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Summary

The method of band gap measurements using Scanning Transmission
Electron Microscopy (STEM) - Electron Energy-Loss Spectroscopy (EELS)
is a novel and exciting approach in materials science. With an unprece-
dently high spatial resolution, the fundamental property of semiconduc-
tors can be measured at length scales which are unobtainable with more
conventional methods, thus potentially unravelling new information of
semiconductors and their optical properties.

Although STEM-EELS has great potential for investigating optical prop-
erties, the method is quite challenging. The high-end instrumentation is
expensive, the operation is laborious with a demaning learning curve, and
interpretations of results are relatively complex. In this work, the tech-
nique of STEM-EELS for band gap measurements has been investigated,
with the overall goal of obtaining a fundamental understanding of the
technique. This work includes analysis regarding assessments of band
gaps from STEM-EELS data, with a focus on spatial resolution, precision
and accuracy. Zinc oxide (ZnO) has been studied as a test material, as pure
ZnO is a well-known transparent conducting wide band gap material with
many desirable properties.

More specifically, this work contributes to the overall knowledge of
band gap measurements with STEM-EELS. A method for high spatial res-
olution band gap analysis has been developed, resulting in high precision
and accuracy of the results. It has been found that the band gap can be
measured on a nanometer scale, where the inelastic delocalization of the
interaction is limiting the spatial resolution. Alterations of the band gap
through alloying and temperature variations have been found, showing
excellent comparability with optical absorption processes.The effects and
local variations of the optical properties due to doping have also been in-
vestigated, resulting in changes in the band gap as well as the appearance
of a plasmon in the infrared regime, thus revealing fundamental informa-
tion of semiconductors at previously challenging length scales. Further-
more, small scale systems such as embedded nanoparticles can be indi-
vidually characterized and measured. Hence, this work contributes to the
exploration of the novel technique of STEM-EELS for band gap measure-
ments by developments of methods and interpretations of results, as well
as applications to new materials systems and conditions.
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Preface

The work leading to this thesis was started in August 2014 with the
Center of Materials science and Nanotechnology (SMN) and Department
of Physics at the University of Oslo (UiO). The project is a part of the re-
search project FOXHOUND - Functional OXides through HOlistic UNDer-
standing, a strategic research initiative coordinated by SMN. In total, one
year has been devoted to teaching.

The focus of this thesis has been the method of band gap mesure-
ments with Scanning Transmission Electron Microscopy - Electron Energy-
Loss Spectroscopy (STEM-EELS), through performing and understanding
these experiments applied to ZnO. The main work has been conducted in
the Structure Physics group, in close collaboration with other groups at
SMN, especially the Light Emitting Novel Semiconductor (LENS) group
at SMN/Department of Physics. The large-scale national infrastructures
NORTEM and NORFAB has been central in carrying out the experiments.
Short research visits to Brunel University (UK) and EMPA (Switzerland)
has been carried out, as well as a workshop at McMaster University (Canada).
The work has also been presented at several conferences including Materi-
als Research Society (MRS), Nordic Microscopy Center (SCANDEM), and
EUROMAT.
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CHAPTER 1

Introduction

This chapter introduces why band gap measurements with STEM-EELS is
important for materials science. The band gap, common semiconductor materi-
als, conventional measurement techniques, and the motivation of STEM-EELS is
presented.

1.1 Materials and band gaps

Humans have through all time been dependent on materials, from basic
tools for survival to today’s newest “must-have” technological gadget. In
that sense, materials have always shaped the human society, and certain
materials have even set a sufficient mark on our history to define whole
eras such as the Stone Age or the Bronze Age. The interdisciplinary field
of materials science seeks to fundamentally understand materials, and im-
prove their utility for society. This leads to developments of new and bet-
ter materials, devices, or new or improved applications, and hence has an
immense impact on our future.

Materials science is often directed at solid materials, which comprise
groups such as minerals, ceramics, composites, organics, polymers, plas-
tics, and so on. The classification of materials is often based on the physical
properties and associated applications, such as mechanical, electrical, and
optical properties. In relation to this, materials may also be grouped ac-
cording to the forces between the atoms in the material – the bonds. This
small-scale property is highly related to the physical properties of the bulk
material, especially optical and electrical properties and associated appli-
cations. This also yields the distinction between metals, semiconductors,
and insulators, which is an important classification based on the ability to
conduct electrical current, and is paramount in various technologies.
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Chapter 1. Introduction

Metals such as gold, copper, lead, iron etc. are good conductors for
electric current, and are therefore used in cables and wires, but they are
also strong and resilient materials, especially as alloys, and are also used
within construction, railroads, tools, and pipes. Electrical insulators such
as glass, rubbers, polymers and plastics have high resistance and poor con-
ductivity, and are therefore used as coating of wires, thereby protecting
from short circuits, electrocution, and fire. Between these, the semicon-
ductor is known for having tunable properties: the conductivity of a semi-
conductor can be controlled through doping. Hence, semiconductors com-
prise an interesting group of materials, with a wide range of applications
such as transistors, diodes, detectors, and photovoltaics. Semiconductors
are the basis of all modern electronic components, where computers and
mobile phones are great examples, but they are also used for energy con-
version such as in solar cells, light emission, and thermoelectrics. With
this, the important field of optoelectronics emerges, which constitute the
devices that control conversions between light and electricity.

Eg

Metal Semiconductor Insulator

E

EF

Conduction
band

Valence
band

Figure 1.1: The band structure of metals, semiconductors, and insulators. The
Fermi level EF is the energy of the material, where the energy levels below con-
tain electrons (filled blue) and higher energy levels are empty (white). The semi-
conductor band gap Eg determines the energy necessary for absorption or light
emission.

A fundamental property of semiconductors is the band gap. The band
gap directly relates the band structure (configuration of bonds) of mate-
rials with the ability to conduct an electric current, and is therefore cen-
tral for the possible applications. Simplified band structures of a metal, a
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Chapter 1. Introduction

semiconductor and an insulator are illustrated in Fig. 1.1. The band struc-
ture describes the energy of the electrons in the material, where the Fermi
level EF is the energy limit between occupied states in the valence band
and empty states in the conduction band. Metals have zero band gaps,
and insulators have very large band gaps, whereas semiconductors have
a band gap in a range which is roughly corresponding to the energy of
visible light. An excitation of the material occurs if one of the electrons in
the valence band obtains sufficient energy to transition into the conduc-
tion band. Two interesting scenarios which may then occur is that the ex-
cited electron can travel around in the material, or it may fall back down
to the valence band and emit the excessive energy as light or phonons
(heat). These principles constitute the basis of electrical conduction and
light emission of semiconductors, and hence, semiconductors are impor-
tant for light absorption and light emission purposes.

The most common semiconductor today is silicon (Si). Si has a wide
range of applications, and as a semiconductor, silicon-based components
are completely dominating today’s market of electronics and photovoltaics.
This may not be so strange, as silicon compounds are everywhere: sand,
dust, minerals, planets, and comprise about 28 % of the Earth’s crust. As
it is so abundant, it is also a cheap material, and production methods have
obtained a very high control of defects and impurities. Furthermore, Si
has a band gap of 1.2 eV, thus resulting in a high-efficiency converter and
solar cell. High-quality crystalline silicon is mainly used for electronic
parts, whereas low-grade, cheap silicon often made as wafers for solar cell
applications.

Transparent Conductive Oxides (TCO’s) constitute an interesting group
of semiconductors for optoelectronic applications. These have a high band
gap so that they are transparent to visible light; the transparency is there-
fore an important property of TCO’s. Furthermore, these have a high con-
ductivity, and are therefore low-resistance materials with high ability to
conduct current. TCO’s are used in flat-panel displays such as liquid crys-
tal displays (LCD’s), LED’s, and touchscreens. TCO’s may also be found
in solar cells, where a top layer of a TCO is proposedly replacing the grid
front contact, thus increasing the area of solar absorption and enhancing
the efficiency.

Currently, the most used TCO is indium-doped tin oxide (ITO), due to
its high electrical conductivity and optical transparency. It has a band gap
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Chapter 1. Introduction

of approximately 4 eV, which can be tuned by the composition. However,
there is a limited supply of indium, and it is therefore expensive. The
production methods of ITO require high vacuum and is also expensive,
in addition to the films being fragile with low flexibility. Hence, there
is a clear need for better and cheaper TCO’s. Several alternatives have
been suggested to replace ITO, where the driving force is high-efficiency
devices, which are also cheap and environmentally friendly. However, for
TCO’s there is often a trade-off between transparency and conductivity, as
high doping levels increase the conductivity, but reduce the transparency.

Another important TCO is Gallium nitride (GaN), which has a band
gap of 3.4 eV. GaN has commonly been used in light-emitting diodes (LED’s)
since the 90’s, and its importance can be exemplified by the Nobel Prize
in Physics in 2014, which was awarded for the development of blue LED’s
using GaN with indium-doped quantum wells [1].

Figure 1.2: ZnO wafer (partly coated on the back side) and powder.

Zinc oxide (ZnO), shown in Fig. 1.2, is a particularly interesting TCO
material [2, 3]. Historically, ZnO has been used in products ranging from
rubber, ceramics and glass, to paint, mineral makeup, food additives, and
treatments for various skin conditions. ZnO is environmentally friendly,
abundant, and relatively cheap. ZnO has similar properties as GaN, with
a wide band gap of ∼3.3 eV, and can therefore be a viable alternative for
LED applications. Furthermore, tandem solar cell structures with ZnO as
an electron-absorbing layer have been suggested. Other important prop-
erties of ZnO include high stability, high electron mobility, strong room-
temperature emission, high heat capacity, and high melting temperature.
Thus, other applications of native and doped ZnO include sensors, tran-
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Chapter 1. Introduction

sistors, thermoelectric applications, and high power applications.
ZnO is often doped with elements such as aluminum, gallium, or in-

dium. These are easily substituting Zn, and can be introduced in large con-
centrations. They act as n-type dopants, contributing to a further increase
in the electron concentration, and result in an unusually high electron con-
ductivity. The increased carriers also influence the band structure, as the
band gap narrows when the ZnO conduction band merges with the donor
state. Moreover, the band gap can be further tuned by alloying, which is
known as band gap engineering. ZnO is often alloyed with materials such
as cadmium (Cd) or magnesium (Mg). Cd is larger than Zn, thus expand-
ing the lattice upon substitution, and subsequently reduces the band gap.
On the other hand, Mg is smaller than Zn, and cause a smaller lattice with
a band gap increase.

However, for many of the potential applications for ZnO, pn-junctions
and similar devices are required, whereas ZnO is inherently an n-type
semiconductor. P-type doping of ZnO has shown to be very challeng-
ing [4], and this is one of the limiting factors of the applications of ZnO.
On the other hand, this has also attracted an increasing scientific interest,
making ZnO a hot topic from a scientific perspective.

1.2 Band gap measurements

The band gap is a collective property of the lattice, and is affected by the
local atomic configuration. The band structure is changed by features such
as defects, doping, alloying, or changes in the ambient conditions such as
temperature. As the band gap is fundamental for the final device, for ex-
ample through the range of light absorption, emission, or output voltage,
accurate measurements of band gaps are important.

Band gaps are typically measured with techniques that measure either
absorption (optical absorption/transmission spectroscopies) or emission
(photoluminescence or cathodoluminescence spectroscopies) of light. The
latter is discussed further in Section 3.1, where light is used to measure the
energy of the transition from the top of the valence band to the bottom of
the conduction band, or opposite.

One challenge with the common techniques for band gap measure-
ments is that the spatial resolution is relatively low. In transmission, or
absorption, or in photoluminescence measurements, the spatial variation

5
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across a sample is often ignored due to the limited spatial resolution. This
is partly due to the long wavelength of light, which effectively limits the
spatial resolution by the diffraction limit. In cathodoluminescence spec-
troscopy coupled with a Scanning Electron Microscope (SEM), an electron
beam is used, and there is much higher spatial resolution, but here there
is a large interaction volume below the sample surface.

The valence and conduction bands are not atomically resolved, but de-
pend on the extended lattice. However, the band gap may vary across
regions of different composition, such as grains, films, particles, and so
on. The band gap may also be very sensitive to the local environment at
interfaces and grain boundaries, which could affect the performance of
a final device. Hence, studying the band gap at length scale where this
could be resolved is highly appealing. This is currently not possible with
conventional methods, thereby motivating techniques with high spatial
resolution.

A Transmission Electron Microscope is a powerful instrument for ma-
terials science due to the unprecedented spatial resolution, where atomi-
cally resolved images are almost considered routine work. In a scanning
mode, STEM, an electron beam is focused onto a spot on the sample that
can be less than 0.1 nm in size. This is then raster scanned across the
sample to form an image, and spectroscopy can also be measured at each
scanned spot, thus obtaining valuable information with a very high spatial
resolution. Electron Energy Loss Spectroscopy (EELS) is a common spec-
troscopic method in TEM/STEM. Here, a spectrum is formed by measur-
ing the energy of the beam after interaction with the sample, where energy
may be transferred to excitations. Hence, STEM-EELS is a spectroscopic
tool which has superior spatial resolution compared to the conventional
methods for band gap measurements.

During the development of the method, the energy resolution has lim-
ited the application to measurements of band gaps. This was due to the
very intense Zero-Loss Peak (ZLP) which tends to mask the band gap sig-
nal [5]. This also remains an issue today, as shown in the EEL spectrum
measured on ZnO in Fig. 1.3. In a pioneering work, the first band gap mea-
sured with STEM-EELS was performed by Batson et al. in 1986 [6] with a
highly customized STEM instrument with high energy resolution [7]. The
band gap of gallium arsenide (GaAs) of 1.42 eV was visible, and a reduc-
tion in band gap was seen in a region containing defects. This established
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Figure 1.3: STEM-EELS band gap measurement of ZnO, showing the intense
Zero-Loss Peak (ZLP). The ZLP tail extends far into the region of interest, as
shown in the inset.

the method for measuring band gaps with STEM-EELS, and also the su-
perior spatial resolution. However, commercial instruments at the time
did not have sufficient energy resolution for band gap measurements, and
very little further work was done before the 1990’s [8–10]. By then, numer-
ical modelling and deconvolution methods for the ZLP had been devel-
oped [11–15]. Still, these methods suffered from artifacts, which severely
limited their applicability for band gap measurements [16–18].

Solutions for improving the energy resolution were developed during
the 1990’s and 2000’s [19–21], and the effect of the ZLP was significantly
reduced. This was also followed by general improvements in instrumen-
tation and software to improve the stability and accuracy [22]. This lead
to features such as changes in composition [23], surface plasmons, and
interband transitions [24, 25] to be studied. Furthermore, a numerical-
based method for extracting band gaps from EELS was proposed by Raf-
ferty and Brown [26], which correlated the spectra with the joint density
of states. This allowed for the band gap of GaN to be extracted with high
precision [27], and was also applied to several important wide band gap
materials including ZnO [28].

STEM-EELS is a relatively new and powerful tool for materials science.
High-end instruments show potential for a wide variety of measurements
which have not been performed previously. However, the instrumenta-
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tion is expensive, and is also time-consuming to master and to operate;
the requirements for funding and dedicated users have kept the method
relatively rare, and the field is narrow. Hence, STEM-EELS for band gap
measurements is a somewhat unexplored technique, where further explo-
ration is needed both as to the technique and analysis, but also in interpre-
tations of results and various materials systems.

In this work, STEM-EELS has been used to study the band gap of sev-
eral ZnO-based systems. Since ZnO is a material system that has received
wide attention, several investigations using other techniques can be found,
and here ZnO is mainly used as a test case. Thus, this work has focused on
the advantages and possibilities of the technique, to study the application
of the method on this material system. In general, the optical properties
of the test material have been obtained with high spatial resolution and
high energy resolution, often focusing on mapping and spatially resolved
measurements.

One of the main challenges with band gap measurements in STEM-
EELS is that the field lacks a general, precise, robust, and stable method
for analyzing data. Quantification of band gaps from STEM-EELS requires
heavy user involvement, and several errors may occur during analysis
and interpretation. Hence, more works is needed where the analysis is
performed carefully with a clear focus on precision and accuracy. This
can be extended to band gaps as a function of distance, as well as two-
dimensional band gap mapping, that remains relatively unexplored. Al-
though some previous studies have performed analysis of band gaps as a
function of distance through line profiles and maps [29, 30], the analysis is
tedious or suffers from inaccuracies. Therefore, more accurate methods for
analyzing and interpreting band gap measurements in STEM-EELS while
exploiting the high spatial resolution is needed. This also includes direct
measurements of the obtainable resolution, comparisons across methods
for determining the accuracy, and general discussions of the capabilities
and limitations.

This work intends to address these points, and to contribute to the un-
derstanding of this method. The advantages of the method has been com-
pared to conventional band gap techniques, and applications to high spa-
tial resolution band gap mapping, in-situ measurements, and extending
its applicability into more challenging systems such as doped materials,
thin films, and embedded particles.
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CHAPTER 2

The Transmission Electron
Microscope (TEM)

This chapter contains an overview of the experimental techniques used in this
work. The Transmission Electron Microscope (TEM) has been central, and we
describe the fundamentals behind the different modes of operation and techniques
that have been used. The aim is to provide descriptions and details of the employed
methods as a supplement to the information given in the papers.

2.1 Scanning Transmission Electron Microscopy
(STEM)

2.1.1 Motivation of STEM

Transmission Electron Microscopes (TEM’s) are typically used in materi-
als science for imaging, with the advantage of superior spatial resolution
compared to other imaging techniques. Due to the small wavelength of
electrons, in combination with transmission through very thin specimens,
fine details in the structure and morphology can be revealed at atomic
scales. Since the development of TEM’s in the 1930s with resolution simi-
lar to light [31], for which Ruska was awarded the Nobel Prize in Physics
in 1986 [32], there have been extensive developments, and modern TEM’s
can now achieve sub-angstrom resolution. With the trend of smaller de-
vices and more complex material systems, TEM has therefore become a
crucial instrument for materials science.

The operational modes of a TEM can generally be divided between
conventional or high resolution TEM (CTEM, HRTEM), or Scanning TEM
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Chapter 2. The Transmission Electron Microscope (TEM)

(a) TEM (b) STEM

Figure 2.1: Conventional and converged TEM beam, forming TEM (left) and
STEM (right) modes of operation.

(STEM). In regular TEM mode, the specimen is illuminated by a parallel
electron beam, and images are formed by scattering and interference of
the transmitted electrons. In STEM mode, on the other hand, the beam is
converged to a small spot on the specimen. This is illustrated in Fig. 2.1.
By scanning the converged beam across the sample, images are formed
by measuring the intensity at each scanned position to certain ranges of
scattering angles. Historically, regular TEM mode has been the most used
imaging method in a TEM. However, with the developments the last decades,
involving aberration correctors, better electron guns, and improved sta-
bility of the scan electronics, there has been an enormous growth in the
interest for STEM. As the underlying principles and physics of TEM and
STEM is outside the scope of this work, it is gererally referred to the books
of Fultz and Howe [33] and Williams and Carter [34].

The TEM electron is transmitted through the specimen, and several
interaction mechanisms between the TEM electron and the specimen can
occur. Some important interactions include energy transfer to excitations
in the specimen, and the consecutive emission of light or X-rays. The sig-
nal from these interactions can in many cases be measured in the TEM by
adding dedicated detectors. This is where the advantage of STEM opera-
tion becomes important: with the very small interaction volume of STEM,
the interaction between electron and specimen is measured locally. By
scanning the beam, the neighboring position is measured independently,
and the local variation in the studied interaction can be found. Hence,
STEM is a very powerful tool for both imaging and spectrocopy in materi-
als science, with prospects for highly interesting technique developments
and scientific applications.

10
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(a) (b)

Figure 2.2: Illustrations of the beam paths of the two operational modes that have
been used in this work: (a) STEM and (b) Monochromated STEM.

2.1.2 Instrumentation and electron optics

Current TEM’s are often highly advanced and specialized, and differences
in usage and operations are therefore increasing. Depending on the exper-
iment and sample that is studied, there is often a need for specific features
in the TEM, such as special detectors or software. For example in band gap
measurements, a high energy resolution is a major advantage, which can
be achieved with a monochromator and a high brightness Field Emission
Gun (FEG).

Two important modes of operation is illustrated in Fig. 2.2. In (a), a
standard STEM alignment is shown, whereas (b) shows the corresponding
setup involving a monochromator. The electron gun is shown on top in the
figure, where the gun is operated by applying a voltage across a narrow
tip of W or ZrO2-coated W, thus enabling relatively coherent emission of
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electrons. The electrons are then accelerated to high velocities, thus have
a high energy, typically in the range 60-300 keV. Higher energy resolution
of the electron beam can be achieved by enabling a monochromator [35],
where an electromagnetic field is applied across the beam path. By the
Lorentz force, the beam is spread by velocity/energy. An aperture (here
marked “C1”) can then be used to select the desired energy range of the
beam.

The mode of operation and the convergence of the electron beam is
controlled by the condenser system. In Fig. 2.2 three lenses and aper-
tures are shown, labelled C1, C2 and C3. In monochromated STEM op-
eration mode, the C1 aperture is energy-selective. In normal STEM, the
C2 aperture controls the convergence α of the electron beam, typically
on a milliradian range, whereas this is controlled by the C3 aperture in
monochromated mode. Furthermore, the spatial resolution in STEM is of-
ten limited by spherical aberrations that are formed through the condenser
system [36]. Aberrations up to a certain order may be reduced by a probe-
corrector, which contains several lenses and poles for compensating the
aberrations from the condenser lenses. Prior to the sample, the objective
lens forms the probe which is focused onto the sample.

2.1.3 STEM imaging

STEM imaging is based on the amount of scattered intensity due to in-
teraction between the beam and the specimen, measured at each scanned
position. The scattering angle depends on the type of interaction, thus, the
information obtained by a detector can be specified according to the col-
lection angle β . In Fig. 2.3 the detectors are annular disks, and the beam
may pass through several detectors. Hence, an important advantage of
STEM is the possibility of imaging using several detectors simulaneously.

The High Angle Annular Dark Field (HAADF) detector detects highly
scattered electrons, which are mostly due to Rutherford scattering. Ideally,
the cross-section of Rutherford scattering depends on the unscreened scat-
tering power of the nucleus, leading to a Z2 dependent intensity [33]. This
signal is very low, and the detector will also capture slightly screened elec-
trons due to the geometry. Thus, in pratice, the HAADF detector intensity
varies as approximately Z1.8−2 [37], depending on the inner collection an-
gle and the element. Medium Angle Dark Field (MAADF, ADF) captures
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Figure 2.3: STEM detectors for imaging. Post-sample, the electron beam is scat-
tered to various directions. According to the collection angle β , the STEM imag-
ing detectors can be defined as High-Angle Annular Dark Field (HAADF), An-
nular Dark Field (ADF), Annular Bright Field (ABF) and Bright Field (BF).

screened potentials to a larger extent than HAADF. The ADF contrast is
still dependent on Z (with a lower exponent than in HAADF), however, it
will also be sensitive to changes in local electric fields such as strain [34].
Bright Field (BF) is sensitive to Bragg scattering and contains the direct
beam. Annular Bright Field (ABF) can be used to capture scattering from
lighter elements such as oxygen [38], as light elements have a low scatter-
ing power and thus result in small scattering angles.

Figure 2.4: HAADF, (MA)ADF and ABF images of a ZnO single crystal.

Fig. 2.4 shows an example of STEM imaging of ZnO with several simul-
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taneous detectors. In both HAADF and ADF the bright spots correspond
to Zn columns, whereas in ABF contains the direct beam that reverses the
contrast. Here, the Zn columns appear dark, and furthermore, there are
also indications of dark contrast corresponding to O columns.

2.2 Electron Energy-Loss Spectroscopy (EELS)

2.2.1 Background of EELS

Electron Energy Loss Spectroscopy, abbreviated EELS, is a spectroscopy
method that is now available in most modern TEM’s. Although EELS
can also be measured in dedicated setups known as surface or reflection
EELS [39], the configuration with STEM allows for spectroscopy with a
highly localized beam. The interaction volume with the sample is very
small, and thus, STEM-EELS has a very high spatial resolution. This makes
STEM-EELS very powerful for studying systems where the relevant infor-
mation is formed on small scales.

STEM-EELS is commonly used for element identification and map-
ping, and even atomic mapping by STEM-EELS has become an advan-
tageous method. The last few decades or so, the need for increasingly
higher resolution, larger data sets, improved stability, enhanced detec-
tor efficiency and accuracy, and so on, has lead to several technological
advancements. This has drastically improved EELS as an analytical tech-
nique, making it a versatile method with many exciting applications. From
simple energy-filtering of images and element identification in single spec-
tra, the technique can also be used for more complex anaysis such as oxi-
dation states, band gaps, reciprocal space dependencies, and feature map-
pings. Hence, STEM-EELS is a novel method for materials science with
enourmous potential for new experiments. This section provides an intro-
duction to the topic of EELS, and a more detailed description is provided
in the excellent book by Egerton [15].

2.2.2 Instrumentation and acquisition

EELS is measured post-sample, and a GIF (a Gatan Imaging Filter by Gatan
Inc.) is the most common instrumentation for measuring EELS in a TEM.
A simplified illustration is provided in Fig. 2.5. The spectrometer collects
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x

y

∆E

Figure 2.5: EELS collection angle and GIF setup illustration. Inset is an illustra-
tion of a spectrum image.

electrons scattered up to a certain angle β , which is set by the camera
length and the entrance aperture. The electrons are disperded in energy
by a magnetic field, where the electron paths are bent depending on the
velocity (energy) according to the Lorentz force. Furthermore, the GIF
consist of an advanced setup of lenses, masks and slits for spectroscopy
in the desired energy range, before being projected onto a CCD. The spec-
trum is then shown as intensity across the detector’s channels, where the
energy loss per channel is determined by the dispersion of the signal onto
the CCD.

STEM-EELS can be acquired in data sets called spectrum images [40].
Here, EELS is measured at each scanned position, where the acquired data
is stored in cubes consisting of one or two dimensions correspond to the
spatial scanning, and one dimension is along energy loss. An illustration
is provided in as an inset of Fig. 2.5. Spatially resolved EELS can then be
obtained by studying variations of a signal across the spectrum image [41].

Errors and instabilities

There are certain errors and problems appearing with EELS, though some
are now automatically corrected or reduced by calibrations and process-
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ing. Tuning of lenses, multipoles and slits are typically done with an auto-
mated GIF tuning procedure in high-end spectrometers. In the CCD there
is always a small current running, which is known as dark current, and
may be interpreted as energy-loss electrons. Additionally, there may be a
difference in gain/count efficiency of each channel of the CCD. In modern
GIF’s, procedures for gain correction and dark current correction are au-
tomatically applied to the spectrum by the software immediately after an
aquisition [42], where acquisition and processing often is performed with
Gatan’s Digital Micrograph software.

The microscope is also experiencing instabilities. A concern is sur-
rounding electromagnetic fields, which directly affect the energy calibra-
tion of the spectrometer. This cause a small energy jittering of the mea-
sured beam, but for a sufficiently fast acquisition or well-tuned field can-
cellation system, this can often be corrected in post-processing. The elec-
tron beam is usually relative stable during an acquisition, but may change
on a larger time scale: electron lens hysteresis, gun drifts, monochromator
drift, aperture drift, spectrometer drift, etc are all factors which means that
the exact conditions are never the same.

2.2.3 Principles of operation

The energy-loss spectrum

The energy losses suffered by the incident beam are caused by inelastic in-
teraction with the sample. Considering one incident electron, energy can
be transferred from the TEM electron to the sample, correponding to local
or collective excitation processes [15]. Fig. 2.6 (a) illustrates of typical ex-
citations occuring in a material by energy transfer from the TEM electron.
Here, the incident electron with energy E0 can create excitations by trans-
ferring an amount of energy ∆E, the remaining energy is E0−∆E. As the
incident electron enters the GIF, the energy loss is measured. Hence, EELS
is a technique for measuring the excitation processes in a sample.

Fig. 2.6 (b) shows a typical spectrum that is measured as a function
of energy-loss ∆E, where typical ranges of energy losses are shown along
with representative intensity scaling. EELS is often divided into three re-
gions, depending on the type of interaction that is studied, as shown in
the figure. The zero-loss peak represent the electrons that pass through the
sample with no measurable energy loss. Transitions from the valence band

16



Chapter 2. The Transmission Electron Microscope (TEM)

E

EF

CB

VB

Core
states

E0 E0−∆E

∆E

Fast
electron

(a)

0 25 50 75 925 950 975
Energy loss (eV)

In
te

ns
it

y
(c

ou
nt

s)

Zero-Loss Peak
Low-Loss (x20)
Core-Loss (x20k)

(b)

Figure 2.6: (a) Illustration of atomic excitations, and (b) the corresponding elec-
tron energy-loss spectrum (EELS).

and similar states is often referred to as low-loss EELS, or alternatively Va-
lence EELS (VEELS). The highest energy losses occur due to transitions
from core electronic states, referred to as core-loss EELS. These three re-
gions are further discussed below.

The Zero-Loss Peak (ZLP)

The interaction between electrons and matter is very strong, and in order
for transmission to occur, specimens for TEM are usually quite thin, in
the range of 10-100 nm. With such short interaction lengths, many of the
incident electrons will pass through the sample without losing any energy.
Additionally, there may be interactions with very small energy losses that
are below the experimental energy resolution, such as phonon excitations.
Thus, the most prominent feature in EELS is the zero-loss peak (ZLP). This
is a very intense feature, often so intense that it may overexpose the GIF
CCD and thus limit the exposure time. However, as the ZLP is centered at
0 eV, it is useful for calibrating the measured energy-loss.

The ZLP has a certain width, which is mainly caused by the energy
spread of the electron source and the point spread of the CCD. Hence, the
energy resolution can be characterized by the ZLP width, and the most
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Figure 2.7: ZLP with indication of FWHM and the Kimoto limit.

commonly used parameter is the Full With at Half Maximum (FWHM)
of the ZLP. In non-monochromated operations the FWHM is often on a
1 eV range, whereas monochromated instruments can achieve a narrower
FWHM of approximately 0.1-0.15 eV. However, the ZLP will contain a tail
that may shade the low-loss region of EELS. Therefore, the Kimoto-limit is
another important parameter for the ZLP. This is the energy where the ZLP
tail is 10−3 of the ZLP maximum, and expresses the low-energy limit of
information due to ZLP shadowing [43]. Both the FWHM and the Kimoto
limit are shown in Fig. 2.7 for an experimentally obtained ZLP in vacuum.

In the case of increasingly thick samples, there are more material for
the TEM electron to interact with. Relative to the intensity of the ZLP,
the intensity of energy losses increase. Hence, the intensity of zero-loss
compared to the amount with energy-loss is related to the thickness, and
often relative thickness in terms of the inelastic mean free path is found by
this technique.

Low-loss EELS

As the TEM electron is transmitted through the material, the accompany-
ing electromagnetic field of the electron generates a dielectric response of
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the sample material. The passing field cause a collective displacement of
the free electrons in the sample, creating oscillations known as plasmons
of a certain energy energy EP. As shown in Fig. 2.6 (b), this is seen as the
second most intense feature in EELS, where the energy-loss due to excita-
tion of plasmons can be descibed by [15, 34]

EP = h̄

√
ne2

ε0m
. (2.1)

This model assumes only free electrons participating in the oscillations,
and depends on the density of free electrons n. The other parameters are
Planck’s reduced constant h̄, the electron charge e and mass m, and the
free-space permittivity ε0. Typically, plasmons studied with EELS is a bulk
effect, where n is electrons per volume, and the bulk plasmon occurs as a
peak in the range of 15-25 eV. Additionally, surface plasmons can also be
observed in EELS [44–46]. In practice, the plasmon is often generated by
nearly-free electrons within the valence band, although for heavily occu-
pied conduction bands there may be an additional plasmon peak caused
by the oscillation of conduction band electrons [47].

The low-loss region of EELS can generally be described by the dielec-
tric response to the electric field, and the intensity of this interaction may
be expressed by [34]

I(E) =
I0t
k
Im
{ −1

ε(E)

}
ln
[
1+
(

β

ΘE

)2]
(2.2)

as a function of energy-loss E. Hence, the dielectric function ε is the impor-
tant parameter as it is a function of energy. Here, I0 is the ZLP intensity,
t is the sample thickness, k is a constant including the electron velocity
and the Bohr radius, and β is the collection angle. ΘE is the character-
istic scattering angle for energy-loss E, and is in the non-relativistic case
given by ΘE = E

2E0
for incident electron energy E0. Hence, the low-loss EEL

spectrum is related to the imaginary part of the dielectric function of the
material, and can be described as a combination of plasmons, transitions
from the valence band to the conduction band (interband transitions), and
transitions within these bands (intraband transitions). Furthermore, the
low-loss spectrum can also give information about band gaps. This is in-
vestigated further in the next chapter.
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Core-loss EELS

In addition to interaction with electrons in outer states such as the valence
band, the TEM electron can also interact with inner shell electrons - or
core electrons. As these are more bound to the atom than valence elec-
trons, the intensity of this transition is generally much lower than what is
seen in low-loss EELS. However, the binding energy of the core electrons
is element characteristic, and this results in characteristic ionization edges
seen in core-loss EELS. Also, the core electrons are highly localized to the
nucleus. Thus, exceptional spatial resolution can be obtained with core-
loss EELS [48, 49]. Furthermore, the local structure of the material may
influence e.g. the configuraton of available states, and chemical informa-
tion can be obtained by studying the near-edge structure of an ionization
edge (ELNES), or the extended fine-structure of an edge (EXELFS). These
methods are highly comparable to equivalent X-ray techniques (XANES,
EXAFS), although with lower energy resolution, but with a superior spa-
tial resolution.

An example of core-loss EELS is shown in Fig. 2.8. (a) shows a STEM
image of the interface between a ZnO substrate and a sputtered Cu2O film,
where a darker contrast is clearly visible as a 5 nm region on the Cu2O side.
This has been identified as a CuO phase by TEM diffraction and GPA [52,
53]. This phase has been formed due to lattice mismatch between Cu2O
and ZnO which forms a different oxidation state of copper oxide at the
interface. To confirm this phase, core-loss EELS across the interface using
the Cu L2,3 and O K edges has been performed.

The Cu L edges in the interface region (“CuO”) and in the film (“Cu2O”)
is shown in Fig. 2.8 (c). This corresponds to the excitation of Copper 2p
states, where spin-orbit splitting into 2p 1

2
and 2p 3

2
with slightly different

binding energy results in two distinct initial states, which here forms two
separable edges in EELS. Comparing the two spectra, there is a clear differ-
ence in onset energy of the L3 peak, as well as a relative intensity difference
between the L2 and L3 peaks.

The onset energy of the peaks shows a chemical shift between the two
states. This is caused by either a change in binding energy of the initial
state, the lowest energy of the final states, or a combination of both. This
is generally associated with a different configuration of elements, indicat-
ing a change in the local chemistry. The sharp peaks are recognized as
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(a) HAADF image (b) EELS O K edge mapping

(c) EELS Cu L edges (d) EELS O K edge

Figure 2.8: HAADF, EELS O K map, EELS CuL edges, and O K edges. This was
measured across a ZnO/Cu2O sample, showing CuO at the interface. References
from the EELS database [50, 51]. (Manuscript in preparation, Granerød et. al.,
2018)
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“white lines”, which is generally most pronounced for strong ionic bond-
ing. Here, the lines occur due to a large overlap of occupied 2p states and
empty 3d states [54], which is also a favorable transition according to the
dipole selection rules. The peak intensity is determined by the 3d orbital
filling, as the surronding oxygen bonds with Cu, creating Cu2+ and Cu+

ions, and thus influence the amount of 3d electrons. CuO contain more
oxygen atoms than Cu2O, thus occupying fewer 3d states, and give a more
intense L3 peak. Furthermore, the spectra have been compared to a refer-
ence from literature [50] from the EELS database [51], showing excellent
agreement between reference spectra of CuO and Cu2O.

The corresponding O K edge is shown in Fig. 2.8 (d), measured in the
Cu2O film, in the CuO interface layer, and in the substrate. The chemical
shift is also present here, and the fine structure shows also good agree-
ment with the reference. Furthermore, this shows that the interface layer
is clearly not a combination of the two surrounding signals, and this has
been spatially mapped in Fig. 2.8 (b). Hence, by STEM-EELS we have
shown that the interface layer is a 5 nm thick region consisting of CuO, as
opposed to the Cu2O film.

2.3 Other (S)TEM spectroscopy techniques

2.3.1 Overview

Energy-Dispersive X-ray Spectroscopy (EDS) is a common (S)TEM tech-
nique for characterization and quantification, as it measure the X-rays that
are emitted during the interaction. Following an initial excitation of a core
state, the de-excitation by X-ray emission is a secondary process that is
highly complimentary to core-loss EELS, as illustrated in Fig. 2.9. Further-
more, it has recently been developed equipment for measuring lumines-
cence in the TEM, called nano-cathodoluminescence (Nano-CL). This is a
measure of the light that is emitted from the sample, and can similarly be
compared to low-loss EELS - especially related to band gap and excitations
in the visible range.
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Figure 2.9: EELS, EDS and CL processes.

2.3.2 Energy-Dispersive X-ray Spectroscopy (EDS)

Energy-Dispersive X-ray spectroscopy (EDS) is an analytical technique for
determining elements and composition. During the interaction with the
incident TEM electron, inner shell excitations are followed by de-excitations,
causing generation of X-rays. The X-ray energy is element-characteristic,
and hence, EDS provides element identification and composition quantifi-
cation of a sample. For further details, the reader is referred to the book
by Williams and Carter [34].

Figure 2.10: The setup of EDS detectors around the sample.

In STEM-EELS, the highly focused electron beam and very thin sam-
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ple lead to X-rays being generated from a very small interaction volume
around each scanned position. This gives a high spatial resolution of EDS,
but low signal, and detector efficiency and acquisition time becomes im-
portant for a high signal to noise ratio. Fig. 2.10 shows the setup of the EDS
performed in this work, where a FEI Super-X EDS detector system has
been used, consisting of four scintillation EDS detectors located around
the sample. This improves the count rate significantly compared to single-
detector systems.

Figure 2.11: High resolution EDS of SrTiO3, showing atomic columns of the ele-
ments. (Unpublished results, 2016)

Fig. 2.11 shows an example of EDS mapping performed on SrTiO3 with
The FEI Titan using the Super-X EDS. With a very long exposure time, the
signals of the Sr Kα , Ti Kα and O Kα X-ray peaks are sufficient for atomic
resolution mapping where the atomic columns can clearly be identified.

2.3.3 Nano-Cathodoluminescence

In luminescence spectroscopies, an excitation in the optical regime leads
to de-excitation with emission of light, where the intensity of the light as
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a function of wavelength is found. Cathodoluminescence (CL) is the lu-
minescence technique where an electron beam is source of excitation, as
opposed to photoluminescence where a laser is used. In combination with
the highly localized transmitted electron beam of STEM, this technique is
referred to as Nano-CL, eventually STEM-CL.

Nano-CL require specialized instrumentation for measurements, as the
light has to be collected in very close proximity to the sample. This is
achieved by placing parabolic mirrors surrounding the sample. The gen-
erated photons are collected by the mirrors and focused into optical cables,
before being transferred out of the TEM and measured in a spectrometer.
To collect most of the light, the mirrors are located on the sample holder,
placed above and below the sample. Small holes through the mirrors al-
low for the TEM beam to enter and exit the holder for simultaneous imag-
ing and EELS.

(a) (b)

Figure 2.12: Examples of Nano-CL, measured on different luminescing materi-
als. (a) The local configuration surrounding the Eu atoms result in different lu-
minescence, whereas (b) strong infrared luminescence can be observed due to a
transition in Yb. (Unpublished results, 2016)

Fig. 2.12 shows two examples of Nano-CL. (a) shows Nano-CL mea-
sured on different systems of TiO2/Eu2O3 grown with Atomic LAyer De-
position (ALD) using different approaches: a multilayered structure with
alternating layers of TiO2 and Eu2O3 with similar thicknesses after an-
nealing [55], a 50% “doped” post-annealed sample, and a 10% “doped”
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and post-annealed sample [56] have been studied. Here, the multilay-
ered structure show low luminescence, whereas the 50% “doped” sam-
ple has enhanced luminescence with several features, corresponding to
the atomic Eu-bonds. Fig. 2.12 (b) shows a composite spectrum measured
on YVO4:Yb, also prepared with ALD [57]. Several spectra acquired with
higher spectrometer resolution were combined, thus enhancing the spec-
tral resolution while obtaining a large dynamic range. Sharp peaks can
be observed in the visible light region, corresponding to impurities in the
sample, whereas a strong infrared emission from Yb is evident.

Currently, Nano-CL is a relatively new and novel technique, where
dedicated CL sample holders have only been available for a decade or
so [58]. However, thin TEM samples result in a low CL signal, and a major
challenge with nano-CL is currently the signal-to-noise ratio, especially for
samples with low luminesence. It is possible to compensate for the noise
by increasing the exposure time; however, this may introduce issues such
as sample damage and sample drift, which may compromise the quality
of the results.

Comparison to EELS

There are clear differences between these techniques, and they each have
their own strengths as well as challenges. The differences become clear
when considering spatial resolution, intensity, and noise. EELS represents
a primary process, whereas EDS and nano-CL are both secondary pro-
cesses. Therefore, EELS has in principle a higher spatial resolution, as the
interaction volumes of secondary processes is larger than primary pro-
cesses. The X-ray or photon may travel or scatter before being detected, in
addition to spurious signal from the holder etc. may be detected.

At low transition energies, the X-ray and photon generation is low and
challenging to detect, thus leading to noisy EDS and CL as compared to
low-loss EELS. Furthermore, as EELS has a high energy resolution, EELS
may also be used to study the fine structure of core-loss edges. However,
at very high transition energies, the core-loss EELS become weak, and EDS
may be preferred. EDS may therefore also be preferable for quantification,
as this in addition has a more robust analysis than core-loss EELS quan-
tification.
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CHAPTER 3

Band gap measurements with
EELS

This chapter describes the principles behind band gap measurements with
Electron Energy-Loss Spectroscopy (EELS). The fundamental theory, experimen-
tal challenges, and relation to more common methods are described in detail, as a
supplement to the information provided in the papers.

3.1 Motivation of the technique

3.1.1 Conventional measurement techniques

Band gaps of solid state semiconductors can be measured with a wide
variety of methods, often involving an interaction such as optical absorp-
tion [59], reflection, emission [60], scattering, or polarization [61]. With
unique beam interactions, each tehnique has inherent strengths as well as
limitations to the suitability, requirements for sample or system to be mea-
sured, or interpretations of results.

With a wide variety of techniques for measuring band gaps, an impor-
tant distinction arise between different definitions of the band gap. The
fundamental band gap is defined as the energy difference for electrical
transport, yielding the electronic band gap. However, the onset of absorp-
tion of light may occur at slightly lower energies, thus introducing the
concept of an optical band gap. This is further described in Section 3.2.5.
For measurements of optical band gaps, the onset of optical absorption is
found, most commonly using methods such as optical transmission spec-
troscopy or luminescence spectroscopies. These methods are briefly de-
scribed below, in order to make a comparison with STEM-EELS.
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UV-Visible transmission spectroscopy

In general, when a sample is illuminated with a beam of light, the light
is either transmitted, reflected or absorbed. In UV-Visible transmission
spectroscopy, light with wavelengths in the ultraviolet-to-visible range is
employed and is transmitted through the sample. Some of this light is
absorbed by the material, thus reducing the intensity of the transmitted
beam. The transmittivity varies with wavelength, thereby forming a trans-
mission spectrum, which can be transformed into the absorption coeffi-
cient as a function of energy, α(E).

Light with energy below the band gap will in theory not be absorbed,
as no final state exist for such transition. Light with higher energy than
the band gap can be absorbed, where several available initial and final
states leads to a non-zero absorption coefficient termed the asorption edge.
At wavelengths corresponding to the band gap, a sharp increase in the
absorption coefficient is thus expected, and the band gap is identified as
the onset of the absorption edge. Analysis of these spectra are typically
performed with Tauc plots [62], where the absorption edge is fitted with
the function

α(E)E = c(E−Eg)
1/n, (3.1)

with the onset Eg and intensity scaling c as fitting parameters. The tran-
sition type is described by n, and for a direct bandgap, n = 2. In practice,
beam interactions, energy resolution, amorphous regions, defects, impuri-
ties, structural disorders etc. are also affecting the spectrum. This is com-
monly observed in optical absorption spectra, and leads to intensity below
the fitted onset of absorption, often referred to as an Urbach tail [63].

Photoluminescence spectroscopy

In photoluminescence spectroscopy (PL), the sample is illuminated by light
from e.g. a focused laser, which induces excitations. The electrons sub-
sequently de-excite by emitting light, which is collected in a spectrome-
ter. The emission spectrum differs from an absorption spectrum as the in-
tensity is formed by radiative emission, instead of an absorption process.
Thus, band gap analysis from PL involves analyzing the exciton emission
peak to locate the peak position.

As emission is a secondary process, the spatial resolution is both de-
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pendent on the interaction volume of the primary absorption process, and
the consecutive interaction volume of emission. Although single features
such as quantum dots of sizes less than 50 nm have been seen with PL
with optimized setups [64], the general spatial resolution is often on a µm
scale [65].

Cathodoluminescence spectroscopy

Cathodoluminescence spectroscopy (CL) is similar to PL, but the excita-
tion is caused by electrons (a cathode) rather than photons. The signal
from CL is analyzed in a similar fashion as in PL, however, small differ-
ences between techniques can occur due to differences in beam interaction.

As an electron beam has a much smaller wavelength than light, the spa-
tial resolution is higher in CL than in PL. Often, CL is used in combination
with Scanning Electron Microscopes (SEM’s), and the spatial resolution is
limited by a relatively large interaction volume of the beam. Therefore,
to further enhance the spatial resolution, a recent trend is to couple CL
with a TEM. This technique is known as Nano-CL or TEM-CL, and is also
discussed in Section 2.3.3. By exploiting the high spatial resolution and
the thin sample, the total interaction volume is therefore smaller than in
SEM-CL.

3.1.2 Comparison with STEM-EELS

The main advantage of band gap measurements with STEM-EELS is the
spatial resolution. The powerful combination of a highly localized con-
verged STEM beam with very small wavelength, the primary interaction
process of EELS, and a small interaction volume of a thin sample enable
measurements of band gaps with a superior spatial resolution.

In terms of energy resolution, the limiting factor in STEM-EELS is the
energy spread of the source and detector. The energy resolution is usually
higher in optical experiments, especially in low-temperature PL measure-
ments. However, at elevated temperatures, emission spectroscopies are
eventually dominated by non-radiative emission, therefore yielding low
intensity.

When using electrons to measure band gaps, one fundamental differ-
ence is that electrons can also transfer momentum. In optical experiments,
photons does not involve any significant momentum, which means that
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phonons must assist in indirect transitions for any measurable intensity.
However, by employing electrons, the momentum space can be exploited
to measure indirect band gaps, but also for mapping out the transitions in
reciprocal space.

3.2 Theoretical approach

3.2.1 The ideal band structure

In theory, EELS measures a similar process as optical absorption tech-
niques, and they are therefore highly comparable techniques. However,
the use of electrons istead of photons involves a different physical interac-
tion, thus making EELS a relatively advanced method with a unique set of
challenges and possibilities.
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Figure 3.1: (a) The ideal band structure with one valence band (VB) and conduc-
tion band (CB), separated by a direct band gap Eg, and (b) the corresponding EEL
spectrum.

As a starting point to investigate band gap measurements with EELS,
we consider a simple model of a direct band gap semiconductor. The band
gap is defined as the energy difference between the maximum energy in
the valence band and the minimum energy in the conduction band. Thus,
the simplest band structure contains only one valence band and one con-
duction band, separated by the band gap Eg, as illustrated in Fig. 3.1 (a).
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The energy of these bands can be described by

E =
h̄2k2

2m
, (3.2)

where the bands are parabolic in the three-dimensional reciprocal space
spanned by k. With Plancks reduced constant h̄, the band curvature is set
by the electron mass m.

Considering a single electron interaction process between a fact elec-
tron and a valence electron, energy is transferred from the fast electron to
an excitation of the valence electron to the conduction band. By measuring
the intensity as a function of the energy which is lost by the fast electron,
EELS describe the intensity of the excitations. Similar to optical absorp-
tion, there are no states that could give transitions with energy lower than
Eg, and ideally the EELS intensity is zero for energy losses below the band
gap. Transitions with higher energy than Eg correspond to allowed excita-
tions, and form a continuous intensity in the EEL spectrum. The band gap
itself determines the smallest amount of energy transfer, and is thus iden-
tified as the onset of the energy-loss edge. This is illustrated in Fig. 3.1 (b).

3.2.2 The inelastic scattering cross-section

Energy loss as a dielectric response

Two approaches are used in literature to interpret the energy-loss spectra.
First, as stated in Section 2.2.3, the low-loss region can be described as a
response to the electromagnetic field of the TEM electron. Assuming the
TEM electron is transmitted through the sample as a free particle, the low-
loss EELS region is described according to Eq. (3.2) in the previous chapter,
where the intensity follows [66] [15, Eq. 3.32]

d2σ(θ ,E)
dθ dE

' 1
π2 a0 mv2 na

1
θ 2 +θ 2

E
Im
{ −1

ε(q,E)

}
. (3.3)

Here, the first part includes the constants a0 for the Bohr radius, m as the
electron mass, v as the speed of the incident electron, and na for the number
of atoms per volume. The second factor takes into account the geometry
of the experiment in terms of the scattering angle θ and the characteristic
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scattering angle θE. The third factor is known as the energy-loss function
and depends on the complex dielectric function ε .

Quantum mechanical approach

The interaction can also be described in a quantum mechanical frame-
work. Following the work by Rafferty and Brown [26], the TEM electron
interaction with the sample can be described as a scattering process in-
cluding an atomic transition from |i〉 to | f 〉 with energy E. The scattering
cross section is then dependent on the momentum transfer q = k−k0 of
the scattered electron. The double-differential scattering cross section into
a solid angle of dΩ becomes [26, Eq. 2]

d2σ(θ ,E)
dΩdE

=
1

πε0

(mrede2

h̄2

)2 k
k0

1
q4

∣∣∣ N

∑
j=1
〈 f |eiq·rj |i〉

∣∣∣2ρ(E). (3.4)

Here mred is the reduced mass of the fast electron and the target electron,
and ρ(E) is the joint density of states (JDOS).

The electrons can be expressed as Bloch waves, and the matrix element
of the transitions can therefore be rewritten as∣∣∣ N

∑
j=1
〈 f |eiq·r |i〉

∣∣∣2 = M2
1 + k2

j M2
2 , (3.5)

where kj is the wave number of the Block electron at rj. In a direct band
gap material, the valence and conduction bands are centered on the same
reciprocal point. The main contribution is then from electrons excited from
the top of the valence band, thus k j = 0, and the momentum transfer is
zero. The matrix elements can then be summed directly in M1, and only
the JDOS contains any energy dependency.

Assuming a parabolic valence band and a parabolic conduction band,
the JDOS close to the band gap follows a

√
E−Eg dependency [67, 68].

Thus, the resulting intensity measured in EELS close to a direct band gap
can therefore be described by [26]

I(E) = c
√

E−Eg. (3.6)

c is here a scaling parameter for the number of interactions measured in
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Figure 3.2: Illustration of STEM convergence angle and EELS collection angle,
showing that non-zero momentum transfer is collected in the GIF.

the experiment. Therefore, as long as the band structure can be approxi-
mated by the parabolic model, this function describes the energy-loss edge
above the onset Eg. This result is also in agreement with the dielectric for-
mulation of Eqn. (3.3), as the energy-loss function is also dependent on the
JDOS [69].

3.2.3 Momentum transfer

In contrast to optical interactions, electrons can also transfer a significant
amount of momentum in addition to energy. Thus, the spectra from EELS
and optical measurements may differ due to the momentum transfer pro-
cess being different in EELS. The momentum transfer has been included in
the descriptions above by the scattering angle θ or the momentum transfer
vector q. Experimentally, the range of momentum transfer included in a
measurement is determined by the STEM convergence angle and the col-
lection angle angle and position of EELS, as illustrated in Fig. 3.2. These
angles are often tens of mrad large, corresponding to momentum transfer
on a scale of 50 nm−1 for the fast electron. Compared to optical transitions,
which are approximately 0.01 nm−1, transitions with momentum transfer
may therefore contribute significantly to the EEL spectrum.

Rafferty and Brown found that transitions with momentum transfer
may contribute to the final spectrum [26], and could by incorporated by
including a term similar to

k2
j =

mred

h̄2 (E−Eg). (3.7)

However, in a direct band gap material, these contributions would be neg-
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ligible compared to the transitions with zero momentum transfer. Unless
specifically set up, momentum transfer is therefore a very small effect.

On the other hand, if the valence and conduction bands are not aligned
in reciprocal space, such as in an indirect band gap material, or if only a
specific range of non-zero momentum transfer is allowed into the spec-
trometer, these transitions become important. Then, only a certain mo-
mentum transfer is observed close to the band gap. By including the
energy-dependent term for transitions with momentum transfer, the re-
sulting EELS intensity of an indirect band gap becomes

I(E) = c(E−Eg)
3/2. (3.8)

Therefore, indirect band gaps result in less abrupt edges in EELS than for
direct band gap materials.

3.2.4 The band structure

The above description is only valid if the band structure can be approxi-
mated by a parabolic valence band and a parabolic conduction band. In
a real material, this is not a complete description, as the electronic struc-
ture consists of several bands, and deviations from the parabolic model
must be expected. Thus, the approximation may only be valid in a small
range around the Γ point, and in a small energy range. Therefore, Eq. (3.6)
may only be applicable in a small range close to the EELS edge onset, de-
pending on the material. In practice, this cause a high sensitivity to fitting
ranges when analyzing experimental results.

A modification of the model can be made by replacing the electron
mass in Eq. (3.2) with the effective masses of the valence and the con-
duction bands. In ZnO, the band structure shows a relatively flat valence
band, i.e. a low effective hole mass, and a relatively sharply curved con-
duction band, with a high effective mass. Considering the JDOS, this mod-
ification does not change the modelled shape of the edge, and Eqn. (3.6)
is still valid. However, if the band structure is further modified, the shape
of the edge change accordingly, which illustrates that Eqn. (3.6) may not
work for more complex materials systems.
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3.2.5 Excitons
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Figure 3.3: (a) The ideal band structure including an excitonic state, with the
optical band gap Eg, and (b) the corresponding shift in EELS.

With an excitation of a valence electron, a hole is created in the va-
lence band. As the conduction band electron and valence band hole are
of opposite charges, attractive Coulomb forces are set up. This leads to a
bound state called an exciton, as is illustrated in Fig. 3.3 (a). Compared to
the fundamental band gap, the exciton creates a state with a lower energy
than the conduction band. The exciton state is therefore a possible final
state in the excitation by the fast electron in STEM-EELS.

As there are only Coulomb forces setting up the exciton, the presence of
excitons are not assumed to change the band structure, only contribute to
a shift to lower energies. In STEM-EELS, the exciton state will therefore be
observed as the onset of energy-loss, as shown in Fig. 3.3 (b). Excitons are
therefore corresponding to a shift in energy compared to the fundamen-
tal/electronic band gap. This leads to the term ‘optical’ band gap, which
is the smallest energy of an excitation process, thus also involving the ex-
citon state. In general, materials have several excitons, and also excited
states of these. However, these are well below the energy resolution limit
in STEM-EELS, and we assume only one exciton state.

The difference between the fundamental and optical band gap is there-
fore the binding energy of the exciton, however, the exciton binding en-
ergy has a large variation across technologically important semiconduc-
tors. ZnO is known for a high exciton binding energy of 60 meV [70, 71],
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whereas it is even higher in Cu2O, reaching values of 150 meV [72]. In
comparison, the exciton binding energy is 28 eV in GaN [73] and 10 eV in
Si [74]. Hence, the distinction of an optical band gap is important when
studying a material like ZnO.

3.3 Analytical approach

3.3.1 Spectrum analysis
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Figure 3.4: Experimental ZnO spectrum, measured on a high-quality film at room
temperature.

Fig. 3.4 shows an experimental EEL spectrum from ZnO. This was mea-
sured on a film prepared by Molecular Beam Epitaxy, thus having high
quality/few defects which may interfere with band gap assessments. The
spectrum is shown with a logarithmic intensity axis due to the very in-
tense Zero-Loss Peak (ZLP). The onset of energy loss is seen as the edge
starting around 3 eV, and a peak occuring at 9 eV is caused by an interband
transition [75]. Further out in the spectrum, the intensity increase towards
the broad bulk valence band plasmon peaked at approximately 18.8 eV.

As seen in Fig. 3.4, the tail of the ZLP constitutes a relatively large back-
ground which reaches into the energy-loss edge. Thus, to extract the onset,
the background must first be subtracted from the spectrum. Then, the on-
set is extracted by a curve fit to the remaining edge.
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3.3.2 Background subtraction
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Figure 3.5: Background subtraction of ZnO with different placements of the fit-
ting range, showing (a) insufficient, (b) optimal, and (c) overcompensated sub-
traction, respectively.

Background subtraction in EELS is typically performed by fitting a
suitable function to the background in front of the feature of interest, then
subtract this intensity from the spectrum. However, it is difficult to accu-
rately describe an experimentally obtained background using simple func-
tions - especially over a large range of energy losses [76]. Thus, two issues
emerge: which function to use in order to best describe the background,
and in what region this function should be fitted. The remaining signal af-
ter the background subtraction must also seem “reasonable”, which often
involves a manual inspection of the spectra.

In EELS analysis, the most commonly used background model is a de-
caying power-law function. Usually, this sufficiently describes the shape
of the ZLP tail within the energy-loss range considered here, and is a quick
and simple approach compared to more advanced models. However, the
background is obtained experimentally, and variations can occur due to
monochromator alignment, spectrometer alignment, and sample interac-
tions at indetectable energy-losses [77]. Therefore, the fit function is rarely
valid over a large range, or for all experiments.

Regarding band gap measurements, the placement of background fit-
ting is critical. This is illustated in Fig. 3.5. In (a), the fit range is at lower
energy-losses, where the steepness of the background is not accurately fit-
ted, resulting in intensity below the energy-loss edge. The intensity below
the edge may shift a fitted onset to lower energies, thereby compromising
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the accuracy. In (b), the intensity is sufficiently subtracted, but only for a
very small range. In (c), the fit range is placed too close to the onset, and is
partially overlapping with the edge, thereby altering the remaining spec-
trum. Hence, the background must be fitted in a narrow range close to the
onset for the most accurate band gap asessment. Thus, manual inspection
and prior knowledge is essential for this approach.

Deconvolution
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Figure 3.6: Spectrum of ZnO with increasing effect of deconvolution. Excessive
iterations are seen to introduce new features due to difficulties in replicating the
ZLP.

An alternative approach to background subtraction is background re-
duction by deconvolution [78]. In this method, the ZLP is either fitted or
measured in vacuum, and the spectrum is deconvoluted with this refer-
ence spectrum. This is usually performed with the Richardson-Lucy algo-
rithm [79], which iteratively reduces the background below the edge by
deconvoluting with a vacuum-measured or modelled ZLP.

However, there are also certain issues related to deconvolution [80, 81].
It is difficult to obtain a suitable ZLP reference, as the ZLP of a measured
spectrum contains material-specific features at energy-losses below the
spectral resolution. Thus, the shape of the ZLP is different between vac-
uum and sample. Deconvolution with an insufficient reference may lead
to the appearance of new features, which may be wrongly interpreted as
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real features. Furthermore, the deconvolution is dependent on the num-
ber of iterations, which can also introduce features if set too high. This is
shown in Fig. 3.6, where 50 iterations are seen to introduce ripples by the
ZLP. Additionally, this approach might also be very sensitive to noise.

3.3.3 Edge onset fitting
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Figure 3.7: Edge onset fit of ZnO, with different positions of fit ranges. (a) The
fitting range is too narrow and located too low, resulting in an underestimated on-
set; (b) a reasonable fit range and position, giving a decently estimated onset; and
(c) the fit range is located too high in energy, which result in an underestimated
onset.

Following a sufficient background subtraction, Fig. 3.7 shows the re-
maining energy-loss edge and onset fittings. As proposed in the previous
section, the energy-loss edge I(E) can be described by

I(E) = (E−Eg)
n, (3.9)

for an onset Eg. For a direct band gap, the exponent is 1
2 , which has been

used in the figure. Due to the parabolic approximation, where no further
band structure is included, this approach is often valid only in a small
range of energy. Therefore, placement of the edge fit ranges become cru-
cial. In Fig. 3.7 (a), the onset fit is at too low energies, thus resulting in an
underestimated onset. In (c) the fitting range is placed at too high ener-
gies, which also causes an underestimated onset. However, an indication
of a well-placed onset fit range is that the resulting onset value is high, as
shown in (b).

Not all spectra can be analyzed in terms of Eqn. (3.9). As explained in
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the previous section, this is valid for materials with a close to parabolic
band structure, whereas for more complex structures, this may not be the
case. For example in heavily doped materials, the conduction band may
be filled so that it no longer appears parabolic around the available states.
Furthermore, as shown in the previous section, indirect band gaps and
significant transfer of momentum leads to a different shape, where n = 3

2 .

3.3.4 Intensity below the onset

As also seen in Fig. 3.5, a small residul intensity may appear below the
edge onset. As discussed in the next section, some of this intensity may
be ascribed to Cherenkov radiation. However, beam broadening is also
assumed to have an effect on the edge, as the energy spread of the electron
beam introduces a broadening and associated tail to the edge. This may
also be an effect of thermal distribution around the absorption edge [82], or
alternatively localized defect states within the band gap which are caused
by disordering and amorphous surfaces [83]. Hence, several effects may
contribute to the observed intensity below the onset. Furthermore, a sim-
ilar effect is usually also observed in optical experiments, known as the
Urbach tail [84].

Figure 3.8: Energy resolution and its effect on the ZnO edge.

The effect of energy resolution is simulated in Fig. 3.8. In (a), an ex-
perimental ZLP measured in vacuum with a FWHM of 0.13 eV and the
correspondingly high and wide Gaussian function are shown. Assum-
ing the perfectly parabolic band structure described above, the ideal edge
has been convoluted with the two functions in (b), thereby simulating the
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beam broadening of the experiment. This shows that intensity appears
below the onset, which may partly describe the intensity observed in the
experiments.
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Figure 3.9: (a) The ideal band structure including a defect state within the band
gap, and (b) the corresponding intensity in EELS.

Furthermore, if there are defect states in the band gap, these may also
contribute to intensity below the onset [85]. This is illustrated in Fig. 3.9,
where excitations from the top of the valence band and below into a avail-
able defect state may form an additional intensity in the spectrum. The
transition from an occupied defect state to the conduction band is also
possible. From the onset fitting in Fig. 3.7, it is clear that pre-onset in-
tensity affect the band gap fitting if included in the fit range. As shown
here, there may be several causes for this intensity, and the simplest ap-
proach to overcome this issue is to avoid this region of intensity, as show
in Fig. 3.7 (b). The onset fit window is here placed above the sub-onset
intensity, hence, this further restricts the size of the fit range for the onset.

3.4 Experimental challenges

3.4.1 Noise

Fig. 3.10 shows a closeup of a single spectrum measured in ZnO. Although
this was taken with a relatively long exposure time, the spectrum displays
a high level of noise, which may affect precision of the band gap results.
However, as EELS can be acquired as spectrum images, there are several
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Figure 3.10: A single spectrum measured in ZnO, and possible approaches of
reducing the noise: binning, Principal Component Analysis (PCA), and full sum-
mation of a spectrum image (SI). (Unpublished results, 2018)

possibilities for reducing the noise. A simple approach is to apply bin-
ning to the data set, where neighboring spectra in a spectrum image are
summed. Alternatively, Principal Component Analysis (PCA) is a robust
method for noise reduction while retaining the number of spectra in the
data set [86]. As can be seen in Fig. 3.10, both a spatial 2x2 binning and
PCA with the 20 first components reduce the noise significantly. In com-
parison, the virtually noise-free sum of the full spectrum image is also
provided.

3.4.2 Acquisition settings

The following conditions are fundamental to the quality of STEM-EELS
band gap measurements:

• Thin samples. Thick samples increase plural scattering, and may
degrade the signal-to-noise ratio of the energy-loss edge. Thick sam-
ples may also reduce the signal reaching the spectrometer, or even-
tually block the beam.

• Increasing the exposure time. The exposure time is a crucial setting
for improving the signal-to-noise ratio. However, for energy cali-
bration purposes, the ZLP is typically included in the spectrum. As
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the ZLP is very intense, it may saturate the CCD, and this poses a
restriction to the upper limit of the exposure time.

• Acquire a large data set. With large data sets, noise-reducing post-
processing methods can be applied, such as binning or PCA. How-
ever, during acquisition, issues with experimental instabilities of the
electron beam, spectrometer and sample may occur, in addition to
memory requirements in the software.

• Improved spectrum read-out mode. Using a high-quality acquisi-
tion mode with no spectral binning and reduced read-out noise may
improve the signal-to-noise ratio.

• Efficient electromagnetic field cancellation. As mentioned in Sec-
tion 2.2.2, due to external electromagnetic fields, a continuous energy
jittering of the beam is often observed. This is efficiently reduced by a
well-tuned electromagnetic field cancellation system, or using a suf-
ficiently low exposure time for correction by post-processing energy
calibration.

• Reduce sample damage. With a very intense beam and long expo-
sure time, the sample may change during an aquisition, thereby com-
promising the results. Here, a related issue is also carbon contamina-
tion. Hence, care should be taken when choosing beam current and
exposure time.

• Reduce sample drift. For some materials and experiments, drift may
be a severe issue, which degrades the spatial information of the re-
sults. Drift corrections applied during acquisition is possible, but not
always efficient.

3.4.3 Cherenkov radiation effects

An important effect in EELS is Cherenkov radiation, which is a retarda-
tion effect that may appear as the fast electron is passing through the
sample [87–89]. The fast electrons are retarded (slowed down) by the
emission of electromagnetic radiation. The wavelength of this radiation
is typically around the visible range, thus, the fast electron lose energy of
around 1-3 eV. This will appear as intensity around the energy-loss edge
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for band gap measurements, and may interfere with a band gap analy-
sis [90]. Cherenkov radiation is therefore an unwanted feature in EELS [77,
89].

For the fast electrons, the acceleration voltage determines the kinetic
energy Ek. This results in a speed

v = c

√
1−
( m0c2

Ek +m0c2

)2
, (3.10)

where c is the speed of light in vacuum and m0 is the electron mass. For
an acceleration voltage of 60 kV, the electron speed is v = 0.45c, whereas
300 kV leads to v = 0.78c. Cherenkov radiation is generated for fast elec-
trons with speed that is greater than the speed of light in the sample,
hence, to avoid Cherenkov radiation effects, the speed v has to be lower
than the material specific speed of light, cn. For a material with refractive
index n, this is expressed as [89]

v < cn =
c
n
. (3.11)

A material with a high refractive index means a low speed of light, thus
requiring a low accelaration voltage to avoid Cherenkov radiation.

Depending on the material and its refractive index, one may then de-
fine a critical acceleration voltage for Cherenkov radiation effects. How-
ever, the refractive index can be expressed by the dielectric function through
n =

√
ε(E), which is clearly a function of energy. Therefore, an approxi-

mate may be obtained by using the maximum of the dielectric function
within the region of interest. For a rough estimation, the dielectric function
of ZnO may reach ε ∼ 7 [91], which results in a critical speed of 0.38c, and
a critical acceleration voltage of 41 kV. In contrast, Si may reach ε ∼ 40 [92],
with the corresponding critical voltage of 7 kV.

It may not always be possible to reduce Cherenkov radiation through
a sufficient reduction in acceleration voltage. However, Cherenkov radi-
ation has a strong q-dependence, and is mainly forward-scattered. One
major advantage of STEM-EELS is the control of the momentum transfer
which is collected. Therefore, Cherenkov radiation effects may also be re-
duced by methods such as using larger collection angles for enhancing the
signal of interest, compare spectra with different collection angles, or mov-
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ing the forward-scattered beam away from the spectrometer entrance [77].

Simulation of Cherenkov radiation in ZnO

With a known dielectric function, the spectrum including losses due to
Cherenkov radiation may be estimated. For ZnO, the dielectric function
as a function of frequency ω , ε(ω), can be estimated by following the ap-
proach of Djurišić et. al. [93], which is shown in Fig. 3.11 (top left) with
E = h̄ω . With an available script [89], the calculation of the double differ-
entiated scattering cross section can be made, which involves a complex
Kröger formalism [77, 89, 94]. With this, the calculated intensity as a func-
tion of energy and momentum transfer, resulting in so-called ω−q-maps,
are shown in Fig. 3.11. By varying the acceleration voltage, a large dif-
ference in intensity below the onset of energy-loss becomes visible. The
calculated map from 30 keV incoming electrons shows very little effect of
Cherenkov radiation, whereas this is dominating the ω−q map for 75 keV
electrons.

The spectra from summing along the momentum transfer dimension
are also provided in Fig. 3.11 (top right), thereby simulating EELS. A curve
fit of the 30 keV spectrum yields an onset of 3.26 eV (not shown), which
is the same as a fit to the energy-loss function by the dielectric function
and Eqn. 3.3 (not shown), thereby indicating insignificant contributions
from Cherenkov radiation. However, some intensity is observed at 60 keV
which shifts the onset down. A curve fit to this spectrum results in the
onset of 3.03 eV, thus around a 0.2 eV shift due to Cherenkov radiation.
Hence, Cherenkov radiation may therefore contribute some to EELS mea-
sured on ZnO if 60 kV acceleration voltage is applied.

3.5 Evaluation of the method

3.5.1 Error, accuracy, and precision

To evaluate the method of band gap measurements with STEM-EELS, the
error can be described by several statistics. In general, the precision gives
the spread of several measurement, and indicates the random error, while
the accuracy describes the deviation of the mean from a “true” value, and
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Figure 3.11: Simulated dielectric function of ZnO from reference [93] (top left),
and the corresponding simulated Cherenkov radiation effect on EELS with vary-
ing acceleration voltage. Top right shows the summed spectra. (Unpublished
results, 2018) 46
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therefore indicates the systematic error [95]. Hence, a repeated set of mea-
surements are needed in order to fully describe the error.

The precision can be obtained by repetitions of the measurement, by
computing the standard deviation from the mean onset. Alternatively,
with the spectrum image acquisition mode of STEM-EELS, a homoge-
neous area can be evaluated in terms of random error. For the system-
atic error, there may be several contributions, including beam broaden-
ing, energy calibration, background subtraction, and onset fitting. These
may be difficult to quantify [96], and therefore, a comparison with a refer-
ence measured by another technique may provide a better estimate of the
accuracy. However, differences in ambient conditions, beam interaction,
sample geometry, sample quality, etc may be different across methods,
thus leading to systematic differences. Furthermore, even ZnO, an im-
mensely studied material, has certain discrepancies regarding the “real”
band gap [59]. Hence, the precision may be easily found, but evaluations
of the accuracy remain more challenging.

3.5.2 The spatial and spectral resolution

As even sub-Å beam sizes are now available in aberration-corrected in-
struments, the main advantage of STEM-EELS for band gap measurements
is the spatial resolution. However, the beam size is not the limiting factor
in band gap measurements, rather, it is the total interaction volume that
defines the obtainable spatial resolution. The size of this volume is larger
than what would be expected from considering the spot size alone, as the
interaction between the fast electron and the material is mediated by the
spatially exteded electric field carried by the probe. Since the energy trans-
fer requred to cause band-to-band transitions is relatively small, this can
occur even quite far from the beam position where the field is weak, thus
increasing the effective interaction volume and reducing the spatial local-
ization of the measurement. This is called inelastic delocalization [97].
Furthermore, the band gap is a collective property of the lattice, where the
valence states are generally delocalized from the atoms. This effect may
be difficult to separate from inelastic delocalization.

A quantitative measure of the delocalization is often given by the pa-
rameter L50, which describes the diameter containing 50% of the measured
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signal [22, 98]. This may be estimated as [99]

L50 ' 0.74λ
(E0

E

)3/4
. (3.12)

A ZnO band gap of 3.3 eV measured at 60 kV gives an L50 of around 6 nm.
In other words, 50% of the observed signal originates from outside a di-
ameter of 6 nm.

Regarding the spectral resolution of EELS, the ZLP FWHM measured
in vacuum is often used as the measure of energy resolution. However,
this is related to the resolvable information and peak separation. As band
gap measurements involve a one-sided fit of a feature, the FWHM is not
appliccable to describe the spectral resolution, as smaller onset shifts than
the FWHM are clearly observed.

Example illustrating the resolution

Figure 3.12: STEM HAADF and EELS of a ZnO substrate, a Cu2O film, and a
5 nm CuO interface layer. (Manuscript in preparation, Granerød et. al., 2018)

Fig. 3.12 shows an example of STEM-EELS band gap measurements
where the spatial resolution is exploited: the band gap of a 5 nm interme-
diate layer has been directly measured. This was performed on a ZnO/Cu2O
sample, where a 5 nm interface layer of CuO had been formed, which was
discussed in terms of core-loss EELS in Section 2.2.3. Cu2O is associated
with a direct band gap around 2 eV with a large exciton binding energy,
and the ZnO/Cu2O has previously been proposed as a solar cell junction.
However, the presence of the interface CuO layer and a significant num-
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ber of defects and vacancies in the Cu2O has shown to drastically reduce
its efficiency as a device.

Interestingly, both effects can be observed with EELS. In the Cu2O spec-
trum in Fig. 3.12, the decreased onset compared to the ideal band gap is
assumed to be the consequence of defects within the Cu2, thus masking
the band gap. Furthermore, the CuO layer is here directly seen by a fur-
ther reduction in onset. This is consistent with predictions as CuO has an
ideal indirect band gap around 1.2 eV. Moreover, the marking in the ZnO
spectrum shows the edge associated with the onset, and a curve fit of the
background and edge yields an onset of 3.25 eV. Analysis across a larger
region of ZnO revels a mean onset of 3.23 eV, with a standard deviation of
0.04 eV. Both of these are within the expected range for ZnO band gap [59].
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Paper summaries

I Automated approaches for band gap mapping in STEM-EELS
Granerød, C. S., Zhan, W. & Prytz, Ø. Ultramicroscopy 184, 39 (2018)

Electron Energy-Loss Spectroscopy in Scanning Transmission Electron Mi-
croscopy (STEM-EELS) provides a unique method for probing the elec-
tronic structure with nanometer-scale resolution. Measurements can be
performed across various small-scale features including thin films, inter-
faces, grains, and particles. With high energy resolution instrumentation,
measurements of band gaps are also accessible. However, the processing
involve careful placements of fitting ranges and therefore require heavy
user involvement, and the analysis of the acquired data sets is therefore
challenging. This is particularly problematic when analyzing large data
sets where there is a variation in band gap. In this paper, a semi-automatic
procedure for onset extraction for the purpose of band gap measurements
is proposed. Here we replace the sensitive fitting ranges with more robust
fit parameters, which can be applied to large data sets with an efficient
parallel algorithm. Furthermore, band gap maps are obtained from a test
sample of Cd-alloyed ZnO, revealing high precision of the extracted onset.

II Nanoscale mapping of optical band gaps using monochromated elec-
tron energy loss spectroscopy
Zhan, W., Granerød, C. S., Venkatachalapathy, V., Johansen, K. M. H.,
Jensen, I. J. T., Kuznetsov, A. Y. & Prytz, Ø. Nanotechnology 28, 105703
(2017)

The spatial resolution of Electron Energy-Loss Spectroscopy in Scanning
Transmission Electron Microscopy (STEM-EELS) is limited by the inelas-
tic delocalization, which gives an extended interaction volume due to the
electromagnetic fields of the electron beam. Previous estimates of the in-
teraction distance L50 show that the interaction can take place over several
nanometers, and depends on the excitation energy; however, direct mea-
surements of this parameter still remains. In this work, a Cd-alloyed ZnO
film on ZnO has been studied in order to measure the inelastic delocaliza-
tion. STEM-EELS band gap measurements reveal a ZnO layer with both
high precision and high accuracy, the latter confirmed with cathodolumi-
nescence spectroscopy. The Cd introduces a reduction in band gap, and
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we obtain band gap maps that are directly correlated with the composi-
tion. Furthermore, a sharply defined feature identified by its composition
has been used to test the delocalization, where we conclude that the spatial
resolution is better than 10 nm.

III The temperature-dependency of the optical band gap of ZnO mea-
sured by electron energy-loss spectroscopy in a scanning transmission
electron microscope
Granerød, C. S., Galeckas, A., Johansen, K. M., Vines, L. & Prytz, Ø. Journal
of Applied Physics 123, 145111 (2018)

The band gap is a function of the ambient temperature, where a tem-
perature increase is known to decrease the band gap due to thermal lat-
tice expansion and changes in the phonon-electron interaction. However,
measurements of band gaps at elevated temperatures are scarce in litera-
ture, and conventional techniques for studying band gaps, such as optical
absorption or photoluminescence spectroscopies, are seldomly performed
beyond room temperature. In contrast, the band gaps at elevated temper-
atures are important both scientifically, where high temperatures are of-
ten used for sample processing such as growth, implantation and thermal
annealing, and also technologically, for semiconductor device designed
for high-temperature applications. With the currently increasing focus
on in-situ measurements in (Scanning) Transmission Electron Microscopy
((S)TEM), the ability to perform Electron Energy-Loss Spectroscopy (STEM-
EELS) thus provides a large range of elevated remperatures for band gap
measurements. Here, STEM-EELS band gap measurements are performed
on ZnO in the range 100 K-1000 K, where the same method is applied to
the whole temperature range. A band gap decrease of ∼0.38 meV/K is
found above room temperature, consistent with complimentary optical ex-
periments and literature. This substantiates that STEM-EELS can be used
for in-situ measurements, providing information in an important temper-
ature range, in addition to a superior spatial resolution.
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IV Direct observation of conduction band plasmons and the related
Burstein-Moss shift in highly doped semiconductors: A STEM-EELS
study of Ga-doped ZnO
Granerød, C. S., Bilden, S., Aarholt, T., Yao, Y.-F., Yang, C. C., Look, D. C.,
Vines, L., Johansen, K. M. & Prytz, Ø. Submitted to Phys. Rev. B (2018)

Through doping and alloying of semiconductors, the band gap can be
tuned, and optical and electrical properties can be customized to the de-
sired application. It is known that doping leads to an apparent shift in
band gap known as the Burstein-Moss shift, and also a plasma resonance
of the conduction band electrons. Both effects are directly dependent on
the charge carrier concentration; however, the distribution of charge carri-
ers are usually studied by bulk techniques, and the local distribution has
therefore remained unknown. In this work, Electron Energy-Loss Spec-
troscopy in Scanning Transmission Electron Microscopy (STEM-EELS) has
been employed on a 25 nm GZO film on a ZnO film to directly measure
the local effects of Ga-doping. Although affected by a significant delo-
calization of the adjacent ZnO layer, the Burstein-Moss shift is found to
be approximately 0.5 eV, and mapping reveals an approximately uniform
charge carrier distribution across the GZO film. Additionally, the plas-
mon was located at 0.82 eV, which is consistent with the charge carrier
concentration causing the Burstein-Moss shift. Furthermore, a relatively
abrupt shift in plasmon energy towards the surface has been revealed, to
0.54 eV, which is interpreted as the corresponding surface plasmon. There-
fore, STEM-EELS provides a method for directly mapping the local varia-
tions in charge carriers, and then provides essential information of highly
doped semiconductors.

V Structural and optical characterization of individual Zn2GeO4 parti-
cles embedded in ZnO
Granerød, C. S., Aarseth, B. B., Nguyen, P. D., Karlsen, O. B., Bazioti, C.,
Azarov, A., Vines, L. & Prytz, Ø. Manuscript in preparation (2018)

Electron Energy-Loss Spectroscopy in Scanning Transmission Electron Mi-
croscopy (STEM-EELS) provides a unique method for extracting band gap
information at previously unattainable length scales. This allows for mea-
suring individual small-scale features, such as embedded particles in a
matrix. In this work, implanted Ge in ZnO followed by 1000 ◦C annealing
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has shown to form particles of Zn2GeO4 within the ZnO matrix. The pow-
erful combination of STEM methods including imaging, diffraction, and
Energy-Dispersive X-ray Spectroscopy (EDS) enables investigation and
characteriation of individual particles. This opens up for understanding
the particle formation and growth, thereby providing a valuable method
for obtaining information of the structure and functionality. Furthermore,
STEM-EELS measurements on individual particles reveal an increase in
band gap, which is highly consistent with previous reports on these com-
plex oxides. Hence, this work shows how STEM-EELS can be used to
investigate the functionality of individual particles in a matrix.

VI Formation and optical properties of Ge nanoparticles in ZnO
Aarseth, B. B., Granerød, C. S., Galeckas, A., Azarov, A., Nguyen, P. D.,
Prytz, Ø., Svensson, B. G. & Vines, L. To be submitted to Nano Letters (2018)

Embedding a semiconductor with a low band gap within a wide band gap
material such as ZnO provides a new way of photon absorption, which
can enhance efficiency especially in solar cells. In this work, Ge has been
implantation and 800 ◦ annealing has been perfomed in order to create em-
bedded Ge nanoparticles, and have been investigated with various STEM
methods for characterization. EDS shows the location and size of the parti-
cles, whereas EELS reveal that the particles are mostly bulk Ge, according
to the plasmon energy and plasmon peak shape.
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a b s t r a c t 

Band gap variations in thin film structures, across grain boundaries, and in embedded nanoparticles are 

of increasing interest in the materials science community. As many common experimental techniques 

for measuring band gaps do not have the spatial resolution needed to observe these variations di- 

rectly, probe-corrected Scanning Transmission Electron Microscope (STEM) with monochromated Electron 

Energy-Loss Spectroscopy (EELS) is a promising method for studying band gaps of such features. How- 

ever, extraction of band gaps from EELS data sets usually requires heavy user involvement, and makes 

the analysis of large data sets challenging. Here we develop and present methods for automated extrac- 

tion of band gap maps from large STEM-EELS data sets with high spatial resolution while preserving high 

accuracy and precision. 

© 2017 Elsevier B.V. All rights reserved. 

1. Introduction 

The optical band gap, defined as the onset of absorption in a 

semiconductor material, is a central property in the development 

and improvement of a large number of technologies. Many com- 

mon techniques for measuring band gaps in semiconductors are 

based on interaction with light and hence do not offer a spa- 

tial resolution better than on a μm scale [1–4] . However, the de- 

mand for high efficiency and small size of new devices requires 

a fundamental understanding of the material and band gaps at 

smaller length scales. With a (Scanning) Transmission Electron 

Microscopes ((S)TEM’s), band gap measurements performed using 

Electron Energy-Loss Spectroscopy (EELS) have a spatial resolution 

which in principle is limited only by the delocalization of the en- 

ergy transfer process [5–8] . For band gaps in common semiconduc- 

tors, this delocalization is on the order of 5–10 nm [6] , thereby 

making band gap measurements in TEM a powerful method for 

studying new semiconductor devices. 

In low-loss EELS the energy lost by the transmitted electron 

corresponds to energy transfer for excitations in the sample. The 

dominating feature in EELS is usually the zero-loss peak (ZLP), 

which contains transmitted electrons that have lost little or no en- 

ergy to the specimen. The tail of this feature forms a background 

to the excitations which one usually wishes to study. If only single 

electron transitions from the valence to the conduction band are 

considered, the energy loss is related to the joint density of states, 

∗ Corresponding author. 

E-mail address: cecilie.granerod@fys.uio.no (C.S. Granerød). 

and the minimum of the observed energy loss corresponds to the 

optical band gap of the specimen. 

The task of measuring the band gap using EELS is then to iden- 

tify the onset of energy loss in a precise and accurate manner, a 

process that usually relies on fitting of models for both the back- 

ground and edge to the experimentally obtained data. In perform- 

ing the fitting, several choices must be made and complications 

may arise: 

a) To achieve the highest accuracy in band gap extraction, a good 

model for the background (ZLP) should ideally be fitted as close 

to the edge onset as possible [9] . If the onset shifts, so should 

the background fitting region. 

b) An optimal energy range must be identified for fitting of the 

energy loss model to the data. As with the background mod- 

elling, this energy range will vary with the position of the edge 

onset (the band gap value) [7,10] . Depending on the shape of 

the edge, this fitting region may also be relatively small, mak- 

ing precise positioning of the fit region important. 

c) Even after background subtraction, intensity may remain below 

the onset of the band gap transitions. This may be due to losses 

to Cherenkov radiation, excitations of surface plasmons, guided 

light modes, amorphous surface effects, or transitions to and 

from defect states [11–13] . In any band gap extraction process a 

determination needs to be done on how to handle such effects. 

d) Depending on the experimental conditions, the obtained spec- 

tra may have a high level of noise, both in the edge itself and in 

the energy loss range below [9,14,15] . The noise level must be 

evaluated and factored into the errors reported together with 

the extracted band gap values. 

http://dx.doi.org/10.1016/j.ultramic.2017.08.006 

0304-3991/© 2017 Elsevier B.V. All rights reserved. 
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If only a small data set containing a handful of spectra is anal- 

ysed, each spectrum can be manually inspected and an optimal 

band gap extraction strategy can be identified individually. How- 

ever, if the data is collected in a 2D scan with a spectrum at each 

scanned position, called Spectrum Image mode, the data set can 

contain thousands of spectra. The manual approach is then not vi- 

able. Furthermore, if the spectra are obtained from different parts 

of a chemically inhomogeneous specimen, band gap extractions 

based on one or a few optimal parameters are likely to give in- 

accurate results. 

STEM-EELS has previously been applied in measuring band gaps 

with high spatial and energy resolution [7,16] , but very few works 

have attempted to put forward an efficient computational method 

for band gap mapping [8] . In this work, an automated approach for 

STEM-EELS band gap analysis is presented, with the aim of extract- 

ing band gap maps from large Spectrum Images. Methods, referred 

to as the Sliding interval method, the Fixed endpoint method, and 

the Dynamic background subtraction method, have been imple- 

mented in MATLAB and are available on Github [17] . 

2. Experimental methods 

ZnO has a direct optical band gap of 3.25–3.30 eV at room 

temperature, and Cd-alloying has been shown to increase the lat- 

tice spacing, thereby decreasing the band gap [18–20] . An MOVPE- 

grown sample with films of ZnO and Zn 1 −x Cd x O ( x � 0 . 1 − 0 . 2 , re- 

ferred to as ZnCdO) was prepared by cutting and mechanical pol- 

ishing, before ion milling with Ar gas in a Fishione model 1010. The 

sample was plasma cleaned for 4 min in a Fishione model 1020 in 

order to avoid carbon contamination. 

The measurements were performed with a monochromated and 

probe-corrected FEI Titan G2 60 − 300 kV TEM. The microscope 

was operated at a high tension of 60 kV in order to increase the 

interaction cross-section, while also reducing any Cherenkov losses 

[21,22] . The final sample thickness of less than 30 nm further mini- 

mized such unwanted retardation loss effects efficiently. STEM was 

set up with a convergence angle of 66 mrad, and EELS was mea- 

sured with a Gatan Quantum 965 GIF with a collection angle of 

16.8 mrad. The signal was dispersed to 0.01 eV per channel, and 

the exposure time of each spectrum in the Spectrum Image was 

set to right below the overexposure limit of the CCD. By using the 

monocromator, the energy resolution was 0.12 eV by measuring 

the full width at half maximum (FWHM) of the ZLP. After measure- 

ments, the data sets were corrected for dark current and energy 

calibrated by aligning the maximum of the ZLP of each spectrum 

to the same channel. 

3. Results and discussion 

3.1. Manual fitting of background and edge onset 

Our starting points are two low-noise spectra obtained from 

ZnO and ZnCdO. From the 10 × binned data in Fig. 1 A it can be 

seen that the edge onsets are located around 3.2 eV in ZnO and 

2.9 eV in ZnCdO. A successful removal of the background can be 

achieved with a good model, fitted to an energy range close to, but 

not overlapping with, the edge onset. We chose a decaying power- 

law model, and by manual inspection of the residual intensity 

( Fig. 1 B), suitable background fit ranges were found at 2 . 5 − 2 . 8 eV 

and 2 . 0 − 2 . 3 eV for ZnO and ZnCdO, respectively. If regions closer 

to or further from the edges were chosen, we observe that the 

background is often over- or underestimated. This underlines the 

importance of the choice of fitting range for the background sub- 

traction: the background in a Spectrum Image where the onset 

varies should be fitted relative to the edge and not in a fixed range 

of energy loss. 

Fig. 1. (A) Low-loss EELS in ZnO and ZnCdO, 10 × binned, and (B) background- 

subtracted spectra with least squares onset fit, n = 0.5. (C) Fitted band gap as 

a function of curve exponent n from least squares fit, and (D) corresponding 

goodness-of-fit parameter R 2 . The arrows indicate the maximum. 

To identify the band gap, we build on the work of Rafferty and 

Brown [23] . Based on an idealized band structure consisting of two 

parabolic bands describing the valence and conduction states, the 

observed energy loss intensity is described as 

I(E) = c(E − E g ) 
n for E ≥ E g . (1) 

Here E is the energy loss, E g is the band gap, and c is a constant. 

The exponent n is ideally 1/2 for a direct band gap and 3/2 for an 

indirect band gap. The model describes the ideal EELS edge in a 

short energy range above the onset, where the parabolic approx- 

imation holds. Below the onset, the ideal intensity is zero. In the 

present work, we limit ourselves to direct band gaps. Indirect band 

gap materials usually have a gradual onset of energy loss ( Eq. (1) ) 

which is easily masked by noise, background, or Cherenkov losses. 

Modified experimental setups are often needed to study these, 

such as allowing only specific momentum transfers to contribute 

to the spectrum [12] . 

To test the suitability of Eq. (1) , we first manually identify an 

acceptable edge fitting range for both materials as 2 . 5 − 4 . 0 eV. As 

edge onset is a one-sided fitting, any remaining intensity below 

the onset will shift the result down in energy. It is therefore more 

likely to find a lower than a higher onset of the edge. Hence, we 

seek both a high goodness-of-fit and a high onset when perform- 

ing the fitting. By varying the exponent n , we find the band onsets 

as shown in Fig. 1 C, and the corresponding goodness-of-fits (R 

2 ) 

shown in Fig. 1 D. The maximum of R 

2 is found at n = 0 . 45 in ZnO 

and n = 0 . 55 in ZnCdO, and this is seen to vary with the choice of 

onset fit range. As both materials are direct band gap semiconduc- 

tors, and the model is limited to a small energy range above the 

onset, we assume that it is sufficient to use n = 0 . 5 in both cases. 

3.2. Automated approach for edge onset extraction 

From Eq. (1) the intensity below the onset is ideally zero, how- 

ever, this is rarely the case for experimentally obtained spectra. In 

addition to noise and residual signal after background subtraction, 

the energy resolution of the experiment is assumed to introduce 

a spectral broadening which affects the edge. The simulated im- 

pact of spectral broadening is shown in Fig. 2 , where the ideal 

onset convoluted with a Gaussian (FWHM is set to 0.15 eV) can 

be compared with the ZnO spectrum. Here the energy broadening 

creates a tail to the ideal spectrum, which leads to intensity be- 

low the onset. When making a curve fit to this edge, this intensity 
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Fig. 2. The ideal edge (arbitrarily scaled) with a simulated energy broadening, ob- 

tained by Gaussian convolution, compared with the ZnO spectrum. 

can easily give a lower onset energy, which would be interpreted 

as a lower band gap value. These experimental factors can nor- 

mally be reduced by deconvolution procedures, where deconvolu- 

tion for background removal, noise reduction and/or energy sharp- 

ening are possible approaches, however, deconvolution is known to 

work poorly on noisy spectra [14,24] . 

A different approach is to exclude this intensity from the edge 

fitting region. More specifically, the fitting range should depend 

on the onset. This is difficult to implement when using methods 

where the onset is an output of the fitting itself, such as a reg- 

ular least squares fit of Eq. (1) . For analysis of only a handful of 

spectra, manual inspection of the fitting range can correct this er- 

ror, but for large Spectrum Images with a variable onset this is not 

a feasible approach. We therefore choose an alternative approach, 

where a range of possible onsets are tested and evaluated accord- 

ing to their goodness of fit. A reasonable range of test values can 

usually be identified, either from prior knowledge of the material, 

or by visual inspection of the raw data. For each energy point in 

this range the appropriate energy-loss model of Eq. (1) is fitted, 

and a goodness of fit is calculated. The onset is then identified as 

the test value giving the best goodness of fit. In this approach, the 

lower limit of each fitting is the test value itself, and only intensity 

above this value is used in the fitting and evaluation. Any tail from 

energy broadening, noise or spurious signal below the test value 

is ignored, and a more robust identification of the onset can be 

made. 

As a measure of the goodness of fit, we use the coefficient of 

determination R 

2 , and the onset E g is found as the test value E ′ g 
which maximizes R 

2 . To indicate the uncertainty in the onset de- 

termination, we define error bars giving a certain reduction of R 

2 . 

Fig. 3 shows an example of optimal fitting of ZnO together with 

fittings performed at upper and lower test values corresponding to 

the reduction in R 

2 of 0.05, 0.02, and 0.01. These plots are visually 

inspected to identify a level of uncertainty that the user finds suit- 

able, based on the level of noise, accuracy of the fit, and the level 

of confidence required for the current application. In large data 

sets with varying levels of noise different levels of R 

2 reduction 

could be the optimal choice, however, as the level of noise is sim- 

ilar throughout the current data set, studying only a few spectra is 

sufficient. For this 10 × binned ZnO spectrum, an R 

2 reduction of 

0.05 results in excessive deviations from the optimal fit, resulting 

in error bars that we judge as unreasonably large. In comparison, 

an R 

2 reduction of 0.01 leads to the upper fit being closer to the 

optimal one than one channel, which we consider unphysical. A re- 

duction of 0.02 seems to be a reasonable choice, and similar con- 

clusions were drawn from investigations of the 10x binned ZnCdO 

spectrum. 

As mentioned previously, Eq. (1) is based on models where the 

only transitions that occur are from a single parabolic valence band 

to a single parabolic conduction band. This may be a good assump- 

tion for energies close to the band gap value, but for higher ener- 

gies transitions between additional valence and conduction states 

will occur. It can therefore not be expected that the shape of the 

energy loss will be faithfully reproduced by this model over a large 

energy range. The choice of upper bound of the fitting procedure 

therefore becomes crucial. Again, this can be handled manually if 

only a handful of spectra are to be analysed, or if there is very lit- 

tle variation in electronic structure in the data set to be analysed. 

However, for any automatic analysis of large inhomogeneous data 

sets this is problematic. 

We have therefore implemented two different methods that can 

be used in automated band gap extraction. First, based on the work 

by Rafferty and Brown [23] , an approach we refer to as the ‘Sliding 

interval’ method uses an interval with a fixed energy range relative 

to the test value E ′ g . Specifically, for each test value, a range from 

test value E ′ g up to the point E ′ g + is used in the fitting, where is 

a constant. As the whole series of values E ′ g is tested, the fitting 

range then ‘slides’ across the spectrum. Second, a ‘Fixed endpoint’ 

method is also implemented. Here the end of the fit range is a 

fixed energy ε, and as the whole series of E ′ g is tested, the size 

of the fitting window varies. The two approaches are illustrated in 

Fig. 4 . 

3.3. Fit parameter determination 

As the overall goal is to find a method which can be applied to 

a full Spectrum Image, it is important that the same parameters for 

the fitting are valid for every single spectrum. This means that the 

range of test values must contain all possible edge onsets within 

the Spectrum Image, and also that the same end-of-fit parameter 

or ε must be applicable to all spectra. In fact, the end-of-fit pa- 

rameter should be optimal in each spectrum that is to be fitted 

to get the most accurate result. To achieve this, the extreme types 

of spectra in the Spectrum Image should be inspected to find the 

range where the end-of-fit parameter is optimal, and the overlap 

of optimal parameter determines which parameter should be used 

for the full Spectrum Image analysis. 

The shape of the edges and the overlap of optimal fitting pa- 

rameter determine which of the two methods is best for a par- 

ticular data set. The Sliding interval method is expected to be the 

best choice if the edges in the Spectrum Image have similar slopes 

and only a shift in onset, however, if there is a large variation in 

the edge steepness, a fixed width � may be difficult to define 

optimally for all spectra. On the other hand, the Fixed endpoint 

method is expected to work well if the edge becomes less sharp 

with decreasing onset. However, if the lowest onset require a nar- 

rower fit range than one describing the high onset spectrum, prob- 

lems should be expected with this method. 

To investigate and illustrate the performance of the two end 

point methods, we use the 10 × binned and manual background 

subtracted SI shown in Fig. 1 B. In the Sliding interval method a 

range of different values are tested while recording the extracted 

onset E g , the corresponding R 

2 , and the interpolated onset error 

of a 0.02 decrease of R 

2 . The result is shown in Fig. 5 . The opti- 

mal parameter is found through a combination of high onset value, 

small errors, and high R 

2 , and are found to be �ZnO = 0 . 4 eV and 

�ZnCdO = 0 . 7 eV. With the optimal conditions of ZnO, the fit of the 

ZnCdO gives an error of 0.01 eV, equal to one channel. 
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Fig. 3. Curve fitting of ZnO EELS spectrum, where the band gap is the onset of the fit which maximizes R 2 . Error bars can be estimated from the reduction in R 2 , here 

showing the fitted lines from reductions of 0.05, 0.02 and 0.01 in R 2 value. 

Fig. 4. Illustrations of the Sliding interval fit method with parameter � (left) and 

the Fixed endpoint method with parameter ε (right). E ′ g illustrates the range of test 

values for edge onset and f ( E ) is the fitted model. 

Fig. 5. Investigation to find the optimal fit parameter in the Sliding interval 

method, evaluated on ZnO (top) and ZnCdO (bottom) edges. The onset is the tested 

value resulting in maximal R 2 , with the errorbars as the interpolated energies of a 

0.02 decrease in R 2 . 

For the Fixed endpoint method a range of different ε values are 

tested. The result is shown in Fig. 6 , showing the optimal param- 

eters are ε ZnO = 3 . 7 eV and ε ZnCdO = 4 . 0 eV. While the results for 

the ZnO layer depends heavily on the choice of ε, the output for 

ZnCdO is less dependent on the choice of endpoint. The same pa- 

rameter ε ZnO can be used for both layers without introducing sys- 

Fig. 6. Optimization of fit parameter ε in the Fixed endpoint method, evaluated on 

ZnO (top) and ZnCdO (bottom). The fitted onset of the edge, R 2 and interpolated 

energies from a 0.02 decrease of R 2 is plotted for each tested endpoint. Note the 

shifted ε-axis. 

tematic errors. This confirms that the Fixed endpoint method is the 

best method for the system, when optimized for ZnO. 

3.4. Dynamic background subtraction 

One of the main challenges of extracting accurate band gaps 

from experimental data is the removal of the background formed 

by the tail of the ZLP. Although this tail is greatly supressed in 

monochromated instruments, and generally has a low intensity in 

the relevant energy ranges for wide band gap semiconductors, the 

quality of the background subtraction can still have a significant 

impact on the extracted values. 

Several approaches for background removal have been de- 

scribed in literature, often resulting in slightly different results of 

the band gap fit [12,25] . As mentioned previously, deconvolution 

methods are not ideal where the noise level is high, and curve fit- 

ting is assumed to be a better approach for background removal 

[8] . Such curve fitting methods include fitting using a reference 

ZLP measured in vacuum, or mirroring the left, negative side of 

the ZLP, but a simpler approach is found by assuming the back- 

ground follows a power law function. We have previously found 

this to be a suitable approach for the wide band gap semiconduc- 
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Fig. 7. Fitted onset error as a function of the range of dynamic background subtrac- 

tion ξ , using the Sliding interval method (top) and Fixed endpoint method (bottom). 

tors considered in this work, any may even be preferable to the 

more advanced methods. However, the extracted onset is often still 

found to depend heavily on the fitting range used for the back- 

ground subtraction, in particular for samples and systems where 

the position of the edge onset varies [8] . For such systems, a sin- 

gle choice of background fitting range may not be suitable. 

In the present approach, the edge onset value is identified from 

a range of pre-determined test values, and is not an output of 

the fitting itself. As a consequence, we can use these test val- 

ues as input for a background subtraction method that can handle 

onset variations dynamically. Specifically, we have implemented a 

method where each test value of the onset E ′ g is used to define 

background fitting windows E ′ g - ξ to E ′ g (or to E ′ g - δ, where δ is 

a small, fixed range between background fit range and onset) for 

each pixel. The corresponding background subtracted signals are 

then used in one of the fitting procedures described above to iden- 

tify the test value that gives the highest R 

2 . In this way, an opti- 

mal background subtraction can be performed for each pixel, and 

only the parameter ξ must be set, corresponding to the size of the 

background fitting range. 

This method is tested on the same ZnO/ZnCdO system as pre- 

viously in order to find optimal values of the background fitting 

width ξ . The results are shown in Fig. 7 , where the dynamic back- 

ground subtraction is applied in combination with the Sliding in- 

terval method, and the Fixed endpoint method, respectively. In 

both approaches there is a significant range of overlap where the 

onset error is zero, indicating where the optimal parameter of ξ is. 

As the manual background subtraction range has been optimized 

in each of the spectra, and cannot be generalized to a full Spec- 

trum Image without introducing errors, it can be seen that the 

dynamic background subtraction manages to capture the optimal 

background subtraction with a single parameter, thus performing 

better in a full Spectrum Image analysis. 

3.5. Handling of noise 

When applying the presented method to a full Spectrum Image, 

the level of noise may be important for the performance of the 

method. The above analysis was performed with a relatively high 

(10 ×) binning, which may not be suitable when seeking a high 

spatial resolution mapping. However, lower binning increase the 

level of noise, as can be seen from the differently binned spectra in 

Fig. 8 (left). Here the unbinned spectrum has a high level of noise, 

Fig. 8. Spectra of ZnO and ZnCdO with different binning (left), and fitted edge onset 

as a function of binning (right). 

which reduces the precision of an extracted onset. Fig. 8 (right) 

shows the fitted onset as a function of binning in ZnO and ZnCdO, 

analysed by the manually subtracted background with optimal fit 

parameters. Here it can be seen that a small random variation in 

fitted onset occurs due to random noise. The spectra analysed in 

Fig. 8 were manually background subtracted using the same fit 

range, and the band gaps were fitted with the Fixed endpoint and 

Sliding interval methods with the optimal parameters found above. 

The two methods produce similar onset values, which indicates 

that they are almost equally sensitive to the level of noise. In ZnO 

it can be seen that the error is within a few channels even at low 

binning, which can be explained by the ZnO edge being relatively 

sharp and well defined, so that both fitting methods are able to 

extract the onset with relatively high precision. In ZnCdO the ex- 

tracted onset is reduced at lower binnings, which is assigned to a 

high level of noise in combination with a less sharp edge, giving a 

lower signal-to-noise ratio than in the ZnO spectra. 

As a comparison, a regular least squares fit was also tested on 

the differently binned spectra. A fitting range of 2 . 0 − 4 . 0 eV was 

used for the edge fitting of both spectra, and a function with zero 

below the onset was fitted with a least squares method. As can 

be seen from Fig. 8 the deviations of the two methods described 

here are smaller than from the least squares method. This indicates 

that the Sliding interval and Fixed endpoint methods have higher 

precision than a regular least squares fit, and can be explained by 

a reduced impact of the noise level below and around the onset 

when using test values for the onset. 

4. Spectrum image fitting 

Throughout the analysis we have developed band gap extrac- 

tion methods which are customized for ZnO and ZnCdO systems. A 

large Spectrum Image acquired over the ZnO/ZnCdO interface has 

been used to test the performance of the method, and was im- 

ported into Matlab. The energy scale of the Spectrum Image was 

calibrated by aligning all ZLP’s to the maximum value at 0 eV, 

and in order to reduce the noise level a 2 × 2 binning was ap- 

plied. According to the results in Section 3.5 , binning 4 spectra to- 

gether would result in an error less than 0.04 eV in both regions. 

Also, this reduced the total number of spectra in the full data set 

to 10 920. The onset error bars were calculated from a 0.05 de- 

crease in R 

2 , and the fitting was set up with test values in the 
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Fig. 9. Band gap mapping of ZnO/ZnCdO interface. 

range E ′ g = [2.45, 3.35] eV, which gives 91 test values for each 

spectrum. The Fixed endpoint method was used with ε = 3.70 eV, 

and the dynamic background subtraction was applied in the range 

ξ = 0.70 eV below the test values (a small region δ = 0.10 eV was 

discarded between the background and onset). 

The fitting was performed with Matlab 2016b with 16 work- 

ers, running under Windows Server 2016 on an Intel Xeon E5- 

4640 processor with 164GB of RAM. The full analysis was com- 

pleted in 2 h and 48 min, effectively giving 14.8 s per spectrum 

per worker, depending on the number of test values. The result- 

ing band gap map is shown in Fig. 9 , and the corresponding error 

mappings are shown in Supplementary Information. The bottom 

shows the ZnO layer, where the average onset is found at 3.20 eV, 

and where the standard deviation of 0.02 eV indicates the preci- 

sion of the extracted onsets. The experimental band gap value is 

somewhat lower than usually found in ZnO, though detailed inter- 

pretation together with previously published Cathodoluminescence 

spectroscopy measurements [8] confirms the accuracy of the mea- 

surement, which suggests that the mapping outcome is convincing. 

Furthermore, local band gap variations can be identified within the 

ZnCdO layer, caused by uneven Cd content. This is supported by lo- 

cal variations in Cd concentration found by energy-dispersive X-ray 

spectroscopy (EDS) mapping (not shown), and has been shown to 

have little correlation with the sample thickness (details in Sup- 

plementary Information). Then, by this method, we are able to di- 

rectly map the effect of composition variation in band gaps. 

5. Conclusions 

In this work, new methods for dynamic extraction of optical 

band gaps from STEM-EELS Spectrum Images have been developed. 

Band gap extraction from EELS usually involve curve fitting to lo- 

cate the edge onset, and in a Spectrum Image analysis where the 

onset may vary, this can introduce issues regarding the position 

and width of the fitting ranges, handling of certain spectral fea- 

tures, and effects of a high level of noise. The methods described in 

this work rely on input parameters rather than fixed fitting ranges, 

which enable the extraction of a large range of onset values. The 

implemented methods consist of an iterative procedure of check- 

ing possible values for the onset, which has the advantage of re- 

ducing the effect of experimental spectral broadening which can 

lower a fitted onset. In addition, a dynamic background subtrac- 

tion method can be applied in combination with the onset fitting, 

thus reducing errors associated with insufficient background sub- 

traction. The methods are shown to have high accuracy and preci- 

sion when applied to a ZnO/ZnCdO system, where local band gap 

variations can be extracted. By this automatic method, large data 

sets can be analysed, which opens up for exploring band gaps with 

a high spatial resolution. 
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SI.1 Error bar mapping 

The error bars calculated from the reduction in R
2
 were used for evaluating single spectra in order to find 

the optimal fit parameter. However, when analyzing a Spectrum Image with several spectra, these error 

bars are also accessible for each analyzed spectrum, so that a map of the error associated with the onset 

can be created. The error is asymmetrically distributed around the onset, typically with a larger error to 

the low-end side. This originates from the fact that onset fitting is a one-sided fit where band gap fittings 

may have the tendency of resulting in a lower onset. Thus, low-end and high-end errors are not 

necessarily equal. Here, both ends of the error can be extracted separately in order to get more 

information about the fit accuracy, and correlations between onset, spectrum, and error can be found. 

With the onset mapping shown in Fig. S1A, the corresponding total error (high-end error plus low-end 

error) is shown in Fig. S1B. Here the error is larger in ZnCdO than in ZnO, and there are some variations 

in the error in ZnCdO layer. This correlation is most likely caused by changes in the sharpness of the 

onset with varying Cd-content and band gap, where a sharper edge allows for a more accurate onset 

determination, leading to smaller error bars.  

The variation in error bars can be seen to originate mostly from the low-end error, as seen in Fig. S1C, 

whereas the high-end error in Fig. S1D does not show the same variation. Fig. 1F shows a histogram of 

the error bars, where it is clear that the error is asymmetric: the high-end and low-end errors are not at the 

same values.  
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Fig S1: (A) Onset mapping; (B) Error from interpolated decrease of 0.05 in R
2
; (C) Low-end of error; (D) 

High-end of error; and (E) Histogram of low-end, high-end and total error 

67



SI.2 Thickness correlation with band gap 

It is known that the thickness of the TEM sample may affect the onset extraction, as a thicker sample 

gives a higher probability of generating Cherenkov radiation, typically leading to losses within the region 

of the band gap [1,2]. The thickness t of the sample is often given in terms of the mean free path λ of the 

electrons traveling through the material, and can be found from the ratio between the intensity within the 

zero-loss peak and the energy-loss spectrum [3]. 

The low loss spectrum is usually dominated by the plasmon peak, and obtaining this peak in the spectrum 

is crucial when performing thickness measurements in EELS. However, as the plasmons usually occur in 

the range of 15-25 eV (~19 eV for ZnO), a rather coarse dispersion needs to be used, while in the data 

sets analyzed in the current work, an experiment was set up with a dispersion of 0.01 eV per channel, to 

achieve the required accuracy in band gap onset extraction. The range of the acquisitions was therefore 

not sufficient to include the plasmon peak for thickness determination. However, assuming constant beam 

current throughout the experiment, an alternative approach is to use the intensity in the zero-loss peak to 

map thickness variations in the investigated regions. Although this method does not give in absolute or 

relative values for the thickness, it is assumed to be sufficient in order to pinpoint the thinner and thicker 

regions in the scanned area.  

In each spectrum forming the onset map in Fig. S2A, the zero-loss was summed in an area up to 2.5 eV, 

as shown in Fig. S2C. The “thickness” mapping is shown in Fig. S2B, where it is clear that there are some 

thickness differences in the film. It can be seen that there is a gradual thinning towards one of the corners, 

which does not show in the mapping. Thus, there is very little correlation with thickness, as shown in the 

ZLP intensity versus onset in Fig. S2D. It could be that the Cherenkov radiation losses are sufficiently 

suppressed, or that the effects of these small losses are avoided in the fitting procedure.  

A

B
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Fig S2: (A) Onset mapping; (B) ZLP intensity mapping; (C) ZLP intensity in spectrum; (D) Correlation 

between onset and ZLP intensity 
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The combination of high optical transparency and low electrical resistivity have made transparent
conductive oxides (TCO’s) a key technology in many optoelectronic applications. Furthermore, the
study of TCO’s yield insight into many fundamental parameters of semiconductors. For example, the
high charge carrier concentration results in an apparent shift in the band gap, the so-called Burstein-
Moss shift, in addition to plasmonic resonances in the near infrared regime. While both effects are
related to the carrier concentration and band structure, their lateral distribution and interaction with
boundary conditions such as interfaces and surfaces are difficult to assess, and a direct observation
of the local distribution has remained elusive. Here we employ Electron Energy-Loss Spectroscopy
in Scanning Transmission Electron Microscopy (STEM-EELS) for direct observation of spatially
resolved plasmonic resonances and Burstein-Moss shift in gallium doped zinc oxide (GZO), one of
the most widely used TCOs. A 25 nm thick GZO film with a carrier concentration of 7 · 1020 cm−3

has been grown epitaxially on a nominally undoped ZnO film. The GZO film shows a renormalized
Burstein-Moss shift of ∼0.5 eV, in accordance with that expected from Hall effect measurements.
The plasma resonance of the conduction band electrons is located at 0.82 eV in the bulk GZO, and
with a substantial increase in intensity towards the sample surface, where a surface plasmon energy
of 0.54 eV is observed. Hence, we have directly measured differences in optical properties between
the two films, the local variation across the GZO film has been studied, and we are also directly
observing the difference between bulk and surface properties of GZO.

INTRODUCTION

The tunability of charge carrier concentrations in semi-
conductors is a key feature in all semiconductor compo-
nents. In the low resistivity limit provided by transparent
conductive oxides (TCO’s), the carrier concentration is
sufficiently high for a substantial filling of the conduction
band, with the change in the apparent band gap as stated
by Burstein and Moss [1, 2], and a compensating effect
known as band gap renormalization leading to band gap
narrowing (BGN) [3]. It also introduces plasmonic reso-
nance wavelengths in the near infrared regime, opening
for potential use in photovoltaic devices, where TCOs are
already used as transparent electrodes, and in telecom-
munication reaching the technologically important wave-
lengths of 1.30 and 1.55 µm.

Metal-based plasmonics have received a lot of atten-
tion the past decade, where tunability of plasmonic reso-
nance wavelength can be achieved via scaling of the metal
nanoparticles [4–6]. However, the typical carrier concen-
trations in metals, normally around 1022 cm−3, are too
high to support a plasmonic resonance wavelength in the
visible and IR region. On the other hand, highly doped
semiconductors, including TCOs, have lower concentra-
tions and are highly suitable for both telecom and PV
applications [7–10]. One well-established semiconductor
material that can be doped heavily enough is ZnO, where

Ga or Al are important dopants [11–14] that introduce
minimal lattice distortions [15, 16]. ZnO has a high con-
ductivity and transparency due to a wide optical band
gap (∼3.3 eV) and a high exciton binding energy (60
meV), where the optical and electronic properties can be
tuned by doping.

Charge carrier concentrations and mobilities can be
measured macroscopically using Hall effect based tech-
niques [17], or locally using probe based techniques [18],
while optical properties are typically performed using
characterization techniques such as UV-VIS absorption
and reflectance, or photoluminescence spectroscopy. To
extract information about plasmonic resonance frequen-
cies in semiconductors, reflectance measurements are typ-
ically used [19]. Optical characterization involves inter-
action between light and material, and the spatial reso-
lution of these techniques is thus diffraction limited and
depends on the wavelength. However, in the develop-
ment of new semiconductor devices, there is a trend to-
wards small scale systems where optical properties may
even vary at the nanoscale. Hence, conventional methods
for optical measurements become less suitable. One solu-
tion is to use Electron Energy-Loss Spectroscopy in Scan-
ning Transmission Electron Microscopy (STEM-EELS)
for band gap measurements. Here, band gap measure-
ments with nanometer scale spatial resolution are pos-
sible [20–22], thus providing band gap information on
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length scales not available with other methods. With
this technique, measurements of previously challenging
structures are possible, including measurements across
very thin films.

Here, we demonstrate direct observation of the local
distribution of the band gap and plasmonic resonance fre-
quencies using STEM-EELS on a homo-epitaxially grown
stack with a nominally 25 nm thick film of heavily Ga-
doped ZnO (GZO) on top of undoped ZnO. The ex-
tracted optical parameters are in excellent agreement
with charge carrier concentrations found by Hall effect
measurements and reflectance measurements, thereby
validating the approach. Moreover, the apparent optical
band gap, corresponding to a combined Burstein-Moss
shift and band gap renormalization of ∼0.5 eV, appears
to be approximately uniform throughout the film thick-
ness. On the other hand, distinct regions are found in the
plasmon energy maps, which are identified as the bulk
plasmon energy and the corresponding surface plasmon
energy at 0.82 eV and 0.56 eV, respectively.

METHODS

The sample consists of a 25 nm GZO layer on a 160
nm ZnO layer, which are deposited with molecular beam
epitaxy on a 3 µm GaN template. The GaN template
is grown on a 500 µm sapphire (Al2O3) substrate with
metalorganic chemical vapor deposition at 1060 ◦C after
a buffer layer of GaN is formed at 530 ◦C. The ZnO and
GZO layers are grown at 570 and 250 ◦C, respectively,
after a thin ZnO buffer layer is deposited at 300 ◦C on
the GaN template. The Ga effusion cell temperature
for growing GZO is set at 900 ◦C. The Zn effusion cell
temperatures for depositing ZnO and GZO are 290 and
315 ◦C, respectively. The RF plasma power is 350 W
and the O2 flow rate is 1 sccm during ZnO and GZO
growths. Based on the X-ray diffraction measurements,
the Full Widths at Half Maximum (FWHM’s) of the rock-
ing curves of GaN and ZnO are 214 and 196 arcsec, re-
spectively.

Samples were prepared for Transmission Electron Mi-
croscopy (TEM) investigations by standard preparation
methods including mechanical grinding and polishing us-
ing an Allied Multiprep system. For final thinning, ion
beam milling was performed with a Gatan PIPS II us-
ing gradually decreasing angles and voltages of the Ar
beam. The experiments were performed in an FEI Ti-
tan G2 60-300 kV TEM, equipped with a monochroma-
tor and probe-corrector. To avoid carbon contamination,
the samples were cleaned using a Fischione Model 1020
plasma cleaner prior to the TEM experiments. Scanning
Transmission Electron Microscopy (STEM) imaging and
Energy-Dispersive X-ray Spectroscopy (EDS) were per-
formed with the highest acceleration voltage of 300 kV
with a convergence angle of 30 mrad, while EDS was per-

fomed using the FEI Super-X EDS system and analyzed
with Bruker Esprit software. For cooling experiments, a
Gatan 636 Liquid Nitrogen cryo holder was used.
Electron Energy-Loss Spectroscopy (EELS) was mea-

sured with a Gatan 965 GIF, and was performed at
60 kV in order to reduce effects from Cherenkov radi-
ation [23, 24]. By enabling the monochromator, using
27 mrad collection angle, and a dispersion of 0.01 eV/ch,
the system resolution was estimated to 0.13 eV as mea-
sured by the FWHM of the Zero-Loss Peak (ZLP). EELS
was measured in spectrum image mode to collect data
with two spatial dimensions and one energy loss dimen-
sion. Immediate dark correction was applied to the spec-
tra after the acquisitions, and the ZLP maximum was
used for calibrating the energy loss in each spectrum.
Noise was reduced by applying Principal Component
Analysis (PCA) [25] with 24 components.
In order to assess the contribution from transitions

with momentum transfer, simulations of EELS were per-
formed using a simplified band structure consisting of
a single valence band and a single conduction band.
The crystal was simplified to a cubic unit with sides
a = 3.25 Å, and the double-differentiated cross section
was calculated, considering all transitions correspond-
ing to excitations into available states in the conduction
band [26–28]. As information of both momentum and en-
ergy transfer was preserved, the transitions of momentum
transfers corresponding to the EELS acquisition could be
summed. Furthermore, the contributions of non-optical
transitions were separated from optically allowed transi-
tions by a cutoff value of 0.07 mrad.

RESULTS AND DISCUSSIONS

Structure and optical characterization

Fig. 1 (a) shows a cross-sectional High Angle Annular
Dark Field (HAADF) image of the ZnO/GZO films. In
this image mode, the contrast is dominated by mass con-
trast, and the small difference between ZnO and GZO
is ascribed to the similarity of Ga and Zn masses. The
GZO film has a certain surface roughness, and the film
thickness is found to be approximately 30 nm, slightly
more than the nominal thickness of 25 nm. Both ZnO
and GZO films show epitaxial growth with few structural
defects. Fig. 1 (b) shows the simultaneously acquired An-
nular Dark Field (ADF) image, where the GZO shows
more lattice strain than ZnO, and the interface become
more visible than in HAADF. Fig. 1 (c) and (d) shows
EDS maps of Zn and Ga K-edges in the same area. There
is an increased Ga signal by the interface which could be
related to a channeling effect [29], whereas the rest of
the film shows a uniform Ga content of 6.1 ± 0.2 at.%
relative to Zn (3 at.% Ga in the film).
Low-loss EEL spectra measured in the ZnO and GZO
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FIG. 1. Cross section view of the ZnO/GZO interface, by
HAADF (a) and ADF (b) STEM imaging, and STEM-EDS
Zn (c) and Ga (d) maps.

FIG. 2. EELS of the GZO and ZnO films. The arrows indicate
the features discussed in the text.

films are shown in Fig. 2, including the large ZLP which
was used for energy calibration. When comparing the
ZnO and GZO spectra, two main differences can be ob-
served, as indicated by the arrows. First, the edge around
3-4 eV has a different shape, appearing with a sharp onset
in ZnO but more gradual and less distinct in GZO. Sec-
ondly, below 1 eV a broad intensity appears as a shoulder
to the ZLP in GZO, which is not present in ZnO. Both
effects will be described in detail in the following.

Band gap analysis

A closeup of the ZnO and GZO band gap energy-loss
edges is provided in Fig. 3. These were measured at 100 K
in order to sharpen the significant features, whereas the
same trends are also seen in room temperature measure-
ments. The background from the ZLP was subtracted
from the spectra by fitting a power-law function in an
energy range right below the edge [20]. In EELS, the
optical band gap is related to the onset of energy-loss,
similar to an onset of optical absorption in optical spec-
troscopy methods. The optical gap Eg of a direct gap
semiconductor can be evaluated by [30]

I(E) = c(E − Eg)1/2, (1)

provided the structure can be simplified by a parabolic
valence band and a parabolic conduction band. A curve
fit of this function to the spectrum measured in ZnO
yields an energy-loss onset of 3.35 eV at 100 K, and
3.32 eV at room temperature (RT). This is consistent
with the optical band gap of ZnO and its temperature
dependence as previously found by EELS [31], as well as
by other conventional band gap methods [32].
In optical measurements of doped samples, the

Burstein-Moss shift is a known effect where the appar-
ent band gap is shifted in energy due to conduction band
filling; since the states in the bottom of the conduction
band are filled, the first available states are located higher
in the conduction band, and more energy is needed for
an excitation to occur. Hence, a shift in the onset of
energy-loss should be expected in GZO. Considering now
the measured GZO spectrum in Fig. 3, the main edge ap-
pears shifted in GZO compared to ZnO, as is marked with
∆E. The shift is approximately 0.5 eV, and we interpret
this as the Burstein-Moss shift in GZO.
However, in contrast to the expected Burstein-Moss

shift, the GZO edge in Fig. 3 shows that the onset is
located around the same energy as ZnO. The edge has
a different shape than in ZnO, thereby showing inten-
sity below the expected onset. As we are here employing
electrons for probing the material, an important aspect to
consider may then be the transfer of momentum during
an interaction. With a heavily doped film, the Fermi level
is placed above the conduction band minimum (CBM),
and a transition from the valence band maximum to the
first available state should therefore involve a small mo-
mentum transfer. In EELS, in the absence of direct band
gap transitions, the spectra from transitions with mo-
mentum transfer are evaluated by [30]

I(E) = c(E − Eg)3/2. (2)

Hence, transitions with momentum transfer appear with
a less steep edge than direct, forward-scattered transi-
tions, which may partly resemble the shape of the GZO
edge in Fig. 3.
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FIG. 3. The energy-loss edge of ZnO and GZO measured at
100 K after background subtraction, showing ZnO contribu-
tions in the GZO edge. The GZO spectrum displays a distinct
shoulder on the low energy side before the main edge. The
size of this shoulder varies across the GZO film, being more
prominent near the ZnO interface and weaker towards the
sample surface.

FIG. 4. Simulated Burstein-Moss shift in GZO with Fermi
level 0.5 eV above the CBM. Separation of contributions from
transitions without momentum transfer (optical) and with
(non-optical) momentum transfer yield different onsets.

To consider momentum transfer as an effect in the
GZO EELS results, simulations of the resulting spectrum
with and without momentum transfer were performed.
With a simple band structure with a band gap of 3.32 eV,
the Fermi level was placed well into the conduction band,
and all transitions between occupied valence states into
available states above the conduction band edge were cal-
culated. Momentum transfer was included in the calcula-
tion, and the contributions from non-optical transitions
could be separated from the direct, optical transitions by

FIG. 5. Line profile of the ZnO onset fitting constant c (fully
drawn red line), and the R2 value of the fitting (dotted black).
The fitting constant demonstrates an appreciable contribution
to the signal from ZnO far into the GZO film, demonstrating
the delocalization of the signal in line with theory and previ-
ous observations. The inset illustrates inelastic delocalization,
where a ZnO signal is measured in the GZO.

a cutoff value of 0.07 mrad. A resulting spectrum from
these simulations is shown in Fig. 4. The onset of the
direct, optical transitons is at 4.0 eV, as determined by
the position of the Fermi level. Moreover, the simulation
shows that momentum transfer has a non-zero contribu-
tion below the optical onset, with the onset of non-optical
transitions of approximately 3.8 eV. However, this differ-
ence of 0.2 eV indicates that momentum transfer cannot
account for the full energy range of the intensity observed
below the edge, and furthermore, these contribute with
a relatively low intensity in the edge below the onset of
direct transitions.
The GZO spectrum in Fig. 3 shows the onset has a

feature of the same shape and energy as the ZnO edge,
but with lower intensity. By scaling the ZnO edge to this
feature, there is a clear resemblance between ZnO and
GZO edge, as illustrated by scaling c in the figure. Fur-
thermore, spatially resolved STEM-EELS measurements
show that the intensity of this feature changes across the
GZO, with a gradual increase towards ZnO. Hence, this
is interpreted as a ZnO signal, which is measured in GZO
due to inelastic delocalization [22]. In short, due to the
extended electric field from the TEM electron, interac-
tions can take place at a certain distance from the po-
sition of the beam. The interaction volume depends on
the amount of energy which is transferred, and hence,
the delocalization depends on the energy loss in ques-
tion. Inelastic delocalization is typically described by
the parameter L50, the diameter contributing with 50%
of the signal, and for energy losses corresponding to the
ZnO band gap, previous experiments show this is on a
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7-8 nm range [21], consistent with previously proposed
models [22]. Hence, even at some distance from the ZnO
film, a certain portion of the acquired signal will still orig-
inate from ZnO, as illustrated in the inset of Fig. 5. Thus,
a ZnO contribution to the signal is expected on the length
scales studied here, which should be most pronounced by
the interface, and decrease with distance from the ZnO.

If the intensity is indeed the delocalized ZnO signal, it
can be analyzed in the same manner as the ZnO edge. By
fixing the onset to the measured onset of ZnO, the mea-
sured amount of ZnO edge was quantified by the fit con-
stant c when fitting Eq. (1). Fig. 5 presents the resulting
line profile of the ZnO edge fitting across the GZO, shown
as a function of distance into the sample. The scaling c
of the fit, corresponding to the intensity of a ZnO contri-
bution, is here seen to gradually decrease away from the
ZnO, which is in good agreement with inelastic delocal-
ization. Furthermore, the corresponding goodness-of-fit
parameter R2 is also shown in the figure, indicating a
high fit quality. Hence, the edge measured in the GZO
is interpreted as a combination of delocalized signal from
ZnO, and a Burstein-Moss shift in GZO.

Due to the ZnO contributions, an accurate assessment
of the Burstein-Moss shift in GZO is difficult. However,
assuming that the shape of the edge is the same in ZnO
and GZO, the energy shift could be found by fitting the
shape of the ZnO feature to the GZO, as shown with
∆E in Fig. 3. To quantify ∆E, the ZnO spectrum range
was here extracted and compared to the GZO by curve
fitting. This procedure was applied to a line profile across
the GZO measured at RT, and the result is shown in
Fig. 6 (a). At the edges of the GZO, the method is seen
to become less accurate due to a less pronounced edge
with more noise, as verified by manual inspection of the
spectra.

Additionally, the resulting mapping of the energy shift
∆E across the GZO and ZnO interface is shown in
Fig. 6 (b). Here, the energy shift is assumed to be ap-
proximately uniform across the GZO film, in accordance
with the EDS results, and the observed weak variation
along the GZO may be ascribed to noise introduced by
the fitting procedure. Furthermore, this shows that the
average energy shift is ∆E = 0.52 eV with a standard
deviation of 0.08 eV.

To confirm that the energy shift found by EELS cor-
responds to the change in band gap due to Ga-doping,
we have calculated the corresponding charge carrier con-
centration n. This can be compared to a previous Hall
measurement, resulting in the estimate n = 7·1020 cm−3.
In a rigid band approximation, the Burstein-Moss shift
can be described by [33]

∆EBM = ~2

2m∗
cv

(
3π2n

)2/3
, (3)

where 1/m∗
cv = 1/m∗

c + 1/m∗
v is the reduced effective

mass. In a parabolic approximation, the effective masses

FIG. 6. Line profile (a) and mapping (b) of the Burstein-Moss
shift across the GZO film.

m∗
c = 0.28m0 [34] and m∗

v = 1.37m0 [35] may describe
the band structure. However, as we here observe a rel-
atively large shift in energy, the Fermi level is moved
far into the conduction band, possibly outside the range
where a parabolic description of the conduction band dis-
persion is valid. A modification can be made by including
a term for non-parabolic effective mass, which can be ex-
pressed by [36, 37]

m∗
c,NP = m∗

c

√
1 + 2C ~2

m∗
c

(
3π2n

)2/3
. (4)

C represents the inverse of the optical band gap [38],
which here corresponds to the RT ZnO onset at 3.32 eV.
Furthermore, band gap renormalization will be a sig-

nificant factor in these calculations. This effect ap-
pears due to hybridization between a defect level and
the conduction band, and leads to band gap narrowing
(BGN) [39, 40]. If this effect is taken into account, the
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m∗
c m∗

c,NP(n)

EF

∆EVB
BM = 0.18 eV

∆ECB
BM = 0.7 eV

Eg + ∆E
Eg − ∆EBGN

FIG. 7. (a) The relation between charge carriers (n) and
band gap shift (∆E). The band gap shift is explained by a
combination of a non-parabolic Burstein-Moss shift (∆EBM)
and band gap narrowing (∆EBGN). The band gap shift from
EELS yields a very close correspondence in n with Hall mea-
surements. (b) The renormalized band structure showing the
effect of the Burstein-Moss shift in the valence and conduction
bands. The red lines show the measured transitions, without
(whole line) and with (dotted line) momentum transfer.

total energy shift we observe may be expressed as

∆E = ∆EBM,NP −∆EBGN. (5)

A model for band gap renormalization previously applied
to ZnO is [40]

∆EBGN = Bn1/3
[
1−

(nc

n

)1/3
]
, (6)

with the parameters for the critical charge carrier density
nc = 3.87 · 1018 cm−3 and the constant B = 5 · 10−8

m−3. The corresponding carrier concentration calculated
from the observed energy shift ∆E is shown in Fig. 7:
using the observed energy shift of ∆E = 0.52± 0.08 eV,
the resulting charge carrier concentration extracted from
EELS is found to be 6.9 ± 1.7 · 1020 cm−3. This is in
very close correspondende with the result of 7 ·1020 cm−3

obtained by Hall measurements.
The measured energy shift can be separated into a

BM shift of 0.88 eV and a BGN of 0.36 eV. The band
structure model is illustrated in Fig. 7 (b), where the
valence and conduction bands were separated by Eg =
3.32 eV and then renormalized by ∆EBGN. The non-
parabolic effective mass of the conduction band becomes
m∗

c,NP(n) = 0.42m0. As can be seen from Fig. 7 (b) and
the observed BM shift, it becomes clear that the conduc-
tion band deviates from the parabolic description. Fur-
thermore, the BM shift can be split into observed energy
shifts in both valence and conduction bands, as the on-
set of direct transitions now occurs at k > 0. With the
effective masses found above, the energy shifts in each
band can be found. Here we see that most of the BM
shift is within the conduction band, however, a 0.18 eV
shift occurs within the valence band. This energy differ-
ence corresponds to the difference between optical and

non-optical transitions (marked in the figure with red
line and red dotted line, respectively), and is also in very
close agreement with the simulated spectrum in Fig. 4.
In summary, the GZO edge showed a shift of 0.52 eV,

which could be described by a BM shift of 0.88 eV in
combination with BGN of 0.36 eV. The effect of momen-
tum transfer has also been discussed, showing very little
contribution to the spectrum, whereas delocalized signal
from ZnO was observed below the onset of direct tran-
sitions. Furthermore, the energy shift has been mapped
with high spatial resolution across the ∼25 nm film and
is in good agreement with the EDS results.

Plasmon analysis

The second feature observed in Fig. 2 is a broad shoul-
der occuring in GZO located below 1 eV. A closeup of
this feature is provided in Fig. 8 (b), where the differ-
ence to a scaled ZnO-measured spectrum is highlighted.
Furthermore, Fig. 8 (a) shows the position the spectra
were extracted, and here we also observe a variation in
the peak energy. To confirm that this is a real feature, de-
convolution using the Richardson-Lucy algorithm with a
Lorentzian-Gaussian kernel was applied to the data with
15 iterations. The spectra after deconvolution are shown
in Fig. 8 (c), where the feature is clearly enhanced while
no other artefacts appear in the GZO spectra.
As the peak occurs below the Kimoto limit [41], we

found that an accurate determination of the position is
mainly limited by the choice of method for background
subtraction. Considering one GZO spectrum, different
choices of background models and fitting methods lead
to a variation of the peak position in the range 0.80-
0.90 eV. We have found that a reliable method was to
use the data without deconvolution, subtract a scaled
ZnO spectrum, and extract the peak position by fitting
a 2-Gaussian model. This is shown in Fig. 9 (a), and the
peak could then be interpreted in terms of peak energy
and intensity. By this method, we find that the peak in
GZO is located at 0.82 eV.
The peak we observe in the GZO is interpreted as a

plasma resonance. It is well-known that the sample may
interact with the electromagnetic field of the TEM elec-
trons by setting up a collective oscillation of the free
electrons (plasmons). The frequency of this oscillation
depends on the density of free charges, where the Drude
model gives the plasmon energy of a free electron gas
as [28]

Ep = ~ωp = ~

√
ne2

ε0m0
. (7)

Here n is the density of free charges, e is the electron
charge, ε0 is the permittivity of free space, and m0 is
the electron mass. In undoped samples, EELS is often
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FIG. 8. ADF image (a) and spectra before (b) and after (c) deconvolution (log-scale), showing spatial variation of plasmon
energy across the GZO.

used for studying the volume plasmon generated by the
valence band. n is then the density of valence electrons,
and in ZnO the plasmon occurs as a broad peak centered
at 18.9 eV [42]. However, in heavily doped samples with
a significant amount of charge carriers in the conduction
band, the conduction band can set up its own plasmon
oscillation [43–46]. The energy of this conduction band
plasmon can be described according to the above equa-
tion, with n being the density of electrons in the conduc-
tion band, hence the charge carrier concentration.

Using the charge carrier concentration n extracted
from the Burstein-Moss shift found with EELS with
Eqn. (7), we calculate a conduction band plasmon en-
ergy of Ep = 0.98 eV. However, Eq. (7) is based on a
system of free electrons, which may not be accurate for
the current situation. Modifications of the model can be
made by replacing m0 with m∗

c,NP and ε0 with εrε0, thus
considering electrons in the GZO conduction band and
the dielectric response of the material. Using the dielec-
tric function of ZnO, which is approximately εr = 3.71 at
these energy losses [47], one obtains Ep = 0.78 eV. This
is in very close agreement with the observed peak, and
hence, we conclude that the observed peak is the plasma
resonance from the conduction band.

Furthermore, the conduction band electrons partici-
pate in the oscillation with an effective mass which varies
with the electron energy (position in the conduction
band). A better estimate of the plasmon may therefore
be found by calculating the average effective mass of all
the participating electrons. Considering a range of charge
carriers between 0 and the measured n, the corresponding
range of non-parabolic effective masses can be calculated
from Eq. (4), thus yielding the average non-parabolic ef-
fective mass of 0.37m0. Also, due to the presence of the
plasmon, the dielectric function of GZO may be different

than for ZnO. Therefore, we can instead calculate the di-
electric function of GZO based on the observed plasmon
energy, the charge carrier concentration from EELS, and
the average effective mass. This results in εr = 3.83,
which is slightly higher than for ZnO where εr = 3.71.
As seen in Fig. 8 (b), there is a spatial variation of

the plasmon energy of more than 0.2 eV. A spatially re-
solved quantification of the peak was performed with the
method described above, shown in Fig. 9 (a). Fig. 9 (b)
shows the line profile across the GZO film, and a com-
plete mapping of peak intensity and energy is shown in
(c) and (d). The plasmon energy is here seen to reach a
maximum in the bottom half towards the ZnO interface,
which correspond to the bulk plasmon energy discussed
above.
Interestingly, Fig. 8 shows that the plasmon peak

clearly shifts across the film, with decreasing energy and
increasing intensity towards the surface. This variation
does not correlate with any change in Ga content or
charge carrier concentration, according to the previous
EDS results and Burstein-Moss shift. The surface region
displays a lower plasmon energy than the interior of the
film, and this is interpreted as the excitation of a sur-
face plasmon mode. For a volume plasmon of energy Ep,
the free electron model results in a corresponding surface
plasmon located at [28]

Esp = Ep/
√

2. (8)

For the bulk plasmon energy observed here, a surface
plasmon energy of Esp = 0.82 eV/

√
2 = 0.58 eV should be

expected. The EELS line profile in Fig. 9 (b) shows the
plasmon at the surface (distance from vacuum = 0 nm)
has an energy 0.56 eV. This is very close to the maximum
plasmon intensity, which shows a decaying intensity on
both vacuum and GZO sides attributed to inelastic delo-
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FIG. 9. (a) Plasmon peak analysis without deconvolution, where a scaled ZnO spectrum was used for background subtraction.
(b) Line profile of the plasmon energy and intensity across GZO, and mapping of the plasmon energy (c) and intensity (d). An
energy shift towards the surface is observed, which is interpreted as the corresponding surface plasmon.

calization. Hence, as the peak is localized at the surface
with excellent correspondence in energy, we conclude that
this is the surface plasmon of the GZO film.

The gradual shift in bulk plasmon energy across the
GZO is here explained by delocalization of the intense
surface plasmon, which may interfere with the assess-
ment of the bulk plasmon energy. Due to the broadness
of the plasmon peak, these two contributions are difficult
to separate, and the combination of the two will therefore
appear as a small peak shift. Furthermore, the method
of extraction may also favour peak positions at lower en-
ergies, as these may be enhanced by the intense back-
ground. Thus, contributions from the surface plasmon
may affect the extracted energies of the bulk plasmon.
There should also be a surface plasmon forming on the
top and bottom sides of the TEM sample, perpendicu-
lar to the viewing direction, however, their intensities are
assumed to be very small compared to the bulk plasmon.
Moreover, an interface plasmon should also occur along
the interface between ZnO and GZO. There may be in-

dications of this in the raw spectrum in Fig. 8 (b) and in
the mapping in Fig. 9 (c), but since these occur at low
energies which are difficult to accurately extract, a clear
conclusion cannot be drawn.
To summarize, high spatial resolution STEM-EELS re-

veals the difference between the bulk and surface effects
for the conduction band plasma resonance. Here, the
bulk plasmon is observed at 0.82 eV, in very good corre-
spondence with theory, while the corresponding surface
plasmon is observed at 0.56 eV.

CONCLUSIONS

In this work, we have used STEM-EELS to study the
optical properties of a highly Ga-doped ZnO thin film of
∼25 nm. Even though contributions from the adjacent
ZnO film was observed due to inelastic delocalization,
clear differences were observed between GZO and ZnO.
The Burstein-Moss shift in combination with band gap
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renormalization was measured with unprecedented spa-
tial resolution, and was found to give an overall shift
in the optical gap of 0.52 eV. The corresponding charge
carrier concentration was found to be 6.9 · 1020 cm−3,
in excellent agreement with estimates from Hall effect
measurements. Furthermore, the bulk and surface plas-
mon of the film has been found, located at 0.82 eV and
0.56 eV, respectively. These results are also in excellent
agreement with theoretical models for the band gap and
plasmons, which provide new insight into the details of
the band structure and dielectric properties of GZO. Fur-
thermore, this work illustrates the advantages of using
STEM-EELS as a characterization technique for small-
scale systems and direct mapping of optical properties.
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Functionalizing transparent conducting oxides is an intriguing approach to expand the tunability
and operation of optoelectronic devices. For example, introducing nanoparticles acting as quantum
wells or barriers in zinc oxide (ZnO), one of the main TCOs today, may expand the optical and
electronic tunability of the TCO. Here, 800 keV Ge ions have been implanted to a dose of 1 · 1016

cm−2 into crystalline ZnO and subsequently annealed at 1000 ◦C to form embedded Zn2GeO4
disks with diameters up to ∼50-100 nm. Scanning Transmission Electron Microscopy (STEM) and
Geometric Phase Analysis verify the trigonal phase of Zn2GeO4 with atomically sharp interface to
the surrounding ZnO and strain mainly around the facets, indicating a transverse growth direction.
Further, Electron Energy Loss Spectroscopy (EELS) have been employed to measure the band gap
of individual nanoparticles, showing an onset of band-to-band transitions at around 5 eV.

I. INTRODUCTION

ZnO is an important semiconductor that has attracted
considerable scientific and technological interest due to
wide range of applications including its use as transpar-
ent conductive oxide1,2. For further enhancement of the
functionality of ZnO as a TCO, one possibility is to em-
bed nanoparticles in the TCO that can act as quantum
wells, barriers or even utilize the optoelectronic proper-
ties for detection, emission or storage applications.

Highly conductive ZnO films used as TCO can be real-
ized via doping by aluminum3, and gallium4–6, but also
using group IV elements such as silicon and germanium
(Ge)7. Here, Ge is of particular interest8, since embed-
ded nanoparticles of elemental Ge and several of its oxide
forms are semiconducting with a size-dependent tunabil-
ity, while the unprecipitated Ge remain as donor on sub-
stitutional site in the ZnO matrix. For Ge concentrations
below 14-15%, the trigonal Zn2GeO4 is the thermody-

∗ These authors contributed equally to the work
† Corresponding author: oystein.prytz@fys.uio.no

namically favorable phase9, but this semiconducting ox-
ide has received little attention. Nonetheless, Zn2GeO4
has a wide range of intriguing properties, and possible ap-
plications include batteries10,11 and photodetectors12,13.
It has a wide band gap, which is often quoted to be in
the range of 4.2-4.7 eV14–16. However, these systems are
usually consisting of nanorods, ribbons and spheres with
very small scales. As the particle shape and size is seen
to influence the results, and furthermore that the inter-
action with ZnO is not accounted for, more information
is needed in order to utilize Zn2GeO4 particles in ZnO.
In this work, ion implantation and post-implantation

annealing has been used to create embedded particles of
Zn2GeO4 in ZnO. Embedded Zn2GeO4 disks with diame-
ters up to ∼50-100 nm are formed at temperatures above
800 ◦C, and proposed to nucleate via Guinier-Preston
zones. Electron Energy Loss Spectroscopy (EELS) have
been employed to measure the band gap of individual
particles, showing a band gap onset of around 5 eV.
Moreover, the interface between the nanorod and the
surrounding ZnO matrix appear to be atomically sharp
and decorated with misfit dislocations (MDs) in order
to accommodate the lattice difference between the two
areas, as shown using Scanning Transmission Electron
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Microscopy (STEM) and Geometric Phase Analysis.

II. EXPERIMENTAL METHODS

A hydrothermal (0001)-oriented ZnO single crystal
from Tokyo Denpa was implanted by 800 keV Ge with
a fluence of 1016 cm−2 along [0001] using a 1 MV NEC
tandem accelerator. The resulting in Ge concentration
was estimated to be approximately 1020 cm−3 at the
projected depth of ∼325 nm. Furthermore, annealing
at 1000 ◦C was performed for 1 hour, whereas reference
samples of virgin ZnO and Ge-implanted ZnO without
annealing were also prepared.

Secondary Ion Mass Spectrometry (SIMS) were con-
ducted using a Cameca IMS7f microanalyzer with a
10 keV O+

2 primary beam. Areas of 125×125 µm2 were
scanned, and the crater depths were measured with a
Dektak 8 stylus profilometer. A constant erosion rate
was assumed in the conversion between sputtering time
and depth, and the as-implanted sample was used as ref-
erence for the concentration calibration. Furthermore,
structural quality of the samples before and after the
anneal was analyzed by Rutherford Backscattering Spec-
trometry in channeling mode (RBS/C). 1.62 MeV 4He+

ions was employed, which were backscattered into the
detector placed at 165◦ relative to the incident beam di-
rection. X-Ray Diffraction (XRD) measurements were
performed with a Cu source in a Bruker AXS D8 Discover
system. An asymmetric Ge 220 2-bounce monochroma-
tor was used, leaving only the Kα1 radiation with a wave-
length of 1.5406 Å.

For investigations by Transmission Electron Mi-
croscopy, a cross section wedge sample was prepared
by standard methods of mechanical grinding and pol-
ishing. Ion beam milling was employed for final thin-
ning of the sample, performed with a Gatan PIPS II
with argon ions. Cleaning with a Fishione model 1020
plasma cleaner was performed prior to TEM experiments.
Preliminary Scanning Transmission Electron Microscopy
(STEM) was performed in a Jeol JEM-2100F at accel-
eration voltage 200 kV with a Medium Angle Annular
Dark Field (MAADF) detector. Further STEM investi-
gations were conducted with a FEI Titan G2 60-300 kV
TEM equipped with a CEOS DCOR probe-corrector and
monochromator. An acceleration voltage of 300 kV and
a convergence angle of 31 mrad were used for high res-
olution imaging with a High Angle Annular Dark Field
(HAADF) detector, and also for Energy-Dispersive X-
ray Spectroscopy (EDS) measured with the FEI Super-X
EDX detectors.

Electron Energy-Loss Spectroscopy (EELS) was per-
formed with a Gatan Quantum 965 GIF using an ac-
celeration voltage of 60 kV. The convergence angle was
31 mrad, and a collection angle of 21 mrad was used,
along with a dispersion 0.01 eV/channel. By enabling
the monochromator, the energy resolution of the system
was measured to be 0.12 eV, according to the Full With

Half Maximum of the Zero-Loss Peak (ZLP). EELS ac-
quisitions were performed in Spectrum Image mode, with
immediate dark reference corrections applied, and the en-
ergy loss was calibrated by aligning the zero-loss peak.

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows the Ge concentration measured by
Secondary Ion Mass Spectroscopy (SIMS) as a function of
depth of the as-implanted sample and after annealing at
1000 ◦C. For the as-implanted sample, the Ge is broadly
distributed with a maximum centered around 400 nm be-
low the surface. Interestingly, after annealing at 1000 ◦C,
a distinct difference in the Ge signal is observed, despite
that the implantation fluence is the same as in the as-
implanted sample. The increased SIMS intensity implies
a change in the local environment around Ge (the so-
called "matrix-effect"17), for instance by the formation of
a new phase containing Ge. This increase has previously
been observed in this system after annealing at 800 ◦C18,
where small Ge nanoparticles have been identified in the
ZnO matrix. Hence, the SIMS results indicate that a sec-
ondary phase is formed in the ZnO matrix which cause
an increased Ge count rate.
The channeling Rutherford Backscattering Spectrom-

etry (RBS) spectra of as-implanted and annealed sam-
ples are shown in Fig. 1(b), where unimplanted (virgin)
and random spectra of a ZnO sample are shown as ref-
erences. The as-implanted spectrum is characterized by
the low yield of backscattered ions near the surface region
(corresponding to the channel 400), but with a rapid in-
crease below >200 nm into the sample. The spectrum is
also characterized by high dechanneling yield beyond the
maximum of Ge concentration (∼400 nm) without a well
defined damage peak. Such spectrum shape is typical
for channeling implantations19, and indicates the pres-
ence of extended defects, such as dislocation loops and
stacking faults20. Fig. 1(b) also shows that annealing at
1000 ◦C is not enough to completely anneal out the Ge-
induced defects and the spectrum is still far from that for
virgin crystal, indicating that a substantial defect frac-
tion still persists and higher temperatures are needed to
completely restore the crystal structure.
Fig. 1(c) shows X-Ray Diffraction (XRD) performed on

the as-implanted sample and the 1000 ◦C annealed sam-
ple. Discarding the peaks marked with asterisks from
the sample holder, the as-implanted sample shows only
the diffraction peaks corresponding to pure ZnO. How-
ever, the sample annealed at 1000 ◦C shows additional
peaks, confirming a crystalline phase has formed. The
most prominent of these peaks is located at 2θ = 25◦,
with weaker reflections occurring at 12◦ and 66◦. These
peaks match well with diffraction from the (1120), (2240),
and (55100) planes of the trigonal Zn2GeO4 phase, re-
spectively. Hence, the XRD confirms the formation of
a crystalline phase, and is attributed to Zn2GeO4. In-
terestingly, the reflections are multiples of one direction,
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Figure 1. Bulk characterization of the Ge-implanted ZnO sample before and after annealing at 1000 ◦C. (a) SIMS, showing
an increased count rate after annealing due to a matrix effect. (b) RBS, showing decreasing yield with annealing, indicating
reduced defect density. (c) XRD, showing reflections matching a Zn2GeO4 phase after annealing (peaks marked with asterisks
are from the holder).

and indicate a preferred orientation of the phase rela-
tive to that of ZnO. Therefore, to confirm the phase and
orientation, these structures must be studied locally.

To further characterize the crystalline phase observed
in the 1000 ◦C treated sample, Scanning Transmis-
sion Electron Microscopy (STEM) has been employed.
Fig. 2(a) shows a cross-section view of the sample using
Medium Angle Annular Dark Field (MAADF) imaging,
with an overlay of the Ge concentration depth profile
found by SIMS. This shows that the implanted region can
be identified by the strain seen in MAADF. Here, several
features appear: formation of large particles, with varia-
tion in contrast and size, smaller particles, and also lines.
It is worth noting that the larger particles are formed in
the area of maximum ion concentration.

In Fig. 2(b) and (c) EDS elemental maps of one of
these larger particles is shown. The maps clearly show
an excess of Ge in the particle, while the Zn signal is
decreased in the particle compared to the surrounding
matrix. These particles are therefore assumed to be the
source of the increased Ge signal and strong variation

with depth as seen in SIMS.
The trigonal structure of one of the embedded par-

ticles, referred to as Particle A, has been confirmed in
Fig. 3. The figure shows a high resolution HAADF
image across a particle, showing excellent crystallinity
with almost atomically sharp interfaces to the matrix.
Fast Fourier Transform (FFT) diffractograms revealed
the trigonal Zn2GeO4 phase of the particle, having a
preferential orientation relationship with the ZnO matrix
described by:

ZnO[1120](0001) ||Zn2GeO4[0001](1120). (1)

This is fully consistent with the XRD results, where
planes along ZnO (0002) and Zn2GeO4 (1120) are ob-
served. Thus, Particle A supports that [1120] is a pre-
ferred orientation of the particles along ZnO [0001].
Post-implantation, the Ge atoms become mobile and

will eventually cluster, if given sufficient time and tem-
perature. This has previously been seen after anneal-
ing at 800 ◦C18, where Ge clusters and nanoparticles
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Figure 2. (a) Overview STEMMAADF image of Ge-implanted ZnO after annealing at 1000 ◦C. The overlay is the corresponding
SIMS profile. (b,c) EDS maps of a large particle located in the region of high Ge concentration.

Figure 3. HR HAADF STEM of a Zn2GeO4 particle embedded in the ZnO, confirming the Zn2GeO4 phase embedded in ZnO
by indexing of the FFT pattern.

are formed. The formation of the Zn2GeO4 particles
can be considered as a precipitate forming in the ma-
trix, where Zn2GeO4 is the thermodynamically favorable
phase. In literature, annealing temperatures above 900
◦C have been found sufficient for Zn2GeO4 formation21.
This holds true for a large range of Ge concentrations,

up to approximately 14-15 at.% Ge, where a ZnGeO3
phase may form9. In this work, we find no indication of
a ZnGeO3 phase.
Fig. 4 shows Particle A as also in Fig. 3, along with a

different Zn2GeO4 particle, Particle B, which is seen in a
different projection of both Zn2GeO4 and ZnO. Accord-
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(a) (b)

Figure 4. Geometric phase analysis of HR HAADF STEM of ZnO/Zn2GeO4 interfaces in two orientations: (a) Particle A seen
along ZnO [1120], and (b) interface of Particle B seen along ZnO [1100] (no clear eyy deformation was found).

ing to the indexing of the image of Particle B, the par-
ticle c-axis is here pointing left, and the Zn2GeO4 phase
is therefore seen perpendicular to the image of Particle
A. Due to the six-fold symmetry of ZnO, a set of coor-
dinates for the Zn2GeO4 particles and the matrix can be
constructed which are fully consistent with both the FFT
indexing and the XRD results, where the relations of the
Zn2GeO4 directions relative to ZnO holds, and therefore
further supports a preferential orientation of the embed-
ded particles.

The interfaces between both particles and the ZnO ma-
trix has here been investigated with Geometric Phase
Analysis (GPA) in order to locate strained regions and
dislocations. Fig. 4(a) shows that the top and bottom in-
terfaces (the (110) and (110) planes) of the particle have
no clear dislocations towards ZnO, although there is a
small lattice difference between the particle and the ma-
trix. The particle also show two facets, (010) and (100),
where two edge dislocations become clear in both eyy
and exx. Particle B, as shown in Fig. 4(b), exx displays
clear, periodic edge dislocations on both the top and bot-
tom interfaces. This is recognized as misfit dislocations,
caused by the lattice mismatch between the particle and
the matrix, and shows a semi-coherent interface22. Rela-
tive lattice parameters for ZnO and Zn2GeO4 have been
calculated from the HAADF STEM image in figure 4(b).
From these, we should expect one excessive ZnO plane
per 16.5 columns of Zn2GeO4, whereas the GPA reveals
that the deformation occurs every 15-19th column, thus
validating the GPA analysis. Here, eyy did not show any
clear deformations (not shown).

Faceting of Zn2GeO4 has been reported in literature,
where a previous study found (110) and (110) type facets
in Zn2GeO4 nanorods14, which are symmetry equiva-
lent to the facets observed here. In Fig. 4 the facets
contain clear dislocations, and the particle growth can
be explained in terms of the terrace-ledge-kink (TLK)
model23,24. This model is commonly used to explain

atomic scale crystal growth, where densely packed planes
form terraces, the terraces are terminated by ledges,
incomplete ledges form kinks. Crystal growth is then
mainly at the kink sites, before occurring at ledge sites,
and then eventually at the terraces23,25. Hence, to min-
imize energy, the crystal predominantly grows at kinks
and ledges, where there are edge dislocations, as found
in Fig 4 (a). On the other hand, the misfit dislocations in
Fig. 4 (b) indicate that this facet forms a terrace, where
particle growth is significantly slower. Thus, the parti-
cles tend to grow along the ZnO (001) planes, and result
therefore in large particles formed as rods or disks per-
pendicular to ZnO [0001], thereby explaining the shape
of the large particles as seen in Fig. 2.
In the survey STEM HAADF image in Fig. 2, the par-

ticles exhibit different shapes and sizes, and these are
regarded as preliminary precipitates which have not yet
formed the Zn2GeO4 phase. These can be explained by
precipitation of Guinier-Preston (GP) zones: The GP
zones appear as fully coherent disks with monolayers of
Ge, oriented along the ZnO (0001) planes. The disks acts
as sites for further nucleation, and are usually followed
by precipitation of one or more transition phases with de-
creasing free energy, as the activation energy for the GP
zone and transitions is lower than a direct transformation
into the Zn2GeO4 phase due to interface strain22. Thus,
the lines seen in Fig. 2 from the maximum implanta-
tion region and below are assumed to be two-dimensional
disks of GP zones. Here, the Ge concentration is rapidly
decreasing, hence, there is not sufficient Ge to form the
successive phases. The secondary phases of GP zones are
coherent, whereas eventually the semi-coherent Zn2GeO4
particles are formed. This mechanism is also supported
by the edge dislocations which are observed with GPA at
the facets, where interstitial defects create a dislocation
perpendicular to the fast-growing facets.
Moreover, the GP zones can also form due to disloca-

tions, where coalescence of vacancies form Frank partial
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Figure 5. STEM-EELS of an embedded Zn2GeO4 particle
and the surrounding ZnO matrix, with background and onset
fittings.

dislocation loops. These will eventually collapse, thereby
creating GP zones with voids. These effects have also
been observed in this sample, and correspond to a slightly
different contrast in Fig. 2, with no discernible lattice in
combination with no Ge detected with EDS (not shown).
Thus, the large particles within the sample are confirmed
to be either semi-coherent Zn2GeO4 or voids.

Turning to the functional properties of the Zn2GeO4
particles, Electron Energy-Loss Spectroscopy in Scanning
Transmission Electron Microscopy (STEM-EELS) pro-
vides a unique way of measuring the optical properties
of individual embedded Zn2GeO4 particles, in contrast
to optical spectroscopy methods. A STEM-EELS mea-
surement in a region with a large Zn2GeO4 particle is
shown in Fig. 5, and compared to a region with only
the matrix. Here, the background consisting of the tail
from the Zero-Loss Peak (direct beam without significant
energy loss) can be described by a decaying power func-
tion as is shown by the dashed line. In ZnO, the band
gap is known to be related to the onset of the energy-
loss edge26. Considering a parabolic valence band and
a parabolic conduction band separated by a direct band
gap Eg, an ideal energy-loss edge can be described by27

I(E) = c
√
E − Eg. (2)

For the spectrum measured in the ZnO matrix after
background-subtraction, applying a curve fit of this func-
tion to the energy-loss edge yields the onset of 3.29 eV.
This is highly consistent with previously reported values
for the EELS onset in ZnO26,28, as well as the range of
results by optical absorption measurements29.

Figure 5 shows that the background intensity relative
to the edge differs slightly between the region with the
particle and the matrix region. This may be assigned to
sample thickness differences between the two extracted
locations. The energy loss edge corresponding to ZnO
is present in the spectrum from the Zn2GeO4 region,

and attributed to the surrounding ZnO, i. e., along the
viewing direction in STEM there is ZnO present both
above and below the particle which also contributes to
the spectrum. In addition, a delocalized signal from the
surrounding ZnO may also contribute significantly, as ap-
proximately 50 % of the signal originates from outside a
diameter of 6-7 nm at these energy losses30. Therefore,
contributions from both the particle and the matrix are
expected.
An important feature observed here is that the spec-

trum from the Zn2GeO4 region in Fig. 5 exhibit an in-
creased energy loss intensity starting at around 5 eV.
This is not present in the matrix, and is assigned to the
onset of band-to-band transitions in Zn2GeO4. This is
highly consistent with previously reported band gaps of
Zn2GeO4

14–16. Hence, STEM-EELS enables measure-
ments of the band gap of one individual embedded par-
ticle. The value of the energy-loss onset in Zn2GeO4
is here obtained by subtracting the background from the
ZnO edge by a linear function, then fitting Eqn. (2) to the
Zn2GeO4 edge. This yields the onset of 5.03 eV, which
is slightly higher than literature values, although refer-
ence values were typically measured on different sample
geometries with different techniques, and may therefore
yield slightly different results.
Here, it is noteworthy that STEM-EELS provides a

method for optical characterization on individual parti-
cles embedded in a matrix. This provides a useful tool for
further exploration of small-scale systems, and opens up
for a range of possible experiments with superior spatial
resolution. This includes investigations of complex par-
ticles, grains, films, and so on, perhaps also in systems
where quantum effects may influence results. Therefore,
this work illustrates new advantages of STEM-EELS for
optical characterization.

IV. CONCLUSIONS

Implantation of Ge in a ZnO single crystal with sub-
sequent annealing at 1000 ◦C has been found to form
embedded Zn2GeO4 particles in the ZnO matrix. These
particles have been characterized with STEM techniques,
revealing a preferred orientation of the particles relative
to the ZnO lattice, as well as preferred growth directions.
Furthermore, the individual particles have been studied
with STEM-EELS, providing a direct measurement of
the the band gap and optical properties at a nanome-
ter scale. The Zn2GeO4 particle was found to have a
higher energy-loss onset than the surrounding ZnO ma-
trix, showing that STEM-EELS can successfully provide
information of band gaps of individual embedded parti-
cles. This provides a method for studying similar struc-
tures, and also provide a way of functionalizing ZnO.
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CHAPTER 5

Concluding remarks

This chapter provides the key findings and conclusions from the research pre-
sented in the papers and the general outlook of the method.

5.1 Summary and conclusions

As stated in the introduction, the technological improvements of STEM
and EELS techniques has allowed measurements of band gaps and opti-
cal properties at a previously unprecedented spatial resolution. Therefore,
the technique of STEM-EELS represents a new and novel direction for ma-
terials science, with increased focus on variations in optical features down
to a nano-scale. However, for several reasons, including the need for ex-
pensive, high-end instrumentations and associated advanced operation,
as well as challenging interpretation of results, the area remains relatively
unexplored.

This work has contributed to the development of the technique for
band gap measurements using STEM-EELS by exploring different aspects
of acquisition, analysis and apprehension of results. In general, the in-
cluded papers show some of the possibilities of this powerful method.
Each paper seeks to provide insight into relevant challenges and possi-
bilites of the method, in order to extract useful information from various
types of samples. In this regard, ZnO has shown to be a good test ma-
terial, where various effects including doping, alloying, and temperature
have been studied. This opens up for interesting measurements on differ-
ent materials, compositions, systems, conditions, and so on.

For precise extraction of an energy-loss edge onset, the position of the
fitting ranges used for background and edge is crucial. In Paper I, we have
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found that the goodness-of-fit parameter R2 is reliable for evaluating these
types of spectra. The parameter can be used to determine the est type of
fitting functions, furthermore, it can also be used to locate the optimal fit-
ting ranges. Therefore, we propose a method based applying the R2 to
locate the best position of the fit, and then also the best fitted value for
the onset. This has been implemented with options for parallel process-
ing for analyzing large data sets, as a tool for obtaining spatially resolved
band gap maps. The work shown in Paper I has been extended in Paper
II, where a mapping of a Cd-alloyed film is studied with focus on the ob-
tainable spatial resolution. The onset mapping resolved a distinct feature
of different composition, where the spatial resolution was found to be on
a nm scale. Furthermore, this was shown to be consistent with the inelas-
tic delocalization of the transition, and shows that our results are on the
limit of the obtainable spatial resolution. Therefore, Paper II enhances the
applicability of the method presented in Paper I, as well as illustrating the
limit for the spatial resolution of band gaps with STEM-EELS.

The ability to perform in-situ measurements in STEM further strength-
ens the technique, thereby allowing both qualitative and quantitative in-
formation of the sample’s response to the surroundings. Paper III investi-
gates the ZnO band gap developments with temperature, where we have
found a relative band gap decrease of 0.38 meV/K. This is consistent with
literature, whereas our large temperature range allowed measurements
well beyond the commonly measured range. Thus, in-situ band gap mea-
surements can successfully be performed, which opens up for studying
systems and phases not previously measured with comparable spatial res-
olution. In terms of the spectral resolution, Paper IV shows that features
even below 1 eV can be measured with a commercial monochromated in-
strument: the plasmon feature due to conduction band filling from Ga-
doping has been found at 0.82 eV, in surprisingly good correspondence
with simple models. Furthermore, the corresponding surface plasmon has
been located at 0.56 eV. In-situ experiments enhanced the features in the
spectrum from thermal effects, thereby allowing separation of delocalized
signals. Due to the doping, a Burstein-Moss shift of 0.88 eV and a bandgap
narrowing of 0.36 eV was found, and also mapped across the 25 nm doped
film, thereby providing a unique opportunity to study the doping unifor-
mity. Thus, in addition to pushing limits of spatial and spectral resolu-
tions, the results provide valuable information about the physical princi-
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ples and effects of doping.
The spatial resolution of STEM-EELS has been exploited to measure

single embedded particles in Paper V. Here, the combination of STEM
characterization methods are used to identify Zn2GeO4 particles in ZnO,
where structure, orientation, and growth have been investigated. With
STEM-EELS, the optical properties of these particles are revealed to be
5 eV, in good correspondence with literature. An early stage of these par-
ticles have also been investigated in Paper VI, where 800 ◦ is sufficient for
creating Ge nanoparticles. These have been confirmed by their plasmon
energy, thereby illustrating the broad range of information obtained from
low-loss EELS.

In summary, this work shows the applicability of STEM-EELS band
gap measurements. The research contributes to pushing the limitations of
obtainable spatial and spectral resolution, and includes studies of method-
ology and interpretation of results.

5.2 Current trends and future work

The method of STEM-EELS band gap measurements is assumed to be ap-
plicable to a wide variety of materials systems. This includes new com-
positions, interfaces, grain boundaries, small-scale structures including
nano-structures, various types of defects, and so on. Therefore, sugges-
tions for further work includes an enormous list of possible experiments.
Furthermore, with STEM-EELS, measurements on systems where conven-
tional methods are challenging can be performed, thus providing new in-
sight into previously unexplored systems.

A particularly interesting field related to this work is the in-situ mea-
surements of band gaps and related optical properties. With in-situ tem-
perature, bias, or atmosphere experiments, several interesting results can
be obtained. With the versatility of STEM, the combination of imaging
and spectroscopies can yield a powerful understanding of current mech-
anisms. In this regard, one interesting project is to use in-situ heating to
create defects. Here, oxygen vacancies in ZnO may create a mid-gap defect
state, which may be observed. Furthermore, a different work of both sci-
entific and technological interest is in-situ annealing to control embedded
phases in implanted samples. In particular, in-situ heat treatment may re-
veal unexplored aspects of phase formation in the Ge-implanted ZnO de-
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scribed in Paper V and VI.. Hence, in-situ measurements is an important
direction for further work.

Improvements of the method allows for further insight into small-scale
or complex material systems, and is therefore an intriguing path for future
work. One example is through developments in instrumentation, where
components with higher resolution and higher stability can be designed.
As shown in Paper IV, the tail of the ZLP may mask important features
at very low energy-losses, and to enhance such features, instruments with
higher energy resolution is needed [106]. This can open up for studies of
low-energy transitions such as smaller band gaps, plasmons, and defect
states, which is highly desirable.

An approach which lately has attracted increased interest is the method
known as off-axis EELS, alternatively dark-field EELS. With this method,
the control of the reciprocal in STEM mode is exploited by placing the GIF
entrance aperture off the direct beam. This technique may reduce some of
the current issues of STEM-EELS, as both retardation losses and the ZLP
are reduced [107, 108]. This allows for new, interesting measurements,
such as maps of the optical properties through the reciprocal space [109,
110]. Hence, this involves new and intriguing aspects which increase the
applicability of the method, and also developments of methods for data
acquisition and analysis.
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