. The ionization edges are

superimposed on a background, which is caused by transitions occurring at lower

energies, such as plasmon excitation or ionization edges at lower energy losses. The

shape of ionization edges depends on the type of elements, on the shell and on the

density of states in the initial and final energy levels. Analysis of the shape of

ionization edges is known as energy-loss near-edge spectroscopy (ELNES) and can

be used to probe the electronic structure and thereby the structural and chemical

environment of atoms (Radtke and Botton, 2011).

An important application of energy-loss spectroscopy in a TEM is elemental anal-

ysis. From the intensity of ionization edges elemental concentrations can be calcu-

lated or even absolute quantification is possible. For this purpose first a background

1Begrenzung is a German word for limitation
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Figure 5.3: Principle of background subtraction for elemental quantification (Kociak et al.,
2011).

subtraction is necessary to extract the total intensity due to the given transition.

The most common method for background subtraction is to fit the background to a

suitable function at energy losses below the absorption edge. This function is then

extrapolated to energies above the absorption edge and subtracted from the actual

signal (Egerton, 2009). The most frequently used function for fitting the background

is a power law of the form

I = AE−r (5.14)

where A and r are fitting parameters. An example for background extrapolation

and subtraction is shown in Fig. 5.3.

After background subtraction the areal density of an element N can be approxi-

mately recovered from the formula

Ic(θ,∆) ≈ NI1(θ,∆)σ(θ,∆) (5.15)

if scattered electrons up to an angle θ are collected over an energy range ∆. σ(θ,∆) is

a partial cross section for a specific element and edge, which can be either calculated

from simulations or measured experimentally. I1(θ,∆) is the integral over the low-

loss spectrum up to an energy ∆ including the zero-loss peak, Ic(θ,∆) is integral

over the same energy range over the signal from the ionization edge after background

subtraction. The concentration of a specific element can be calculated if the thickness

of the sample t is known as n = N/t.
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While (5.15) provides absolute quantification, relative quantification to compare

the ratio between different elements is often more useful and accurate. The ratio of

the concentration of two different elements na/nb can be calculated as

na

nb

=
Ic,a(θ,∆)
Ic,b(θ,∆)

σb(θ,∆)
σa(θ,∆)

(5.16)

5.2 The Instrument

A transmission electron microscope can be divided into three parts: An illumination

system, the objective lens region, including the sample and its holder and the imaging

system (Williams and Carter, 2009).

The illumination system consists of an electron gun and the condenser system,

which are used to create an electron beam and to form it into its desired shape on the

sample. Additionally in a modern microscope it may contain further elements like

a monochromator or a probe-aberration corrector. Traditionally as electron source

tungsten and later LaB6 was used, with operation based on thermionic emission. If

a material is heated to sufficiently high temperature, to allow electrons to overcome

a barrier specified by the work function Φ, electrons leak out of the material and

can be accelerated to form an electron beam. LaB6 sources are still in use in many

TEMs though they are now being frequently replaced by field-emission guns (FEGs).

A FEG is a fine needle consisting for example of tungsten. An applied electric field

is significantly increased at the sharp tip and this high electric field lowers the

work function to allow tunnelling of electrons out of the tip. FEGs can be operated

either under ultra-high vacuum (UHV) (<10−9 Pa) under ambient temperature (cold

FEGs) or at elevated temperature at a worse vacuum (Schottky FEGs).

Comparing different electron sources, FEGs have the advantages of providing

higher brightness and higher spatial and temporal coherence, which are of impor-

tance for high spatial resolution and energy resolution for spectroscopy. Cold FEGs

are superior to Schottky FEGs in all these matters, but their emission is less sta-

ble over time and they need to be operated in ultra-high vacuum. Even in UHV

contamination builds up on a cold FEG, which reduces the current over time and

requires periodic “flushing” of the point by inversion of the current or by heating of

the point to remove the contamination layer. All the instruments used in this work

operated on Schottky FEGs.

Electrons, which are pulled out of the source are accelerated by an electric field to

a specific energy, which is defined by the operating voltage of the microscope. In a

FEG two distinct anodes are used for extraction and acceleration. Typical operation
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Acceleration
voltage (kV)

Non-relativistic
wavelength (nm)

Relativistic
wavelength (nm)

Mass
(×m0)

Velocity
(×108 ms−1)

100 0.00386 0.00370 1.196 1.644
200 0.00273 0.00251 1.391 2.086
300 0.00223 0.00197 1.587 2.330

Table 5.1: Properties of electrons for different acceleration voltages, m0 = 9.11 × 10−31kg
is the electron rest mass (Williams and Carter, 2009).

voltages for a TEM are in the range of few tens to a few hundred keV, the microscopes

used for this thesis can be operated between 80 kV and 300 kV. Higher accelera-

tion voltages provide electrons with higher energy and thereby a shorter equivalent

wavelength and a higher mean free path. Table 5.1 shows electron properties for

different acceleration voltages. Higher energies are useful as spatial resolution (or

more important for tomography the resolution/depth of field product) can be higher

and thicker samples can be analyzed. However some mechanisms of beam damage

become more important for higher electron energies. For most investigations in this

thesis an acceleration voltage of 200 kV was used, which provides sufficiently high

values for resolution and depth of field but usually leads to no observable beam

damage for the investigated samples.

The condenser system consists of several optical elements, lenses, apertures and

scan coils, which allow bringing the beam into its desired shape before interaction

with the sample. This defines two basic operation modes of a TEM, which are

parallel beam operation (used for conventional TEM), where a parallel (or almost

parallel) beam illuminates the sample, and convergent beam operation (used for

scanning TEM), where the beam is focused, and a convergent beam interacts with

the sample. Fig. 5.4a shows the condenser system in the so-called nanoprobe mode

for these two operation modes for the example of a FEI Titan microscope, as was

used in this thesis. Between the two modes the excitation of the C3 lens is changed to

switch between convergent and parallel illumination. The condenser system of this

microscope can be also operated in the so-called microprobe mode (see Fig. 5.4b).

In this mode the minicondenser (MC) lens which is just above the objective lens is

used to compensate the upper objective lens. This is useful for TEM, if large areas

should be illuminated, and for STEM, when a larger probe with a small convergence

angle is desired.

In the condenser system several parameters of the beam can be adapted thanks

to the use of three condenser lenses. The excitation of the gun lens influences,

how many of the extracted electrons are used to form the beam. The same can

be achieved by changing the position of the crossover between the C1 and C2 lens

76



5.2 The Instrument

(a) (b)

Figure 5.4: Parallel (TEM) and convergent beam (STEM) operation for the example of
an FEI Titan microscope in (a) nanoprobe mode and (b) microprobe mode
(Tiemeijer, 2005).

(referred to as spot size in FEI microscopes). These settings change the intensity

of the beam, but also the spatial coherence of the beam. The diameter of the C2

aperture and the position of the crossover between the C2 and C3 lens are used to

define the illuminated area in case of parallel illumination and the convergence angle

in case of convergent beam illumination.

Between the illumination system and the imaging system the sample is located.

The sample is fixed on a sample holder, which is used to transfer the sample into

its position and to position it in the microscope with the help of a sample support

stage. Generally the sample stage allows positioning of the sample along the three

dimensions of space and allows tilting of the sample around one axis. The two

directions perpendicular to the beam directions are usually referred to as x and y,

the direction parallel to the electron beam as z, the tilt along the first axis, which can

be done using the stage of the microscope is usually denoted with α. Additionally

sample holders are available, which allow tilting around a second axis perpendicular

to the first one (referred to as β) as well as sample holders which allow rotation of

the sample. A TEM is usually aligned for a reference plane along the z-direction at

which the sample should be positioned during operation. This plane is known as the

eucentric plane and a sample which is located at the eucentric plane will not move

or move only a little along x and y, when the sample is tilted around α.
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For tomography the most important feature of a stage and sample holder is the

maximum tilt range available. Standard tomography holders and sample stages

allow tilt ranges up to ±80◦, though if conventional TEM grids are used, shadowing

of the region of interest often occurs already at lower tilt angles. Additionally

when electrons scattered to large angles are recorded, a part of these scattered

electrons can already suffer from shadowing even before the incident beam. For

needle-shaped sample geometries special sample holders are available, which do not

suffer from shadowing and can be used to tilt over a full range of ±90◦ using an

internal mechanism of the sample holder. This allows rotation of the sample with

respect to the holder in addition to the tilt mechanism of the sample stage.

The imaging system of a TEM consists of all optical elements between the speci-

men and the fluorescent screen of a TEM. There are usually several lenses, known as

intermediate and projector lenses, and apertures which can be introduced if needed,

the objective aperture and the selected area diffraction (SAD) aperture. Additionally

the imaging system may also contain an image aberration corrector, which compen-

sates for spherical aberrations of the imaging system and improves the resolution in

TEM imaging. The imaging system can be operated in two basic operation modes,

in imaging and diffraction mode. Fig. 5.5 shows the imaging system for these two

modes.

In diffraction mode the lenses are set in a configuration to project the back fo-

cal plane of the objective lens, i.e. the diffraction pattern of the illuminated area

on the fluorescent screen. With parallel illumination this gives discrete diffraction

spots and a SAD aperture can be introduced to acquire the diffraction pattern of a

specific area. This is known as selected area diffraction and is a standard method

for acquiring diffraction patterns in a TEM. If the specimen is illuminated by a

convergent focused beam the diffraction spots become discs, the size of the discs

depending on the convergence angle of the beam. Such diffraction patterns are col-

lected in convergent beam electron diffraction (CBED). If a beam with a very small

convergence angle is used the spots become again discrete and the operation is then

known as nanobeam electron diffraction (NBED). In STEM imaging the imaging

system is also operated in diffraction mode. STEM images are formed by integrat-

ing the intensity of diffraction plane over specific angles for each scan position on

the sample.

In imaging mode the lenses project the image plane of the objective lens and an

image of the sample appears on the screen. This mode is used for TEM imaging

in combination with parallel beam illumination. An objective aperture can be in-

troduced to select only a specific part of the diffraction pattern for imaging. Such
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Figure 5.5: The imaging system of a TEM in diffraction and in imaging mode (Williams
and Carter, 2009).

operation is known as bright-field (BF) or dark-field (DF) TEM imaging. In BF

TEM only the direct beam is selected by the objective aperture to form the image,

in DF TEM a diffracted beam is selected.

5.2.1 Energy Filters

To record energy-loss spectra and filtered images in a TEM, energy filters are used.

These are based on energy-dispersive magnetic prisms, which function similar to

glass prisms in optics. Such a magnetic prism uses the Lorentz force

F̃ = q
(

Ẽ + ~v × B̃
)

(5.17)

where a particle with a charge q moving at a velocity ~v is deviated from its trajectory

due the the magnetic field ~B. The principle of such a magnetic prism is shown in

Fig. 5.6 for a post-column energy filter (Gubbens et al., 1995). Electrons which pass

through an entrance aperture are deflected by a magnetic field by approximately

90°, where electrons with a lower energy (which have lost energy due to inelastic

scattering processes) are deflected further than electrons which have lost no energy.

In addition to being energy dispersive the magnetic prism also works as a lens.
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Figure 5.6: Principle of an energy-dispersive magnetic prism (Williams and Carter, 2009).

Altogether this has the effect that all electrons, which have lost a certain energy are

focused at the same height in the dispersion plane of the prism, regardless of the angle

they have been scattered to and the point of their origin. This allows two basic modes

of operation of an energy-filter which are known as electron energy-loss spectroscopy

(EELS) and energy-filtered transmission electron microscopy (EFTEM).

In EELS a detector – usually a charge-coupled device (CCD) camera – is put at

the position of the energy dispersion plane. This allows recording an energy loss

spectrum of the area illuminated by the electron beam. In EFTEM an energy-

selecting slit is put in the dispersive plane to select a specific range of energy-loss,

and an image is recorded after the slit at an image plane. The most frequently

used post-column energy filters are manufactured by Gatan, and are named Gatan

imaging filter (GIF). Switching between EFTEM and EELS is done by changing

the optics of the energy filter. Apart from post-column energy filters also in-column

filters exist, which can be used for EFTEM and EELS. These are known as Ω-filters,

as the electron beam is deviated from its axis by prisms along an Ω-shaped beam

path. Furthermore for dedicated STEM microscopes, filters are available, which

allow only EELS operation. The microscopes used in this work were equipped with

post-column energy filters.

5.3 The Projection Requirement

For tomographic reconstruction to be applicable to a series of images, the images

need to be monotonically varying functions dependent on properties of the samples

along straight lines through the sample (Hawkes, 1992). This condition is known

as projection requirement. The projection requirement limits the number of TEM

techniques, which are applicable for tomography, in particular for crystalline sam-
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ples. The contrast in many imaging techniques is largely influenced by diffraction

effects, which depend on the orientation of the crystal lattice to the direction of the

electron beam.

Diffraction contrast leads to different image intensities from objects with the same

properties and thickness, but different orientations with respect to the electron beam.

Such contrast does therefore not fulfil the projection requirement. Diffraction con-

trast is dominant in images of crystalline samples, which are based on the detection

of coherently scattered electrons. Therefore imaging techniques, which can be used

for tomography need to be based on the detection of incoherently scattered electrons.

Such techniques are HAADF STEM, where the contrast is mainly due to elastic in-

coherent scattering and techniques based on inelastic incoherent scattering, such as

EELS and EFTEM. Additionally also EDS fulfils at least to a good approximation

the projection requirement.

5.4 Imaging Techniques for Tomography

Several imaging techniques are available based on the discussed scattering processes

and secondary signals created in the electron-matter interactions. Here the imaging

techniques, which can be used as basis for tomographic reconstruction on crystalline

samples are discussed. These are HAADF STEM, EELS, EFTEM and EDS. While

BF TEM is the most common method for tomography in life sciences, in material

science usually diffraction contrast is too large to allow reconstruction.

It should be noted that apart from imaging, also diffraction modes of TEMs have

been combined with tomography (Kolb et al., 2007, 2008, 2011). Furthermore –

even though diffraction contrast in images is usually unwanted for tomography –

it has been used for tomographic reconstruction of dislocations. For this purpose

the diffraction contrast stemming from dislocations in weak-beam dark-field imag-

ing (Barnard et al., 2006a,b) has been used and more recently also medium-angle

annular dark field (MAADF) STEM, where an annular detector located at smaller

collection angles than for HAADF STEM is used (Barnard et al., 2010). However

these techniques were not applied in the frame of this thesis and they will therefore

not be discussed further.

5.4.1 HAADF STEM

In STEM the sample is illuminated by a convergent beam. Detectors record signals

in a diffraction plane, which depend on the sample properties in the illuminated
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Figure 5.7: Schematic of detectors in STEM.

region. The spatial resolution of STEM imaging depends therefore not on the imag-

ing system, but on the size of the convergent beam. To record images, the beam

is scanned over the sample using scan coils in the condenser system which shift the

convergent beam parallel along the x- and y-directions. Signals are recorded for each

beam position.

Similar to TEM, STEM can also be done in bright-field or dark-field modes. For

STEM however no aperture is necessary, but the shape and size of the detector

selects which part of the diffraction pattern is recorded. Fig. 5.7 shows a schematic

of different STEM detectors. In BF STEM the direct beam is recorded, in the center

of the diffraction pattern. In DF STEM scattered electrons are recorded in regions

outside of the direct beam. Most frequently annular detectors are used, which are

ring-shaped detectors, recording electrons scattered to a specific angular range in

all directions. Such imaging is known as annular dark field (ADF) STEM, if the

detector is located to detect only electrons scattered to relatively high angles it is

also called HAADF STEM.

Different types of detectors exist to collect the electrons. In the microscopes used

in this thesis a scintillator-photomultiplier detector is as HAADF detector. It is

based on a yttrium aluminum perovskite (YAP) scintillator optically coupled to a

photomultiplier tube.

As mentioned previously scattering to high angles can be approximated by the

Rutherford cross-section and is proportional to Z2 (see (5.5) & (5.6)). Practically

this idealized approximation is never reached as several other factors influence the

contrast which gives a proportionality of the HAADF signal IHAADF

IHAADF ∝ Zα (5.18)
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with α ≈ 1.6 − 2. For qualitative investigations, as are usually done by elec-

tron tomography knowledge about this proportionality is sufficient, for quantitative

HAADF STEM investigations the factor α needs to be known.

Though (5.18) fulfils the projections requirement, there are further effects, which

can give rise to additional contrast contributions. Electron channelling occurs, when

a crystal is oriented close to a major zone axis (Pennycook and Nellist, 2011). This

gives rise to stronger scattering as would be expected from (5.18), leading to brighter

images for crystal orientations close to a zone axis. In practice usually only few

images of a tilt series are affected by channelling effects. If this contrast contribution

appears too large on specific images, it is often useful to remove these images from

the tilt series before reconstruction.

An important issue for tomography is how well a probe can be focused in STEM

and how much of the sample remains in focus along the depth. Ideally for classical

tomography the whole sample should be in focus when an image is acquired. These

parameters are governed by the convergence angle of the focused electron beam.

They can be approximately calculated by formulas known from optics (Biskupek

et al., 2010). With a convergence angle αc the resolution limit d is defined by the

Rayleigh criterion

d =
0.61λe

sinαc

(5.19)

with the electron wavelength λe. The depth of field DOF , defines the thickness of

the layer in focus for which this resolution d can be achieved and can be calculated

as

DOF ≈ 2
d2

λe

(5.20)

Fig. 5.8 shows the convergence angle and the Rayleigh resolution limit as a func-

tion of depth of field (DOF). This relation gives the convergence angle, which should

be used for a specific sample thickness to have optimal focus for the whole sample: a

low convergence angle is necessary to get high DOF. It should be noted that for sam-

ples more than 100 nm thick the convergence angle should be significantly smaller

than typical settings for STEM, which are in the range of 10-20 mrad. However,

while a small convergence angle has advantages in terms of depth of field there are

few drawbacks of using a very small convergence angle: Residual diffraction con-

trast due to elastic scattering becomes more important as a small convergence angle

reduces the angular range over which the signal is averaged. Additionally if the mi-

croscope is operated in nanoprobe mode the beam intensity is decreased as a small

C2 aperture needs to be used. For very thick samples therefore operation of the

microscope in microprobe mode can be useful, which allows using very small conver-
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(a) (b)

Figure 5.8: Convergence angle and resolution limit vs. depth of field (DOF) for accelera-
tion voltages of 80 kV, 200 kV and 300 kV, (a) for DOF up to 300 nm, (b) for
DOF between 200 nm and 1000 nm.

gence angles while keeping sufficiently high beam intensity (Hyun et al., 2008). So a

compromise between current and convergence angle has to be found to get optimum

acquisition conditions.

5.4.2 STEM-EELS

The main interest when investigating inelastic scattering in a TEM is to get spatially

resolved spectral information. The information, which should be acquired is often

referred to as the EELS data cube. Such a data cube contains information along two

dimensions of space, x and y and along the energy loss E. The principal methods

for acquiring the information in such a datacube are STEM-EELS and the imaging-

spectroscopy method by EFTEM. Eventually also other methods are possible such as

tomographic reconstruction of the data cube from projections but are not commonly

used (Van den Broek et al., 2006).

In STEM-EELS the data cube is sampled serially along x and y, one spectrum at a

time. For this purpose the microscope is operated in STEM mode, with a convergent

beam, and energy-loss spectra are acquired on the camera of the energy filter for each

scan position. The spectral resolution in EELS is limited by the monochromaticy of

the incident electron beam and by the energy resolution of the spectrometer. The

energy dispersion of the beam depends on the type of electron gun used. It is in

the range of 0.6-0.8 eV for a Schottky FEG and in the range of 0.3-0.5 eV for a

cold FEGs. It can be reduced by a monochromator, the best values which have been

achieved are as low as 30 meV (Krivanek et al., 2013). In the spectrometer the energy

range and resolution needs to be adapted to the application. This is set as energy

84



5.4 Imaging Techniques for Tomography

dispersion (in eV/pixel) and energy offset. Generally only a part of the spectrum is

recorded on an ultrafast CCD camera (2048× 2048 pixel), to improve the resolution

over the desired range and because changes in intensity over the spectrum are very

large, so acquisition times necessary for recording ionization edges in the core-loss

region would often lead to saturation of the camera in the low-loss range and in

particular for the zero-loss peak. As it can be very useful to have information about

the low-loss range and core-loss range at the same time recently systems have been

developed – named dual-EELS systems by Gatan –, which allow parallel recording

of two spectra with different energy and exposure settings.

5.4.3 EFTEM

In EFTEM energy-filtered images are acquired, which provides sampling of the EELS

data cube one energy at a time. In principle the full data cube can be recorded in

this way with an energy resolution given by the energy range recorded in each image.

This approach is known as imaging spectroscopy (Thomas and Midgley, 2001a,b).

Often however it is sufficient to record images at just a few energy losses. For

example for analysis of ionization edges by EFTEM, frequently only two or three

filtered images are recorded in the vicinity of the ionization edge one is interested

in.

For EFTEM the microscope is operated in TEM mode, a relatively large area of

the sample is illuminated by a parallel beam. The energy filter is used to select

a specific energy range and record an image at this energy. For investigations of

ionization edges by EFTEM the most frequently used methods are the three-window

method and the jump-ratio method (Hofer and Warbichler, 1996, Verbeeck et al.,

2004). The three-window method can be used for elemental quantification. For

this purpose two images are acquired at energies below an ionization edge to fit the

background. A third image is recorded at an energy window above the ionization

edge. Subtracting the extrapolated background gives the element specific signal

and allows absolute or relative elemental quantification based on (5.15) or (5.16).

Fig. 5.9 illustrates the principle of the three-window method.

The jump-ratio method is based on taking just two images, one before and one

after the ionization edge and on calculating their ratio. This can be useful for

low elemental concentrations, where the three-window method can lead to noisy

images (Hofer et al., 1997). However the jump-ratio method allows only qualitative

investigation, quantification is not possible in this way.

Imaging-spectroscopy by EFTEM is of interest to improve the quality of elemental

quantification compared to the three-window method, but also to investigate other
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Figure 5.9: Principle of quantification by the three-window method: Two pre-edge images
(1,2) and one post-edge image (3) need to be taken. For absolute quantifi-
cation also an image in the low-loss region needs to be recorded (Hofer and
Warbichler, 1996)

features of the energy-loss spectrum apart from the intensity of ionization edges,

such as their shape or to get information about the low-loss spectrum as it was

employed in this thesis (see Chapter 8).

5.4.4 EDS

EDS is another technique based on inelastic scattering, which has been combined

with tomographic reconstruction. In EDS x-rays emitted from the sample are

recorded. Inelastic scattering of electrons can produce two types of x-ray radia-

tion in a sample: characteristic x-rays and bremsstrahlung x-rays (Williams and

Carter, 2009). The main interest is generally in characteristic x-rays as they can

be used for elemental identification. When a fast electron ejects an electron from

an inner shell of an atom an ionized atom remains. This atom will almost imme-

diately return to its lowest energy state by filling the empty state with an electron

from an outer shell. In this process from the excess energy either an x-ray or an

Auger electron can be emitted. For each atom several such transitions are possible,

which are characterized by their energy an by a specific probability. Analysis of the

energy of emitted x-rays can be used for chemical identification and eventually also

for quantification. Characteristic x-rays are emitted as a spherical wave from their

origin. X-ray detectors are therefore positioned around the sample and their effi-

ciency depends on the angular range covered. For this purpose recently microscopes

have been developed which combine several detectors to maximize the interception

of x-rays.
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5.5 Conclusion

In this chapter requirements and applicable imaging techniques for doing tomogra-

phy in a TEM were reviewed. As such HAADF STEM, EELS, EFTEM and EDS

are in principle applicable. Of these techniques HAADF STEM tomography is by

far the most widely used technique due to its relative simplicity and relatively short

acquisition times. Other contrast techniques based on inelastic scattering are of

interest, when the contrast between different materials from HAADF STEM is not

sufficient, or when elemental identification is required. Furthermore there exists also

the perspective of 3D elemental quantification, which remains however a significant

challenge.
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6 Sample Preparation

Many sample preparation methods, which are used for standard TEM investigations,

can be also used for electron tomography. However for electron tomography there

exists the additional requirement, that the sample geometry should allow image

acquisition over as large a tilt range as possible and that the sample thickness along

the beam path should remain small also for large tilt angles. Therefore for electron

tomography a sample should be ideally needle-shape as compared to the lamella-

shape preferable for other TEM techniques.1

6.1 FIB-Based Preparation

Most of the samples investigated in this thesis were prepared using a dual-beam

FIB-SEM instrument. The FIB is an important tool for TEM preparation, in par-

ticular for site-specific preparation from substrates, for example in microelectronics

(Giannuzzi and Stevie, 1999). Dual-beam FIB-SEM instruments consist of an FIB

and an SEM column, which are located at a specific angle to each other (52° for the

instruments used in this thesis). The sample is located at the position, where the

beams between the two columns intersect, on a sample support stage which can be

shifted, tilted and rotated. Operation of the FIB column is most frequently based

on Ga+-ions. To extract ions a liquid gallium reservoir is used, which is in contact

with a sharp tungsten tip. Liquid gallium wets the needle and a high electric field

is used to extract Ga+-ions by field ionization and accelerate the ions in the FIB

column. Acceleration voltages of ions are usually in the range of 500 V to 50 keV.

In addition the current of the FIB column can be chosen to define how many ions

are extracted and interact with the sample. In the FIB column ions can be focused

to fine probe sizes below 10 nm.

Ions can be used for imaging by scanning the ion beam over the sample and de-

tecting either secondary electrons or secondary ions. The main interest for sample

preparation is though, that additionally the FIB allows localized sputtering and

matter deposition. The imaging capabilities of both the SEM and the FIB allow

1Parts of this chapter are reproduced from (Bleuet et al., 2013)
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(a) (b)

Figure 6.1: Collision plots of 30 keV and 2 keV gallium ions (white and yellow, respec-
tively). The beam is along the z-axis. Both lateral (a) and depth profiles (b)
show that a 2 keV milling limits damage to the first 5 nm.

precise control of the position for sputtering or deposition. Ions, which are acceler-

ated towards the surface of a sample lead to a series of interactions with the sample,

which lead to ejection of atoms or ions from the sample as well as to the implan-

tation of Ga+-ions. Therefore the FIB is efficient for removing matter, but it also

affects the remaining material in several ways, which is known as ion beam damage.

The most important of these damaging effects are amorphization, implantation and

stress. Ion beam damage can be reduced by using lower acceleration voltages, which

reduces the penetration depth of ions. As such a rule of thumb is that each kV

of acceleration voltage adds 1 nm thickness to the damaged layer. Fig. 6.1 shows

collision plots for gallium ions in silicon based on Monte Carlo simulations (Ziegler

et al., 2010).

Matter deposition in the FIB is done by beam assisted chemical vapor deposition.

A needle-shaped gas injector is inserted close to the surface of the sample, which

is used to inject a gas precursor, which absorbs on the surface. Ga-ions, but also

electrons from the SEM can decompose the precursor and lead to deposition of

material on the surface. If ions are used this is referred to as ion-beam induced

deposition (IBID), if electrons are used as electron-beam induced deposition (EBID)

(Randolph et al., 2006). EBID takes more time than IBID but is less invasive. The

chemical composition and associated mechanical, thermal, or electrical properties of

the deposited materials are also quite different when EBID or IBID is used. In TEM

preparation methods deposition is frequently used to protect the region of interest

before extraction of the sample. For this purpose usually EBID is performed as
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Figure 6.2: Sample preparation in an FIB for electron tomography (a) ROI before prepa-
ration, (b) after deposition of a protective tungsten layer (rotated 90° to pre-
vious image), (c) cutting of basins above and below the sample, (d) extraction
with micromanipulator, (e) Omniprobe support grid, (f) lamella glued to a
supporting post of the grid, (g) reduction of lamella size to a pillar, (h) sam-
ple after the first steps of annular milling, (i) finished sample containing the
transistor.

a first step and is then followed by IBID to prevent damage to the surface. For

deposition several materials are available, the most frequently used are W and Pt,

as metals, and SiO2 as insulator.

To extract matter from a larger sample, micromanipulators can be introduced in

the vacuum chamber of the instrument. A sample can be glued to such a microma-

nipulator and be thereby extracted and glued to a support for TEM investigation.

As mentioned before, for electron tomography investigations, samples should be

ideally needle-shaped. Techniques for FIB-based preparation of needle-shaped sam-

ples have been first developed for atom probe tomography (Miller et al., 2005b,

Thompson et al., 2004, 2007), and the same methods were transferred to sample

preparation for electron tomography (Kawase et al., 2007, Ke et al., 2010, Yaguchi

et al., 2004). Fig. 6.2 shows an example for such a sample preparation. The lift-
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out procedure is similar to standard TEM preparation: first of all, the region of

interest is covered by a protective stack, in this case consisting of electron deposited

SiO2, electron deposited tungsten and ion-deposited tungsten. Once the sample is

protected, basins are cut on the top and bottom sides of the protected area, and a

lamella with a thickness of few micrometers is extracted with a micromanipulator.

The extracted sample is then glued to a support. Eventually also multiple samples

can be prepared from a single extracted lamella. In the present case an Omniprobe

FIB grid was used, which is the standard sample support in electron microscopy.

Glueing the sample to the top of one of the supporting posts reduces shadowing

effects in the TEM. Recently developed specific tomography sample holders use

needle-shaped sample supports, some of these supports can be used for electron to-

mography as well as for atom probe tomography, which allows both techniques to be

performed on the same sample. The sample preparation process for needle-shaped

supports is similar to the presented case, with the sample being glued to a needle

instead of an Omniprobe grid.

After the sample is glued to a support, its size is reduced. This can be done using

annular milling in the FIB. The inner diameter of the circular milling pattern is

reduced in several steps until the desired diameter is achieved. In the present case,

milling needs to be controlled precisely to keep the device inside the needle. This

can be done by taking images with the SEM at high acceleration voltage, where

the device becomes visible before it is actually at the surface. Reduction of sample

diameter is usually done at a high tension of 30 kV on the FIB. This provides

steep side walls but creates an amorphous layer of about 30 nm thickness. A way to

reduce the amorphous layer is to finish the sample at lower high tension, e.g., at 5 kV.

However this reduces also the inclination of the side walls. The decision whether

to perform this last step will therefore depend on the application. If information

over a large depth is required, steep side walls are preferable, at the expense of the

presence of an amorphous layer. For the present example of the transistor, the ROI

is only about 100 nm deep, so the steepness of the side walls is of less importance.

6.2 Other Preparation Methods

In many cases preparation for TEM is done by transfer of the sample to specific grids,

usually consisting of copper, with a diameter of a few millimeters and a mesh of a

few hundred squares. Depending on the application these grids may be covered with

a thin carbon film, or with a lacey carbon mesh. The preparation methods using

such grids are manifold. Examples which have been used during this thesis are the
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deposition of nanoparticles directly from a solution, or sonication of nanowires in an

ultrasonic bath, to get a solution, which can then also be deposited on the grid. For

nanowires another possibility is to place the grid directly on the substrate and to

swipe it slightly. In this way nanowires are transferred directly from the substrate

to the grid.

Generally the distribution of the deposited sample on the grid is random. There-

fore, a challenge when doing tomography on such samples is finding a suitable region

for doing tomography in the TEM. As one example in the case of nanowires deposited

on a grid, a nanowire needs to be found that is located close to the center of a mesh

square and additionally also oriented along the tilt axis. The location of the sample

is important, as large tilt angles are only possible close to the center of a window.

A drawback of using these grids in comparison to FIB preparation is that missing

wedge artifacts cannot be avoided. Typical tilt ranges that can be achieved are

about ±70◦.

6.3 Conclusion

Sample preparation methods for electron tomography need to be optimized to max-

imize the available tilt range. For this purpose, in particular for semiconductor

materials and devices, FIB-based preparation is usually the best method. It allows

site specific preparation of needle-shaped samples, where the diameter of the needle

can be optimized. The acceleration voltage of the FIB for the final preparation

steps can be set accordingly to either reduce surface damage or to prepare long thin

needles. Conventional TEM preparation methods are useful for samples, which can

not be prepared by FIB. In this case samples, or parts of a sample need to be found,

which are located suitably for electron tomography investigations, to allow a large

tilt range, and also the orientation of the sample with respect of the tilt axis can be

of importance.
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7 HAADF STEM Tomography

When a contrast technique for use with tomography is considered the two major

questions are whether a specific contrast mechanism fulfils the projection require-

ment and whether the selected technique can provide contrast for the desired ap-

plication. After these two essential requirements other important questions are the

time necessary for image acquisition and possible further information desired such as

chemical identification or quantification. For crystalline samples high-angle annular

dark field (HAADF) scanning transmission electron microscopy (STEM) generally

fulfils the projection requirement and image acquisition times are relatively short,

allowing a tomography experiment to be performed within a reasonable timeframe.

Therefore, if HAADF STEM tomography can provide the desired information, there

is usually little need for using another contrast technique.

In this chapter HAADF STEM tomography is applied to two types of samples.

First we investigate nanowire heterostructures, to explore faceting of nanowires and

the evolution of their cross section linked to changes in growth conditions as well as

to analyze their composition. The shape and composition of nanowires governs their

electrical and optical properties and knowledge about these parameters is therefore

necessary to understand their behavior.1

In the second section of this chapter electron tomography is used for composi-

tional analysis of Se-doped silicon. Doping of silicon with chalcogens (S, Se, Te) by

femtosecond (fs)-laser irradiation to concentrations well above the solubility limit

leads to near-unity optical absorptance in the visible and infrared (IR) range and is

a promising route toward silicon-based IR optoelectronics. However, open questions

remain about the nature of the IR absorptance and in particular about the impact

of the dopant distribution and possible role of dopant diffusion. The higher mass of

selenium compared to silicon allows using HAADF STEM tomography for acquir-

ing information about local changes in dopant concentration in the material. We

extract information about the three-dimensional distribution of selenium dopants

1This work presented in Section 7.1 was done in collaboration with Sam Crawford, Sung-Keun
Lim and Silvija Gradečak (MIT). Nanowire growth and characterization apart from electron
tomography were performed at MIT, parts of this section are reproduced from (Lim et al.,
2013).
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in silicon and correlate these findings with the optical properties of selenium-doped

silicon. We quantify the tomography results to extract information about the size

distribution and density of selenium precipitates.2

7.1 Nanowire Morphology and Composition

Semiconductor nanowires are quasi-one-dimensional single crystals that have emerged

as promising materials for the development of photonic and electronic devices with

enhanced performance (Li et al., 2006a, Thelander et al., 2006, Yan et al., 2009).

Control of the nanowire composition and morphology is an ultimate goal in design-

ing novel nanowire devices with functionalities that are superior to those of current

thin film technologies. Spatial variation of the composition forms the basis of many

functional devices, light-emitting diodes (LEDs) (Qian et al., 2005), lasers (Qian

et al., 2008), high electron mobility transistors (Li et al., 2006b), and multijunction

solar cells (Hamzaoui et al., 2005). Furthermore, diameter modulations along the

nanowire axis could be used to enhance device performance, including improved light

trapping by minimizing reflection and maximizing absorption (Fan et al., 2010), ef-

ficient thermoelectric conversion through increased phonon scattering in structures

with multiple diameter modulations (Zianni, 2010), or enhanced field emission from

thin nanowire regions with increased curvature (Pan et al., 2010). Simultaneous

control over both composition and morphology would further expand the realm of

possible nanowire architectures, but achieving this goal has so far been challenging

or elusive.

Particle-mediated nanowire growth, by either the vapor-liquid-solid (Wagner and

Ellis, 1964) or vapor-solid-solid (Persson et al., 2004) mechanism, is a versatile tech-

nique in which the nanowire morphology depends on the size and shape of the

metal seed particle. Using this approach, nanowire morphology can be modulated

in several ways including self-organized oscillatory motion of the seed particle due to

energetic instability at the vapor/liquid/solid (v/l/s) triple-phase boundary (Caroff

et al., 2009, Ross et al., 2005), which can be promoted by impurities (Algra et al.,

2008) and results in a high density of stacking faults (Caroff et al., 2009) or by using

a template that confines the seed particle and limits the size of the particle/nanowire

interface (Fan et al., 2010). Diameter changes have also been related to changes in

2This work presented in Section 7.2 was performed in collaboration with Matthew Smith and
Silvija Gradečak (MIT) as well as Meng-Ju Sher, Mark Winkler and Eric Mazur (Harvard
University). Sample preparation and optical characterization was done at Harvard University,
cross-sectional TEM characterization was done by Matthew Smith (MIT) and Juan-Carlos
Idrobo (Oakridge National Lab). This section is reproduced from (Haberfehlner et al., 2013b).
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nanowire kinetics, but the fluctuations were attributed to the presence of defects

(Chiaramonte et al., 2011).

On the nanowires investigated by electron tomography in this work, controlled

modulation of both the diameter and the composition along individual (In,Ga)N

nanowires was demonstrated through the modulation of the seed particle size by

tuning the supply of precursors during the growth. This is a simple and versatile

approach, which requires neither a template nor the introduction of impurities or

other defects detrimental to the device performance. This idea was applied to demon-

strate diameter modulation of binary InN and GaN nanowires and extended to grow

composition- and diameter-modulated InN/InGaN axial heterostructure nanowires

in the nonpolar [1-100] m-direction. III-V nitrides are of interest because of their

superior optoelectronic properties and broad-range bandgap tunability that make

them attractive material systems for a variety of heterostructure-based optoelec-

tronic devices (Hamzaoui et al., 2005, Li et al., 2006b, Lim et al., 2009, Qian et al.,

2005, 2008). In addition, nonpolar heterojunctions are predicted to play a critical

role in realization of high-efficiency nitride-based optoelectronic devices (Koester

et al., 2011, Speck and Chichibu, 2009, Waltereit et al., 2000), as they mitigate

effects associated with the quantum-confined Stark effect observed in polar hetero-

junctions. III-V nitride axial heterostructures have been previously only reported

in the polar [0001] c-direction (Guo et al., 2011, Rigutti et al., 2010); therefore the

demonstration focuses on the synthesis of axial heterostructures in the nonpolar

[1-100] m-direction. Analyzing composition, morphology, and growth rate of the

(In,Ga)N heterostructures allows elucidating the underlying mechanisms controlling

the structural evolution, which can be readily extended to other nanowire materials

systems.

7.1.1 Investigated Samples

The samples investigated by electron tomography were grown after previous experi-

ments have shown that adjusting the supply of group III precursors as well as group

V precursors can be used to modify growth rate and diameter of GaN and InN

nanowires and that trimethylgallium (TMG) pulses during InN nanowire growth in-

fluence both the diameter of the nanowire as well as its chemical composition (Lim

et al., 2013).

For synthesis of the investigated nanowires quasi-periodic TMG pulses were ap-

plied during m-directional InN nanowire growth. This process provided “caterpillar”

shaped nanowires, with quasi-periodic diameter variations along the nanowire axis.
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Figure 7.1: Projections acquired of periodic InGaN heterostructure nanowire. All scale
bars represent 50 nm.

7.1.2 Electron Tomography Investigations

To understand the evolution of the nanowire diameter changes during growth and

changes in the chemical composition, electron tomography was applied. For this pur-

pose nanowires were transferred on a lacey-carbon grid and a tilt series of HAADF

STEM images of a caterpillar-shaped nanowire was acquired over a tilt range of

±67◦ with a tilt step of 1°. Fig. 7.1 shows some images of the acquired tilt series.

Alignment of the tilt-series was done by cross-correlation methods and reconstruc-

tion was performed with a SIRT algorithm using 20 iterations. Fig. 7.2 illustrates

results from the tomographic reconstruction together with scanning electron mi-

croscopy (SEM) images acquired on a similar nanowire. Fig. 7.2a shows the timing

of the TMG pulses applied during InN nanowire growth, Fig. 7.2b-e show surface

rendered tomographic results and SEM images from different viewing angles. These

results show that the volume changes in these nanowires heterostructures are ac-

commodated by changes in relative nanowire facet lengths, which consequently alter

the cross-sectional geometry along the nanowire in two distinctive steps (Fig. 7.2f).

At position 1, the nanowire has a truncated triangular cross-section consisting of

two {11-22} facets and a {0001} facet. Small truncated facets of the same family of

planes ({11-22} and {0001}) in the corners of the nanowire become more dominant

upon diameter reduction, first yielding a diameter reduction along the <11-22> di-

rection (step I in Fig. 7.2g). Next, the upper {0001} facet broadens in addition
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Figure 7.2: (a) TMG flow during nanowire growth of m-directional, caterpillar-shaped
InN/InGaN axial heterostructures (in sccm, standard cubic centimeter per
minute). (b) SEM image (left) and corresponding tomography reconstruction
(right) of a caterpillar-shaped nanowire. (c-e) SEM images (left) and corre-
sponding tomography reconstruction (right) of caterpillar-shaped InN/InGaN
nanowires taken along two <0001> directions and one <11-22> direction,
described by insets. Colors represent different facets defined in (i). (f) Recon-
structed model of the nanowire morphology using the same facet color scheme
as in (c-e). (g) Cross-sections at positions 1-3 extracted from the tomogra-
phy results at the positions labelled in (b) and illustrated in (f). Colors of
cross-sections and facets correspond to those in (c-f). The facet inclination
in the upper left corner of the reconstructed cross-sections is an artifact re-
sulting from the limited tilt range of the tomography series. (h) Overlaid
cross-sections shown in (g) emphasize the evolution during steps I and II.
(i) Identification of the nanowire facets and their two-step evolution. The
“upper” {0001} and {11-22} facets are shown in red/purple and orange, re-
spectively. The “lower” {0001} and {11-22} facets are shown in green and
blue, respectively. All scale bars represent 50 nm.
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(a) (b) (c) (d)

Figure 7.3: Evaluation of the impact of the missing wedge on cross sections of the
caterpillar-shaped InN/InGaN nanowire. (a) Phantom created for simula-
tions to evaluate the missing wedge artifact corresponding to modelled cross-
sectional shape of the nanowire (top) and corresponding 2D Fourier transform
(bottom). (b) Reconstruction of the phantom shown in (a) from projections
taken over a tilt range of ±67◦ with the phantom oriented not favorable with
respect to the missing wedge (top) and corresponding Fourier transform of the
reconstruction (bottom). The sampled range of the Fourier space is indicated
in the Fourier transform. (c) Reconstruction of the phantom shown in (a)
from projections taken over a tilt range of ±67◦ with the phantom oriented
favorable with respect to the missing wedge (top) and corresponding Fourier
transform of the reconstruction (bottom). The sampled range of the Fourier
space is indicated in the Fourier transform. (d) Slice through the experimental
reconstruction of the nanowire in its original orientation (top) and correspond-
ing Fourier transform (bottom) with a zoom on the central part (inset). The
orientation of the sample with respect to the missing wedge is close to the
most favorable orientation shown in (c).

to the lower corner {11-22} facets, yielding a highly truncated (almost hexagonal)

nanowire cross-section in step II (Fig. 7.2g).

It is notable that, even though the tilt range for the tomographic series was only

±67◦, the impact of the missing wedge in the reconstruction of the nanowire appears

quite limited. To investigate this closer we did simulations on a phantom object cor-

responding to the modelled cross section of the InN/InGaN nanowire (see Fig. 7.3a).

From the Fourier transform of this phantom object it is visible that the object is

mainly defined by three lines through the spectrum oriented perpendicular to the

orientations of the object’s surfaces in real space. The phantom can therefore be

well reconstructed if these frequency components are well sampled. For the given

example of a tilt range of ±67◦ there exist two extreme cases for bad and good sam-

pling conditions, which are shown in Figs. 7.3b & 7.3c respectively. In the first case
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Figure 7.4: (a) DF-STEM image of an m-directional caterpillar-shaped InN/InGaN nano-
wire taken along the [0001] zone axis. (b) EDS linescan profiles of In and Ga
along the yellow arrow in (a). The regions corresponding to Steps I and II of
the cross-sectional shape evolution are indicated by red and blue, respectively,
which also corresponds to regions with greater In (red) and Ga (blue) content,
respectively. (c) Slice along the tomographically reconstructed nanowire. The
darker contrast in the thin-diameter regions indicates greater Ga content. All
scale bars represent 50 nm.

(see Fig. 7.3b) surfaces of the nanowire are oriented exactly perpendicular to the

electron beam at a tilt angle of 0°. The frequency components defining these surfaces

lie therefore inside the missing wedge and cannot be reconstructed. In the second

case (see Fig. 7.3c) the nanowire is rotated by 30° with respect to the electron beam

at a tilt angle of 0°. Therefore none of the major three lines in the spectrum lies

inside the missing wedge and the nanowire can be well reconstructed. In the present

experiment the conditions were very close to this favorable case as is illustrated for

a cross-section from the experimental reconstruction in Fig. 7.3d.

In addition to morphological information electron tomography also allows recov-

ery of compositional information. Fig. 7.2 shows a slice through the tomographic

reconstruction as well as results from an energy-dispersive x-ray spectroscopy (EDS)

line scan along a nanowire. Both results show that Ga is localized within the thin
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diameter regions (Fig. 7.4), corresponding to step II of the morphology evolution.

In the tomographic reconstruction the slightly darker areas in these regions can be

attributed to a higher Ga content due to its smaller atomic mass compared to In.

These results allow explaining the two-step cross-section evolution and associated

volume changes along the axial heterostructure nanowires. It is suggested that step

I occurs during Ga incorporation into the seed particle, while step II occurs during

InGaN solidification. In step I, TMG is introduced and Ga incorporates into the

seed particle, but InGaN is not yet formed. The lower {11-22} facets expand at

the expense of the upper {11-22} facets and the lower {0001} facet. Due to the

inherent c-directional polarity in nitrides, the polarity of the upper and lower facets

is opposite. The relative abundance of III and V species on surface facets affects the

relative stability of facets of different polarity within the same family (Joyce et al.,

2011) as well as the stability of {0001} facets (Northrup and Neugebauer, 1999).

Thus the presence of Ga adatoms on the side wall facets is presumably responsible

for the changes observed in step I. In step II, the formation of InGaN yields abrupt

changes in facet energies and is coincident with the broadening of the upper {0001}

facet. The most stable {0001} facets for InN and GaN have been observed to be

(000-1) and (0001), respectively (Hiramatsu et al., 2000, Jain et al., 2008). It is

therefore suggested that the lower facet is (000-1), and the upper (0001) facet is

stabilized as Ga is incorporated into the nanowire.

7.2 Selenium Segregation in Femtosecond-Laser

Hyperdoped Silicon

Enabling silicon to absorb in the infrared range is of great interest for silicon-based

infrared optoelectronic devices (Carey et al., 2005). One route toward tailoring

of the optoelectronic properties of silicon is doping with chalcogens (S, Se, Te) to

concentrations well above the solubility limit. This process, known as optical hyper-

doping, can produce broad-band absorption in the IR range. Optical hyperdoping

can be obtained by the irradiation of silicon with fs-laser pulses in the presence of a

dopant precursor, either a gas-phase precursor such as sulfur hexafluoride (SF6) (Wu

et al., 2001, Younkin et al., 2003) or a thin film precursor (Sheehy et al., 2007, Smith

et al., 2011a, Tull et al., 2009). When doping is done with conventional methods -

for example, vapor diffusion or ion implantation (followed by annealing) - the dopant

concentration is limited by their equilibrium solid solubility limit to 1016 −1017 cm−3

(Vydyanath et al., 1978), while optical hyperdoping can yield concentrations in the

range of 1019 − 1020 cm−3 (Sher et al., 2011).
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It has been shown that the supersaturated concentrations of chalcogens give rise

to strong sub-band gap absorptance in silicon (Sheehy et al., 2007), but the nature

of the IR absorptance is still poorly understood. A useful approach to understand-

ing how the dopant distribution influences the absorptance is through monitoring

the decay in sub-band gap absorptance with annealing (Tull et al., 2009). It has

been shown that the reduction of sub-band gap absorptance scales with both an-

nealing time and temperature in a way that is proportional to the diffusion length

of the dopant at a given annealing condition. The evolution of the chemical state of

selenium with annealing has also been investigated by extended x-ray absorptance

fine structure (EXAFS) spectroscopy and showed a shift in the chemical state of

selenium with annealing that is closely related to the observed decay in sub-band

gap absorptance (Newman et al., 2009). Despite the improved understanding of

the diffusion-limited kinetics and changes in chemical state that occur during the

annealing of selenium-hyperdoped silicon, no direct structural evidence of dopant

diffusion or phase segregation has been observed.

Electron tomography based on STEM using a HAADF detector is an efficient

method to distinguish between materials with differences in their atomic number and

provides nanometer resolution in three dimensions (Midgley and Dunin-Borkowski,

2009, Midgley and Weyland, 2003). The sensitivity of HAADF STEM to the atomic

number allows for the detection of heavy atoms in a lighter environment and is

thereby well suited for studying the distribution of dopants with sufficient mass

contrast. Segregation has been studied using electron tomography at a larger scale

for the identification of germanium precipitates in an Al-Ge alloy using HAADF

STEM (Kaneko et al., 2008) and for the studies of oxide precipitates in silicon using

bright-field (BF) transmission electron microscopy (TEM) tomography (Schierning

et al., 2011). Another frequently used method for studies of dopant segregation is

atom probe tomography (Duguay et al., 2010, Jin et al., 2012, Thompson et al.,

2005), but atom probe tomography is not suited for the present case due to the

strong structural disorder caused by the doping process, which makes evaporation of

the material difficult. For very small samples electron tomography has been shown

to provide near-atomic resolution (Scott et al., 2012) and even atomic resolution

in combination with prior assumptions about the object (Bals et al., 2010, Goris

et al., 2012a, Van Aert et al., 2011). For larger samples measuring few 100 nm, the

achievable resolution is in the nanometer range.

In this work we investigate the distribution of selenium in fs-laser doped silicon

before and after annealing using HAADF STEM structural characterization. Cross-

sectional investigations show inhomogeneous dopant distribution arising during fs-
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(a) (b)

Figure 7.5: (a) SEM image of fs-laser doped silicon before annealing. The surface is cov-
ered by micron-scale peaks, which are formed during laser irradiation. (b)
Absorptance of Se-hyperdoped silicon without any post-treatment annealing
(blue, from (Smith et al., 2011a)) and after a 30 min anneal at 950 °C (red),
with the absorptance of an untreated silicon wafer for reference (black). Post-
treatment annealing reduces the infrared absorptance.

laser doping and provide initial observations of selenium segregation with annealing.

Next, electron tomography is used to measure the three-dimensional (3D) distribu-

tion of selenium before and after annealing. A segmentation process is developed

for quantifying the density and size distribution of precipitates, which takes into

account the inhomogeneous dopant distribution in the starting material. Compar-

ing these segmented reconstructions allows for confirmation of a large increase in

the density of small (radius ≈ 10 nm) precipitates and a decrease in the amount of

selenium remaining in silicon as a solute.

7.2.1 Material Synthesis and Optical Characterization

To prepare selenium-hyperdoped silicon samples for this investigation, first a 75 nm

film of selenium was deposited on boron-doped Si (100) wafers (resistivity ρ =

1 − 20 Ω cm. Then, the wafers were irradiated with a 1 kHz train of 80 fs, 800 nm

laser pulses with a fluence of 4 kJ/m2 using 88 pulses per area. Post-irradiation

annealing was done in a forming gas (5% H2) environment. In this work, we compare

the dopant distribution before and after annealing for 30 min at 950 °C. A more

detailed description of the hyperdoping process has been published elsewhere (Tull

et al., 2009). Fig. 7.5a shows a SEM image of the sample after doping. In addition to

the incorporation of dopants, fs-laser doping also modifies the surface, producing a

rough surface covered by periodic micron-scale peaks (Tull et al., 2006). Crystalline

silicon in the doped surface is transformed to different types of polycrystalline silicon,
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which is attributed to pressure-induced phase transformations (Smith et al., 2011b,

2012).

Optical properties of the samples before and after annealing have been investigated

by measuring the IR absorptance with a UV-VIS-NIR (ultraviolet-visible-near in-

frared) spectrophotometer equipped with an integrating sphere (Smith et al., 2011b,

Tull et al., 2009). The diffuse and specular reflectance (R) and transmittance (T )

were measured, in 1 nm increments, to determine the absorptance (A = 1 −R− T )

at each wavelength. Fig. 7.5b shows the measured absorptance for the investigated

samples. The modified sample morphology influences the optical properties of sil-

icon, increasing the absorptance due to enhanced geometrical light trapping (Sher

et al., 2011). More importantly, the nonannealed sample shows near-unity absorp-

tance for the whole investigated spectral range, extending well below the band gap,

while for the 950 °C annealed sample the sub-band gap absorptance is reduced to

below 0.25. This annealing condition represents the extreme case; lower anneal-

ing temperatures and shorter annealing times provide samples with intermediate

absorptance (Tull et al., 2009).

7.2.2 Sample Preparation

Cross-sectional TEM samples were prepared using a South Bay Technology Model

590 tripod polisher and diamond polishing films on a Struers Labopol-4 polishing

wheel. Final thinning of cross sectional samples was carried out with an Ar+-ion

mill at 5 kV in a Gatan Precision Ion Polishing System.

Sample preparation for electron tomography was done in a FEI Strata dual-beam

focused ion beam (FIB)/SEM. The instrument is equipped with an in situ gas in-

jection system with sources for deposition of silicon dioxide and tungsten as well

as with a micromanipulator for extraction of the sample. The principles of sample

preparation are shown in Fig. 7.6. The goal of the preparation was to prepare a

needle-shaped sample from the center of one of the peaks of the material, with a

diameter of about 150 nm and a height of few micrometers. This type of sample

preparation is now commonly used in electron tomography (Kawase et al., 2007, Ke

et al., 2010, Yaguchi et al., 2004) as needle-shaped samples maximize the tilt range

for tomography while keeping the sample thickness along the electron beam path

small for all tilt angles. Preparing a relatively long needle allows the extraction of

information about changes in sample composition with depth.

A protective stack, consisting of electron deposited silicon dioxide, electron de-

posited tungsten, and finally ion deposited tungsten, was deposited on one of the

micronscale peaks on the surface prior to milling. Then a standard lift-out technique
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Figure 7.6: Principle of the sample preparation for electron tomography: Needle-shaped
samples are prepared from the center of peaks of the structured surface using
a FIB/SEM instrument. The finished needle-shape samples contain a cylinder
through the doped silicon surface.

is used to extract a lamella with a thickness of 1-2 μm containing the protected peak.

The extracted lamella is glued to an Omniprobe TEM support grid. In contrast to

standard TEM preparation, where the sample is usually glued to the side of one of

the supporting posts of the TEM grid, we glued the lamella to the top of a support

to prevent shadowing from the support at high tilt angles and to allow milling to

a circular shape. To obtain a needle-shaped sample, annular milling at 30 kV was

used, where the diameter of the milling pattern is reduced in several steps until a

sample with a diameter of about 100 nm at the top remains. We abstained from

finishing with ion milling at lower high tension, as this would reduce the inclination

of sidewalls, thereby leading to a much larger sample diameter at the base of the

peak. Our sample preparation produced samples with an inclination of the sidewalls

of approximately 1.38°, causing the sample diameter to increase by 45 nm every

1 μm along the depth.

7.2.3 Cross-Sectional TEM Investigations

Cross-sectional HAADF STEM characterization was conducted in a probe aberration-

corrected FEI Titan 80-300 s microscope operated at 300 kV. The HAADF STEM

image in Fig. 7.7a provides insights into the selenium distribution in a Se-hyperdoped

region prior to annealing. Although HAADF STEM does not directly give chemical

information, comparing Fig. 7.7a with previous investigations show that contrast

changes observed in HAADF STEM images correspond to changes in the selenium
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(a)

(b) (c)

(d) (e)

Figure 7.7: (a) HAADF STEM image of a peak on the non-annealed surface of selenium-
hyperdoped silicon. Brighter contrast within the peak is due to increased con-
centrations of selenium. (b) Bright-field STEM image of the interface between
the polycrystalline hyperdoped region and the undoped silicon substrate, from
region indicated in (a). (c) HAADF STEM image of the interface in (b),
showing diffuse contrast due to increased selenium concentrations, with some
segregation already visible. (d) BF-STEM image of a grain boundary within
the polycrystalline region. (e) HAADF STEM image of the grain boundary
in (d), showing no visible signs of segregation. The dark spots visible in the
HAADF STEM image are voids.
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(a)

(b) (c)

(d) (e)

Figure 7.8: (a) HAADF STEM image of a peak on the surface of selenium-hyperdoped sil-
icon that was annealed for 30 minutes at 950 °C. The base of the peak contains
precipitates of selenium-rich material and segregation to grain boundaries in
the body of the peak is also visible. (b) Bright-field STEM image of a faceted
Se-rich precipitate, from region indicated in (a). (c) HAADF STEM image of
the precipitate in (b), confirming that it is selenium rich. (d) BF-STEM image
of a grain boundary within the polycrystalline region. Region indicated in (a)
is a best estimate of the image position. (e) HAADF STEM image showing
selenium segregation to grain boundary in (d). Lighter contrast visible in (c)
and (e) is ion beam damage due to sample preparation.

concentration in silicon (Sheehy et al., 2007, Smith et al., 2011a). Se-rich regions

give brighter contrast due to the higher atomic number of selenium compared to

silicon. The selenium concentrations are highest at the base of the peak, where the

image contrast is diffuse and noticeably inhomogeneous (Figs. 7.7b&7.7c). The con-

trast is also inhomogeneous throughout the body of the peak, though this may be

exaggerated by changes in sample thickness. Close investigation of a grain boundary

prior to annealing suggests no visible grain boundary segregation (Figs. 7.7d&7.7e).

Annealing at 950 °C for 30 min produces significant selenium segregation to grain

boundaries and the precipitation of selenium-rich material, as shown in Fig. 7.8a.

At the base of the peak, where there was diffuse contrast before annealing, there

is now a high density of selenium-rich precipitates, some of which exhibit faceting

(Figs. 7.8b&7.8c). A HAADF STEM image of a grain boundary, from the region

indicated in Fig. 7.8a, shows selenium segregation into a region that is ~3 nm thick

(Figs. 7.8d&7.8e).

Comparing cross-sectional HAADF STEM images of the nonannealed selenium-

hyperdoped silicon reveals an inhomogeneous selenium distribution within the sur-
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face peak. After annealing for 30 min at 950 °C, we see evidence of selenium segrega-

tion and precipitation with annealing. However, due to the complex 3D distribution

of dopants, it is difficult to extract quantitative information about size and distri-

bution of Se-rich regions from these cross-sectional images. To confirm and improve

our understanding of selenium segregation with annealing, we therefore use HAADF

STEM tomography to map the selenium distribution in three dimensions.

7.2.4 Electron Tomography Investigations

Electron tomography was performed on a probe aberration corrected FEI 80-300

Titan microscope operated at 200 kV in HAADF STEM mode. A small convergence

angle of 5 mrad was used to improve the depth of field (Hyun et al., 2008). Projec-

tions of the needle-shaped samples were acquired over a tilt range of ±78◦ using a

linear tilt step of 1°. The tilt range was limited by the used sample holder. Projec-

tions were acquired with a size of 2048 × 512 pixels at a pixel size of 1.03 nm. The

voxel size of the reconstructed volumes is equal to the pixel size of the projections.

Alignment of the tilt series was done by cross correlation using the FEI Inspect3D

software. For the reconstruction a Matlab-based implementation of the simultane-

ous iterative reconstruction technique (Gilbert, 1972) with 20 iterations was used.

For processing and visualization of the reconstructed volumes Matlab, ImageJ, and

Avizo were employed.

To enable the comparison of different reconstructions, we normalized the contrast

in each reconstruction relative to two reference values; the mean value of the vacuum

outside of the sample (set to 0) and the mean value of the undoped region in the

bottom of the peaks (set to 1). The values of all voxels were normalized relative to

those two values. Quantification of the selenium concentration would require both an

exact knowledge of the Z-dependence of the contrast (Van Aert et al., 2009, Van den

Broek et al., 2012) and detailed understanding of how selenium is incorporated

in the silicon crystal structure. Therefore, in this investigation we concentrate on

qualitative observations and, in particular, on the evolution in dopant distribution

with annealing.

Fig. 7.9 shows volume rendered views and slices through the reconstruction of

the nonannealed sample. In agreement with the observations of the cross-sectional

sample, the concentration of dopants is highest at the base of the peak. In the nonan-

nealed sample, we observe diffuse contrast throughout the doped region, indicative

of solid solution selenium incorporation and also some clusters of selenium-rich ma-

terial. After a 30 min 950 °C anneal (Fig. 7.10), the dopant distribution is strongly

inhomogeneous. We observe selenium segregation to grain boundaries as well as a
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(a) (b)

Figure 7.9: 3D reconstruction of the non-annealed sample: (a) Volume-rendered view from
different viewing angles. Brighter regions correspond to higher selenium con-
centration. (b) Slices through the reconstructed volume at different locations
along the z-direction. Diffuse contrast is visible at the base of the sample with
some Se-rich precipitates. The selenium concentration increases towards the
base of the sample. Scale bars are 100 nm.
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(a) (b)

Figure 7.10: 3D reconstruction of the sample annealed at 950 °C for 30 min: (a) Volume-
rendered view from different viewing angles. Brighter regions correspond to
higher selenium concentration. (b) Slices through the reconstructed volume
at different locations along the z-direction. Strong signs of precipitation and
segregation to grain boundaries as well as to voids are visible. The diffuse
contrast is reduced compared to the non-annealed sample. Scale bars are
100 nm.
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large number of selenium-rich precipitates, in particular at the base of the peak, but

also in the vicinity of the grain boundaries. Furthermore, the collection of this high

resolution structural information in three dimensions enables the quantification of

dopant segregation with annealing.

7.2.5 Segmentation of Dopant Segregation

To extract quantitative information about the different types of segregation – to

grain boundaries, and to voids – and precipitation we must first segment the recon-

structed volumes into selenium rich and non selenium rich regions. For the segmen-

tation procedure, we used preprocessing steps for the normalization and filtering of

the volumes combined with a gradient watershed segmentation algorithm (Adams

and Bischof, 1994, Fernández, 2012). An evaluation of the proposed segmentation

method and on effects of missing wedge artifacts for a simulated object can be found

in Appendix B.

Other methods – such as discrete tomography (Bals et al., 2007, Batenburg et al.,

2009) or total variation (TV)-minimization based reconstruction (Goris et al., 2012b,

Saghi et al., 2011) – use prior knowledge about discreteness of the material phases

in the sample to combine reconstruction and segmentation or to obtain a filtered

volume in the case of discrete tomography and TV-minimization based reconstruc-

tion, respectively. In our case, we decouple reconstruction and segmentation, as

no discrete interfaces of selenium-rich material throughout the sample are expected

due to the nature of the dopant incorporation and segregation. In addition, in

the segmentation process we focus on regions with bright contrast relative to their

close surroundings, rather than defining a specific dopant concentration threshold

of interest.

To more clearly illustrate this segmentation process designed for quantifying do-

pant segregation in a disordered environment and from an initially inhomogeneous

distribution, Fig. 7.11 shows slices through the reconstructed volume before and af-

ter each step of the segmentation routine. The intensity profile, extracted along the

indicated intersection, illustrates the evolution in signal noise from this segmentation

process. Our segmentation routine consists of the following steps:

• Normalization along height (Fig. 7.11 (1) → (2)): Starting from the original

reconstructed volumes, in the first step we compensate for changes in overall

dopant concentration with height of the sample (y-direction), visible in par-

ticular for the nonannealed sample. With this normalization, we put the gray

level of regions between precipitates to approximately constant values for the
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(a) (b)

(c) (d)

(e) (f)

Figure 7.11: Steps of the data segmentation process (a) Slices through the non-annealed
sample along an xz-plane, (b) Slices through the 950 °C annealed sample
along an xz-plane. The slices along the xz-planes illustrate also effects of
missing wedge artifacts. (c) Slices through the non-annealed sample along
an xy-plane, (d) Slices through the 950 °C annealed sample along an xy-
plane, (e) Intensity profiles along z-direction at the position indicated by a
dashed arrow in (c), (f) Intensity profiles along z-direction at the position
indicated by a dashed arrow in (d). The segmentation process starts from
the original volume (1), to a volume normalized along the depth (2), to a
volume filtered using an anisotropic diffusion filter (3) and finishes with the
final segmented volume (4). Scale bars are 100 nm.
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whole sample, thus compensating for the increasing concentration of selenium

in solid solution toward the base of the peaks. This normalization allows em-

phasis on the regions that have a high dopant concentration relative to their

close surroundings. For this purpose we calculate the mean intensity at each

height in the sample and do a linear interpolation along the height. Then we

normalize all values at a given height with the value extracted from the inter-

polation. This provides a volume with relatively constant gray values in the

region between the Se-rich regions, which facilitates the following segmentation

step.

• Filtering (Fig. 7.11 (2) → (3)): After the normalization we apply an anisotropic

diffusion filter (Perona and Malik, 1990) to the volume to reduce noise in the

reconstruction. A 3D version of the filter proposed by Perona and Malik, im-

plemented in C, was used for filtering. Anisotropic diffusion filtering has been

shown to be an efficient tool for edge-preserving denoising of electron tomo-

grams and is frequently used in biological applications (Fernández et al., 2008,

Fernández and Sam, 2005, Frangakis and Hegerl, 2001). The effects of filtering

can be seen in the profiles, as the strong signals from segregated regions are

conserved, while regions in between are smoothed.

• Segmentation (Fig. 7.11 (3) → (4)): For the actual segmentation we use a gra-

dient watershed algorithm (Adams and Bischof, 1994). Related segmentation

methods have been proven efficient for segmentation of electron tomograms of

biological samples (Fernández-Busnadiego et al., 2010, Salvi et al., 2008, Volk-

mann, 2002). Segmentation is done using the Avizo software. First, regions

with a large gradient are masked in such a way that transition regions between

the materials are defined and will be subject to automated segmentation. In

the remaining volume, seed regions, which belong to a specific material, are

defined based on absolute threshold values. These two steps necessitate in-

put from the user to define the threshold for the gradient mask and to set

the ranges for the threshold value. For the actual segmentation a watershed

transform is applied to the gradient volume to allocate masked voxels and

voxels lying between the thresholded intervals. The watershed transform sets

the boundary between seed regions of different materials to the position of the

highest gradient.

This process produces volumes in which Se-rich regions are discretely separated

from other regions of silicon. We can identify precipitation of selenium, segregation

at grain boundaries and segregation toward the exposed surfaces of voids. Fig. 7.12
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(a) (b)

Figure 7.12: Surface rendered views of segmented reconstructions overlaid with volume-
rendered views for (a) non-annealed sample, (b) 950 °C annealed sample
seen from different viewing angles. The volumes shows precipitates (white),
segregation at grain boundaries (blue) and segregation at voids (green). Scale
bars are 100 nm.

shows the results of the segmentation, using different colors for the three types of

segregation. This segmentation allows us to move forward quantifying the effect of

annealing on segregation of selenium from the supersaturated silicon.

7.2.6 Quantification of Dopant Segregation

Qualitative inspection of the volumes reconstructed before and after annealing re-

veals results consistent with the previous cross-sectional TEM investigations: dif-

ferences can be observed in the number of precipitates, which increases significantly

with annealing, and also in the contrast observed in the material between the Se-

rich regions, which is significantly lower in the annealed sample. Motivated by these

qualitative observations, we extract quantitative information about the size and den-

sity of precipitates and the change in selenium concentration in solid solution in the

regions between precipitates.

• Precipitate size and density: For this measure we focus only on precipitates

to get information about their size and distribution, excluding segregation to

117



7 HAADF STEM Tomography

0 5 10 15 20 25 30 35
0

250

500

750

1000

 

P
re

c
ip

it
a

te
s
/µ

m
3



Radius (nm)

0

250

500

750

1000

950 ˚C

NA

Figure 7.13: Size distribution of precipitates before annealing (blue) and after a 950 °C
anneal for 30 minutes (red). The number of precipitates has been normalized
by the overall volume measured to take into account the slightly different
volumes characterized. The size distribution shows a significant increase in
the density of precipitates with annealing.

grain boundaries and voids. For this purpose the volume of each precipitate

is extracted using the 3D object counter plugin for ImageJ. The volume of

each precipitate is transformed to an equivalent radius of a sphere with the

corresponding volume. The number of precipitates is converted to a precipitate

density distribution by normalizing the number of precipitates with respect to

the total volume of the investigated sample. The resulting size distribution

for both samples is shown in Fig. 7.13. We observe a significant increase

in the density of precipitates with annealing, in particular a large number

of relatively small precipitates is present after annealing, with 67% of the

precipitates having a radius r = 5±2nm. A drawback of this technique is that

the sample volume is too small to get a sufficient amount of data to quantify

the evolution of larger precipitates r > 10nm with annealing.

• Background dopant concentration: The segmented volumes can also be used

to extract information about the dopant concentration in the regions between

segregates. This process is shown in Fig. 7.14a. We create a mask of all voxels

that are attributed to silicon but which are not identified as being Se-rich.

Then a morphological erosion operator in 3D is applied several times on this

mask using the ImageJ plugin 3D Toolkit. This step removes voxels close to

the boundary of the volume and close to segregates. This mask is overlaid

with the original reconstructed volume. The masked volume then contains

only regions that are not Se-rich and therefore provides information about
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(a) (b)

Figure 7.14: (a) Quantification of dopant concentration in the region between segregates:
(1) Slice through the original volume, (2) slice through the mask containing
background voxels, (3) slice through the mask after morphological erosion
for the 950 °C annealed sample, (4) slices through the masked volume for
both samples (brightness/contrast settings are adapted compared to previ-
ous images): these voxels are used to calculate the normalized background
intensity. (b) Normalized background intensity for the non-annealed sample
(blue) and for the 950 °C-annealed sample (red) as a function of height. The
distance is given from the interface to the undoped region towards the top
of the samples as indicated in (a)(4). The extracted background intensity
shows changes of dopant concentration with height for both samples and
a reduction of dopant concentration in the region between segregates with
annealing. Scale bars are 100 nm.
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changes in the amount of selenium in this area. Fig. 7.14b shows the average

intensity of each slice of the masked volume along the height for the two sam-

ples. The comparison of this background intensity shows clearly the changes

of dopant concentration with height in both samples as well as the reduction

of dopant concentration with annealing in the regions between precipitates,

grain boundaries and voids.

We note, however, that the values extracted from quantification of electron tomog-

raphy reflect only the behavior in a small volume, and this makes correlation of the

observed trends on the nanoscale with bulk properties a challenge. However, com-

plementary experiments, using a more global probe such as EXAFS spectroscopy,

can be used to confirm the trends on a larger scale (Newman et al., 2009). Finally,

very small precipitates (r < 1 − 2nm) cannot be detected due to the spatial resolu-

tion limit, which can be estimated to approximately 3 nm for the used number of

projections (Midgley and Weyland, 2003). Therefore, segregation on atomic length

scales is below the detection limits of electron tomography.

7.2.7 Results and Discussion

Our initial HAADF STEM investigations provide direct evidence of selenium pre-

cipitation and segregation with annealing, which supports previous hypotheses that

diffusion-limited segregation is responsible for the optical deactivation of selenium

with annealing (Tull et al., 2009). The HAADF STEM results highlight the poten-

tial significance of the nucleation and growth of a Se-rich phase during the optical

deactivation process.

Characterization of a nonannealed sample using both cross-sectional TEM inves-

tigations and electron tomography allows for the identification of a representative

microstructure and dopant distribution. Using Z-contrast to monitor the selenium

distribution, we find an inhomogeneous distribution of dopants even before anneal-

ing. We observe an increasing concentration of dopants toward the base of the peak,

until it reaches a relatively sharp interface with the unmodified silicon wafer under-

neath. A diffuse bright contrast is visible in the nonannealed sample, which indicates

a solid solution of selenium in silicon (Figs. 7.7&7.9). Se-rich precipitates can also

be observed, in particular at the base of the peak (Fig. 7.12a). The initial segre-

gation of selenium from the supersaturated solid solution is likely a consequence of

the annealing that occurs during scanning of the pulsed laser beam over the surface

(Smith et al., 2012).
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After annealing for 30 min at 950 °C, we observe more localized Se-rich regions,

providing direct evidence of dopant precipitation and segregation in both cross sec-

tional (Fig. 7.8) as well as in tomography investigations (Fig. 7.10). Electron to-

mography reveals a large number of small precipitates (Fig. 7.12b) and allows for

quantification of their density and size distribution. Tomography shows that the

size and number of these precipitates decreases toward the top of the peak, where

there was less selenium observed in solid solution in the nonannealed sample. Quan-

tification of the size distribution and density of precipitates (Fig. 7.13) confirms the

formation of a large number of precipitates with annealing. The precipitates form

throughout the investigate volume and in a larger number in the region with a higher

initial supersaturation (bottom of the peak). In addition to the formation of new

precipitates possibly also segregation to existing precipitates can occur.

Grain boundary segregation is observable by comparing the Z-contrast of a grain

boundary in the nonannealed and 950 °C annealed samples. Close investigation of

grain boundaries in the cross-sectional nonannealed sample (Figs.7.7d&7.7e) showed

no signs of segregation, while in the annealed sample a few-nm-thick Se-rich layer is

visible at the grain boundary (Figs. 7.8d&7.8e). Similar trends are observed in the

tomography reconstructions. Though here the reconstruction of the nonannealed

sample (Figs. 7.9&7.12a) shows weak signs of segregation at a grain boundary, in

the annealed sample (Figs. 7.10&7.12b) segregation is significantly enhanced and a

Se-rich layer is clearly visible at the grain boundary.

It is understood that the sub-band gap absorptance shown in Fig. 7.5b arises due

to high concentrations of chalcogens being incorporated into silicon as a metastable,

supersaturated, solid solution (Sheehy et al., 2007). Therefore, it is the decrease

in supersaturation of silicon that is directly related to the optical properties of the

material. The quantification of the contrast in the silicon matrix (Fig. 7.14) shows

a significant reduction with annealing, which corresponds to a lower amount of

selenium supersaturation in the annealed sample as compared to the nonannealed

sample. In particular in the most highly doped regions, toward the base of the

cylinder, this contrast arising due to selenium supersaturation is several times higher

in the nonannealed sample than in the annealed sample.

The studies performed here provide elemental confirmation of chalcogen diffusion

and segregation occurring as sub-band gap optical absorptance decreases. Previously

this theory enjoyed only circumstantial support (Tull et al., 2009). We observe the

precipitation of dopants and segregation toward grain boundaries and voids, while

at the same time the concentration of dopants in the material between the precip-

itates, grain boundaries and voids decreases. The observations support the theory
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of diffusion-limited segregation being a major driving force behind the reduced sub-

band gap absorptance with annealing, specifically during relatively long annealing

at high temperatures.

Combined with volume segmentation methods, electron tomography can be used

for quantitative investigation of a large number of small precipitates and also to

monitor changes in contrast of the surrounding matrix. With a proper calibration

sample, it may be possible to use the contrast observed in HAADF STEM tomog-

raphy to quantify the composition of the segregating phase and the surrounding

supersaturated matrix.

7.3 Conclusion

In this chapter electron tomography based on HAADF STEM contrast has been

used for understanding the mechanisms behind a flow-controlled approach for the

growth of diameter- and composition-modulated nanowire heterostructures and to

reveal selenium segregation in fs laser-doped silicon.

The described flow-controlled approach to nanowire growth provides a foundation

for controlled synthesis of complex nanowire architectures, by varying both III and

V sources during nanowire growth. In the exploration of the process, electron to-

mography served as an important tool, which allowed recovery of the faceting of the

nanowire and thereby the proposition of a growth model for the nanowire.

Selenium segregation and precipitation observed with annealing in fs laser-doped

silicon is likely a critical mechanism behind the reduced IR absorptance of silicon hy-

perdoped with chalcogens with annealing. Through 3D investigations using electron

tomography based on HAADF STEM, we observed precipitation and segregation

to grain boundaries and to voids. Quantification of the distribution of dopant-rich

regions can provide insight into the kinetics of dopant precipitation and segregation,

and eventually such methods could be also extended toward absolute quantification

of dopant concentration.

HAADF STEM tomography is demonstrated as a useful technique for both mor-

phological and compositional 3D analysis, if mass contrast is sufficiently large. This

is not always the case as will be shown on an example in the next chapter. Ap-

plications with little mass contrast therefore require the application of other TEM

contrast techniques for tomography.
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As shown in the previous chapters HAADF STEM tomography is a useful tool for

distinguishing different materials, if they provide sufficient contrast by their mass dif-

ference. However not all material systems fulfil this criterion. When HAADF STEM

contrast is too low, other contrast mechanisms need to be applied. In this chapter

we investigate Si/Al2O3/TiN core-shell nanowires, which form the basis of nanos-

tructured capacities. While these materials have only small differences in their mass,

their electronic structure is quite different, which gives rise to differences in their

bulk plasmon peaks. We used these differences for 3D elemental characterization

by low-loss energy-filtered transmission electron microscopy (EFTEM) tomography

doing four-dimensional spectral tomography of the nanowire-based capacitors. This

method allows reconstructing local low-loss spectra within the whole device giving

access to the chemical distribution. We used this capability to extract information

about plasmon peaks from the different materials within the nanowire leading to

the reconstruction of a three-dimensional model of the device. Additionally the

reconstructed low loss spectra are compared to spectra acquired in classical two-

dimensional (2D) scanning geometries across the whole nanowire and across a thin

FIB-prepared lamella of the nanowire.1

8.1 Introduction

Silicon nanowires (Hayden et al., 2008, Lu and Lieber, 2007) have been proposed

as promising candidates for device miniaturization in nanoelectronics. Their spe-

cific geometries are ideal to build 3D nanostructured devices like gate-all-around

transistors (Nam et al., 2009), nanosensors (Cui et al., 2001), large capacitors or

energy storage devices (Chan et al., 2008), which could be integrated or stacked

on the same complementary metal-oxide-semiconductor (CMOS) chip (Lu, 2009).

1Nanowire growth, device elaboration and electrical characterization has been performed by Paul-
Henry Morel, Vincent Jousseaume, Murielle Fayolle-Lecocq, Charles Leroux, Thiery Baron, and
Thomas Ernst. Sample preparation of cross sectional samples and 2D EFTEM investigation
have been done by Guillaume Audoit and Dominique Lafond. Parts of this chapter are repro-
duced from (Haberfehlner et al., 2012) and (Morel et al., 2012)
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Figure 8.1: Nanowire capacitor in the interconnect level above the transistors in a micro-
electronic chip

For decoupling capacitors or energy storage devices, the capacitance density should

be maximized, to minimize the chip area needed for their integration. One scheme

for the integration of such capacitors, which can provide high capacitance densities

is to use vertically grown silicon nanowires as basis for a capacitor, which can be

located in the interconnect level of an integrated circuit (IC), as shown in Fig. 8.1.

However to allow the integration of such devices all processes used need to be com-

patible with CMOS technology. This implies in particular the use of low temperature

processes (< 450 °C), as well as the use of compatible materials. Previous demon-

strations of integrated interconnect level capacitors feature capacitance densities up

to 3.5 μF/cm2 using high-κ dielectrics combined with 3D structuring (Bajolet et al.,

2005). Using such capacitors, an area of about 3.8 × 3.8 mm2 would be required for

a decoupling capacitor of 0.5 μF (Black et al., 2004), which means a very large area

consumption on today’s integrated circuits. Indeed, the capacitance density (Cd) of

a planar structure is given by

Cd =
ε S

d A
(8.1)

where ε is the dielectric constant, S the electrode surface, d the dielectric thickness,

and A the top view area occupied by the device. The electrodes nanostructuration

combined with a high-κ dielectric is thus a great opportunity to increase the ca-

pacitance density by making three dimensional large surface devices. Up to now,

many techniques have been reported using either silicon etching (Chang et al., 2007,

Huang et al., 2011, Klootwijk et al., 2008, Morton et al., 2008, Zschech et al., 2007) or

nanostructure growth (Li et al., 1999, Lu and Lieber, 2007, Wagner and Ellis, 1964,

Wang et al., 2006). In principle, these techniques provide high density capacitors
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since they improve the S/A ratio. However, when silicon substrate etching is used,

some of these approaches are limited by the substrate surface consumption, which

should be dedicated to transistors. Moreover, nanostructures are either composed of

carbon nanotubes (Choi et al., 2010) with a maximum reported capacitance density

of 0.62 μF/cm2, or nanoporous alumina (Banerjee et al., 2009) with 100 μF/cm2.

Unfortunately, the latter is not easily compatible with integration in the CMOS

interconnections since its formation uses an anodization process which requires a

backside electrical contact. Moreover, the reported devices work only at a frequency

lower than 100 Hz.

The devices investigated here make use of silicon nanowires grown in the inter-

connect levels of an integrated circuit. This concept takes advantage of the highly

developed surface of a nanowire assembly grown on a metal to get high density me-

tal-oxide-semiconductor (MOS) capacitors. The nanowires have been grown using a

low temperature growth (< 425 °C) with copper as a catalyst (Renard et al., 2009)

to be compatible with CMOS interconnects. The obtained devices with alumina and

conformal metallisation have a capacitance density of 18 μF/cm2. This demonstra-

tion prefigures a next generation of energy storage components (Arico et al., 2005)

or ultra-dense decoupling capacitors (Detalle et al., 2010, Roozeboom et al., 2000)

for integrated circuits. This architecture with integrated high density capacitors will

result in smaller and faster circuits and improved power management.

The fabrication of such nanodevices is challenging and involves many technolog-

ical steps that must be controlled using the most advanced characterization tech-

niques. Typically, probes enabling nanometer resolution and chemical sensitivity

are required. Furthermore, the 3D arrangement of these devices imposes to have

3D imaging capabilities to measure the 3D elemental distribution at the nanometer

scale. For the investigated devices in particular conformity of the alumina deposition

is of importance for device performance.

Electron tomography is a well suited technique for this purpose. For materials sci-

ence investigations, the most widely used imaging mode in a TEM for tomography

is obtained by scanning the electron probe and using a HAADF detector (Midg-

ley and Dunin-Borkowski, 2009, Midgley and Weyland, 2003). HAADF STEM is

well suited for tomography, as the intensity in the images is largely insensitive to

diffraction contrast, fulfilling thereby the projection requirement (Hawkes, 1992).

Moreover, due to its sensitivity to the atomic number it could be used to distinguish

between different materials for optimized systems. Indeed, HAADF STEM provides

contrast between materials which have sufficient difference in their atomic number,

if the difference in atomic number is too small, the contrast is too low and therefore
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HAADF STEM cannot be used to distinguish the different materials. In that case

another contrast mechanism needs to be used.

EFTEM is based on detecting the energy loss of electrons due to inelastic inter-

actions with the materials. Images are recorded at different energy losses, the range

being fixed by an energy window width. This technique was proposed for tomogra-

phy (Midgley and Weyland, 2003, Möbus et al., 2003, Weyland and Midgley, 2003)

as it provides chemical sensitivity combined with reduced diffraction contrast. In

core-loss EFTEM the intensity of ionization edges, which stem from the excitation of

inner shell electrons is recorded. The possibilities of core-loss EFTEM tomography

have been highlighted: it permits the identification of different chemical elements and

could allow three-dimensional elemental quantification. The typical energy losses of

the electrons recorded are in the range of few tens to two thousands of electron volts.

The cross section of the excitation decreases with energy loss leading to a reduction

of the recorded core-loss signal for high energies. The main effect is that only ion-

ization edges at not too high energy losses (well below 1000 eV) can be used for

core-loss EFTEM tomography to keep image acquisition time acceptable. However

even then image acquisition times are in the range of several tens of seconds. As

this technique needs at least two images close to ionization energy per tilt angle for

each investigated element (Verbeeck et al., 2004), the total acquisition time is very

long.

By contrast EFTEM imaging in the low-loss region (< 30 eV) requires only few

seconds for image acquisition. If the different materials investigated exhibit differ-

ences in their plasmon energy, this technique can be used to distinguish them by

using only a single or very few images taken at energies close to their plasmon en-

ergy (Herzing et al., 2010, Yurtsever et al., 2006). This allows the acquisition of

a tomographic series in a similar timeframe as using HAADF STEM tomography.

Tomography can be combined with spectral imaging all over the low-loss range and

a spectral tomography series can be acquired within a few hours. In principle, such a

dataset can then be used to reconstruct four-dimensional data, providing a low-loss

spectrum at each voxel (Gass et al., 2006).

8.2 Investigated Samples

The experimental procedure for the fabrication of the silicon based capacitors is

illustrated schematically in Fig. 8.2a. The devices have been prepared on 8 inch

Si wafers using standard industrial tools. First, a multilayer reproducing today’s

interconnect technologies composed of a 70 nm titanium nitride layer, a 20 nm
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(a) (b)

Figure 8.2: (a) Integration flow for nanowires capacitor in the interconnect level: (1) Mul-
tilayer deposition stack composed of titanium silicide, titanium nitride, copper
and silicon dioxide. (2) Photolithography and etching of the silicon dioxide
to the copper. (3) Nanowire growth with copper as catalyst. (4) Optional
nanowire cleaning followed by alumina and titanium nitride deposition. (5)
Photolithography and etching to define the contact pads. (6) C(V) and I(V)
measurements are performed between the top metal contact and the substrate
backside. (b) Capacitance-voltage measurements and simulations of nanowire
devices compared to a planar reference without nanowires. Measurements
were acquired at ambient temperature and 1 kHz.

copper layer and a 1 μm silicon dioxide layer has been deposited on a silicon substrate

(Fig. 8.2a(1)). The oxide was then patterned to open 100×100 μm2 square windows

toward the copper catalyst (Fig. 8.2a(2)). Silicon nanowire growth was then achieved

at 425 °C in a chemical vapor deposition (CVD) reactor thanks to the oxidation

of the copper catalyst as previously reported (Fig. 8.2a(3)) (Renard et al., 2009).

Alumina (Al2O3) layers of 10 or 20 nm thickness were then deposited by atomic

layer deposition (ALD) on different wafers to form the capacitor dielectric. For

wafers with 10 nm thick alumina, a nanowire cleaning process (HF based) was

performed before alumina deposition. A very conformal deposition of a 20 nm

titanium nitride layer was achieved by using CVD, and was immediately followed

by a 400 nm thick physical vapor deposition (PVD) of AlSi (Fig. 8.2a(4)). The last

step of the process was the use of photolithography and etching to define electrical

top contacts (Fig. 8.2a(5)). Devices were then ready for electrical characterizations

using a backside electrical contact as shown in Fig. 8.2a(6). Fig. 8.2b shows results

from electrical characterization for devices with 10 nm and 20 nm thick Al2O3 layers.

Electron tomography was performed on nanowires with a 20 nm thick Al2O3 layer.

For the samples used for electron tomography the process described previously was

stopped after deposition of TiN. The nanowires were sonicated in ethanol and trans-
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(a) (b)

Figure 8.3: (a) Projections of a Si/Al2O3/TiN nanowire acquired in HAADF STEM mode
and (b) slices through a SIRT reconstruction based on HAADF STEM images.
Scale bars are 50 nm.

ferred onto a lacey-carbon grid. For 2D electron energy-loss spectroscopy (EELS)

investigations, we prepared a thin lamella containing a transversal cross-section of

a nanowire using a dual-beam FIB-SEM instrument.

8.3 Single-Window Low-Loss EFTEM Tomography

In a first experiment we tried using HAADF STEM tomography to reconstruct the

interfaces between the different layers. Fig. 8.3 shows tilt series and reconstructions

of the nanowires from these first experiments. While some small contrast is visible

between the different materials, the differences in mass are much too small for a

reliable segmentation. We therefore searched for other contrast mechanisms to use

for tomography. Here low-loss EFTEM turned out to provide very good contrast

between the different layers at suitable energy losses. We applied low-loss EFTEM in

two experiments on the nanowires. First we acquired a tilt series at a single energy-

loss of 13 eV. In a second experiment we did spectral low-loss EFTEM tomography,

acquiring several energy-filtered series to reconstruct local low-loss spectra.

EFTEM tomography in the low-loss range was performed on a FEI Titan Cube

microscope operating at 200 kV with a Gatan imaging filter (GIF) Tridiem. For

single-window low-loss EFTEM tomography an energy window of 2 eV centered at

13 eV was chosen to acquire the tomography series over a tilt range of -70° to +80°

with a step of 2°. Fig. 8.4 shows projections acquired in this tilt series. An energy

loss of 13 eV was used, as for this energy contrast was visible for both the Si/Al2O3

interface as well as for the Al2O3/TiN interface. Three-dimensional reconstruction
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Figure 8.4: Projections of Si/Al2O3/TiN nanowire acquired in EFTEM mode at an energy
loss of 13 eV. Scale bars are 50 nm.

was carried out using the simultaneous iterative reconstruction technique (SIRT).

For visualization, the image was segmented using absolute threshold values. The

result on Fig. 8.5 shows the conformity of the titanium nitride and alumina layers

along the nanowire length with a uniform thickness following the nanowire rough-

ness.

8.4 Spectral Low-Loss EFTEM Tomography

Motivated by the results from single-window low-loss EFTEM tomography we per-

formed spectral low-loss EFTEM tomography experiments on the same nanowires,

to explore whether tomography can be used to reliably reconstruct low-loss spectra

and to see whether reconstructions at multiple energy losses can be used to get a

better segmentation of the volume.

The principles of acquiring, aligning and reconstructing a spectral tomography

series are shown in Fig. 8.6: a series of energy-filtered images with an energy window

width of 2 eV centered from 7 eV to 27 eV was acquired every 2 eV. This was done

for each tilt angle over a tilt range from -75° to +80° with a tilt step of 5°, giving a

spectral series of eleven images for thirty-two tilt angles. The images at each energy

loss were spatially aligned to each other using a cross-correlation algorithm and

afterwards those image series were aligned over the whole tilt range. To perform this

last step, the alignment over the tilt range is done at one single energy loss and the

calculated shift is applied to all tilt series. This guarantees that the reconstructions

at different energies are aligned to each other. After alignment each energy-filtered

series was reconstructed using the SIRT method. Combination of the reconstructions

provides a four-dimensional dataset consisting of a low-loss energy spectrum at each

voxel.
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Figure 8.5: Tomographic reconstruction of energy-filtered TEM series acquired at an en-
ergy loss of 13 eV. (a) Surface rendered view of the reconstruction based
on segmentation using absolute threshold values together with some slices
through the reconstruction. (b-d) Slices through the reconstruction at differ-
ent positions. Scale bars are 50 nm.

130
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Figure 8.6: Principle of alignment and reconstruction of a spectral tomography series: (a)
Energy filtered tilt series, (b) Volume rendered views of the reconstructed
filtered volumes, scale bars are 100 nm.
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Figure 8.7: Slices through the reconstructed volume at all recorded energy losses, scale
bar is 100 nm.

EELS experiments in the low-loss region were done on an FEI 80-300 kV Titan

Ultimate microscope operated at 200 kV equipped with a GIF Quantum energy filter.

EELS spectra were acquired along line-scans across a nanowire on a lacey-carbon

grid and across the FIB prepared cross-section of a nanowire.

Fig. 8.7 shows a unique slice through the reconstructed volumes obtained at dif-

ferent energies. The interface between the central Si-core region and alumina is well

visible in several of the reconstructions, in particular at an energy loss of 17 eV. By

contrast the distinction between the alumina and TiN layer is less evident at this

energy. Here the reconstruction at 13 eV exhibits best contrast and to a lesser extent

also the reconstructions at energy losses up to 21 eV. We should also emphasize that

at energy losses below 13 eV a large contribution to the contrast stems from sur-

face plasmons. This clearly shows that the EFTEM reconstructions in the low loss

energy region allow to get high contrast between the layers if one chooses optimum

energy position.

Questions now arise to get a better understanding of the multiple contributions to

the signal for each reconstruct voxel. For this purpose, we compared spectra across

the three layers obtained along an EELS line scan across the entire wire Fig. 8.8a,

from the reconstructed volume Fig. 8.8b and finally along an EELS line scan on a

cross sectional FIB lamella Fig. 8.8c. In Fig. 8.8a, the spectra are strongly influenced

by projection effects due to multiple materials, and also by interfaces along the beam

path. This effect is particularly important for spectra acquired in the central region

of the wire.
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(a) (b) (c)

Figure 8.8: (a) HAADF STEM image of a nanowire on a lacey-carbon grid and EELS
spectra acquired along the indicated line-scan. (b) Reconstructed volume and
reconstructed spectra along the indicated cross-section through the recon-
structed volume. (c) HAADF STEM image of the FIB prepared slice through
the nanowire and EELS spectra acquired along the indicated line-scan.

Fig. 8.8b shows spectra along a cross-section through the reconstructed volume.

These are local reconstructed spectra, each spectrum corresponds to one voxel. The

benefit of the reconstruction is particularly significant in the central silicon part,

where only the bulk plasmon peak of silicon remains while effects due to the con-

tribution of the plasmon peaks of TiN and alumina are removed. Note that the

reconstructed EELS spectra have only an energy resolution of 2 eV which corre-

sponds to the energy slit used for the acquisition of the energy-filtered tilt series.

The third geometry of Fig. 8.8c permits to avoid superposition effects during the

acquisition of the spectra so only interface contributions should still be present. We

can then estimate that these spectra could serve as basis to evaluate the quality of

the reconstructed spectra. Ideally, the comparison should exhibit similar features in

both cases. Indeed, good agreement between the reconstructed and reference spec-

tra is obtained in the central Si part. The plasmon peak of silicon shows a similar

shape, however it appears shifted to a slightly higher energy in the reconstructed

spectra. Moreover, the influence of the contributions of the plasmon peaks of the

superimposed layers visible at energy losses around 25 eV are well removed in the

reconstruction. In the alumina region the agreement between reference and recon-

structed spectra is not as good as in the silicon core. We can observe discrepancies

between the energy of the plasmon peak. Additionally the reconstructed spectra

show an increased signal around 17 eV. Possible explanations for those discrepancies

could be an influence of the strong plasmon peak of silicon on neighboring layers

in the reconstruction process as well as energy drift of the energy filter over the

duration of the experiment.

133



8 Low-Loss EFTEM Tomography

In the spectra reconstructed in the TiN region we observe an increasing signal

towards the exterior boundary all over the spectral range and in particular at lower

energies. This signal can be caused by contributions from surface plasmons and by

effects of plural scattering. Though surface plasmons can generally not be recon-

structed in three-dimensions as their intensity is angle dependent, the signal from

surface plasmons will have the largest impact close to interfaces. Plural scattering

has an impact on our experiment due to the relatively large sample diameter com-

pared to the electron mean free path in the materials. This effect is particularly high

at the center of the wires projections. Therefore the intensity of the reconstructed

plasmon peaks should be lower close to the center of the wire and higher near the

exterior boundaries. At the lowest energies also effects of delocalization are visible,

which cause a signal in the surroundings of the nanowire. This shows finally that 3D

reconstruction is possible and even if full interpretation is far from being obvious,

interesting features could be extracted from the 3D reconstruction in the plasmon

energy region.

On top of the spectral analysis, this work shows the 3D imaging capability of

tomography to compute a 3D surface rendered reconstruction of the nanowire based

on the low-loss contrast. Optimum energy windows give rise to optimum contrast

between chemical layers and full 3D reconstruction and characterization of the mor-

phology of the wire and its interfaces is then attainable. We used absolute threshold

values for the segmentation of the volume intensities. Having the full volume re-

constructed at all the energies authorizes to choose optimum energy conditions to

highlight the contrast between the materials: for the Si/alumina interface the seg-

mentation was done at 17 eV, for the alumina/TiN at 13 eV and for the outer

surface at 27 eV. Fig. 8.9 shows surface rendered views of the nanowire using these

conditions. This points out for example that the thicknesses of the alumina and

TiN layers are homogeneous along the entire wire. This capital feature is essential

for good device performance, to keep leakage currents low and to achieve high ca-

pacitances. To our knowledge, no other experiments could provide such a highly

spatially resolved 3D volume showing similar chemical contrast and moreover it is a

fairly rapid experiment with limited electron dose reducing radiation damage.

This method is of course not limited to the investigation of nanowires and has

a wide range of applications. For example, in microelectronics, transistors, nano-

electromechanical systems (NEMS), interconnects and memories could in principle

be studied with this tomographic scheme. More generally it can be applied also to

materials for new energies showing strong 3D morphologies and even for biological

applications, though radiation damage could be a limiting factor. With the advent
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Figure 8.9: 3D reconstruction of the nanowire seen from three different viewing angles
after segmentation

of high-brightness electron sources, monochromators and highly stable energy fil-

ters as well as with optimized experimental conditions and data analysis methods

spectral low-loss tomography could be even extended to 3D nanoscale mapping of

the bandstructure and optical properties (Lazar et al., 2003, Stöger-Pollach, 2008),

using either densely sampled EFTEM or EELS tomography (Jarausch et al., 2009).

8.5 Conclusion

The application of electron tomography for the characterization of nanowire based

devices has been shown. For materials with low difference in atomic mass, but differ-

ences in their bulk plasmon energies, low-loss EFTEM tomography has been shown

to be a useful tool for three-dimensional nanoscale characterization by enhancing

the contrast with respect to more conventional methods. In particular spectroscopic

tomography has been applied and shown to provide valuable information in ad-

dition to single-window EFTEM tomography. It allows the reconstruction of an

energy-loss spectrum for each single volume and provides thereby information about

bulk plasmon peaks and allows reliable segmentation of the different materials. The

agreement between reconstructed spectra and reference spectra is reasonably well.

Limiting factors for the quality of the reconstructed spectra are the number of filtered

images acquired at each tilt angle as well as the relatively low number of tilt angles

used. Furthermore effects of surface plasmons and plural scattering were visible in

the reconstruction. The number of projections could be in principle easily increased,
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however the tilt series acquisition time will increase accordingly and beam damage

could become a problem. Plural scattering would have less impact on thinner sam-

ples and eventually deconvolution techniques could be used. Finally reconstructions

at energies where surface plasmon excitation occurs need to be treated with care.

In addition simulations could help to estimate the impact of all those factors on the

reconstruction.
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Part IV

Improving Resolution





9 Dual-Axis Tomography

This part of the thesis is concerned with methods towards improving spatial res-

olution of a reconstruction in electron tomography. Spatial resolution in electron

tomography is generally limited by the number of projections and the available tilt

range. Two basic methods exist for compensation for these limitations, which are

the applications of dual- and multiple- axis tilt schemes (hardware methods) as well

as the use of reconstruction algorithms, which include prior information (software

methods).

In this chapter we investigate dual-axis tomography as a route towards improving

resolution for the example of a tri-gate transistor. We are interested in particular

in cases, which are not significantly affected by missing wedge artifacts and show

that dual-axis tomography can improve the quality of a reconstruction also for such

cases.1

9.1 Introduction

Dual-axis tomography has been used mostly for its capability of reducing missing

wedge artifacts. These artifacts appear in tomography when the geometry of the

sample or the sample holder does not allow rotation over a full tilt range of 180°

(Mastronarde, 1997, Penczek et al., 1995). Such conditions occur frequently for

biological samples (Messaoudi et al., 2006, Sousa et al., 2011, Xu et al., 2007) but

also in materials science (Arslan et al., 2006, Sugimori et al., 2005). Missing wedge

artifacts cause an elongation of sample features in the direction of the electron beam.

The impact of these artifacts depends on the missing tilt range and is proportional

to the size of features in the other directions. In materials science, in particular for

focused ion beam (FIB)-based sample preparation, sample geometries and sample

holders have been developed, which can eliminate the missing wedge (Kawase et al.,

2007, Ke et al., 2010). For such FIB-prepared samples one might therefore get the

impression of dual-axis tomography being useless.

1Devices have been elaborated by Sylvain Barraud, sample preparation and tomography investi-
gation have been done together with Raphaël Serra. This chapter is reproduced from (Haber-
fehlner et al., 2013a).
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Here we show that dual-axis tomography can also serve to improve the resolution

of a reconstruction without or with a small missing wedge, in particular for samples

containing features with high aspect-ratios being small in one dimension along a tilt

axis and large in the other dimensions. In fact the resolution of the 3D reconstruction

of such objects can become equal to the original two-dimensional (2D) resolution of

the images, without the need for using any prior knowledge for the reconstruction.

Samples which fulfil these conditions are often encountered in nanotechnology, as

many device concepts, also for complex three-dimensional (3D) structures are based

on deposition of thin films. For such devices, it is then possible to adapt the tilt-axes

accordingly to optimize the resolution perpendicular to these layers. Variations of

thickness and roughness of these layers can then be measured with high accuracy.

In this work we investigate a tri-gate nanowire transistor using dual-axis tomog-

raphy. Demonstrations of tri-gate nanowire transistors recently reported (Barraud

et al., 2012, Coquand et al., 2012, Saitoh et al., 2010) highlight a better scalability

of these structures with improved subthreshold slope and immunity to short chan-

nel effect for aggressively scaled complementary metal-oxide-semiconductor (CMOS)

silicon devices. However, there are several key challenges in tri-gate devices for opti-

mizing the device performance and the knowledge about variations in the geometry,

in particular of the gate stack are essential. Here we use dual-axis electron tomogra-

phy to get a high resolution 3D reconstruction of a tri-gate transistor, which allows

detailed analysis of the gate stack for all surfaces of the transistor.

9.2 Materials and Methods

9.2.1 Investigated Samples

[110]-tri-gate nanowires (TGNWs) with high-κ/metal gate stack were fabricated

on (100) silicon on insulator (SOI) wafers with a buried oxide (BOX) thickness

of 145 nm. The SOI film thickness, which consequently defines the height of the

TGNW, is of 11 nm. The silicon layer is patterned to create the nanowires by using

a mesa isolation technique (Colinge, 2004). The nanowire pattern is defined by deep

ultraviolet (DUV) optical lithography and followed by a resist trimming process (Co-

quand et al., 2012). It is performed to achieve nanowire structures with sizes down

to 10 nm in width using HBr/O2 plasma. The targeted thicknesses in gate stack

deposition are 2 nm chemical vapor deposited (CVD) HfSiON, 5 nm atomic layer

deposited (ALD) TiN finished by Poly-Silicon (50 nm) layers. A schematic of such

a TGNW is shown in Fig. 9.1. As for the active patterning, the same photo-resist
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Figure 9.1: Schematic of a tri-gate transistor.

trimming is used providing gate lengths down to 20 nm. In the present study we

investigated a device with a gate length of 10 μm. After gate patterning, a 15 nm

thick nitride is deposited and etched to form the first spacer on source-drain (S/D).

Then, low parasitic resistances are realized by S/D epitaxial silicon growth (ΔTSi =

18 nm).

An important factor for the performance of such devices is the mobility of electrons

or holes in the channel. One limit for the mobility is surface roughness scattering,

which occurs due to interface roughness between the silicon and the gate oxide

(Goodnick et al., 1985, Pirovano et al., 2000). Therefore it is important to be

able to measure this roughness, however, experimental assessment is challenging

and though high-resolution TEM images have been used to provide an idea about

the roughness (Yi et al., 2009), they provide projections over the thickness of the

sample and can therefore be misleading. Electron tomography however can be used

to recover the full 3D information, if reconstructions with sufficiently high resolution

can be acquired.

9.2.2 Sample Preparation

Samples were prepared using a FEI Strata dual-beam focused ion beam (FIB) in-

strument. We used a standard preparation method for electron tomography to

prepare a needle-shaped sample containing the gate region of a single device (Bleuet

et al., 2013, Haberfehlner et al., 2013b, Kawase et al., 2007, Ke et al., 2010, Yaguchi

et al., 2008): first a protective stack was deposited on the region of interest con-

sisting of electron-beam deposited silicon-dioxide, electron-deposited tungsten and

ion-deposited tungsten. Then a lamella containing the device was extracted and

glued to an Omniprobe TEM support grid. The lamella is milled to a circular shape

to get a needle-shaped sample with a diameter of about 100 nm.
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(a) (b) (c)

Figure 9.2: Sample preparation in the FIB: (a) SEM image of the sample glued to support
after initial milling steps (b) SEM image after several steps of annular milling,
(c) HAADF STEM image of the finished sample containing the gate region of
the tri-gate device.

Annular milling was performed at a high tension of 30 kV in the FIB column

using Ga+-ions. The diameter of the needle-shaped sample is reduced in several

steps, at each step the current in the FIB column is reduced to allow precise milling

in the later stages of the preparation process. During the preparation process, care

is taken to keep the device inside of the needle. Fig. 9.2 shows the sample during

the preparation. In Fig. 9.2a the sample is glued to the support and some initial

milling has been done to shape the sample as a pillar. Fig. 9.2b shows the pillar

after several steps of annular milling and Fig. 9.2c shows the finished sample. The

finished sample has a diameter of about 120 nm at the location of the region of

interest.

9.2.3 Tilt Series Acquisition

Tilt series were acquired using a high-angle annular dark field (HAADF) detector

in scanning transmission electron microscopy (STEM) mode on a probe-aberration

corrected FEI Titan 80-300 microscope, operated at 200 kV. A convergence angle of

5 mrad and a camera length of 128 mm was used. A convergence angle of 5 mrad pro-

vides a probe size of 0.33 nm for a depth of field (DOF) of more than 80 nm. Images

were acquired with at a size of 1024 × 1024 pixels with a pixel size of 0.26 nm. The

probe size and the pixel size will ultimately limit the resolution of the reconstructed

volume.

A standard single-tilt tomography holder (Fischione Advanced Tomography Holder

Model 2020) was used for the experiment. Fig. 9.3a shows a schematic of the sample

holder and the tilt scheme. For the acquisition of the first tilt series the sample was
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Figure 9.3: (a) Schematic of the sample holder showing the orientation and different ro-
tation angles used for the sample. (b) Projections from the first tilt series
taken with the needle-shaped sample oriented along the tilt axis (ψ = 0◦). (c)
Projections from the second tilt series taken with the needle-shaped sample
oriented perpendicular to the tilt axis (ψ = 90◦). Scale bars are 20 nm.

put on the holder oriented along the tilt axis of the microscope (ψ = 0◦). Along

this first tilt axis the needle-shape of the sample allows acquisition over a large tilt

range from α = −78◦ to α = 78◦. Projections over this range were acquired every

1°. Projections from this first series are shown in Fig. 9.3b.

After acquisition of the first tilt series the sample was removed from the microscope

and rotated manually by approximately 90° around ψ. We note that the exact

value of rotation is not important as is will be determined in the alignment process.

A second tilt series is taken around the new tilt axis. For this second series the

maximum tilt range is limited from α = −46◦ to α = +59◦ as in this case the

sample thickness along the beam path increases with the tilt angle. Images were

again acquired every 1°. Projections from the second tilt series are shown in Fig. 9.3c.

9.2.4 Tilt Series Alignment

First the projections of each tilt series are aligned to each other using cross-correlation

alignment methods (see Section 4.8) and the position of the tilt axis for each series

is determined. The alignment of the two series to each other is done based on 3D

cross correlation of volumes reconstructed from the two individual series. A similar

approach was previously used by Messaoudi et al. (Messaoudi et al., 2006) and could

be easily extended to more than two tilt axes. One key feature of this alignment
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Figure 9.4: Definition of coordinate systems in the two individually reconstructed volumes
for 3D cross-correlation alignment of the two tilt series.

routine is that it has no requirements about the exact angle between the two tilt axes

and that for the alignment the two series do not need to have a common projection.

For the alignment of the two tilt series to each other, each of the two series is

reconstructed independently using weighted backprojection. A coordinate system

for each reconstruction is defined as shown in Fig. 9.4. The tilt axis defines the

y-direction and the beam direction at 0° tilt angle the z-direction. The origin of the

coordinate systems is put to the center of the reconstruction. Now the alignment

of these two reconstructed volumes to each other requires the calculation of six

parameters for the coordinate transformation between the two coordinate systems:

the three Euler angles, giving the rotation between the coordinate systems and three

shift parameters for the shift along the x-, y- and z-direction.

To find a suitable starting point for the alignment, the maximum of the cross-

correlation between the projection taken at ψ = 0◦ and α = 0◦ in the first tilt series

and the projection taken at ψ ≈ 90◦ and α = 0◦ in the second tilt series is compared,

while one of the two projections is rotated. We note that these projections may have

been taken at slightly different tilt angles, as the rotation of the sample was done

manually. However this does not affect the final alignment, as the value is used only

as a first approximation for the rotation.

Starting from this initial rotational alignment the actual alignment is found by

rotating one of the two volumes, while the second volume is used as reference. The

quality of the alignment can be estimated by the maximum value of the 3D cross-

correlation of the two volumes. Rotational values for all three Euler angles are tested

iteratively, reducing the step after each iteration, until the desired accuracy for the

alignment is reached. The alignment parameters, which provide the highest value for

the maximum in the 3D cross-correlation, are used as results for these parameters.
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In the present case we did the alignment to accuracy better than 0.1° for all Euler

angles.

The calculation of the 3D cross-correlation provides additionally the three param-

eters for the shift alignment, which are given by the location of the maximum in the

3D cross-correlation. After the rotational alignment a final calculation of the cross-

correlation between the two volumes is done and the shift alignment is improved to

sub-voxel accuracy by doing a 3D cubic spline interpolation of the values around the

maximum of the cross-correlation. The maximum of the interpolated values is used

for the shift alignment.

Due to computation time and memory issues it can be advantageous to perform

the calculations for the alignment at a lower resolution. In the present case we

used a two times rebinned volume for the rotational alignment and took only the

central part of each volume with half the size along each dimension into account.

From the original volume with a size of 1024 × 1024 × 1024 voxels this leads to

calculations on volumes with a size of 256 × 256 × 256 voxels. The final cross-

correlation calculation for the shift values is refined at high resolution, using the

central part of the original volume without rebinning, leading to a calculation on

volumes with a size of 512 × 512 × 512 voxels.

9.2.5 Reconstruction

Reconstruction is done with a new combined dual-axis SIRT (simultaneous iterative

reconstruction technique) algorithm. The used algorithm has large similarities to

the alternating dual-axis SIRT algorithm proposed in (Tong et al., 2006), with the

exception that we did not use the two tilt series alternating, but used both series at

the same time to correct the reconstruction in each iteration of the algorithm. Dual-

axis SIRT algorithms have been shown to provide better reconstructions than real-

space or Fourier-space combination of the individual reconstructed volumes (Arslan

et al., 2006, Tong et al., 2006). We used the combined dual-axis SIRT algorithm as it

provided better reconstructions for experimental data than an alternating dual-axis

SIRT algorithm: the combined SIRT algorithm reduced artifacts which appeared in

the coordinate transformation due to interpolation, which becomes necessary, when

the rotation between the two tilt axes does not correspond exactly to 90°. These

artifacts in the alternating dual-axis SIRT algorithm are shown in Fig. 9.5a for a slice

through the reconstruction of the tri-gate transistor. Fig. 9.5b shows the same slice

from the reconstructed with the combined algorithm, where the artifacts disappear.

The proposed combined dual-axis SIRT algorithm uses projection and backprojec-

tion operations and arithmetic operations to compare projections as well as recon-
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(a) (b)

Figure 9.5: Slices through dual-axis reconstructions illustrating artifacts due to interpo-
lation. (a) A slice from the reconstruction using the alternating dual-axis
SIRT algorithms shows artifacts (stripes). (b) In the same slice from the re-
construction using the combined dual-axis SIRT algorithm these artifacts are
removed.

structions. Additionally coordinate transformations are necessary using the align-

ment parameters previously calculated, to transform the volumes between their co-

ordinate systems and a common reference coordinate system. In the present case,

we used the coordinate system of the first tilt series as reference system, though in

principle also another coordinate system could be used. For the rotations of the

volume, which are required in the coordinate transformations, a linear interpolation

scheme is used. Voxels in the transformed volume, which lie outside of the original

volume, are filled with a small value (1 × 10−6) to eliminate divisions by zero during

the reconstruction process.

The principle of the used algorithm is shown in Fig. 9.6. First an initial recon-

struction is calculated. In the present case, we used a Fourier space combination

of reconstructions by backprojection from the two individual tilt series. This initial

reconstruction is used as first temporary reconstruction in the iterative loop of the

SIRT algorithm. It is transformed to the coordinate systems of the two tilt series

and projected to the tilt angles of each of the two tilt series. These re-projections are

compared to the original projections from the corresponding tilt series and difference

projections are calculated. In the present case we used a division to calculate the

difference projections, using a multiplicative update for the algorithm. The differ-

ence projections for both axes are backprojected to get a difference reconstruction

for each tilt series. Each of the two difference reconstructions is transformed to the

common reference coordinate system, where the mean value from both reconstruc-

tions for each voxel is calculated. The temporary reconstruction is corrected by this

combined difference reconstruction. This corrected reconstruction is used as tem-
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Figure 9.6: Principle of the proposed combined dual-axis SIRT reconstruction algorithm.

porary reconstruction in the next iteration until the desired number of iterations is

reached.

In the present case we used 30 iterations for the dual-axis reconstruction. To

evaluate the dual-axis reconstruction, the two tilt-series were also reconstructed

independently using a single-axis SIRT algorithm with multiplicative update for 30

iterations.

9.2.6 Segmentation

To quantify results, segmentation was done in the central part of the reconstructed

volume, to exclude areas close to the boundary of the needle-shaped samples, which

can be affected by beam-damage from FIB preparation and by missing wedge arti-

facts. For the segmentation a gradient watershed algorithm was used (Adams and

Bischof, 1994, Haberfehlner et al., 2013b, Volkmann, 2002). First a gradient volume

is calculated. Transition regions between the different materials are masked using a

threshold in the gradient volume. Outside of the masked volume, absolute threshold

values are applied to define seed regions, which belong to a specific material. A wa-

tershed transform on the gradient volume is then used to set the interfaces between

the materials (see Section 4.9.2). The watershed transform puts the interfaces to

the location with the highest gradient.

147



9 Dual-Axis Tomography

(a) (b) (c)

Figure 9.7: Sampling in the Fourier domain by dual-axis tomography: (a) Sampling in
the 3D Fourier space by single-axis tomography around the first tilt-axis, (b)
sampling in the 3D Fourier space around the second tilt axis, (c) sampling by
dual-axis tomography.

9.3 Theory and Simulations

The advantages of dual-axis tomography, for the described type of application, can

be better understood if we consider the sampling of information by the acquisition

of projections in Fourier space. For the purpose of tomography, a TEM can be

simplified as a source/detector system with parallel illumination. Therefore, for

single-axis tomography, the reconstruction of a 3D object from its 2D projections

can be done as reconstruction of multiple parallel 2D slices along the tilt axis, the

resolution depends on the number of projections and on the available tilt range as

has been discussed in Section 4.4.

Along the tilt axis however, each slice can be reconstructed independently, so the

resolution in this direction can be equal to the original resolution of the images.

In Figs. 9.7a&9.7b, sampling in the 3D Fourier domain for two different single-axis

tilt series is shown. The Fourier space is sampled along central slices, which are

represented as planes in 3D Fourier space. Information on each of these planes

is densely sampled. It is visible from these schemes that in the direction of the

tilt axis, high frequency components can be very well recovered, in particular if

changes in the other two dimensions occur at low frequencies. Using a second tilt

axis extends this capability to a second dimension, allowing retrieving the original

2D resolution along two dimensions of the reconstruction. This is illustrated in

Fig. 9.7c, where the sampling in the Fourier domain by dual-axis tomography is

shown. To demonstrate these capabilities of dual-axis tomography, we carried out

simulations. As test object, a simplified structure similar to the investigated tri-gate

transistor was used. The sizes of the object were derived from the nominal size of

the transistor. For simplicity, we assume 90° angles between the gates. The size of
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(a) (b) (c) (d)

Figure 9.8: Slices along orthogonal planes through simulated reconstructions. (a) The test
object used for the simulations. (b) Reconstruction from the tilt series around
the first tilt-axis. (c) Reconstruction from the tilt series around the second
tilt axis. (d) Dual-axis reconstruction using both tilt series. The first tilt axis
corresponds to the y-direction (blue), the second tilt-axis to the x-direction
(red).

the simulated volume is 512 × 512 × 512 voxels with a voxel size of 0.52 nm, which

corresponds to a volume rebinned by a factor of two compared to the experiment.

In Fig. 9.8 we compare single-axis SIRT reconstructions from simulated projections

along the two tilt axes and a dual-axis SIRT reconstruction from a combined dataset.

For the simulations of the single-axis reconstructions, the same conditions as in

the experiment were used, using projections every 1°, between -78° and +78° for

the first tilt axis (Fig. 9.8b) and between -46° and +59° for the second tilt axis

(Fig. 9.8c). For the simulation of the dual-axis reconstruction (Fig. 9.8d), a tilt step

of 2° for each series was used to have approximately the same number of projections

for all reconstructions. In the single-axis reconstructions, the reduced resolution

perpendicular to the tilt axis is clearly visible. The dual-axis reconstruction provides

a reconstruction, which shows excellent resolution along both tilt axes, thus proving

the capabilities of dual-axis tomography for the investigated application.

To closer investigate the influence of the missing wedge on these resolution im-

provements we did further simulations. In Fig. 9.9 we compare single-axis recon-

structions from tilt series taken over different tilt ranges between ±50◦ and ±90◦

to dual-axis reconstructions from projections taken over the same tilt range around

the first tilt axis and over a tilt range of ±50◦ around the second tilt axis. For the

single-axis reconstructions projections are taken with steps of 1°, for the dual-axis

reconstruction with steps of 2°. To quantify the quality of the reconstructions we
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Figure 9.9: Comparison of simulations for different values of the missing wedge: The
graph is showing the coefficient of determination (COD) for several values of
the missing wedge ranging from 80° (±50◦ tilt range) to 0° (±90◦ tilt range).
Results from the reconstructions around a single tilt axis (tilt axis 1) are shown
in black, results from the dual-axis reconstruction are shown in red. The insets
show slices along the xy- and xz-plane from the corresponding reconstruction.

calculated the coefficient of determination (COD), as proposed in (Tong et al., 2006).

The COD is given as

COD =

(

∑

((

Xi,j,k − X̄
) (

Yi,j,k − Ȳ
)))2

∑

(

Xi,j,k − X̄
)2
∑

(

Yi,j,k − Ȳ
)2 (9.1)

with Xi,j,k being the reference data at a given voxel and Yi,j,k the value of the

reconstructed data at the same voxel.

The results show that the quality of the reconstruction is improved by using a

second tilt-axis irrespective of the missing wedge. For the dual-axis reconstruction,

the COD improves slightly with reduction of the missing wedge, as this improves the

quality of the reconstruction in the small areas affected by missing wedge artifacts.

For the single-axis reconstruction, the same improvement is visible for a missing

wedge between 80° and 20°, but when the missing wedge gets smaller than 20°, the

COD is getting slightly lower. This effect is not larger and we did not investigate this

effect closer, but we assume that errors due to the limited number of projections and

the missing wedge may partially compensate each other and give grey values which

are closer to the original object than without a missing wedge. These simulations
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(a) (b) (c)

Figure 9.10: Volume rendered views of the reconstructions and slices along orthogonal
planes through reconstructions of the tri-gate transistor. (a) Reconstruction
from the tilt series around the first tilt-axis. (b) Reconstruction from the tilt
series around the second tilt axis. (c) Dual-axis reconstruction using both
tilt series. The first tilt axis corresponds to the y-direction (blue), the second
tilt-axis approximately to the x-direction (red), scale bars are 10 nm.

prove the capabilities of dual-axis tomography for the investigated application and

show that the improvement of the resolution is present with or without missing

wedge, as was expected from the theoretical considerations.

9.4 Experimental Results

Fig. 9.10 shows volume rendered views of and slices through reconstructions from

the experimental data, from the single tilt series and from the dual-axis reconstruc-

tion using both tilt series. In the single-axis reconstruction around the first tilt axis

(Fig. 9.10a) the horizontal surface of the gate of the transistor, which is oriented per-

pendicular to the tilt axis (y-axis) is well reconstructed, allowing a clear distinction

between the gate oxide, the metal gate on top of the gate oxide and other materi-

als. By contrast the reconstruction of the two vertical surfaces of the gate, which

are oriented perpendicular to the x-axis, suffers from the reduced resolution due

to the limited number of projections. Though in the orthogonal slices the location

and thickness of gate oxide and metal gate for the vertical surfaces can be roughly

seen, the loss of resolution makes segmentation and estimation of their thickness

impossible.
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The single-axis reconstruction of the second series (Fig. 9.10b), taken around the

second tilt axis, shows the same effects as the first series but for the orientation of

the second tilt axis. For the two vertical surfaces of the gate, oriented perpendicular

to the x-axis which corresponds to the tilt-axis in this case, the gate oxide and metal

gate are well reconstructed, while now the resolution perpendicular to the y-axis is

reduced.

The dual-axis reconstruction, using the combined dual-axis SIRT algorithm, al-

lows the combination of advantages of both single-axis reconstructions and minimizes

the drawbacks seen in the single-axis reconstructions (Fig. 9.10c). In the dual-axis

reconstruction, all three surfaces of the gate are well reconstructed: the horizontal

surface, which is perpendicular to the first tilt-axis (y-axis) preserves the resolution

from the first single-axis reconstruction, while the two vertical surfaces of the gate

on the side of the transistor, which are oriented perpendicular to the second tilt-axis

(x-axis) preserve the resolution from the second tilt series. This confirms the sim-

ulated results and shows the usefulness of dual-axis tomography for high resolution

applications, in particular also for applications, where the missing wedge does not

play a significant role.

The resolution of the volume reconstructed from dual-axis tomography is influ-

enced by several parameters. The first limit is the resolution of the original images

linked to the probe size and to the pixel size. Another limitation is the alignment

of the individual tilt series as well as the alignment between the two series. For the

present case, the strong contrast of the gate oxide facilitated the alignment by cross-

correlation, but errors could still be present and are difficult to quantify. Finally

the detection of variations of the layers, which happen at high spatial frequencies

along the layers will be still limited by the number of projections acquired. Though

the simulations have shown that flat layers can be perfectly reconstructed, further

investigations will be necessary to understand to which amount the roughness of the

layers can be recovered in the reconstruction.

Dual-axis reconstruction of the transistor allows also segmentation of the recon-

structed volume. As the gate stack is now well resolved for the full device the gate

oxide and the metal gate can be separated from other materials. This segmentation

would be not possible, if it were done from a single-axis series, due to the differences

in resolution and contrast depending on the orientation of the gate surface. From

the dual-axis reconstruction, the segmentation is quite easily possible and was done

in a semiautomatic fashion, using a gradient watershed algorithm as described pre-

viously. Results of the segmentation using the dual-axis reconstruction are shown

in Fig. 9.11.
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(a) (b)

Figure 9.11: (a) Surface rendered view of the segmented dual-axis reconstruction of the
tri-gate transistor. (b) Orthogonal slices through the segmented data, scale
bars are 10 nm.

From this segmented volume, it is now possible to extract information about the

geometry of the device. As one example we use the segmented dataset to extract

information about the gate thickness. For this purpose, we extract the distance from

each voxel at the inner edge of the gate towards the nearest voxel in the metal gate.

Fig. 9.12 shows a histogram with the distances extracted from all voxels. Peaks

arise at multiples of the voxel size of 0.26 nm due to the discrete nature of the

data. These peaks are shown independently from the histogram of all other distance

values. From all extracted values the mean thickness can be calculated, which gives

a value of 1.65 nm.

9.5 Conclusion

We have demonstrated the use of dual-axis tomography for applications requiring

high resolution. Adapting the tilt axes to the sample geometry allows significant

improvement of the 3D resolution even for structures not affected by missing wedge

artifacts. We applied a 3D cross-correlation based alignment method, which poses no

requirements on the positioning of the different tilt axes. This allowed a good align-

ment of the two tilt series even though a standard single-axis tomography sample

holder was used. For the reconstruction a new combined dual-axis SIRT algorithm

was developed, which reduced artifacts from interpolation in the reconstruction.
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Figure 9.12: Measurement of gate thickness (tg) from the segmented reconstruction.
Peaks in the distribution occurring at multiples of the voxel size (0.26 nm) are
shown in red. The histogram of all other thickness measurements is shown
in black. Statistical values are calculated from all measurements. The inset
illustrates the definition of the gate thickness.

Dual-axis tomography allowed extracting information about the geometry of the

gate stack for all surfaces of the gate of a tri-gate transistor. The resolution compared

to single-axis reconstructions was significantly improved for the gate surfaces, which

were not oriented perpendicular to the tilt-axis in the single-axis tilt series. Dual-

axis tomography permitted segmentation of the reconstruction, which was used to

measure the local gate thickness for all surfaces of the gate of the transistor.

These results show the potential of dual-axis tomography for 3D characterization

of advanced nanoscale devices. Many other transistor concepts like FinFETs or Gate-

All-Around transistors have similar requirements on gate stack characterization and

more generally all processes, which use thin films on a patterned geometry can

profit from the presented approach. Additionally for more complex geometries, the

alignment and reconstruction methods could be easily extended more than two tilt

axes.
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In the previous chapter it was shown that dual-axis tomography can improve the

resolution of a reconstruction as the object’s 3D Fourier space is sampled differently

than in a single-axis tilt scheme. This gives rise to the question, whether taking

several tilt-series around different axes could be a route to optimizing resolution for

a given number of projections. In this chapter we analyze such acquisition schemes,

apply them to simulations and discuss the perspective of experimental application.

10.1 Introduction

Dual-axis tomography is an established way for reducing missing wedge artifacts in

the case of a limited tilt range. It has been also extended to multiple-axis tomography

to further reduce the missing Fourier data from a “missing pyramid” towards a

“missing cone” (see Fig. 4.12) (Messaoudi et al., 2006). Even in the case of multiple-

axis tomography though, the tilt-axes are located - at least approximately - in a

common plane. This is due to practical reasons, as rotating a sample in the plane

perpendicular to the beam direction can be done easily using a standard sample

holder. Fig. 10.1 shows the orientation of tilt axes for such conventional single-

dual- and multiple- axis tilt schemes.
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Figure 10.1: Location of the tilt axes in space for (a) single-axis tomography, (b) dual-axis
tomography and (c) multiple-axis tomography with all tilt axes being located
in a common plane.
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(a) (b) (c)

Figure 10.2: Location of tilt axis in (a) the proposed orthogonal triple-axis scheme (b) an
example with four axes (c) an example for a multiple-axis scheme with seven
tilt-axes out of a single common plane.

We propose using additional tilt series for tomographic reconstruction, which are

acquired around tilt axes, located outside of a single common plane. In particular we

propose using three tilt axes, which are located orthogonal to each other, but more

generally also other schemes could be possible which use several tilt axes outside

of a single plane. Fig.10.2a shows the orientation of the tilt axes for the proposed

orthogonal triple-axis tilt scheme and Figs. 10.2b&10.2c show other possibilities for

multiple-axis tilt schemes. Here we evaluate whether such schemes can provide

advantages over conventional tilt schemes for a limited number of projections and

discuss routes towards experimental application.

10.2 Principles

Fig. 10.3 shows the positioning and rotation of the sample in the source/detector

system for orthogonal triple-axis tomography for the acquisition of the three series.

If a cubic sample (or region of interest) is assumed, each tilt axis needs to be perpen-

dicular to different surface planes of the cube, as illustrated in Fig. 10.3. For each

of these tilt axes projections should be acquired over as large a tilt range as pos-

sible, ideally 180°. Practical application of such a scheme is evidently challenging.

For now the discussion will be limited to theoretical considerations and simulations,

approaches for experimental applications are discussed in Section 10.4.

To understand possible advantages of such an acquisition scheme, sampling of

information in Fourier space can be considered. As discussed previously each ac-

quired projection in a tomographic scheme contains the information of a central slice

through the 3D Fourier transform of the object. On these slices the information is

sampled with the original resolution of the acquired projection. Fig. 10.4a shows

the sampling in 3D Fourier space using a tomographic scheme with a single tilt axis
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Figure 10.3: Scheme showing positioning and rotation of the sample with respect to the
source/detector system for acquisition of tilt series around the three orthog-
onal tilt axes.

(a) (b) (c)

Figure 10.4: Information sampled by tomography in the 3D Fourier domain using (a) a
single tilt axis (b) two orthogonal tilt axes, (c) three orthogonal tilt axes.

using N projections. On each of these central slices the data is densely sampled.

This causes very dense sampling for frequencies along the tilt axis, while frequencies

in directions perpendicular to the tilt axis are sampled more roughly, leading to the

known anisotropy of the resolution in tomography, if the number of projections is

limited.

Here we propose using multiple tilt axes to reduce this anisotropy by sampling

the Fourier domain more equally. Fig. 10.4b shows the Fourier domain sampled by

a dual-axis scheme using N projections in total: N/2 projections around each tilt

axis. Fig. 10.4c shows the sampling by the proposed orthogonal triple-axis scheme.

In total again N projections are used: N/3 projections around each tilt axis.
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For the orthogonal triple-axis tilt scheme sampling of frequency components in

the direction of each tilt-axis is dense. Spatial frequencies lying close to a tilt axis

will therefore be well reconstructed. For frequencies further away from the three tilt

axis the situation is more complicated. For spatial frequencies with large x- y- and

z-components the spacing between different Fourier slices is relatively large, spacing

between different slices is even larger for the triple-axis scheme than for single-axis

tomography (see Fig. 10.4). However we assume that it can be advantageous that

central slices are oriented along different directions in Fourier space. In this way a

specific point in Fourier space, which lies between sampled slices has neighboring

sampled spectral points in each direction.

10.3 Simulations

To test whether the proposed tilt scheme can provide better reconstructions than

single- or dual-axis tomography we simulated reconstructions of a test object. As

test object a model of a zinc-blende crystal lattice was created. At atomic positions

we put spheres with constant grey values using different grey values and slightly

different diameters for the two types of atoms. We created unit cells with a size

of 12 × 12 × 12 voxel, using a diameter of 3 voxel for the atoms. The unit cell is

replicated along all three dimensions to a crystal containing of 30 × 30 × 30 unit

cells. The crystal is rotated by arbitrarily chosen values around the x-, y- and z-

axis to avoid that tilt-axis coincide with crystallographic orientations. The crystal

was put in a volume of 512 × 512 × 512 voxels with a black background. It should

be noted that these simulations consider no physical effects, such as the scattering

mechanisms in a TEM and assume that the object is perfectly in focus over the full

depth.

From this volume tilt series were simulated for a single-axis, a dual-axis and an

orthogonal triple-axis scheme. For each scheme 90 projections were used in total,

which were equally spaced over the full tilt range of 180° for each tilt axis. For the

single-axis reconstruction one tilt series is used consisting of 90 projections (2° tilt

step). For the dual-axis reconstruction two tilt series are used around two orthogonal

tilt axes, each one consisting of 45 projections (4° tilt step). For the orthogonal

triple-axis reconstruction three tilt series are used around three orthogonal tilt axes,

each one consisting of 30 projections (6° tilt step).

The reconstruction of the single-axis dataset is done using SIRT. The dual-axis

and triple-axis reconstructions are done using a multiple-axis SIRT algorithm similar

to the dual-axis SIRT algorithm discussed in Section 9.2.5. Fig. 10.5 shows the
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original dataset (Fig 10.5a), and the reconstructions using the single-axis scheme

(Fig. 10.5b), the dual-axis scheme (Fig. 10.5c) and the proposed triple-axis scheme

(Fig. 10.5d). To evaluate the quality of the reconstruction numerically the COD was

calculated for each reconstruction as defined in (9.1). For the single-axis scheme the

COD of the simulated object was 0.51, for the dual-axis scheme 0.65 and for the

triple-axis scheme 0.84, which shows the interest of the proposed scheme.

10.4 Practical Application

The practical application of the proposed orthogonal triple-axis tomography scheme

in a TEM is challenging. Conventional TEM holders for tomography allow tilting

the sample only around a single axis combined with manual rotation perpendicular

to the beam direction, which can be used for acquiring tilt series around multiple

axes located in a common plane. For the proposed scheme special sample holders

or external manipulation of the sample is necessary. Here we discuss one possible

method for external manipulation using a FIB and discuss requirements for sample

holders, which could be used for the purpose of triple- or multiple-axis tomography.

10.4.1 FIB-Based Application

For an FIB-based method a standard Omniprobe FIB-grid is used as sample support.

The basic idea of this method is that the sample needs to be rotated one time with

respect to the sample support between acquisition of the different series. Fig. 10.6

shows the principle of the acquisition of three tilt series and the sample rotation

using the FIB. For the purpose of orthogonal triple-axis tomography a needle-shaped

sample, which contains the region of interest is prepared on an FIB grid as discussed

in Section 6.1. The first two tilt series are acquired in the same way as for dual-axis

tomography (Figs. 10.6a&10.6b). After acquisition of these two series the sample

is rotated by 90° with respect to the sample support using an FIB (Fig. 10.6c) to

allow acquisition of the third tilt series (Fig. 10.6d). It should be noted that it is

equally possible to acquire tilt series 1 (Fig. 10.6a) after rotation of the sample in

the FIB, which can be useful in order to reduce the effort necessary before the FIB

manipulation.

Practically the rotation in the FIB is a challenging step. The sample needs to

be manipulated without damaging the region of interest. In a first test we tried

cutting the sample free relatively close to the region of interest. However in this

case redeposition of material in the FIB affected the region of interest, making it
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(a) (b)

(c) (d)

Figure 10.5: Simulated reconstructions of a zinc-blende crystal lattice. (a) Original test
object seen along three orthogonal orientations. (b) Reconstruction from
90 projections taken around a single tilt axis. (c) Reconstruction from 90
projections taken around two orthogonal tilt axes (45 projections around each
axis). (d) Reconstruction from 90 projections taken around three orthogonal
tilt-axes (30 projections around each axis).
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Figure 10.6: Acquisition of three orthogonal tilt series using FIB manipulation: (a) Ac-
quisition of the first tilt series: A needle-shaped sample on a TEM support
grid is oriented along the tilt-axis AA’ of the microscope stage. E indicates
the electron beam direction. (b) Acquisition of the second tilt series. The
support grid is rotated by 90° with respect to the microscope stage. The
second series is acquired with the needle-shaped sample oriented perpendic-
ular to the tilt-axis. (c) Rotation of the sample in the FIB. (1)&(2) Sample
is placed inside the FIB on its support, (3) The sample is glued to a micro-
manipulator and extracted. (4) The sample support is rotated by 90°. (5)
The sample is glued to the rotated support. (6) Sample after rotation. (d)
Acquisition of the third tilt series after rotation of the sample. The sample
support is oriented similar as for acquisition of the second tilt series. The
previous rotation of the sample with respect to the sample support allows
acquisition of a third tilt series around a tilt axis perpendicular to the other
two tilt axes.
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unusable for further tomographic acquisition. Therefore we tried to do the necessary

FIB manipulation far away from the region of interest. For this purpose an FIB

support grid was manipulated in a plasma-FIB – which allows fast material removal

– to reduce the size of supporting posts of the TEM grid. The sample was afterwards

prepared in needle-shape on one of these posts. Now for rotation of the sample with

respect to the support the whole supporting post can be rotated. The post is cut

close to its base and extracted together with the sample. After rotation the whole

post is glued to a new support rotated by 90°.

10.4.2 Sample Holder and Supports for Multi-Axis Tomography

The previously discussed FIB-based approach for orthogonal triple-axis tomography

is challenging and consists of many steps which may go wrong. For practical routine

application of the method specific sample holders or supports would be necessary,

which allow acquisition of the three tilt-series without using the FIB between dif-

ferent series. There exist several possibilities for such devices. An approach, which

would be compatible with most microscopes and standard tomography holders would

be to design a support grid, which allows rotation of the sample around its axis.

Another way could be the use of a sample stage or sample holder, which allows

tilting the sample to large tilt angles around both axis perpendicular to the elec-

tron beam axis, or an automated tilt-rotate sample stage, which allows automated

rotation of the sample in the plane perpendicular to the electron beam and tilting

around one axis. Both of these sample stages would allow to get arbitrary orien-

tations between sample and electron beam and could be thereby used to acquire

projections for any type of acquisition geometry. Such sample stages, which al-

low tilting and rotation in an electron microscope exists already, but are not yet

commonly available.

10.5 Conclusion

In this chapter we analyzed multiple-axis tomography schemes as a route towards

optimizing resolution. We proposed orthogonal triple-axis tomography and showed

in simulations, that it can provide better reconstructions than single-axis tomogra-

phy. We note however that from this single simulation we can not conclude that

the proposed scheme will lead to resolution improvement for all types of problems.

The practical application to electron tomography of this tilt scheme still remains to

be demonstrated. This is a challenging task, which requires either a specific sample
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holder or support, or external manipulation of the sample between the tilt series,

for example in an FIB.
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11 Compressed Sensing-Based

Reconstruction

Apart from adapting tilt schemes the second route towards improving resolution of

a reconstruction for a limited number of projections is to include prior information

in the reconstruction. Such methods have been discussed in Section 4.6. The first

such technique, which was applied in electron tomography was discrete tomography

and more recently also compressed sensing has gained significant attention. If ap-

plicable, it has been demonstrated that these techniques can improve the quality of

reconstructions from a limited number of projections or for projections taken over a

limited tilt range. In this chapter we apply a compressed-sensing based reconstruc-

tion method – total variation (TV) minimization – to several diameter-modulated

GaAs nanowires. This is still a preliminary investigation and further work will be

necessary to complete this study.1

11.1 Investigated Samples

On the investigated GaAs nanowires a flow-controlled approach for diameter modu-

lation was demonstrated, similar to the approach used previously for diameter and

composition modulation in (In,Ga)N nanowires (see Section 7.1).

GaAs nanowires were synthesized at atmospheric pressure in a cold walled hori-

zontal flow metal-organic chemical vapor deposition (MOCVD) system. Substrates

with 90 nm Au colloids on (111)B GaAs were placed on a graphite susceptor in-

side a quartz chamber. Prior to growth, the substrates were annealed to remove

any oxides by heating the susceptor 600 °C using halogen lamps. Substrates were

subsequently cooled down to 420 °C and trimethylgallium (TMG) was introduced

to initiate growth. Diameter modulation was achieved by varying the flow of AsH3

during growth, while TMG flow (0.36 sccm, standard cubic centimeter per minute)

and H2 flow (12 slpm, standard liter per minute) were kept constant. AsH3 flows

1This work was done in collaboration with Sam Crawford and Silvija Gradečak (MIT). Nanowire
growth was performed at MIT
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11 Compressed Sensing-Based Reconstruction

used were 3.43 sccm, 1.15 sccm, 3.43 sccm and 0.69 sccm for 3 min, 1 min, 1 min

and 1 min respectively. Reduction in AsH3 flow led to lower growth rates and larger

diameters.

Interestingly different nanowires oriented in the same direction ([111]B) showed

significant differences in diameter modulation. It was suspected that these dif-

ferences could be dependent on the nanowire cross section and its faceting. To

investigate this behavior closer electron tomography is an unique tool as it allows

reconstruction the local nanowire cross section and its evolution along the nanowire

growth direction.

11.2 Tilt Series Acquistion

For electron tomography investigations GaAs nanowires were transferred on a lacey-

carbon grid. Previous SEM and TEM investigations indicated three types of diame-

ter modulated nanowires and possible intermediate types. For electron tomography

these different types of nanowires were located and tilt-series were acquired on a

diameter-modulated section for each nanowire over as large a tilt range as possible,

with tilt steps of 2°. Images are acquired in HAADF STEM mode using a probe

with a convergence angle of 7 mrad. Fig. 11.1 shows images from the tilt series

for the different types of nanowires. Nanowires without diameter modulation are

denoted as type 2 (Fig. 11.1a, tilt range -77° to +67°). Nanowires with weak di-

ameter modulation are denoted as type 1 (Fig. 11.1b, tilt range -75° to +53°), with

strong diameter modulation as type 3 (Fig. 11.1c, tilt range -77° to +59°), and an

intermediate type as type 1b (Fig. 11.1d, tilt range -74° to +56°).

11.3 Reconstruction Methods

The principles of total-variation minimization have been discussed in Section 4.6.2.

In the present example the problem was set up in the form

min ‖f‖T V +
µ

2
‖Af − p‖2

2 (11.1)

f is one slice of the reconstruction, where a single pixel is addressed as fij, p is a

vector containing all projections (the sinogram) acquired from the slice f . A is the

projection matrix which maps the image to its projections. µ is a regularization

parameter. It can be adapted accordingly to the noise level of the projections, to
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(a) (b)

(c)

(d)

Figure 11.1: Projections from the tilt series acquired from different types of diameter-
modulated GaAs nanowires. (a) Nanowire without diameter modulation
(Type 2). (b) Nanowire with weak diameter modulation (Type 1). (c) Nano-
wire with strong diameter modulation (Type 3). (d) Intermediate nanowire
between type 1 and type 3 with diameter modulation (Type 1b). Images be-
low the tilt series show a full view of the nanowires and indicate the region,
where the tilt series was taken. Scale bars are 100 nm.
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set the relation between minimization of the TV-norm of the image and the l2 norm

of the difference between measured projections and backprojections.

For the operator A and its adjoint operator graphics processing unit (GPU)-based

implementations of the projection and backprojection operation from the ASTRA-

toolbox were used (ASTRA-Toolbox, 2013, Palenstijn et al., 2011). To solve the

TV-minimization problems the solver TVAL3 was used (Li, 2009, Li et al., 2013).

To evaluate the role of the normalization parameter µ single slices were recon-

structed for different values for this parameter, while other solver parameters are

kept constant. Fig. 11.2 compares reconstructions using TV-minimization of a slice

through a GaAs nanowire (type 2) for different values of µ to reconstructions of

the same slice using weighted backprojection (WBP) and SIRT. For each of the

reconstructed slices the gradient image and the difference between the recorded pro-

jections and backprojections is shown.

Using a small value for µ (Fig. 11.2d) provides a very smooth reconstruction at

the expense of a relatively large error in the difference projection (Fig. 11.2d(2)). A

large value for µ (Fig. 11.2g) minimizes the error in the difference reconstruction,

but noise from the projections is transferred to the reconstruction. Based on these

observations parameters for the reconstruction of the nanowires were set to get a

relatively smooth reconstruction.

11.4 Results and Discussion

Fig. 11.3 compares reconstructions using SIRT and TV-minimization for all different

types of nanowires. Compared to the SIRT reconstruction, slices reconstructed using

TV-minimization are more homogeneous, which simplifies segmentation of the vol-

ume. Missing wedge artifacts are slightly reduced, though this improvement is not

enormous and segmentation from SIRT reconstructions would probably lead to sim-

ilar results as from the TV-minimization reconstruction. The largest improvement

can be seen for the reconstruction of the type 1-nanowire (Fig. 11.3b), which suffers

most from missing wedge artifacts, as the available usable tilt range was smallest

for this nanowire (-75° to +53°).

Fig. 11.4 shows slices through the reconstructed volumes. The reconstructions

are rotated to orient the nanowires approximately in the growth direction and to

facilitate comparison of their cross sections. Fig. 11.5 shows surface rendered views

of the reconstructions of the nanowires.

Full interpretation of these results is still ongoing work, for now we will try sum-

marizing some trends visible in the reconstructions of the different nanowires: The
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(a) (b) WBP (c) SIRT

(d) µ = 25 (e) µ = 29

(f) µ = 213 (g) µ = 217

Figure 11.2: Evaluation of the impact of the regularization parameter µ in a TV-
minimization reconstruction of a slice through a GaAs nanowire (type 2).
(a) Measured projections (sinogram), (b) reconstruction using a weighted
backprojection algorithm, (c) reconstruction using a multiplicative SIRT al-
gorithm with 30 iterations. (d)-(g) Evaluation of TV-minimization based re-
constructions for different values of µ. The images show (1) the reconstructed
slice, (2) the difference between the recorded projections and re-projections
of the reconstruction (3) the gradient image of the reconstructed slice. Im-
ages were oriented to locate the missing wedge in the upper left and lower
right corners of the reconstructions.
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(a) Type 2 (b) Type 1

(c) Type 3 (d) Type 1b

Figure 11.3: Comparison of SIRT and TV-minimization reconstruction for the different
types of GaAs nanowires. Images were oriented to locate the missing wedge
in the upper left and lower right corners of the reconstructions.
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(a) Type 2 (b) Type 1 (c) Type 3 (d) Type 1b

Figure 11.4: Slices through TV-minimization reconstructions of the different types of
GaAs nanowires. Growth direction is from bottom to top. Reconstructions
are rotated to be approximately oriented along the growth direction, scale
bars are 50 nm.
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(a) Type 2 (b) Type 1

(c) Type 3

(d) Type 1b

Figure 11.5: Surface rendered views of the different types of GaAs nanowires. Scale bars
are 50 nm.
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type 2 nanowire, which does not show diameter modulation along its growth di-

rection has a symmetric rounded triangular cross section. Only close to the seed

particle the cross section changes to a hexagonal shape. For the type 3 nanowire,

which shows the strongest diameter modulation this modulation is mostly due to

the elongation of two opposite nanowire surfaces. Additionally the type 3 nanowire

changes its growth direction quite significantly together with the diameter modula-

tion. The thin diameter sections before and after the diameter modulated nanowire

section show less symmetry than for the type 2 nanowires. For the type 1 nanowire

the diameter modulation appears to happen more homogeneous, though less pro-

nounced for the different nanowire surfaces than in the type 3 nanowire. The type

1b nanowire shows similar trends as the type 1 nanowire, but diameter modulation

is more pronounced and stronger change of growth direction can be observed.

11.5 Conclusion

In this chapter TV-minimization was applied to tomographic reconstruction of nano-

wires. For the present case TV-minimization gives reconstructions, which can be eas-

ily segmented and some improvement regarding missing wedge artifacts was visible in

the reconstructions. However the resolution improvement is not enormous. Further

work will be necessary to evaluate the potential of TV-minimization. In particular

systematic tests with different parameters for the algorithm and several numbers of

projections for simulations and experimental data will be useful. Algorithm-based

resolution improvement can be of interest in particular for beam-sensitive samples

or for time-consuming imaging techniques, such as EELS, EFTEM or EDS.

Another perspective could be the combination of dual- and multiple-axis tilt

schemes and compressed-sensing based reconstruction to combine resolution im-

provements from both approaches. However such an approach will require full 3D

implementation of the reconstruction algorithm, which will be computationally in-

tensive.
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12 General Conclusion and

Perspectives

In this thesis contributions to developing electron tomography and applications to

semiconductor nanodevices and materials were presented. In terms of contrast tech-

niques the feasibility of HAADF STEM tomography for investigations of concen-

tration changes of heavy elements in a lighter environment has been shown, as well

as the application of spectral low-loss EFTEM tomography in combination with

experimental evaluation of the results as compared to reference spectra. Routes

towards improving spatial resolution have been highlighted, in particular the poten-

tial of using two and more tilt axes, but also the use of compressed sensing based

reconstruction algorithms. The techniques have been applied to answer scientific

questions about several semiconductor materials and devices.

It should be mentioned that work on this thesis also included unsuccessful exper-

iments. On such example has been the investigation of nanoparticles consisting of

AgInS2 and ZnS. Different preparations of these particles turned out either to be very

sensitive to the electron beam or to suffer significantly from carbon contamination

during the investigation, likely due to organic components in the solution the par-

ticles were prepared in. For such samples working under cryogenic conditions could

be necessary as well as limitation of the number of projections – eventually in com-

bination with TV minimization reconstruction or discrete tomography. In another

trial, it was attempted to do tomography NEMS cantilevers with a functionalized

surface layer. In this case the goal had been to extract a cantilever and glue the

full cantilever to a TEM support using FIB tools. The extraction of the cantilever

was tried first with a conventional micromanipulator and later with nano tweezers,

but both approaches were not successful due to the large size or the manipulators

as compared to the nanostructures, which hindered good access. A more conven-

tional preparation, where the sample is protected before extraction could have been

successful, but would have significantly limited the area, which can be investigated.

Allover electron tomography is today a mature technique for 3D characterization,

though its application is still not routine work and extracting the desired information
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in challenging application can still fail – due to practical issues, or due to limited

contrast or resolution. As such further development is necessary. HAADF STEM

will remain the most important contrast technique in materials science, due to short

image acquisition times and its relative simplicity. If it can provide contrast, low-

loss EFTEM is of significant interest as well, as image acquisition times are also

quite short. Concerning other contrast techniques EDS is a technique receiving

significant attention recently, due to new detectors and the possibility of performing

chemical identification relatively easily. It still suffers however from the long image

acquisition times necessary and the consequent reduced spatial resolution due to the

limited number of projections, which can be acquired. The same is true for core-loss

EFTEM tomography or EELS tomography. Using these techniques is of interest, if

other techniques fail, but will remain time-consuming and limited to samples little

sensitive to the electron beam. An important contribution to making the application

of time-consuming imaging techniques more feasible could be provided by the use

of reconstruction algorithms, such as total-variation minimization, which can – at

least for specific cases – compensate for the limited number of projections.

Spatial resolution improvement is the second important issue in electron tomogra-

phy. Even though atomic resolution tomography has been demonstrated, it remains

limited to very few specific cases. The large challenge still to overcome is to make

atomic resolution electron tomography feasible for a wider range of samples: samples

consisting of lighter materials and of larger size or beam-sensitive samples. Recent

developments of reconstruction algorithms will be one piece necessary for achieving

this goal, but not the only one. Multiple-axis tilt schemes or other tilt schemes

adapted to the sample structure could provide another contribution. A further ap-

proach, which has been discussed recently is the combination of tomography with

the acquisition through-focal series, where a series of images at different focus over

the thickness of the sample are acquired for several tilt angles.

In the frame of spatial resolution improvement two important contributions will

also stem from sample preparation and image alignment. Sample preparation in the

FIB has already allowed overcoming the limitations of the missing wedge and – in

particular for semiconductor devices – it is essential for the success of a tomography

experiment. The ultimate goal of FIB sample preparation to optimize resolution for

devices is to prepare a device without damaging it and with as little other material

around it as possible.

Image alignment is a task, which is frequently neglected in electron tomography.

While developments of reconstruction algorithms usually gain significant attention,

alignment methods – though being maybe even more important – receive much less
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attention. Cross-correlation and marker based alignment methods, which have been

developed quite some time ago are still the generally used methods. Cross-correlation

methods in particular are however prone to errors, which can introduce errors in

the reconstruction, regardless of the reconstruction algorithm used. One promising

approach, which could be also automated, could be the combination of alignment

and reconstruction to improve the image alignment by comparing backprojections to

the recorded projections and adapt alignment parameters based on this comparison.

In conclusion electron tomography is now an indispensable technique for semicon-

ductor characterization, providing information, which can not recovered by any other

technique. Further developments are still necessary though to make it a technique

with the same reliability as 2D TEM techniques.
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13 Résumé en Français

13.1 Introduction

Compte tenu des tailles critiques rencontrées en micro et nanoélectronique, les pro-

cédés expérimentaux utilisés lors de la fabrication de dispositifs à semi-conducteurs

doivent être contrôlés par des techniques ayant idéalement une résolution atomique.

Cela explique l’essor des techniques de nanocaractérisation pour la compréhension

et l’optimisation de ces dispositifs. Il s’agit notamment de la caractérisation élec-

trique et optique de dispositifs fonctionnels afin de vérifier leurs comportements,

mais aussi de la caractérisation morphologique, chimique et structurale (caractéri-

sation dite « physique ») pour comprendre les origines de ces comportements et in

fine d’optimiser les procédés de fabrication et de construction.

La plupart de ces techniques fournissent une information uni ou bidimensionnelle

d’un objet qui est pourtant tridimensionnel ; il peut s’agir d’images 2D ou de profils

en profondeur par exemple. Connaître la structure 3D est cependant fondamental

pour correctement interpréter les phénomènes, ce qui explique l’essor de toutes les

techniques 3D à différentes échelles, permettant notamment d’accéder à une imagerie

morphologique, chimique et structurale 3D.

Le « TEM » (Transmission Electron Microscope – Microscope Electronique à

Transmission) est l’un des outils les plus importants pour la nanocaractérisation

de dispositifs à semi-conducteurs. En se basant sur les concepts de tomographie, les

possibilités offertes par le « TEM » ont été étendues à la 3ème dimension, permettant

d’ainsi d’obtenir des images 3D de dispositifs plus ou moins complexes, avec une

résolution pouvant atteindre l’atome.

Dans ce contexte, ce travail de thèse vise à développer la tomographie électronique

et à l’appliquer à des dispositifs à semi-conducteurs. Différents matériaux et dispo-

sitifs sont explorés, afin d’apporter des éléments de réponse à certaines questions

encore ouvertes sur leur forme et leur distribution chimique 3D. En se basant sur

un état de l’art complet, des développements sont proposés afin de répondre à ces

questions. En particulier, différents modes de contraste sont étudiés, et des pistes

visant à améliorer la résolution spatiale sont mises en œuvre.
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13.2 Contexte

La première partie de cette thèse est une introduction générale à la physique des

semi-conducteurs et aux techniques de nanocaractérisation 3D. Cette partie com-

prend aussi une introduction technologies employées. Les dispositifs fondamentaux

les plus courants (transistors, optoélectronique, « NEMS » (Systèmes Electro-Mécaniques

Nanométriques) sont abordés, afin d’exacerber le besoin en caractérisation 3D.

Les différentes techniques utilisées pour la nanocaractérisation 3D en science des

matériaux sont détaillées et discutées. Il s’agit en particulier de la tomographie par

rayons X, de la tomographie « destructrice » par faisceau d’ions, de la tomographie

électronique et de la sonde atomique tomographique. Ce panel de technique couvre

un large domaine d’échelles spatiales, de tailles d’échantillon et d’applications. Les

techniques mettant en œuvre des modes de contraste avancés (morphologie, chimie,

structure) sont discutées.

13.3 Méthodes Expérimentales

Les méthodes expérimentales sont expliquées dans la deuxième partie du manuscrit.

Grossièrement, une « expérience de tomographie électronique » comprend 3 parties :

la préparation d’échantillon, l’acquisition d’image sur le microscope électronique et

le traitement de données.

Le traitement de données est abordé en premier lieu. Les principes fondamentaux

de reconstruction en tomographie sont expliqués ainsi que différents algorithmes de

reconstruction spécifiques à la tomographie. Les concepts de tomographie mettant

en œuvre 2 voire 3 axes de rotation sont soulignés. Les méthodes de prétraitement

(notamment l’alignement avant reconstruction) et de post-traitement (filtrage et

segmentation) y sont discutées.

Le principe du microscope électronique à transmission (notamment le fonctionne-

ment de l’instrument et l’interaction rayonnement matière) ainsi son utilisation dans

le cas de la tomographie électronique sont abordés. Afin d’appliquer les algorithmes

« classiques » de reconstruction à la tomographie électronique, il est important que

les projections remplissent un certain nombre de conditions : en particulier, il est

nécessaire que le signal mesuré par le détecteur soit une fonction monotone de la

quantité physique à investiguer. Dans le cas de matériaux cristallins, les techniques

répondant à ce critère sont :
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• Le « HAADF STEM » (High-Angle Annular Dark Field Scanning Transmis-

sion Electron Microscope – microscopie électronique à transmission en ba-

layage, en mode champ sombre annulaire à angle élevé),

• le « STEM-EELS » (STEM Electron Energy Loss Spectroscopy – spectroscopie

à perte d’énergie des électrons),

• l’ « EFTEM » (Energy Filtered TEM – microscopie électronique à transmis-

sion à énergie filtrée),

• l’ « EDS » (Energy Dispersive Spectroscopy – spectroscopie dispersive).

Ces techniques sont toutes discutées dans cette partie.

13.4 Nouveaux Mode de Contraste

La troisième partie de cette thèse expose des résultats expérimentaux basés sur

les différentes possibilités de contraste offertes par le TEM. En tout premier, nous

étudions le mode « HAADF STEM » en tomographie, sur 2 types d’échantillon :

il s’agit de nanofils InN/InGaN et de silicium sur-dopé. Ensuite, nous utilisé la

tomographie « EFTEM » spectrale à faible perte d’énergie, appliquée à des capacités

à base de nanofils.

Dans le cas des nanofils InN/InGaN, non seulement la forme des nanofils est re-

construite, mais aussi leur composition : il est en effet important de séparer les 2

matériaux, l’InN et l’InGaN, et donc de recourir à un contraste chimique. La tomo-

graphie électronique a permis de mieux comprendre l’évolution de la facettisation

des nanofils pendant leur croissance (Lim et al., 2013).

Dans le cas du silicium sur-dopé, c’est une expérience de tomographie électronique

ex-situ qui a été menée, afin de mettre en évidence l’effet du recuit sur la distribution

du dopant (dans ce cas le sélénium). La sensibilité en masse de l’ « HAADF-STEM »

a permis de localiser les régions à forte concentration en sélénium et même de com-

parer qualitativement sa concentration en différents points et à différentes étapes du

recuit (Haberfehlner et al., 2013b).

Enfin, des capacités à base de nanofils cœur-coquille, avec un cœur en silicium

et une coquille en Al2O3 et TiN ont été sondées par tomographie « EFTEM » à

faible perte d’énergie. Cette technique a été utilisée car le mode « HAADF-STEM »

ne donnait pas un contraste suffisant entre les différents matériaux. En enregistrant

des jeux de données de tomographie à différentes pertes d’énergie des électrons, des

spectres locaux (c’est-à-dire en chaque voxel) ont pu être reconstruits et comparés
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à des spectres de référence mesurés sur chacun matériaux, pris individuellement

(Haberfehlner et al., 2012, Morel et al., 2012).

13.5 Amélioration de la Résolution

La quatrième et dernière partie du manuscrit aborde la question de la résolution spa-

tiale en tomographie électronique. Il s’agit en particulier d’optimiser l’échantillon-

nage en utilisant la tomographie double et triple axe, et d’utiliser des méthodes de

reconstruction plus modernes. La tomographie double axe, c’est-à-dire utilisant 2

axes de rotation perpendiculaires, est mise en œuvre pour améliorer la résolution

spatiale dans le cas de transistors « triple-grille ». Son avantage, même dans le

cas de données complètes (sans projection manquantes), est démontré. L’orientation

des axes de rotation est judicieusement choisie en fonction de celle du transistor

(Haberfehlner et al., 2013a).

En se basant sur ces travaux, une idée originale basée sur l’utilisation d’un troi-

sième axe de rotation (voire même plus) dans un troisième plan de l’espace est

développée et mise en œuvre sur des simulations. Il est démontré qu’un tel schéma

d’échantillonnage présente un certain nombre d’avantages par rapport à la méthode

conventionnelle de tomographie électronique. Des pistes sont proposées pour l’im-

plémentation pratique de la méthode.

Finalement, nous appliquons des méthodes de reconstruction plus récentes, basées

la minimisation de la variation totale, à la reconstruction de la forme de nanofils

GaAs de diamètre modulable. La paramétrisation de cet algorithme est en particu-

lier étudiée ; il apparaît qu’un travail plus profond serait nécessaire pour réellement

appréhender le potentiel de ces algorithmes.

13.6 Conclusion

La tomographie électronique est aujourd’hui une technique mûre et sûre pour la

caractérisation 3D à l’échelle nanométrique. Cependant, son application n’est pas

encore triviale pour faire ressortir certaines informations dans les cas scientifiques

complexes tels que ceux abordés ici. Ceci est principalement dû à un contraste ou une

résolution parfois insuffisants. Des développements plus poussés sont donc toujours

pleinement justifiés. La tomographie « HAADF-STEM » restera certainement la

technique la plus couramment utilisée en science des matériaux, car elle bénéficie

de 2 atouts majeurs : sa simplicité et un temps de mesure relativement rapide.

La tomographie « EFTEM » à faible perte d’énergie est également intéressante
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pour faire ressortir un contraste chimique, et reste une technique rapide. D’autres

méthodes, notamment basées sur l’ « EDS », sont aujourd’hui d’actualité car elles

bénéficient des nouvelles technologies de détection et permettent d’effectuer une

réelle imagerie chimique tridimensionnelle. Elles sont cependant limitées par des

temps de mesure encore rédhibitoires, et une résolution spatiale moindre à cause d’un

échantillonnage angulaire sous-optimal. C’est également le cas de la tomographie

« EFTEM » ou de la tomographie « EELS ». Ces techniques restent intéressantes

dans le cas où les autres techniques ne fonctionnent pas, mais sont néanmoins plus

lourdes à mettre en œuvre car plus longues et plus irradiantes.

La résolution spatiale est une limitation en tomographie électronique : même si

des résolutions atomiques ont été démontrées, cela reste confiné à certaines appli-

cations très spécifiques et sur des objets de très petite taille. Un challenge est de

parvenir à atteindre une résolution atomique pour des échantillons plus complexes

et variés : matériaux légers, matériaux sensibles aux dégâts d’irradiation, et surtout

échantillons de taille « raisonnable ». Le développement de nouveaux algorithmes de

reconstruction est fondamental pour atteindre ce but, mais n’est pas le seul. D’autres

approches, tels que la tomographie utilisant plusieurs jeux de données en confocal,

c’est-à-dire se focalisant sur différents plans, sont en plein essor. Un point clef pour

atteindre une meilleure résolution spatiale est la préparation d’échantillon, toujours

critique malgré des outils performants, et l’alignement des images.

Pour conclure, il apparaît clairement que la tomographie électronique est devenue

un outil indispensable pour la nanocaractérisation des dispositifs à semi-conducteurs

car elle permet d’accéder à une information non atteignable par les autres méthodes.

Elle doit maintenant être rendue aussi routinière que les techniques bidimension-

nelles.

187





Appendices





A Supplementary Information for

Chapter 2

A.1 Properties of Semiconductors

Semiconductors are defined by their bandgap. While metals have no bandgap and

insulators typically have a large bandgap of 6 eV or more, semiconductors have

bandgaps of smaller energy. In their intrinsic state semiconductors are typically

weakly conducting materials, but their properties can be adapted by introducing

impurities and by applying electric fields.

The most frequently occurring crystal structure of semiconductors are the dia-

mond lattice for group IV semiconductors (e.g. Ge, Si) and the zinc-blende lattice

for compound semiconductors (e.g. GaAs, GaP). Other important crystal structures

for compound semiconductors are the wurzite (e.g. GaN, CdS, ZnS) and rock-salt

lattices (e.g. PbS, PbTe).

A.1.1 Bandstructure

The bandstructure of a semiconductor gives information about its electrical and

optical properties. It is the energy-momentum (E(k)) relationship, which can be

obtained by solving the Schrödinger equation for electrons in the crystal lattice.

Fig. A.1 shows the bandstructure for Ge, Si and GaAs, Table A.1 lists some im-

portant properties. For every semiconductor there is a forbidden energy region in

which no states are allowed. The energy bands below this region are called valence

bands, the energy bands above are called conduction bands. The distance between

the lowest allowed energy in the conduction bands and the highest allowed energy

in the valence bands gives the bandgap Eg of the semiconductor.

If the maximum of the valence bands and the minimum of the conduction band

are located at the same momentum, the semiconductor is called direct semiconduc-

tor (e.g. GaAs), if they are located at different positions, it is called an indirect

semiconductor (e.g. Ge, Si). This is of importance for optical properties.
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Figure A.1: Bandstructure of germanium, silicon and gallium-arsenide (Sze, 1981).

Ge Si GaAs
Band gap at 300 K (eV) 0.66 1.12 1.424
Effective Mass m∗/m0

Electrons m∗
l = 1.64 m∗

l = 0.98 0.067
m∗

t = 0.082 m∗
t = 0.19

Holes m∗
lh = 0.044 m∗

lh = 0.16 m∗
lh = 0.082

m∗
hh = 0.28 m∗

hh = 0.49 m∗
hh = 0.45

Mobility at 300 K (cm2/Vs)
Electrons 3900 1500 8500
Holes 1900 450 400

Dielectric constant 16 11.9 13.1

Table A.1: Some properties of important semiconductors, m0 = 9.11 × 10−31kg is the
electron rest mass (Sze, 1981).
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Another important property, which can be derived from the bandstructure is the

mobility of free carriers µc in the crystal. The mobility depends on the effective

mass of carriers, electrons or holes in the crystal. The effective mass m∗ is given as

1
m∗

=
1
~2

d2E(k)
dk2

(A.1)

where ~ = 2πh = 1.054 × 10−34J s is the reduced Planck constant. m∗ is actually a

tensor, depending on orientation and energy. Practically for free carriers located in

the minimum of an energy band, it can be however often approximated as constant.

It can be seen that the effective mass is inversely proportional to the curvature of the

band. A high curvature gives a low effective mass and thereby high carrier mobility.

For the materials shown in Fig. A.1 this means that the mobility of holes is higher

for Ge than for Si and GaAs (see Table A.1). The mobility of electrons is highest

for GaAs, as the curvature of the Γ-minimum is particularly high. The mobility of

electrons in Ge is lower and again lower for Si. Generally the mobility of electrons

is higher than the mobility of holes.

A.1.2 Carrier Statistics

The statistics of electrons in a semiconductor are given by the density of states

and by the Fermi-Dirac distribution function. The Fermi-Dirac function gives the

probability of the occupation of a state as a function of energy. It is given as

f(E) =
1

1 + exp
(

E−EF

kT

) (A.2)

with EF being the Fermi level, T the temperature (in K) and the Boltzmann constant

k = 8.62×10−5eV K−1 = 1.38×10−23J K−1. At zero temperature all states up to the

Fermi level would be occupied while all states above would be free. With increasing

temperature the probability of free states below the Fermi level and occupied states

above the Fermi level increases.

The density of states can be calculated given as

N(E) =
1

(2π)2

4π
~3

√

(2m∗)3E1/2 (A.3)

for a three-dimensional (3D) system, where electrons can move freely along all three

dimensions of space. In this case the density of states increases with the square-root

of the energy, so there are only few states available close to the band edges, while

further away from the edges the density of states increases.
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Figure A.2: Density of states in a 3D, 2D, 1D and 0D system (Renk, 2012)

When the size of a semiconductor is reduced below the de Broglie wavelength of the

electrons, the number of dimensions in which electrons can freely move are reduced.

This changes the density of states as shown in Fig. A.2. In the two-dimensional

(2D) case (small in one dimension) the density of states remains constant with

energy giving discrete steps in the shape of the function. In a one-dimensional (1D)

system (small in two dimensions) the density of states is inversely proportional to

the square-root of the energy, giving steps, which decrease with energy. Finally

in a zero-dimensional (0D) case (small in three dimensions) only discrete energy

levels are allowed, giving Dirac peaks for the density of states. Such 0D systems are

referred to as quantum dots, 1D systems as quantum wires, 2D systems as quantum

films. Examples of materials with reduced dimensionality are nanowires, quantum

dots, carbon nanotubes or graphene.

The actual number of occupied states can be found by integrating the density of

states with the Fermi-Dirac distribution function. Unoccupied states in the valence

band remain as holes, which can serve as positively charged free carriers, occupied

states in the conduction band give electrons, which serve as negatively charged

free carriers. In a pure, undoped semiconductor these statistics give the intrinsic

concentration of carriers, which is higher for semiconductors with a small bandgap

and depends strongly on temperature.

To adapt the parameters of these statistics and increase the number of free carriers,

semiconductors can be doped. Dopants are divided into acceptors, elements with

three or less outer shell electrons and donators, elements with five or more outer

shell electrons. Acceptors remove electrons from the crystal (p-doping), providing a

hole, donators provide additional electrons (n-doping). Doping reduces the distance

between the Fermi level and the edges of conduction and valence bands. P-doping

reduces the distance between valence band and Fermi level, while n-doping reduces

the distance between conduction band and Fermi level.
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A.1.3 Electrical Properties

As previously discussed the mobility of free carriers µc (in cm s−1) is an important

property of a semiconductor, which governs its electrical properties. The mobility

is the proportionality constant between the drift velocity vd (in cm2 V−1 s−1) of

carriers and an applied electric field E (in V cm−1). This relation is given as

vd = µcE (A.4)

The mobility is significantly influenced by scattering from phonons and ionized im-

purities. Therefore higher temperature and higher concentrations of dopants reduce

the mobility.

The resistivity ρ (in Ω cm) of a material is defined as the proportionality constant

between an electric field and the current density J (in A cm−2) as

E = ρJ (A.5)

The resistivity depends on the mobility and on the number of electrons and holes,

which are available as carrier. It can be obtained as

ρ =
1

e (µnn+ µpp)
(A.6)

with the unit charge e = 1.602 × 10−19C and the number of electrons n and holes p

and their corresponding mobilities µn and µp. In doped semiconductors usually one

type of carriers is dominant, so one of the two terms can be ignored.

The carrier transport, which takes place under an electric field is called drift cur-

rent. In addition to the drift current there is a second contribution to the electrical

current in semiconductors, which is the diffusion current. The diffusion current is

caused by thermal movement of carriers. Thermal diffusion of carriers is always

present, but leads to an observable current only if an inhomogeneous carrier distri-

bution is present. This inhomogeneous distribution will be reduced by the diffusion

current.

The diffusion current along a direction x can be written as

Jn = eDn
dn

dx
(A.7)

for electrons and for holes as

Jp = −eDp
dp

dx
(A.8)
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with the diffusion coefficients Dn and Dp for electrons and holes (in cm2 s−1). Those

are given as

Dn = Utµn (A.9)

and

Dp = Utµp (A.10)

Ut is the thermal voltage, which is given as

Ut =
kT

e
(A.11)

with the temperature T and the Boltzmann constant k. At 300 K its value is

25.85 mV.

Combining the drift and diffusion components gives the drift-diffusion equations,

which can be used to calculate the current density in a semiconductor. For holes it

is written as

Jp = epµpE − eDp
dp

dx
(A.12)

for electrons as

Jn = enµnE + eDn
dn

dx
(A.13)

A.1.4 Optical Properties

Photons can interact with the electrons in a semiconductor, which gives rise to

several optical applications of semiconductors. Three types of interaction between

photons and electrons are possible:

• Absorption: A photon can transfer its energy to an electron which is elevated

to a higher energy state. This process forms the basis for devices like solar

cells and optical detectors.

• Spontaneous emission: An excited electron can loose energy, moving to a lower

energy state. From the excess energy a photon is created. This process is the

basis for light emitting diodes.

• Stimulated emission: A photon interacting with an excited electron can create

a second identical photon. In the process the excited electron looses energy,

moving to a lower energy state. This process is of importance for semiconduc-

tor laser diodes.

Transitions of electrons in semiconductors can happen between different bands

(in particular between valence and conduction band) or within one band. The first
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type is called interband transition, the second type intraband transition. For most

optical application interband transitions are used. In these transitions photons with

an energy larger than the band gap can be absorbed or emitted.

For the optical properties of a semiconductor it is important, whether a semicon-

ductor is direct or indirect. In an electron-photon interaction energy and momentum

need to be conserved. As the momentum of a photon is negligible compared to the

momentum of the electron, optical transitions always happen vertically in the E(k)

diagram. In an indirect semiconductor therefore additionally another particle, most

frequently a phonon needs to participate in the interaction. These transitions are

much less probable than direct transitions, which is why for optical devices, in par-

ticular for light emitting devices mostly direct semiconductors are used.

In a direct semiconductor the probabilities for absorption and emission depend

on the occupation of states at the lower and higher energy level, between which the

transition takes place. For absorption the lower level needs to be occupied by an

electron and in the upper level there needs to be a free state to which the electron

can be transferred. For emission the situation is exactly opposite. A higher level

needs to be occupied, while a lower level needs to be free. While in thermodynamical

equilibrium the number of free states in the higher energy level is always higher than

in the lower state in an excited semiconductor this situation can be inverted. In this

case stimulated emission becomes more probable than absorption, which leads to

amplification of light. This is the basis for semiconductor lasers.
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B.1 Evaluation of the Gradient Watershed

Segmentation Method

To get a better understanding of the behavior of the proposed segmentation method

and in particular on the influence of missing wedge artifacts on the results, simula-

tions have been performed. For this purpose we compared the gradient watershed

segmentation algorithm to segmentation using absolute threshold values. For the

simulations a two-dimensional phantom object with a size of 512 × 512 pixels has

been created. The phantom is shown in Fig. B.1a. It consists of a grey circle (pixel

value = 152) on a black background (pixel value = 0). Inside the grey circle we

created 13 “precipitates” represented as white circles and ellipses (pixel value =

255) of different sizes. Ellipses are oriented either horizontally or vertically. The

horizontally oriented ellipses will be affected strongest by missing wedge artifacts.

Two datasets of one-dimensional projections of the object were calculated. The

first dataset for a tilt range from -78° to +78° with a step of 1° corresponding to

the tilt range used in the experiments, the second dataset for a full tilt range of

-90° to +89° again with a step of 1°. The second dataset will therefore not suffer

from missing wedge artifacts. To the projections white Gaussian noise was added.

The two sets of projections with and without missing wedge are shown in Figs.

B.1b&B.1c respectively.

Each of the two datasets is reconstructed using a SIRT algorithm with 20 iter-

ations. The reconstruction of the dataset with missing wedge is shown in Supple-

mentary Fig. B.2a, without missing wedge in Fig. B.2b. Before segmentation of the

reconstructions anisotropic diffusion filtering is applied on the reconstructions, the

filtered reconstructions are shown in Figs. B.2c&B.2d. On the filtered reconstruc-

tions watershed segmentation and segmentation using an absolute threshold value

are performed. Watershed segmentation was done as described in the main text.
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Figure B.1: (a) Simulated phantom with 13 precipitates. Precipitates are indexed from 1
to 13. Numbers of precipitates, which are prone to missing wedge artifacts (1,
4, 10) are colored blue. (b) Noisy projections of the phantom for a tilt range
from -78° to +78°. (c) Noisy projections of the phantom for a tilt range of
-90° to +89°.

Figure B.2: Reconstruction and segmentation of the phantom from noisy datasets with
and without missing wedge: Original reconstruction (a) with missing wedge
and (b) without missing wedge. Filtered reconstruction using anisotropic dif-
fusion filtering (c) with missing wedge and (d) without missing wedge. Results
from the segmentation using an absolute threshold (e) with missing wedge and
(f) without missing wedge. (g) Erroneous pixels of the segmentation shown in
(e). (h) Erroneous pixels of the segmentation shown in (f). Results using wa-
tershed segmentation (i) with missing wedge and (j) without missing wedge.
(k) Erroneous pixels of the segmentation shown in (i). (l) Erroneous pixels
of the segmentation shown in (l). In the error images pixels missing in the
segmentation are shown in red, while additional pixels are shown in green.
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For the segmentation using absolute threshold values the threshold was set manu-

ally. It was chosen low enough to allow segmentation of the smallest precipitates,

which have lost contrast in the reconstruction due to resolution limits imposed by

the number of projections.

Figs. B.2e&B.2f show the results of the segmentation for both datasets using an

absolute threshold, Figs. B.2g&B.2h show images with erroneous pixels for both seg-

mentations. Supplementary Figs. B.2i-k show results of the watershed segmentation

for both datasets and the corresponding images with erroneous pixels. For segmen-

tation using an absolute threshold value, we observe a systematic overestimation of

the size of the precipitates, which increases with particle size, for both datasets, with

and without missing wedge. This is due to the chosen threshold value, which was

selected to include also small precipitates. Using a lower threshold would reduce this

effect for large precipitates, but would lead to the loss of the smallest precipitates in

the segmentation. The errors using watershed segmentation are significantly lower,

in particular for large particles. For the dataset without missing wedge erroneous

pixels are constrained to very thin layers on the surface of the precipitates. Such

errors are to be expected due to discrete steps at interfaces of the phantom object.

Concerning missing wedge artifacts, the ellipses oriented horizontally are affected

by such artifacts for both segmentation methods, though the impact is limited due

to the relatively large tilt range of +/-78°. Missing wedge artifacts can be seen for

example precipitate #4: Pixels are missing in the segmentation on two sides of the

precipitates, while the precipitate is elongated on the two other sides. Though these

artifacts are visible for both segmentation methods, their impact is significantly

smaller using watershed segmentation.

In Table B.1 and Fig. B.3 measurements and measurement errors for all precipi-

tates for each segmentation are given.

The results show a smaller error for the watershed algorithm compared to segmen-

tation using a threshold value. While in these measurements the particles affected

by missing wedge artifacts do not show systematically a larger error for the reduced

dataset, we note that this is also due to a partial compensation of errors from the

different sides of the particles. This can however not be generally expected for all

particle shapes.

These simulations indicate that while the missing wedge has an impact on the

measurement results its effect is limited by the relatively small missing tilt range.

For the simulated object the watershed segmentation method performs significantly

better than thresholding of the reconstruction. The segmentation method also limits

the effects of missing wedge artifacts on the results. For larger particles the error

201



B Supplementary Information for Chapter 7

Index Size (px2) ±78◦ watershed ±78◦ threshold ±90◦ watershed ±78◦ threshold
11 32 20 (-37.5%) 24 (-25.0%) 20 (-37.5%) 32 (0.0%)
1 48 40 (-16.7%) 21 (-56.3%) 44 (-8.3%) 55 (+14.6%)
3 49 33 (-32.7%) 37 (-24.5%) 37 (-24.6%) 49 (0.0%)
9 112 96 (-14.3%) 122 (+8.9%) 96 (-14.3%) 135 (+20.5%)
2 137 117 (-14.6%) 144 (+5.1%) 117 (-14.6%) 166 (+21.2%)

10 444 443 (-0.2%) 489 (+10.1%) 413 (-7.0%) 524 (+18.0%)
4 653 702 (+7.5%) 787 (+20.5%) 615 (-5.8%) 772 (+18.2%)

13 674 646 (-4.2%) 719 (+6.7%) 645 (-4.3%) 783 (+16.2%)
12 720 685 (-4.9%) 791 (+9.9%) 688 (-4.4%) 852 (+18.3%)
7 973 944 (-3.0%) 1015 (+4.3%) 936 (-3.8%) 1108 (+13.9%)
5 1597 1575 (-1.4%) 1714 (+7.3%) 1563 (-2.1%) 1765 (+10.5%)
8 1812 1762 (-2.8%) 1932 (+6.6%) 1766 (-2.5%) 2053 (+13.3%)
6 4647 4608 (-0.8%) 4839 (+4.1%) 4596 (-1.1%) 4943 (+6.4%)

Table B.1: Measured size of precipitates and relative error for the noisy phantom with and
without missing wedge, using gradient watershed segmentation and threshold-
ing. The precipitates are sorted by size. Values for precipitates prone to
missing wedge artifacts are shown in bold font.

Figure B.3: (a) Absolute error for the different segmentation methods with and without
missing wedge for all particles as a function of particle size. (b) Relative error
for the different segmentation methods with and without missing wedge for
all particles. The error of precipitates prone to missing wedge artifacts is
displayed with filled symbols.
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using the proposed method is well below 10% for datasets with and without missing

wedge. For smaller particles the ratio of surface pixels compared to the total area

of the precipitates increases and leads to a larger error in the simulations for both

datasets with and without missing wedge.
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Abbreviations

0D zero-dimensional.
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ADF annular dark field.

AFM atomic force microscope (microscopy).
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DOF depth of field.

239



Abbreviations

DUV deep ultraviolet.
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EELS electron energy-loss spectroscopy.
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EXAFS extended x-ray absorptance fine structure.

FBP filtered backprojection.
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GIF Gatan imaging filter.

GPU graphics processing unit.

HAADF high-angle annular dark field.
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IC integrated circuit.

IR infrared.

LED light-emitting diode.
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240



Abbreviations

MBE molecular beam epitaxy.

MEMS microelectromechanical systems.

MOCVD metal-organic chemical vapor deposition.

MOS metal-oxide-semiconductor.

MOSFET metal-oxide-semiconductor field-effect transistor.

NBED nanobeam electron diffraction.
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WBP weighted backprojection.

241
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αc Convergence semi-angle (mrad)
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λ Mean free path (m)

λe Electron wavelength (nm)
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ω angular frequency (s−1)
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σatom Atomic scattering cross section (m2)

σtotal Total scattering cross section (m−1)
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A Atomic weight (kg m−3)

B Magnetic field (T)

Dn Electron diffusion coefficient (cm2 s−1)

DOF Depth of field (nm)

Dp Hole diffusion coefficient (cm2 s−1)
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E Electric field (V cm−1)

E Energy (eV)
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F Force (N)

f frequency (Hz)

F (u, v) 2D Fourier transform
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J Current density (A cm−2)
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n Number of holes
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S (θ, w) 1D Fourier transform of projections

T Temperature (K)
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Name Symbol Value Unit

Unit charge e 1.602177 × 10−19 C

Vacuum permittivity ε0 8.854187 × 10−12 F m−1

Planck constant h 6.626070 × 10−34 J s

4.135668 × 10−15 eV s

Reduced Planck constant ~ = h/ (2π) 1.054572 × 10−34 J s
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Boltzmann constant k 1.380649 × 10−23 J K−1

Electron mass me 9.109382 × 10−31 kg
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Abstract

In this thesis electron tomography is developed and applied as a tool for three-dimensional

nanoscale characterization of semiconductor materials and devices. The major contribu-

tions of this thesis are the exploration and application of transmission electron microscopy

(TEM) contrast techniques for specific semiconductor applications and the exploration of

routes towards improving spatial resolution, in particular by adapting tomographic acqui-

sition schemes. As contrast techniques we apply high-angle annular dark-field (HAADF)

scanning TEM (STEM) for investigations of heavy dopants in a lighter environment and

we combine spectral low-loss energy-filtered TEM (EFTEM) with tomography and explore

the features of reconstructed low-loss spectra. For resolution improvement we experimen-

tally apply dual-axis electron tomography and investigate the potential of multiple-axis

tomography based on simulations. Furthermore reconstruction algorithms based on total-

variation minimization are applied to electron tomography. Samples investigated in this

work include tri-gate transistors, III-V nanowire heterostructures and silicon nanowire-

based capacitors as well as selenium-hyperdoped silicon, a material for optoelectronic

applications.

Keywords: electron tomography, semiconductor, HAADF STEM, EFTEM, nanowire,

reconstruction

Résumé

Ces travaux de doctorat concernent le développement de la tomographie électronique ap-

pliquée à la nano-caractérisation tridimensionnelle de dispositifs à semi-conducteurs et de

matériaux pour la micro et la nanoélectronique. Les contributions les plus significatives

de ces travaux sont (i) l’exploration et l’application de différents modes de contraste en

microscopie électronique à transmission (TEM) pour des applications spécifiques liées au

semi-conducteurs et (ii) l’investigation de nouvelles pistes pour améliorer encore la réso-

lution spatiale, en particulier en adaptant les schémas d’acquisition en tomographie. Le

TEM en balayage (STEM), basé sur des mesures annulaires aux forts angles et en champ

sombre (HAADF) a été mis en œuvre pour observer des dopants dont le numéro atomique

est typiquement largement supérieur à celui de la matrice (en silicium), et nous avons

combiné le TEM résolu en énergie (EFTEM) dans un régime de faible perte d’énergie

des électrons avec les techniques de tomographie afin de reconstruire les spectres de perte

d’énergie locaux, en chaque voxel. La tomographie double-axe a été expérimentalement

mise en œuvre pour améliorer la résolution spatiale, et le potentiel de la tomographie à

axe multiple a été démontré, grâce aux simulations. Enfin, des algorithmes de reconstruc-

tion basés sur la minimisation de la variation totale ont été appliqués à la tomographie

électronique. Les analyses effectuées comprennent les transistors triple-grille, les nanofils

III-V, les capacités à base de nanofils de silicium et le silicium sur-dopé au sélénium, un

matériau utilisé pour des applications optoélectroniques.

Mots clefs : Tomographie électronique, semi-conducteurs, HAADF STEM, EFTEM, na-

nofil, reconstruction
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3D nanoimaging of semiconductor devices and materials by
electron tomography

In this thesis electron tomography is developed and applied as a tool for three-dimensional

nanoscale characterization of semiconductor materials and devices. The major contributions

of this thesis are the exploration and application of transmission electron microscopy (TEM)

contrast techniques for specific semiconductor applications and the exploration of routes

towards improving spatial resolution, in particular by adapting tomographic acquisition

schemes. As contrast techniques we apply high-angle annular dark-field (HAADF) scanning

TEM (STEM) for investigations of heavy dopants in a lighter environment and we combine

spectral low-loss energy-filtered TEM (EFTEM) with tomography and explore the features

of reconstructed low-loss spectra. For resolution improvement we experimentally apply dual-

axis electron tomography and investigate the potential of multiple-axis tomography based

on simulations. Furthermore reconstruction algorithms based on total-variation minimiza-

tion are applied to electron tomography. Samples investigated in this work include tri-gate

transistors, III-V nanowire heterostructures and silicon nanowire-based capacitors as well as

selenium-hyperdoped silicon, a material for optoelectronic applications.

Keywords : electron tomography, semiconductor, HAADF STEM, EFTEM, nanowire, re-

construction

Imagerie tridimensionnelle nanométrique de matériaux et
dispositifs à semi-conducteurs par tomographie électronique

Ces travaux de doctorat concernent le développement de la tomographie électronique appli-

quée à la nano-caractérisation tridimensionnelle de dispositifs à semi-conducteurs et de ma-

tériaux pour la micro et la nanoélectronique. Les contributions les plus significatives de ces

travaux sont (i) l’exploration et l’application de différents modes de contraste en microscopie

électronique à transmission (TEM) pour des applications spécifiques liées au semi-conducteurs

et (ii) l’investigation de nouvelles pistes pour améliorer encore la résolution spatiale, en parti-

culier en adaptant les schémas d’acquisition en tomographie. Le TEM en balayage (STEM),

basé sur des mesures annulaires aux forts angles et en champ sombre (HAADF) a été mis

en œuvre pour observer des dopants dont le numéro atomique est typiquement largement

supérieur à celui de la matrice (en silicium), et nous avons combiné le TEM résolu en éner-

gie (EFTEM) dans un régime de faible perte d’énergie des électrons avec les techniques de

tomographie afin de reconstruire les spectres de perte d’énergie locaux, en chaque voxel. La

tomographie double-axe a été expérimentalement mise en œuvre pour améliorer la résolution

spatiale, et le potentiel de la tomographie à axe multiple a été démontré, grâce aux simu-

lations. Enfin, des algorithmes de reconstruction basés sur la minimisation de la variation

totale ont été appliqués à la tomographie électronique. Les analyses effectuées comprennent

les transistors triple-grille, les nanofils III-V, les capacités à base de nanofils de silicium et le

silicium sur-dopé au sélénium, un matériau utilisé pour des applications optoélectroniques.

Mots clefs : Tomographie électronique, semi-conducteurs, HAADF STEM, EFTEM, na-

nofil, reconstruction
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