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The work presented in this thesis is concerned with the microstructure of zinc oxide
varistor materials used in surge protecting devices. This class of material has been
characterised with special emphasis on the functional microstructure and the
development of the microstructure during sintering. Several different techniques have
been used for the analysis, especially scanning electron microscopy (SEM) in
combination with electron beam-induced current (EBIC) analysis and in-situ studies of
heat-treatment experiments and transmission electron microscopy (TEM) in
combination with energy dispersive X-ray spectrometry (EDS) and electron holography.

Detailed TEM analyses using primarily centred dark-field imaging of grain
boundaries, especially triple and multiple grain junctions, were used to reveal the
morphological differences between the various Bi2O3 phases. The triple and multiple
grain junctions were found to exhibit distinct differences in morphology, which could
be attributed the difference in structure of the crystalline Bi2O3 polymorphs present in
the junctions. 

Electrical measurements were performed on individual ZnO/ZnO grain boundaries
using EBIC in the SEM. The EBIC signal was found to depend strongly on the
geometric properties of the interface and also on the symmetry of the depletion region at
the interface. A symmetric double Schottky barrier was never observed in the
experiments, but instead barriers with clear asymmetry in the depletion region.
Experimental results together with computer simulations show that reasonably small
differences in the deep donor concentrations between grains could be responsible for
this effect.

Electron holography in the TEM was used to image the electrostatic potential
variation across individual ZnO/ZnO interfaces. The sign of the interface charge, the
barrier height (about 0.8 eV) and the depletion region width (100 to 150 nm) were
determined from holography data. Asymmetries of the depletion region were also found
with this technique. 

The full sintering process of doped ZnO powder granules was studied in-situ in the
environmental SEM. The densification and grain growth processes were studied through
the sintering cycle. The formation of a functional microstructure in ZnO varistor
materials was found to depend strongly on the total pressure.
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1 Introduction

Society today is dependent on electrical power and this dependency tends to increase.
Thus the need for a robust and reliable system for power distribution also increases.
Every part of the transmission needs to function properly in order to form an
uninterrupted distribution chain from production unit to the consumer. A major problem
for all types of electrical equipment is power transients. These transients can be caused
by for example lightning and switching and can inflict serious damages on machinery
and other equipment. Power quality is a topic that has been more frequently discussed
during the last few years. Different electrical equipment, e. g. steel plants using electric
arcs when melting scrap iron and, on the local level, computers, introduces noise on the
power grid. The noise causes transients and a bad wave shape, which result in damages
and a poorer power yield. 

Electric power transmission lines have, because of their length, a high probability of
receiving a direct lightning strike and the power transients can be conducted over very
long distances and cause damage at many places to different types of components.
Damages on transformers and relay stations will break the distribution chain and may
result in long-lasting power outages. The protection of electric power systems is a
highly specialised technique and there are several ways of protection, differing in
efficiency, reliability and price. The most common and cheapest of the passive
components are surge suppressers where zinc oxide (ZnO) varistors have a leading role.
The word varistor comes from an abridgement of the words variable and resistor,
which pinpoints the physical behaviour as a resistance that changes with applied
voltage. ZnO varistors are used as surge absorbers and surge arresters to protect
electrical components from power transients. Other devices with similar properties are
avalanche diodes, gas tube arresters and series inductors. 

The development of ZnO varistors has been one of the great successes for ceramics.
There was a rapid development of the ZnO/Bi-system from idea to a commercial
product that quickly ousted its competitors. Today ZnO varistors have spread to become
a staple, available for applications ranging from power switching in electrical
transmission systems to surge protection in semiconductor electronics. 
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1.1 Background

Compound semiconductors exhibit a wide range of properties and applications. Among
the more thoroughly investigated compound semiconductors are ceramics based on ZnO
with additives of oxides of other metals e. g. cobalt and bismuth [1]. These materials
exhibit highly non-linear current-voltage characteristics together with a pronounced
energy handling capability, which make them well suited for varistor applications [2].
The non-linearity and energy-absorbing capability of ZnO varistor materials excel all
current competing materials and ZnO varistor materials are therefore widely used as
surge arresters and stabilisation devices in all voltage regions [3].

Chemical composition and sintering process result in the formation of a complex
microstructure of ZnO grains and secondary and intergranular phases. The
microstructure at ZnO interfaces is of particular interest, since it gives rise to barriers
against electrical conduction across the interfaces. These interfaces are agreed upon to
cause the beneficial non-ohmic behaviour of ZnO varistor materials [4].

The non-linear electrical behaviour of polycrystalline ZnO ceramics was first
discovered in the Soviet Union in the 1960's [5]. The ZnO/Bi-system was then
developed by Matsuoka et al. [2] and manufacturing licenses were sold to a number of
manufacturers around the world. The new material promoted a new design of the surge
arrester device with improved protection level compared to the previously used
SiC-based arresters, which included a physical gap to maintain the operating voltage.
The first gapless-type of ZnO surge arrester was reported by Kobayashi et al. [6] and
Sakshaug et al. [7] in 1977 and shortly thereafter arresters were commercially produced
by the companies Meidensha and General Electric. ZnO varistors rapidly increased their
market share due to a more significant non-linearity and better energy handling
capability than the main competing material – SiC. Today almost all surge arresters
produced are of the ZnO/Bi-type.

Efforts have been made to find and commercialise other ZnO systems, e. g. ZnO/Pr
[8]. Despite the fact that there have been reports of better performance in some
applications, this system has never been able to take a significant market share. The
activity to find new ZnO-based systems is now less intense, partly because the patent
for the ZnO/Bi-system has expired. The research is instead concentrated on theoretical
modelling and simulations of entire varistors and on mechanical properties of the
arresters. These models apply also to other materials, since Schottky barriers appear at
all types of semiconductor interfaces, and are thus of general interest for the growing
semiconductor industry. 

Significant for the development of ZnO varistor material has been the richness of
scientific understanding, which has accompanied the technical development. Although
the physical behaviour is now reasonably well understood, several outstanding issues
remain. Still we do not know why ZnO varistors are so special. Fundamental questions
regarding the segregation of bismuth to the grain boundaries and wetting and dewetting
of grain boundaries during sintering and cooling remain.

The macroscopic properties of materials are determined by the structural and
chemical properties on the microscopic level. In order to optimise the varistor
performance for each application it is desirable to be able to control the microstructure
and also know which microstructural features to alter in order to obtain a desired
behaviour. In the case of ZnO varistor materials this leads us to reach for the
fundamental mechanisms behind the varistor behaviour: to search for the underlying
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physical fundaments ruling the macroscopic properties of this type of materials. This
brings us to study the microstructure of the material since it carries the information of
the effects of both composition and manufacturing parameters. Microstructural studies
have proven a useful tool to increase our knowledge of the product and to supply
information for the development of theoretical models.

1.2 Aim

The aim of this work has been to characterise the microstructure of ZnO varistor
materials, and to focus on the grain boundaries and interfaces because of their
importance for the non-ohmic behaviour of these materials. The properties of interfaces
between ZnO grains have been of particular interest. The microstructural investigations
were mainly carried out using transmission electron microscopy, scanning electron
microscopy, energy-dispersive X-ray spectrometry and electron energy-loss
spectroscopy. The local electrical investigations have been carried out using two
different techniques, both with emphasis on high spatial resolution: electron holography
in the transmission electron microscope, and electron-beam induced contrast in the
scanning electron microscope. These characterisations of the detailed microstructure
and the local electrical characteristics have been used to establish a better understanding
for the correlation between the local structural and chemical properties and the local
electrical properties. 

Also of interest has been the development of the microstructure of these materials,
with focus on the microstructural development during the sintering process. In-situ
observations in the environmental scanning electron microscope have been the main
technique to investigate the sintering dynamics. The aim has been both at development
of the technique for in-situ high-temperature electron microscope studies and at further
increase of our understanding of the sintering process of ZnO varistor materials.
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2 ZnO Varistor Material

2.1 General

Polycrystalline semiconducting ceramics based on ZnO are technologically important
materials because of their pronounced non-linear electrical characteristics, which make
them used in overvoltage protecting devices in all voltage ranges. A schematic image of
the electrical behaviour for this type of materials can be seen in figure 2.1. 

Three distinct regions can be identified in the I-V-plot: pre-switch region, switching
or breakdown region and high-current region. During normal operation the varistor
operates at a steady-state voltage, typically 70–80% of the value of the protective
voltage level [9]. In this regime the varistor acts as an insulator and only a small leakage
current flows through the varistor. The protective voltage level is known as the
switching voltage or the breakdown voltage. When the voltage on the device reaches
this level the resistance of the varistor drops rapidly and a larger current starts running
through the varistor. The voltage at the load is thus kept at a voltage between the
working voltage and the protecting voltage level at all times. For very large currents the
conductance of the varistor will be limited by the internal conductance of the ZnO
grains, which forces the varistor into a linear electrical behaviour. This is known as the
upturn in the electrical characteristics. 

The two most important parameters of the ZnO varistor are the non-linearity
coefficient α and the energy absorption capability. Other important properties to
consider when rating a varistor material are leakage current and long term stability. 

The non-linearity coefficient α is defined as

( )
( )Vd

Id
log
log

=α (2.1)

where V is the voltage over the varistor and I is the current through the varistor in the
breakdown regime. The greater the value of α, the better the device. The importance of
ZnO varistor materials results from the fact that ZnO varistors outrank other types of
varistors in α-value. Values of α ranging from 35 to 100 have been reported for ZnO
varistors [9]. The non-linearity is however dependent on both temperature [2] and
pressure [10], thus making the varistor environment an important issue. 
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Figure 2.1. Typical current-voltage characteristics for ZnO varistors. Three
different regimes can be identified: pre-switch region, switching or breakdown
region and high-current region. At normal operation voltages only a small
leakage current flows through the varistor. This region is hence also known as
the low-current region. As the electric field reaches the switching level, the
current through the varistor increases several orders of magnitude. For
sufficiently high current density the internal conductivity of the ZnO grains will
limit the current. This part of the I-V-curve is also known as the "upturn" since
the resistivity, ρR, again increases (From ref. [4]). 

The primary function of ZnO varistors is to discharge the transient surges and limit
the voltage to a magnitude that is not harmful for the protected equipment. A varistor
may however be subject to various switching surges, which differ in peak shape and
duration from for example lightning surges. The varistor must thus be able to absorb
transient surges of varying duration times without causing excessive rise in the varistor
temperature. A rise in temperature will cause an increase in leakage current and thus
promote the electrical degradation. The energy absorption capacity is hence the second
most important parameter for varistors, and another field where ZnO varistors outranks
its competitors [9]. 

The development of the gap-less varistor in the 1970's was a major improvement
and increased the protecting level of the varistor. This innovation however demands the
material to function under constant voltage stress, which causes a leakage current to
flow through the varistor. Controlling the leakage current is of major concern, since it is
affecting both the power loss in the varistor during steady-state operation and the long-
term stability of the varistor. To get the best protective level, a steady-state operating
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voltage close to the onset of non-linearity is desirable. This will cause a larger leakage
current than a lower operating voltage, and this promotes the electrical degradation.
Thus the value of the steady-state operating voltage is a trade-off between protective
level and long term stability. 

2.2 Applications

The sensitivity of many solid state circuits to power transients and power surges makes
surge protection an important and ever present issue. ZnO varistor materials are used in
a wide variety of over-voltage protecting devices. The material is tailored to handle
different voltage ranges and shapes of transient peaks. Depending on field of use
different properties are promoted. A surge arrester from ABB Switchgear used in the
high-voltage range is seen in figure 2.2. The varistor is connected in parallel with the
protected load, e. g. a transformer or a relay station, see figure 2.3. 

Figure 2.2. The circuit symbol for the varistor component (left). A surge arrester
model EXLIM P from ABB Switchgear (right). The ZnO varistor material is
found inside the ceramic housing.
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Figure 2.3. (top) Circuit scheme with voltage supply, varistor and load
connected in parallel. Passive components are usually connected close to the
protected device for optimum protective performance. (bottom) When applied to
a voltage surge, the varistor will cut the surge at the desired protective voltage
level and the load will continue to work at non-destructive voltage levels.

2.3 Materials

Composition

Although there is a great variety in the elemental composition of ZnO varistor materials,
they contain approximately 90 mol.% ZnO and a balancing mix of other oxides. The
most common additives are Bi2O3, Sb2O3, MnO and CoO. A number of other additives
have also been reported – Be, Mg, Ca, Sr, Ba, Sn, Pr, La, V, Nd, Sm, Cu, Ag, Si, Al, Ti,
Zr, and B [11-19].



2 ZnO Varistor Material

9

Manufacturing

The fabrication process of ZnO varistors follows essentially the same steps as processes
for other ceramic devices. The raw material is a powder of different oxides and the
ingredients are mixed, ball milled and spray dried. High purity and fine grain size of the
raw material are desirable to get a homogeneous product. The powder mix is then cold
pressed into a so-called green-body, with the same shape as the final product. The
green-body is then sintered at temperatures between 1000 °C and 1400 °C. The firing is
the most important step in the process and strongly affects the electrical properties of
the varistor. ZnO varistor materials show a very complicated reaction process during
sintering [20]. Accordingly, even the same composition of oxides results in different
crystal phases and electrical properties depending on different sintering conditions, e. g.
temperature profile and atmosphere [21-23]. Electrode layers are subsequently mounted
at the top and bottom surfaces of the arrester block, and an insulating layer is added to
the outer rim. As a last step, the electrical properties of each block are tested and the
blocks are marked. The final product can be seen in figure 2.4.

Figure 2.4. Surge arrester blocks from ABB Switchgear. As sintered (left) and
the final product, where electrode layers at top and bottom surfaces and an
insulating layer at the rim have been added (right).
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2.4 Microstructure

ZnO varistor materials are polycrystalline ceramics. The main constituents are ZnO
grains, spinel (Zn7Sb2O12) grains and intergranular bismuth-rich phases [21, 24, 25].
The microstructure and main constituents can be viewed in figure 2.5.

  

Figure 2.5. Scanning electron microscope (SEM) images of the microstructure
of a ZnO varistor material obtained in secondary electron mode (left) and in
backscattered electron mode (right). The sample surface is polished and lightly
etched. ZnO grains, spinel grains and Bi-rich phases are indicated. 

Crystal structure

This section deals with the crystal and electronic properties of the crystal structures
commonly found in ZnO varistor materials. 

ZnO crystallises into a wurtzite structure, i. e. a complete hcp-lattice with oxygen
atoms is inserted into the zinc hcp-lattice. This forms a structure of close-packed atom
planes stacked on each other in the c-direction (see figure 2.6). The wurtzite structure
can be described as close-packed planes in the order AOAZnBOBZnAOAZnBOBZn…, where
A and B denote atom positions and Zn and O zinc and oxygen, respectively. The
A-planes of Zn are slightly moved towards the B-planes of oxygen, because atoms in
two A-planes are stacked on top of each other and only displaced in the c-direction. On
the other hand, atoms belonging to A-planes are displaced also in the x- and y-directions
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respective to the B-planes. The distance between two atom planes of similar
configuration (two A-planes or two B-planes) is larger than the distance between two
atom planes of different configuration (the distance between an A-plane and a B-plane),
which gives a uniform distance between atoms in different plane configurations. The
displacement in the c-direction results in polar (001) and (00-1) surfaces [26].

Figure 2.6. Schematic image of the ZnO structure. Large spheres represent zinc
ions and small spheres oxygen ions.

The unit cell is hexagonal with four atoms – two oxygen and two zinc atoms. The
lattice constants are a = 3.257 Å and c = 5.213 Å, which give a unit cell volume of
47.9 Å3 (approximately 1.6 times the unit volume of pure Zn). The space group for ZnO
is P63mc (186 in International tables) which indicates six-fold rotational symmetry
around the c-axis and also 6 mirror planes parallel to the c-axis.

Zinc has atomic number 30 and electronic configuration 1s22s22p63s23p63d104s2.
Oxygen has atomic number 8 and electronic configuration 1s22s22p4. Hence oxygen is a
highly electronegative atom, and attracts the 4s electrons from the zinc ions since zinc
prefers to have filled 3d-orbitals as the outermost electrons. The charge transfer of the
4s electrons from zinc to oxygen atoms is not complete and the resulting bonding of
zinc oxide lies in the borderline between a covalent- and ion bonding. 

According to the conduction properties, ZnO is a semiconductor with a rather large
bandgap. The bandgap is direct at the gamma-point, which means that the electrons at
the gamma-point can be excited directly from the valence band to the conduction band,
i. e. no phonons are needed for the excitation process at the gamma-point. The bandgap
has been determined experimentally to 3.3 eV [9], which corresponds to a wavelength
of 376 nm. Hence zinc oxide is transparent to light in the visible region but it might
appear bright because of light scattered inside the crystal.

Crystalline Bi2O3 exists in four phases, α-, β-, γ- and δ-Bi2O3. α-Bi2O3 is agreed on
to be the stable low temperature polymorph of Bi2O3 [27] and reported as monoclinic,
with space group P21/c [28]. The tetragonal β-form is metastable and can be obtained by
quenching the Bi2O3 melt. The cubic δ-form is the high-temperature phase and exists
between 730 °C and 825 °C [27-29]. It also exists as an impurity-stabilised phase at
room temperature. There has been some controversy concerning the description of the
structure and space group of this phase, but according to Medernach and Snyder [28]
Pn3m is the correct one. The metastable bcc γ form can be obtained for example by
cooling of β-Bi2O3. There has been uncertainties concerning the existence of pure
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γ-Bi2O3, and several structure models have been proposed. All these phases have been
observed in different ZnO varistor materials [20, 21, 25, 30-34]. The crystal data used in
the presented work is shown in table 2.1.

Table 2.1. Crystal structure data used in the present work.

crystal crystal system space group ICSD no.
ZnO hexagonal P63mc 65121

Zn7Sb2O12 cubic Fd-3m S 27806
α-Bi2O3 monoclinic P21/c 2374
β-Bi2O3 tetragonal P421c 62979
γ-Bi2O3 cubic I23 2376
δ-Bi2O3 cubic Pn3m 27150

The conductivity in α-Bi2O3 is predominantly p-type, i. e. holes are the mobile
charge carriers, and in the range 10-10–10-14 (Ω cm)-1 at room temperature depending on
the content of dopants. The conductivity in β-, γ- and δ-Bi2O3 is mainly ionic and oxide
ions are the mobile charge carriers. The activation energies for ionic conduction are
1.37, 0.98 and 0.40 eV for the β-, γ- and δ-phases, respectively [29]. The ion
conductivity in the δ-phase, which has a disordered partially occupied oxygen
sublattice, is about three orders of magnitude higher than the conductivity in the
intermediate phases β and γ. An increase in conductivity by approximately three orders
of magnitude has been observed at the phase transition from the electronic-conducting
α-phase to the high-ionic-conducting δ-phase [29].

General microstructure

The ZnO grains are 10–20 µm in diameter and form the main constituent in the present
ZnO varistor materials. The grains differ a lot in geometry but are very similar with
respect to chemical composition. The grain size may be controlled by sintering
temperature and time and also by different additives. Higher sintering temperature and
longer sintering times increase the grain size [35, 36]. Ti and Be are used to enhance
grain growth and Sb and Si are used for grain growth suppression [37]. Small amounts
of dopants – primarily Co and Mn – are found in the ZnO grains.

The spinel (Zn7Sb2O12) grains are 2–4 µm in diameter and act, during the sintering
process, as controller of grain growth by pinning the migrating ZnO grain boundaries.
The spinel grains can be found alone or in large clusters surrounded by Bi-rich phases
but also inside ZnO grains. Spinel particles form during the early stages of sintering by
reaction of ZnO with pyrochlore (Zn2Bi3Sb3O14) according to equation (2.2) [20], 

2 Zn2Bi3Sb3O14 + 17 ZnO ↔ 3 Zn7Sb2O12 + 3 Bi2O3 (2.2)

Additives like Co, Mn and Cr promote the formation of spinel grains [20]. The grains
are effectively insulators and have no direct influence on the non-ohmic properties of
the varistor [12]. Rather high concentrations of dopants, e. g. Co, Mn, Ni and Cr, can be
detected in the spinel grains [34].
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The bismuth-rich phases can be divided into three major parts:

1. crystalline Bi2O3
2. pyrochlore (Zn2Bi3Sb3O14)
3. an amorphous bismuth-rich phase

Together these phases form a three-dimensional network throughout the varistor
volume.

Crystalline Bi2O3 is primarily found in triple and multiple grain junctions in ZnO
varistor materials and forms during cooling to room temperature. The morphology after
sintering depends essentially on the cooling rate, sintering temperature, sintering
atmosphere and composition [35, 38, 39]. The melt crystallises into the stable high
temperature δ-Bi2O3, which has a high degree of disorder [28]. The δ-phase may then
transform into the stable low temperature polymorph α-Bi2O3 or the metastable forms β
and γ. The non-linearity of ZnO varistors is significantly influenced by the phase
composition of Bi2O3 [32]. All polymorphs except α can dissolve substantial amounts of
other elements [40]. The presence of certain metal additives stabilises these metastable
forms as well as the high temperature δ form at room temperature. The continuous and
interconnecting net of crystalline bismuth-rich phases is by many considered crucial for
the transport of oxygen into the material during annealing [4]. 

The formation process of pyrochlore varies with different ZnO varistor materials.
Pyrochlore is first formed during heating to the sintering temperature [20]. In the current
material (provided by ABB Switchgear) the pyrochlore then completely reacts with
ZnO to form spinel and a Bi-rich liquid during the early stages of sintering [41].
Pyrochlore then forms again during cooling to room temperature and the amount is
dependent of the cooling rate. The amount of pyrochlore increases with decreasing
cooling rate [42]. The content of pyrochlore also increases with decreasing sintering
temperature [20]. Small amounts of Mn, Co and Ni can be detected in the pyrochlore.
The crystallographic information for pyrochlore is obtained from reference [12].

The amorphous bismuth-rich phase is found primarily in the grain boundaries,
especially in the ZnO/ZnO interfaces, and this is considered to be an explanation for the
appearance of Schottky barriers in the ZnO/ZnO junctions [43]. This phase is more
thoroughly examined in the next section. 

Interfacial microstructure

The most extensively studied part of the microstructure in ZnO varistor materials is the
grain boundaries. The grain boundaries have been found to give rise to the non-linear
current/voltage characteristics by formation of barriers against electrical conduction. In
polycrystalline materials in general the majority of the grain boundaries grow randomly
and are low-symmetry, high-angle grain boundaries. Occasionally, special grain
boundaries, e. g. inversion twins, appear in polycrystalline materials. In many cases they
are not electrically active and show a morphology quite different from the general type
of grain boundary. A few features seem to be common to large-angle grain boundaries
in compound semiconductors [1]:
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a. crystallinity is maintained right to the interface between the two crystals
b. the grain boundary cores extend to at most a few lattice spacings and show a

reduced local atomic density and a considerable amount of structural
relaxation

c. impurities play an important role in determining the grain boundary structure
d. boundaries tend to facet to reduce their free energy

These findings apply well to grain boundaries found in ZnO varistor materials. In
the first reports on the microstructure it was suggested that the ZnO grains were
completely surrounded by a crystalline phase [2], but according to more recent studies
the crystalline bismuth-rich phase is located primarily in the ZnO triple and multiple
grain junctions [24]. The boundaries between two ZnO grains found in ZnO varistor
materials can be divided into at least two different types with different structural
properties [1]: 

I. interfaces characterised by incorporation of impurities of up to two atomic
layers

II. interfaces with a second phase formed between the two grains. These interface
layers are typically of the order of nanometers

Type I are ZnO/ZnO grain boundaries, and electron microscopy studies have
reported them to contain no intergranular film but segregated Bi atoms [34, 44-46].
Segregation of bismuth to the grain boundaries has also been confirmed by Auger
electron spectroscopy [47] and X-ray photoelectron spectroscopy [48]. 

Figure 2.7. Schematic image of a triple grain junction at thermodynamical
equilibrium [50]. Crystalline Bi2O3 is present in the triple grain junction, with a
thin amorphous bismuth-rich film distributed between the crystalline phases in
the material. This thin intergranular bismuth-rich film lies continuously between
the grains and has a thickness of 1–2 nm. 
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Type II are also interfaces between ZnO grains, and electron microscopy studies
have reported these interfaces to contain a continuous amorphous bismuth-rich phase
[34, 44, 45, 49]. These intergranular films are a few nanometers thick and are
distributed continuously between the grains over several micrometers in length. Early
reports regarded this type as a special case, associated with special grain boundaries
where the interface of one of the adjacent grains was a basal plane, and not the grain
boundary type responsible for the varistor action [44, 45]. 

Later high-resolution electron microscopy and scanning transmission electron
microscopy studies in combination with thermodynamical calculations suggest this
amorphous bismuth-rich phase (type II) to be the equilibrium morphology in the grain
boundaries [43, 50]. A proposed picture illustrating the equilibrium morphology in the
triple grain junctions is shown in figure 2.7 [50]. The crystalline Bi2O3 is surrounded by
an amorphous bismuth-rich phase, which also extends into the ZnO/ZnO interfaces.
This film is critical to the development of electrically active interfaces in ZnO varistor
materials [43].

Faceting at ZnO/δ-Bi2O3 interphase boundaries have been reported for ZnO varistor
materials that have been quenched from sintering temperature [51, 52]. These facets are
low-index ZnO planes, and thus favourable low-energy planes [52]. 

Microstructural development during sintering

The sintering process is an important step in the production of ZnO varistor materials,
since the sintering process largely determines the varistor characteristics. The sintering
cycle can be divided into four different stages. During the first stage – heating to the
sintering temperature – a liquid phase is formed from the powder particles. Low-melting
point eutectics between ZnO, Bi2O3 and Sb2O3 are formed during this stage and
different dopants dissolve in this melt (the ZnO-Bi eutectic system is shown in
figure 2.8). Depending on the details, such as temperature increase rate and chemical
composition also other constituents, such as spinel (Zn7Sb2O12) and pyrochlore may be
formed during this first stage. The second stage – liquid phase densification at the
sintering temperature – is the phase where the main ZnO grain growth occurs. The
diffusion of dopants into the ZnO grains to provide a uniform dopant distribution also
continues. The sintering time and temperature are chosen to give the desired grain size
distribution. Higher sintering temperatures and longer times at the sintering temperature
give larger grains [35, 36]. During the third stage – cooling from the sintering
temperature to ~700 ºC – there is crystallisation of secondary phases from the bismuth-
rich liquid phase and retraction of the liquid phases from the two-grain boundaries. It is
during this stage the formation of barriers against electrical conduction at the ZnO/ZnO
interfaces starts [51]. The main development of the electrical properties of the varistor
material occurs in the fourth and last stage of the temperature cycle – cooling from
~700 ºC to room temperature. The varistor properties can also be seriously modified by
post-sintering annealing in this temperature range [4]. 
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Figure 2.8. The ZnO-Bi eutectic system (after ref. [53]). 

2.5 Conduction mechanisms

Steady-state

Over the years a number of models for the barriers to electrical conduction at the
interfaces have been developed. The first model was proposed by Matsuoka in 1971 [2]
and considered a space-charge-limited current in the bismuth-rich intergranular layer.
Levinson and Philipp later proposed tunnelling through a thin layer as the conduction
mechanism [18], and in the mid-1970's the idea of tunnelling through a Schottky barrier
gained recognition as conduction mechanism at semiconductor interfaces. Several
models were developed during the second half of that decade based on this idea [47, 54-
60].

The most widely spread model for barriers in semiconductor interfaces today was
developed by Seager and Pike [61-63] and includes the idea of minority carrier induced
electrical breakdown. This model was later refined by Greuter and Blatter [1, 64, 65]
who presented a detailed model where also deep bulk traps are taken into account. This
model offers a good description of the highly non-ohmic properties, the high α-values,
the interface state effects, the bulk trap effects, the hole creation mechanism, and the
dynamical properties [37]. This section follows the path outlined by Greuter and Blatter
[1], who solve Poisson's equation for the interface and calculate the current across the
interface through the thermionic emission model.

The basic concept underlying varistor action is that the current/voltage
characteristics are controlled by the existence of electrostatic barriers at the interfaces
between grains. The origin of these barriers is interface charge stemming from lattice
mismatch, defects and dopants at the grain boundary. The interface charge changes the
Fermi level in the vicinity of the grain boundary, with band bending as a result. The
electronic charges stored in an interface represent a repulsive potential for the majority
carriers – the electrons in the case of an n-doped semiconductor – across the interface.
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In the energy diagram for an n-type semiconductor this corresponds to a bandbending as
shown for a double Schottky barrier in figure 2.9. 

Figure 2.9. Energy-band diagram (top) and charge distribution (bottom) for a
double Schottky barrier formed at an interface. For simplicity only one deep bulk
trap level is included. The density of the interface states (N0

*, N1
* ,…) is also

shown. All symbols are defined in the text (From ref. [1]).

In order to calculate the electrical behaviour of the interface we need as a first step
to find a suitable description for the electrical barrier. As a starting point the following
approximations are made to simplify the model:
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a. a plane two-dimensional interface with a net charge -Qi
b. for the grains, one shallow donor (with energy E0 and density N0) and n deep

bulk traps (with energy Eν and density Nν, ν ≥ 1) are assumed
c. sharp boundaries at the edges defining the donor and trap regions, with no

spill-over from free charge carriers

These approximations are also illustrated graphically in the lower part of figure 2.9.
From these assumptions it is possible to write the expression for the charge distribution
as
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and the boundary conditions
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where δ denotes the Dirac delta function and Θ the Heaviside unit step function, ε is the
dielectric constant, ε0 the dielectric constant for free space, e is the unit charge, and V is
the potential applied across the interface. The convention e = │e│ is used in this
paragraph, which gives the potential energy for an electron as eΦ(x). 

A quantitative description of the double Schottky barrier in figure 2.9 can be
established by solving Poisson's equation for the potential Ф(x) using the charge
distribution and boundary conditions in equations (2.3) and (2.4). This gives
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The self-consistent solution for equations (2.3)–(2.5) is difficult as soon as deep bulk
traps are present. However, the expression for the barrier height ΦB can be written as
[64, 65]
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where the energies εν and εξ define the positions of the deep bulk traps and the bulk
Fermi level with respect to the conduction band Ec (as shown in figure 2.9). As seen in
equations (2.6) and (2.7) the potential barrier ΦB depends on the net interface charge Qi
through the critical voltage Vc. The interface charge Qi itself depends on the other hand
on the applied bias voltage V and the barrier height ΦB according to
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where Ni(E) is the energy distribution of interface states, ξi
n is a fictitious Fermi level

describing the neutral interface and
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Integration of equation (2.8) proceeds from the Fermi level of the neutral interface
ξi

n, which allows for the filling of some traps in the lower part of the band gap without
generating any net charge at the interface. With zero bias voltage applied, the Fermi
level for the interface is equal to the Fermi level of the bulk (ξi(V = 0) = ξ), whereas for
V > 0 the quasi-Fermi-level ξi right at the interface is shifted with respect to the bulk
Fermi level ξ according to 
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Equation (2.10) is determined by the balance condition of the interface, i. e. the
number of electrons trapped by and emitted from the interface have to be equal. The
expression is calculated within the thermionic emission model but is only slightly
different from the diffusion approximation [63].

The dependence of the interface charge Qi on the barrier height ΦB is due to the
fixed energy position of the density of states Ni(E) with respect to the band gap. As ΦB
decreases, Ni(E) is shifted downwards towards the quasi-Fermi-level and additional
charge is trapped at the interface. Both barrier height ΦB and interface charge Qi must
thus be determined self-consistently from equations (2.6) and (2.8). 

The first term in equation (2.6) dominates the expression and is strongly dependent
on the interface charge Qi and the bias voltage V. The barrier ΦB will also decrease with
increasing bias V. However, as long as there are empty interface states present, the
increasing bias V will increase the interface charge Qi and this will slow down the
lowering of the barrier height ΦB. The barrier is thus pinned by the interface states.
When all interface states are filled (and the interface charge Qi hence remains constant),
the barrier ΦB will decrease rapidly with applied bias V. This pinning effect of the
barrier height can be used to optimise the properties of the varistor. The pinning
depends on the amount of charge that can be trapped in the interface and thus depends
on the interface density of states Ni(E) or the ratio between the interface density of states
and the donor concentration (Ni(E)/N0). 

The barrier height ΦB depends on the deep bulk traps in two ways: a high
concentration of deep traps decreases the first term in equation (2.6), since a larger
screening charge always reduces the barrier height ΦB(V = 0) and leads to a faster filling
of the interface states for V > 0. Even though the second term in equation (2.6) adds
positively to the barrier height ΦB, the net effect of introducing deep donors is always a
lowering of the barrier height ΦB. For typical values of the deep trap densities such as
Nν ≈ 1017 cm-3 (which gives Nν / N0 ≈ 0.1) the barrier height ΦB is reduced by as much as
~100 meV [1]. This is large compared to kBT and thus has a significant impact on the
current/voltage characteristics of the interface. As the barrier ΦB is being lowered by



Nanoscale Characterisation of Barriers to Electron Conduction in ZnO Varistor Materials

20

increasing bias voltage V, the ionised bulk traps are shifted below the Fermi level and
do not contribute to the screening of the interface charge any more. This neutralisation
of a deep bulk defect at eΦB ≈ εν-εξ leads to a transient stabilisation of the barrier. 

From the self-consistent solution ΦB(V) for the potential barrier at the interface, the
electrical current through the interface can be calculated using the thermionic emission
model. The electron current emitted over the barrier ΦB into a positively biased grain is
then

( )( ) TkVe BBeTAj ξε+Φ−= 2* (2.11)

where A* denotes the effective Richardson constant. The effective Richardson constant
is a materials constant defined as A* = 2π·ekB

2·m*/h2, where m* is the effective electron
mass.

To obtain the net DC current flow across an interface we also need to correct for the
current flow in the opposite direction which is suppressed by a factor exp[-eV/kBT], and
for the current that is trapped and re-emitted at the interface. The latter correction is
however considered as negligible for the capture cross sections for electrons found in
ZnO varistors [1]. The total current density is without the latter correction then 
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For voltages V >> kBT the current density jDC depends exponentially on ΦB(V) that
decays rapidly at high enough bias voltage V. This leads to a marked increase in the
current density jDC, i. e. breakdown. The maximum value of the non-linearity coefficient
α is then
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Equation (2.13) gives a numerical maximum non-linearity coefficient α ≤ 40, which
is achieved with the sharpest possible energy distribution of the interface states
(Ni(E) = Niδ(E-Ei)) and without the presence of bulk traps. In this model the barrier
collapses as soon as all interface states are filled. The breakdown voltage will hence
depend in detail on the electronic structure of the interface. By including deep traps the
decay of the barrier with increasing voltage is smoothed out and the non-linearity
coefficient α is suppressed. 

With progressing decay of the barriers for voltages above the switching voltage, the
finite conductivity of the grain has to be taken into account. This accounts for the so-
called "up-turn" that appears for large applied voltages as the current limitation shifts
from the grain boundary potential barrier to the grain bulk conductance. 

Minority carrier effects (Breakdown)

The grain boundary model outlined in the previous section describes well the
current/voltage characteristics of ZnO varistor materials for most situations. However,
there are primarily two experimental findings that cannot be explained using only this
model. First, the fact that switching between high and low resistivity in ZnO varistors is
observed to proceed much faster than predicted by this model. The non-linearity
coefficients can be up to α = 100 for varistors [9]. The value of α remains however
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below 40 in the model described above. Second, the fact that the breakdown voltage is
above the energy gap Eg for ZnO. The observed voltage for breakdown is VB ≈ 3.5 V
[4], which is close to but clearly above the band gap Eg for ZnO (Eg ≈ 3.2 V). Also,
certain observed dynamical properties of the grain boundary, such as the small signal
capacitance near breakdown and the voltage overshot under pulse loads, cannot be
consistently explained by the above model [1].

Figure 2.10. Band diagram for a grain boundary barrier in the breakdown
regime. Impact ionisation by hot electrons creates electron-hole pairs, and the
holes drift-diffuse to the grain boundary to contribute to the screening of the
negative interface charge. All symbols are defined in the text. (From ref. [1]). 

By taking minority carrier effects into account, these experimental findings can be
consistently explained. As schematically shown in figure 2.10, electrons injected into
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the positively biased grain can gain a large amount of kinetic energy in the electric field
created in the vicinity of the grain boundary. This field can reach values up to
100 MV/m for optimum doping levels. With a bias of about 3.5 V per grain boundary
the electrons can reach energies eV+eΦB ≈ 4.1 eV per grain boundary, which is above
the threshold energy Eth ≈ 3.7 V for minority carrier generation by impact ionisation of
valence states. This means that electrons are accelerated in the depletion region close to
the grain boundary and gain enough energy to create electron-hole pairs through impact
ionisation. This effect is illustrated in figure 2.10. 

The holes produced in this process will drift-diffuse back to the interface and
contribute to the screening of the negative interface charge. The reduction of net
interface charge will cause a lowering of the potential barrier and the transport current
increases exponentially. This mechanism triggers a barrier controlled avalanche
breakdown. This process is stabilised by the finite electron-hole recombination rate at
the interface and the details of hole generation. 

The starting point for the analysis of the effect of minority carriers is a description of
the non-equilibrium majority carrier transport phenomenon in the vicinity of the grain
boundary at high applied bias voltage. The sought quantity is the distribution function
for hot electrons in the high-field region of the depletion region. We consider for
simplicity the electrons to travel ballistically through the depletion region. The
Boltzmann equation can then be written as [1]

0),())(( =∂+∂ Exjxe Ex ε (2.14)

with the spectral current density j(x, E) defined as
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where ε(x) = -∂x Φ(x) is the electric field along the x-axis, f(x,v) is the electron
distribution function, and E is the kinetic energy in the approximation of a parabolic
band with effective electron mass mc for the conduction band. The solution to equation
(2.14) can then be written (with initial conditions j(x = 0,E) = j0(E) ≈ (j/kBT)exp[-E/kBT]
from the thermionic emission model) as

( ))(),( 0 xeeEjExj B Φ+Φ−= (2.16)

This expression describes the conversion of potential energy eΦ(x) to kinetic energy
E. This equation holds even if elastic scattering is taken into account, as long as the
enhanced electron density from the scattering does not change the potential Φ(x)
significantly. Inelastic processes need however to be taken into account. ZnO is a polar
material and therefore scattering by longitudinal optical (LO) phonons is the dominant
energy-loss process. In ZnO the phonon energy is ~72 meV and the scattering rate is of
the order of 1014 s-1 [65]. The emission of LO phonons leads to strong cooling of the
electrons, and the effect of LO phonons is illustrated in figure 2.10. With a mean free
path λ0 ≈ 5 nm, the average energy loss within the ~100 nm depletion region is 1–2 eV.
One way to deal with the inelastic scattering is to introduce an energy-loss term into
equation (2.14). 

Using the distribution function for hot electrons the yield factor for the minority
carrier generation g = jholes/jin in the depletion region can be determined. The
dependence of the yield g on the total potential drop is in turn dependent of the donor
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density N0. In order to produce a noticeable fraction of holes (g = 0.1–1%) at a potential
drop comparable to breakdown conditions in ZnO (ΦB+V ≈ 4 V) the donor density
needs to be of the order of 1018 cm-3, which coincides with the donor density level found
in most commercial varistors [1]. 

Within a very short time (~10-10 s) the holes produced in the depletion region will
drift back to the interface. At the interface they will be trapped in the attractive potential
well, which is still deep at the onset of breakdown. As a steady-state in the breakdown
is reached, the trapping will be balanced by the re-emission of holes in the negatively
biased grain and by electron-hole recombination at the interface. Which decay path for
the holes at the interface that will dominate is dependent on which regime of the
breakdown we consider. The recombination will be the dominating process in the onset
of breakdown and re-emission in the steady-state breakdown regime. Models that
include only the thermal emission of holes out of the potential to balance the holes at
the interface will reproduce the rapid decay of the barrier at high voltages but cannot
account for the dynamic response of the grain boundary at breakdown. 

Given this brief discussion concerning the effect of minority carriers, we can
conclude that both the electron and holes contribute to breakdown parameters VB and α.
For cases when the hole production is small, due to for example low values for N0, small
barrier ΦB, strong inelastic scattering or high ionisation threshold Eth, the breakdown
voltage will be seen to vary significantly from sample to sample, as in the case with
breakdown without minority carrier generation described in the previous section. The
introduction of minority carriers into the model accounts for a more stable and more
rapid breakdown mechanism in accordance with experimental findings.

A limitation of the double Schottky barrier model in this section is that it only
describes the charge carrier transport across a single interface. When considering not
only a single grain boundary but a varistor as a whole, we need to account for the fact
that the varistor consists of a large number of grain boundaries with individual
properties. The grain boundaries exhibit clear microstructural differences but can
anyway be divided into a limited number of classes, where the classes are characterised
by having for example different barrier heights [49, 66]. Computer simulations on
varistors have been made, where different types of grain boundaries have been
introduced into the model and assigned different characteristics [67-70]. The
simulations showed that a model considering different types of grain boundary
properties can account for example for the smoothed non-linearity showed by the
varistor compared to that of the individual grain junctions [68-70].
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3 Analytical Scanning Electron
Microscopy

3.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is a widely spread technique, used in materials
and biological sciences as well as in industry. Modern SEMs combine high spatial
resolution imaging and analysis capabilities with easy to handle hardware and user-
friendly computer-based interface. In the SEM, electrons from an electron source are
accelerated to high energies and focussed through a system of electromagnetic lenses
onto the sample. The focused electron beam is scanned across the sample surface,
generating different signals as illustrated in figure 3.1. 

Figure 3.1. Schematic illustration of the incident electron beam generating
different signals in the sample.
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The richness in signals opens up the possibility to investigate a wide range of
materials properties. The two most commonly used signals for imaging in the SEM are
secondary electrons and backscattered electrons, giving primarily topographic contrast
and atomic number contrast, respectively. Other signals can be used to measure
different properties, e. g. Auger electrons or characteristic X-rays can be used to
determine the chemical composition of the sample and cathodoluminescence to
investigate defect concentrations in semiconductors. The information depth of the
various signals differs significantly as illustrated in figure 3.2. The chemical
information obtained using Auger electrons is much more surface sensitive than the
information from characteristic X-rays.

Figure 3.2. Electron beam-specimen interaction volume [71]. The interaction
depth is determined by the composition of the sample and the acceleration
voltage of the microscope.

In this work SEM has been used to study the overall structure of the samples,
including determining size, distribution and chemical composition of different grains
etc.. The SEM has also been extensively used for electron-beam induced current (EBIC)
measurements and for in-situ observation of heating experiments, and the details
regarding these techniques can be found in the following two sections.

For further reading on this topic I suggest the extensive book by Goldstein et al.
[72].

Specimen preparation

Thin slices of ZnO varistor material were ground to get a plane surface and then
polished using diamond spray on printer paper. In the last polishing stage 0.25 µm
diamond particles were used. For analysis using secondary electrons the sample was
subsequently etched in 0.4% HCl solution for 10 seconds to get an enhanced
topography. For analysis using backscattered electrons the clean polished surface was
used.



3 Analytical Scanning Electron Microscopy

27

Instrumentation 

In the present work a Leo 1550 Gemini scanning electron microscope (SEM) with
Schottky field emitter and magnum column has been used. It is equipped with an
Oxford Instrument Inca Energy 300 EDS system and a Nordif electron backscattered
diffraction (EBSD) camera with Link Opal recording and evaluation software. 

3.2 Environmental scanning electron microscopy

Electron imaging in conventional SEMs is generally performed at high-vacuum
conditions, usually at pressures below 10-6 Torr. Insulating materials cannot be imaged
at electron beam energies above a few keV without application of a conductive coating,
because the local charging effects will cause image drift, image distortion, dielectric
breakdown, and deflection of the primary electron beam [72]. The low-vacuum
scanning electron microscope (LV-SEM) allows the study of specimens not suitable for
conventional SEM. By use of an imaging gas in the chamber, and hence increasing the
pressure (in the range 0.1–1 Torr), charging effects are avoided and also non-conducting
specimen can be imaged. A special class of LV-SEM is the so-called "Environmental
scanning electron microscope" – ESEM™. In the ESEM it is possible to increase the
pressure up to 50 Torr [73], which is beyond the dew point pressure of water (4.6 Torr
at 0 ˚C). This means that for example biological specimen can be kept and studied in
their natural, hydrated condition. 

The robust design makes low-vacuum instruments well suited also for in-situ
experiments. Micro-injectors for gas and fluid, heating and cooling stages and
equipment for mechanical testing are examples of existing add-on equipment for in-situ
experiments in the ESEM. Examples of in-situ heating experiments are rare but
complex experiments have been performed, e. g. in-situ ESEM studies of the chemical
vapour deposition process of diamond thin films [74] and in-situ heating and monitoring
of phase evolution and microstructural development of high-Tc superconductors in the
ESEM [75].

Vacuum system

All SEMs require high-vacuum conditions in the electron gun area (10-7–10-9 Torr),
where high voltages are used to extract and accelerate electrons. A slightly worse
vacuum (~10-6 Torr) is then usually required in the rest of the microscope – the column
and the chamber – to reduce the scattering of electrons against gas molecules. In the
LV-SEM, a pressure-limiting aperture placed between the column and the chamber
allows for different levels of vacuum in the column and the chamber. The major
breakthrough in the design of the ESEM was the integration of two closely separated
pressure-limiting apertures into the objective lens. The differential pumping system in
the ESEM allows the high-vacuum conditions required in the column to be maintained
even with a high chamber pressure. The vacuum system design in the interface between
column and chamber is depicted in figure 3.3. 
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Figure 3.3. Schematic picture of the ESEM vacuum system at the interface
between specimen chamber and column. The differential pumping system allows
high-vacuum conditions in the column to be maintained even for chamber
pressures of several Torr (Redrawn from [76]). 

The ESEM technology, based on the patented design of the so-called insert in the
objective lens, allows the ESEM to reach higher pressure in the chamber than other
models of LV-SEMs. The ESEM design also allows for a larger field of view, since
larger aperture sizes can be used when piling several apertures on top of each other. The
location and size of the aperture also influence the resolution of the instrument, partly
because a smaller aperture size will limit the primary beam current and partly because
of increasing scattering effects with longer beam path in the region of higher pressure. 

Electron-gas interaction

Scattering of electrons in a gas is a Poisson process. The probability for an electron to
scatter a certain number of times is determined only by the mean of the distribution, i. e.
the average number of collisions per electron. The Poisson distribution is described as
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where P(n) is the probability an electron will scatter n times and m is the average
number of scattering events per electron. 

The scattered electrons will form a so-called beam-skirt, a broad spatial distribution
of electrons, which will contribute to a low-level background signal. The unscattered
electrons will lose intensity due to scattering, but the spatial distribution will not
broaden. When this combined beam (unscattered focused beam plus beam skirt) is
scanned across the specimen surface the changes in the induced signal caused by the
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wide skirt are negligible compared to the change in signal caused by the unscattered
beam. So as long as there is enough current in the unscattered beam to form an image,
the image resolution will be largely unaffected. The beam skirt will however seriously
influence  the resolution of X-ray analysis since the generation volume for X-rays will
grow with widening beam skirt. 

Detection

The imaging principle in the ESEM is different from that of the conventional SEM and
is shown in figure 3.4. Secondary electrons (SEs) are knocked out from the sample by
the primary beam and are accelerated towards the detector by the electric field between
the biased detector and the grounded specimen. When the SEs have gained high enough
energy, they will ionise molecules of the imaging gas on their way to the detector. The
electrons knocked out from the molecules will also accelerate in the field and in turn
ionise other gas molecules, resulting in a cascade effect that amplifies the signal. The
electrons liberated as a consequence of ionising collisions involving gas molecules are
known as gaseous secondary electrons (GSEs). They leave behind positively charged
ionised gas molecules. Summarising the different possibilities there are a number of
different charge carriers present in the gas between sample and detector – primary
electrons, backscattered electrons, secondary electrons, ionised gas molecules, gaseous
secondary electrons and electrons liberated by positive ion impact on the sample surface
[77]. 

The standard Everhart-Thornley detector [78] cannot be used at elevated pressure
since it is operated with a bias of ~10 kV to the face of the scintillator. For pressures
exceeding ~10-2 Torr electrical breakdown will occur between the scintillator (+10 kV)
and the Faraday cage (+300 V) nearby [72]. The electron detector designed for use at
elevated pressure needs also to be different from usual SEM detectors, since the
imaging principle is different. Secondary electron images can be obtained using the
Gaseous secondary electron detector (GSED). The GSED consists of a biased metallic
ring mounted around the optic axis above the sample. The sample bias can be varied
between zero and +550 V, creating an electric field between the detector and the sample
at ground potential. All of the charge carriers mentioned in the previous paragraph,
except for the high-energy primary and backscattered electrons, are significantly
affected by this electrical field. The low-energy SEs, GSEs and electrons liberated by
positive ion impact on the sample surface are swept by the electrical field to the detector
ring and contribute to the image signal. The relative contributions from different signals
vary with the experimental conditions. The influence of gas pressure and gas chemistry
on the detector signal composition has been studied and revealed different fractions of
SE and BSE contribution in different pressure regimes [79]. For water the SE
contribution dominates in the low-pressure region, with an increasing BSE contribution
with increasing pressure. Additionally, the background intensity from amplified
products of primary beam ionisation also increase with increasing pressure [79]. 

The ESEM is equipped with a type of detector that serves not only as detector for
the electron signal but also as the first pressure-limiting aperture of the instrument. The
patented Environmental secondary detector (ESD) and GSED are basically biased
electrodes that collect the electron current and allow for detection of secondary
electrons also at elevated pressures. Other manufacturers of LV-SEMs offer other
solutions to the detector design, e. g. a specially designed light detector for secondary
electron detection at elevated pressure. This detector detects the optical photons emitted
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by the gas molecules as they relax after interaction with the secondary electrons [80].
Detectors for backscattered electron detection are commonly used, and are also located
around the entrance of the column to the specimen chamber. 

Figure 3.4. The imaging principle of the ESEM. Secondary electrons ionise the
molecules of the imaging gas. The electrons knocked out from the molecules may
in turn ionise other molecules resulting in a cascade effect. The electrons
knocked out during this process are known as gaseous secondary electrons
(GSEs). The ionised gas molecules travel to the sample surface and recombine
with electrons.

The amplification effect of the imaging gas is dependent on the distance between the
specimen and the detector and is thus, because of the detector locus around the objective
lens, also directly linked to the working distance. The working distance at elevated
pressure needs to be sufficiently short in order to avoid scattering of the primary beam,
since this will reduce the signal. The distance between the specimen and the detector
affects the signal-to-noise ratio, as does the choice of imaging gas [81]. 

In theory the ionised molecules travel due to the electric field formed between the
biased detector and the specimen at ground potential to the specimen surface, where
they recombine with electrons. The electrons injected by the primary beam are thereby
neutralised, and negative charge build-up in the specimen is avoided. In practice this
effect usually overcompensates the injected charge and there is a positive charge build-
up at the specimen surface. This is however a lesser problem than a negative charge
build-up since it rather enhances the contrast of the image, which is often desirable
when studying e. g. low-contrast organic samples. 
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The build-up of positive space charge between the detector and the specimen could
be a more severe problem [82]. This charge build-up is caused by the fact that the gas
molecules are much heavier than electrons. Consequently the mobility of electrons are
at least three orders of magnitude greater than that of positive ions [83]. The electrons
will travel fast to the detector, but the ionised molecules will move rather slowly down
to the specimen. This will cause a lag in the image update, sometimes seen as a
"shadow" behind a high-signal feature in the scanned area, especially for fast scan rates.
The high-signal feature causes a burst of electrons, which ionise a significant amount of
the gas molecules between the specimen and the detector and a large electron signal is
received at the detector. When the beam has scanned past the high-signal feature, a
significant share of the gas molecules will still be ionised since they travel only slowly
towards the specimen. The signal from the area behind the high-signal feature will then
be amplified less by the cascade effect, causing a darker, shadow-like effect. Under
special conditions this effect may even result in contrast reversal in the image [84].

Heating experiments

The instrument used for the current investigations is an Fei XL30 ESEM equipped with
a Schottky field-emitter, which allows for a maximum chamber pressure of 10 Torr.
Apart from the various secondary electron detectors provided for use at elevated
pressures (differing in shape, size of the pressure limiting aperture and discrimination
between different signals) the instrument is equipped with a standard Everhart-Thornley
detector for SE detection at high-vacuum conditions, a solid state BSE detector and an
electrostatic beam-blanker. For the heating experiments the instrument was fitted with
an Fei heating stage, allowing temperatures up to 1500 ˚C, and a special high-
temperature GSE detector. Figure 3.5 shows the experimental set-up for the heating
stage in the ESEM chamber, viewed through an infrared CCD camera ("chamberscope")
during heating. 

Figure 3.5. The in-situ heating experimental set-up in the ESEM chamber,
imaged using the infrared "chamberscope" during heating. The heat at the
sample is clearly seen as the bright area in this infrared image. The special high-
temperature detector (white cap), heating shield and heating stage are also seen.
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Both heating stage and heating shield may be biased (ranging between ±50 V and
0-300 V, respectively). Together with the biased detector ring they give rise to a rather
complex electric field in the detector/sample area during high-temperature imaging,
helping sweep the electrons to the detector. Depending on temperature and specimen,
different sets of biasing parameters have to be applied. At relatively low temperatures
enhancement of the SE emission may be desirable, but in the high-temperature range
suppression of thermally emitted electrons are generally needed to reduce the noise
level. This usually reduces the detected signal at higher temperatures to a pure BSE
signal. 

For further details on this technique I recommend two review articles by Danilatos
[85, 86].

3.3 Electron beam-induced current 

Charge-collection (CC) microscopy, including its most common form electron beam-
induced current (EBIC), is a technique to examine p-n junctions as well as defects and
grain boundaries in semiconductor materials [72]. The high-energy primary electrons
create large numbers of electron-hole pairs in semiconductors by excitations of valence
electrons. In the presence of an electric field, these charge carriers can drift in opposite
directions and create a current, referred to as EBIC or CC current. EBIC has primarily
been used to measure the diffusion lengths of charge carriers and reconstruction
velocities in semiconductors [87].

Figure 3.6. Schematic view of the EBIC set-up used for this study. The primary
beam scans across the surface, creating electron-hole pairs. The charge carriers
will be separated by internal fields (created by for example grain boundaries) or
external fields (from an applied bias voltage). The EBIC current is detected by
the amperemeter.
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Background

A schematic view of the experimental set-up for EBIC is shown in figure 3.6. Two
current collecting electrodes are placed on either side of the grain boundary of interest.
Under primary beam irradiation electron-hole pairs will be created in a generation
volume, which is dependent on the beam energy. The electron-hole pairs that are
generated within the space-charge region in the vicinity of the grain boundary, or charge
carriers that can drift into the space-charge region before recombination, are swept up
by the electric field and give rise to the EBIC signal. 

In EBIC microscopy, with an experimental configuration as described above, the
maximum EBIC current, IEBIC, collected by the electrodes is given by [88]
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= (3.2)

where λd is the drift length, dc the separation of the current collection electrodes, ηCC the
fraction of the electron-hole pairs generated by the incident beam that are swept up by
the field, Eb the primary beam energy, Ib the beam current and εeh the average energy
required to create an electron-hole pair.

Figure 3.7. Energy band model for the grain boundaries in an n-type material
with negatively trapped charge at the interface and compensating positive space
charge regions in the two adjacent grains. The electron beam generates charge
carriers in grain 1. The generated holes diffuse to the interface attracted by the
electric field, where they recombine with trapped electrons. Electrons from both
sides of the grain boundary refill these traps. The electron current from grain 2
results in a carrier density difference between the two grains, which is
compensated by the measured EBIC current.
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The signal formation for a charged interface, with negative charge accumulated at
the interface and positive space-charge regions in the adjacent grains, can be
qualitatively described by a diffusion model as illustrated in figure 3.7. Excess carriers
are generated on one side of the grain boundary (grain 1). The holes generated by the
primary beam diffuse to the grain boundary attracted by the electric field. They
recombine with electrons trapped in the localised interface states. Electrons from both
sides of the grain boundary refill these traps. This introduces a recombination current,
which is determined by the amount of excess charge carriers, which in EBIC is
controlled by the beam current. The electron current from grain 2 results in a carrier
density difference between the two grains. This difference will be balanced by the
current through the current amplifier, which is the EBIC current. 

By moving the primary beam towards the grain boundary the collection of charge
carriers will be diffusion controlled. As the interaction volume intersects the grain
boundary plane the primary beam will generate electron-hole pairs on both sides of the
charge-dividing interface. The generated signal will then drop rapidly since the charge
deficiency decreases.

The range of the primary electron beam and the shape and form of the interaction
volume are of great importance for the generated signal. There are several models used
to estimate the electron range in solid materials [89-91]. These models share the
common expression 

2
1

c
bEcR = (3.3)

for the electron range R, where c1 and c2 are material dependent constants. The electron
range is thus primarily determined by the beam energy Eb, which in the present
instrument can be varied between 200 eV and 30 keV. The calculated electron range in
ZnO using three different models – Kanaya-Okayama [89], Everhart-Hoff [90] and
Wittry-Kyser [91] – are presented in table 3.1. 

Table 3.1. The interaction depth (in micrometers) in ZnO for different beam
energies calculated using three different models. 

kV/model Kanaya-Okayama Everhart-Hoff Wittry-Kyser
c1=0.0144 c1=0.007 c1=0.01384
c2=1.667 c2=1.75 c2=1.7

5 0.21 0.117 0.21
10 0.673 0.395 0.694
15 1.324 0.8 1.382
25 2.140 1.33 2.254

EBIC contrast phenomena

During EBIC studies of grain boundaries, several different contrast effects apart from
charge collection may arise. A few of these observed contrast phenomena – due to
enhanced or reduced recombination properties, β-conductivity and high-resistive
interfaces – are also reviewed in this section. 
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In the generation volume of the beam, a high density of electron-hole pairs is
injected. This causes a conductivity increment in the material. With a constant external
bias applied, an increase in current corresponding to the conduction increment will be
detected. This effect is known as β-conductivity [92]. The relative effect of the
conductivity increment caused by beta-conductivity depends on the local non-irradiated
conductivity of the material, and a significant contrast will only be produced where the
conductivity is low. The effect however also increases with any current induced by
external biasing. β-conductivity in the present experimental configuration is visible only
under an applied voltage and it reverses contrast when the bias is reversed. 

In the case of ZnO ceramics a double Schottky barrier, with a negatively charged
interlayer compensated by a positively charged depletion layer on either side of the
grain boundary, will create electric fields in opposite directions in the two adjacent
grains. Thus the separation of charge will be reversed between the adjacent grains, and
the CC current will flow in opposite directions. The contrast from an ideal double
Schottky barrier is hence a dark and bright line running along the interface. The contrast
from a real double Schottky barrier with the primary beam perpendicular to the interface
normal is shown in figure 3.8.

Figure 3.8. EBIC image showing the bright and dark (peak and trough) contrast
from a double Schottky barrier with the primary beam perpendicular to the
interface normal. The width of the signal increases with increasing beam energy.
The image is obtained using a beam energy of 5 keV.

Apart from two-dimensional EBIC images, also linescans across active regions are
commonly performed. The curve represents the EBIC profile along a line, and is a
straightforward way to visualise the magnitude of the peaks and troughs in the image.
The values of peak and troughs vary with injected charge, and increases for larger beam
currents. A line profile taken perpendicular across from the interface shown in
figure 3.8 is shown in figure 3.9. Enhanced or reduced recombination at or near grain
boundaries due to large numbers of recombination centres give rise to dark or bright
EBIC contrast, respectively. Reduced recombination could be due to passivation of
recombination centres, by for example impurities. Care must be taken not to confuse
this contrast with the asymmetric peak and through contrast from an asymmetric
Schottky barrier.



Nanoscale Characterisation of Barriers to Electron Conduction in ZnO Varistor Materials

36

Figure 3.9. EBIC linescan profile from the region showed in figure 3.8. The
profile shows the peak and trough contrast, typical for a Schottky barrier, and
the exponential tail of the signal. The peak of the signal scales with beam
current. It also shows the barrier to be slightly asymmetric, since the signals for
the peak and trough differ in magnitude. 

In addition to the CC signals, there can be a background current that gives an ohmic
baseline level. The slope of the ohmic line is proportional in each point to the local
resistivity [93]. In the case with a high-resistive grain boundary between two low-
resistive grains this ohmic background level will be seen in EBIC images as a terraced
step-contrast between the electrodes. This phenomenon was first reported by Bernds
et al. [94].

EBIC with remote electrodes has been used to analyse several semiconducting
materials including Si [87, 95], and also applied to wide bandgap ceramic materials,
such as GaP [96], BaTiO3 [97] and ZnO [88, 94, 97-104] to investigate grain boundary
properties. Its primary application has been to identify electrically active interfaces and
other inhomogeneities, and direct experimental observation of contrast indicating
Schottky barriers in ZnO varistors has been made using this technique [98]. 

A quantitative interpretation of the EBIC signal formed in the vicinity of a grain is
rather difficult, and so far most attempts have been made for Si [87, 105, 106].
Materials parameters such as the electron diffusion length in the grains and the grain
boundary recombination velocity can be determined from the proposed models. The
results of these methods are however very sensitive to the determination of the baseline
level in the EBIC profiles [106]. 

In the case of polycrystalline materials, grain boundaries are oriented randomly and
also have an unpredictable shape and form. Attempts have been made to link the EBIC
contrast of active ZnO/ZnO interfaces to the orientation relationship between adjacent
grains [88, 102, 104]. These results seem to indicate that high-angle grain boundaries
are more likely to be electrically active, but also that the structure of the grain boundary
on a very local level – e. g. inclination, bending and twisting of the interface – affects
the contrast generation more than the general grain orientation. The complicated
structure and compositional inhomogeneties could lead to the formation of asymmetric
potential barriers for free charge carriers between grains. The asymmetries of barriers,
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and the possibility to modify the asymmetry and hence the EBIC contrast through an
applied bias voltage, was first reported for GaP by Ziegler et al. [96].

Practical considerations

The specimen was ground to a thickness of a few hundred microns using SiC paper and
polished using diamond spray on high-density printer paper. Special care was taken to
minimise scratches on the specimen surface. This mechanical treatment of the surface
also increases the surface recombination velocity, which reduces the influence of
diffusion on the measured EBIC signal. A circular (3 mm in diameter) contact pattern
was produced on the specimen surface using photolithography and subsequent silver
evaporation. The contact design allowed for a large number of grain boundaries to be
studied in one experiment using EBIC.

The sample was mounted on a specially designed insulating specimen holder and the
EBIC measurements were performed using an Fei XL30 ESEM equipped with a
Schottky field-emitter and an electrostatic beam blanker. The electrostatic beam blanker
was used to modulate the primary beam with frequencies up to 100 kHz. Using lock-in
amplification the noise level was reduced and a much-improved detected signal was
obtained. Silver glue was used for the connection between the silver contact pattern and
the wires to the pre-amplifier and earth potential, respectively. 

Figure 3.10. SEM image obtained in backscattered electron mode of a silver
contact pattern used in the current EBIC investigation. 
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4 Analytical Transmission Electron
Microscopy

4.1 Transmission electron microscopy

The transmission electron microscope (TEM) is one of the most efficient and versatile
tools for characterisation of materials. The primary advantages are the very high spatial
resolution (~1 Å) and the wide range of secondary signals generated by the electron
beam. These secondary signals are the same as described in the section treating SEM,
but in the TEM the signals of primary interest for imaging are the electrons transmitted
through the specimen. Many of the generated signals can be detected in modern
analytical TEMs and thus be used to investigate different materials parameters. The
spatial resolution of the information obtained in the TEM is better than that from the
SEM since the interaction volume is much smaller, due to the very thin specimen
needed for electron transparency (< 0.5 µm). 

The transmitted electrons carry crystallographic information from a very small
volume, which makes the TEM a powerful tool for diffraction experiments on a
localised level. If the specimen is crystalline some of the electrons will scatter
elastically according to Bragg's law, and thereby provide structural information.
Electrons suffering from energy-loss due to inelastic interaction processes in the
specimen can be detected by an electron energy-loss spectrometer, which will sort the
electrons by energy-loss and create an energy-loss spectrum. These electrons carry
information on the local chemical composition and structural arrangements. 

The optical system of the transmission electron microscope (TEM) is schematically
illustrated in figure 4.1. As illuminating source an electron gun is used. The electron
gun emits electrons and accelerates them using an applied voltage. The electron probe is
formed using electromagnetic lenses rather than optical ones. The electrons pass
through the specimen – scatter and induce a number of different signals – and are then
projected onto a fluorescent viewing screen. The basic ideas of the TEM are the same
today as in the advent of the technique in the 1930's, but different detectors have been
developed over the years and added to the design.

For further information regarding this field I recommend the books by Williams and
Carter [107], Edington [108] and Reimer [109].
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Figure 4.1. Schematic ray diagram showing the optical system of the
transmission electron microscope in imaging (left) and diffraction modes (right)
[71].

Instrumentation

The present investigation uses a Fei Tecnai F30 SuperTwin TEM equipped with
Schottky emitter, biprism, EDAX EDS detector model 6901, Gatan Imaging Filter
(GIF) Model 2002 and Fischione high-angle annular dark-field (HAADF) detector. The
Emispec software allows for simultaneous aquisition of EDS and EELS data. An JEM-
2000FX II equipped with Link AN 10000 EDS system has also been used for imaging
and diffraction work. 

4.2 Specimen preparation

From the cylinder-shaped raw specimen, slices were cut using a low speed diamond
saw. They were ground to approximately 0.5 mm thickness using 600 mesh SiC-paper.
After polishing using diamond spray on printer paper the slices were cut into discs with
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a diameter of 3 mm using an ultrasonic disc cutter. The discs were ground to about
50 µm using 600 mesh SiC-paper and were subsequently polished using diamond spray.
Using a Gatan dimple grinder, the discs were dimple ground to a centre thickness of
approximately 15 µm. The discs were cleaned using acetone and then glued onto 3-mm
diameter copper grids using M-bond adhesive. This was done in order to simplify the
handling of the very fragile specimens.

The last step of specimen preparation was ion milling using a Gatan PIPS™. The
specimen was milled from both sides with argon ions using an acceleration voltage of
3.5–4.0 kV and an incidence angle of 5–8°. The specimen holder was rotating during
milling. The milling was interrupted when a hole in the specimen could be seen using
the binoculars. Using the above parameters, large electron transparent areas were
created without causing too much radiation damage. The different phases sputtered with
various speeds, and the Bi2O3 sputtered considerably faster than the ZnO and spinel
grains. 

As a last step before putting the specimen into the microscope, the specimen and the
specimen holder were cleaned in a Fischione Plasma Cleaner Model 1020. During the
cleaning process, the oxygen-argon gas mixture forms a low energy plasma and reacts
with carbon and hydrocarbons on the specimen. This has proven to be an effective way
to clean the sample and minimise specimen contamination induced by the electron
beam.  

4.3 Electron diffraction

There are two diffraction techniques performed in the TEM – convergent beam electron
diffraction (CBED) and selected area electron diffraction (SAD). In the present
investigation both techniques have been used. The charge of the electron makes it
interact strongly with both nuclei and electrons in the specimen. In selected area
electron diffraction the investigated area is chosen using an aperture. The selected area
aperture is put into an image plane below the specimen and only the electrons from the
selected area are allowed to contribute to the diffraction pattern. By projecting the back
focal plane onto the screen of the microscope, an image of the diffraction pattern is
obtained. The pattern reveals crystallographic information such as crystal orientation,
interplanar distances, crystal symmetries etc and are widely used for crystal structure
determination and phase identification.

Convergent beam electron diffraction is a versatile technique that carries far more
information than SAD. In CBED the investigated area is chosen directly, by focusing
the electron probe onto the area of interest. The back focal plane is then projected onto
the viewing screen in the same way as in SAD and an image of the CBED pattern is
obtained. In the present work CBED has been performed primarily using a small
condenser aperture, which gives a small convergence angle of the electron beam. This
technique is often referred to as microdiffraction. The microdiffraction pattern reveals
basically the same crystallographic information as SAD but allows the study of smaller
areas. Both a SAD and a CBED pattern can be seen in figure 4.2.
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Figure 4.2. Selected area diffraction pattern taken along a < 1 -1 1 > axis of
ZnO (left). Convergent beam electron diffraction pattern from the same
orientation of the crystal (right). Kickuchi bands can be seen as well as the first-
order Laue zone (ring pattern).

4.4 Imaging

Different types of images can be created in the TEM by choosing the electrons that
contribute to the image in different ways. This is done using the objective aperture,
which is inserted in the back focal plane of the TEM. By choosing the electrons in the
central spot – i. e. the electrons that have interacted weakly with the specimen – a
bright-field image is created. If instead electrons scattered a higher angle are used, a
dark-field image is created. Examples of bright-field and dark-field images from a
spinel grain are shown in figure 4.3. 

Centred dark field imaging is a well-established technique, used to image
intergranular phases and thin films between grains. In this work, the amorphous
bismuth-rich phases have been recorded using this technique (see figure 4.4). By
selecting the diffusely scattered electrons from this amorphous phase – seen as a ring in
the diffraction pattern – and excluding electrons scattered from adjacent grains these
phases can be imaged [110]. This method is straightforward and of particular interest
when studying polycrystalline materials, since it does not impose any restrictions on the
orientation of the adjacent grains. Thin films may be imaged even if the grain boundary
plane is not fully parallel to the incident beam. 
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Figure 4.3. Bright-field TEM image of a spinel (Zn7Sb2O12) grain in a ZnO
varistor material (left). Dark-field TEM image of the same area (right).

Figure 4.4. Dark-field TEM image of a ZnO/ZnO interface close to a triple grain
junction. The intergranular phase is seen as a bright line between the grains.
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4.5 Energy-dispersive X-ray spectrometry

Among other signals, the primary electrons generate X-rays when interacting with the
sample. When a core electron of an atom in the specimen is knocked out by an incident
electron the atom will be in an excited state. The atom returns to its ground state by
filling the core hole with an electron from an outer state and the excess energy will be
emitted either as a photon or as an Auger electron. For heavy elements the yield for X-
rays dominates but for lighter elements the latter process has a higher yield [72]. 

Since the energies of the electronic states are specific for each element, the X-rays
generated by electrons falling from a higher to a lower state also will be element unique.
By detecting X-rays from the sample and plotting the intensity versus energy, an
energy-dispersive X-ray spectrum is obtained. Using tabulated values for the element
specific energies, the elements present in the specimen may be identified. Energy-
dispersive X-ray spectrometry (EDS) is hence a convenient way to get a qualitative
chemical analysis of an unknown specimen. To perform a good quantitative analysis a
number of factors have to be accounted for – specimen thickness, background radiation,
absorption, fluorescence, escape-peaks, sum peaks and k-factors are a few. 

In the present work quantitative EDS analysis has been performed in the TEM with
thin electron transparent specimens. In the thin foil approximation the absorption and
fluorescence effects are neglected and the mass concentration ratio of two elements can
be written as [111]
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where CA is the concentration of element A in the specimen, IA is the intensity of the X-
ray peak in the spectrum and kAB is a proportionality constant between the elements,
accounting for differences between the elements in ionisation cross section,
fluorescence yield and detector efficiency. The k-factors are in practice often correlated
to a standard element, e. g. Si or Fe, and the proportionality constant between two
arbitrary elements can be calculated according to equation (4.2): 
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For thicker specimens the influence of absorption has to be taken into account and
iterative methods using the thin foil approximation as a starting point are applied.

For a more detailed description of EDS I refer to books by Goldstein et al. [72] and
Joy et al. [112].

4.6 Electron energy-loss spectroscopy

Electron energy-loss spectroscopy (EELS) makes use of the electrons that are
inelastically scattered in the specimen. The electrons are scattered by the specimen and
collected by the spectrometer located below the viewing screen of the microscope. The
electron energy-loss spectrum is a probability distribution for inelastic scattering as a
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function of energy-loss and reveals information of thickness, chemical composition and
also structural information, e. g. about chemical bonding and oxidation states. The
spectrum consists of a few distinct features – the zero-loss peak, a low-loss region and
ionisation edges. Most electrons lose none or a negligible amount of energy and these
electrons sum up to the intense zero-loss peak. The zero-loss peak corresponds to about
90% of the total intensity for a specimen of reasonable thickness. From the ratio
between the zero-loss intensity and the total intensity the thickness of the specimen as a
function of the inelastic mean free path for the electrons can be calculated. The low-loss
region (0–50 eV energy-loss) contains intensity variations caused by inelastic scattering
due to valence electrons. In semiconductors the predominant feature of the low-loss
region is the plasmon peak, due to plasmon excitations in the specimen. The intensity in
the spectrum then falls off rapidly with increasing energy so the use of the loss-
spectrum above 1 keV often requires a careful control of the noise level.

For energy-losses above the low-loss region the features are dependent primarily of
the ionisation energies of the present elements. At the ionisation energy for a specific
element there will be an abrupt edge, followed by a slow declination. The energy where
the edge appears is element specific and can be used for both element identification and
quantification. The edges are labelled K, L, M, … according to the atomic shell being
ionised. 

Figure 4.5. Schematic EEL spectrum showing zero-loss peak, plasmon peak, and
ionisation edges with ELNES and EXELFS.

One major advantage of EELS over EDS is the possibility to quantify light elements,
such as carbon, nitrogen and oxygen, to a high accuracy. Additional information, e. g.
about band structure and chemical shifts, can be retrieved from the fine structure of the
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edges. The fine structure is often divided into two regions – energy-loss near edge fine
structure (ELNES) and extended energy-loss fine structure (EXELFS) (see figure 4.5). 

For further information on EELS, I recommend the extensive books by Egerton
[113] and Joy et al. [112]. 

4.7 Electron holography

"Electron interference microscopy", later known as electron holography, was first
suggested by Gabor in 1948 [114] as a way to compensate the spherical aberration and
improve the spatial resolution in the TEM. The fundamental idea is to form and record
an interference pattern from a wave passing through an object of interest and an
unperturbed reference wave. The interference pattern contains all the information
needed for a complete reconstruction of the image information from the imaged object.
Not just the amplitude information found in a conventional bright-field image, but also
the phase information, can be reconstructed. Since the interference image contains all
the information from the object Gabor named it a hologram from the Greek word holos
which means whole [115, 116]. At that time there was however no sufficiently small
and bright electron source to test the suggestion experimentally. Holography as a
technique became more generally spread with the invention of a coherent light source –
the laser – in 1960. Later the advent of the electron equivalent to the laser, the electron
field-emitter, brought new life to works on electron holography, although the number of
groups in the world were quite few. The great expansion of the field came with the
commercialisation of the field-emission guns (FEGs) in the beginning of the 1990’s and
it is now a broad field with wide-spread applications [117]. 

Although the technique has been focusing on increasing the spatial resolution in the
electron microscope (for recent advances see for example reference [118]), many
applications rather make use of the sensitivity of the technique to weak electric and
magnetic potentials. Magnetic domains in thin films and particles have been studied
with great success [119], and fluxons around magnetic particles [120] and
superconductors [119] have been imaged. Electric properties, field lines and charging
effects of small particles have been studied using low resolution electron holography
[121-123].

Electron holography has also been used to calculate the mean inner potential for
crystals with known geometry [124]. The electric field in semiconductor p-n junctions
has been studied for some years, and recently Rau et al. showed mapping of the
electrostatic potential in pnp and npn CMOS transistors [125, 126]. 

Electron holography has been applied in studies of interfaces, to investigate interface
diffuseness and improve the thickness determination of intergranular layers [127]. Grain
boundaries in SrTiO3 and BaTiO3 – both undoped and doped – have been thoroughly
studied using holography measurements in combination with other electron microscopy
techniques [128-131]. Taking thickness variations, diffraction effects and changes in
atomic density into account, the potential variation across the boundary has been
mapped. Using Poisson’s equation the charge density distribution has been extracted.
Computer simulations of the phase shift caused by electrostatic potentials at
electroceramic interfaces have also been performed [132]. In-situ electron holography
has been used to show electrical barrier breakdown at grain boundaries in Nb-doped
SrTiO3 [133-135]. 
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Figure 4.6. An electron hologram with interference fringes and Fresnel fringes
caused by the edges of the biprism.

Principles

Holography is based only on the most fundamental properties of waves – interference
and diffraction – and is thus applicable to all kinds of waves, e. g. visible light, X-rays,
electrons and sound. The major advantage with the technique is that a complete wave
(amplitude and phase) can be reconstructed from the hologram. The first step consists of
recording an interference pattern – a hologram – between the reference wave Φr and the
wave Φo scattered by an object. These waves are coherent, usually emitted from the
same source, and superimposed to interfere with each other. The intensity Iholo of the
interference pattern is then

2
roholoI Φ+Φ= (4.3)

The second step is the reconstruction of the original image from the hologram. For
simplicity the hologram is illuminated with the same reference wave as was used to
form the hologram. The transmitted amplitude Tholo is then given by

22222 )( roorrrorroholoT ΦΦ+ΦΦ+ΦΦ+Φ=ΦΦ+Φ= ∗ (4.4)

The imaging properties of holography can be understood by interpreting the
different terms in this expression. The first term corresponds to the transmitted wave
and the second term is the wave scattered by the object. The third term is similar to the
second one, but with opposite sign in phase. By observing the second term
independently from the other terms a reconstructed image can thus be achieved. The
third term represents the conjugate image.

Off-axis holograms are formed when the object wave and the reference wave travel
in different directions. If the reference wave is tilted an angle γ, it can be described by 
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where k = 2π/λ and λ is the wavelength. The intensity in the hologram is then given by
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If a tilted plane wave is used for the reconstruction of the hologram described in
equation (4.6), the original object Φ0 is reconstructed. 
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oo

yzik
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The propagation of the conjugate image is tilted an angle 2γ with respect to the
reconstructed image. As a result the two images are separated in space and can be
observed independently of each other. This is one main advantage of off-axis
holography over in-line holography, which was the technique originally proposed by
Gabor. 

In 1959, Aharonov and Bohm predicted that an electron wave experiences a phase
shift by electric or magnetic potentials [136]. This effect – known as the Aharonov-
Bohm effect – was soon experimentally proven by Chambers using an electron
microscope [137] and provides the fundamental principle underlying the interaction of
an electron wave with electromagnetic fields. By solving the relativistic Schrödinger
equation they found that the phase of an electron wave is altered by all scalar Vp and
vector A

r
 potentials along its path l according to [138]
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where Eb is the energy and λ the wavelength of the electron beam, E0 is the rest mass
energy of the electron, h is Planck's constant and e is the unit charge. In the absence of
electric and magnetic fields in the material and dynamical diffraction effects, the phase
difference between object wave and reference wave depends only on the thickness t of
the material and the mean inner potential V0 according to [109]

),(),(
2

2),( 00
0

0 yxtVCyxtV
EE

EE
E
eyx E

b

b =







+
+

=∆
λ
πϕ (4.9)

where CE is an energy dependent constant. The mean inner potential is the volume
average of the scalar potential of a solid, and is given by the zero-order Fourier
coefficient of the crystal potential of an infinitely large perfect crystal. The potential is
negative and usually between -5 V and -30 V depending on composition and structure
[138].

Practical considerations

In order to form an electron hologram, the basic need is a source of coherent electrons.
There are in reality no perfectly coherent electron sources. The temporal (or
longitudinal) coherence length is determined by the energy spread of the electrons and
limits the maximum permitted path difference between the two wavefronts in order for
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them to form an interference pattern. The spatial (or transverse) coherence length
defines the region in the specimen plane in which the phase of the two wavefronts can
be considered to be coherent [139]. Cold field-emitters have both high temporal
coherence (∆E ≈ 0.3 eV) and high spatial coherence (small source size) which would
make the cold field-emitter the natural source for a dedicated holography TEM [107].
However, this type of FEGs requires ultra-high vacuum operating conditions and
usually the beam current will drop during operation due to contamination of the tip. A
rapid heating – "flashing" – of the tip is then needed to regain the intensity. The stability
in terms of beam current and the less demanding vacuum conditions required by the
Schottky field-emitter has now made it the favoured choice for TEMs intended to
perform a wide selection of tasks. It has usually also a higher beam current even though
the coherence is not as good as for the cold field-emitter. 

Figure 4.7. Graphical description of the function of the biprism forming a
hologram (from ref. [142]). The biprism is located a distance a from the back
focal plane and a distance b from the image plane. The biprism bias voltage
controls the deflection angle γ and the spacing ds between the virtual sources S1
and S2. The deflection angle and the spacing between the virtual sources affect
the width of the hologram W and the fringe spacing.

In off-axis holography a Möllenstedt-Düker electrostatic biprism [140] is used to
interfere beams from different parts of the illuminated area. The biprism is a thin quartz
wire coated with a thin film of metal, usually gold. The biprism is then put into an
assembly that allows application of a positive or negative bias voltage to the wire and
rotation in the wire plane. The biprism is mounted either as a separate part or as a part
of the selected area aperture assembly. The optimum conditions for the location of the
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biprism has been calculated by Lichte [141], but for practical reasons it is usually
physically mounted in the first image plane (the same plane as the selected area
aperture).

By applying a positive potential to the biprism the coherent electron beams
travelling on either side of the biprism form an interference pattern. The function of the
biprism is described graphically in figure 4.7. The fringe pattern W is created by
applying a bias on the biprism, thereby deflecting the electrons as if they had been
emitted from the two virtual sources S1 and S2. 

The fringe spacing, Sfringe, in the hologram is given by [142]

a
baS fringe γ

λ
2

)( +
= (4.10)

with parameters given in figure 4.7. The fringe spacing, or the carrier frequency,
determines the resolution of the reconstructed image. To allow the separation in Fourier
space, the carrier frequency has to be 2–3 times higher than the maximum frequency
contained in the recorded wave, depending on if the object is a weak or a strong phase
object [143]. In order to reconstruct the original image, each detail of it must thus be
sampled by 2–3 interference fringes. 

The width of the interference pattern is also directly proportional to the biprism
voltage. A higher biprism voltage may thus be needed to cover the area of interest, even
though the needed resolution – determined by the fringe spacing – does not justify the
choice of bias voltage. The interference width in the hologram can be expressed as
[142]
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with parameters from figure 4.7 and biprism radius R. This expression shows the
importance of making the biprism as thin as possible. The unbiased biprism will shadow
the beam. The biprism voltage has to pass through a threshold before a hologram can be
seen and this threshold voltage is dependent on the biprism width. The width puts
constraints on the spatial coherence and should thus be minimised. Using a coherent
source the biprism will cause Fresnel diffraction at the biprism edges, which will show
up as Fresnel fringes in the hologram (see for example figure 4.6). The Fresnel
diffraction will modulate both amplitude and phase of object and reference waves. The
effects need to be accounted for by recording only the undisturbed part of a broader
hologram [144]. This usually requires longer exposure times, which in turn demands
good stability of both the beam and the specimen.

One important quality criterion of the hologram is the fringe contrast. Several
definitions of the contrast µ exist in the literature. One that has gained widespread
acceptance within the holography community is
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where Imax and Imin refer to the intensity of the peaks and troughs of the fringe profile,
respectively [145]. The precision of the phase information from a hologram is
determined by the fringe contrast [146]. 

For small fringe shifts, one can assume the fringes to be parallel to the biprism. This
assumption holds for most holography experiments, since the fringe shifts carried by the
object wave usually are rather small. Thus coherence is only required in one direction –
perpendicular to the biprism. By deliberately stigmating the beam, giving the beam an
elliptical shape with the major axis perpendicular to the biprism wire, the coherence in
the desired direction – that of the major axis – is retained and the electron flux is
maximised at the region of interest. It is of vital importance when this method is used
that the angle is exactly 90° between the major axis of the illumination ellipse and the
biprism fibre (see figure 4.8). The fringe contrast in the hologram will deteriorate
significantly when deviating from this number. 

Figure 4.8. Schematic illustration of the highly astigmatic illumination used for
the holography experiments. The coherence is retained in the direction of the
major axis of the illumination ellipse, which is perpendicular to the biprism wire.

The coherence of the illumination is also dependent on spot size and convergence
angle of the beam. Even for field-emitters, a small spot size, small condenser aperture
and parallel illumination are recommended to retain coherence. The choice of
microscope settings is in this case a trade-off between the coherence required to get
sufficient fringe contrast and the intensity needed to get a decent signal-to-noise-ratio. 

As is the case for most microscopy experiments the specimen is a crucial factor. The
specimen needs to be thin and clean, and for most experiments the region of interest
must be close enough to the edge of the sample for the reference wave to propagate
without perturbation. A so-called "dead-layer" of amorphous material can cause
problems in holographic investigations since it will add an offset proportional to V0·t
(where V0 is the mean inner potential of the amorphous material and t is the thickness of
the amorphous layer) to the phase shift. Carbon contamination can be also be a problem
for the same reason. These problems need special attention when observing the small
phase shifts associated with studies of inner electrical fields.

In the work described in this thesis the specimen for holography experiments has
been produced using standard TEM specimen methods as described in section 4.2. Low-
angle ion thinning has been the preferred method to minimise the problems associated
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with the amorphous dead-layer. The specimen has then been carefully cleaned in a
plasma cleaner before insertion into the microscope. This method removes carbon
contamination using a low-energy oxygen plasma. 

The common method today for recording holograms is to use a CCD camera,
although other techniques, such as standard negatives and so-called image plates, also
are used. The CCD camera has a linear response over several orders of magnitude, a
high detection quantum efficiency and the information is recorded digitally, which
allows easy processing [147]. The cameras used in post-column imaging filters today
are 1024 x 1024 pixels or 2048 x 2048 pixels in size [148].

The modulation transfer function of the detector describes the spatial frequency
response. When using a CCD camera to record electron holograms, the rate at which
higher spatial frequencies are attenuated by the scintillator and the finite pixel size in the
CCD will determine how accurately the recorded hologram resembles the electron
interference pattern incident on the detector. Since the CCD detector is a square array of
finite-size pixel elements, there is a physical limit to the minimum size of the details
which can be discriminated [149]. 

Phase reconstruction

The second part of holography is the reconstruction of the object wave from the
hologram. In the early days this was often done using optical methods, but with the
ever-increasing speed and capability of modern computers, digital reconstruction
methods are now by far the most commonly used. 

We assume the illumination to be a plane wave ]exp[ rki
r
⋅  and the object to modify

the wave, creating the object wave
)()()( rieraro
rrr ϕ⋅= (4.13)

where both the object amplitude and object phase are real functions. The lens system in
the microscope modifies the object wave due to lens aberrations and the object wave is
in the final image plane described by the function

)()()( rierArO
rrr φ⋅= (4.14)

with a real positive image amplitude and real image phase. When in practice recording
an off-axis hologram, the image intensity Iholo(r) is then described by [150]

))(2cos()(2)(1)( 2 θφπµ ++⋅+++= rrqrAIrArI cinelholo
rrrrrr

(4.15)

where the partial coherence has been accounted for by introducing the visibility (fringe
contrast) µ in the expression. The carrier frequency qc is the spatial frequency of the
fringes in interference pattern. The term Iinel has been added to take the inelastic
scattered electrons into account, and the reference wave amplitude is unity. θ is an
additional phase term that usually is independent of position.
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The first step in the reconstruction process is to perform a Fourier transform of
Iholo(r)
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where ⊗ denotes the convolution. The modulus of the complex Fourier transform of a
hologram is shown in figure 4.9. As the intensity in the hologram is real, the modulus of
its Fourier transform exhibits central symmetry with respect to the centre of the
frequency plane. Equation (4.16) as well as figure 4.9 exhibit three distinct elements.
The central area in figure 4.9 is known as the autocorrelation and corresponds to line 2
in the expression (4.16). The other two features are called sidebands and correspond to
line 3 and 4 in equation (4.16), respectively. The two sidebands are the complex
conjugates of each other, and thus contain exactly the same information. 

Figure 4.9. The modulus of the Fourier transform of the hologram in figure 4.6.
The autocorrelation (centre) (corresponding to line 2 in equation (4.16)) and the
two sidebands (corresponding to line 3 and 4 in equation (4.16)) can be
identified. Note the streaking effects caused by the discrete nature of the CCD
camera.

In order to extract the holographic information one of the sidebands needs to be
isolated. This is usually done by applying an aperture centred on the pixel in the
sideband with the highest intensity, and then creating a new image with the sideband
centre as the centre of the new image. By inverse Fourier transforming of this image a
complex image corresponding to the recorded object image is obtained. From this
image, phase and amplitude maps can be extracted. 
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Several different apertures can be applied in the reconstruction process. The simplest
aperture is the hard aperture, with a sharp edge. It is rarely used since it tends to cause
artefacts in the reconstructed image. In practice, so-called soft apertures, with a more
smooth transition from transparent to non-transparent regions, are usually applied. A
typical example of a soft aperture is the Butterworth filter BB defined by [151] 
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where cB is a constant, and τ and qmax denotes the order and the cut-off frequency of the
filter, respectively. 

The standard Fourier recovery method can be used to reconstruct the hologram using
a reference hologram. Figure 4.10 shows schematically the phase reconstruction
method. There are two main advantages using this technique. Firstly, imperfections in
the lens system will distort the originally flat vacuum phase and cause it to warp. By
taking an empty hologram – a reference hologram – the geometric distortions can be
imaged for the very experimental conditions under which the object hologram is taken.
The reconstructed phase from the empty hologram accounts for all the distortions of the
imaging system in the microscope and the GIF. The only difference between the object
and reference holograms is the presence of the specimen, which remains after the
processing. 

The other reason for using a reference hologram is to get a more precise
determination of the position of the sideband maximum. Often the sideband intensity in
the object image is smeared out, making the identification of the position of the
maximum difficult. The discrete nature of the CCD worsens the problem, since the
positions of the maximum need not be inside an individual pixel, but in between two or
more pixels. If the mask used to isolate the sideband is not centred on the sideband
centre a phase ramp is introduced in the reconstructed image. By using a reference
hologram to determine the sideband position and then use the same coordinates for the
reconstruction of the object hologram, this effect is eliminated.

Further reading on electron holography is found in books by Tonomura [152] and
Völkl [153].

Figure 4.10. (Opposite page) Phase and amplitude recovery of the object is done
in conjunction with a reference hologram. The purpose is to normalise the object
phase and amplitude for the shape of the vacuum wavefront and the
corresponding intensity variations.
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Experimental details

The Fei Tecnai F30 ST TEM at the Ångström Laboratory has been used for image-plane
off-axis electron holography studies of the internal electrostatic potentials at interfaces
in ZnO varistor materials. The TEM is equipped with a Schottky field-emitter and a
Möllenstedt-Düker biprism. The extraction voltage for the reported holography
experiments has been 3.8 kV, which has been found to give a good balance between
temporal coherence and beam current.

In the TEM the diffraction lens has a magnification factor of about one, and it
determines whether the image plane or the back focal plane is projected onto the screen.
In the Tecnai F30 ST the diffraction lens focuses on the selected area plane throughout
the SA magnification range, and this is also the plane where the biprism is physically
mounted. Since the interference pattern of interest is located below the biprism, a
refocusing of the diffraction lens is needed. This is done by overfocusing the lens
through free lens control excitation. This action gets the interference pattern in view but
also changes the magnification factor for the diffraction lens. The magnification thus
needs to be calibrated for the settings used.

In the present investigations corrections of electron holograms using the modulation
transfer function before reconstruction have been found to introduce noise in the
hologram, thus deteriorating the precision when determining the spatial position of the
fringes. The improvement in fringe contrast is negligible compared to the impairment
caused by the worsened signal-to-noise ratio. No corrections for the point-spread
functions have thus been applied in the routine reconstruction procedure.

The current investigations have been performed with the Lorentz lens activated and
images have been recorded using the CCD of the Gatan Imaging Filter model 2002
mounted on the Tecnai F30 ST. The Lorentz lens has been used to get a lower
magnification – thereby compensating for the post-column magnification – in order to
obtain a larger field of view and ensure that each holographic fringe is sampled over
enough pixels to avoid aliasing problems. The CCD has 2048 x 2048 pixels, each pixel
measuring 30 µm x 30 µm and there is a 1 µm gap between two neighbouring pixels.
The effective width of the pixel is thus 31 µm. The magnification factor of the post-
column GIF is 54.55x. Most holograms have been recorded with the Lorentz lens
activated (objective lens off), the diffraction lens fully excited and with 830 x
magnification reading. Taking the calibrated value for the microscope magnification
(including the change due to the diffraction lens excitation) and the GIF together gives a
total magnification of 65718x, which gives a field of view of 773 nm. Each pixel then
represents 3.78 Å, which is well within the limits to avoid problems with aliasing
effects in the reconstruction. Each fringe should as a rule of thumb be sampled by at
least four pixels to avoid aliasing effects [154], although there are claims that 6 to 8
pixels per fringe are needed for satisfactory recording of the high spatial frequencies.
Care has been taken also to position the biprism an angle to the pixel rows, in order to
avoid streaking effects in the Fourier transform caused by the finite number and discrete
nature of the pixels. 

The software used is the commercially available HoloWorks plug-in package to
Digital Micrograph developed by Völkl et al. [155]. The software routine used in the
current work requires two holograms – one object hologram with the specimen present
and one reference hologram with no specimen present but with the same lens setting as
the object hologram – as input and produces a phase map and an amplitude map as
output.
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5 Results and discussion

In this chapter, the results presented in the papers are summarised and the most
important aspects of this work is discussed. A short outlook concludes the chapter.

5.1 Summary of appended papers

Paper I

This paper is concerned with the wetting characteristics of different Bi2O3 polymorphs.
The microstructure of interfaces and especially the migration of bismuth to the grain
boundaries are important questions since they affect the electrical characteristics of the
material. The wetting and dewetting processes during sintering are of prime interest
since they are connected to the formation of barriers to electrical conduction at the grain
boundaries. 

TEM analyses using primarily centred dark-field imaging were used to reveal the
morphological differences between the various Bi2O3 phases. The triple and multiple
grain junctions were shown to exhibit distinct differences in morphology, which could
be attributed the difference in structure of the crystalline Bi2O3 present in the junctions.
The most distinguished difference in morphology, was the difference in wetting
properties exhibited by the different Bi2O3 phases. The crystalline α-phase was wetting
the ZnO grains, and also extended into the ZnO/ZnO grain junctions. The wetting
properties of δ-Bi2O3 were clearly different from those exhibited by α-Bi2O3 since the
dihedral angle was much larger compared to the dihedral angle of α-Bi2O3. The void
between the ZnO grains and the crystalline Bi2O3 in the apex of the triple grain junction
was found to be filled with an amorphous bismuth-rich phase. This amorphous bismuth-
rich phase also extended into the ZnO/ZnO grain junctions and exhibits good wetting
properties on both ZnO and δ-Bi2O3.

Paper II

Paper II reports investigations of electrical barriers in ZnO varistor materials using
electron beam-induced current measurements (EBIC) in the SEM. Many reports
concerning direct electrical measurements across individual interfaces have been
presented over the years. The main disadvantage using direct contact measurements is
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that the result is an integral of the properties along the grain boundary. ZnO varistor
material is a highly disordered material, and the boundaries between grains are not
uniform. They are often curved and twisted which result in variation of the structural
properties along the interface. To further improve our knowledge of these interfaces
there is a need to improve the spatial resolution of primarily the electrical measurement
methods. 

The electrical measurements using EBIC were combined with sub-surface analysis
of the interfaces using a focused ion-beam workstation (FIB). The FIB was used to
directly determine the inclination of the interface with the specimen surface and thus
account for the geometric dependence of the signal. The EBIC contrast was found to
depend strongly on the geometric properties of the interface, i. e. the inclination
between the interface plane and the electron beam. The signal was also found to depend
strongly on the asymmetries in the depletion region at the interface. Both these effects
have to be accounted for to describe the EBIC signal across an interface. A symmetric
double Schottky barrier was never observed in the experiments. There were always
small asymmetries in the signal. Experimental results together with computer
simulations showed that reasonable small differences in the deep donor concentrations
between grains could be responsible for the observed barrier asymmetry under zero
applied voltage. The effect of hot electrons, that are accounted the rapid breakdown of
the barriers at high applied electric fields, was observed for high bias voltages. 

Paper III

This paper deals with the same issue as is dealt with in paper II – the need for improved
spatial resolution in the electrical measurements of individual interfaces. The approach
in paper III is electron holography performed in the TEM, to measure the electrical
barriers at interfaces in a ZnO varistor material. Electron holography is extremely
sensitive to the electric and magnetic potentials in the material and has previously been
used to measure doping profiles in semiconducting devices and potential variations
across interfaces in semiconducting materials. ZnO varistor materials contain different
kinds of electrically active junctions that exhibit differences in the interfacial
microstructure and chemical composition. TEM techniques have the spatial resolution
necessary to investigate and separate the various sorts of interfaces. One major
advantage of electron holography in the TEM is thus the possibility to establish a direct
correlation between the atomic structure and the barrier at the interface.  

Electron holography was used to image the electrostatic potential variation across
individual ZnO/ZnO interfaces. The sign of the interface charge was directly determined
from the reconstructed holograms to be negative with a compensating positive space
charge in the adjacent grains. The height of the barrier (approximately 0.8 eV) and the
depletion region width (100-150 nm) were determined from holography data, and show
fair agreement with the generally adopted theory for these interfaces. A value for the
mean inner potential of ZnO was estimated. Asymmetries in the depletion region,
consistent with findings in paper II, were also found using electron holography. 

Paper IV

Paper IV treats some of the problems encountered when performing in-situ observation
of experiments at elevated temperatures in the ESEM. The ESEM is a technique
traditionally used primarily in life science, but it is now moving into materials science
as well. The possibility to perform complex experiments and study and record them in-
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situ is a great advantage with these instruments. There are not many reports on high-
temperature experiments in the ESEM, and still there are issues to resolve to make it an
accustomed technique. 

A procedure to improve the mechanical stability during heating to ensure the in-situ
imaging capabilities was developed and reported. The procedure involved the finding of
adequate fixation matter for the specimen and parts of the heating stage to secure
mechanical stability during temperature changes. A method to reduce the risk of
chemical contamination at high temperatures – above 1000 ˚C – was also proposed. The
influence of the chamber atmosphere was further discussed. Application of these
procedures was moreover shown to provide necessary conditions for in-situ observation
with high spatial resolution of heat-treatment experiments at high temperatures.

Paper V

This paper reports the results from the in-situ observations of sintering experiments
performed in the ESEM. Over the years several studies concerning the influence of
different sintering parameters on the properties of ZnO varistor materials have been
performed. Although these investigations have pictured the sintering process in detail,
there are still issues regarding the process that have not been completely uncovered. In-
situ investigations of the sintering process in the electron microscope provide the spatial
resolution to further study the fine scale aspects of the process, for example nucleation
sites. 

The full sintering process of doped ZnO powder granules was studied, with
particular interest taken in the formation of a functional microstructure. During the early
stages of sintering, pore channels developed in the material as a first step of the
densification process. These channels provide a way for gas to leave the volume, which
opens up for shrinkage of the sintered volume. The second part of the densification
process, which includes the actual volume decrease, began at about 850 ˚C and was
concluded as the large pores vanish at about 1000 ˚C. The grain growth rate began
slowly and then accelerated, reaching its maximum just as the maximum temperature
was attained. The growth rate then declined through the time at the maximum
temperature. No grain growth was observed after cooling was initialised. The relative
grain growth was approximately the same for the last hour of heating to maximum
temperature and the first hour at the sintering temperature. The total pressure was also
found to be important for the formation of a functional microstructure in ZnO varistor
materials. The vacuum conditions in the ESEM cause the bismuth to evaporate during
heating and thus prevent the liquid phase sintering to take place. 

5.2 Concluding discussion

Asymmetrical barriers at ZnO interfaces 

The barriers to electron conduction that are formed at the grain boundaries determine
the electrical characteristics of the material in both the low-current and the breakdown
regions. The depletion region at the grain boundary is closely connected to the
formation of a barrier and thus the electrical properties of the material. The detailed
studies of ZnO interfaces using both EBIC (paper II) and electron holography
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(paper III) reveal the depletion region in many cases to be asymmetrically displaced
across the interface. 

In the reported investigation the ideal EBIC signal for a double Schottky barrier,
with a symmetric peak and trough contrast with equal amplitude for the peak maxima,
was never observed. Even for well-defined interfaces the positive and negative peaks in
the EBIC profile differed quite substantially. The results of our studies show that
asymmetries of the depletion region can be very small and still affect the EBIC signal
dramatically. When applying a bias voltage as small as a fraction of a percent of the
breakdown voltage, and hence shift the depletion region, the EBIC contrast will invert
from bright to dark. The asymmetries modelled in the EBIC investigation, using shifts
of the depletion region of about 5% of the total width of the depletion region, show
good agreement. Thus very subtle asymmetries in the material can effect the physical
properties of the grain boundary significantly.

The results from electron holography also indicate the presence of asymmetric
double Schottky barriers at ZnO/ZnO interfaces. Electron holography is a sensitive
technique to changes in the crystal potential, which for example can be caused by
differences in the doping level. Asymmetries and non-uniformity should be expected in
a highly randomly ordered and complex material like ZnO ceramics. Different grain
orientations and grain orientation relationships can probably cause these kind of
electrical asymmetries. ZnO is a polar wurtzite structure and thus likely to have
different electrical behaviour depending on surface orientation. Most likely are the
surface properties of the individual grain boundary very dependent also on the local
geometry, e. g., the curvature of the grain boundary. Since the ZnO grains are very
irregular in shape and form, these effects will probably have a considerable impact on
the individual grain surface, and thus the local electrical properties. 

For a detailed modelling of varistor materials these asymmetries in the depletion
region need to be taken account, leading to a minor revision of the double Schottky
model, where for example differences in doping levels between grains are included. 

Sintering

The sintering process is very important for the development of the material and largely
determines the properties of the final component. The sintering process of ZnO varistor
material can be divided into different parts. The coarse formation of microstructural
constituents, including grain growth and densification processes, and the development
of the functional microstructure, e. g. wetting and dewetting of interfaces and the
formation of barriers. The former part has been studied using in-situ experiments in the
ESEM (paper V) and the effects of the latter have been studied in paper I. 

The densification process during sintering of a ZnO varistor material was studied by
following the development and decline of pore channels in the material. The pores in
the granule reshape and form channels during heating from room temperature and this is
considered to be a step in the densification process of the material during sintering
[156]. The pores present in the volume changes shape and size, which reduces the total
pore volume and let excess gas leave the volume. This in turn leads to shrinkage of the
sintered body volume. The formation and settlement of the pore channel structure offers
a manner for in-situ monitoring of the shrinkage process. The sintering process is
receptive to both the chemical composition of the atmosphere and the total pressure.
Sintering in vacuum cause evaporation of certain elements and prevents the liquid phase
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sintering. Small partial pressures of oxygen change the sintering process significantly,
compared to sintering without oxygen present.

The wetting and dewetting processes of the grain boundaries during sintering are of
prime interest since they are connected to the formation of barriers to electrical
conduction. The retraction of the Bi-rich phases from the two-grain boundaries starts
during the early stages of cooling. The contact angle of the liquid phases increases with
decreasing temperature [157]. Depending on which phase of Bi2O3 that the liquid finally
turns into there will be clear morphological differences in triple and multiple grain
junctions in the material. The low-temperature stable polymorph α-Bi2O3 wets the ZnO
grains and extends into the ZnO/ZnO interfaces, while the impurity stabilised high-
temperature δ-Bi2O3 does not wet the ZnO grains. The void between the ZnO grains and
the crystalline δ-Bi2O3 at the apex of the triple grain junction is filled with an
amorphous bismuth-rich phase that extends into the ZnO grain junction, wetting both
ZnO grains and δ-Bi2O3. These differences in wetting properties may be connected to
the diverse electrical characteristics of ZnO varistor materials with different Bi2O3
phases. Post-sintering heat-treatments is used to change the electrical properties of ZnO
varistor materials, and primarily leads to phase transformation of the Bi2O3 [4].

ESEM in-situ studies

The ESEM technology allows new classes of materials to be studied without tedious
and possibly artefact generating specimen preparation procedures. It also opens up
many possibilities to study the dynamics of processes. The robust technology allows
virtually any experiment to be performed in the microscope chamber. In-situ
observations of dynamic experiments give a good opportunity to develop primarily the
qualitative understanding for the reaction processes of complex systems. The wide
magnification range allows the study of behaviour at various length scales. For
quantitative studies there is still a need for a more detailed control of primarily the
pressure and the atmosphere in the specimen chamber. However, the various possible
techniques become highly specialised. Successful use of the possibilities offered by the
instrument requires good understanding of the system, careful choice and testing of
experimental parameters and, of course, also training. In this thesis methods for
improved high-temperature experiments and in-situ observation of these experiments
have been developed. Mechanical instability becomes a problem with changes in
temperature. Pronounced sample drift prevents imaging with high resolution. By
applying certain procedures and considerations for the specimen mounting much of
these problems can be avoided.

5.3 Outlook

Polycrystalline ZnO has been studied for more than three decades and is one of the most
closely investigated compound semiconductors. Due to the complexity of both the
structure and the behaviour of the material and also the great number of parameters
affecting the final product there are though still many question marks left to be
straightened. The most fundamental question of all – why are ZnO varistors so special?
– is still open. The effect of the dopant species on the formation of trap states in the
grain boundaries is also not conceived, and we can thus not predict which dopant ions
result in specific defect states. The segregation of bismuth to grain boundaries is known,
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but the detailed structure of these grain boundaries and the wetting and dewetting of the
grain junctions during the sintering process are still unresolved matters. Very little is
also known about the behaviour in the up-turn region, where the bulk conductivity of
the ZnO grains becomes the current-limiting factor. From a technical point of view the
uncertainties concerning the mechanisms for the leakage current and electrical
degradation are important issues to clarify. A continued scientific activity in this field is
hence motivated to secure long-term stability and reliability of ZnO varistors.

The correlation between the local structural and chemical properties and the
electrical behaviour of individual interfaces needs further attention. The key role ZnO
interfaces play in both low-current and breakdown regions make a complete
microstructural characterisation a necessary mean for future theoretical modelling and
computer simulation of the varistor behaviour. This thesis shows that analytical electron
microscopy with its variety of techniques, EBIC, EDS, EELS, electron holography etc,
provides suitable tools for further investigations of these interfaces. To further
investigate the role of individual parameters, also manufacturing of model structures of
semiconductor interfaces will prove an important mean. 
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