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Introduction

In the last few decades, it was realized that we need to visualize the internal
structure of materials down to the atomic scale in order to understand their
properties. Since its invention, the optical microscope (OM) was used
extensively to examine all kind of objects. However, the resolution of the
OM is low (around 200 nm) as limited by wavelength of visible light;
whereas the average size of the atom is about 0.1 nm [1, 2]. So, the
visualization of the atomic structure was not possible with merely OM. A
first step towards a solution was taken when in 1925 de Broglie presented his
theory about the dual wave-particle nature of the electron, opening up the
possibility to produce electron with a wavelength (λ) much shorter than that
of visible light [3]. Soon, the wave nature of electrons was proved by
electron diffraction experiments [4]. After having developed electron lenses,
Ruska and Knoll built a first transmission electron microscope (TEM) in the
1930s, an accomplishment for which Ruska was awarded the Nobel Prize of
physics in 1986. Today, TEM can achieve a resolution in the range of 50
picometer (0.05 nm) [5] and a magnification up to 10 million times.
The main difference between the optical and electron microscope is the
use of electrons in the place of light to create an image. Electrons can have a
wavelength 100,000 times shorter than that of visible light. The λ of electron
is related to their energy through de Broglie’s equation and it can be shorted
by means of increasing the accelerating voltage [6]. For example, 100 keV
electrons have a λ of 0.00370 nm and 300 keV around 0.00197 nm, both of
which are much smaller than the size of an atom (0.1 nm). Since the 1970s,
many TEMs have been developed which are capable to resolve atoms in
crystals by high resolution transmission electron microscopy [7]. Now TEM
has become a very useful instrument for the characterization of large variety
of materials including life sciences specimens. After their invention several
TEM based techniques have been developed e.g. bright-field (BF) imaging,
dark-field (DF) imaging, high resolution (HR) imaging, selected area
electron diffraction (SAED), energy-filtered TEM (EFTEM), elemental
mapping, 3-D tomography.
In general, two types of electron microscopes are developed, scanning
electron microscope (SEM) and transmission electron microscope (TEM).
The SEM is normally used for bulk specimens [8] whereas TEM needs very
thin samples [9] but it has a much higher resolution compared to SEM. The
contrast in the TEM comes from mass-thickness variations [10] or Bragg
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scattering. The atoms of light elements scatter fewer electrons than heavy
atoms therefore they generate weak contrast. Both types of scattering, i.e.
elastic and inelastic are useful for material analysis but inelastic scattering
has the side effect of being responsible for specimen damage [11]. The
electrons can transfer their energies to the atoms by means of inelastic
collision and hence atoms can displace within the material. Beam damage is
more severe for light elements, for example in biological specimens, and
ultimately limits the applicability of the TEM analysis to such samples [11,
12].
The TEM observation of hydrated biological specimens is made difficult
by the extreme conditions samples are exposed to in the microscope e.g.
high vacuum and intense electron beams [13]. It is also more difficult to
make biological samples thin enough to be electron transparent. By the
1950s, the advances in the specimen preparation made electron microscopy
possible for biological specimens as well. These advances were improved
fixatives, embedding and resins whereby electron transparent slices of
material for TEM were made by ultramicrotomy. However, the specimen
preparation procedure was based on several processes, e.g. fixation,
dehydration, infiltration, embedment, sectioning and staining where each
process is completed in several steps. Thus, this procedure of sample
preparation was complicated and time consuming [14, 15]. Cryoultramicrotomy was then developed to prepare electron transparent slices for
TEM but it also causes several artifacts due to its operation [16, 17]. Focused
ion beam (FIB), in combination with SEM at low temperatures, can be used
to investigate frozen wet specimens, including biological specimens, but
SEM has a low resolution [18, 19]. Therefore, certain techniques are
required which enable us to examine water containing specimens at high
resolution and free of artifacts. This thesis focusses on the development of
these techniques : special TEM techniques have been developed, refined and
employed to characterize light elements and soft matter materials (Figure 1)
such as multi-layer graphene, DNA-nanoparticle materials and a number of
hydrated biomaterials. The developed TEM methods and Cryo-FIB
specimen preparation methods for cryo-SEM and cryo-TEM have been
discussed in details. The general introduction of light elements and soft
matter materials is given in the following section for potential TEM
applications.

1.1

Light elements and soft matter materials

The elements having low atomic number (Z) are known as light elements,
e.g. H, C, N and O [10]. In transmission electron microscope, a high energy
beam of electrons, usually in the range of few keV, propagates towards the
sample through series of lenses. The light/soft materials are rapidly damaged
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by the electron beam and imaging based on such materials is always a
challenge [12]. In addition, most of the mass-thickness variations [10] for
low Z elements are often very weak, making the interpretation of light
element materials more problematic. Thus, such specimens need special
conditions and techniques for their characterization, for instance, sample
preparation: specimens are often stained with contrast-enhancing metals and
chemically fixed to protect them from the high vacuum of the microscope
[20]. Another way to reduce beam damage is to lower the accelerating
voltage and/or the temperature of the specimens. TEM techniques that
expose the samples to lower doses are referred, for example BF, DF and
EFTEM [21]. Lowering the beam current and using a larger analysis area
can reduce the beam damage considerably which is significant for low Z
element materials [22]. Based on low dose, TEM methodologies are
developed and refined for graphene, DNA-nano particles and wet
biomaterial specimens. The detail of these studies is given below.
A monoatomic layer of carbon atoms arranged in a hexagonal lattice is
known as graphene which is a remarkable material with possible application
in physics, chemistry, material science and nanotechnology. Since the
discovery of graphene [23], several production methods have been reported
[24, 25] but these methods have low yield and use expensive starting
materials. An ultrasound assisted exfoliation method for graphene is a cheap
and has high-yield that is currently being developed [26]. A multi-layer
graphene flake produced by this method is shown in Figure 1A. Although
several techniques, e.g. [27-31] have been reported, a thickness
characterization method is still needed in order to optimize and control the
synthesis conditions. For details, see section 4 and Papers I-III.
In recent years, new nano-technological methods have been explored such
as biosensors for the detection of different types of target biomolecules, e.g.
DNA, proteins or antibodies. Most of these sensors utilize functionalized
nanoparticles and operate in an environment of biomolecules. The use of
magnetic nanoparticles (referred to as beads) in particular, in bio sensing
applications has unique advantages because most of the biomaterials are
non-magnetic. Furthermore, beads are rather inexpensive to produce, can be
easily bio-functionalized and are physically and chemically stable. To
develop optimal sensors relying on the use of bio-functionalized beads, the
details of the interaction and attachment of the beads with biomolecules must
be understood. To date, there is a limited range of analysis methodologies
available to study such functionalization and interactions in real-space. A
real-space TEM characterization of DNA-bead interactions is shown in
(Figure 1B). For detail, see sections 5 and paper IV.
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Figure 1: Electron microscopy images of light elements and soft matter materials.
(A) A multilayer graphene flake; (B) magnetic beads (130 nm) attached to salt DNA
coils, white inset showing 40 nm beads; (C) A group of bacteria in a polymer matrix
and (D) one bacterium at high resolution; (E) FIB-milled cross-section of a frozen
wet hydrogel containing inorganic nanoparticles as indicated by white arrows
whereas (F) one particle at HR, (G) Aspergillus niger spores at low resolution, (H)
electron transparent lamella for TEM observation and (I) a TEM image of one
spore where its cellular structure is visible. Panels (A, B, D, F) are taken at room
temperature while (C, E, G-I) at cryogenic temperatures. Panels A, B, D, F and I
are BF-TEM images whereas other panels are SEM micrographs.

In this thesis an experimental protocol has been developed to prepare water
containing materials including biological specimens in the FIB for cryoSEM observation. This technique is also used as a TEM sample preparation
for high resolution imaging in the TEM (Figure 1G-I). Thus, cryo-FIB
preparations can be discussed mainly in two parts: in the first part, largevolume specimens were investigated by cryo-SEM to optimize the ex-situ/insitu FIB preparation process by preparing several specimens, e.g. bacteria
and wet hydrogels (see Figure 1C-E). In the second step, TEM samples
were prepared by extracting lamellae from the bulk and cryogenically
transferred to a TEM for investigation. The cryo-FIB preparation for cryoSEM observation was demonstrated on inorganic nanoparticle contained in
hydrogels (paper VI) while cryo-TEM preparation on Aspergillus niger
spores (Paper VII). For detail, see section 6.
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1.2

Motivations and aims of the thesis

TEM has long history on low contrast and vacuum sensitive materials where
specimens are prepared using advanced methods such as fixation and cryoultramicrotomy. Even if a long experience in the field has been accumulated,
the TEM investigation of light elements and water-containing biological
specimens is always a challenge. So, such materials always need specific
microscope conditions and specific sample preparation techniques for their
successful characterization.
The general aim and motivation of this thesis is to develop and refine
TEM methodologies that enable us to study light elements and soft matter
materials at high resolution. In addition, the techniques should be simple and
less destructive but provide sufficient contrast for a successful visualization
and interpretation.
The materials which have been investigated in this thesis are multilayer
graphene flakes, DNA/magnetic nanoparticles and a number of hydrated
biological specimens. In order to fulfill the aim, the work has been divided
into three parts. (1) In the first part, a simple and fast TEM method for
thickness characterization of graphene has been developed and applied to a
large number of flakes. Graphene is a remarkable material due to its possible
applications in different fields, e.g. in electronic devices, photonics and
ceramics. However, to fully realize its applications high-yield production
methods of graphene are needed. So, a quantitative TEM method was
developed to measure thickness of large number of graphene flakes in order
to control and optimize the conditions of the proposed method. (2) In the
second part of this study, the interaction between DNA-coils and magnetic
nanoparticles has been studied. Recently, new biosensors for the detection of
different types of target biomolecules have been explored. Most of these
sensors utilize nanoparticles and operate in a bio-molecular environment. In
order to develop optimal sensors the details of the interaction of the
nanoparticles with biomolecules must be understood. Therefore, TEM
methodologies have been developed and refined to investigate DNA-bead
interactions to obtain a better understanding of how different sizes of beads
interact with DNA-coils.
(3) The third part concerns cryo electron microscopy studies of water
containing specimens. The main aim and motivation of this study is to
develop an experimental protocol to prepare specimens of hydrated
biological samples for high resolution imaging in the TEM. Standard cryo
preparation methods for TEM samples are not site-specific, i.e. it is not
possible to choose a region of interest. In this thesis, a cryo-FIB technique in
combination with SEM was developed to prepare site-specific regions of
frozen hydrated specimens for TEM observation. In addition to this, the cryo
preparation procedure and the related protocol for such specimens was
optimized and improved. The method in fact offers the possibility to
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investigate a bulk specimen with SEM at cryogenic temperatures and then
choose regions of interest for FIB extraction anywhere on the surface of the
sample with a precision in the sub-micrometer range for TEM observation.
Our developed technique is novel that could open up vast new fields such as
soft/hard matter interface related studies.

1.3

Thesis structure and outline

The thesis is organized in the following way. Chapter 2 presents a brief
introduction to transmission electron microscopy (TEM) as well as different
techniques which have been utilized throughout this work to characterize
different materials. In addition, TEM sample preparation methods are also
described briefly in this chapter. Chapter 3 presents a detailed description of
the materials used. The next three chapters 4-6 are dedicated to material
characterization by TEM and FIB/SEM methods. The microscopes are used
both at room temperature and at cryogenic temperatures. The water
containing biomaterial specimens are frozen with liquid nitrogen and
characterized then by cryo-FIB/SEM and cryo-TEM. Chapter 4 presents
TEM characterization of graphene flakes. In this chapter, a TEM method for
fast thickness characterization graphene is described. The method is
explained by presenting results from both simulation and experiments.
Chapter 5 presents a study on attachment of magnetic nanoparticles to DNA
coils where results of the TEM investigation are presented. In addition, the
effect of surface coverage of oligonucleotides on immobilization of beads to
DNA coils is studied by TEM. In order to locate the DNA coils in the TEM,
the coils are labeled with gold nanoparticles of 10 nm. In Chapter 6, cryo
preparation and characterization of frozen hydrated biological specimens is
detailed. We described a novel technique that enables extraction of a thin
lamella locally from a region of the bulk, the lamella subsequently thinned
with the ion to electron transparency for high resolution imaging in the
TEM. In addition, a detailed protocol of transferring of samples to a TEM is
presented.
In paper I, the development of a TEM method for the thickness
characterization of graphene flakes is presented. The method is elaborated by
presenting results from both experiments and simulation and then applied to
obtain thickness maps of graphene flakes. Papers II and III present the
application of TEM thickness method (as discussed in paper I) to graphene
by measuring the thickness of dozens of flakes. The flakes are produced
using a wet chemistry method that results in flakes of a wide range of
thicknesses and sizes. In paper IV, the attachment of magnetic nanoparticles
to DNA coils is studied. The number of beads attached per DNA coil is
estimated and the results of the TEM investigations are compared with
magnetic measurements. In paper V, the impact of matrix properties on
20

survival of freeze-dried bacteria is characterized by SEM. In paper VI, a
preparation protocol for wet biomaterial specimens is developed and samples
of wet hydrogel are characterized by cryo-SEM. The SEM image quality at
liquid N2 temperatures allowed analysis of inorganic nanoparticles in
particular concerning the grain location and grain size. In paper VII, a sitespecific FIB lift-out method for cryo-TEM studies is developed. The method
is demonstrated on spores of Aspergillus niger frozen by plunge freezing in
liquid N2. Thereafter, the samples are transferred to an Alto 2500 prepchamber and then a FIB/SEM. A nano-manipulator is modified to be cooled
during the in-situ lift-out process in the FIB. Once the lamella is thinned to
electron transparency, it is transferred cryogenically to a TEM using a
custom-built cryo-transfer bath. The sample is studied then at cryogenic
temperatures by BF/DF, HR and EFTEM methods.
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2

Transmission electron microscopy

In this chapter an introduction to transmission electron microscopy (TEM)
and related methods is given, with an emphasis on to methods for light and
soft materials. A broader and, to some extent more detailed description is
given in Williams and Crater [21] and Reimer [32]. Materials analysis in the
electron microscope is based on the interaction of electrons with matter and
the various kinds of signals generated. In a Scanning Electron Microscope
(SEM) a narrow beam is raster-scanned over a bulky specimen; an image of
the sample surface is constructed pixel by pixel by measuring the secondary
or backscattered electrons. In a Transmission Electron Microscope (TEM), a
broad beam passes through a thin sample producing an image due to
diffraction or mass-thickness contrast. This image is subsequently magnified
by a set of electromagnetic lenses and recorded on a photographic film or
CCD camera. It is possible to investigate both materials science and life
science specimens at high resolution in a TEM. The main TEM techniques
used in this thesis include bright-field (BF) imaging, dark-field (DF)
imaging, high resolution (HR) imaging and electron diffraction (ED). Thus
in this work mainly signals arising from elastic scattering are used. A
photograph of the microscope used in this thesis is shown in Figure 2.
In a TEM, normally those electrons are analyzed which are transmitted
through the sample. These electrons are emitted by the electron source
situated at the top of the microscope column and accelerated towards the
specimen using a positive electric potential. These are called primary
electrons. On the way to the specimen, the beam of electrons is condensed
by the first and second condenser lenses, respectively C1 and C2. Both
lenses have apertures known as condenser apertures which are used to block
the electrons that propagate through the column at angles higher than a
specific value. Both C1 and C2 are above the sample along with their
apertures. The fast electrons then interact with specimen. Samples are
usually prepared to be thin enough so that the electron beam can pass
through without losing too much intensity (the thickness should be between
0.3 and 0.7 mean free paths). After interaction with the sample, the electrons
that are transmitted through the specimen are focused by the objective lens
to form an image. The objective aperture can be used to select either direct
or scattered electrons that can contribute to the image. A series of lenses are
used below the specimen to magnify both ED patterns and images. The
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thickness of the TEM samples used in this work ranges between 5 nm and
300 nm.
Almost all kinds of materials can be characterized by using TEM. Today,
many techniques based on imaging, spectroscopy and diffraction are used
depending on the specific analysis requirement for each sample. This work,
with the use and refinement of imaging and diffraction techniques, can
contribute to the development of novel methodologies to study light
elements and soft matters including frozen hydrated biological specimens.
Two types of TEMs operated at 300 and 200 keV respectively have been
utilized in this work: 1) the first microscope is a FEI Tecnai F30ST TEM
operated at 300 keV (see Figure 2). This microscope is equipped with a field
emission gun (FEG), a post column spectrometer, a Gatan image filter (GIF)
and a 2048x2048 pixel CCD camera. 2) The JEOL JEM-2000FXII equipped
with a LaB6 thermionic emission electron gun operated at 200 keV has been
used for BF/DF imaging and selected area electron diffraction (SAED)
experiments. In some cases it has been also used for HR-TEM imaging. This
microscope provides easy access and simple recording of images on
negatives and CCD camera.

Figure 2. Photograph of the main microscope used in this thesis: FEI Tecnai F30
TEM with field emission gun (FEG), situated at the Ångstrom Laboratory, Uppsala
University. (October 2011).
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2.1

Brief historical background

The first postulate about the wave-like behavior of electron with a
wavelength much shorter than visible light was given by Louis de Broglie in
1925 [33]. Two years later, Davisson and Germer [34] and Thomson and
Reid [4] experimentally proved the wave nature behavior of electrons by
conducting electron diffraction experiments on a nickel crystal and a gold
foil. After having developed electron lenses, Ruska and Knoll built a first
electron microscope in 1931 [35]. The major development in material
science came about in the 1940s when Heidenreich (1949) introduced for the
first time a routine method to produce TEM samples. In addition to that he
discussed the electron diffraction phenomena and gave the concept of
kinematical diffraction theory for interpreting the images of crystalline
materials [36]. Later, Cambridge University groups developed the theory of
electron diffraction contrast to determine possible crystal structures [37].
Historically, TEMs were developed since the image resolution of optical
microscopes is limited by the wavelength of light. If relativistic effects are
ignored
then
de
Broglie’s
equation
takes
the
form
λ~1.22[nm.eV1/2]/E1/2[eV1/2], which shows that the wavelength of electrons
(in nm) is related to their energy, E (in eV) [3]. For example, for 200-keV
electron, λ = 0.00251 nm which is much smaller than the size of an atom
(0.1-0.5 nm) [1]. Since the 1970s, many TEMs have been developed to
resolve individual rows of atoms in the crystals by high resolution imaging
[7]. Due to its low mass, the electron can be deflected easily by the nucleus
or the electrons of an atom. The scattering of particles due to electrostatic
interactions known as Coulomb interactions or forces is the main process
used in TEM imaging techniques. It is important to note that the electron
beam can be treated in two different ways. In electron scattering, it is
considered as a particle while in electron diffraction it is treated as a wave.
The scattering probability of the electron can be explained by the concept of
cross-section and mean-free path [38]. There are principally two forms of
scattering; elastic (no loss of energy) and inelastic (loss of energy). Both
forms are useful for the analysis of samples but the latter has the side effect
of being responsible for specimen damage. Beam damage is more severe for
light elements and soft matters and ultimately limits applicability of the
TEM analysis to such samples [11, 12].

2.2

Sample preparation

Sample preparation is an important part of the TEM characterization [39]. It
is important to use or develop a preparation technique that does not change
the properties of the samples under study. For high resolution imaging, very
thin samples are needed, 20-80 nm in thickness [39], whereas in the case of
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biological specimen a couple of 100 nm thickness is also electron transparent
[40]. The TEM techniques used to prepare such thin sections or thin foils
depends on the materials under analysis. For example, the large-volume
frozen hydrated biological specimens are prepared by focused ion beam
(FIB) prior to transfer to TEM. For this purpose, a cryogenic dual beam
FIB/SEM microscope with a Gatan Alto 2500 chamber and a custom-built
transfer station can be used. This dedicated technology offers the possibility
to prepare frozen biological specimens for cryo TEM studies at atomic scale
resolution. A detailed discussion of this topic can be found in Chapter 6.
The samples of Aspergillus niger spores, gold labeled DNA, inorganic
nanoparticles in hydrogels, and bacteria/polymer matrix were prepared by
using this technology. However, the materials that have dimensions small
enough to be electron transparent, such as nanoparticles, powders, graphene
flakes or DNA molecules, can be prepared by depositing a dispersion
containing materials onto TEM grids.

Figure 3. Micrograph of a TEM grids used in this thesis for TEM experiments: (A)
In the optical microscopy photograph, the meshes of the grid (squares) can be seen;
(B) SEM image of a part of a mesh shows the holes in the carbon film (black solid
circles).

The graphene flakes were collected by dipping the TEM copper grids into
the solution used during ultrasound assisted exfoliation. The method is called
deposition. After deposition, the grids were dried in air and stored in special
TEM boxes prior to loading in the TEM. The specialty of these grids is that
they have very thin (8-30 nm) support amorphous carbon films with holes.
The holes in the carbon provide the possibility to get suspended flakes in
vacuum and obtain high resolution images of folded edges of graphene
layers. The carbon film itself is useful to support the flakes or nanoparticles.
This kind of grids has been extensively used in this thesis and example of
such a grid is shown in Figure 3, where the solid circles in black contrast are
the holes in the C-foil (panel B). The DNA/bead samples were prepared by
pipetting a small amount of solution onto TEM grids instead of dipping
(again the process is called deposition). Through-out this work the TEM
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samples were prepared by both ways, i.e. cryo-FIB/SEM method and
deposition method.
In summary, after preparation of samples, a FEI Tecnai F30 TEM
operating at 300 kV was used for graphene characterization (Papers I-III).
The DNA/magnetic nanoparticle materials were studied by JEOL JEM2000FXII TEM operating at 200 kV (Paper IV). The freeze-dried
Pseudomonas putida (rod-shaped bacteria) and nanoparticles in hydrogels
were studied by FEI Strata DB235 cryo-FIB/SEM (Papers V-VI) whereas
samples of Aspergillus niger spores were prepared by cryo-FIB/SEM and
studied by a FEI Tecnai F30 TEM (300 kV) (Paper VII).

2.3

Electron diffraction

Before discussing on electron diffraction (ED), it is important to first note
some differences between electrons and X-rays, i.e. 1) electrons are
negatively charged particles whereas X-rays are neutral, 2) electrons have a
much shorter wavelength than X-rays, 3) electrons are scattered/diffracted
more strongly than X-rays through Coulomb forces, 4) due to their charge,
electrons can be directed and accelerated at very high velocity towards the
specimen by applying a potential. Diffraction is a phenomenon where the
wave nature of electrons and photons is most evident. ED occurs when
electron waves interact with atoms; generally this effect is stronger when the
wavelength of the waves is of the order of or smaller than the size of the
encountered objects. The diffraction patterns are formed due to constructive
and destructive interference between the various diffracted waves. The ED
can be used to study the crystalline materials and derive their structure. In
crystalline materials, the spacings between atomic planes are characteristic
of their structure. In this section the wave nature behavior of the electron is
discussed where the electron interacts with the sample and is diffracted into
different angles. The formation of electron diffractogram in the TEM is
described briefly. To understand the diffraction contrast of TEM images and
the intensity of the non-diffracted beam and diffracted beams, a detailed
discussion of the electron diffraction is given where kinematical and
dynamical diffraction theories are discussed.

2.3.1 Formation of electron diffractogram in the TEM
In order to form the ED diffractogram in a TEM, the strength of the
intermediate lens is altered so that it projects onto the fluorescent screen the
back focal plane (BFP) of the objective lens. This diffracted pattern is
recorded on negative films or a CCD camera. The non-diffracted beam,
which by definition passes straight through the sample, is represented by the
central (usually brightest) spot in the diffraction pattern. ED spots are
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formed in the diffraction plane of the objective lens by those electrons which
are scattered by the same scatter angle. On the contrary, the image is formed
in the image plane of objective lens by electrons coming from the same point
of the sample (see Figure 4). A detailed discussion can be found in [21].

Figure 4. A schematic illustration of different electron beams along with lenses and
apertures in the TEM to perform ED (A) and imaging (B). In both cases, the sample
is shown on the top where parallel electron beam is incident on it. After passing
through the sample, the electron beam splits into several beams due to Coulomb
interaction and is guided through the lenses and aperture before being focused to
the screen. The important parameter is the current of the lens lying immediately
below the objective lens (intermediate lens). A reduction (or increase) in the flow of
current will reduce (or increase) the focusing power of the lens and projected to the
next lens the bfp (panel A) (or the image plane (panel B)) of the objective lens as its
object. Subsequently, the projection lens focuses the electrons to the screen to
produce a diffraction pattern (or image) of the sample. In order to select a small
area of the sample, an aperture called SAED aperture can be inserted in image
plane of the objective lens to obtain a SAED pattern for nano-objects.(Adapted from
ref. [21] and reproduced with the permission of SPRINGER publishers).

27

An ED pattern shown in Figure 4 contains electrons that are scattered in a
limited volume of the specimen that is defined by the size of the aperture
known as selected area electron diffraction (SAED) aperture and the
operation is called SAED. This operation of ED is very useful to study
specific regions on the sample. The SAED operation is obtained by inserting
a SAED aperture in the image plane of the objective lens. The image of the
aperture can be seen and centred on the fluorescent screen i.e. centre of the
optical axis. Insertion of this aperture, removes all those electrons from the
image plane which hit outside the diaphragm of the aperture stops them to
contribute to the diffraction. The size of the aperture defines thus the area of
the sample from which the diffracted electrons are selected. SAED apertures
in different sizes are available that enables us to analyse nanometre sized
objects. The SAED patterns are displayed on the viewing screen at a
magnification given by the camera length. This distance corresponds to the
distance of the recording film or CCD camera from the diffraction plane of
the objective lens.

2.3.2 Kinematical electron diffraction
In crystalline materials, the interaction between incident electrons and atoms
occurs at the atomic site due to the combined effect of the nucleus and the
electrons of the atom. The scattering probability depends on the crystal
structure and the spatial distribution of electrons in the atom [41]. So, when
electrons propagate through a family of lattice planes, then they are either
scattered at some angle (scattered/diffracted beams) or pass through the
sample along their initial trajectory (direct beam). However, the electrons
that are diffracted into a beam can be diffracted again into another direction.
The process can continue in a similar way due to strong Coulomb’s forces
even for samples that are only 10 nm thick. This repeating or multiple
scattering of beams is known as dynamical or plural diffraction while a
single event of diffraction is termed as kinematical diffraction. The Bragg
condition describes kinematical diffraction theory as discussed below. If,
during scattering, the electrons do not lose their energy, the process is called
elastic scattering otherwise it is known as inelastic scattering. Note, in this
section only elastic scattering is considered.
The Bragg’s law is a very useful tool to understand the diffraction
phenomenon in crystalline materials; in fact it tells that the construction
interference occurs when the path difference between two diffracted waves
is an integral multiple of the wavelength, i.e.

2d sin θ B = nλ,
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(2.1)

where d is the inter-planar spacing of atomic planes, ӨB is the scattering
angle, λ is the wavelength of the electrons and n is an integer. So, the
observed intensity of bright spots in the diffraction patterns is the results of
the constructive interference of the diffracted beams that depends on several
factors, e.g. d, λ and the angle of crystal orientation with respect to the
incident electron beam.
The electron diffraction patterns in a TEM can be understood and
interpreted with the concept of reciprocal lattice. Every crystalline material
has two types of lattices, one real and the other reciprocal. The reciprocal
lattice structure is always related to the real lattice by a Fourier
transformation. In order to understand the reciprocal lattice, few terms are
discussed here. We introduce the wave vector transfer K:

K :=

2 sin θ B

λ

.

(2.2)

K is a change in k-vectors, i.e. KD-K0, where |K0|=1/ λ is the incident wave
vector and KD is the scattering vector; their direction is the same as the
direction of propagation of the respective beams. For a scattering angle Ө B
(Bragg angle) the electron waves interfere constructively. So, at Bragg angle,
from eq. (2.1) and n=1 the magnitude of K has the value KB, i.e.

KB =

1
:= g ,
d

(2.3)

where g is the reciprocal lattice vector.
The Bragg law is not only useful to relate real and reciprocal space, but it
explains also the process of diffraction by giving a pictorial representation
where diffracting atomic planes appear to behave as mirrors for the incident
electron beam. Therefore, the diffracted beams or the spots in the ED
patterns are often called reflections. The vector g is called the reciprocal
lattice-vector or the diffraction vector which is normal to the lattice planes.
This means that K is parallel to this normal and the angles of incident
scattering Ө B of the lattice planes must be equal (see Figure 5). It should be
noted that, for real samples, each point of the reciprocal lattice is associated
with the reciprocal-lattice rod, known as simply relrod. The rods are due to
the finite thickness of the TEM specimen. Equation (2.3) can be used to
construct a sphere with radius 1/λ known as Ewald’s sphere, first employed
by Ewald. The combination of the concept of reciprocal lattice, relrod and
Ewald sphere can be used to understand the intensity of the ED spots, i.e.
how it varies with specimen tilt and direction of incident electron beam.
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Figure 5. Illustration of ED patterns with the concepts of reciprocal lattice and
Ewald’s sphere. (A) The diffraction spots are originated when the Ewald’s sphere
intersect the reciprocal lattice points in the exact Bragg condition; K0-KD=g where
incident vector, CO=K0 and diffracted vector CG=KD terminate on the sphere with
lengths equal to radius of the sphere, 1/λ. O is the origin of the reciprocal lattice
and C the center of the sphere. If the radius of the sphere is of the same order as the
distance between the reciprocal points (as it is the case for X-rays) then the sphere
can only intersect a few points. (B) When λ is much smaller, as for 300 keV
electrons, the radius is much larger, the sphere is flatter, and it cuts through many
more points. The OG=g is a Bragg reflection vector whose head is connected to the
head of the scatter vector KD, the new vector s = |GQ| is called an excitation error. It
should be noted that even with s, the reciprocal spot is still excited (with a faint
intensity) as Ewald’s sphere cuts the relrod at Q whereas the same spot will have its
maximum intensity (for Bragg condition) at G (center of the relrod).

Consider an origin of the reciprocal lattice O as one end of the vector
CO=K0 where K0 is the wave vector of the incident electron beam. The
second end of this vector C is called excitation point of K0 is taken as a
center of a sphere of radius 1/λ. The important point is that the diffraction
spots will be observed only at scattering angles where the Ewald’s sphere
cuts one or more g (e.g. G in Figure 5A) of the reciprocal lattice. The
Ewald’s sphere has a short radius for X-rays, as shown in Figure 5A. The
intersection points on the Ewald’s sphere appear brighter in the diffraction
patterns. It should be noted that for X-rays only few points will be excited in
Bragg condition as the sphere is of small radius due to longer wavelength
and it cuts therefore only few lattice points. However, energetic TEM
electrons have shorter wavelength and hence the sphere is very flat and cuts
through many points (Figure 5B). For example, the radius of the sphere for
0.2 nm X-rays is 5 nm-1 and 508 nm-1 for 300 keV electrons, much bigger
than the distances between the reciprocal lattice points of graphite (0.335
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nm), e.g. 1/d ~3 nm-1. In addition as TEM specimens are very thin so
reciprocal lattice points turn to rod-like shapes (called relrod); therefore even
when the sphere cuts through a relrod the diffraction spots will have some
intensity, even though the Bragg condition is not strictly satisfied. Thus,
there are many points excited in the electron diffraction patterns (see Figure
6B, C).
According to eq. (2.1), i.e. 2sinӨB = nλ/d, the Bragg scattering angle is
inversely related to the distance between the lattice planes. This means that
the reflections of larger inter planar spacing (d) appear closer to the direct
beam and reflections with smaller d far away, i.e. at larger angles. The rings
round the direct beam in the ED pattern reveals that the sample has several
grains in the region from where pattern has been taken while discrete spots
means fewer grains [42]. The magnification of ED patterns is described by a
term called camera length (L). The d for each Bragg reflection then can be
found by the simple relation, R. d=L. λ using Bragg’s law and Figure 6A;
where R is the distance of reflection from the central spot, λ is the
wavelength of the incident electron beam and L is the camera length of the
microscope.
Figure 6B, C shows electron diffraction patterns of two samples,
graphene sheets and hydroxyapatite (HAP) nanoparticles, respectively taken
by TEM. The central part of both the patterns is brighter as indicated by X in
panels B and C and represents those electrons which are transmitted through
the sample without any significant deviation from the initial direction. The
other spots are the intensities of diffracted beams. Note that the diffraction
pattern in panel B shows discrete spots, this means that the sample has one
larger grain of graphite. Contrary to this, the second pattern (panel C) has
several spots with same distances from the central spot. This reveals that in
the different HAP particles, same lattice planes have different orientations.
The intensity of the diffracted beam Ig (t) can be calculated by using the
column approximation in two beam case. The column approximation is
discussed in appendix [43].

Ι g (t ) = Ag (t ) Ag (t )* =

π 2 sin 2 (π .s.t )
,
2
2
π
s
(
.
)
ξ

(2.4)

g

where ξg is the extinction distance for particular reflection which oscillates
with increasing thickness, s a small deviation from the exact Bragg condition
called excitation error (see Appendix) and t is the thickness of the specimen.
Ag (t)* is the complex conjugate of Ag (t). If the Bragg condition is exactly
satisfied, i.e. s=0, then the diffracted intensity can obtain from eq. (2.4) as Ig
(t) = π2t2/ ξg2. It can be seen that this intensity increases as t2. If s ≠ 0, the
intensity Ig (t) oscillates with increasing t and reaches the maximum value (1/
ξg2s2), when sin2 (πst) ~ 1. The condition Ig (t) <<1 will be satisfied when
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s>>1/ ξg. This is valid only for very thin samples; for which diffracted
intensity is small and the reduction in the direct beam intensity I0(t) can be
neglected (see Figure 5B legend). This condition is called kinematical
theory that is valid only for thin samples.

Figure 6. (A) The spacing R i.e. the center-to-center distance of direct beam and
diffracted beam intensity assuming intensity as a Gaussian distribution is related to
the camera length, L, d and λ. At constant L and λ, R depends only on d where it can
be magnified through a system of lenses and moving the recording screen further.
ED patterns of single crystal (B) and poly-crystal (C) materials which contain
information about the crystal structure and d of the crystal lattice. Direct and one
diffracted beams in each case are highlighted by a cross sign and a white circle
respectively. The beam stopper is indicated by an arrow.

When an electron interacts with an isolated single atom, it can be deflected
in several fashions with certain angle. In case of diffraction patterns, the
scattering semi-angle 2Ө (scattering angle) is defined by the objective
aperture and the direction of the incident electron beam which is in the range
of milliradians (mrads). The scattering event is influenced by certain factors
such as energy of the incident electron beam and the atomic number of atom.
When considering specimens, i.e. many atoms instead of single atom, then
the scattering event will be more complex and depending on many factors,
e.g. 1) specimen thickness, 2) material density, 3) structure of the specimen,
and 4) the angle of specimen to the incident beam. A detailed study of
scattering or diffraction theory is needed to fully understand these factors
which are discussed in the next section.
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2.3.3 Dynamical electron diffraction
The multiple scattering of the electron beam by the crystalline planes of
atoms of the specimen is known as plural or dynamical electron diffraction.
The formulation of dynamical theory was used for the first time for X-rays
diffraction by Darwin (1914) [44] later adapted to electron diffraction by
Howie and Whelan (1961) [45]. In dynamical diffraction, the intensities of
the primary beam and the diffracted beams oscillate within the specimen
with increasing thickness. The dynamical theory addresses the interaction
between primary beam and diffracted beams whereas kinematical theory
describes approximate positions of Bragg spots of diffraction patterns. When
an electron beam enters the crystalline specimen it will split into direct and
diffracted beams. The total wave function passing through the crystal is a
sum of all the beams where each wave has an appropriate phase factor. To
simplify the situation of many beams, consider an important case where only
one Bragg reflection is excited, known as two-beam approximation,
including the primary beam with g=0. Two-beam condition means that the
crystal is tilted with respect to the incident electron beam such that there is
only one diffracted beam strongly excited (s=0), whereas the other beams
are very weak (s≠0) and therefore their contributions are negligible. In this
case, both intensities exhibit then sinusoidal behavior with increasing
thickness.
In order to bring out the most important results of the dynamical theory,
the two-beam case is considered. We assumed that a direct wave of
amplitude A0 (t) and a diffracted wave of amplitude Ag (t) fall on a layer of
thickness Δt (where t is the total thickness of the specimen) inside the
crystal. After passing through the foil the amplitudes of both the waves will
be changed. The changes in intensity at a point just below the specimen are
calculated using the column approximation method (see Appendix) [43]. The
result is a linear system of two differential equations called Howie-Whelan
equations given by Howie and Whelan for electron diffraction that can be
extended to n-beam case [46]. It can be stated that A0 (t) and Ag (t) are
‘dynamically coupled’. The term dynamical diffraction thus means that the
amplitudes and therefore the intensities of the direct and diffracted beams are
constantly changing, i.e., they are dynamic. Finally, the diffracted intensity Ig
(t) at point P, assuming incident intensity I0 (0)=1 can be represented as [43].

Ι g (t ) = Ag (t ) Ag (t )* =

1
t
sin 2 (π 1 + w2 )
2
1+ w
ξg

33

Figure 7. A schematic shows the direct and diffracted beams at exit point P. When a
beam of incident electrons strikes the crystalline sample then a part of it is scattered
and the rest is un-scattered. Both types of beams then come out from the specimen at
the bottom of the surface as a direct beam (O) and a number of diffracted beams
(Gi). These sets of reciprocal points then contribute to the image when combined by
the objective lens.

Now the intensity I0 (t) = A0 (t) A0 (t)* of the direct beam, which is referred
as the transmission T and the intensity of the reflected beam Ig (t) = Ag (t) A0
(t)*, referred as the reflection R are calculated. Both intensities; T (where T
is the ratio of the direct beam I0 (t) to incident or primary beam intensity I0
(0)) and R through the specimen of thickness t can be related by the
following expression as:

R = 1−T =

1
t
sin 2 (π 1 + w 2
),
2
ξg
1+ w

(2.5)

The parameter, w (=s ξg) appearing in eq. (2.5) is called the tilt parameter out
of the Bragg condition (as for Bragg condition, s = 0; this implies that w =
0). It can be seen that the electron intensity oscillates between primary beam
(T) and Bragg diffracted beam (R) with increasing thickness t of the
dynamical theory. For example, for w>>0 (large tilt out of Bragg condition),
w 2 + 1 ≈ w 2 = (s ξg) 2, the eq. (2.5) becomes,

R = 1− T =

π 2 sin 2 (π .s.t )
.
ξ g 2 (π .s) 2

(2.6)

It should be noted that the expression for kinematical theory (i.e. eq. 2.4) and
dynamical theory (i.e. eq. 2.6) leads to identical results. However, at Bragg
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condition (s = 0), the kinematical theory shows that Ig (t) increases with t2
and becomes larger than 1 (intensity of primary beam), which contradicts the
law of conservation of intensity T + R = 1. So, eq. (2.5) for the exact Bragg
condition (w =0) can be re-written as,

R = 1 − T = sin 2 (

π .t
).
ξg

(2.7)

Figure 8. Pendellösung fringes of the dynamical electron diffraction theory. In twobeam case without absorption, the intensity of the primary beam (assuming
maximum to 1) oscillates between T (direct beam) and R (diffracted beam).

It can be seen that the law of conservation holds for this expression where R
and T are oscillating with increasing t by changing their intensity from one
to the other but the total intensity remains constant (see Figure 8). This
means that for Bragg condition, the electron intensity oscillates between the
direct and the Bragg reflected beam with increasing film thickness. Now it is
easy to explain the concept of the extinction distance ξ g which is the
oscillating period. T will have maximum value when

sin 2 (

tπ

ξg

)=0⇒(

tπ

ξg

) = nπ ⇒ t = nξ g ,

(2.8)

where n is an integer (n = 0, 1, 2 …). Eq. (2.8) is a very useful result that can
help to understand the situation when an electron beam is incident to the
specimen. Three different cases are discussed to explain the intensity of
diffracted beam R and direct beam T: (1) when the thickness of the specimen
is comparable to (n+1/2) ξg, then all the intensity will appear as R whereas,
(2) for t = nξg, it will be totally transmitted as T in the direction of the
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incident beam, (3) for values of thickness other than (1) and (2), the
intensity will be distributed in both T and R. It is important to mention that
these are the possible situations when no absorption is present in the system,
i.e. T + R = 1 (=I0(0)) is satisfied. However, in case of absorption this
condition will no more apply and both T and R will go to zero after a certain
thickness. So the following analytical formula for T can be derived for the
two-beam case with absorption [47],

2π * t
⎡
⎤
2
)
⎢(1 + 2w ) cosh( ʹ′
⎥
2
ξg 1+ w )
e
⎢
⎥ (2.9)
T=
2 ⎢
2π * t
2π * t ⎥
2(1 + w )
⎢+ 2w 1 + w2 sinh(
) + cos( 1 + w2
)⎥
ʹ′
2
ξ g ⎥
⎢
+
w
1
)
ξ
g
⎣
⎦
−2π *t

ξ0ʹ′

where ξ0´ and ξg´ are the mean and anomalous absorption distances
respectively.
Anomalous absorption is the difference between the interaction
probability for the waves with nodes and antinodes at the nuclei due to
inelastic scattering. Eq. (2.9) is a very important and useful expression to
calculate the intensity of transmitted beam (as in the case of BF imaging) to
estimate the thickness of the specimen (see section 4).

2.4

Bright-field and dark-field imaging

In the TEM when a beam of electrons of high energy strikes a thin sample
then most of the electrons pass through it. These are called transmitted
electrons and include both undeflected and deflected electrons. The beam of
electrons which passes through the sample without any deflection from its
original direction is focused at the back focal plane (BFP) of the objective
lens parallel to the optical axis and is called direct beam. The other electrons
which are scattered at certain angles are focused off-axis at the BFP of the
lens and they are called diffracted beams.
In order to form images in the TEM from transmitted electrons, either the
central bright spot, or some or all of the scattered electrons can be used.
Electrons scattered at a specific angle can thus be selected by inserting an
aperture into the BFP of the objective lens. This aperture is called the
objective aperture (see Figure 9). If the direct beam is selected (Figure 9A),
the resultant image is called bright-field (BF) image, and if scattered
electrons (Figure 9B) are selected then the micrograph is called dark-field
(DF) image. Typical magnification ranges of these modes are 25,000x100,000x. An example of a BF and DF image is shown in Figure 10.
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Figure 9. The two schemes show how the direct and diffracted beams can be
selected to form an image. The objective aperture is used to remove either the
diffracted beam (panel A) or the direct beam (panel B) from those electrons which
contributed to the image. If direct beam is allowed to pass through the aperture then
it is called bright-field (BF) imaging, whereas an image formed by selection of a
diffracted beam is known as a dark-field (DF) image. The direct beam is focused on
the optical axis (OA) parallel to the incident beam whereas the diffracted beams are
always off-axis. The objective aperture is shown by a black solid circle where one
spot is selected (white solid circle) in each case. Without aperture all five spots
would appear on the screen. The plus sign represents the optical axis of the
microscope.

The intensity and contrast of the BF/DF images mainly depends on three
factors: atomic number (Z), thickness and structure (amorphous or
crystalline structure) of the sample. The regions of the sample containing
heavy elements and/or thick will scatter more electrons and appear darker in
BF and vice versa in DF imaging mode. In such cases the probability of
electron scattering is high due to larger atomic cross-sections and shorter
mean free paths. The samples containing light elements (e.g. H, C, O, N)
including biological specimens scatter little amount of electrons:
consequently the contrast or intensity difference between regions containing
different light elements is smaller. Additionally, the bombardment of
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electrons can damage such specimens very quickly which puts considerable
limits on the exposure time and requires an optimization of the electron dose
each sample receive during imaging.. It is worthwhile to mention that the
electron beam damage can be reduced to some extent by operating the
microscopes at cryogenic temperature. This technique is called “cryo
transmission electron microscopy” specifically used for hydrated biological
specimens (as discussed in Chapter 6).

Figure 10. TEM micrographs of gold labeled DNA-coils in bright-field (A) and
dark-field (B) imaging modes. The contrast seen in panel A is inversed in panel B.
The difference in contrast between BF and DF can e.g. be observed on the place
marked by an arrow. Note that the substrate is a holey carbon film.

Figure 10 shows TEM micrographs of gold (Au) nanoparticle labeled DNA
coils acquired in BF and DF imaging modes. The holes in the carbon films
(vacuum) appear brighter in the BF than the rest of the sample since they
scattered no electrons (panel A). The darker spots in the image are the DNA
coils; here the contrast of the DNA was reinforced by the presence of a
heavy Z-number element, Au in this case. The spots of DNA coils are clearly
visible in this magnification where each coil is labelled with 10 nm Au
nanoparticles. In the BF image, the coils appear with a darker contrast than
carbon film since gold has a higher elastic scattering cross-section than
carbon because of the lower Z number. Therefore, Au scatters more electrons
and appears darker than the carbon background in the BF image. In contrast,
the DNA/Au show brighter contrast and holes are darker in the DF image
(panel B). In order to see the difference in contrast, the same spot is pointed
out by an arrow in both images, the spot which was dark in panel A turns to
a bright spot in panel B.
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2.5

High-resolution imaging

The contrast which is seen in all the TEM images is due to electron
scattering. In other words, the electron-specimen interaction can cause
change in amplitude and phase of the electron wave that give rise to contrast.
In most situations, both amplitude and phase contribute to an image,
although one of them will dominate. In BF and DF imaging the amplitude
contrast is more important while in high resolution (HR) imaging, phase
contrast dominates the images. Principally, the contrast comes from massthickness variations and diffraction from specimens. The contrast, C is
simply defined as the difference in intensity (ΔI) between two adjacent areas
of the specimen,

C=

I 2 − I1 ΔI
= ,
I1
I1

(2.10)

where I1 and I2 are the intensities at regions 1 and 2, respectively of the
sample. The BF and DF are the two basic ways to form amplitude contrast
images. Both types of images are acquired by using the objective aperture
either by the selecting direct beam (BF) or a scattered beam (DF) (for detail
see section 2.4).
All crystalline planes of a thin sample which satisfy the Bragg scattering
condition diffract the electrons. The resultant diffraction pattern is the Fast
Fourier transform (FFT) of the periodic potential of the material which the
electrons have interacted with. The FFT is an efficient algorithm which is
used to decompose the sequence of values into discrete frequencies. The
diffracted beams and the direct beam are then combined by the objective
lens whereby their interference leads to a back-transformation providing an
image of the materials periodic potential. The function, called contrast
transfer function (CTF) (Figure 11) dictates how information is transferred
in the image. The factors that can affect the CTF are aperture sizes,
attenuation of the wave (absorption) and aberration coefficients of the lens,
e.g. spherical (Cs) and chromatic (Cc).
The CTF determines image contrast in HR-TEM and it defines the
information limit or resolution limit of the microscope. It is an oscillatory
function, with zeros (no transmission) and pass-bands when it is not zero
(transmission). For negative CTF the phase contrast is positive meaning that
atoms would appear dark against a bright background. When CTF is positive
then phase contrast is negative meaning that atoms would appear bright
against a dark background. When it is zero, there is no detail in the image
and subsequently the first zero (transmission of the CTF) defines the
resolution limit, Kℓ at which lattice planes with g< Kℓ show the same sign of
contrast (see Figure 11). The presence of zeros in the CTF at certain wave39

vector Ki means gaps that lattice planes with ghkl=Ki will not show any
contrast in the phase contrast image. For K> Kℓ, it oscillates between +1 and
to -1. The CTF can be optimized by a particular negative value of defocus
(Δf). This is known as Scherzer defocus (Δfsch), first used by Scherzer in
1949 and defined as, Δfsch= -1.2(Csλ)1/2; where λ is the wavelength of the
electron [48]. At Scherzer defocus all the beams for g< Kℓ will have nearly
constant phase and give maximum information into the image. The first zero
in the CTF at Scherzer defocus determines the resolution limit of the
microscope. The HR-TEM in general is used to image lattice fringes or
atoms down to angstrom scale. HR-TEM imaging in this thesis (papers I-II)
was used to analyze graphene flakes where the number of graphene planes at
folded edges could be observed. In Paper I, image simulation is performed
to understand the contrast and to determine the experimental conditions
under which images should be recorded for quantitative purposes. The JEMS
program developed by P. Stadelmann was used for this purpose [49].

Figure 11. A typical CTF plotted for an imaginary 200 keV microscope at a
Scherzer defocus with Cs equals to 1 mm and K is the spatial frequency. Under these
conditions the lattice planes of 2.5 Å spacing can be resolved.

When considering the use of particle or photonic wave probes for the
analysis of structure of matter, fast electron provides the highest interaction
cross-sections. Therefore, in a modern electron microscope very small
objects down to individual atoms can be characterized [50]. The Figure 12
shows high resolution image of a graphene flake prepared by ultrasound
assisted chemical exfoliation. The flakes were collected onto an amorphous
holey carbon films of TEM grids and observed by TEM operated at 300keV. The atomic columns can be resolved by high resolution TEM for this
crystal (panel A). Although it was shown that perfect 2D atomic crystals
cannot exist, 2D graphene was found, it can exit due to undulations [50].
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Figure 12. High resolution TEM imaging of graphene flake. (A) TEM image of a
few-layer graphene flake that spans over the hole in the C-foil. The lower right inset
is a magnified part of the image taken from the area (not to scale) in the flake (white
square) where the atomic columns of the carbon are visible. The upper right inset is
a FFT of the image. Though the sample is not exactly oriented to the [001] zone
axis, all reflections (100), (010) and (-110) can be identified in the FFT. The
spacing of these lattice planes is 0.21 nm. (B) The intensity profile taken along the
line indicated in the image (A) shows the spacing (d) between atomic planes. The d
is measured to be about 0.21 nm; the spacing between ten atomic planes is ~2.1 nm.
(C) A BF-TEM image of a graphene flake is shown. An arrow in the image shows
the area from where the HR image was taken. The defocus was set to - 40 nm.

2.6

Summary of the chapter

The transmission electron microscope (TEM) is a very useful instrument for
the characterization of a large variety of materials. The TEM was invented to
overcome the low resolution of the optical microscope (0.2 µm), as limited
by the wavelength of visible light. After its invention, several TEM based
techniques have been developed such as bright-field (BF) imaging, darkfield (DF) imaging, high resolution (HR) imaging and electron diffraction
(ED). In general, a TEM consist of 1) electron gun as a source of electrons 2)
electron column 3) electromagnetic lenses and apertures 4) specimen holder
for samples 5) fluorescent screen (CCD camera) to view (record) the images
6) image recording system and 7) vacuum pumps.
In a TEM the electrons are emitted from the electron gun and are
accelerated towards the sample. After interaction some electrons pass
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through and some are scattered at certain angles. Electrons are then focused
at different points in the back-focal plane (BFP) of the objective lens and
hereby meet again in the image plane to form an image. One can select either
direct or scattered electrons by inserting the objective aperture in the BFP of
the objective lens. The image can be viewed on a fluorescent screen and
recorded by a CCD camera. In general, contrast in the TEM comes from the
mass-thickness variation at different regions of the sample. The thicker
regions scatter more electrons and appear darker in the BF image and vice
versa in the DF. Since usually in BF and DF a parallel beam of electrons is
utilized, they are referred as low dose methods. The BF utilizes the direct
beam whereas DF is formed by a scattered beam. For instance, the holes in
the C-film scatter no electrons and hence appear bright (dark) in the BF
(DF).
The contrast in BF and DF images is produced due to changes of
amplitude of electron wave during electron-specimen interaction whereas in
HR phase changes play a bigger role. The electron wave can be diffracted by
crystalline planes of thin samples. The un-diffracted beam and diffracted
beams are then combined by the objective lens and their interference leads to
an image. The contrast transfer function (CTF) is important for HR imaging
as it explains how information is transferred during image formation. The
factors that can affect the CTF are aperture sizes and aberration of the lens. It
is also possible to extract the atomic structure of the sample through ED. In
order to form ED pattern, the strength of the intermediate lens is altered so
that its object plane is the BFP of the objective lens. This result (ED pattern)
can be viewed at the screen and recorded on negative films. The structure of
the objects can be identified by ED pattern. For example, samples of
graphene and hydroxyapatite nanoparticles showed spots in the ED patterns
which means they are crystalline. In case of amorphous materials, the
patterns would have broad rings around the central bright spot whereas
multi-spots means polycrystalline structure.
Concerning the thickness of the specimens, the dynamical and
kinematical theories of diffraction were discussed. The dynamical theory
deals with multiple scattering whereas kinematical addresses a single event
of scattering (important for thin samples). An important expression for the
diffracted intensity was derived for each theory in terms of specimen
thickness and extinction length. In dynamical diffraction, both primary beam
and diffracted beams oscillate within the specimen with increasing thickness.
In the absence of absorption, the total intensity (transmitted and diffracted
beams) is equal to the intensity of the incident beam. For simplicity, the
intensity of the electron beam was calculated at the exit point because only
certain waves can pass through the periodic structures and contribute to the
image. The Howie-Whelan expression for transmitted intensity as a function
of thickness was modified to characterize graphene flakes, as discussed in
section 4.
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3

Materials characterized

The studies presented in this thesis are based on the following materials,
ultrasound assisted exfoliated graphene (UAG) flakes, magnetic beads/DNA
coils, inorganic nanoparticles/hydrogels, fluorine nanoparticles/emulsions,
and bacteria/polymer matrix and Aspergillus niger spores. These materials
are sensitive to electron beam damage and need optimized imaging
conditions for their characterization. A particularity about the samples in this
thesis e.g. magnetic beads/DNA coils and inorganic nanoparticles/hydrogels
is that they contain interfaces between hard and soft matters. In addition,
such materials are not simple to analyze by transmission electron
microscopy (TEM) because they generate very low contrast due to their
constituent light elements. Furthermore, beam damage must be taken into
account in both acquisition and interpretation of images. However, through
this work, the potential of TEM techniques has been shown by developing
methodologies that enable characterization of beam sensitive materials.
Additionally, efforts were made to develop a novel methodology to study
frozen hydrated biological specimens in their near native environment by
cryo-TEM. In this chapter, a description in three parts of the characterized
materials is given.

3.1

Ultrasound-assisted exfoliated graphene flakes

Graphene by definition is a monoatomic layer of carbon atoms arranged in a
hexagonal lattice. When many graphene layers are stacked on top of each
other they form bulk graphite (Figure 13B) [51]. The graphite material in
the form of many layers of graphene can be peeled off, for instance, by
means of mechanical cleavage of a lead pencil to a sheet of paper (Figure
13A). The inter-planar spacing between the graphene planes is about 0.335
nm [50, 52]. The graphene layers at a folding become parallel to the incident
electron beam in the TEM where each layer exhibits a dark line with ~ 0.335
nm spacing in the high resolution (HR) image. By counting these lines in the
HR image, the thickness of the graphene flake can be determined quite
exactly (see Figure 14 legend). The HR-TEM is the most direct
identification tool; however, it can be very time-consuming [30, 53] and
requires the presence of a folding edge in the flake. Furthermore, the
technique requires an electron irradiation dose that can damage the flakes
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during the image acquisition. In order to determine the number of graphene
layers, we have developed a method based on quantitative bright-field, highresolution and electron diffraction (see section 4). Graphene material has
important properties and some of them are described here.

Figure 13. (A) Every mark of a lead pencil can include a small quantity of graphene
which has become a remarkable material in science and engineering, Matt Collins
[54]. (B) Schematic illustration of bulk graphite and one graphene layer is indicated
by a black arrowhead. (C) An isolated 2D graphene layer is made stable by
corrugations. A scheme to show graphene layers at the folding edge (D) whereby
each layer exhibits a dark line in the HR-TEM image (E). Three dark lines mean
that the folding edge has tri-layer graphene with inter-planar spacing of 0.335 nm.

Graphene is a semimetal material where conduction and valence band just
meet at the Fermi level [51]. Graphene exhibits a strong ambipolar electric
field effect and resembles a semiconductor having a charge carrier
concentration up to 1013 /cm2 [23]. The carrier mobility of graphene has been
reported to be up to 2x105 cm2 V S -1 [55]. This value is certainly higher than
InSb, inorganic semiconductor (7.7x105 cm2 V S -1) and semiconducting
carbon nano-sheets (1x105 cm2 V S -1). Graphene is almost a transparent
material as it absorbs only 2.3% of light intensity [56, 57]. So, suspended
graphene has no color. Graphene is the strongest material in the world with a
breaking strength of 42 N/m whereas steel of same thickness has 0.08 N/m
[58]. So, graphene is more than 100 times stronger than steel. Graphene is a
good thermal conductor, even better than copper. The thermal conductivity
of graphene is measured to be approximately 5000 Wm−1K −1 [59, 60] which
is much higher than the best thermal conductor, copper (400 Wm−1K −1) [60].
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All these properties make graphene perfect for several applications, few of
which are given here.
Due to its excellent electrical properties, graphene can be used to make
transistors which can run at higher frequencies than silicon transistors [61].
It is possible to make gas sensor from graphene which can be sensitive up to
a single atom or a molecule [62]. Graphene can be used as support
membranes for TEM because graphene is a very thin material, consisting of
only a single layer of atoms. However, it is very strong due to lack of crystal
boundaries. Therefore, it is perfect as support film to hold micro- and nanoobjects to look at in an electron microscope e.g. DNA and nanoparticles
[63].
Graphene could be used to coat the objects to obtain an atomically thin
protective coating layer against powerful acids and alkalis. However, the
size of graphene is limited by production methods. Therefore, it is yet
unlikely to produce entire integrated circuits from graphene transistors. In
extension to this, sensors, support membranes, coatings and other graphene
made devices need graphene material in large quantity. Thus, high-yield
graphene production methods are required before these possible applications
can be realized. The graphene production methods are discussed in section
4.

Figure 14. A HR-TEM image of a folding edge of a graphene flake shows dark and
bright lines. These lines can be counted either directly in the image or in the
intensity profile (inset) to estimate the number of layers. This flake is about 9-10
layer thick which is equal to ~ 3.35 nm.
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3.2

DNA-nanoparticle materials

Recently, a proof-of-principle of a novel magnetic DNA bioassay method
suitable as a platform for low-cost and easy-to-use diagnostic devices was
developed; the volume-amplified magnetic nano-bead detection assay
(VAM-NDA) was reported in [64, 65]. In summary, the VAM-NDA relies on
the attachment of functionalized magnetic beads to large random-coiled
structures of single-stranded DNA (DNA-coils). In the first step of the assay
and in presence of target-DNA (positive sample), the target-DNA is
hybridized to a padlock probe, a circular probe-target complex (DNA-circle)
forms after ligation. DNA-coils are thereafter created by rolling circle
amplification (RCA) of the DNA-circles and hence the DNA-coils have a
periodic DNA sequence. In the second step magnetic beads equipped with
short single-stranded DNA molecules (oligonucleotides) which are
complementary to the sequence of the DNA-coils are added. Thereafter,
beads immobilize in the DNA-coils. In absence of target-DNA (negative
control sample) no DNA-coils forms and hence no beads immobilize.
Whether beads have been immobilized in DNA-coils or not can be judged
from measurements of the frequency-dependent magnetization of the
sample.
The attachment of DNA-functionalized magnetic beads to DNA-coils was
studied in Paper IV. In detail, the aims of this paper were to achieve better
understanding of the bead-coil interaction by real-space observations and to
develop a methodology to count the number of beads in the DNA-coils.
Three samples were prepared; a negative control sample based on 130 nm
beads and positive samples based on 130 nm and 40 nm beads. The detailed
preparation and composition of the samples solutions are given in the
Supporting Information of Paper IV. However, a short description of
sample compositions of magnetic beads/DNA coils is given in Appendix.
The samples were characterized both by TEM and by performing magnetic
measurements in a superconducting quantum interference device (SQUID,
QD MPMS XL, Quantum Design) to compare the results of both techniques.
To synthesize the DNA-coils, an RCA-time of 1 hr was employed which
resulted in DNA-coils having a hydrodynamic diameter of about 700 nm
[66, 67] and where the total length of the DNA single-strand was close to 30µm [68]. The TEM samples were prepared by depositing a small droplet of
each of the sample solutions onto amorphous holey carbon support films
followed by drying of the droplets in open air. The samples were studied by
BF imaging in a JEOL 2000FXII TEM operating at 200 kV. The results of
these investigations are described in Paper IV and section 5.
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3.3

Water containing frozen specimens

The materials which contain significant amount of water are known as
hydrated specimens. In this work, different kinds of hydrated specimens
have been studied by electron microscopy methods at cryogenic
temperatures. They are given here: inorganic nanoparticles contained in
hydrogels, gold labelled DNA-coils, fluorine nanoparticles contained in
emulsions, rod-like bacteria in polymer matrices, Aspergillus niger spores,
yeast and face cream. The materials were frozen with liquid nitrogen prior to
mounting into the microscopes. A detailed discussion of the preparation
procedure including the plunge-freezing technique is described in section 6.
The hydrated samples were prepared in the FIB and investigated by cryoSEM and cryo-TEM.
The TEM sample preparation steps in the FIB were demonstrated on
Aspergillus niger spores for TEM observation. The spore samples on top of a
substrate were prepared by extracting a FIB lamella locally. This technique
enables us to study the frozen hydrated biological specimens at high
resolution. A detailed description of all FIB preparation steps is discussed in
detail in section 6 and paper VII. The sample preparation steps for SEM
observation were demonstrated on inorganic nanoparticles in hydrogels. A
short description of hydrogel materials is discussed here while a detailed
discussion can be found in paper VI.
In clinical applications, it is often required to fill irregular bone defects,
which can only be performed through injection of the pre-polymerized
composition. The design of a simple and economic synthesis of complex
hybrid materials, that are directly applicable in the clinical setting, becomes
important in order to reach human applications. In this study, we investigate
hybrid materials such as those that contain a chemical linkage between the
organic and inorganic parts of the material. Bisphosphonates (BPs) are the
analogues of pyrophosphate in which the bridging oxygen is substituted onto
carbon. BPs have high affinity to calcium ions as well as to the bone mineral
(hydroxyapatite) [69]. The most common clinical use of BPs is the treatment
of osteoporosis and osteolytic bone diseases (Paget’s disease and
hypercalcemia). BPs have also been suggested as an adjuvant to anticancer
agents for treatment of bone metastasis.
For SEM investigation, a total of eight samples of hydrogel were
prepared. The details of these samples can be found in Table 1. The
materials of these samples were prepared by our newly developed method
(Paper VI). The hydrogels produced by this method are injectable which
can be injected into the desired part of the body for in-vivo bone formation.
The sample (A) was prepared by mixing of BP containing hyaluronic acid in
PBS buffer and hyaluronic acid/aldehyde in a Ca2+/Mg2+-containing PBS
buffer. The product is called positive hydrogel (HA-Ca). Similarly, a control
hydrogel (sample B) was prepared but without BP group (HA). The other
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three positive hydrogels (samples 1-3) were prepared from the gel of sample
(A) by washing three times with distilled water and then mineralized in a
Ca2+/Mg2+-containing PBS buffer for 0 days, 1 day and 7 days, respectively.
Similarly, three control hydrogels (samples 4-6) were prepared from sample
(B). However, only one control gel sample (HA-7) i.e. mineralized for oneweek was investigated by cryo-FIB/SEM to compare the results with
positive hydrogels. Thus, total six injectable hydrogel samples were
investigated in this study, namely, sample A (HA-Ca), sample B (HA),
hydrogel before mineralization (HA-BP-0), after one day of mineralization
(HA-BP-1), seven days of mineralization (HA-BP-7) and control hydrogel of
seven days of mineralization (HA-7). A detailed description of hydrogel
samples and SEM sample preparation in the FIB can be found in paper VI
and section 6 respectively.
Table 1. A detailed description of hydrogel samples with analysis techniques

S.No.

Hydorgel
name
Positive hydorgels
1
HA-Ca
2
HA-BP-0
3
HA-BP-1
4
HA-BP-7
Control hydrogels
5
HA
6
HA-0
7
HA-1
8
HA-7

3.4

Sample
name

CryoFIB/SEM

TEM

A
1
2
3

Yes
Yes
Yes
Yes

----Yes
Yes

B
4
5
6

Yes
----Yes

---------

Summary

This thesis is based on light element and soft matter materials including
hydrated specimens. These materials are multi-layer graphene flakes,
DNA/magnetic beads, and a number of hydrated specimens, e.g. hydrogels
with inorganic nanoparticles and Aspergillus niger spores. A list of all
characterized materials along with used analysis techniques is summarized
by Table 2. In summary, a simple and fast TEM method for thickness
characterization of ultrasound-assisted multilayer graphene was developed to
optimize the synthesis conditions of the high-yield and cheap wet chemistry
proposed method. Due to their applications in bio-sensors, DNA-magnetic
nanoparticle interaction has been studied in order to develop optimal
conditions for biosensors. The samples were studied at room temperature
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where materials were deposited onto to TEM grids and observed in dry state.
The non-stained and unlabeled DNA-coils were used.
The FIB preparation procedure for TEM sample preparation was
demonstrated on Aspergillus niger spores for TEM observation at cryogenic
temperatures. A thin slice (lamella) of spores with underlying substrate was
lifted-out by FIB locally for high resolution imaging in the TEM. Similarly,
a SEM sample preparation procedure in the FIB was demonstrated on
inorganic nanoparticles containing hydrogels for cryo-SEM observation.
Table 2. A summary of characterized materials along with their characterization
techniques

S.
No.
1
2
3
4
5

Materials

Ultrasound-assisted exfoliated
graphene (UAG) flakes
DNA-nanoparticle materials
Lacto bacteria/polymer matrix
Hydrogels/inorganic
nanoparticles
Aspergillus niger spores

Techniques
TEM

CryoTEM

SEM

CryoFIB/SEM

Yes

---

---

---

Yes
Yes
Yes

-------

--Yes
Yes

----Yes

---

Yes

---

Yes

6 Emulsions/fluorine nanoparticles Yes
----Yes
7 Gold labelled DNA-coils
Yes
Yes
Yes
Yes
8 Face cream
--Yes
--Yes
9 Yeast
------Yes
Note: The results of last four materials (6-9) are not included in this thesis.
However, they were used to optimize the conditions of the sample
preparation and microscopes.
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4 TEM characterization of ultrasound-assisted
exfoliated graphene

In this chapter, a method for thickness characterization of graphene flakes is
presented which is based on transmission electron microscopy (TEM)
techniques. The graphene flakes used in this method are synthesized by an
ultrasound assisted wet chemistry method. The ultrasound assisted exfoliated
graphene (UAG) flakes are multi-layer, i.e. several micrometres across and
few nanometres thick (section 4.1). For their thickness characterization, a
TEM method has been developed (section 4.2) that can be explained by
three parts. (1) In the first part, the dynamical theory of electron diffraction
is used to obtain an analytical expression for the intensity of the transmitted
electron beam as a function of thickness (section 2.2.1). It was seen that in
thin graphite crystals the transmitted intensity was a linear function of the
thickness. (2) In the second part, to obtain a more quantitative description of
the intensity, high resolution (HR) TEM simulations are performed using the
Bloch wave approach of the JEMS software. From such calculations, the
absorption constant λ in a two-beam case is obtained (section 4.2.3). (3) In
the third part, HR and BF images are acquired to experimentally determine λ
(section 4.2.2). The detection limit and sensitivity of the method is described
in 4.3. When compared to standard techniques for thickness determination of
graphene/graphite, the method has the advantage of being relatively simple
and fast (section 4.4). Finally, the method is applied to BF images of
graphene flakes to construct their thickness maps. Examples of such maps
are shown in section 4.5 and papers I-II.

4.1

Production of ultrasound assisted exfoliated
graphene

Since the discovery of graphene in 2004 [27], several production methods
have been reported for a single-layer of graphene, for example,
micromechanical cleavage of graphite, chemical vapour deposition, epitaxial
growth, and oxidation of graphite [27, 70-74]. These methods have low yield
and use expensive starting materials e.g. highly ordered pyrolytic graphite
(HOPG) for the production of graphene. Cheap and large scale production
methods of graphene are still under development, thus there is a need for a
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fast characterization method to determine thickness profile and size
distinction of graphene.
Graphene can be prepared by positioning a graphite crystal in a liquid
medium and subsequent sonication. The graphene flake can be separated
from non-exfoliated graphite by centrifugation. The method was proposed
by Hernandez and his coworkers in 2008 [75]. The method was improved by
several groups, particularly an Italian group of Alberto Mariani [76] who
greatly developed this method. Recently, an ultrasound-assisted solution
based method for the production of graphene is being developed by groups
at Uppsala University which is cheap and has a high-yield. A detailed
description of this method can be found in [26] and Papers I-II. A brief
summary of this method is given below.
The process is started by using a commercially available cheap bulk
graphite foil as a starting material instead of other forms of crystalline
graphite, e.g. synthetic “Kish” graphite and HOPG. In order to prepare
graphene flakes from bulk graphite, the preparation procedure is completed
in the following four steps. 1) In the first step, the amorphous carbon and
other unwanted residuals are removed by acid treatment. 2) After cleaning
the foil with acid, further functionalization is done by an esterification
method. 3) In the third step, bromine atoms are inserted into the inter-planar
region of the crystal to expand the piece of graphite; the method is known as
graphite intercalation. 4) Then, in the final step, graphene flakes are
dispersed during sonication. The flakes produced by this method are in the
order of several nanometres thick and often termed as ultrasound assisted
exfoliated graphene (UAG) flakes. Therefore, a thickness characterization
method is needed in order to determine what percentage of the flakes is
single-layer or few-layer graphene and thereafter optimize the parameters
toward high–yield graphene synthesis. In addition to this a systematic
observation of graphene flakes is required to find out the best solvent out of
many to obtain clean and large area flakes. This analysis includes 1) nongraphene residuals on flakes, 2) the extent of folding parts of flakes, 3) the
size of flakes, 4) the thickness profile of flakes and 5) the area of uniform
thickness, etc.

4.2

Thickness measurement method

High resolution (HR) imaging is an extensively used method in TEM to
estimate the thickness of graphene flakes exactly. For this purpose the
electron beam is focused on the folding edge of a flake. At the folding edge,
the graphene planes become parallel to the electron beam where each plane
diffracts the electrons and appears as a dark line in the phase contrast image
(see Figure 14). The dark lines of the HR image [77, 78] or minima of the
intensity [74] can be counted to obtain the thickness of the flake. The
51

analogy in carbon nanotubes contrast are i.e. single walled carbon nanotubes
(SWCNTs) that exhibits one dark line and double walled carbon nanotubes
(DWCNTs) showing two dark lines, etc. [79]. However, for graphene, this
procedure is only applicable when the HR image is taken at the folding edge.
Often it is not possible to find an appropriate and representative edge for
each and every flake. Furthermore, HR requires long acquisition time thus
bearing problems of beam damage (see Figure 19). Therefore, a simple and
fast method for thickness characterization of graphene is needed.
Recently, efforts are made to develop a method which is relatively simple
and fast compared to other standard techniques. The technique consists in
measuring the reduction in the transmitted beam intensity as a function of
thickness. In the first step, an analytical expression is derived for the
transmitted beam intensity as a function of thickness (section 4.2.1). In the
second step, the method is tested both by experiments and simulations as
discussed in 4.2.2 and 4.2.3, respectively.

4.2.1 Derivation of analytical expression
In the case of crystalline materials the incident beam is scattered into a direct
beam and several diffracted beams (reflections, g). Thus, the intensity of the
direct beam is reduced by scattering into the diffracted beams. HowieWhelan equations then can be used to obtain the following analytical
expression for the intensity of the transmitted electron beam T (where T is
the ratio of direct beam to incident beam and intensity of the incident beam
is assumed to be 1) as a function of specimen thickness t when considering
absorption (see section 2.3.3).

2π
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⎥
2
ξ0 ´
ξg´ 1 + w )
⎢
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t ) + cos(
t)
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⎦
−( 2π .t
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Where, ξ0΄ is the mean absorption distance and ξg΄ are the anomalous
absorption distances for each reflection g and ξg are the extinction distances.
The w (=s ξ g) is a tilt parameter; the condition where Bragg condition is not
exactly fulfilled, i.e. s≠0 (for detail, see section 2.3.3). Now assume that the
Bragg condition is satisfied (s=0) and w = 0, then above equation can be rewritten as,
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For thin specimens, the Taylor expansion can be used for the exponential
and cosine functions. When quadratic and higher order terms are neglected,
the following expression is obtained,
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As T is the change in the intensity of the incident beam after passing through
the sample of thickness t, i.e. T=I0(t)/I0(0), where I0(0) and I0(t) are the
intensities of the incident electron beam and transmitted electron beam after
passing through the sample of thickness t, respectively The previous
expression can be simplified to:

T=
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⎠

(4.2)

Here the term ξ0´/2π is defined as a material dependent absorption constant
for electrons and denoted by λ (i.e. λ= ξ0´/2π). Finally, the following
expression for the thickness of UAG flakes can be extracted as,

I 0 (t ) ⎡ t ⎤
.
= 1−
I 0 (0) ⎢⎣ λ ⎥⎦

(4.3)

It should be noted that the values for the intensity of the transmitted (000)
beam I0(t) are obtained directly from bright-field images of UAG flakes.
Hence, eq. (4.3) can be used to find the value of the absorption constant λ for
graphite by measuring I0(0) and I0(t) on a sample of known thickness t. The
UAG flakes are used for this purpose since the thicknesses of the flakes can
be measured through HR-TEM imaging of folded regions of such flakes.
Once λ is known, the method can be readily used to obtain thickness maps
directly from BF images. Thus, λ is determined first by using those flakes
whose thicknesses are accessible through HR imaging. However, it was
found that the value of λ is varied with crystal orientation. Therefore, λ was
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simulated at different orientation using JEMS software. The results from
experiments and simulations are shown below.

4.2.2 Experimental approach: Determination of intensities of
BF images
In this section, a brief description of experimental approach is given in
detail. In order to find λ for graphite, BF, HR and electron diffraction (ED)
patterns are recorded. The images and ED patterns are obtained close to
[001] zone axis (ZA) and away from the ZA to compare both types of data.
For the TEM experiments, UAG flakes of various thicknesses and sizes are
used to test the method. The flakes are collected on TEM grids having holey
C-foils. The flakes were several micrometers across and less than 100 nm in
thickness and they consist of one or more graphitic planes. Selected area
electron diffraction (SAED) patterns, BF and HR images are taken with a
FEI Tecnai F30 TEM (300 kV). The intensity of the transmitted beams; I0(0)
and I0 (t) from BF-images and thickness t from HR images at a folding edge
are measured for different flakes. By applying analytical eq. (4.3), the
absorption constant (λ) is found for each flake and hence the mean value of λ
with error bars is calculated. Additionally, the ratio I0(t)/I0(0) is plotted
against the thickness of each flake along with plots from simulation. It is
noticed that the transmitted intensity decreases linearly with thickness t at
t<<λ from where experimental λexp can be extracted (via slope of the curve)
and compared with simulated λsim (see Figure 18 legend).
Since the UAG flakes change orientation locally, the Bragg-orientation
may not be appropriate to obtain a thickness map of the entire flake. But,
low symmetry orientations are more likely maintain throughout a flake. The
following protocol describes how the experiments have been performed to
collect the TEM data. After loading the sample, the microscope is aligned at
the regions where there are no flakes. After alignment, a good graphene
flake, i.e. which has at least one representative folding edge is found and
titled to an orientation where it shows only few (high order) reflections in the
ED pattern. At this condition, the crystal is away from [001] ZA (low
symmetry axis). Once low symmetry conditions are achieved, the following
data is obtained in this order.
1) Electron Diffraction (ED) patterns using the SAED aperture
2) Bright-field (BF) image
3) High-resolution image at folded edge
Point 1 verifies that the flake is oriented away from [001] ZA with respect to
the incident beam. Point 2 will provide I0(t) and I0(0) where I0(t) and I0(0)
are measured from the flake and a region on the carbon hole, respectively.
The point 3 can be used to estimate the thickness, t of the flake, i.e. the
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thickness of the region from where I0(t) is measured through the BF image.
This procedure minimizes beam damage for the case of the BF image
acquisition. The typical exposure dose of the sample until the end of the BF
acquisition was 6x1016 electrons/cm2. These data are acquired for 9-10
flakes. The data obtained from eight flakes are given below in the Table 3.
The BF image of one such graphene flake is shown in the Figure 15.

Figure 15. Bright-field TEM image of one folded UAG flake. The area 2 (thin white
arrow) is used to measure intensity I0(t) from the flake and area V is a region of
vacuum for I0 (0). The inset is a SAED pattern at the orientation away from the ZA
taken from the uniform part of the flake where the direct beam (000) and one high
order reflection appears. The folded edge of the flake for HR image is indicated by a
black arrow (adapted from Paper I).

The I0(t) is measured from the region of the flake (of known thickness) while
I0(0) from the region of the hole (vacuum) in the support C-foil. The
thickness of the flake is measured by counting the number of graphene
layers which appear as dark lines in the HR image. The value of the
transmitted intensities I0(0) and I0(t) can be measured from a set of two BF
images; one from the sample (yielding I0(t)) and a second from the vacuum
(I0(0)), i.e. without sample. A single BF image of the sample can also be
used, provided that there are regions without material in the image (i.e. the
holes in the carbon films), from which the value of I0(0) can be measured. In
Figure 15, the area of the flake from where I0(t) is measured is indicated as
area 2. Similarly, an area (black square) from where I0(0) is measured is
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indicated by an arrowhead (referred to as area V). The flake has been tilted
about 7 degrees from the ZA to excite only few reflections as shown by the
SAED pattern (inset). It can be seen that at this tilt only few reflections are
excited and this is the best fit to two-beam condition i.e. the condition at
which the analytical expression was derived (eq. 4.3).

Layer 1
Layer 2

Figure 16. High resolution TEM imaging of multilayer graphene: (A) The drawing
of the folded edge of the flake shows how graphene planes become parallel to the
incident beam of electrons and appear in the HR image. The thickness of the folded
edge is measured at area 1 (a pair of black arrows) and it is clear that the thickness
at area 2 (a pair of black arrowheads) will be twice than area 1. (B) A HR image of
the folded edge of the graphene flake taken from the indicated area (black arrow) in
Figure 15. The flake is 17-18 layers thick or ~6.135 nm as indicated by the intensity
profile (lower inset) taken from the marked region (white line). Note that (002)
lattice planes with spacing around 0.335 nm can be observed in the folding regions
(see FFT image taken from the folding region) (adapted from Paper I).

The folding edge of a flake provides a clear TEM signature of the number of
graphene layers and hence the thickness (Figure 16 legend). When the
graphene planes are locally parallel to the electron beam the dark lines with
spacing ~ 0.335 nm are visible [50]. Thus, from the part where the graphene
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flake folds one can directly determine the thickness of the sheet. The
drawing in Figure 16A describes further these observations. Figure 16B is a
HR image of one UAG flake suspended over a hole of C-foil; the folding
edge of the flake is indicated by a black arrow (see Figure 15). About 17-18
layers can be counted in the HR image or estimated from the intensity profile
shown in the inset of Figure 16B. The thickness of graphene in the folded
part is estimated to be ~ 6.135 nm. Since the flake is folded, one suppose that
the total thickness of the flake at area 2 (folded region) is twice the thickness
of the flake at area 1 (Figure 16A), i.e. 12.3 nm. It is important to mention
that a minor variation in thickness is observed when it is measured at
different parts of the edge (on the HR image). This could be due to
missing/extra layers or damaging of inner/outer layers by electron beam
during acquisition. Therefore, several measurements are made on the HR
images for all flakes to minimize this factor and hence estimated a mean
value of the thickness. In the present case, the mean thickness, 12.27 ± 0.19
nm was calculated by measuring the thickness from more than six different
places of the same HR image. The error is 3σ; where σ is the standard
deviation of the measured values.
Table 3. Intensity and thickness data for scattering absorption constant λ of
graphene
Intensity
at vacuum
I0(0)
(arb. units)

Intensity
at flake
I0(t)
(arb. units)

Thickness
t

Experimental Error
Mean λexp
λ
propagation

(nm)

(nm)

(nm)

(nm)

9015
8980
8269
9323
8737
9259
9287
9764

8869
8705
8019
8855
8261
8730
8534
8529

3.68 ± 0.18
6.61 ± 0.41
7.15 ± 0.26
10.88 ± 0.35
12.27 ± 0.19
13.54 ± 0.53
18.80 ± 0.35
27.05 ± 0.65

227
216
236
217
225
237
232
214

14
15
11
10
08
12
10
09

225 ± 9

By inserting the measured values of intensities; I0(0) and I0(t) and thickness t
in eq. (4.3), the absorption constant λ is measured to 225 ± 8 nm; where the
error (3σ) corresponds to the standard deviation of measured lattice plane
numbers indicating error propagation of statistics [80]. The same approach is
followed to measure λ for different flakes with a combination of SAED
patterns, BF and HR images, hereby obtaining a mean value of λexp= 225 ± 9
nm. In order to observe the behavior of transmitted intensity with respect to
thickness, the intensity versus thickness plots are drawn and interesting
results are observed under certain thickness of graphene flakes. The data are
given in Table 3 and plotted along with simulation in Figure 18 below.
Once λ for graphene flakes is determined, thickness maps of the samples
can be constructed from a single BF image by using eq. (4.3). The thickness
57

of a large number of flakes can be estimated rather quickly by taking images
at medium magnification, without the need for time-consuming HR imaging.
This also reduces the electron dose for each flake and consequently reduces
the effects of beam damage. Figure 21 shows a BF-TEM image of one UAG
flake (panel A) and the corresponding thickness map in nanometre units
(panel B). The inset shows that the average thickness of the indicated area is
~4 nm. A detailed description of thickness maps can be found in section 4.5.

4.2.3 Analytical calculations and simulation: Determination of
intensities of BF images
By eq. (4.1), it can be seen that there are three un-known parameters for
particular values of thickness, namely, w, ξg and ξ g´. If these parameters are
known then the intensity T can be obtained directly by considering different
values of thickness. A set of these parameters (for real and imaginary parts)
for different Bragg reflections of graphite are obtained from the JEMS
program [49] and then used in the following equations to calculate the
corresponding extinction lengths (ξg) and mean absorption (ξg´) for the
reflections. The ξ g and ξ g´ are defined as ξg =h2/2mλVr and ξg´=h2/2mλVi
where h is the Planck’s constant, m is the mass and λ the wavelength of the
electron whereas Vr and Vi are the real and imaginary parts respectively of
the atomic potentials [81]. The parameter w = s*ξg is related to crystal tilt
from a high symmetry axis or Bragg condition, and it can also be obtained
by JEMS software via simulated ED pattern (Figure 17E, F). After finding
the values of ξg and ξ g´, the transmitted intensity of electron beam (T) for a
particular thickness is calculated by using the eq. (4.1) and plotted in Figure
18. It can be seen that the reduction in intensity is a linear function of
thickness and that the intensity versus thickness plot (gray crosses) is very
similar to the experimental plot (solid circles).
An analytical formula can only be obtained for the so-called two-beam
case. When more than one reflections show a significant intensity, this
approach is no longer valid. The simulation package JEMS [49] is used to
tackle the many-beam problem with the Bloch-wave approach. Here, we use
JEMS to simulate I0(t) for different crystal orientations and thicknesses. The
objective aperture (OA) used in the experiment to obtain BF images is about
3 mrad in size, which means that, at 300 kV accelerating voltage, all
reflections except (002) can be efficiently blocked. Since most flakes are in
or close to a [001] ZA orientation, this effectively means blocking all beams
except the direct beam, i.e. 000-beam. Therefore, the intensity in the final BF
image can be considered to be simply the intensity of the direct beam. For
the simulation, the following parameters are chosen: accelerating
voltage=300 kV, spherical aberration coefficient Cs=1.07 mm and chromatic
aberration coefficient Cc=1.4 mm, energy spread=1.5 eV and collection
angle (diameter of OA) = 3 mrad.
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Figure 17. Description of graphite crystal orientation (used during acquisition of
BF-TEM images): Schematic illustration of crystal orientation, the high (panel A)
and the low (panel B) symmetry orientations. The point P and t are the exit point of
electron beam and the thickness of the sample, respectively. Experimental SAED
patterns close to high (panel C) and low symmetry (panel D) i.e. close to and away
from [001] zone axis, respectively. The SAED patterns (panel C) have same intensity
for (100), (010), (-110), (-100), (0-10) and (1-10) reflections if the crystal is exactly
oriented to ZA. The diffraction patterns of graphite crystal taken by using JEMS
simulation package at high (panel E) and low (panel F) symmetry orientations
respectively (adapted from Paper I).

The simulation is performed for different orientations, including cases where
many g reflections are excited (high symmetry orientation, i.e. close to 001
[ZA]. The results of a ZA and a low symmetry orientation are shown in
Figure 18 together with experimental plot. It can be seen that the intensity
decay (open blue circles) for the high symmetry orientation is a much faster
decay than for the low symmetry axis (solid red triangles). Furthermore, it is
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non-linear. The absorption constant λ can be calculated from the slope of the
curves, obtaining a value λsim=208 nm for the low symmetry orientation. The
simulations also show that the linear approximation obtained from the
analytical expression is valid up to several ten nanometers.

Transmitted Intensity (a.u.)

1,1
1
0,9

0,8
0,7
0,6
0,5
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Thickness (nm)
Figure 18. Simulation and experimental results of graphite crystal: the
experimental values (black solid circles) obtained by measuring transmitted
intensities and thickness from BF and HR-TEM images respectively; the simulations
(open blue circles/solid red triangles) are obtained using the JEMS software in a
high/low symmetry orientations; the grey cross signs are obtained by using the
analytical expression for transmitted intensity derived for the two-beam case given
by eq. (4.1). The slope of the curves gives the value of the absorption constant λ for
graphite. The value of λ sim (λexp) from red triangle (solid black circles) curve is
calculated (measured) to be 208 nm (225 ± 9 nm) (adapted from Paper I).

The theory shows that the transmitted intensity is linearly dependent on the
absorption constant for the low symmetry orientation. The simulation results
for both high and low symmetry orientations are shown in Figure 18. By
considering these results, BF images of UAG flakes are acquired at low
symmetry. The orientation is chosen with the help of SAED patterns. Figure
17 shows the sample and SAED patterns both at high and low symmetry
orientations. The schematic diagram (panels A and B) shows how the
apparent thickness, i.e. the length of the electron trajectory in the sample is
affected by sample orientation with respect to electron beam. . The SAED
pattern shows that the graphite crystal is oriented close to (Figure 17C) and
away from (Figure 17D) the [001] ZA. The diffraction patterns in panel E
and F are obtained from JEMS for graphite at [001] and 70 away from the
ZA, respectively. Note that all the BF images of graphene flakes are taken at
low symmetry orientation using SAED patterns and hence plotted the results.
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4.3

Sensitivity and detection limits

In this section, the detection limit or the sensitivity of the developed TEM
method is described. It can be seen that the main source of error in the
described method originates from the Poisson’s noise of the BF images that
is related to the detected intensity as,

σ I = I 0 (t ) ;

(4.4)

where I0(t) is the detected number of electrons per pixel (e/pixel) of the CCD
camera. Since the camera saturates at about 2500 e/pixel, the acquisition
conditions are set to have a maximum value of about 1500 e/pixel. This
would give an error for a single pixel ~ 39 e/pixel and this combined with eq.
(4.3) gives a detection limit of about 6 nm (about 17 graphene layers) where
I0(0)=1500 e/pixel and I0(t)=(1500-39) e/pixel. However, assuming that a
graphene flake has uniform thickness over a sufficiently large number of
pixels (which can be achieved by choosing the appropriate magnification),
one can reduce the error in the measurement of the intensity by taking the
value of each pixel as an independent measurement of the intensity and
obtain the Poissonian distribution of the signal. In the present case of large
number of pixels, the Poisson distribution can be approximated with a
Gaussian. The measured value of intensity would be the average over all the
N pixels for which the graphene flake has the same thickness; the error on
this estimate would be then,

σ

I

= I 0 (t ) / N .

(4.5)

From this, one can calculate the number of pixels which are needed to be
able to resolve a single graphene layer (0.335 nm): from eq. (4.3), it can be
seen that a flake of single layer graphene would cause the transmitted
intensity to decrease by only 2 e/pixel. If we impose that the statistical error
of the intensity is smaller than this value, then one needs N>375 pixels (or
N>3x375 for a 99.7% confidence) to measure the thickness change due to
one multilayer (1 ML) of graphene.

4.4

The advantages of the method

As described above, HR-TEM is the most direct identification tool however
it can be very time-consuming and requires the presence of a folding edge in
the flake. Furthermore, the technique requires a higher electron irradiation
dose than BF imaging and beam damage of the flakes may be critical. An
observation of such experiment where a UAG flake was exposed to the
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electron beam is shown by Figure 19. In a Cs-corrected TEM, the graphene
thickness can be determined by focal series reconstruction. Though, this
method is time consuming and not practical for large numbers of micron
sized flakes [82].
When comparing the standard techniques for thickness determination of
graphene flakes, the proposed method has the advantage of being relatively
simple and fast, requiring only the acquisition of BF images. The technique
consists in measuring the reduction of intensity in the transmitted beam as a
function of flake thickness. The method has equally the advantage of being
local, i.e. it is not restricted to flakes of uniform thickness. Furthermore, the
method is comparatively non-destructive because it requires only BF-images
obtained with an almost parallel beam which reduces the electron dose
significantly (see Figure 20). From the BF images one can construct the
thickness maps of each flake, making thus possible to determine the
thickness even for folded or wrinkled flakes. This enables fast screening of
several dozens of flakes in a single TEM session. When compared to other
TEM techniques, i.e. selected area electron diffraction (SAED), it has a
higher spatial resolution and it is rather unaffected by local variations of
orientations (wrinkles, folding), provided they are not too close to the [001]
zone axis. The method is similar to thickness maps obtained by EFTEM
techniques [77], but it does not require an energy filter and the resulting
images have higher intensity and therefore lower relative noise levels.

Figure 19. Observations of UAG flake in the TEM. TEM images were taken in BF
mode to observe beam damage (A) before and (B) after 5-10 minutes of exposure to
the electron beam. This exposure was done in high resolution mode. The arrows
indicate the damage on the flake/C-foil. The inset is a high magnification image of
the flake close to the folding edge where patches can be seen which were sputtered
by electrons.
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0.2 µm

Figure 20. Observations of UAG flake in BF mode. (A) BF image taken immediately
when flake was under electron beam and this time is considered a reference time
(denoted as 0-minute exposure). The intensity It(0) and I0(0) are measured from the
white and black squares at flake and vacuum, respectively. The flake is exposed over
a time of twenty minutes. In a similar fashion, intensities are measured from all 20
images of the same flake and results are plotted (panel B) where grey line guides for
the eye.

As mentioned, BF imaging is performed by parallel electron beam which
reduces the beam damage significantly and enables enough time to acquire
experiment data for each flake. However, in order to see the effect of
electron bombardment onto multi-layer graphene, a series of BF images are
acquired at intervals of one minute by keeping the illumination conditions
constant. The data along with one image of graphene flake from this series is
shown in Figure 20. Thus, a flake is exposed with electron beam over a total
time of 20 minutes and one image is taken after each 1 minute of exposure;
hereby accumulated twenty images. After experiment, the intensity It(0) and
I0(0) are measured from the flake (by considering the region where thickness
is uniform) and the vacuum, respectively. Such a uniform region is
represented by a white square on graphene flake (panel A). It should be
noted that the It(0) and I0(0) are measured exactly at the same places of all
the images to minimize the thickness or intensity variation effect on results.
The ratio of intensity It(0)/I0(0) in percentage is plotted as a function of
exposure time (panel B). It can be seen that the ratio is approximately
constant at around 90% value throughout the defined exposure time. This
result suggests that BF imaging at 300 kV accelerating voltage allows
sufficient time to acquire images with effect of least beam damage in the
images.
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4.5

Application of the method

Once the scattering absorption constant λ for graphene flakes is determined
(see section 4.2.2), thickness maps of the samples can be constructed from a
single BF image by using eq. (4.3) directly. The thickness of a large number
of flakes can be estimated rather quickly by taking images at medium
magnification (i.e. only BF images), using the contributions from the
previous sections. This also reduces the electron dose for each flake and
consequently reduces the effects of beam damage. In Figure 21, a BF TEM
image of one UAG flake (panel A) and the corresponding thickness map in
nanometer units (panel B) is shown. The inset shows that the average
thickness of the indicated area is ~4 nm. It should be noted that I0(0) is
measured from the vacuum, i.e. carbon holes.
It was explained in the production method of graphene that the UAG
flakes are several microns across and few nanometers thick (see section 4.1).
They were characterized by SEM and Raman spectroscopy where materials
were deposited on to a SiO2 substrate (paper II). Furthermore, it was
observed by TEM that most of the flakes were folded strongly. The
developed TEM method was therefore applied successfully to construct the
thickness maps of graphene flakes to estimate their thicknesses.
In order to optimize the conditions for the production of graphene, several
parameters are needed to be optimized before it is possible to obtain larger
and thin flakes of uniform thickness with less foldings. In the first part of
this study, the effect of solvent on graphene thickness, graphene size and
presence of non-graphene residuals on the support foil is investigated. For
this purpose, graphene was prepared in five different solvents, namely, (1)
chloroform, (2) isopropanol, (3) water, (4) dimethylformamide (DMF) and
(5) toluene (Paper III). The results are discussed in Paper III, where the
thickness of the graphene flakes for each sample is estimated by applying the
TEM method directly. In this analysis, ten or more flakes from each sample
were considered and evaluated to perform statistics and to draw some
conclusions on use of solvents. One representative flake from each sample is
shown below in Figure 22.
In the first step, the thickness profile and size of each flake is estimated
and then the average thickness and size of the graphene flakes are calculated
for each sample (solvent). The data are shown in the Table 4 and plotted in
Figure 23. The statistical error bars (i.e. standard deviation divided by
square root of number of evaluated flakes) for each sample are calculated
and given in the table. It can be seen that a wide distribution in thickness and
size is observed whereas a thin graphene flakes ≤ 4 layers are observed for
the toluene sample (see Figure 22F). It should be noted that in Paper II, the
thickness of the flakes was measured by TEM method where all graphene
flakes were prepared in water. The same preparation methodology is used in
the Paper III to exfoliate materials but here, graphenes are prepared in five
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different solvents including H2O, revealing differences in area and thickness
(Figure 23 and Table 4).

B

A
0

50nm

20
15
nm

Graphene flake

10
5
0
0

.1

.2

.3

.4
µm

.5

.6

.7

Figure 21. (A) A bright-field TEM image (300 keV) of one folded graphene flake as
indicated by a black arrow; (B) a thickness map is constructed by applying
proposed TEM method to estimate the thickness of the flake. The flake is estimated
to be about 4 nm thick in the region shown in the thickness profile (inset) (adapted
from Paper I).
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Figure 22. The overview BF TEM images of UAG flakes sonicated in water (A),
DMF (B), chloroform (C), Isopropanol (D) and toluene (E). The HR image (F) is
taken from the folded edge of a graphene flake as indicated by an arrow in the top
right inset image (toluene sample); indicated 3-4 layers of graphene. All scale bars
are 0.5 µm (panels A-E and top right inset of panel F) (adapted from Paper III).
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Table 4. The measurements of mean thickness and size of UAG flakes of all five
solvents. The error bars are standard deviation (scatter from mean values) divided
by square root of number of measurements (adapted from Paper III).

Sample

Solvent

1
2
3
4
5

Water
DMF
Chloroform
Isopropanol
Toluene

Mean thickness
t (nm)
10.14 ± 0.9
7.17 ± 0.8
6.66 ± 0.7
6.32 ± 0.6
6.30 ± 0.7

A) UAG flakes: Mean thickness

B) UAG flakes: Mean area
88

Area (µm^2)

Thickness (nm)

12
12

99
66

33
00

Area
A (µm2)
4.18 ± 0.8
3.03 ± 1.0
5.40 ± 1.0
3.18 ± 0.9
5.26 ± 0.7

Water
Water

DMF
DMF

Chloroform
Isopropanol
Toluene
Chloroform
Isopropanol
Toluene

Solvent

66

44
22
00

Water
Water

DMF
DMF

Chloroform
Isopropanol
Toluene
Chloroform
Isopropanol
Toluene

Solvent

Figure 23. Mean thickness (panel A) and mean area (panel B) for graphene flakes,
from TEM analysis of ten or more flakes for each preparation. The error bars are
standard deviation divided by square root of number of measurements (i.e. number
of analyzed flakes) (adapted from Paper III).

From all solvents, very thin (less than 4 layers) flakes were found. The
largest average size (5.4 µm2) is obtained for chloroform, only slightly larger
than for toluene, (5.26 µm2), from which solvent also the lowest average
thickness (6.3 nm) is obtained. Samples from the suspensions in isopropanol
and toluene have flakes well distributed on carbon foil. The flakes prepared
in toluene are thin and uniform with very little folding (Figure 22E) whereas
for isopropanol, graphene flakes are strongly folded (Figure 22D). The
flakes sonicated into chloroform are large, quite thin and strongly folded,
those from DMF are even more folded, and the distribution of areas and
thickness much larger than for any of the other solvent studied. The samples
from isopropanol, chloroform and DMF had a higher proportion of residues
on flakes and on the support film than the toluene sample. The flakes
prepared in water are thin but strongly folded with residues on some parts of
the flakes.
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4.6

Chapter conclusions

A simple TEM method is developed and applied for fast thickness
characterization of suspended graphene flakes. The method is based on the
approximation that the intensity of the transmitted beam I0(t) is a linear
function of the thickness. It is shown that this is valid for thin graphene
flakes (up to about 30 nm) about 7° away from a [001] orientation. This is a
peculiarity of graphite, for which the characteristic length for absorption
(which follow an exponential law) is smaller than the characteristic length
for diffraction (which is a quadratic). Therefore, when only a few diffracted
beams are excited, as it is the case in low symmetry orientations, pure
absorption describes best the intensity variation as a function of thickness,
i.e. the quadratic terms can be neglected in favour of the linear one from the
exponential decay. However, when many beams are excited in a high
symmetry orientation one has that the sum of the smaller quadratic terms
outweighs the linear term and the intensity variation deviates from the linear
law and exhibits a stronger oscillatory decay.
When the conditions for linear decay are fulfilled, I0(t) can be measured
by acquiring bright-field images at medium resolution. The characteristic
absorption length in graphene is determined to λ = 225 ± 9 nm and
calculated to 208 nm by JEMS simulation. From the bright-field images one
can construct the thickness maps of each flake, making thus possible to
determine the thickness even for folded or wrinkled flakes. When compared
to conventional high resolution TEM imaging, the method is much faster,
which had the twofold advantage of enabling fast screening of several
dozens of flakes in a single TEM session and of greatly reducing the electron
dose on each flake and thus beam damage. When compared to selected area
electron diffraction (SAED) it has a higher spatial resolution and it is rather
unaffected by local variations of orientations (wrinkles, folding), provided
they are not too close to the [001] zone axis. The method is similar to
thickness maps obtained by energy filtered TEM (EFTEM) techniques but it
does not require an energy filter and the resulting images have higher
intensity and therefore lower relative noise levels.
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5 TEM characterization of DNA-nanoparticle
materials

In this chapter a report on transmission electron microscopy (TEM) studies
of samples containing DNA-coils and magnetic beads is presented. The
beads are functionalized with oligonucleotides that attach the bead to the
DNA coil. The main aim of this study is to obtain increased understanding of
how the size of the magnetic beads and the average number of
oligonucleotides per bead (surface coverage) affects their interaction with
the DNA-coils. For this purpose, magnetic nano-particles (referred as beads)
of three different sizes were used which were functionalized in two groups;
group 1) 40 nm and 130 nm bead samples with low surface coverage of
oligonucleotides and group 2) 130 nm and 250 bead samples with high
surface coverage (section 5.1). Since beads on the carbon support film were
appearing in aggregations within the structures as interpreted as dried DNAcoils with co-precipitation of buffer salts (salt-DNA stains) therefore a
methodology was developed for estimation of the number of beads per
DNA-coil and hence a statistical analysis was performed (section 5.2). The
counting of beads is based on the assumption that the salt-DNA stains are 2D
structures where this approach is motivated by measuring the thickness of
the stain layer that is thin as compared to beads (section 5.3). In view of the
large number of studies on functionalized nanoparticles, involving complex
salt solutions, the pathway developed and demonstrated here can be used
more generally to study the interaction between functionalized nanoparticles
and their solution environment. Moreover, the findings from this study
increased the understanding of the underlying physicochemical mechanisms
in the biosensor method named the volume-amplified magnetic nanobead
detection assay (VAM-NDA).

5.1

Imaging of bead/DNA structures

The interaction between DNA-coils and oligonucleotide-functionalized
magnetic beads is studied here in real space using BF and DF techniques.
Dispersions of such oligonucleotide modified magnetic beads of two
different nominal sizes (40 nm and 130 nm) are shown below in Figure 24,
where DNA- coils are not present. The beads appear well-separated from
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each other and mostly as individuals on the carbon support film (C-foil).
Some candidates of beads are indicated by black arrows; 40 nm (panel A)
and 130 nm beads (panel B). The nanostructure of an individual 130 nm
bead is clearly visible in the high magnification image (inset of panel B);
each bead is built up of a cluster of maghemite (γ-Fe2O3) grains (magnetic
single domains) with a size of 15-20 nm. Therefore, the structure of the
beads is clearly distinct from for example buffer salts present in the samples
(see Figure 26).

Figure 24. BF-TEM images of beads, mostly appearing as individuals, used in this
study to understand bead/DNA interaction. DNA-coils are not present. The 40 nm
(A) and 130 nm (B) bead samples are shown and few examples of beads in each
case are highlighted by arrows. An individual 130 nm bead (inset) shows its clear
nanostructure at high magnification. Adapted from Paper IV and reproduced with
the permission of ACS publishers.

In the BF-TEM images, the beads appear with a darker contrast than the Cfoil and the salt precipitates since the average Z-number of maghemite is
higher than for the salt precipitates. The composition of samples and the
calculations for the average Z number of the salts are given in the appendix.
Both the, 40 nm and 130 nm beads observed appear irregular in shape and
exhibit some variations in size, the variation being larger for the smaller
beads. The average diameters estimated from TEM micrographs on 40 nm
and 130 nm beads (seven individual beads were considered in each case)
were found to be 45 nm and 135 nm, respectively. This size information is
useful for bead counting in bead aggregations (see further discussion below).
Group 1 samples; samples containing DNA-coils with immobilized
magnetic beads of two different sizes (40 nm and 130 nm) and with low
oligonucleotide surface coverage (~ 3 and ~ 2 oligonucleotides per beads,
respectively) were prepared by mixing bead batch solution and DNA-coil
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solution followed by incubation and dilution with buffer. Details of the
sample preparations as well as sample compositions are found in Paper IV.
During the incubation step the dispersed oligonucleotide-modified magnetic
beads attach to the DNA-coils by hybridization, see schematic illustration in
Figure 25A. The prepared sample solutions were then deposited onto
standard TEM grids with holey C-foils followed by drying in open air
subsequently loaded into a TEM for observations.

Figure 25. (A) Hybridization of oligonucleotide-functionalized magnetic
nanoparticles (referred to as beads) to DNA-coils. (B) BF-TEM image showing saltDNA stains (co-precipitation of buffer salts and DNA-coils) with attached individual
130 nm beads.

The attachment of 130 nm beads to DNA-coils (or strictly speaking dried
DNA-coils with co-precipitation of salts) is shown in a BF-TEM image
Figure 25B where two nanostructures with an individual bead in each case
are shown. It should be noted that it is unlikely to observe 1-2 nm thick
molecules (single-stranded DNA) [83] deposition on C-film. The
nanostructure contrast observed in Figure 25B can therefore not come from
DNA only. It is, thus, more reasonable to assume that the DNA-coils are
visible due to the fact that buffer salts are concentrated around the DNA
single-strands during the drying process on the TEM grids which strongly
increases the image contrast of the DNA-coils [83]. These nanostructures are
referred to as salt-DNA stains throughout this work. A detailed discussion of
the DNA/bead interaction can be found in Paper IV. In this study, TEM
investigations show that the beads were systematically linked to stains in
presence of DNA-coils and certain numbers of beads per stain were
common. The most common numbers were singles, doubles and triples in
case of the 130 nm bead sample. In the case of 40 nm beads, the number of
beads attached to salt-DNA stains was quite high and most of the beads were
found in aggregations. Actually, the observed size of the salt-DNA stains
(200-300 nm) was significantly smaller than the hydrodynamic diameter of
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DNA–coils with beads (~ 700 nm) [66, 67]. This shrinkage could possibly be
a consequence of the sample drying process which also could give rise to the
formation of bead aggregations in the DNA-coils. In order to compare the
results of both bead samples and evaluate the consistency with magnetic
measurements, a methodology was developed to estimate the number of
beads in each bead aggregation observed in salt-DNA stains. This bead
counting methodology is illustrated in section 5.2.

Figure 26. (A) TEM overview micrograph of a negative control 130 nm bead
sample. Several morphologies of salt precipitates are observed; for instance,
circular, square-like and flake-like. The magnetic beads in the salt stains are
indicated by black arrows to show their location relative to the salt stains. (B) TEM
overview micrograph of the positive 40 nm bead sample showing salt-DNA stains
containing beads where most of the beads are in aggregates. Some salt-DNA stains
containing beads are indicated by black arrows. (C) TEM overview micrograph of
the positive 130 nm bead sample showing the same characteristic features as in
panel B where several individual beads (black arrows), some beads in an aggregate
(black arrowhead) and four beads (white arrow) attached to salt-DNA stains are
highlighted. (Adapted from Paper IV and reproduced with the permission of ACS
publishers).

A negative control sample containing 130 nm beads (DNA-coils absent) was
also prepared and investigated by TEM. For this sample, various types of
salt precipitates with distinct morphologies were seen on the support film
where the distribution of beads was found to be random compared to the
positive samples (see Figure 26A). These observations show that there was
a clear difference between the positive and negative samples. Summarizing,
the negative control sample is characterized by a wide range of salt
precipitations to which beads were linked in a random manner. Furthermore,
in order to localize the positions of the DNA-coils on the support C-foil, they
were labeled with oligonucleotide-functionalized gold nanoparticles
(nominal size 10 nm) hybridizing to other sites than the magnetic beads. The
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nanostructures were observed by TEM where they showed gold
nanoparticles within the salt stains (see Figure 29). These results strongly
support the hypothesis that DNA-coils are present in the salt stains.
The results presented in Paper IV show that the 40 nm beads are linked
in larger number (~ 6 beads per salt-DNA stain) than the 130 nm beads (~ 3
beads per salt-DNA stain) to DNA-coils. In detail, the number of beads
attached per salt-DNA stain was analyzed for a large number of beadcontaining stains for the two positive samples using a two-dimensional
approach (the motivation of why a 2D approach was used is described in
section 5.2) and the results were compared with magnetic measurements on
similar samples (same ratio between the number of beads and DNA-coils as
in the TEM samples) providing the average number of beads attached per
DNA-coil. A good agreement was found between the average number of 40
nm and 130 nm beads attached per salt-DNA stain obtained from the TEM
analysis (6.0 ± 0.8 and 2.6 ± 0.2 beads per salt-DNA stain, respectively) and
the average number of immobilized beads per DNA-coil extracted from
magnetic measurements (5.7 ± 0.2 and 2.3 ± 0.1 beads per DNA-coil,
respectively). This strongly supports the interpretation of the TEM
micrographs.

Figure 27. High magnification TEM images of a positive 40 nm bead sample (A)
and a positive 130 nm bead sample (B). These images show two salt-DNA stains
where several beads are found in aggregates (panel A) and three beads attached to
one salt-DNA stain (panel B). (Adapted from Paper IV and reproduced with the
permissions of ACS publishers).

Furthermore, qualitative observations show that the smaller beads preferably
link inside the salt-DNA stains whereas the larger bead tend to bind close to
the boundary of the stains. These observations were consistent with findings
in earlier papers (not involving electron microscopy) and supported the
hypothesis that smaller beads more easily penetrate into the DNA-coils in
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solution, thereby preferably hybridizing in the interior of the DNA-coils,
compared to larger beads which to a larger extent hybridize on the outer
boundary of the DNA-coils. These observations are summarized by Figure
27 where several 40 nm beads are attached to one salt-DNA stain and most
of the beads are located inside the stain (panel A) whereas for the 130 nm
bead sample three beads appear in one stain and two of them are on the
boundary (panel B). As an example of this attachment geometry, a salt-DNA
stain with beads attached on the outer side is shown in Figure 29A.

Figure 28. TEM images of samples containing DNA-coils with both magnetic beads
and gold nanoparticles; (A) Overview images of 250 nm bead (~ 50
oligonucleotides per bead) and (B) 130 nm bead (~ 5 oligonucleotides per bead)
samples. (C) 250 nm and D) 130 nm bead samples in high magnifications. The
nanostructure indicated by arrow (panel B) is imaged in Figure 29. (Adapted from
[84] and reproduced with the permission of MRS publishers).

Moreover, the above observations indicate that the aggregates of 40 nm
beads are mostly turned in an inward direction with respect to the salt-DNA
stains and are well coherent with the model that the 40 nm beads appear as
unconnected beads bound partially at sites inside the DNA-coils. The
preferential binding of the 40 nm beads inside the DNA-coils in solution
supports the hypothesis [68, 85, 86] that positive samples containing 40 nm
beads mainly consist of separate, un-aggregated DNA-coils since there are
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only few beads on the DNA-coil boundaries that could link several DNAcoils together. Additionally, the observations support the hypothesis that the
130 nm beads, due to their larger size, prefer to bind closer to the exterior of
the DNA-coils in solution which has been a hypothesis in Zárdan et al.[86].
Group 2 samples: The effect of bead size and number of
oligonucleotides attached per bead on bead immobilization in DNA-coils is
also studied. In this study two bead batches with different sizes (250 nm and
130 nm) were used. The oligonucleotide surface coverage for the 250 nm
and 130 nm beads was ~ 50 and ~ 5 oligonucleotides per bead in average,
respectively. The DNA-coils were labeled with both oligonucleotidefunctionalized gold nanoparticles (nominal size 10 nm) and magnetic beads
where the gold nanoparticles are attached at other sites than the beads. The
gold labeling was performed in order to locate the positions of the DNAcoils (see Figure 29). The larger bead samples (130 and 250 nm) with high
number of oligonucleotides per bead shows beads both in individual saltDNA stains and cross-linked salt-DNA stains (see Figure 28). It can be seen
by Figure 26B, C and Figure 28C, D; the size of salt-DNA stains having
beads is much larger in the later figures.

Figure 29. (A) 130 nm bead sample taken from the indicated structure in Figure
28B (black arrow) where the DNA-coils are labeled with oligonucleotidefunctionalized gold nanoparticles (10 nm in size, hybridizing to other sites than the
magnetic beads) and HR image of the salt DNA-stain (panel B) taken from the area
indicated by the arrow in panel A. The gold nanoparticles are indicated by black
arrows. (Adapted from [84] and reproduced with the permission of MRS
publishers).

Panels C (250 nm beads) and D (130 nm beads) show high magnification
images of beads with one salt-DNA stain in each panel (Figure 28). The
overall size of these stains is much larger than 200-300 nm (estimated for
one individual salt-DNA stain in group 1 samples) which indicates the
presence of more than one DNA-coil. This observation indicates that the
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larger beads (with high surface coverage of oligonucleotides) not only
immobilize in individual DNA-coils but also link several DNA-coils
together to cluster-like bead-coil structures (see Figure 28 C). However, for
group 1 samples, after observation of a large number of salt-DNA stains,
there was not any event that could point to two or more salt-DNA stains that
are cross-linked through magnetic beads. Supposing that the drying process
does not change the spatial arrangement of two or more possible cross-linked
DNA-coils, this observation indicates that the beads do not cross-link DNAcoils. Cross-linking of DNA-coils is in fact not expected at the very low
oligonucleotide coverage on the beads used in these experiments [86].
In summary, the TEM observations support the hypothesis that a small
bead size and low oligonucleotide coverage favours immobilization in
individual DNA-coils whereas larger bead size and high oligonucleotide
coverage also gives rise to bead-coil clusters. These results are in well
agreement with conclusions made in Zardán et al. [86] using fluorescence
microscopy characterization and magnetic measurements.

5.2

Methodology to estimate the number of beads per
salt-DNA stains and statistical results

In order to find out the number of beads per salt-DNA stain and to perform
statistical analysis for both samples of group 1 (40 nm and 130 nm bead
samples), beads were counted in each stain observed in TEM micrographs.
During TEM observation, particularly for the 40 nm bead sample, it was
seen that many beads in salt-DNA stains appeared in irregular
agglomerations. Therefore, a procedure is adopted to estimate the number of
beads in each stain for both samples. The description of this procedure is
illustrated below with the help of Figure 30A where one agglomeration of
130 nm bead sample in a salt-DNA stain is selected. In this procedure, two
vertical lines (black bold) L1 and L2 are drawn on the extremities of the
object where d is the distance between them. At half the distance d, draw a
third line L3 (thin white) which intercepts the two outermost sides of the
object at point P and Q. A similar procedure is adopted to draw other three
lines (L1´, L2´ and L3´) in horizontal direction and find P´ and Q´. It should
be noted that segments PQ and P´Q´ are representing two diameters of the
objects. If D is the mean diameter then it should be equal to (PQ+ P´Q´)/2
and the mean radius R is equal to (PQ+P´Q´)/4. Now assume r is the radius
of a single bead then its area will be equal to πr2. So, the number of beads, N,
in the selected object will be equal to πR2/πr2, or simply, N=(R/r)2, where R
and r are the radii of the aggregation and an individual bead, respectively.
This simple procedure was used to estimate the number of beads in each saltDNA stain and to obtain bead distribution statistics. In the case of the 40 nm
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bead sample, the total number of beads was estimated to be 133 in 22 stains
whereas this number was 110 in 43 stains for the 130 nm bead sample.
Hence, the average number of beads per stain was calculated to 6.0 ± 0.8 and
2.6 ± 0.2 for the 40 nm and 130 nm bead samples, respectively. The average
number of beads per DNA-coils was also calculated from magnetic
measurements, i.e. 5.7 ± 0.2 and 2.3 ± 0.1 for the 40 nm and 130 nm bead
samples, respectively. These results are in good agreement with TEM
observations. The error given is the ratio of standard deviation to square root
of number of observation (in this case stains). The agreement between
magnetic and TEM observations makes the TEM method suitable for
analysing the attachment of magnetic beads to DNA-coils.
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Figure 30. (A) Geometrical construction for estimation of the number of beads in a
bead agglomeration (object) attached to a salt DNA stain. Distribution of the
number of beads counted per salt-DNA stain in the positive 40 nm (panel B) and
130 nm (panel C) bead samples. (Adopted from Paper IV and reproduced with the
permission of ACS publishers).

The TEM images shown in Figure 26 and Figure 27 are only a
representative selection of data, the counting of beads was performed in a
large number of salt-DNA stains containing beads as mentioned earlier and
results are shown here as histograms. Figure 30 (B, C) shows histograms of
the frequency with which a specific number of beads (40 nm and 130 nm
bead positive samples in panel B and C, respectively) in a salt-DNA stain
(event) in the positive samples are observed.
Despite that there are about 104 times more 40 nm beads than DNA-coils
(i.e. coil to bead ratio is 1:10 000) and theoretically there are roughly 103
bead binding sites per DNA-coil, the maximum number of 40 nm beads per
coil observed is only 12 (see Figure 30B). Certainly, there are certain factors
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that could limit the bead immobilization. Few of them are discussed here. 1)
Due to the collapse of long DNA single-strand into a random-coil, it is
reasonable to assume that this geometrical constraint strongly reduces the
available binding sites for the beads compared to the situation when the
DNA strand is completely stretched out. 2) The structure of the DNA-coil
could possibly become increasingly more rigid as beads hybridize to the coil
which could make it more and more difficult for the beads to penetrate into
the coils and bind inside. Obviously, these issues need further investigations
which will be discussed in another study in future.
The observation that 130 nm beads bind in smaller amounts per DNA-coil
i.e. only maximum 6 beads (see Figure 30C) could possibly be explained by
the comparably larger size of these beads making them less capable of
binding inside the DNA-coils. An alternative explanation for that the 130 nm
beads immobilize in lower amounts than the 40 nm beads is that the coil to
bead ratio is higher in the 130 nm bead sample (about 1:6).

5.3

Thickness measurements of salt-DNA stains

As seen in section 2.4, the BF contrast is originating by scattered electrons
which are scattered by the specimen after interaction. This kind of contrast is
dependent on mass-thickness variations [10]. The thinner regions or light
elements are scattering only few electrons and are appearing brighter than
the rest of the sample in a BF image. The homogeneous contrast of the salt
stains as well as of the C-foil support indicates that both objects contain
mainly amorphous regions. The thickness of the salt stains on the carbon
grid can be estimated from the intensities in the images. For these
considerations, the intensity I of an object A in such scatter contrast images
can be estimated to be proportional to the thickness of this object tA and ZA2,
where ZA is the atomic number of the atomic constituents of object A [87].
This simple relation is a good approximation to estimate the scattering
intensity in the images of amorphous samples such as the salt-DNA stains
and the C-foil.
In order to estimate the sample thickness, the formula Icarbon / Isalt = (Ncarbon
Zcarbon2) / (Nsalt Zsalt2) can therefore be applied. Here N is the number of atoms
along the thickness of the sample in the direction of incident electron beam.
In the amorphous carbon film the number of atoms Ncarbon is taken as the
ratio between tcarbon and the average interatomic distance aC = 0.21 nm in
amorphous carbon given by Lee et al [88]. Intensities are taken from the line
profile in Figure 31 and the results are shown in Table 5.
By taking into account the concentration weighted average Z-number of
the salts in the positive 130 nm bead sample (see Appendix), thickness of the
salt stain in the transmission direction corresponding to Nsalt = 74 atoms can
be estimated. The typical atomic distances in materials containing the
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dominant elements in these salts are 0.2-0.3 nm. Therefore a thickness of the
salt-DNA stain of about 15 to 22 nm was obtained. The thickness of the
carbon film is taken 30 nm (the value was received by a private
communication with the company).
Though, depending on the density of the salt matrix, the thickness may
differ from the calculated value, the salt-DNA stains are certainly thinner
than 50 nm and appear as rather flat objects with a height to width aspect
ratio of the order of 1/10. Therefore, in the dried salt-DNA stain, the stain
thickness is smaller or equal to the diameter of the 40 nm and 130 nm beads.
The flatness of the salt stains makes it likely that in bead agglomerations
such as observed in Figure 30A, the beads order parallel to the surface of the
carbon support film in a close to two-dimensional (2D) arrangement.

Table 5. Intensities (transmitted and diffracted in arbitrary units), average Znumbers and number of atoms N piled up in the object along the direction of the
electron beam in vacuum, in the carbon film and on salt stains on top of the C-foil.
The intensity in the salt stain only is obtained by subtracting the Icarbon from
Isalt+carbon. a and t denotes interatomic distance and thickness, respectively.

Intensities

Z

Z2

t (nm)

a (nm)

N (t/a)

6

36

30

0.21

143

(a.u.)
IT

ID

Vacuum

189

0

Carbon

174

15

133

56

film
Salt stain

45-52

217

+ carbon
film
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only

78

41

13.8

190

15-22

0.2-0.3
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Figure 31. A BF-TEM image of the positive 130 nm bead sample deposited on a
holey C-foil is shown. Several salt-DNA stains with and without beads can be
observed and four beads in a stain are indicated by an arrow. The inset (top right)
shows an intensity profile (in arbitrary units) taken along the line as indicated on
the image where it crossed a stain having one bead. The intensity is dependent on
the thickness. One salt-DNA stain (arrowhead) is digitally magnified in the bottom
right inset shows uniform contrast. (Adapted from Paper IV and reproduced with the
permission of ACS publishers).

5.4

Chapter conclusions

Immobilization of oligonucleotide-functionalized magnetic nanobeads by
hybridization in DNA-coils formed by rolling circle amplification has been
investigated using transmission electron microscopy (TEM). This particular
immobilization process of magnetic beads is the basis of a newly invented
substrate-free and lab-on-a-bead magnetic biosensor principle named the
volume-amplified magnetic nanobead detection assay (VAM-NDA). The
main aim of these microscopy studies was to obtain better understanding of
how the magnetic beads interact with the DNA-coils.
In the first part of the study, group 1 samples were used where beads with
two different sizes (40 nm and 130 nm) were functionalized with a low
number of oligonucleotides, i.e. ~ 2 and ~ 3 oligonucleotides per bead in
average for 130 nm and 40 nm bead samples, respectively. Dry samples
containing non-stained DNA-coils (not stained with heavy metal or other
contrast enhancing substances) with beads were studied by TEM. The bead79

coil complexes were appearing as salt residues of the DNA-coils denoted
salt-DNA stains with beads. A quantitative analysis of the number of beads
per salt-DNA stain and a rough analysis of the qualitative character of the
location of beads within the salt-DNA stains were performed. The average
number of beads per salt-DNA stain obtained from TEM images (~ 6 and ~
2.6 beads per salt-DNA stains for the 40 mm and 130 nm bead samples,
respectively) as in very good agreement with magnetic measurements (~ 5.7
and ~ 2.3 beads per DNA-coil, respectively) on similar samples, thereby
confirming the bead counting reliability of the TEM method. The observed
location of 40 nm beads inside the salt-DNA stains and 130 nm beads
attached to the stain boundary was consistent with earlier findings that small
beads tend to more easily diffuse into and hybridize inside DNA-coils than
larger beads. No indications of the presence of clusters of several DNA-coils
with magnetic beads were found.
In the second part of this study, group 2 samples were used where beads
of two different sizes (130 nm and 250 nm) were prepared with higher
surface coverage of oligonucleotides, i.e. ~ 5 and ~ 50 oligonucleotides per
bead in average for 130 nm and 250 nm bead samples, respectively. Dry
samples of non-stained DNA-coils with beads were studied by TEM. In
addition, in this case, in order to localize the DNA-coils on the carbon
support film, they were labeled with oligonucleotide-functionalized gold
nanoparticles (10 nm in size) attaching at the other sites in the DNA-coils
than the magnetic beads. In this study, TEM observations show clusters of
two or more DNA-coils linked together by beads for both samples.
Qualitative analysis of TEM micrographs indicates that for the 250 nm bead
sample this trend was more prominent than for the 130 nm bead sample. The
TEM results from the study of group 1 and group 2 samples considered
together supported earlier made observations that small beads with low
oligonucleotide surface coverage preferably immobilize in the interior of the
DNA-coils and do not tend to link several DNA-coils together whereas large
beads with high surface coverage to a larger extent connect several DNAcoils together to clusters of several DNA-coils with beads.
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6

Cryo-preparation and characterization of
frozen water containing specimens

This chapter involves a brief discussion about the preparation procedure and
analysis of life science specimens at cryogenic temperatures. This work was
accomplished by focused ion beam with cryo set up (cryo-FIB), a Gatan Alto
2500 system with a cryo transfer workstation, scanning electron microscope
(SEM) and a TEM with Gatan cryo transfer TEM-holder. This technology
enables us to study hydrated biological specimens down to atomic scale
resolution. The results can be now utilized to prepare water containing
samples locally. The main aim of this study is to develop an experimental
protocol to prepare hydrated biological specimens with site-specificity for
both cryo-SEM and cryo-TEM observations. In the first part of the chapter, a
general introduction to FIB microscope with a cryo set up is described
(section 6.1). In the second part, a detailed discussion of ex-situ/in-situ
specimen preparation in the FIB is given (section 6.2). As hydrated
specimens are vacuum sensitive, they are mounted into the FIB, SEM and
TEM in a frozen state. The cryogenic liquids are used to rapid freeze the
specimens, as discussed in the freezing techniques (6.2.1). The specimen
preparation in the cryo-FIB for cryo-SEM and cryo-TEM observations is
discussed in sections 6.2.2 and 6.2.3, respectively. The cryo-SEM and cryoTEM results of FIB prepared specimens are discussed in sections 6.3 and
3.4, respectively. In the end, the important conclusions of different
experiments are summarized in section 6.5.

6.1

Focused ion beam microscope with a cryo-set up

In general, the focussed ion beam (FIB) is not compatible for water
containing specimens as these specimens can only be mounted into the
microscope in a frozen state. In addition, it is required afterwards to maintain
their temperature below 140 K during investigation. There are two common
reasons that the wet specimens, e.g. biological specimens are cooled down at
low temperatures prior to transfer into the electron microscope: (1) to protect
them from the high vacuum of the microscope as they can be dehydrated in
the vacuum and (2) to reduce electron beam damage [13]. However, the
freezing technique should be such that it produces vitrified ice (amorphous
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ice) to preserve the structure and morphology of the sample. In order to use
the FIB in cryo mode for the samples with a soft/hard matter interface, a
cryo system was built; a Gatan Alto 2500 is coupled to a FIB/SEM. The
microscope is called as a cryo-FIB/SEM (see Figure 32).

Figure 32. Photograph of the FEI Strata DB235 cryo-FIB/SEM located at the clean
room of Ångstrom laboratory, used in this thesis. The Gatan Alto 2500 system is
highlighted by a white rectangle. The electron and ion sources are indicated by a
black arrowhead and a white arrow, respectively (October 2011).

The FIB in a SEM is a very useful tool that allows us to study cross-sections
of the samples. The other advantage is that it provides the possibility to
prepare TEM samples for high resolution studies. Moreover, a FIB is
advantageous over the classical way of sample preparation owing to its sitespecific approach [89, 90]. The microscope used in this thesis for the
preparation and analysis of frozen water containing specimens is a dual
beam FEI Strata DB235 cryo-FIB/SEM, equipped with a field emission gun
(FEG), as shown in Figure 32. It consists of an electron beam (e-beam) as
indicated by an arrowhead and an ion beam (I-beam) is indicated by a white
arrow. The e-beam column is vertically oriented and energies of electrons
can be varied to a maximum of 30 keV. In a SEM, a focused energetic
electron beam strikes the sample and generates several kinds of reactions on
top of the surface, e.g. emission of secondary electrons, backscattered
electrons, Auger electrons and X-rays etc. those can be utilized to analyse
the bulk specimens [91].
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The e-beam can be used for different purposes, for instance, to scan the
sample for imaging, local deposition of materials for protection and
soldering, energy dispersive spectroscopy (EDS) and sample irradiation etc.
The microscope is also equipped with certain detectors to detect the signals,
gas injector system (GIS) and a nano-manipulator known as an Omni-probe.
The Omni-probe is equipped with a tungsten needle used to lift-out the TEM
samples from bulk.

Figure 33. A sample setup with respect to a SEM and a FIB sources when it is sliced
and immediately analyzed at stage tilt of 520. In this setup, the area of interest of the
sample is at ~5 mm distance (denoted as FWD) from the SEM source where the two
beams are coincident. The 0-degree tilt is a home position of the stage where a
normal SEM works.

The ion beam is tilted 520 with respect to the electron column as shown in
the schematic Figure 33. It consists of a liquid Gallium (Ga) source to form
a probe of the order of a few nanometers in diameter from where positively
charged Gallium ions (Ga+) are extracted that can be accelerated up to 30
keV by applying an electric field. The advantage of Ga is that it has a very
low melting point (29.8 0C) and ions are easily extracted by heating the
source [92]. The mass and the size of ions being much higher than electrons,
a number of interactions can happen when an energetic ion strikes with a
target material. Few of them are given here briefly. (1) The ion can transfer
its momentum to a target atom during an elastic collision. The surface atom
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then can be removed from the specimen if it receives enough energy to
overcome its binding energy, the process is called sputtering. (2) It is also
possible that the incident ion loses its energy through a cascade collision and
stops at a certain depth of the specimen. The process is called an ion
implantation. (3) The incident ion can be back scattered from the target atom
and end up on the surface of the specimen; the process is then referred to as
ion deposition. (4) The Ga ions can lose their energy when they strike the
target material through inelastic collisions and generate secondary electrons
which can be utilized to make an image; this is called ion imaging [92].
The geometry of the two beams (ion and electron) allows for
modifications of the sample with ions while imaging with an electron beam.
The sample could be positioned at the coincident point of the two beams and
the same features can be imaged both by electrons and ions. The coincident
point is at a free working distance (FWD) of 5 mm for the electron column.
The angle between the two beam sources is 520. Normally, the bulk sample
is tilted to 520 (at this tilt the surface of the sample is perpendicular to the ion
beam) with respect to its horizontal position to sputter the materials and
make cross-sections using the ion beam for subsequent SEM-imaging and
preparation of lamellae for TEM samples. These lamellae are then lifted out
by the Omni-probe nano-manipulator needle and attached to a TEM grid. A
GIS is used at several steps in this process to deposit platinum: (1) to protect
the surface, (2) to weld the lamella together with the Omni-probe needle and
(3) to weld the lifted-out lamella to the TEM grid.
The frozen hydrated specimens were studied by cryo-FIB/SEM (see
Figure 32). The component of a cryo set up coupled to this instrument can
be described in three parts, i.e. 1) outside a SEM, 2) a cryo-preparation
chamber and 3) inside a SEM. A detail of these components is given here.
(1) The outside components include: an electronic control box with a
keypad, a slushing station, a vacuum transfer device (VTD) to
transfer/remove the samples from a prep-chamber and a SEM-chamber,
cryo-SEM holders, a Dewar to store liquid N2, a dry N2 supply and a cryo
transfer workstation (CTW). (2) A cryo preparation chamber (Alto 2500) is
coupled with a FIB/SEM. It is equipped with a magnetron sputter coater, an
electrical heater, a cold knife, a binocular, a viewing port and a sample
entering port, an argon gas flask, the vacuum pumps and a valve for
transferring the samples into the microscope. Prior to the transfer to the
SEM, the plunge- or high pressure-frozen samples are transferred into the
prep-chamber for further treatments, e.g. fracturing, sublimation and coating
(if required). (3) The inside components consist of a cryo-stage, an anticontaminator (cold finger) with a heat sensor, tubing for cold N2 gas flow, a
cryo nano-manipulator. The sample is transferred from the prep-chamber to
the microscope chamber with a VTD. Both the Alto and the microscope
chambers are cooled down by LN2 under high vacuum conditions.
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6.2

Cryogenic specimen preparation in the FIB

In this work, we carried out the cryo preparation of samples in the FIB for
the SEM observation and the TEM observation. The whole preparation
procedure from specimen freezing to ion-milling for both SEM and TEM
can be summarized under the following headings: (a) a plunge-freezing exsitu and Au/Pd coating in the prep-chamber, (b) a selection of region of
interest, a cold deposition of Pt and compacting inside the FIB (c) Milling a
groove and fine polishing of its side wall, (d) a lamella-preparation and insitu lift out, (e) approaching, welding, cutting-free and fine polishing of a
lamella to a TEM grid and (f) transferring of a specimen grid to a TEM. In
these processes, steps (a-c) are common in both SEM and TEM while steps
(d-f) are used for only TEM preparation. Therefore, steps (a-c) are discussed
in a section 6.2.2 and other three preparation steps (d-f) in section 6.2.3.
Since cryogenic liquids are used to rapid freeze the specimens to low
temperatures therefore they are discussed first with freezing techniques in
the next section.

6.2.1 Cryogenic liquids and freezing techniques
The liquids which are used to achieve low temperatures are called cryogenic
liquids. Here, mainly liquid nitrogen (LN2) is used that has a boiling point of
77 K or -196 0C [93]. Today, a number of liquids are being used both in
industries and laboratories to freeze different substances. These liquids with
boiling points include, hydrogen H2 (-253 0C), helium He (-269 0C), ethane
CH4 (-161 0C), nitrogen N2 (-196 0C), oxygen O2 (-183 0C) and argon Ar (186 0C). All cryogenic liquids need proper care in their safe handling and
use, otherwise they can be hazardous to personnel [94]. H2, CH4 and O2 are
flammable and are dangerous to use without proper security arrangement. He
and N2 are the most suitable cryogenic liquids and are extensively used in
laboratories to cool down the specimens. However, liquid He is very
expensive. Liquid N2 has some inconvenience in its use because it produces a
gaseous layer which acts as an insulating layer between the injected
specimen and the LN2 and consequently reduces the cooling rate
considerably. Therefore, in most of the cases especially in plunge freezing
technique, the specimens are cooled in combination with ethane and LN2
where specimen are first cooled by ethane and then transferred to LN2.
Nevertheless, LN2 is still a good cryogenic liquid and can be used as a slush
(N2 ice) to obtain high cooling rate.
In a cryo electron microscopy, the preparation of water containing
specimens in vitreous state is a considerable challenge. In general, two types
of techniques are used for rapid freezing of wet specimens namely, plungefreezing and high-pressure freezing. The formation of vitreous ice, i.e.
amorphous ice in the wet samples needs fast cooling rate of the order of
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1x106 K/s [95, 96]. By keeping this point in mind, it was seen that regions
close to the edges of most of the specimens were vitreous due to the fast
cooling rate in both type of freezing techniques. However, in plungefreezing, the cooling rate is quite slow for thicker regions of the specimen
which could lead to the formation of bigger ice crystals in the deeper parts of
the samples (see Figure 34). The critical depth in this case is ~10 µm to
preserve the structure of cells or other wet samples [97]. This depth could be
increased to 200-300 µm by using the high pressure freezing (HPF)
technique [98, 99]. In a HPF, the specimens are being injected into LN2 and
subjected to a very high pressure which helps to obtain vitreous samples.
Therefore, taking these facts into consideration, the thinner regions of
plunge-frozen samples were chosen for FIB milling. Thus, even large
volume samples/droplets, such that hydrogels, emulsions and DNA-coils
samples were prepared by plunge freezing technique and better results were
found for thinner regions (see Figure 35 below). The FIB milling strategy
was described on one of the control hydrogel sample (HA-7).

Figure 34. Description of freezing procedure: the cooling rate is slower for thicker
parts (area 3) of hydrated specimen that leads the formation of bigger ice crystals
(grey circles). The cooling rate is fast on the thin regions (areas 1 and 2). The
thinnest regions (arrowheads) are suited for FIB milling.

Figure 35 shows the top and cross-sectional views of two trenches, i.e. 1 and
2 that were sputtered at thicker and thinner regions of the same gel,
respectively. The trench 1 was milled at the thicker part whereas the trench 2
was made at the edge of the gel (see panel A). The sample thickness can be
estimated from the cross-sectional view in each case acquired by electrons.
One should remember during thickness estimation that the surfaces of the
groove are tilted to 52 degrees with respect to SEM source. The image
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quality was poor when images were taken from the cross-section 1 where
severe charging effects were encountered (panel B). The thickness of this
region was estimated roughly to ~20 µm. On the other hand, the second
trench was made at the edge which shows that sample is thin. The average
sample thickness at this region was measured to about 5 µm (panel D). The
surface of the cross-section was quite uniform without bubble cavities
contrary to the trench 1, which had irregular surface with several cavities
within the cross-section. The hydrated biological specimens can be frozen
either by high pressure freezing or a plunge freezing technique. Typically,
small-volume specimens are prepared by plunge freezing technique and
vitrified samples can be obtained. Nevertheless, this technique is still
applicable for larger-volume specimens if thinner regions of the sample are
chosen for analysis. The results of such observations on positive and control
hydrogel samples are shown in section 6.3.

Figure 35. A region selection strategy: SEM overview micrograph (A) shows the
two regions (1 and 2) where trenches were made. The place 1 is the region where
first trench (B) was made and place 2 for second trench (C) and (D). The top view
(C) of the second trench was acquired by ions.
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6.2.2 Specimen preparation in the cryo-FIB for cryo-SEM
observation
The processes involved in the specimen preparation for SEM observation
can be described by the following headings: (a) plunge-freezing ex-situ and
Au/Pd coating in the prep-chamber, (b) selection of region of interest, cold
deposition of Pt and compacting inside the FIB and (c) making of groove
and fine polishing of its side wall. In other words, the cryo-FIB/SEM method
mainly consists thus in 1) ex-situ FIB preparation of specimen, 2) In-situ FIB
cutting of a groove on a frozen sample and 3) cross-sectional SEM imaging
of the sample on the side wall of this groove after fine polishing. These
preparation steps are discussed here briefly on nanoparticle containing wet
hydrogels and Aspergillus niger spores. A detailed discussion of FIB/SEM
preparation methods can be found in [100].
Plunge-freezing ex-situ and Au/Pd coating in the prep-chamber
In order to improve the freezing speed, slush is generated from LN2. The
sample is first introduced into the slushing chamber (Figure 36C) for rapid
freezing. If the wet samples are rapidly cooled to low temperatures the
resulting ice will not display any crystalline structure, i.e. it will be
amorphous and referred to as vitreous ice [101]. The formation of vitreous
ice is wished as it causes the least disruption to the structure of the
specimens.
In order to start the preparation process, a small pot in the slushing
chamber is filled with LN2. A slush of solid and liquid nitrogen is obtained
in 2-3 min by pumping down the chamber. Meanwhile, the samples which
have to be frozen are prepared by depositing a small amount of materials
onto a cryo-SEM holder. At the moment when the LN2 turns to slush, the
samples are rapidly plunged into it. Freezing into slush reduces the LN2 boil
off significantly; this helps in fast freezing and subsequently leads to
vitreous ice formation in places where the sample is thin. If any frozen
sample is warmed up above a certain temperature (140 K) for long time, the
ice starts then changing its phase from amorphous to crystalline. This can
alter the sample structure considerably [101]. Moreover, ice crystals could
obscure the contrast in the image. Therefore, it is important that once the
samples have been frozen they must maintain a temperature lower the than
critical value to retain their structural integrity. After plunge-freezing, the
samples are transferred to the Alto prep-chamber using a transfer rod e.g. the
VTD (Figure 36A) for further processing.
The prep-chamber is equipped with a cold knife to fracture the sample if
needed. For effective imaging, the frost particles formed on the surface
during the cryo preparation must be removed. This was done by brief heating
of samples with electrical heater up to -95 0C (178 K) [100]. This step is only
performed when it is not necessary to preserve amorphous ice. During
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sublimation, the surface ice converts directly to water vapors and preferably
condenses onto an anti-contaminator that is set at a lower temperature than
the stage. After this step, the samples can be coated (if needed) with a
magnetron sputterer in the prep-chamber that enables high resolution coating
with Au/Pd. The prep-chamber is also equipped with binocular allowing
inspection of the sample during fracturing/etching etc. Finally, the samples
are transferred to the microscope for imaging and/or FIB milling.

Figure 36. A Gatan Alto 2500 system has been used to prepare water containing
specimens prior to introduction into the microscope. (A) A vacuum transfer device
(VTD) to transfer/remove the samples where a cryo-SEM holder is attached to a
VTD (inset); (B) A cryo-SEM holder with Al-stub (white arrowhead) for sample and
slots (white arrows) for two TEM grids; (C) a slushing station to cool the samples
with LN2 slush and a slushing chamber is highlighted by a black arrow and (D) Alto
2500 prep-chamber coupled to FIB/SEM.

A selection of region of interest, a cold deposition of Pt and compacting
inside the FIB
This step is explained in detail by Figure 37 below. First a feature of interest
is searched on the sample by observing it both at low and high
magnifications, e.g. panels D and C, respectively. Then, FIB, SEM columns
and the stage are aligned. A good alignment is particularly important to
retrieve the feature after cold Pt deposition because lower temperature
deposition covers a larger area compared to normal deposition (see panel E).
The main difference between Pt depositions at room temperature and LN2
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temperature is the process, i.e. the precursor gas is decomposed by the ionbeam causing the metal to be deposited on the surface of the sample. The
process is known as ion beam induced deposition (IBID). Unlike IBID, the
deposition at LN2 temperature is driven by the thermal gradient between
precursor gas and the cold sample [100]. Therefore, this process is referred
as cold deposition where I-beam is not operated during the deposition. Thus,
a Pt layer at LN2 temperature was deposited by adjusting the following
parameters so that a deposit can disperse more evenly. The GIS needle was
set to about 1 mm from the sample (panel B); this distance is 100-200 µm in
normal setting (see panel A). The Pt source temperature was set to 25 °C
(instead of the usual 40 °C) to get well controlled and uniform layer of Pt
[100]. During scanning with the e-beam, the gas valve was opened for 10
seconds at 1000 times (1 kX) magnification (panel E). A layer of Pt
precursor-material was condensed on the sample surface that is clear at 5 kX
(panel F). This layer was compacted for 60 s by scanning the deposited area
with a 1 nA ion beam at 1 kX magnification and pictures were taken at low
(panel H) and high (panel I) magnifications to estimate the thickness of this
layer. The Pt compacted area is highlighted by arrows on the corners of a
square at 500 X magnification (panel G). This step leads equally to a
smoother surface, making the deposit electrically conductive and
maximizing structural details. This Pt rich layer is advantageous as it also
prevents curtaining effects and thus helps in smooth milling of cross-sections
during fine polishing. The whole process of cold deposition of Pt is
explained by Figure 37.
Coming back to the selection of regions for investigation especially for
SEM, as explained earlier, in plunge freezing technique the vitrified regions
of large-volume hydrated specimens, e.g. wet hydrogels are preferably close
to the edges. Therefore, it is a good strategy to choose thin samples close to
the boundaries for FIB cross-sections. This approach provides the possibility
to investigate sub-µm thin objects embedded in thicker samples in their near
native environment. It has been shown in paper VI that this strategy is
workable, for example, in case of inorganic nanoparticle contained in
hydrogels. In this study the gel samples have been investigated by cryo-SEM
by preparing FIB cross-sections on 2-3 µm thick samples, the image quality
allowed for analysis of inorganic nanoparticles e.g. grain location and grain
size (see Figure 43).
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Figure 37. A cold Pt deposition procedure: a GIS needle at normal deposition (A)
and at cold deposition (B) settings is shown. The center of the image is marked by a
cross sign to compare the two positions of the needle. A group of Aspergillus niger
spores at high magnification, 12 kX are shown (C). Spores before (D) and after (EF) deposition of Pt are shown; subsequently the Pt compacted area is highlighted by
arrows (G) and the same group of spores after deposition and ion compacting (H-I).
One spore is highlighted by an arrowhead in panels C and I before and after
deposition, respectively.

Milling a groove and fine polishing of its side wall
In order to cut the trenches the samples were tilted to 520 so that their
surfaces are perpendicular to the ion-beam. In the first step, a hole was made
by sputtering with high current i.e. 7 nA, referred to as rough trench because
high current sputtering results in an uneven surface due to re-deposition and
curtaining effects (Figure 38A). In the second step, the unwanted material is
removed, exposing the newly cut sides of the trench, a few times with low
currents, e.g. 1 nA and 0.3 nA, thereby revealing a smooth and uniform
surface. This process is called ‘fine polishing’ of sample (see Figure 38B).
On a fine polished surface, different features of the cross-section can be then
identified, i.e. deposited Pt-layer, sample and substrate. The cross-sections
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were then imaged at high magnifications to investigate sample structure e.g.
in the case of SEM analysis. However, in the case of TEM sample
preparation, the process is continued and subsequently a lamella is prepared.
The milling of groove at different ion currents is shown in Figure 38, where
a rough cut and a fine polished step was done with ions of 7 nA and 1 nA
currents, respectively. From top to bottom, a Pt layer, the spores and an Alsubstrate, respectively can be identified on the polished side of the groove
(panel B) where the Pt layer was deposited by a cold deposition process. In
addition, the interface between sample surface and substrate can be
visualized as it is highlighted by a white dotted line in panel B. More details
of the fine polishing process can be found in the step (e) below.

Figure 38. An example of milling a trench on the frozen- hydrated sample at
different ion currents, i.e. at 7 nA (A) and 1 nA (B). The first step is referred to as
rough milling and the second step is known to as fine polishing of the sample. Note
how the side wall of the cross-section becomes smoother after the fine polishing
process (panel B).

6.2.3 Specimen preparation in the cryo-FIB for cryo-TEM
observation
For a TEM sample, a lamella was extracted from the region of interest of a
frozen specimen with a precision of sub-µm and thinned to electron
transparency with the focused ion beam and then transported cryogenically
into the TEM. The preparation procedure of the technique is demonstrated
on Aspergillus niger spores and its different steps are discussed under the
following headings: (a) a plunge-freezing ex-situ and Au/Pd coating in the
pre-chamber, (b) a selection of region of interest, a cold deposition of Pt and
compacting inside the FIB, (c) Milling a groove and fine polishing of its side
wall, (d) A lamella-preparation and in-situ lift out, (e) approaching, welding,
cutting-free and fine polishing of a lamella to a TEM grid and (f) transferring
of a specimen grid to a TEM. The first three steps (a-c) are common in both
SEM and TEM preparation which have been discussed already above in
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section 6.2.2 while the other steps (d-f) of the preparation are discussed here
in detail.
A lamella preparation and in-situ lift out
For a TEM sample preparation, a thin slice (lamella) whose surface is
perpendicular to the bulk can be extracted from any region of the specimen
by sputtering two trenches. For a lamella, a foil of usually 25x5x0.1 µm3
dimensions (length, depth and width in this order) is prepared from the
region of interest of the sample [89]. However, for soft matter specimens it is
better to prepare a lamella with thicker width, lift it out and then thin it to
electron transparency once fixed on the TEM grid. We lifted out lamellae
that were about 5 µm thick and then their central part was thinned to electron
transparency. It is worthwhile to mention that the width of the lamella is the
thickness of the sample in the TEM. The most important steps of the lamella
preparation and the lift out are visualized by Figure 39, where the area of
interest after Pt deposition in I-beam view is shown in panel A.
For a lamella, two trenches i.e. lower and upper were sputtered in two
steps as they are indicated by 1 and 2 in panels B and C, respectively. During
the preparation of trench 1, it is worthwhile to polish the wall of the lamella
to identify its features in the cross-section i.e. thickness of Pt layer, sample
and substrate from top to bottom respectively (see Figure 38B). The sample
was then tilted back to 00 tilt, i.e. horizontal position of the stage, so that the
sides and the bottom of the lamella could be milled-free from the bulk,
except for two small bridges holding it in place. Two small and thin bridges
are indicated by black arrow heads in panel D where the bottom of the
lamella has been sputtered away by the ion beam. Once the lamella is ready,
it can be lifted out from the bulk by an Omni-probe. Thus, an Omni-probe
needle was approached to the lamella and attached there carefully (panel E)
by looking at the needle both with e-beam and I-beam views simultaneously.
The most important point to be noted in this context is that the tip of the
Omni-probe needle should be very sharp for better contact with the lamella.
Therefore, for this purpose, the tip of the needle was sharpened to the order
of 1-2 µm in diameter prior to sample preparation and set well far away from
the sample. As an example, a needle where a thick tip was thinned is shown
by Figure 42F. Once the Omni-probe needle was contacted with the lamella,
it was welded there by cold deposition of Pt (panel F). After welding, the
two small bridges of the lamella, as indicated by arrowheads in panel D,
were sputtered away so that the lamella is only attached to the Omni-probe
(panel G). The lamella was then “lifted out” from the bulk by extracting the
needle (panel H). The lifted out lamella with Omni-probe needle (white
arrowhead), the region from where lamella was extracted (black arrow) and
the GIS needle is shown in panel I, the brighter contrast is from the
condensed precursor. A lamella preparation and lift out procedure is also
described briefly by Figure 39.
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Figure 39. A lamella preparation and lift-out procedure: Aspergillus niger spores
(A) with a Pt layer. In order to prepare a lamella two trenches 1 and 2 (B and C)
were sputtered away. After trenches the bottom and sides (D) were cut out leaving
only two small bridges (arrowheads) connecting it to the bulk. The Omni-probe
needle (E) was brought in contact with the lamella and cryo-deposition of Pt was
used to weld them together (F). After compacting of Pt both bridges were milled
away completely leaving the lamella connected only to the Omni-probe for lift out
(G). Finally, the lamella was lifted out (H) by retracting the Omni-probe needle. The
GIS needle, lamella with Omni-probe needle (white arrowhead) and the region from
which lamella was extracted (black arrow) are shown in (I).

Approaching, welding, cutting-free and fine polishing of a lamella to a
TEM grid
The attachment of a lamella to a TEM grid and its thinning are described in
Figure 40A. A TEM grid with three copper posts as indicated (left to right)
by A, B and C is shown in panel A at low magnification. One post of the grid
is indicated by a white arrowhead, where a lamella was attached (support A).
After the lift-out step, the Omni-probe needle together with a lamella was
approached (panel B) and contacted the lamella with a support of the grid by
monitoring the Omni-probe/lamella with I-beam of low current (panel C)
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and e-beam (panel D) views simultaneously. Thereafter, the lamella was
welded there by a cold deposition of Pt (panel E). This is followed by
cutting-free the needle from the lamella (panel F and G). Sputtering should
be fast otherwise the lamella could be detached from the support due to a
thermal drift of the Omni-probe needle. Normally, a high ion current, i.e. 7
nA was used to sputter away the needle from the lamella.

Figure 40. Approaching, welding and thinning procedure of the lamella: A TEM
grid (A) with copper posts and one post is indicated by a white arrowhead where a
lamella was attached. The Omni-probe needle together with a lamella (B) was
approached to a grid and contacted to its support (C and D). A cold deposition of Pt
(E) is used to weld them together. The tip of the needle is then sputtered away (F
and G) leaving the lamella attached to a TEM grid. Finally, the thinning of a
lamella (H) was continued where two spores can be seen clearly (white arrows) and
finished (I) when it was electron transparent. The sample is then ready for TEM
analysis.

The last part of the TEM sample preparation is fine polishing of the lamella
to make it electron transparent (panel H and I). This was done in three
successive steps with ion currents of 1 nA, 0.3 nA and 0.1 nA, respectively. It
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should be remembered that the thinning should start when the stage is tilted
to 520. The biological specimens are thinned to ~300 nm to electron
transparency [97]. The lamella thickness was roughly estimated by
secondary electron contrast [102]. Once the thinning was completed, the
sample was transferred to a TEM for analysis. A detailed description of the
FIB lift out method has been discussed in paper VII.
Transferring of a specimen grid to a TEM
Now the most important and tricky part of the sample preparation is
discussed which is referred to as transferring of sample to the TEM. Here,
only a summary of this procedure is given whereas a detailed description of
‘cryo TEM from specimen preparation to the microscope’ is given by Linda
Melanson [13]. The following steps should be done before removing the
sample from the Alto prep-chamber: (1) ascertain that the TEM cryo-holder
has had the zeolites regenerated, (2) cover the specimen grid with a
protective shutter of the SEM holder, (3) the cryo transfer workstation
(CTW) need to be purged 2-3 times with dry N2 gas prior to cooling it and
(4) place the TEM holder rod in the CTW prior cooling the station. The rod
of a cryo-specimen holder inserted to the CTW port is shown in Figure 41.
The following points should be remembered while working with the
CTW. (1) The transfer tools should be dip-cooled prior to handling the
sample. (2) The cryoshield must be retracted from the recess of the specimen
tip. The removed cryoshield from the specimen recess is indicated by a black
arrow in the inset photograph of Figure 41. (3) The specimen clipring must
be removed from the specimen recess and stored in the LN2 reservoir while
still attached to the insertion tool. The specimen recess on the TEM holder
tip with removed clipring is indicated by a white arrowhead in the inset
photograph. (4) The tweezers points need to be dipped in the LN2 reservoir
until the liquid nitrogen stops bubbling, then pick up a specimen grid for
loading into the recess. (5) Loading should be fast but careful. (6) Check that
the grid is properly seated in the recess before pressing the clipring down.
(7) The clipring must be screwed properly. (8) The grid should be covered
immediately with a cryoshield after loading.
The following steps should be done prior to loading the cryo-holder into a
TEM: (1) remove all the connections of the CTW keeping it in place, (2)
never remove the holder from the CTW at this stage, (3) quickly go to the
TEM room by carrying the CTW, (4) column valves of the microscope
should be closed, (5) the routinely used TEM holder should be removed, (6)
the viewing screen of the microscope should be covered, (7) the cold finger
should be cooled down, (8) the CompuStage should be tilted to -70°, (9) the
temperature controller should be connected to the main power, (10) the
cryogenic gloves should be worn to avoid direct spill-out of LN2 on to hands.
The following steps should be remembered during loading the cryoholder
in the TEM. Loading should be completed in two steps. In the first step, the
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holder should be inserted when the CompuStage is tilted to -70° and the
cable of the power supply should be connected to read the holder
temperature. The type of holder is selected in the microscope interface. The
airlock cycle should be completed before the second step where the
CompuStage is tilted back to 0°, before inserting the holder into the
microscope. Once loading is done, the vacuum level of the column need to
be monitored because a cryoshield should never be retracted until the
vacuum is fully recovered. It should be noted that a full dewar of specimen
holder lasts about 5 hours once it is cooled and re-filled 2-3 times at the
beginning. The above mentioned protocol package was used to cryogenically
transport the FIB prepared TEM samples into a TEM for analysis. A TEM
specimen transferring procedure is described by Figure 41.

Figure 41. Cryo-TEM transferring procedure. Once the TEM sample has been
thinned to electron transparency (Figure 40I), it is transferred to the CTW, while
mounted onto a cryo-SEM holder. The CTW has an entry port for the VTD on left
side as indicated by E in the inset photograph and one entry port on the right side
for a cryo TEM holder rod. The holder tip, inserted through this port in the cooled
exchange chamber, is indicated by an arrowhead. Pre-cool the CTW and the
inserted TEM holder rod. The modified cryo SEM holder (see the inset) has two
slots (white arrows) for holding the TEM grids; the lower slot is open and other is
covered with a protective shutter, which can be opened with a screwdriver. Open the
shutter, release the grid and rapidly but carefully transfer the grid to the recess
(white arrowhead) of the holder tip with a cold tweezers. Immediately, cover the
grid with the cryoshield (black arrow), remove the connections of CTW, go to the
TEM room and mount the holder in the TEM. LN2 is used to flood the chamber and
create a nitrogen-only, water-free atmosphere around the sample during the whole
process.
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TEM sample preparation in the FIB at cryogenic temperature has a few
differences than room temperature (RT) that should be addressed to optimize
the process. For instance, the cold deposition of Pt covers much larger area
than RT deposition (see Figure 42B, D) and subsequently grows to a thick
layer in a quick time. Thus, it was observed that if a cold deposition is done
with a normal GIS needle condition, i.e. 100-200 µm sample-to-needle
distance, then the deposited layer was uneven and very thick even with a few
seconds of deposition, see Figure 42B. However, a better quality, well
uniform and thin layer of Pt is required for the following purposes: (1) to
protect the surface of the sample, (2) to weld the lamella together with the
Omni-probe and (3) to weld the lamella together with a support of the TEM
grid. This can be achieved by two ways: (i) setting the temperature of the Pt
source to 25 0C instead of 40 0C and (ii) re-positioning the GIS needle by
retracting it with respect to the sample (see Figure 37A, B). However, for
SEM preparation, a simple approach is followed where sample stage is
lowered to 1 mm from the FWD instead of re-positioning the GIS needle. At
FWD, a sample-to-electron column distance is about 5 mm. Thus, after readjustment this distance is about 6 mm for a cold deposition. This approach
is not applicable for a lamella lift-out since once the Omni-probe needle is
attached to the lamella; the sample stage could not be moved in order to keep
the contact between them.

Figure 42. Lamella/cold needle before (A) and after (B) 10 seconds of cold Pt
deposition at normal GIS needle settings. The Lamella was broken (C) during liftout attempt and the remaining small part of the lamella is indicated by the arrow. A
RT deposition (D) covers only a well-defined area. A SEM image of a blunt Omniprobe needle is shown in (E) and same needle after sharpening (F). The Inset is a
magnified image of the tip where it is 1-2 µm thick in diameter.
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In addition, the lamella is approached and welded to the TEM grid at 5 mm
FWD because at this distance both electron and ion beams are coincident.
This condition allows monitoring of needle/lamella location both by
electrons and ions simultaneously for better and successful connection.
Therefore, a GIS needle was re-adjusted at the beginning of every session of
TEM sample preparation. In order to optimize the deposition process,
initially it was tried once to weld the needle together with a lamella at
normal GIS needle distance, i.e. 100-200 µm and consequently the lift out
attempt failed (see Figure 42A-C) due to over-exposure of deposit species
even with a 10 sec of deposition. Deposition at a small GIS needle-to-sample
distance results in a re-filling of trenches and consequently a re-attaching of
a lamella to the bulk (see Figure 42B).
Another important factor of a cryo-FIB lamella lift out method is the
shape of the Omni-probe needle. The tip of the needle should be very thin
and sharp for better contact. If the tip is thin and sharp then it remains thin
with a reasonable thickness even after two times of exposure with a
precursor gas, i.e. once during welding it to the lamella and second during
welding the lamella to the TEM grid; see Figure 39F and Figure 40E. On
the other hand, if a needle with a thick tip is used then it will be very thick at
the time when it needs to be cut-free, i.e. after connecting the lamella to the
TEM grid. The milling of a thick tip is quite challenging as there is an
increased risk of detachment of the lamella from the grid due to the thermal
drift if the milling time is too large. Therefore, Omni-probe needles were
always thinned to very sharp tips of the order of 1-2 µm in diameter at the
beginning of each session. A SEM micrograph of such needle is shown in
Figure 42E, F.

6.3

Cryo-SEM analysis of inorganic nanoparticles
contained in hydrogels prepared by cryo-FIB

In this study, we reported a synthesis of the first injectable in situ forming
hybrid hydrogel material and investigated its ability to induce
mineralization. A detailed discussion of this study can be found in paper VI
whereas a short description of the cryo-SEM investigation is given in this
section.
In order to investigate frozen hydrogels, the cross-sections were made by
cryo-FIB. Figure 43 shows the cryo-SEM micrographs of one analyzed
positive hydrogel sample (HA-BP-1) that was mineralized for 1 day in a
Ca2+/Mg2+-containing PBS buffer. The region of the gel where the crosssection was made is represented by a cross sign (panel A) and after crosssection is indicated by an arrowhead (panel B). The inorganic nanoparticles
were observed on the side wall of the FIB milled cross-section of the gel
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(panel C). Few examples of such nanoparticles are indicated by white
arrows. The image quality was good enough to allow the investigation of
these samples where thickness of the gel was estimated to be few
micrometers. For example, the thickness of the sample in the present case
was estimated to be 2-3 µm while the size of the particles was measured in
the range of 300-400 nm and the mean size was calculated to 348 ± 12 nm.
The surface of the gels was protected by a few micrometer thick layer of Pt
that was deposited by a cold deposition method. No significant difference in
the mean size of the inorganic particles was detected for the samples
incubated in the mineralization medium for 1 day and 7 days. The average
size of the particles for 7-days mineralized hydrogel sample, HA-BP-7 was
estimated to 358 ± 26 nm. A detailed list of hydrogel samples is given by
Table 1 (section 3.3).

Figure 43. SEM micrographs of wet hydrogel samples: The low magnification
images of HA-BP-1 gel sample before (A) and after (B) sputtering a trench. The
region before and after making a cross-section is indicated by a cross sign and an
arrowhead, respectively. The Pt cured area is marked by black arrows in panel B.
The high magnification image of the cross-section shows the inorganic
nanoparticles on the surface and two particles are highlighted by white arrows (C).
The Pt layer is roughly 2 µm in thickness on top of the gel. The inset of panel C is a
cross-sectional image of the HA-7 gel sample where its surface is flat and there is
no indication of particles. (Adapted from Paper VI)

Moreover, it was observed that the surface morphology of the hydrogels was
different for different samples (Figure 44). The surface of the control
hydrogel, e.g. HA-7 even after 7 days of incubation in the mineralization
medium was rather flat with no indication of particles (panel C) whereas the
surfaces of the hybrid gels, e.g. HA-BP-1 and HA-BP-7 were rough, see
panels A and B, respectively. Moreover, the incubation of these hydrogels in
the Ca2+/Mg2+ PBS buffer resulted in the formation of clearly visible
particles. The mean size of these particles was measured to 680 ± 35 nm and
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790 ± 30 nm for HA-BP-1 and HA-BP-7 samples, respectively. This means
that the average size of the particles, calculated from the surface of both
samples is approximately twice as compare to the average size of the
particles in the interior of the same samples. This can be explained by the
diffusion gradient of the mineral ions in the direction from the surface to the
interior of the hydrogels and also by the fact that the cross-section does not
cut through the center of each particle. These two positive hydrogels were
also investigated by transmission electron microscopy (TEM) for high
resolution studies and results were compared with SEM. The summary of
this analysis is given below.

Figure 44. Cryo-SEM images of the surfaces of the wet hydrogel samples. The insitu formed positive hydrogels, HA-BP-1 (A) and HA-BP-7 (B). The control
hydrogel (C) was examined after 7 days of mineralization in a Ca2+/Mg2+containing PBS buffer. (Adapted from Paper VI)

We examined the two positive injectable hydrogel samples, e.g. HA-BP-1
and HA-BP-7 using TEM. We detected well dispersed, almost round
particles with an average size of 325 ± 10 nm and 375 ± 12 nm for HA-BP-1
and HA-BP-7 samples, respectively. From the TEM observation, the
individual grains could be easily identified within the compound particles,
although the grains were more compact for HA-BP-7 sample than HA-BP-1.
Each compound particle comprises about 30 small grains of ~ 50 nm in
diameter. Moreover, single grains that are not part of the larger aggregates
can be seen well dispersed in the space between the aggregates with a
density of 21 ± 1 grains /µm2. Smaller compound particles together with
larger ones as well as single grains were detected in the HA-BP-1 gel,
shedding light on the mechanism of the mineralization process. It is most
probable that this process begins with mineral deposition on the small
nucleation points of the chemically immobilized Ca2+•BP complexes until
enough grown grains meet each other and aggregate through the ionic
interactions. Selected area electron diffraction (SAED) patterns of the
particles were acquired. From the width of the diffraction rings it was
possible to determine that they are amorphous or nano-crystalline with
crystallites in the order of 1-2 nm.
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6.4

Cryo-TEM analysis of spores prepared by cryoFIB

The FIB prepared samples were observed by TEM for high resolution as
SEM has low resolution as compare to TEM. The TEM methods enable us to
investigate water containing specimens down to the atomic scale resolution
in their ‘near native’ state. Different TEM techniques are available to
analyze the samples, e.g. bright-field (BF), dark-field (DF) and high
resolution (HR) imaging. Once the vacuum was achieved to the desired
level, the column valve was opened, the cryoshield was retracted by pulling
on the knob at the rear of the Dewar and samples were then observed.
Figure 45A is a BF image of a FIB prepared Aspergillus niger spore at
medium resolution that reveals its cellular structure, e.g. outer core, plasma
membrane and nucleus. Figure 45B is a DF image of the same spore, which
shows the better contrast for different organelles of the cell.

Figure 45. Cryo-TEM analysis of Aspergillus niger spores: BF (A) and DF (B)
images of one spore. A high resolution image of the underlying support film (C)
shows Al (111) lattice planes. The inset is the FFT of the HR image and shows the
0.233 nm reflection (adapted from Paper VII).
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It is also possible to achieve the atomic resolution of the specimen but it
required very stable conditions of the microscope. Since there is a
temperature gradient and there could be bubbling LN2 in the holder, there
can be a strong specimen drift that limits the resolution of the microscope.
However, following protocol can be used to obtain highest resolution and
stability of the specimen [13], (1) keep the LN2 level lower than the crosstube in the dewar to minimize the vibration, (2) clamp the control cable to
the microscope column to prevent transmission of the room noise, (3)
remove the control box cable from the holder if the heater is not in use, (4)
tap lightly on the dewar towards the column once the temperature has
stabilized and (5) be sure that the clipring ring is properly screwed to the
sample because inadequate specimen clamping can cause severe vibration.
This protocol was used to acquire high resolution images of hydrated
specimens by cryo TEM. Figure 45C shows the HR image of the under
lying support film of Aluminum. The Al (111) lattice planes are visible in
this magnification. Moreover, it is also possible to obtain elemental maps of
the specimen to distinguish different elements of the spore. A detailed
discussion can be found in paper VII.

6.5

Chapter conclusions

In this chapter an experimental protocol has been developed to study water
containing specimens, e.g. hydrated biological specimens by cryo-SEM
investigation. The samples for SEM were prepared in the FIB at cryogenic
temperatures. Since SEM has a low resolution therefore this technique was
extended to TEM sample preparation for high resolution. Thus, this chapter
is mainly consisting of two parts, i.e. cryo-SEM observation and cryo-TEM
observation of FIB prepared specimens. The plunge-frozen samples were
utilized in both electron microscopy studies. The cryo-FIB preparation for
cryo-SEM observation was demonstrated on inorganic nanoparticle
contained in hydrogels (part 1) while cryo-TEM preparation on Aspergillus
niger spores (part 2). The details of these studied is given below.
Part 1: In this part of study, plunge frozen wet hydrogel samples were
studied by cryo-FIB/SEM. The hydrogel samples with inorganic
nanoparticles are referred to as positive hydrogels and similar gels without
particles are called control hydrogels. The specialty of these gels is that they
can be injected into the body for bone formation. Eight hydrogel samples
were synthesized for cryo-SEM investigation. The detail of these samples
can found in Table 1 (section 3.3). In order to investigate these wet
hydrogels, the cross-sections were sputtered by cryo-FIB. The inorganic
nanoparticles were found only for HA-BP-1 and HA-BP-7 hydrogel samples
and mean size of the particles was calculated to 348 ± 12 nm and 358 ± 26
nm, respectively. This size was found in good agreement with the mean size
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of the particles calculated by TEM analysis of similar samples, i.e. 375 ± 12
nm and 325 ± 10 nm for HA-BP-1 and HA-BP-7 gels, respectively. The
analysis of selected area electron diffraction (SAED) patterns shows that the
particles were amorphous or nano-crystalline with a crystallite size less than
2 nm. A detailed discussion of this study can be found in paper VI.
Part 2: For TEM sample preparation, an in-situ FIB lift-out method was
developed and demonstrated on frozen 2-4 µm thick Aspergillus niger
spores. A nano-manipulator was modified for this purpose to keep it cold
during the lift-out process. Once the lamella was thinned to electron
transparency, the specimen grid was transported to a custom-built cryo
transfer workstation (CTW) in order to mount it into the TEM holder. Liquid
N2 was flooded to keep the CTW chamber cold and create a water-free
atmosphere around the sample. After transferring, the specimen holder was
mounted into the microscope for analysis. A protocol was developed to
achieve stable conditions of the microscope for better acquisition and to
obtain bright-field, dark-field and high resolution imaging of the spores in
their near native environment. This observation revealed the structures of the
cell, e.g. outer core, plasma membrane and nucleus. The lattice fringes of the
underlying Al support film with lattice spacing lower than 3 Å were
successfully resolved by high resolution imaging, confirming that the
technique has potential to extract structural information down to the atomic
scale. In addition, the elemental maps were also acquired to investigate
different regions of spores and staining agents. For more discussion, see
paper VII.
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7

Concluding remarks

In order to understand their properties, the examination of internal structure
of the materials at high resolution is required. Transmission electron
microscopy (TEM) is a technique that enables us to visualize the structures
of the materials down to the atomic scale. However, sample preparation is a
big issue in TEM characterization particularly for light element materials
and water containing specimens. The samples of material science are
relatively simple to prepare but life sciences specimens require specific
sample preparation techniques and specific conditions of the microscope.
Thus, in this thesis, such techniques are developed to enable the study of
such materials at high resolution. The materials on which these techniques
have been demonstrated are multilayer graphene flakes, DNA-nanoparticle
materials and a number of water containing specimens. The detail of these
studies is given below.
In this doctoral thesis, a TEM method for thickness characterization of
graphene flakes is demonstrated which is based on bright-field (BF)
imaging. The graphene flakes are prepared by a wet chemistry method. In
order to determine the thickness of graphene flakes, the dynamical theory of
electron diffraction is used to obtain an analytical expression for the intensity
of the transmitted electron beam as a function of thickness. To obtain a more
accurate description of intensity, high resolution (HR) TEM simulations are
performed and the characteristic absorption length λsim in thin graphite is
calculated (208 nm) and determined experimentally (λexp = 225 ± 9 nm).
Compared to conventional high resolution TEM imaging, this method is
much faster enabling fast screening of several flakes in a single TEM session
and greatly reducing the electron dose on each flake. The method is similar
to thickness maps obtained by energy filtered TEM but it does not require an
energy filter and the resulting images have higher intensity and therefore
lower relative noise levels.
Immobilization of functionalized magnetic nanoparticles (beads) to DNAcoils has been investigated using TEM. This particular immobilization
process of beads is the basis of a newly invented substrate-free and lab-on-abead magnetic biosensor principle. Dry samples of non-stained DNA-coils
with beads of two different sizes and with low and high number of
oligonucleotides per bead were studied. The bead-coil complexes were
appearing as salt-DNA residues (referred to as salt-DNA stains) with beads.
A quantitative analysis of the average number of beads per salt-DNA stain
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was calculated where this number was higher for smaller beads. A
qualitative character of the location of beads within the salt-DNA stains was
performed and found that smaller beads were preferably attached to the
interior of the DNA-coils. No indications of the presence of clusters of
several DNA-coils with magnetic beads were found in the case of low
number of oligonucleotides per bead while some percentage of clusters was
observed in the case of high number of oligonucleotides per bead.
Though, the DNA/bead samples were investigated successfully and we
extracted very useful information related to bead/DNA interaction. But in
order to observe the real structure of bead-coil complexes in solution, the
samples have to be observed in their native environment. Thus, a technique
was developed to prepare water containing samples in the cryo-FIB for cryoTEM and samples were frozen with liquid N2 to preserve their near native
structures. The technique is discussed briefly below.
An experimental protocol has been developed to prepare regions of
interest of water containing specimens for cryo-TEM. The work was
accomplished in two steps. In the first step, a number of specimens were
used to optimize the preparation procedure for better TEM sample
preparation. In this work, nanoparticle contained in wet hydrogels were
prepared by cryo-FIB and analyzed by cryo-SEM. The size of the particles
was measured in the range of 300-400 nm and the mean size was calculated
to 350 ± 12 nm. In the second step, Aspergillus niger spores were extracted
on Al support material in the form of thin lamella by cryo FIB with the
precision of sub-micrometers. The lamella was then lifted-out by a cold nano
manipulator and being thinned to electron transparency with ion beam. The
sample was then cryogenically transported into the TEM using a cryotransfer bath. A protocol was developed to achieve stable conditions of the
microscope for HR imaging. The structure of the cells was revealed by
BF/DF imaging. Also, a series of energy filtered images were acquired and
C, N and Mn elements were distinguished. Furthermore, lattice fringes of
underlying Al support with lattice spacing lower than 3 Å were successfully
resolved by HR imaging, confirming that the technique has potential to
extract structural information down to atomic scale resolution. The
experimental protocol is ready now to be employed on a large variety of wet
samples e.g. DNA-nanoparticle materials.

7.1

Future perspective

The future work can be explained in view of different developments in the
electron microscopy techniques to study light element and soft matter
materials at high resolution.
In the recent development of the technique, the cryogenic transferring of
FIB prepared sample into a TEM is a most difficult and challenging part;
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samples are needed to mount into a TEM through a cryo-transfer bath that
puts high demand of work on a tiny sample. The TEM sample should remain
clean and ice-free while transferring otherwise frost particles can obscure the
structure of the sample. Though, we have had a good experience but still this
work needs more exercise and much iteration before achieving an optimized
protocol of the procedure. However, in future, our proposed technique could
open up vast new fields such as soft/hard matter interface related studies.
The interaction between magnetic beads and DNA coils were investigated
successfully at room temperature with dried samples where some useful
information was extracted. However, in order to localize the real DNA/bead
structure, the samples have to be observed at cryogenic temperatures. As a
follow-up study of DNA-bead we want to study by electron microscopy the
3-D structure of DNA-coils in a state as close as possible to their native
environment. For this purpose a cryo-FIB/SEM technique could be possibly
employed and series of images by the slice & view method can be obtained.
Due to the low electron microscopy contrast of DNA, the DNA-coils can be
labelled by attaching 10 nm gold nanoparticles (functionalized with singlestranded short DNA) to the single-strand of the long DNA-coils.
Theoretically, in this case, all binding sites (~ 1000 in total) in the DNAcoils should be occupied by gold nanoparticles, i.e. ~ 1000 gold
nanoparticles per DNA-coil. This in turn means that the gold nanoparticles
should appear periodically along the strand of the DNA-coil with ~ 30 nm
inter-particle spacing. Furthermore, this study can be extended to 3-D
visualization (3D tomography) of bead/DNA structure to cryogenic
temperature for high resolution imaging in the TEM.
On the graphene material, a systematic study of beam damage can be
conducted as a future work. The parameters to study can be sample
temperature (room temperature to liquid nitrogen), accelerating voltage,
thickness of graphene flakes and sample dose.
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Summary in Swedish

Upptäckten av elektronernas vågkaraktär år 1927 har revolutionerat mikroskopin
och gjort det möjligt att visualisera föremål ända ned till atomär skala. För att förstå
deras egenskaper krävs analyser ned på atomnivå vilket inte är möjligt med endast
ljusoptisk mikroskopi. Under senare år har forskare och ingenjörer lyckats bygga ett
transmissionselektronmikroskop (TEM) med en upplösning på 0,05 nm (2009-2012)
vilket kan jämföras med 200 nm som var upplösningen i början av år 1934. Efter att
ha utvecklat elektronlinserna byggde Ruska och Knoll det första
elektronmikroskopet i början av 1930-talet. Ruska belönades med Nobelpriset i
fysik 1986 för att ha utvecklat denna underbara maskin. Den största skillnad mellan
optisk mikroskopi och elektronmikroskopi är användandet av elektroner för att
skapa en bild. Elektronerna har en våglängd som är 100000 gånger kortare än
ljusets. Den kan relateras till elektronernas energi genom de Broglies ekvation och
minskar med ökad accelerationsspänning. Exempelvis så har elektroner med
energierna 100 keV och 300 keV våglängderna 0,00370 nm respektive 0,00197 nm
vilka är mycket mindre än storleken på en atom (0,3 nm).
Sedan 1970-talet så har många TEM utvecklats för att avbilda individuella
atomkolumner i kristaller genom högupplösande TEM (HR-TEM). Numera har
TEM blivit ett mycket användbart instrument för karakterisering av många olika
material inklusive biologiska prover. Dock är provprepareringen en stor fråga inom
TEM karakterisering speciellt för lätta element för prover som innehåller vatten.
Våta prover kan dessutom inte introduceras direkt i de extrema förhållanden som
råder i elektronmikroskopet. Provet kan skadas av det höga vakuumet samt av
elektronstrålen inuti elektronmikroskopet. Prover från hårda material är relativt
enkla att preparera men biologiska prover (mjuka material) kräver speciella
provprepareringstekniker samt speciella egenskaper hos mikroskopet. I den här
avhandlingen har sådana elektronmikroskopitekniker utvecklats vilka möjliggör
studier av lätta material samt biomaterial som innehåller vatten, med hög upplösning
i TEM:et. Materialen som dessa tekniker har applicerats på är grafen i multilager,
DNA-nanopartikelmaterial och flera andra material som har innehållit vatten.
Detaljerna kring dessa studier ges nedan.
Grafen består av ett monolager av kolatomer ordnade i ett hexagonalt mönster.
Det har stor potential som framtidens material på grund av dess möjliga
tillämpningar inom fysik, kemi, materialvetenskap och nanoteknologi. Grafen är ett
anmärkningsvärt material och kan skalas av direkt från grafit. Sedan upptäckten
2004 har flera metoder för framställning rapporterats. De flesta ger ett lågt utbyte
och kräver dyra utgångsmaterial. På senare tid har grupper vid Uppsala universitet
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utvecklat en billig våtkemisk metod vilken använder billig grafitfolie och ger ett
högt utbyte. Dock ger denna metod relativt tjocka grafenflak. Därför är det viktigt att
optimera den exakta tjockleken av flaken och att kontrollera syntesparametrarna.
Standardmetoderna för bestämning av tjockleken av grafenflaken har nackdelar och
svårigheter i tillämpningar. Avbildning med hjälp av HR-TEM kan användas direkt
för att fastställa antalet grafenskikt men för hög elektrondos kan snabbt förstöra
grafenet. Dessutom är metoden tidskrävande och kräver att flaken har vikta kanter så
att skikten kan räknas. En annan metod för att mäta tjockleken är energifiltrerad
avbildning vilken dock ger relativt lågt signal-till-brus-förhållande. Därför
utvecklades en metod som baserades på ljusfältsavbildning (Bright field, BF) för att
mäta tjockleken av några nanometertjocka grafenflak. Metoden har fördelen att den
är relativt enkel, snabb och jämförelsevis oförstörande (relativt låg elektrondos).
Dessutom kräver den ingen energifiltrering eftersom BF-bilder generellt har hög
intensitet och därför högt signal-till-brusförhållande. Metoder kan också potentiellt
användas till att identifiera ett monolager av grafen om den har homogen tjocklek
över en stor yta. Metoden är redo att användas på BF-bilder av innehållandes flera
grafenflak för att snabbt optimera syntesen av den lösningsbaserade kemiska
framställningen av flaken.
Under de senaste åren har det blivit alltmer vanligt att använda nanopartiklar av
varierande material och funktionaliserade med biomolekyler inom nanoteknologiska
tillämpningar såsom biosensorer d.v.s. metoder för detektion av biomolekyler. Inom
Uppsala universitet har det nyligen utvecklats en biosensorprincip som bygger på att
magnetiska nanopartiklar av järnoxid (pärlor) med enkelsträngade DNA-prober på
ytan binder (hybridiserar) till stora nystan av enkelsträngat DNA. Nystanen har en
repeterande DNA-sekvens som är komplementär till proberna på pärlorna. När
pärlor binder till nystan upplever pärlorna en stor ökning i hydrodynamisk volym
vilket kan avläsas genom att uppmäta provets dynamiska (frekvensberoende)
magnetiska egenskaper. Utifrån magnetiska mätningar kan man beräkna det
genomsnittliga antalet pärlor som bundit per DNA-nystan men mer detaljerad
information om fördelningen av antalet pärlor per nystan samt var och hur pärlorna
fastnar i nystanen (inuti eller utanpå) eller om pärlor länkar samman nystan till större
kluster kan inte fås. Både utifrån en grundvetenskaplig och utifrån en teknisk
synvinkel är det viktigt att förstå hur olika parametrar (exempelvis storleken hos
pärlorna och antalet DNA-prober per pärla) påverkar hur pärlor och nystan
växelverkar (binder till varandra). Elektronmikroskopi är ett lämpligt verktyg för
detta ändamål eftersom det är enkelt att se de magnetiska pärlorna. Visualisering av
DNA-nystan med magnetiska pärlor i lösning innehållandes ett stort antal olika
buffertsalter med exempelvis TEM innebär dock mycket stora utmaningar, inte
minst eftersom kontrasten från DNA är mycket svag och kontrastskillnaden mellan
pärlor och DNA är väldigt stor. Märkning/infärgning av DNAt med exempelvis
salter av tunga element bör undvikas eftersom det kan störa interaktionen mellan
pärlorna och DNA-nystanen.
Som en inledande elektromikroskopistudie preparerades prover innehållandes 1)
DNA-nystan och 130 nm pärlor (~ 2 DNA-prober per pärla), 2) DNA-nystan och 40
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nm pärlor (~ 3 DNA-prober per pärla) samt 3) ett negativt kontrollprov med 130 nm
pärlor vilket preparerats på samma sätt som prov 1 fast utan nystan. Proverna
torkades in vid rumstemperatur på provhållare beståendes av ett kopparnät belagd
med en film av amorft kol och studerades sedan med ljusfälts-TEM. Samma prover
karakteriserades även med magnetiska mätningar. En tydlig skillnad observerades
mellan proverna med nystan och kontrollprovet. I det senare var pärlorna
slumpmässigt utspridda en och en på kolfilmen medan det i båda proverna med
nystan observerades karakteristiska ansamlingar av pärlor inuti runda saltfläckar.
Eftersom storleken på saltfläckarna stämde ganska väl överens med den förväntade
storleken på ett intorkat DNA-nystan var det rimligt att tolka saltfläckarna med
pärlor som intorkade DNA-nystan med bundna pärlor där DNAt dragit till sig
buffertsalter under intorkningsprocessen. En metod för att räkna antalet pärlor i varje
saltfläck utvecklades och genomfördes på ett större antal saltfläckar med pärlor i
prov 1 och 2. Det genomsnittliga antalet pärlor per saltfläck utifrån TEM-bilder
stämde väl överens med det genomsnittliga antalet bundna pärlor per DNA-nystan
utifrån de magnetiska mätningarna för både provet med 40 nm och 130 nm pärlor.
Detta stärkte tolkningen av TEM-bilderna. Det observerades kvalitativt att 40 nm
pärlorna mestadels återfanns nära centrum av saltfläckarna medan 130 nm pärlorna
mestadels fanns närmare utkanten av saltfläckarna. Denna observation var konsistent
med en tidigare hypotes om att små pärlor lättare diffunderar in i och binder inuti
nystan än större pärlor som i högre grad tenderar att binda på utsidan av nystanen.
Vidare observerades det inga strukturer som kunde tolkas som kluster av flera
nystan som länkats samman av pärlor. Denna observation var förväntad utifrån
kombinationen att storleken på pärlorna var liten och antalet DNA-proper per pärla
mycket låg och stämde överens med tidigare studier (ej inkluderande
elektronmikroskopi).
I en andra och uppföljande elektronmikroskopistudie studerades intorkade prover
innehållandes 1) DNA-nystan med 130 nm pärlor (~ 5 DNA-prober per pärla) samt
2) DNA-nystan med 250 nm pärlor (~ 50 DNA-prober per pärla) med ljusfälts-TEM.
För att möjliggöra lokalisering av nystanen på kolfilmen bands 10 nm
guldnanopartiklar med DNA-prober på ytan in på andra positioner i nystanen än de
magnetiska pärlorna. I båda prover sågs samma karakteristiska ansamlingar av
pärlor i saltfläckar som i den första studien, dessutom tillsammans med ansamlingar
av guldnanopartiklar. Detta bevisade att nystan verkligen fanns i anslutning till
ansamlingarna av pärlor i saltfläckar. I båda proverna observerades strukturer som
kunde tolkas som enskilda nystan med pärlor och som kluster av nystan som bundits
samman av pärlor (pärla-nystan-kluster). Förekomsten av pärla-nystan-kluster var
dock kvalitativt mycket större i provet med 250 nm pärlor.
Sammanfattningsvis stärker de båda TEM-studierna en tidigare formulerad
hypotes om att små magnetiska pärlor med lågt antal DNA-prober företrädelsevis
binder inuti nystan och ej länkar samman nystan medan stora pärlor med ett högt
antal DNA-prober tenderar att binda på utsidan av nystan och länka samman nystan.
Även om många värdefulla insikter erhållits om interaktionen mellan DNA-nystan
och pärlor i de båda ovanstående studierna är målet att studera pärla-nystan-
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komplexens struktur i lösning d.v.s. i deras naturliga omgivning. För detta ändamål
har i denna avhandling utvecklats en metod för preparering av frysta vattenbaserade
prover för TEM-studier under kryogeniska betingelser (kryo-TEM). Metoden som
kortfattat beskrivs nedan baseras på användningen av s.k. fokuserad jonstråle (FIB)
och på att provet snabbt fryses ner av flytande kväve så att den ursprungliga
strukturen för det man vill studera bevaras i sitt naturliga tillstånd så mycket som
möjligt.
Ett experimentellt protokoll har utvecklats för preparering av utvalda delar av ett
prov bestående av mjuk materia/biomaterial för TEM-studier. Arbetet utfördes i två
steg. I det första användes ett antal vatteninnehållande (hydrerade) biomaterial
såsom hydrogeler och emulsioner för att optimera prepareringsproceduren och
FIB/SEM-betingelserna i syfte att få bästa möjliga preparering av TEM-prover.
Proverna preparerades genom att snabbt sänka ner materialen i flytande kväve och
därefter överföra dem till en specialbyggd kryoprepareringskammare för vidare
bearbetning och sedan till FIB/SEM-kammaren. I steg två utvecklades en teknik för
högupplösande TEM-avbildning vilken demonstrerades på 2-4 µm tjocka
Aspergillus niger sporer. För detta användes FIB för att extrahera sporer ovanpå ett
aluminiumsubstrat för observation i TEM. En tunn skiva (lamell) lyftes ut med hjälp
av en kyld nano-manipulator och tunnades ut med FIB till elektrontransparens.
TEM-provhållaren med den förtunnade lamellen överfördes sedan kryogeniskt till
TEMet med hjälp av ett specialbyggt kryoöverföringsbad för att utsätta provet så lite
som möjligt för den omgivande atmosfären. Ett protokoll togs fram för att uppnå
stabila förhållanden för högupplösande TEM-avbildning. Cellstrukturer såsom yttre
membran, plasmamembran och cellkärna kunde visualiseras genom ljusfälts- och
mörkfältsavbildning. Även en serie energifiltrerade bilder togs och kol, kväve och
mangan kunde särskiljas. Vidare kunde gitterfransar från det underliggande
aluminiumsubstratet med gitteravstånd på mindre än 0,3 nm upplösas vilket
bekräftar denna tekniks potential för att få strukturell information ända ner till
atomär upplösning.
Sammanfattningsvis
har
i
denna
avhandling
utvecklats
elektronmikroskopitekniker som möjliggör strukturstudier av material med lätta
element och vatteninnehållande biomaterial ner till atomär upplösning. Multilagergrafen har studerats med en enkel och snabb TEM-metod i syfte att optimera och
kontrollera syntesbetingelserna. En metod för att undersöka hur magnetiska
nanopartiklar binder till stora DNA-nystan har utvecklats. I anslutning till detta har
omfattande arbete utförts för att optimera en procedur för att preparera frysta
hydrerade biologiska prover. Metoden möjliggör att undersöka bulka material med
SEM för att sedan plocka ut en del av provet med FIB för högupplösande kryoTEM. Metoden är nu redo för att användas på många olika vätskebaserade prover,
exempelvis innehållande nanopartiklar som bundit till DNA-strukturer.

111

Acknowledgments

All praises to God, Who guides us in the times of difficulties and shows the
right path. His countless blessings have enabled me to achieve my aims and
goals. All respects and honors for His Messengers especially for
MUHAMMAD (Peace be Upon Him) as they are symbol of knowledge and
torches of guidance.
Prof. Klaus Leifer, for providing me opportunity to carry out my PhD
thesis under his supervision and guidance. It was his efforts and very long
meetings during evenings that have enabled me to complete this thesis. He
has opened my eyes to research especially the world of electron microscopy,
which had become the center of my life for the last four years. Now I
consider electron microscope a part of my life because it gives me a feeling
that I am married to it. I will miss the fun time on cryoEM in cleanroom
during weekend experiments. I really admire that he had always answered all
my emergency 6365 phone calls especially during the weekends. Again
thanks for teaching and transferring knowledge about electron microscopy
and its uses in materials and life sciences. He has contributed a lot in my
journey from the very beginning to this day and in process of becoming an
independent researcher as we planned on my very first day (right!). My time
in this group is a life changing experience and I can promise that it will not
disappear with the passage of time. Prof. Jons Hilborn, for his guidance and
advices during the course of my PhD thesis. Assistant Prof. Stefano
Rubino, for providing me the vital guidance during my PhD. The quality of
work was always improved immensely after your critical reviews and
suggestions. I would like to appreciate your quick and brief replies of my
stressful and problematic questions. Prof. Maria Stromme, for her
encouragement and help throughout my PhD studies.
I would also like to express my sincere gratitude to Prof. M. Khaleeq-urRahman and Prof. M Shahid Rafique. They have mentored and provided
guidance in every possible way for the last 12 years. I would like to
acknowledge all my supervisors, teachers and mentors during my
educational career.
I would like to acknowledge collaborators from KoF graphene center,
Prof. Helena Grennberg, Prof. Ulf Jansson, Dr. Erika Widenkvist and
Dr. Y. Wenzhi.
Dr. Hassan Jafri (Shah gee), for helping me with all the times (golden
period of my life). He is a wonderful friend and colleague for the past 4.5
years. His energetic and caring attitude always provides me support and
112

encouragement. I miss his company when he was working with others. I feel
jealous as they got all the fun in his company due to his personality and
suggestions for every technical and non-technical problem, even most of
them did not make any sense to us. I consider him as a member of my family
as I can trust with my personal and private matters. Scientific and nonscientific discussions with him on every topic have initiated a new
dimension in understanding and analyzing the things which has motivated
me to broaden my horizons of knowledge.
Dr. Mattias Stromberg, for the fruitful discussions and collaboration. He
was always a driven force to do experiments that was a great. Thanks for
proof reading of most parts of my thesis and translating the summary of my
thesis in Swedish.
I would like to thanks all my group fellows Dr. Tobias Bloom, Dr.
Sunandan Baruah, Dr. Thomas Therslef, Yaser Hajati, Timo Wätjen,
Ling Xia, Aaqib, Olivier and J. Islam.
The administration staff at the Department, Agneta Wiberg, Maria
Skoglund, Eva Lind, Mikael Österberg, Enrique especially Ingrid
Ringård for helping me to deal with Swedish Migration Board and Jonatan
Bagge for solving computer related problems. MSL staff in the cleanroom,
Fredric Ericson, Jan-Åke Gustafsson and Jun Lu for all help with the
microscopes. Bengt Götesson providing a scanner with a computer which I
used extensively to scan TEM negatives.
Dr. Khurshid Aslam Bhatti and Engineer M Ahsan Mushtaq, for their
continuous encouragement and their time for my phone calls.
Thanks Jawad Nisar, Aamir Razaq, Junaid Qazi, Khalid Niazi, Qaiser
Abas, Salman Toor, M. Naeem Sattar, Shafiq, Tanveer Hussain, M Raof
Alvi, Mumtaz Taqi, Nadeem Shahzad Akbar, Akhtar Ali, Gohar Ali,
Zia, Shahid Manzoor, M. Ahsan, M. Zubair and your families for
arranging wonderful gatherings and parties in the last four and half years.
Because of these events I had never felt being away from home. No one is
forgotten if you are not mentioned here.
I would like to acknowledge the Higher education commission (HEC)
of Pakistan for providing the financial support for this PhD studies. Many
thanks to Swedish Institute (SI) for monitoring our studies in Sweden and
providing administrative help concerning the residence permits.
Thanks Sajida my lovely wife and best friend, without her support it
was not possible for me to stay in labs for long hours and weekends during
critical and important experiments. I have reached to the finishing line
because of her support and efforts. She has provided me full support
especially she had prepared two lunch boxes for me during long
experiments. She always asks about progress of my research and provides
full encouragement during time of frustration and despair. Her wonderful
tips from cooking skills provided me tips for my own research! Thanks for
providing me courage to do hard work during the whole tenure of my PhD,
113

your smiles has taken away all my tensions when I came back to home
physically and mentally tired from work. My elder daughter Fasiha Sultan,
for some time innocently forcing me to go to University for work if I try to
relax someday even she does not like it. I like that you have called me every
day from morning to evening and asked the same questions in your innocent
voice “how much work left Papa and when you are coming back to home, I
am feeling sad papa! Please come and play with me…  ﻣﻴﯿﺮﮮے،٬ﮐﺘﻨﺎ ﮐﺎﻡم ﺭرﻩه ﮔﻴﯿﺎ ﮨﮯ
 ﺑﺮﺍاﻩه ﻣﮩﺮﺑﺎﻧﯽ ﻣﻴﯿﺮﮮے ﺳﺎﺗﻬﮭ ﮐﻬﮭﻴﯿﻠﻮ،٬‘ ﮔﻬﮭﺮ ﮐﺐ ﻭوﺍاﭘﺲ ﺁآ ﺭرﮨﮯ ﮨﻴﯿﮟ؟ ﻣﻴﯿﮟ ﺍاﺩدﺍاﺱس ﮨﻮﮞںPapa’
I would also like to mention my younger daughter Fabia Sultan, an
inspiration to me a gift I got in my final days of PhD.
Last but not least, I am really grateful to MY PARENTS for their love
and supports throughout my studies even they are far away but being always
remain connected by phones. I still remember your encouragement during
hard times, “don’t worry SON, work hard and be obedient to your teachers,
you will definitely return with success” ’ﻓﮑﺮ ﻣﺖ ﮐﺮﻭو ﺑﻴﯿﮣﭩﮯ ﻣﺤﻨﺖ ﮐﺮﻭو
ﺍاﻭوﺭر ﺍاﭘﻨﮯ ﺍاﺳﺎﺗﺬﻩه ﮐﮯ ﺳﺎﺗﻬﮭ ﻓﺮﻣﺎﻧﺒﺮﺩدﺍاﺭر ﺭرﮨﻮ ﺁآﭖپ ﺿﺮﻭوﺭر ﮐﺎﻣﻴﯿﺎﺑﯽ ﮐﮯ ﺳﺎﺗﻬﮭ ﮔﻬﮭﺮ ﻭوﺍاﭘﺲ ﺁآ ﺟﺎﺋﻴﯿﮟ ﮔﮯ.
A call on every Sunday to my parents during the last four and half years was
a moment that I had looked forward the whole week. I also enthusiastically
waited for the call as they did in Pakistan.
SULTAN AKHTAR
Uppsala, March 2012.

114

Appendix

Electron Diffraction (Chapter 2)
Few terms which are involved and used throughout the kinematical electron
diffraction theory and dynamical electron diffraction theory are defined here
(see section 2.3).
a) Excitation Error (s): If K0 and KD are the two waves vectors called
incident and diffracted wave vectors respectively then the Bragg condition is
defined as KD-K0=g, where g is the Bragg reflection vector which connects
the reciprocal points O and G and has length equal to OG and direction from
O to G. It should be noted that Bragg reflection, g, is always perpendicular to
the crystal planes from where it reflects (see Figure 5B). Furthermore, at
exact Bragg condition, the Ewald’s sphere intercepts at the centers of needlelike squares (known as relrod) e.g. at point G where K=g when 2Ө is very
small. Now if the Ewald sphere intercepts relrod at some distance from its
center then Bragg condition (KD-K0=g) will no more satisfy. So, a new
parameter will originate at this condition called excitation error s, that is
defined as K = g+s. The vector s connects the reciprocal point G to the
Ewald sphere in the direction parallel to the incident electron beam.
b) Extinction Length (ξg): Generally, the thickness of the materials can be
determined by estimating mean free-path (the average distance that an
electron travels between any two successive scattering events) [103-105].
However, the mean free-path is not same for amorphous and crystalline
materials e.g. mean-free path for amorphous silicon is higher than crystalline
silicon [106]. In a crystalline material, the concept of dynamical elastic
diffraction yields a new parameter known as extinction distance. The
intensity of each Bragg spot is dependent on the crystal orientation relative
to the incident beam. This intensity is not proportional to specimen
thickness. Therefore, each reflection is characterized by an extinction
distance ξg (=πVcCosӨB/λFg) that is the characteristic length for the
diffraction vector g [106]. It is a scalar quantity and depends on the lattice
parameters (through Vc), the atomic number (through Fg), and the kV used
(through λ).
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c) Anomalous absorption: It should be noted that the Bloch-wave has a
greater probability of being scattered close to the center of an atom than
between the atoms. Therefore, intensity of electron beam is different in both
cases and this variation is important to calculate especially for crystalline
specimens. The high scattering probability of electrons (due to strong
interaction with nucleus) results in high angle scattering and such high angle
electrons can be removed by objective lens consequently enhance the image
contrast. This effect is known as inelastic scattering absorption. . The
variation of this absorption with crystal orientation is called anomalous
absorption and is characterized by imaginary potential of crystal. In simple
words, anomalous absorption is the difference between the interaction
probability for Bloch waves with nodes and antinodes at the nuclei due to
inelastic scattering. The difference in path lengths of both waves is called
anomalous absorption distance
d) Column Approximation: The concept of a column approximation can be
understood with the help of Figure 46. as explained by Howie and Whelan
[46]. Consider a point P such that it lies on the plane CD which corresponds
to the bottom side of the sample where this plane is perpendicular to the
direction of the incident electron beam. At this point, the amplitudes of the
direct beam A0 and the diffracted beams Ag are calculated to construct the
image of the specimen. It is clear that the electrons which contribute to A0
and Ag, come from a cone APB where angle APB is ~2ӨB. This means that
it is not just a diffracted beam that propagates through the specimen but a
cone of material contributes to the intensity at point P (panel A). Now divide
the whole foil (sample) into several thin slices, start from Z=0 to Z=t where
each slice of thickness dz (panel B). If Vc is the volume of single unit cell
then there must be dz/Vc unit cells per unit area in dz element. Assume each
unit cell has scattered a number of electrons with the structure amplitude
F(θ). Then the total contribution to the amplitude of the scattered beam dAg
of element dz at the exit point P can be calculated by scattered wave fronts
with scattering θ = 2θB. It can be seen that the main contribution to the
scattered wave amplitude at point P comes from the first Fresnel zone of
radius ρ1 ≈ (λR0)1/2 where R is taken as λ/2 + R0. For a distance (foil
thickness) R0 = 100 nm and λ = 0.0037 nm for 100-keV electrons, the ρ1 was
found to be ~0.60 nm. This means that only a column (called first Fresnel
zone) with a diameter of about to 2 nm is contributing to the amplitude at the
exit point and the method therefore makes the approximation shown in
Figure 46C and D when calculating A0 and Ag. This model is known as the
column approximation. The main advantage of this model is that it can be
used to find out the intensities of scattering beams which are propagating
through the small elements of constant thickness parallel to scattered vector
K D.
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Figure 46. Introduction to the column approximation. (A) The intensity at point P
(bottom of the sample) is contributed by all those electrons which are scattered by a
cone of material of angle 2ӨB and thickness t. (B) The Fresnel zone can be
constructed to calculate the amplitude, Ag of scattered wave at bottom of the sample
(at exist point P) of thickness z=t. ρ1 is the radius of the first Fresnel-zone about to
(λR0)1/2, where λ is the wavelength of incident electron beam(=1/K0) and R0 is the
foil thickness of the sample. The column replaces the cone for the direct beam (C)
and a diffracted beam (D). The diameter, d of the column should be average of the
cone which it replaces (AB/2 in panel A) and will depend on the thickness of the
sample. This value is usually taken to be ~2nm.

Sample compositions of magnetic beads/DNA coils
(Chapter 5)
-Positive 130 nm sample: 5.62 pM beads, 1 pM RCA-coils, 0.2 mM TrisHCl, 0.2 mM EDTA, 0.0121 mM Tween-20, 141 mM NaCl, 2.69 mM KCl,
8.06 mM Na2HPO4·2H2O, 1.46 mM KH2PO4, 0.00001 mM MgCl2, 0.000005
mM DTT, 0.00001 µM spermidine, 0.10065 mM Tris-acetate, 0.0305 mM
Mg-acetate, 0.2013 mM K-acetate
-Positive 40 nm sample: 107 nM beads, 10 pM RCA-coils, 2 mM Tris-HCl,
2 mM EDTA, 0.121 mM Tween-20, 180 mM NaCl, 2.57 mM KCl, 7.70 mM
Na2HPO4·2H2O, 1.40 mM KH2PO4, 0.0001 mM MgCl2, 0.00005 mM DTT,
0.0001 µM spermidine, 1.0065 mM Tris-acetate, 0.305 mM Mg-acetate,
2.013 mM K-acetate
-Negative 130 nm sample: 5.62 pM beads, 0 pM RCA-coils, 0.2 mM TrisHCl, 0.2 mM EDTA, 0.00895 mM Tween-20, 141 mM NaCl, 2.69 mM KCl,
8.06 mM Na2HPO4·2H2O, 1.46 mM KH2PO4
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Table 6. Calculations of average atomic numbers of salts (beads and DNA-coils
excluded, H atoms not considered)
Sr.
Name
Organic/inorganic
Average atomic number
No.
1
Tris-HCl
O
8.0
(C4H11NO3.HCl)
2
EDTA (C10H16N2O8)
O
6.9
3
Tween-20 (C58H114O26)
O
6.6
4
NaCl
I
14
5
KCl
I
18
6
Na2HPO4·2H2O
I
9.4
7
KH2PO4
I
11
8
MgCl2
I
15.3
9
DTT (C4H10O2S2)
O
9.0
10 Spermidine (C7H19N3)
O
6.3
11 Tris-acetate
O
6.9
(C4H11NO3.C2H4O2)
12 Mg-acetate (C4H6MgO4)
O
7.6
13 K-acetate (C2H3KO2)
O
9.4

Average Z number of salts (positive 130 nm sample):
Concentration-weighted average Z-number (inorganic and organic) = (0.2
mM * 8.0 + 0.2 mM * 6.9 + 0.0121 mM * 6.6 + 141 mM * 14 + 2.69 mM *
18 + 8.06 mM * 9.4 + 1.46 mM * 11 + 0.00001 mM * 15.3 + 0.000005 mM
* 9.0 + 0.00000001 mM * 6.3 + 0.10065 mM * 6.9 + 0.0305 mM * 7.6 +
0.2013 mM * 9.4)/(0.2 mM + 0.2 mM + 0.0121 mM + 141 mM + 2.69 mM
+ 8.06 mM + 1.46 mM + 0.00001 mM + 0.000005 mM + 0.00000001 mM +
0.10065 mM + 0.0305 mM + 0.2013 mM) = 2120.12/153.95 = 13.8
Thus the average Z of the salts in the positive 130 nm sample is 13.8 and
this number is used to estimate the thickness of the salt-DNA-stain in section
5.3.
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