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Introduction

The MOS (Metal Oxyde Semiconductor) transistor is the key component driving
the electronic logic revolution for the past 50 years ever since what has become
known as Moore’s law was first published [MOR 65]. Moore claimed that the
number of components inside a single chip would rise exponentially, increasing by a
factor of two every year and a half. After 50 years and 30 technology nodes, and
despite the fact that some physicists had predicted a real MOS limit for 50 nm gate
lengths and below, Moore’s law still does not show any inflexion. The transistor
gate length has continued to decrease from a few microns to a few tens of
nanometers and the number of components per chip has crossed over the billions.
This trend continues at a constant speed, respecting the initial Moore’s law. Why
then are the limitations predicted in the literature still not observed? First, these
limitations were based on the idea that evolution was only a matter of scaling and
that ultimate transistors would look like the old transistors, that is planar, mostly
made up of conventional Si and SiO, and fabricated using basically the same
processes of that in the 1980s. In fact, transistors still evolve because new materials
are being integrated; they are built following new architectural rules and fabricated
using different, alternative, processes.

Although the “scaling down” evolution was accompanied, and sometimes even
guided, by process simulations that were based on robust, well-understood and
physics-based modeling, today’s evolution is more complex, sometimes looking
erratic, and involves exotic materials of uncertain physical and chemical
characteristics, packed together using processes in which thermodynamics plays at
best a second role. More than ever before, it is necessary to experimentally access
the exact chemical composition and the crystalline state of these components with an
extraordinary sensitivity and at nanometer resolution. This is the prerequisite
condition, which is used not only to validate technological options, but most
importantly to invent and calibrate the new generation of process simulators that will
again be needed to continue the incredible adventure of microelectronics.

At the same time, transmission electron microscopy (TEM) is experiencing a
revolution. For many years, TEM, seen by some as the last avatar of the optical
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microscope, had pursued the dream of “seeing the atoms”, concentrating mostly on
improving the spatial resolution. Well, this is done, and no one doubts that high-
resolution TEM did help considerably in figuring out how materials are made.
However, today’s availability of highly coherent electron sources, sensitive
detectors, imaging filters and particularly aberration correctors has radically changed
the type and quality of the information that can be obtained by TEM.

The first revolution comes from the “possibility to image fields” using electron
holography. The possibility of quantifying, and mapping, electrostatic fields within a
device is a smart answer to the everlasting question of “where are the active dopant
atoms?” Mapping the strain fields introduced in the channel of a device to boost
carrier mobility is mandatory to understand and optimize its performance. Moreover,
the combination of intense nanoprobes and sensitive detectors can be used to dose
impurity contents and identify chemical compounds that may form, intentionally or
not, in the course of processing.

This book aims to present in a simple and practical way the new quantitative
techniques based on TEM that have been recently invented or developed to address
most of the challenging issues scientists and process engineers face to characterize
or optimize semiconductor layers and devices. Several of these techniques are based
on electron holography; others take advantage of the possibility to focus on intense
beams within nanoprobes. Strain measurements and mappings, dopant activation
and segregation, interfacial reactions at the nanoscale, defects identification, in situ
experiments and specimen preparation by Focused lon Beam (FIB) are among the
topics presented in this book. After a brief presentation of the underlying theory,
each technique is illustrated through examples from the lab or from the fab.

TEMs are now present in large numbers not only in academic but also in
industrial research centers and fabrication plants. Some of the techniques introduced
above and extensively described in the following chapters are not widespread,
sometimes suffering from the a priori statement that they are “difficult”. We
believe that it is not the case and hope to convince every reader, scientist or engineer
to set up and use these techniques in his or her own environment taking advantage of
the “existing” or “to be bought soon” equipment.

The authors of this book have lots of experience in characterizing “real” devices,
answering materials science questions arising when trying to accompany, sometimes
guide, technological developments aimed at rendering electronic devices smaller,
faster and cheaper while consuming less energy. This experience has been gained
through daily work in public (CNRS and CEA) or private (STMicroelectronics)
laboratories, often collaborating together within projects or networks financially
supported by several institutions among which we want to cite the European
Commission (FP6 then FP7 programs), the French ANR (White and R2N programs)
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and MINEFI (Alliance Nano2012) and the CNRS (METSA Network). We sincerely
thank all of them for their support and help in developing and installing TEM as the
indispensable companion tool of research and industry along the nanoelectronics
pathway.
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Chapter 1

Active Dopant Profiling in the TEM by
Off-Axis Electron Holography

1.1. Introduction

Electron holography is a powerful transmission electron microscopy
(TEM)-based technique that can be used to measure the phase change of an electron
wave that has passed through a region of interest compared to the phase of an
electron wave that has passed through only a vacuum. As the phase of an electron is
sensitive to the magnetic, electrostatic and strain fields that can be found in and
around a specimen, electron holography is a unique method that can be used to
recover all of these properties with nanometer-scale resolution. The electrostatic
potential in semiconductor materials is modified by the presence of active dopants.
At this time, when only a few dopant atoms can affect the properties of an electronic
device, electron holography provides a unique opportunity to look inside these
devices and to learn about the activity of the dopant atoms. Characterization
techniques such as secondary ion mass spectrometry and atom probe tomography
cannot differentiate between active and inactive dopants. Other techniques such as
scanning capacitance microscopy and scanning spreading resistance microscopy,
which are capable of measuring the active dopants at the surface of specimens, may
well have problems adapting to the latest generations of semiconductor materials
that can consist of doped nanowires and three-dimensional structures. Therefore,
electron holography is unique in that it allows the position of active dopants to be
measured inside a specimen with 1 nm spatial resolution today [COO 11], and
potentially atomic resolution in the future.

Chapter written by David COOPER.
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It was Gabor who introduced electron holography in his paper “Microscopy by
Reconstructed Wavefronts™ in 1948 [GAB 48]. Gabor realized that the measurement
of the phase of an electron beam would allow the aberrations of an optical system to
be eliminated. These ideas have been used in what is now known as high-resolution
electron holography that have provided the first examples of sub-Angstrém imaging
[ORC 95]. Today, electron holography is used to describe any method that allows
both the amplitude and phase information that is contained in an electron wave to be
reconstructed. There are many different methods for performing electron
holography, notably in-line holography that has been successfully used for the
characterization of strain, dopant and magnetic fields. However, it is off-axis
electron holography that is the most widely used. For simplicity, from now on, it
will be referred to as electron holography. Here, a Mollenstedt-Duker biprism is
used; this is a charged wire, normally located in the selected area aperture plane in a
microscope. The biprism is used to tilt a reference wave so that it interferes with an
object wave to provide an interference pattern in the image plane. From this
interference pattern, which is also known as the electron hologram, the phase of the
electron wave can be reconstructed. It was not until the 1980s when groups led by
Tonomura, Pozzi and Lichte began to successfully use electron holography to solve
materials science problems. However, the invention of stable and coherent electron
sources in the 1990s finally allowed electron holography to become more
widespread. Indeed, using the latest, ultrastable electron microscopes in 2012,
electron holography has become a much more user-friendly technique that provides
the microscopist with wonderful opportunities to solve materials science problems
that are not available elsewhere.

This chapter is designed to show the reader how to perform electron holography
in a transmission electron microscope and then how to use electron holography for
dopant profiling. There are many books and reviews that deal with the theory and
background in detail that should be consulted for a more complete discussion of the
aspects discussed here. This chapter is designed to provide a “hands-on” approach
regarding electron holography that will allow the readers to be able to get the most
out of their microscope and avoid many of the common and not-so-well-known
problems that can be encountered when performing electron holography.

Experimental results have been used to illustrate everything that is discussed
here. The experimental conditions have been kept as constant as possible. All
examples shown here were acquired using an FEI Titan TEM operated at 200 kV.
Unless otherwise discussed, the Lorentz lens was used with the conventional
objective lens switched off. Although the microscope used here has a probe
corrector, it was not used. The presence of the probe corrector meant that the third
conventional lens was switched off in order to be able to achieve the astigmatism
that is required for electron holography. For recording the electron holograms, a
charge-coupled device (CCD) camera attached to a Gatan energy filter was used.
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This provides convenience as the image is observed at a low magnification on the
TEM viewing screen to allow the whole of the sample, beam and biprism to be
observed at the same time with the additional magnification then provided in the
energy filter. In addition, the energy filter can be used to improve the hologram
contrast. Unless otherwise stated, a 2,048 x 2,048 pixel CCD camera was used in
“double binning” mode to provide 1,024 x 1,024 pixel images. Although the
examples shown were acquired using a Titan TEM, everything discussed in this
chapter can be transferred to any other type of TEM that is equipped with an
electron biprism in the selected area plane.

1.2. The Basics: from electron waves to phase images
1.2.1. Electron holography for the measurement of electromagnetic fields

The phase of an electron wave that has passed through a specimen will be
changed by the electromagnetic field. This phase change is given by:

#(x)=C; p/(x,z)dz—§ ‘“Bl (x,z)dxdz

where z is the direction of the incident electron beam, x is the direction in the plane
of the specimen, Vj is the electrostatic potential and B, is the component of the
magnetic induction that is perpendicular to both x and z[TON 87]. When examining
specimens containing dopants, it is assumed that there is no magnetic field present.
For the measurement of electrostatic potentials, the interaction constant, Cg is given
by:

c, 27 _EtE,
A E.(E, +2E,)

where A is the electron wavelength, E; is the rest energy of the electron and E} is the

kinetic energy of the electron. The interaction constant is 7.29 x 10° rads V"'m™ for
200 kV electrons and 6.53 x 10° rads V"'m™’ for 300 kV electrons. Figure 1.1 shows
Cr plotted for a range of microscope operating voltages revealing that the incident
electrons interact more with the electrostatic potential at lower energies.
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Figure 1.1. Cz as a function of the energy of the electron beam.

Following the notation of Hytch, when understanding the origin of the different
phases that are measured by electron holography, we can write the phase as having
four different components [HYT 11].

8, (1) =8, (N+g; (N+9" N+, (r)

where ¢° refers to the geometric phase that describes the distortion from the crystal
lattice, ¢ refers to the crystalline phase resulting from the scattering of electrons
from the crystal potential, ¢ is the magnetic contribution and ¢ is the contribution
from the electrical fields in and around the specimen. For the purpose of this
chapter, which concentrates on dopant profiling by electron holography, we will
assume that the specimen is both non-magnetic and has been tilted to a weakly

diffracting orientation and will only be concerned with the term ¢gE (7). Within this

term, the measured phase will have two components, the mean inner potential (MIP)
V, and the dopant-related potential V.

VE(r)=Vy(r)+V,(r)

The MIP is defined as the volume average of the electrostatic potential in a
specimen. The MIP can be calculated by using a non-binding approximation, which
considers the sample as an array of neutral atoms and gives an upper limit, as it does
not account for the distribution of valence electrons due to bonding. The electron



