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Abstract
The understanding of surfaces of materials is of crucial importance to all of us.
Considering nanocrystals (NCs), that have a large surface to bulk ratio, the
surfaces become even more important. Therefore, it is important to understand
the fundamental surface properties in order to use NCs efficiently in
applications. In the work reported in this thesis ZnO NCs were studied.
At MAX-lab in Lund, synchrotron radiation based Spectroscopic
Photoemission and Low Energy Electron Microscopy (SPELEEM) and X-ray
Photoelectron Spectroscopy (XPS) were used. At Karlstad University
characterization was done using Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM),
Scanning Tunnelling Microscopy (STM), Auger Electron Spectroscopy (AES),
and XPS.
The fundamental properties of ZnO surfaces were studied using
distributions of ZnO NCs on SiO2/Si surfaces. The conditions for distribution
of ZnO NCs were determined to be beneficial when using ethanol as the
solvent for ultrasonically treated dispersions. Annealing at 650 °C in UHV
cleaned the surfaces of the ZnO NCs enough for sharp LEEM imaging and
chemical characterization while no sign of de-composition was found. A flat
energy band structure for the ZnO/SiO2/Si system was proposed after 650 °C.
Increasing the annealing temperature to 700 °C causes a de-composition of the
ZnO that induce a downward band bending on the surfaces of ZnO NCs.
Flat ZnO NCs with predominantly polar surfaces were grown using a
rapid microwave assisted process. Tuning the chemistry in the growth solution
the growth was restricted to only plate-shaped crystals, i.e. a very uniform
growth. The surfaces of the NCs were characterized using AFM, revealing a
triangular reconstruction of the ZnO(0001) surface not seen without surface
treatment at ambient conditions before. Following cycles of sputtering and
annealing in UHV, we observe by STM a surface reconstruction interpreted as
2x2 with 1/4 missing Zn atoms.
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Chapter 1. Introduction

1 Introduction
Our world today is highly technological. On an everyday basis we use
computers, vehicles and various kinds of other machines. Nothing of this
would be possible without a deep knowledge of material science. Obviously, a
lot are known about the world around us and the materials in it, since we have
been able to develop all the functional machines that we use today. But there
are more to find out both concerning fundamental properties of our known
substances and how we can use them to aid our daily lives. One part of the
development is that the scientific community is constantly learning how to
handle smaller object. Nowadays we are able to study and manipulate samples
on an atomic scale. Stepping up in scale to objects between 1 – 100 nm, i.e.
small collections of atoms, we enter what is usually referred to as
nanotechnology. If we then consider crystalline objects, i.e. where the atoms are
arranged in ordered patterns, and the objects are of the above mentioned sizes,
we end up with nanocrystals (NCs). Those are what this thesis is about. NCs in
general are currently receiving a huge interest from the research community. A
simple search for published papers with the word “nanocrystals” in the abstract,
results in almost 6000 hits for the last year when using the search engine ISI.
A research project in material physics can be driven by two mayor
motivations. The first is when there is a well defined application as the final
goal. The second is when the research may be useful in several applications and
the project deals with basic properties. This work presented in this thesis is
motivated by a mix of both of the above.
The II-VI (II and VI referring to the group in the periodic table)
semiconductor zinc oxide (ZnO), technological interesting due to its unique
properties, has been extensively characterized; see e.g. Ref. [1-3], and reviewed;
see e.g. Ref. [4-7]. Although much research already has been done on ZnO
during many decades there are still much more to discover both regarding
fundamental properties and applications. There are numerous applications
where ZnO is used already today in large quantities. Examples are vulcanization
of rubber, paint, cosmetics, and sun screens [8]. With the emerging possibilities
to grow and handle nanometer sized crystals, ZnO is one of the compounds
that have gained a renewed research interest in the last decades.
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The part of this project dealing with a direct connection to an application,
the first research motivation, is the growth of plate-like ZnO NCs. These
crystals were developed with the intention to use them in anti-bacterial
applications. The growth of plate-like ZnO NCs was directed towards
morphology control in very fast growth processes using microwave radiation as
the power source. One reason for the urge to grow flat hexagonal ZnO NCs is
that an enhanced photocatalytical activity has been noted for polar ZnO
surfaces as compared to non-polar ones [9-10]. This property can be used in
anti-bacterial applications by incorporation of ZnO NCs in suitable matrices
e.g. food packaging materials. The developed procedure, using Cl- as the
blocking agent in microwave assisted growth, and characterization of the grown
ZnO nanoplates are reported in paper IV and V.
Connecting to the second research motivation, ZnO NCs has been
studied focusing on its basic properties when thermally treated in Ultra High
Vacuum (UHV). This part deals with the modification of surfaces in the sense
of cleaning, and creation and annihilation of surface point defects, topics that
are crucial to understand if NCs are to be efficiently used in any application.
Point defects are in the case of ZnO of special importance since oxygen
vacancies have historically been assigned as responsible for an unintentional ntype doping. They are also crucial for use in applications for sensors and optoelectronic devices.
The results in paper I and II in this thesis were obtained using mixed
shapes of ZnO NCs. The advantage of using these mixed shapes instead of
uniformly shaped NCs is that the results reflect general properties of ZnO
surfaces and not only one dominant surface termination. NCs of different
forms have different amounts of different surfaces. In the case of ZnO an
elongated rod will have a significantly smaller percentage of the Zn and O
terminated polar surfaces than of the mixed terminated non-polar surfaces,
compared to shorter rods and spherical crystals. Another effect of using NCs is
that they show more facets and defects than a large well ordered single crystal
surface. Therefore it is possible to enhance the surface effects related to defects,
which was done in paper II. In this paper it is also clear that more information
can be gained by letting NCs be a part of a system, e.g. with SiO2/Si, than by
studying them on their own.
The interaction between ZnO NCs and the surrounding matrix can be
better understood by studying the surface properties of individually separated
NCs instead of large assemblies e.g. thin films. When separated NCs are to be
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studied they need to be distributed on a surface if they are not grown on a
surface separated from origin. A distribution can be done from dispersion in a
solvent if there are suitable combinations of solvent and NCs. Dispersing NCs
for further characterization, and for use in applications, it is of importance to
use solvents that are easy to remove from the crystals. It is also desirable to
avoid surfactants in aqueous dispersions since these were noted to affect,
although not heavily, the antibacterial activity of ZnO NCs [11]. To our
surprise it was not possible to find literature concerning dispersion and
distribution of ZnO NCs without using surfactants attached to the NCs. Thus,
those distributions used in paper I and II are the result of a study on how ZnO
NCs can be dispersed and distributed on a surface. This study is reported in
paper III where several solvents and de-agglomeration methods were evaluated.
The characterization methods used in this thesis were synchrotron based
electron spectroscopy and microscopy at MAX-lab in Lund and, at the
Department for Engineering and Physics at Karlstad University, scanning probe
microscopy, electron microscopy, and electron spectroscopy.
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2 Nanotechnology
The prefix nano designates a billionth, i.e. one nanometre (nm) is one billionth
of one metre, or maybe more graspable one millionth of one millimetre. A
direct comparison with something ordinary is a human hair that is
approximately 60000 nm across. Nanotechnology was originally mentioned as
designs smaller than 1000 nm but is currently usually defined as technology
using structures of sizes 1-100 nm, a class of structures that can be referred to
as nanomaterials. The area of nanotechnology is rapidly expanding both
concerning research and in technological applications, although the use of
nanomaterials is not new. An early example of the use of nanomaterials,
although it was not known at the time of construction that it was
nanotechnology, is old church windows where different kinds of nanoparticles
were added to the glass for different colours to appear as the sun shined
through them. These amazing creations can still be observed in medieval
churches throughout the world.
Today the intentional use of nanostructures has an increasing impact on
our society considering technological, environmental, and maybe also health
aspects. One example is the development of the Light Emitting Diode (LED)
that today is a widely used technology as replacement for the incandescent light
bulb. Another example, maybe the one with the heaviest impact on our daily
lives with computers, is the development of integrated circuits that is known to
follow the Moore´s Law up to date. One way of stating Moore´s law is that the
capacity of an area unit of integrated circuits doubles every 18th month. This
vision has so far been enabled largely due to miniaturization of components, i.e.
applied nanotechnology.
Concerning the environmental impact, nanomaterials are beneficial e.g. in
catalysis applications[8], but may be hazardous if accumulated in organisms and
has been shown to enhance antibacterial activity [12]. The latter can be viewed
both as a hazard and as an advantage depending on the application and degree
of control. Regarding health issues there are still large uncertainties how
nanometre sized objects of different shapes have an impact on our bodies. This
uncertainty is reflected in the legislation on chemicals concerning
nanomaterials. The Swedish Chemical Agency (Kemikalieinspektionen) stated
in a report in 2010 that the existing legislations in principle are valid also for
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nanomaterials [13]. However, there is a need to update and adjust regulations so
that they apply specifically to the effects that are related to a reduced size of
structures. Both EU and national agencies are currently working with updates
of the framework on how nanomaterials shall be defined and handled.
One controversial application of nanomaterials is when structures small
enough not to reflect visible light are used in cosmetics. Consumer products
such as sun screens may thus be made transparent while still reflecting the sun
rays. However, in the case of ZnO this is at the moment a matter of debate.
ZnO is banned in the EU for use as UV blocker in cosmetics since the safety in
UV blocking applications has not been thoroughly enough tested.
The first observation when summarizing the available applications using
nanotechnology is that most of the commercialized technologies are of the
evolutionary kind, i.e. they are what we can designate as “Nano-enhanced”.
What will emerge from the ongoing research are the revolutionary applications,
i.e. the “Nano-based” technologies.

2.1

Nanometre-sized structures

There are a few main reasons to use nanomaterials instead of macroscopic
structures in applications. The first reason is the reduction in dimensionality, i.e.
when a structure is so small that its electrons are restricted and thus will
populate different energy levels than in a macroscopic structure. This
phenomenon can be described using the basic quantum physics example of a
quantum well that expands the band gap of a semiconductor and quantizes the
electron energy levels (that are of course already quantized but are now pushed
further apart).
A structure is called three-dimensional (3D) if it in all directions, x, y, z, is
large enough to allow its electrons to move freely. A 2D structure is small in
one direction, e.g. a thin plate as illustrated in Figure 2.1. This is also called a
quantum well. Further restrictions results in a 1D structure such as a thin wire.
The final step in dimensionality reduction results in a 0D structure usually
referred to as a quantum dot.
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Figure 2.1: Structures with different dimensionality showing bulk, quantum well, quantum wire and
quantum dot structures respectively.

When an electron is removed from an atom it leaves behind a positive
charge that is called a hole. If the electron remains close to the hole they may be
held together by Coulomb interaction, thus forming a hydrogen-like pair. Such
a pair is called an exciton. The size of the exciton is different in different
materials and relevant for the properties of nanostructures. The distance
between the electron and the hole is called the exciton Bohr radius, and can be
calculated according to

ε
aex = a0

m*

ε0

(2.1)

m0

where a0 is the hydrogen Bohr radius 0.0529 nm, ε/ε0 is the relative dielectric
constant, m0 is the free electron mass, and m* is the exciton effective mass [14].
The effective mass of the exciton is defined as
m* =

me mh
.
(me + mh )

(2.2)

Both masses and the dielectric constant can be different in a material and
hence also the exciton Bohr radius. For a quantum confinement to occur the
size of a structure must thus be in the order of the exciton Bohr radius, which
in ZnO is around 2 nm [6]. A weak confinement effect may occur when the
structure is slightly larger than aex but not as the size becomes orders of
magnitudes larger.
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However, also in structures that are significantly larger than the exciton
radius, size dependent electronic effects have been reported [15-17]. All of
these were related to a large surface to bulk ratio of ZnO NCs. Surface
recombination effects can become dominant over bulk properties as the particle
size decreases and was in the case of ZnO rods predicted to be relevant up to
diameters of 620 nm [16]. Very recently these phenomena were investigated and
reported to exist for different forms of ZnO [15]. Thus, for structures larger
than its exciton Bohr radius it is a large surface to bulk ratio that enables
changes in the electronic structure related to size.
The second reason for using nanomaterials is directly related to a large
surface to bulk ratio. Surfaces are different from the bulk of a material due to
the discontinued lattice. Atoms at the surface are naturally highly reactive since
they usually have dangling bonds, i.e. electrons free to participate in chemical
bonding with species outside the surface. A large portion of surface atoms
therefore enables efficient applications when using a small amount of
substance, e.g. as additive in a matrix. Quantum dots, where the electrons
experience quantum confinement in all directions, typically consist of below 105
atoms. Such a structure will have approximately 10 % of its atoms in the surface
layer and will exhibit different interaction properties as compared to large
structures [14].
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3 ZnO
3.1

Physical Properties

ZnO is built up of Zn2+ cations and O2- anions creating a relatively strong ionic
bond. ZnO preferentially crystallize in the wurtzite structure which is the most
stabile structure at ambient conditions. Two other possible crystal structures,
zinc blende and rock salt, can be achieved by growth on cubic substrate and at
high pressures respectively [6]. The wurtzite structure of ZnO is composed of
two hexagonal close packed (hcp) structures, one with Zn atoms and one with
O atoms, interpenetrating each other. This results in a hexagonal unit cell with
lattice parameters c=5.2 Å and a=b=3.25 Å. The ratio c/a in ZnO is 1.602
which is close to the ideal wurtzite structure with a ratio c/a of 1.633 [6]. ZnO
obtain its tetrahedral bonding structure, causing the crystal to take the wurtzite
structure, due to a sp3 hybridization of the Zn and O orbitals. The tetrahedral
coordination for the Zn and O atoms are highlighted in Figure 3.1 where the
hexagonal structure of ZnO is shown.

(

Perpendicular to the c-axis the two polar planes Zn(0001) and O 0001

)

terminate the crystal. Two other low index planes suitable for cleaving are the

(

)

(

)

non-polar 101 0 and 1120 planes. The polar planes have, since the Zn-O
bond is ionic in nature, a residual dipole moment if not compensated. It can be
balanced by removing 1/4 of the surface charges and this can be done by
basically three different mechanisms [8, 18], that all have been shown to exist
[18-25]. These are (i) creation of charged surface states, (ii) removal of surface
atoms, and (iii) addition of charged species on the surface. In the case of the
Zn-terminated ZnO(0001) surface the removal of Zn atoms can thus be
replaced by introduction of negative charges.
ZnO has a large direct band gap, EG, of ~3.4 eV at RT [26]. This
combined with an exciton binding energy significantly higher than the thermal
energy, kT, at room temperature (60 meV and 26 meV respectively), makes
ZnO an attractive material for e.g. short-wavelength optoelectronic devices and
lasers [26]. The reason why the high exciton binding energy is beneficial is that
the exciton will be stable at application temperatures[27]. If the exciton binding
energy is lower than the thermal energy kT, the exciton will not be able to exist
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long enough to recombine, and instead a band to band recombination will
occur.

Figure 3.1: Crystal structure of wurtzite ZnO with the Zn-terminated (0001) surface on top. Zn atoms
are grey and O atoms are yellow. Indicated are two tetrahedrons showing the bonding configuration for
Zn and O respectively. The unit cell of wurtzite ZnO is indicated by dark full lines. Image from [28].

3.2

Electronic Properties and Defects

It is known that semiconductors frequently have energy levels in the band
gap due to defects in the ideal lattice. Two of the most common point defects
in the surface region of ZnO are oxygen vacancies (VO) and zinc vacancies
(VZn). The ZnO lattice is composed of Zn2+ and O2- ions. The oxygen vacancy
in ZnO can therefore occur in three different charge states, VO2+, VO1+, and
VO0. These different states occur at different energies in the band gap, and thus
there are energy levels where the vacancies switch between the different states.
These levels are called transition levels and can be determined through the
calculation of formation energies for the different states since the formation
energies for two different levels are equal at the transition level [29].
Considering theoretical calculations of the band gap in ZnO there are
some frequently occurring problems. The Zn 3d orbitals in ZnO, that are to be
regarded as a mix of core level states and valence states, overlap with the O 2p
states that are part of the valence band. The result of this coupling is a strong
repulsion between the Zn 3d and the O 2s and the latter is pushed upwards in
energy [29]. This repulsion results in an underestimated band gap as compared
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to experimental results when using density functional theory as the calculation
method. The error in band gap has been corrected by various methods of
which one of the most successful was introduced by Janotti and Van De Walle
[29]. Corrected transition levels for defects in ZnO, using different
approximation approaches in the calculations, are found in Refs. [29-30]. For
VO these reports show a corrected transition level between the two stable states,
VO2+ and VO0, at 1.2-1.5 eV below the conduction band minimum (CBM). For
VZn the transition between the doubly charged VZn2- and the singly charged VZnis found at 0.9-1.6 eV above the valence band maximum (VBM). Concerning
the experimental confirmation of these calculations there are still work to be
done due to the difficulties in assigning the different defect levels to different
transitions.
Oxygen vacancies have traditionally been considered as the cause for the
unintentional n-doping of ZnO. However, in the last decade, hydrogen has
been suggested to play an important role [31-32]. Nevertheless, the amounts of
oxygen vacancies, and the balance between different vacancy types, do have an
impact on the surface band bending on ZnO. Considering NCs it is reasonable
to expect a larger density of defects in the vicinity of the surface when
compared to larger crystals. Thus a larger band bending can be expected on the
surfaces of NCs than on large crystals.
3.3

Applications

Considering the amount of used ZnO, the vulcanization process in the
rubber industry is the largest user. Other large scale applications are as pigment
in paint, cosmetics, and as blocking substance in sun screens [8].
The examples of possible future applications for ZnO nanostructures are
numerous. One of them is blue and white light LEDs. In 1994 Nakamura et al
demonstrated bright blue LEDs based on GaN [33]. This is generally
considered as the technical break through for wide band gap LEDs and GaN
has since then been used frequently in applications [34]. However, ZnO is a less
costly alternative to GaN due to the larger abundance of Zn than of Ga in the
earth’s crust, and technological superiority to GaN considering ZnO´s more
than double exciton binding energy. White light LEDs based on ZnO
nanostructures have been developed by the group led by Willander at
Linköping University in Sweden [35-36]. This development towards a
controlled light spectrum from ZnO nanostructures will certainly continue. The
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evolution of ZnO lightning devices is dependent on the understanding of
defect control in ZnO since the way to obtain other than near UV-light is to
use defect levels as recombination centres or electron reservoirs.
ZnO based gas sensors makes up another interesting application area.
When oxygen adsorb on ZnO surfaces it takes up electrons from the
conduction band, thereby increasing the resistance of the ZnO. The oxygen
thus acts as an acceptor. Letting a donor-like gas adsorb on the ZnO surface,
electrons will instead be transferred to the ZnO and the resistance is decreased.
This sensitivity makes ZnO a suitable alternative for use in gas sensing
applications and it has been shown that ZnO NCs are suitable for oxygen gas
sensor applications [37] as an alternative to films.
As stated in the introduction the work in this thesis is directed mainly
towards two application areas. These are the usability of controlled defect
generation on ZnO NC surfaces for sensing and light emitting applications and
the use of the polar ZnO surfaces in antibacterial applications.
Since the interaction between a NC and the surroundings occur through
surfaces the shape of ZnO NCs, and in particular what surface termination that
dominates a crystals, is of great importance for functionality in applications.
ZnO nanorods have been grown and evaluated frequently in various
applications [38]. ZnO nanoplates dominated by their polar surfaces have been

(

)

much less explored. The polar surfaces of ZnO, (0001) and 0001 , have been
shown to be more reactive in chemical processes than their non-polar
neighbors [39-40]. ZnO plates with mainly polar surfaces were shown to be
superior to more elongated structures concerning photocatalytic activity for
H2O2 generation [9-10], H2O2 was identified as an important factor in
antibacterial activity [41], and plates were identified as effective concerning
antibacterial activity [12]. It is therefore desirable to grow ZnO NCs with
mainly polar surfaces, enhancing their anti-bacterial properties, in an efficient
and scalable process for incorporation in matrices. However, the detailed
mechanisms behind the anti-bacterial properties of ZnO are beyond the scope
of this thesis.
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4 Growth of ZnO nanocrystals
4.1

Nanocrystal manufacturing

There are two routes to intentionally prepare nanomaterials. Starting from a
large object and remove material until the desired structure is obtained is called
a top-down process. This approach has restrictions regarding the tools used. An
electron beam or ion beam that are frequently used cutting tools do have limits
considering the control and precision. Doing the reversed process, i.e. to put
together small building blocks such as atoms or molecules to the desired
structure, is called a bottom-up process. A variant of the later method is growth
in solutions, and this is the technique used for growth of ZnO NCs in the work
for this thesis.
The growth of solid crystalline materials is basically a matter of
thermodynamics since the primary driving force is always the minimization of
the surface energy. To grow crystals from a solution a transformation from
solution to a solid content must occur. For this to happen the total free energy
must decrease, i.e. the free energy of the initial solution must be greater than
the sum of the free energy for the final solution and the grown crystal. This
goes for the nucleation phase as well as the growth phase for a solid.
4.2

ZnO nanocrystal growth

ZnO NCs has been shown to grow in many different shapes using many
different methods, see e.g. Refs. [6, 42-43]. In this thesis an aqueous solution
growth method was chosen to grow ZnO NCs. The basis for this method was
reported by Unalan et al when growing aligned nanorods on Si substrates [44].
The chemicals involved in our growth method are de-ionized water with
resistivity 18.2 Ωm, Zinc Nitrate Hexahydrate (Zn(NO3)2•6H2O) (Sigma
Aldrich), hexamethylenetetramine (HMTA) ((CH2)6N4) (Sigma Aldrich), and
KCl (Merck). All chemicals are of p.a. quality. For growth of elongated
structures, e.g. rods, the KCl is omitted from the growth solution. The growth
then proceed according to the following reactions [45]:
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(CH2)6 N4 + 6H2O → 6HCHO+ 4NH3

(4.1)

In this first step the HMTA dissolves in the water and ammonia is formed. The
hydroxide ions necessary for the final growth steps are formed from the
reaction of ammonia with water:
NH + H O → NH + + OH −
3
2
4

(4.2)

2OH − + Zn2 + → Zn(OH )

2

(4.3)

Zn(OH ) → ZnO(s) + H O
2
2

(4.4)

In the next last step a polar unit of zinc hydroxide, Zn(OH)2, is formed of one
Zn2+ ion and two OH- ions. Nucleation centers are formed through cluster
growth from zinc hydroxide units [46]. The growth unit Zn(OH)2 prefers to
bind to the positively charged Zn-terminated (0001) surface of ZnO with the
negatively charged OH groups. Subsequently the zinc hydroxide dehydrates
into ZnO and water. This last step was shown to occur only if the temperature
of the growth solution was higher than 34 °C when using electrodeposition
[47].

4.3

Microwave assisted growth of ZnO nanoplates

Microwave assisted processes has been used earlier to efficiently grow ZnO
NCs with different morphologies [48]. Varying the power and time for the
growth process [44], and varying the concentration of HMTA [49] enabled
control of the shape for the grown NC. Long and thin ZnO bars, i.e. crystals
with a minimum of polar surface area, were grown using high concentrations of
HMTA.
The interaction between microwave radiation and ZnO in the growth
process is not entirely clear. There are indications that the energy is provided to
the growth zone primarily, and maybe even only, as thermal effects [50]. Thus,
the advantage over conventional heating sources should be mainly due to the
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fast temperature rises that occur in microwave ovens when using water based
atmospheric processes. Surely, more research is needed to clarify the energy
transfer from microwaves to inorganic substances.
The growth of ZnO under ideal conditions proceeds with different
velocities in different crystal directions. The growth velocities of the different

(

) (

) (

) (

)

surfaces are related as v(0001) > v 101 1 > v 101 0 > v 101 1 > v 0001 [46]. To
manipulate this growth behaviour it is possible to block, or at least hinder, one
growth direction. If this is done so that the growth of the fastest (0001) surface
is blocked, the growth of the second fastest surface will be enhanced if possible.
Now, in this case the second fastest directions are dependent on the growth of

(

)

the slowest 0001 surface. Therefore, the enhanced growth occurs on the

(101 0)

surfaces. Since ZnO is a polar compound the two different polar

surfaces are differently charged. The Zn terminated (0001) surface consist of
Zn2+ ions bound to O2- ions in the background. Therefore it is favourable for a
negative ion to be absorbed on the (0001) surface. These ions, e.g. Cl- ions, can
build a capping layer on the (0001) surface and thus redirect the fast growth of

(

)

the ZnO crystal to the 101 0 surfaces. The reason that this works is the
competition between the highly electronegative Cl- ions and the growth unit for
ZnO, Zn(OH)2 [51].
To grow ZnO nanoplates in the work for this thesis, KCl was used as the
source for Cl- ions. Specifically, Zn(NO3)2, HMTA, and KCl were dissolved in
de-ionized water using magnetic stirring for a minimum of 20 min. Si substrates
were placed in the growth solution in open top glass beakers. The solutions
were heated in a domestic microwave oven, LG MS-2387TR with a maximum
power of 850 W. Different power settings and different growth durations were
evaluated. After the completed growth period the Si substrates with grown
ZnO plates on their surfaces were immediately dipped in water, subsequently
flushed with flowing de-ionized water and finally dried in a nitrogen stream. A
sample from the residual aqueous growth solution was saved and in some cases
characterized by distributing the ZnO platelets on a substrate. The results from
these growth experiments are reported in paper IV and V.
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5 Sample preparation
5.1

Materials

Frequently in the work described in this thesis, ZnO NCs have been studied on
p-type SiO2/Si(001) substrates. SiO2/Si was chosen due to several reasons.
Firstly, it is a well known structure that has shown interesting properties when
combined with n-type ZnO [52-54]. Secondly, studying distributed NCs there is
a need for a substrate that may be easily handled and heated in UHV
environment in order to do efficient in situ preparations. It is also of
importance that the substrate can withstand the forces in boiling water to
enable growth processes in aqueous solutions at atmospheric pressures.
The SiO2/Si substrates were cut from wafers of Si(001), p-doped by B to
a resistivity of <0.01 Ωcm. Substrate surfaces were prepared according to a
modified three step Shiraki method [55] producing degreased, hydrophobic and
hydrophilic surfaces respectively. Degreasing involves cleaning in an ultrasonic
bath in de-ionized water, acetone, and methanol. The second step removes
native oxide by immersion for 2 min in diluted hydrofluoric acid, followed by
10 min in hot nitric acid and a final 30 s immersion in diluted hydrofluoric acid.
The third step, creating a controlled hydrophilic oxide layer, was done in a mix
of hot diluted hydrochloric acid and hydrogen peroxide by immersing for 10
min. Each step was followed by rinsing in de-ionized water several times and
finally the substrates were dried in flowing nitrogen.
In paper I, II, and III, commercially available ZnO NCs with an average
size of 70 nm were used. These NCs were of mixed shapes, i.e. not dominated
by any specific surface termination, and were manufactured using Physical
Vapor Synthesis by Alfa Aesar GmbH. Also 20 nm ZnO NCs of spherical
shape from the same vendor were used in control experiment. Paper IV and V
concern flat ZnO platelets with predominantly polar surfaces grown using the
microwave enhanced process described in section 4. This growth was
performed at the Department for Engineering and Physics at Karlstad
University.
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5.2

Distribution of ZnO NCs

Spin-coating is a commonly used method to create thin films on a substrate in a
process that in general follow the route described in Figure 5.1 that shows an
example for polymer solutions [56-57]. In this project spin-coating was chosen
as the distribution method for creating sparse distributions of ZnO NCs due to
the simplicity and the possibilities to vary the parameters in the process. Spincoating is done by placing a substrate on a rotating shaft and an amount of
dispersion on the substrate. The process starts with an application phase
followed by acceleration to a final speed at which the evaporation of solvents
and drying is done.
The process during spin-coating of medium concentrations of dispersed
NCs is believed to follow this route: In the first phase, deposition, most of the
NCs remain in the liquid deposited on the rotating disc. In the acceleration
phase many of the NCs are thrown off the substrate together with most of the
solvent. In the thinning phase the remaining NCs settles down on the substrate
where they stay during the drying phase and finally bind to the surface by van
der Waals forces. The properties of both the used solvent for dispersion and
the NCs are of importance for this process, and are discussed in paper III.
The optimum conditions for ZnO NC distribution on SiO2/Si surfaces
using spin-coating at ambient conditions was found to be as follows.

Figure 5.1: Spin-coating of polymer solutions: 0) deposition of solution, 1) spreading during
acceleration to final spin speed, 2) film thinning by outflow and evaporation, 3) drying by evaporation.
From [57] with permission.

• Application phase of 500 rpm for 10 sec
• Acceleration to 4000 rpm during 10 sec
• Drying phase at 4000 rpm for 30 sec.
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Finally the spin speed was reduced to zero during 5 sec. Application of the
dispersions were done with a glass pipette by putting one drop, ~10 μl, on the
substrate during the application phase. The equipment used was a Spin-Coater
P6708 from Speciality Coating Systems placed in a fume cupboard.

5.3

In situ preparation

Preparation of a surface for detailed characterization in UHV can be done
in several ways. Adding different species to the surface to initiate
reconstructions is a common method to change the properties of e.g.
semiconductors. This is almost always preceded by the preparation of a clean
and well ordered surface to obtain a well known starting point. Common
methods for this initial preparation are thermal annealing and ion sputtering. In
both these methods species are removed from the surfaces, allowing the
remaining surface to reconstruct in a controlled process. The reconstruction of
a surface is always driven by the need to lower the total energy for the surface.
In paper I and II the surface preparations of ZnO NCs distributed on
SiO2/Si substrates were done using thermal annealing in UHV. In paper I the
heating was done by electron bombardment on the back side of the samples.
To avoid large temperature gradients the samples were mounted on a Ta foil.
Heating of the samples in paper II were done by sending a direct current
through the Si substrate. Typically a current of 2 A was used for a sample
temperature of 650 °C as monitored using an infrared pyrometer reading the Si
temperature.
For paper V, the in situ sample preparation consisted of first thermal
annealing followed by a combination of annealing and sputtering. Sputtering
involves the bombardment of a sample surface with gas ions, usually Ar+. In
paper V the sputtering was done by accelerating Ar+ ions with 0.9 kV. The ions
were supplied by backfilling of the UHV chamber with Ar gas to a pressure of
5x10-6 mbar. When using only annealing, this was done using direct current
through the SiO2/Si substrate as described above. Due to the apparatus setup
the annealing stages in the sputtering cycles were done by electron
bombardment to the back side of the sample holder. In this case the
temperature was monitored using a calibrated thermocouple.

17

Chapter 5. Sample preparation

As a part of the work for this thesis, although not yet reported,
experiments on single crystal ZnO (10 1 0 ) surfaces were done in UHV. To
anneal these samples it is necessary to use a calibrated annealing schedule since
ZnO is highly transparent to infrared radiation. A thoroughly out-gassed
sample holder of stainless steel was used to mount, first a Si sample for
calibration, and later the ZnO crystal. The sample was tightly clamped to the
holder by stainless strips. The heating was done by a pyrolytic boron nitride
(PBN) plate mounted on the manipulator in the UHV system and the
temperature was calibrated using an infrared pyrometer measuring on the Si
surface and the stainless steel holder. From this calibration different sample
temperatures could be achieved by controlling the PBN power. As a
complement to thermal annealing in UHV also cycles of sputtering and
annealing in an oxygen atmosphere was evaluated for the preparation of ZnO
(10 1 0 ) surfaces. The oxygen treatment was noted not to improve the quality of
STM images. These results will be reported later.
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6 Characterization methods
6.1

X-ray Photoelectron Spectroscopy (XPS)

The process of XPS is based on the photoelectric effect that was explained by
Einstein in 1905 [58] after being observed by Hertz in 1887 [59]. Large
contributions to the current use of XPS for chemical analysis were done by
Siegbahn that was awarded the Nobel Prize in Physics for his work in 1981 [60].
In the work by Siegbahn the alternative name, Electron Spectroscopy for
Chemical Analysis (ESCA), is used. Reviews of the XPS process can be found
in Refs. [61-62].
XPS measurements are done by directing a well known beam of light on a
sample and measure the kinetic energy of the photoelectrons escaping from the
sample with an electron analyser. The aim when using XPS is to determine the
chemical composition of a sample on a detailed level e.g. the occurrence of
different atomic environments. Since the energy is conserved the electrons
escape from the sample with kinetic energy
E

K

= hν − E

B

−w

f

(6.1)

where hν is the photon energy, EB is the binding energy of the probed state and
wf is the work function of the sample. For the electrons to enter the analyzer,
they must overcome the work function of the analyzer, wfanalyzer. This work
function is a known value that is corrected for in the analyzer software. Thus,
the measured quantity is the kinetic energy in the analyzer, EKanalyzer. The
binding energy of the electrons in the sample is then calculated according to
E

B

= hν − E

analyzer
analyzer
−w
f
K

(6.2)

since the Fermi levels (EF) in sample and analyzer are aligned as illustrated in
Figure 6.1. A wf change in the sample is thus not detected in the XPS process
unless specifically measured, e.g. through a detailed determination of the EF and
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using a negative sample bias to measure the cut-off energy at EK=0 eV. The wf
can then be calculated using
w

= h ν − E cutoff + Bias − E Fermi
B
B

f

(6.3).

The process of photoemission can be described conceptually using a
three-step model although the theoretically correct description is a one step
process. In the first step of three an electron is excited to a higher energy due to
interaction with an incoming photon. The probability for this excitation to take
place is described by the Fermi Golden Rule

σ=

2π
e
Ψ
A• p + p • AΨ
f
i
h
2m

2

δ ⎛⎜ E − E − hν ⎞⎟
⎝ f

i

⎠

(6.4)
where the subscripts i and f designates initial and final states respectively and
the delta function assures energy conservation by allowing a non-zero
probability only for conserving transitions. A is the vector potential for the
photon and p = − ih ∇ is the momentum operator for the electron. The
commutation relation gives
A • p + p • A = 2 A • p − ih (∇ • A ) .

(6.5)

The last term is much smaller than 2A•p at low photon energies, i.e. at soft xray energies that was used in this thesis, and can be set to zero. The matrix
element of equation 6.4 then reduces to
Ψ

e
A• p Ψ .
f m
i

(6.6)

This expression thus describes the dependence between a polarized light beam
with a specific energy and an electronic state with a specific symmetry. The
ionization probabilities for different photon energies and different orbitals can
be found tabulated e.g. in the work by Yeh and Lindau [63].
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Figure 6.1: The photoemission process as measured with an electron analyser.

The second step in the model is the transport of the electron to the
surface of the solid. Some electrons will interact with the solid through inelastic scattering and lose energy. These electrons will be detected as a
continuous background and as material specific loss peaks in the recorded XPS
spectra. The electrons that do not lose any energy on their way to the surface
escape from the solid with a specific kinetic energy. The probability that this
will happen is described by the inelastic mean free path (IMFP). The IMFP,
that was thoroughly investigated by Seah and Dench [64], thus determine the
probe depth when using XPS for analysis of solids. For oxides the IMFP was
later expressed by Leontiev et al [65] as

λ=

6410
+ 0.96 E .
k
E 2
k

(6.7)

This function is shown plotted in Figure 6.2 together with red squares
indicating the energies used in high resolution XPS measurements in this thesis.
As seen in Figure 6.2 all measurements were done to analyze the surface of the
ZnO NCs since the IMFP was below 1.5 nm in all cases. This means that
~63% of the detected electrons come from the top 5 atomic layers and that
~95% come from the top 15 layers.
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Figure 6.2: IMFP for oxides calculated according to equation 6.7 with the energies used for high
resolution XPS indicated with red squares.

Figure 6.3: XPS spectra recorded from ZnO NCs distributed on a SiO2/Si substrate. (a) shows
a wide scan spectrum using hν= 1350 eV and (b) a high resolution spectrum using hν=1250 eV. See
the text for further information.

The third step is the penetration of the surface and the escape to the
vacuum. This step is crucial when the band structure of a solid is studied since
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only the part of the wave vector parallel to the surface is conserved. The
perpendicular part of the electrons wave vector is different inside the solid and
in the vacuum. Studying core-levels in NCs of mixed shapes this lost vector
information is not crucial since the electrons escape from several NC surface
terminations simultaneously.

6.1.1 The XPS spectrum
In an XPS experiment the electrons are counted as a function of their
kinetic energy and the result is by convention presented as a function of EB,
with increasing EB to the left. Examples of XPS spectra recorded at beamline
I311 at MAX-lab are shown in Figure 6.3. In addition to the emitted
photoelectrons, also Auger electrons will escape from the sample surface.
Auger electrons are the result of a three step de-excitation process that finally
emits an electron with a kinetic energy that is specific for the element at hand.
The measured kinetic energy is thus independent of the photon energy, so these
contributions can therefore be easily separated from XPS peaks by changing the
photon energy. Examples of Auger peaks are seen in Figure 6.3(a), e.g. the
oxygen related OKLL peak family. Further details of the Auger process are
discussed in section 6.1.3 “Line shapes in XPS spectra”.
In Figure 6.3(b) some high resolution spectra of the Zn 2p3/2
photoemission line are shown. All XPS data acquisition in the work for this
thesis was done in the sample normal direction at ambient temperature.

6.1.2 Core level shifts in XPS spectra
A shift in EB for a measured core level can originate from both initial and final
state effects. Initial state effects are material inherent effects due to differences
in the bonding configuration for an atom, i.e. they exist before the interaction
with the photon. Studying a core level of a solid the most striking shift in EB
involves the removal of a neighboring atom to the one studied, i.e. an initial
state effect. In the case of ZnO, removing an O atom from the ZnO lattice will
return electrons to the neighboring Zn atoms. The electrons in these Zn atoms
will then experience a larger screening of their core level electrons, i.e. a smaller
force exerted on each electron from the nucleus. Thus, the core level EB for the
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Zn atom, e.g. Zn 2p, will decrease as a result of the removal of a neighboring O
atom. And reversed, if a Zn atom is removed from the ZnO lattice, the
neighboring O atom will attract the valence electrons from the remaining Zn
atom more strongly. This leads to a smaller screening of the core electrons and
thus a higher EB for the Zn 2p core level.
If the O 1s level in ZnO is studied the shifts will be similar but reversed in
the sense that the removal of an O atom from the ZnO lattice will cause an
increase in EB for the O 1s level by 1.1-1.4 eV. This shift has been noted
frequently when studying ZnO; see e.g. [66-68]. If a Zn atom is removed the O
1s level will shift to lower EB, a less frequently noted shift. Since the O 1s signal
from oxygen deficient regions will coincide in EB with frequently occurring
surface contaminants on ZnO e.g. OH and CO, interpretation of O 1s spectra
from ZnO should be done with caution. There are very mixed values in the
literature for the EBs of different contaminations and oxygen deficient ZnO of
0.7-4.0 eV above the stoichiometric ZnO [66-77]. The occurrence of a
component from the metal deficient part of metal oxides has been mentioned
in the literature [78-80]. It is my belief that future interpretation of XPS spectra
from ZnO will take more advantage than today of the Zn deficient component
in O 1s and the different components in Zn 2p.
Another initial state effect is the spin-orbit splitting. When studying other
than s-orbitals, i.e. when the orbital quantum number l≠0, the coupling
between the spin and the orbital angular momentum give rise to a splitting of
the detected EB levels, otherwise an Enl level, into two different Enlj levels. The
subscripts nlj designates; n-main quantum number, l-orbital quantum number,
and j-total angular momentum number. The background for the splitting is that
the electrons experience a magnetic field from the protons in the nucleus and
depending on if the spin and the magnetic field are aligned or not, an electron
will be tighter attached to the nucleus. The stronger magnetic field, i.e. for large
Z and for orbitals close to the nucleus, the larger the spin-orbit split will be.
This is described by L-S coupling for light elements and j-j coupling for heavy
elements. Zn is intermediate but can be described conceptually using the j-j
scheme [81]. For Zn 2p with n=2 and l=1 the total angular momentum
quantum number j for each electron will be j=1±1/2, i.e. j=3/2 or j=1/2. Each
of these levels are (2j+1)-fold degenerate, meaning that for j=3/2 the
degeneracy is (2x3/2+1)=4 and for j=1/2 the degeneracy is 2. Thus we have an
intensity ratio between the two split levels Zn 2p3/2 and Zn 2p1/2 of 2:1. An
example can be seen in Figure 6.3(a) where the Zn 2p photoemission line is
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clearly split into two different peaks. In this case the splitting is 23.15 eV as
determined from high resolution spectra.
Final states effects arise after the interaction between an atom and a
photon has occurred. One example is when the excitation of an electron leaves
a hole behind that affect the escaping electron. The hole will be screened by
charges from the surroundings and the escaping electron will be less affected by
the hole. If this screening process is fast the electron can leave the material with
a higher EK, thus measured as having a lower EB. Another final state effect is
inelastic scattering of electrons as they propagate to the surface. These are
detected as a continuous background. An example is seen in Figure 6.3(a) where
the background increases with increasing EB to the left in the spectrum. Some
material specific final state effects seen in an XPS spectrum are plasmon peaks,
shake off peaks, and shake up features. All of these involve a decrease in EK for
the escaping photoelectrons.
Examples of plasmon peaks can be seen in Figure 6.3(a) on the high EB
side of the main Si 2p and Si 2s peaks. “Shake up” means that an electron is
lifted in energy but stays in the solid, while “shake off” designates that an
electron is emitted from the solid. The “shake off” loss process usually involves
a larger loss than “shake up” and is therefore commonly seen as a separate peak
while the latter can be seen as a broadening. An example is seen on the high EB
side of the O 1s peak in Figure 6.3(a) where the broad shape indicates the
presence of “shake off” electrons.

6.1.3 Line shapes in XPS spectra
Every measurement has its uncertainty. In the case of XPS the uncertainties
show up as broadenings of the recorded spectra. To do a reasonable fit of
recorded spectra one needs information about the probable components and
their respective widths, shapes, and constraints with respect to each other. The
broadening can be divided in two parts. One is the broadening that occurs due
to the instrumentation, inhomogenities in the sample, and thermal broadening.
This is manifested as a Gaussian line width (GW) in the recorded spectra.
The other part is due to the finite lifetime of the excited state of the atom,
i.e. the core hole. The Heisenberg uncertainty relation can be written as
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ΔEΔt ≥

h
.
2

(6.8)

The energy for the ground state of an electron in an atom is thus completely
determined since the lifetime is infinite. For an excited state, that inevitably will
decay, the energy is thus uncertain since the lifetime is finite. The shorter the
lifetime is, the wider the energy uncertainty will be. This life time broadening
will appear in XPS spectra as a Lorentzian line width (LW). The width is thus
determined by how fast the decay processes that fill the hole are. These
processes can be radiative or non-radiative. The former involves the emission
of a photon as an electron decays to the level of the hole. The latter involves an
Auger process, of which there are several different with different speeds. As a
general rule the Auger process is more common in lighter elements than in
heavier elements where radiative decays are more common.
Auger electron levels are traditionally designated using e.g. L2 for the 2p
level in an atom. Thus, a transition from 2p to 2d is designated by L2-L3. For
Zn the most common Auger decay processes are the LMM, i.e. the two final
state holes are both in the M shell (or n=3). Auger electrons escape from a
sample as a result of a three step process. In the first step a photon, or an
electron, causes an electron to escape from an atom in the same way as in a
typical XPS process leaving an initial hole behind as shown to the left in Figure
6.4. Second, as shown in the example to the right in Figure 6.4 the initial hole in
level L3 is filled by an electron from within the atom, thus creating a first final
hole in level M4. Third, in the shown example the excess energy in the atom is
released by emitting an Auger electron from level M5. The emitted Auger
electrons will thus have an EK depending on the structure of their mother atom
but the EK will be independent of the energy of the primary excitation source.
Auger electrons have been used in the work for this thesis to identify the
chemical composition of grown ZnO platelets.
However, there are other faster routes for decay. Coster-Kronig
transitions are Auger transitions where the initial state hole and one of the final
state holes are in the same shell, e.g. LLM. In the case when both the final state
holes are in the same shell as the initial state the transitions are called super
Coster-Kronig, e.g. LLL [82]. These transitions decay fast compared to other
decay routes and thereby contribute to an increased Lorentzian line width in a
recorded XPS spectrum. The fast Coster-Kronig transitions are thus possible
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only if the available energy levels allow the necessary transitions. More
information can be found e.g. in Refs. [82-84].

Figure 6.4: To the left the excitation step and to the right an example of the Auger decay process for
the XPS process of probing the Zn 2p3/2 state.

An XPS line may also have a small asymmetry when originating from
metallic samples. This asymmetry appears on the high EB side, i.e. the low EK
side, of a photoemission peak. It arises when the escaping photoelectron lose a
portion of its energy to other electrons in the solid. Although the samples in
this thesis were not metallic it was tested to use a small asymmetric shape. The
reason was that some analyzers may have an asymmetric response and some
asymmetry has been used earlier when fitting metal oxide XPS spectra [80].
However, the asymmetry did not improve the fit results so this correction was
not continued.
To do the mathematical fit of a measured spectrum, neglecting any
asymmetry, the GW and LW are combined to a so called Voigt line shape. A
background correction is necessary to remove the continuous background from
losses in the emission process. A commonly used method that was used in the
fitting processes for this thesis is the one developed by Shirley where the
background is approximated by an integrating function [85].

27

Chapter 6. Characterization methods

6.2

Spectroscopic Photoemission
Microscopy (SPELEEM)

and

Low

Energy

Electron

The experiments using SPELEEM were performed at beamline I311 at
MAX-lab. The SPELEEM end-station can be used to perform Low Energy
Electron Microscopy (LEEM) using an internal electron gun, X-ray
Photoemission Electron Microscopy (XPEEM) and site selective X-ray
Photoelectron Spectroscopy (μ-XPS), the two later using synchrotron radiation
as excitation source. A lateral resolution of 20 nm in LEEM mode and 50 nm
in XPEEM mode was possible in the instrument, a SPE LEEM III station
from Elmitec GmbH, at the time of the work for this thesis. In the work
presented here synchrotron radiation was used to acquire XPEEM images with
a bandwidth of 200 meV and μ-XPS spectra with a resolution of 250 meV. All
SPELEEM data acquisition was done in the sample normal direction at
ambient temperature.

6.2.1 Low Energy Electron Microscopy (LEEM)
The process of Low Energy Electron Diffraction (LEED) is based on the wave
nature of particles that was proposed by de Broglie in 1924 and shown to exist
by Davisson and Germer in 1927 [86]. Electrons with kinetic energies up to a
few hundred eV, corresponding to a wavelength of a few Å, are accelerated
towards a sample surface. Since the electrons have wavelength of the same
order as the atomic spacing in a solid crystal some of the electrons are elastically
scattered by atoms in the sample surface. The energy E of these electrons are
related to their wave vector k, Plancks constant h=2πħ, and their mass m,
according to

E=

h 2k 2
2m

(6.9)

where the wave vector k is a vector in reciprocal space and defined as
k =

2π

λ
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In two dimensions the real space and the reciprocal space are related according
to

(b × nˆ ) , b∗ = 2π (nˆ × a )
a∗ = 2π
a×b
a×b

(6.11)

where a* and b* are the primitive lattice vectors of the reciprocal space, a and b
are the primitive lattice vectors of the real space, and n̂ is the unit vector
normal to the surface.
Since LEED deals with only the elastically scattered electrons, the inelastically scattered electrons are filtered away by grids in the experimental
setup, the absolute value of the incident and the scattered wave vector for all
electrons is preserved:
k

0

= k

(6.12)

As seen in Figure 6.2 the electrons used in LEED are highly surface
sensitive due to their short IMFP. Thus, we can conceptually view the LEED
process as a 2-dimensional diffraction so that only the parallel component of k0
is preserved. This means that the diffracted electrons interfere constructively in
rods pointing out from the surface. As these rods hit a florescent screen in a
standard LEED setup they cause the screen to light up and are thereby imaged
as dots using a camera outside the measuring chamber. A periodic arrangement
of the surface atoms is thus imaged as its reciprocal counterpart. The centre
spot in the reciprocal pattern, i.e. the central maximum, is made up by electrons
from all scattering points on the sample surface, and by letting these electrons
continue they can be used to build an image. This image that shows all points
that contribute to the centre spot is a bright-field LEEM image.
The LEEM technique was invented by Bauer in the 1960´s. Reviews can
be found e.g. in Refs [87-88]. In Figure 6.5 a schematic drawing of the Elmitec
SPELEEM setup used in this thesis is shown. Starting with the electron gun, Ebeam in Figure 6.5, electrons are accelerated and focused through the
illumination column. In front of the sample the objective lens is found. This is
the plane where the incoming electrons are formed to a parallel beam and the
diffracted electrons leaving the sample are deflected to form the LEED pattern
in the back focal plane of the objective lens.
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The central part of this setup is the separator in front of the sample. Here
the electrons on their way to the sample from the meet the already. A magnetic
field is used to separate the electrons in different paths and the diffracted
electrons enter the imaging column where the image is magnified.
As already described the central spot, the 0:th order spot, contains
information from all diffracting surfaces when using a specific electron energy.
Such an image is called a bright field image and this is the type of LEEM
images recorded in the work for this thesis. One example recorded using
electrons with a kinetic energy of 24.4 eV is shown in Figure 6.6. If one of the
other high order spots in the LEED pattern is used the result is an image
showing only the crystal surfaces contributing to this spot. This is a so-called
dark field image.
While a standard LEED configuration is less useful for studies of
distributed NCs with mixed crystal directions, the LEEM setup offers an
excellent alternative. There are several conditions that need to be fulfilled for an
object to contribute to bright intensity in a LEEM image. First it must be
crystalline to be able to produce a diffraction pattern. Second it must be
oriented with a high symmetry surface in the sample normal direction. Fulfilling
these two first criteria to contribute at all there are other factors influencing the
intensity from an object. The intensity is dependent on the amount of electrons
that reach the imaging detector and the number of electrons mainly depends on
two criteria. The kinetic energy of the electrons must fulfil the requirements for
strong LEED diffraction, i.e. constructive interference, which is dependent on
the diffracting atoms. The object must also be clean, i.e. not covered by noncrystalline material. These two criteria determine the intensity in the LEEM
image that can vary from bright white to dark grey. A dark grey area may thus
be imaged using less suitable electron energy or be showing crystalline objects
that are covered by adsorbates. But, bright white areas certainly show clean
crystalline objects e.g. ZnO NCs.
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Figure 6.5: Schematic image of the LEEM setup/principle. Image from [89] with permission.

Figure 6.6: 28 µm LEEM image of ZnO NCs on a SiO2/Si surface using 24.4 eV electrons.

6.2.2 X-ray Photoelectron Emission Microscopy (XPEEM)
XPEEM is a short for X-ray Photoelectron Emission Microscopy, i.e.
microscopy using the electrons escaping in an XPS process as signal for
imaging. In the work in this thesis synchrotron radiation was used as excitation
source as shown with the red ray path named X-rays in Figure 6.5. The
electrons escaping from the sample form an image after passing the objective
lens close to the sample. The area of interest is chosen using an aperture that
restricts the origin of electrons and the image is further magnified in the
imaging column. Using the electron analyzer to the right in Figure 6.5 in
combination with an energy aperture to accept only a small band width of
emitted photoelectrons an image showing the origin of a specific element is
recorded. Examples showing the same area of 28 μm diameter but different
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elements, i.e. electrons with different binding energies, are shown in Figure 6.7.
This sample consists of ZnO NCs on a SiO2/Si substrate that has been
thermally cleaned at 650 °C. In Figure 6.7(a) the electrons from Si 2p appear as
bright areas while the areas that are darker are covered by ZnO NCs. The image
in (b) shows Zn 3d electrons and is noted to be almost perfect complementary
to (a).

Figure 6.7: XPEEM images with 28 µm field of view of ZnO NCs on SiO2/Si surface after thermal
cleaning at 650°C. Images show complementary contributions from (a) Si 2p from SiO2 and (b) Zn 3d.
Images were acquired using a photon energy of 130 eV. The two circles indicate 10.4 μm Zn-rich and
Zn-poor areas used for μ-XPS measurements.

Figure 6.8: μ-XPS spectra recorded from the two areas marked in Figure 6.7(a). The full red line was
recorded from the full line circle and show contributions from oxygen in ZnO NCs.

6.2.3 μ-XPS
The spectroscopic information obtained in μ-XPS is identical to the one
obtained in a conventional XPS experiment. However, in μ-XPS a so-called
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selected area aperture is used to restrict the area on the sample where
photoelectrons are accepted from. The area can be a few μm in diameter hence
the name μ-XPS. In this thesis circular areas down to 1.6 μm were used to
record spectra. The example spectra shown in Figure 6.8 are recorded from the
10.4 μm circles in Figure 6.7 and clearly show where the contributions from
ZnO NCs appear as the difference between the two spectra.

6.3

Synchrotron radiation

The first criterion for a successful XPS measurement is a reliable light
source. The low cost version of this is a conventional x-ray source that is
possible for separate research groups to purchase. Such a source produces x-ray
radiation of specific energies depending on the anode material used. An
electron source is heated so it emits electron, the electrons are accelerated
towards the anode that typically consists of Mg or Al, and thereby electrons are
excited in the anode material. Upon de-excitation of the atom radiation of
typical energies are emitted depending on the energy levels available in the
atom. The radiation usually used when using conventional x-ray sources in XPS
experiments are Al Kα (hν=1486 eV) and Mg Kα (hν=1254 eV) with energy
resolutions in the order of a few eV when used without a monochromator.
Such an X-ray source was used to perform XPS experiments at Karlstad
University. Here an X-ray source for Al Kα and Mg Kα radiation is mounted
on an UHV system together with a Scienta SES100 analyzer. For analyses of
the single crystal ZnO (10 1 0 ) surface and its chemical and electrical behavior
when annealed, Mg Kα radiation was used.
A superior alternative to conventional x-ray sources is synchrotron
radiation that is produced in large storage rings e.g. the rings at MAX-lab in
Lund, Sweden. Synchrotron radiation is emitted when a charged particle
traveling at relativistic speeds is accelerated in a curved path. At MAX-lab
electrons are accelerated and forced to follow curved paths using magnetic
fields. Apart from using the light produced when the electrons are redirected to
follow the ring path with so called bending magnets, one can use devices
inserted in straight sections between the bends. Such devices force the electrons
to do repeated oscillations and send out light in each bend. One kind is the
wiggler that uses strong magnets to oscillate the electrons, resulting in more
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intense and narrower energy spread for the light than when a bending magnet is
used.
The insertion device used for beamline I311 at MAX-lab, where parts of
the work for this thesis were done, is a so called undulator. This device use
weaker magnets than a wiggler but more of them, to force the electrons to
make several small oscillations. Each oscillation gives rise to photon pulses that
overlap and add up to a coherent and very intense light beam with a narrow
energy distribution. By changing the gap in the undulator, and thereby the
strength of the magnetic field, the photon energy can be chosen on a
continuous scale. At the time when the experiments for this thesis were done
the photon energy at beamline I311 could be chosen between 30 and 1500 eV.
After leaving the storage ring the light enters the different beamlines
attached to the ring. Mirrors are used to direct the light to an end station where
the measurements are done. On the way there the light passes a
monochromator where the energy resolution of the light is further narrowed
and the higher harmonics of the light are diminished. The energy resolution of
the light from the monochromator can be expressed as the resolving power
R=

E
.
ΔE

(6.13)

In beamline I311 the resolving power varied between 18000 for hν=200 eV
and ~6200 for hν=1250 eV that was the photon energy used to study the Zn
2p photoemission line in this thesis [89]. At hν=1250 eV, an energy comparable
to Mg Kα radiation from a conventional x-ray source, this gives an energy
resolution of ~0.2 eV at I311, i.e. in the order of 1/10 of what can be expected
in Mg Kα radiation.
Thus, the advantages of synchrotron light sources over conventional xray sources are clear: A high intensity photon beam, a narrow energy resolution
and the possibility to choose the photon energy are all reasons why researchers
all over the world appreciate the possibilities to use synchrotron radiation
facilities.
The XPS end-station on beamline I311 at MAX-lab was used to
perform high resolution XPS experiments. The narrow band width of the
photon beam combined with a hemispherical Scienta SES200 analyzer allowed
acquisition of XPS spectra with a resolution of 22 meV at hν=140 eV, 185
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meV at hν=650 eV and 775 meV at hν=1250 eV with the settings used in this
thesis.

6.4

Electron Microscopy

6.4.1 Scanning Electron Microscopy (SEM)
SEM images are recorded by scanning an electron beam in a regular pattern
over the surface of a sample and detecting the electrons that escape from the
sample. In an SEM image high intensity of electrons are normally shown as
bright areas. In order to obtain sharp images the electron beam must be as
focused as possible to minimize the interaction area on the sample. The
electron energy can be adjusted typically between 1 keV and 30 keV to obtain
different depths of interaction in the sample following the IMFP.
The standard configuration for an SEM consists of an electron gun, a
focusing column, a sample stage, and electron detectors. Occasionally also an
Energy Dispersive Spectrometer (EDS), intended for chemical analysis, is
mounted. The electron gun is designed to emit a stable stream of electrons that
is accelerated by a high voltage. The electron emitter can be thermionic, e.g. in
the form of a V-shaped W filament or a sharp pointy LaB6 piece. These
emitters are heated by electrical current until they glow and emit electrons.
Better than these thermionic emitters considering electron flow, lifetime and
well defined electron energy are field emission guns (FEG). These usually
consist of a sharp single crystal W tip. This tip is biased as a cathode with the
anode in front of the tip. A bias creating a field of more than 10 V/nm over the
tip causes the W to emit electrons that are further accelerated as they have left
the tip.
The electron stream leaving the gun is controlled and focused using
electromagnetic lenses in a column setup. These lenses focus the beam by
directing the electrons in cross-over points and re-shaping the beam to remove
stigmatism. When reaching the sample the beam has a size of 1-5 nm thus
enabling a detailed probing of the sample. The beam size, that is desired to be
as small as possible, reflects the best resolution available in SEM. There is also a
competing effect of a very narrow beam in that the amount of electrons will
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decrease with beam size. This may have the effect of poorer contrast when
recording images.
Once striking the sample surface the negatively charged electrons interacts
with the positively charged nucleus and the negatively charged electrons in the
sample. If electrons experience several elastic scattering events, i.e. without
energy loss, they can return out through the sample surface. These electrons are
called backscattered electrons (BSE) and make up the absolute majority of the
electrons leaving a sample surface. BSE can primarily be used for Z contrast
imaging. Some electrons in the primary beam will lose energy to the sample
electrons. If these obtain enough energy to leave the sample they are designated
as secondary electrons (SE). More than 90 % of the SE have energies below 10
eV and can be used for detailed imaging of the topography of a sample surface.
SE are thus originating from the sample atoms which by the emission of SE
become excited. The following de-excitation may cause the emission of an
element specific x-ray photon that can be used for chemical analysis using EDS.
The SEM images in this thesis were acquired with a Zeiss FEG LEO
Gemini 1530 using acceleration voltages of 5 kV and 20 kV.

6.4.2 Transmission Electron Microscopy (TEM)
A TEM detects the electrons that have been diffracted when passing through a
thin sample, i.e. transmitted through the sample. The contrast is built from the
diffraction pattern caused by the interaction between a crystalline sample and a
parallel electron beam and thus shows the interior of the sample. The column
setup on the primary side of the sample is in principle similar to the SEM with
the main differences that the electrons are accelerated using voltages of
hundreds of kV and that the electron beam is parallel in a TEM. In the work
for this thesis 100 kV and 200 kV was used for imaging and lattice
characterization.
After diffracted by the sample lattice the electrons are handled in a similar
way as in LEEM as described in Chapter 6.2.1. The main differences are the
higher electron energies used in TEM that allows much better resolution than
in a LEEM, and the interaction volume within the sample. In the LEEM the
electrons are diffracted back from the sample surface reflecting the topmost
atomic layers of a sample while the TEM provide bulk information with an
atomic resolution of the lattice in a sample. Similar to the LEEM case the
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diffracted electrons first form a diffraction pattern after passing through the
sample. Using the centre spot in the diffraction pattern an image showing all
the diffracting parts of the crystal can be recorded.
TEM were used to characterize the crystal structure and the lattice
parameters of plate-like ZnO NCs. HRTEM investigations were performed in a
Jeol JEM-2100. The TEM samples were prepared by dipping a copper grid
coated with a perforated carbon film in a drop of solution containing ZnO
NCs. By this some NCs were loosely bound to the carbon film and some also
sticking out over the holes in the film, thus enabling characterization without
any disturbing material in the electron beam path.

6.5

Scanning Probe Microscopy

6.5.1 Atomic Force Microscopy (AFM)
AFM is a versatile method for characterization of the surface structure of most
samples. It was invented by Binnig et al in the mid 1980´s [90]. AFM does not
require conductive samples since it depends on van der Waals forces between
atoms and it can be operated both in air and in UHV. To control the
interaction on an atomic level there are huge demands regarding movements. In
an AFM this is taken care of by a piezoelectric element. A cantilever with a
sharp tip at the end is attached to the piezoelectric element as schematically
shown in Figure 6.9. The tip points to the sample and have a radius of typically
<10 nm, the sharper the better for high resolution imaging. The upper side of
the cantilever is reflective and a laser beam is pointed on this surface. The
reflection of the laser beam is directed onto a photodiode. Since this
photodiode is typically divided in four quadrants it is possible to calculate how
the cantilever is bent by recording where the laser beam hits the diode. The
signal from the diode is feed into a computer with control electronics and
depending on the control parameters chosen, a drive signal is sent to the
piezoelectric element.
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Figure 6.9: Schematic description of Tapping Mode Atomic Force Microscopy.

AFM instruments are generally built to operate in different modes.
Contact Mode works by roughly speaking dragging a tip over a surface and by
keeping the deflection of the cantilever constant an image of the sample
topography can be calculated. In Non-contact Mode a tip oscillates over the
surface but never touches the surface. There is also an intermediate mode
developed by Veeco Instruments Inc. called Tapping Mode where the tip is in
brief contact with the surface at the end of its oscillations. In this thesis a
Multimode NanoScope IIIa from Veeco/Digital Instruments operating in
Tapping Mode in air was used for all AFM imaging. A schematic description of
a Tapping Mode setup is shown in Figure 6.9.
The cantilever is oscillated by a drive frequency which will give the
cantilever an amplitude of typically a few 10´s of nanometers in Tapping Mode.
As long as the tip of the cantilever is free from any outer disturbances it will
keep the chosen amplitude. The actual vibration amplitude of the cantilever is
measured by the laser/diode system. If the tip is moved closer towards a
surface, the amplitude of the oscillation will at first increase as the tip start to
interact with the surface by attractive forces in its lowest oscillation position
only. A further approach towards the sample surface causes the amplitude to
decrease as the interaction becomes repulsive. By changing the height of the
cantilever over the surface the oscillation amplitude is kept constant at a pre-
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defined value and the movement of the cantilever is presented as a height
image.
The vertical resolution for AFM is routinely capable of resolving atomic
step heights. AFM has also produced images with a lateral resolution
approaching resolved individual atoms e.g. of ZnO surfaces [91]. Such a
resolution sets high demands on the sharpness of the tip, a stable measuring
setup, and reliable control loop.

6.5.2 Scanning Tunnelling Microscopy (STM)
Prior to the development of AFM, the STM technique was developed [92] and
awarded the Nobel Prize in Physics in 1986. The similarities with AFM are
several e.g. the precise movements of the tip that is controlled by a piezoelectric
element. The mayor difference is that the STM needs conductive samples since
the imaging signal is built from controlling an electric tunnelling current
between the tip and the sample. STM also produce atomically resolved images
routinely although the sample surface preparation procedures can be
cumbersome. By convention an STM image is presented with bright areas
showing high concentrations of electronic states (that are usually also higher
areas).
In “constant current mode” that is the mode used in the work for this
thesis the tunnelling current is held constant by adjusting the height of the tip
over the sample surface, and in “constant height mode” the current is adjusted.
By recording the height movements required to keep the current constant a
surface topography image, or more accurate a mapping of available filled and
empty states, can be calculated. The distance between the tip and sample at
close distances, 5-10 Å, is proportional according to
− 2d 2mφ
h
I ∝e

(6.14)

where d is the tip-sample distance, m is the electron mass and φ is the barrier
height. That the current depends exponentially on the distance reflects that a
wave function of an electron decays exponentially in the classically forbidden
region between two closely spaced conductors. The barrier height is the energy
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difference between the EF of a metallic tip and the state to be tunneled to or
from in the sample. The direction of the tunneling is determined by the sign of
the bias of the sample with respect to the tip. In Figure 6.10 the sample is
positively biased meaning that electrons will tunnel from the tip to the sample.
In this case the empty states in the sample conduction band are probed, and by
reversing the polarity on the bias the filled states in the sample valence band are
probed. If there are available states in the band gap also these will be probed if
they fulfill the condition of being empty or filled for positive and negative
sample bias respectively. By choosing the value of the bias over the tunneling
gap one also chose what states that will be imaged, i.e. the states in the sample
that are located in energy between the sample EF and the tip EF.

Figure 6.10: Energy diagram for the tip sample energy levels in an STM setup. This setup shows
positively biased sample so that empty states are imaged by tunnelling electrons from the metallic tip to
the sample conduction band.

The STM setup can also be used for spectroscopy measurements named
Scanning Tunneling Spectroscopy (STS). In such a measurement, usually
performed by halting the scanning procedure while recording an image, the tip
is positioned at one point over the surface at a distance maintaining the
tunneling current set-point. By then sweeping the bias from e.g. -3 V to +3 V
and recording the tunneling current, the amount of available states at different
energy levels around the sample EF is recorded. The energy resolution during
an STS measurement is determined of the number of measuring points on the
energy scale.
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The STM and STS work in this thesis was done in an STM/AFM
Omicron VT UHV system at the Department for Engineering and Physics at
Karlstad University.
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7 Results and discussion
7.1

ZnO nanocrystals of mixed shapes

Characterization of the surfaces of NCs can be done with the NCs in large
assemblies, e.g. in thin films, or as separated NCs, e.g. distributed on a substrate
surface. The latter offers several advantages over the former. If the distribution
is sparse the NCs may be individually characterized by local probe methods.
The amount of NCs buried in a layer, thus not in direct contact with the
surrounding media, will be very low. The reaction to thermal treatment will be
uniform and the possibilities to characterize changes in the NCs surface
compositions are enhanced. That interactions between closely spaced surfaces
exist was shown when annealing ZnO films in a face-to face setup [93].
Therefore, in order to avoid that the NCs influence each other during
annealing, ZnO NCs of mixed shapes were distributed on SiO2/Si surfaces.
A surface preparation as described in section 5.1 was used to create a
hydrophilic oxide layer on the Si substrate surfaces. The oxide was evaluated by
μ-XPS peak intensities in paper I and noted to be repeatable with accuracy in
the work behind paper V. The oxide layer was found to be 0.95 nm ± 0.1 nm
thick and mainly consisting of SiO2.
To achieve a distribution the NCs needs to be efficiently dispersed in a
solvent, i.e. de-agglomerated. Our intention was to do this without using
contaminating surfactants but only solvents easily removable by low
temperature annealing. We concluded from experiments reported in paper III,
“Preparation of ZnO nanocrystals for individual surface analysis”, that ethanol was
suitable for dispersion of ZnO NCs using Dynamic Light Scattering (DLS) for
dispersion characterization. Ethanol was also found to be suitable to create
sparse distributions of ZnO NCs on a SiO2/Si surface when using spin-coating.
These conclusions were also theoretically confirmed using solubility theory and
evaluation of solvent properties. Using these findings the samples investigated
in paper I and II were prepared.
In paper I, “ZnO nanocrystals on SiO2/Si surfaces thermally cleaned in ultrahigh vacuum
and characterized using spectroscopic photoemission and low energy electron microscopy”, a
thermal cleaning effect on ZnO NCs in UHV were found after annealing at 650
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°C while no sign of de-composition was found. The surfaces of the NCs
showed some distinct LEEM signal already after annealing at 480 °C, indicating
a surface cleaning effect. After annealing at 650 °C for 1 h 45 min the LEEM
signal was even stronger indicating a crystalline and clean surface structure. The
XPEEM result showed no indication of de-composition after 650 °C but only
stronger signal from ZnO. Also the substrate consisting of SiO2/Si showed an
enhanced XPEEM intensity as an effect of the thermal cleaning, thus further
confirming the removal of hydrocarbon and hydroxide species contaminating
the ZnO surfaces.

Figure 7.1: The sample composition used in paper I and II was ZnO NCs of mixed shapes distributed
on a SiO2/Si substrate. The SiO2 layer was 0.95 nm ± 0.1 nm thick.

In paper II, “Photoemission Study of ZnO nanocrystals: Thermal annealing in
UHV and induced band bending”, synchrotron based high resolution XPS was
used to study the surfaces of ZnO NCs. We show that after low annealing
temperatures there are only low concentrations of VO in the surfaces of ZnO
NCs. A thermal cleaning effect is evident when increasing the annealing
temperature from 300 °C to 650 °C as expected from paper I. After annealing
at 300 °C for 1 h the surfaces of the ZnO NCs are still covered by
contaminants, e.g. OH groups to such an extent that an upward band bending
on the NCs surfaces is present. Using higher annealing temperatures, ≥700 °C,
an overweight of VO compared to VZn is created and a large downward band
bending on the NCs surfaces is the result. However, the suggested influence of
hydrogen on the n-type doping of ZnO remains unclear [31-32]. Already after
the lower annealing temperatures used in paper II most of if not all hydrogen is
removed [94], but still a significant n-type behavior is noted.
The large band bending on the surfaces of ZnO NCs is induced by an
unbalance between point defects in the NCs. This downward band bending
cause the measured ZnO related XPS core levels to shift by as much as 2 eV to
higher EB after high annealing temperatures. This kind of shifts is not seen if
the studied sample is a large single crystal directly connected to the analyzer. A
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similar shift was however recorded when studying spherically shaped 20 nm
ZnO NCs in an otherwise identical system as the one studied in paper I and II,
thereby confirming the usefulness of the structure in Figure 7.1.
The results in paper II were partly deducted from peak fitting of the Zn
2p3/2 photoemission line. In fitting components to the recorded spectra
covering Zn 2p3/2 it was concluded that the LW necessary for a good fit was
larger than expected from the literature concerning single metallic Zn samples.
LWs of 0.5-0.7 eV for the Zn 2p3/2 photoemission line are mentioned in the
literature [83-84, 95], although a theoretical value of 0.98 eV is mentioned by
Nyholm et al [83]. In our fitting process a LW of 0.8 eV has been used in fitting
the Zn 2p3/2 line since this gave the best fit result. This implies a shorter
lifetime of the excited states of the probed atoms in ZnO NCs than in metallic
Zn.
It is reasonable to assume a larger GW for NC samples than for single
crystal samples since the surface regions of NCs can be expected to have more
defects than a single crystalline sample. These defects cause a broadening due to
both initial state effects, e.g. low coordinated surface atoms, and final states
effects in the form of increased scattering when the electron passes the surface.
Considering the LW the higher density of defects in NCs surfaces creates a
higher density of defect related states in the band gap compared to single
crystalline surfaces. These states serve as electron reservoirs that enable faster
decay processes of the excited states, and thus a broadening as compared to
larger crystals. The literature concerning line widths for the Zn 2p3/2
photoemission line from ZnO was found to be very limited. Our reported
results are thus valuable for future fitting of high resolution Zn 2p3/2 XPS
spectra.
The band bending on the surfaces of the ZnO NCs in the structure
shown in Figure 7.1 is dominated by surface contaminations after low annealing
temperatures and defect concentrations after higher temperatures. This opens
possibilities to fine tune the function of ZnO NCs in applications e.g. as gas
sensors. The shown difference between annealing at 300 °C and 650 °C that
results in the proposed flat bands opens possibilities for defect free ZnO, i.e.
without an electron accumulation layer, to be used as OH sensors.

44

Chapter 7. Results and discussion

7.2

ZnO nanocrystals of plate shape

Flat, hexagonal ZnO crystals were grown in a very fast microwave enhanced
process. After evaluation of the growth parameters, growth time and
microwave power, a suitable setup producing large quantities of ZnO crystals
on SiO2/Si surfaces was chosen. The used growth duration was 5 min and the
power supplied by the domestic microwave oven was 170 W. This growth
reported in paper IV, “Microwave assisted rapid growth of flat ZnO(0001) platelets,
results in clearly hexagonal particles implying a hexagonal crystal structure in
the grown crystals. Using HRTEM for characterization the hexagonal structure
was confirmed and the lattice spacing was concluded to correspond well to the
expected, 0.28 nm, for the ZnO wurtzite lattice viewed in the c-direction.
The shape of the grown crystals was controlled by adjusting the
concentration of KCl in the aqueous growth solution. KCl was added as a
supplier of Cl- ions that attached to the positively charged Zn terminated (0001)
surface, thereby blocking the growth in this direction. Using 0.1 M KCl the
growth was restricted to only plate-shaped hexagonal ZnO NCs with aspect
ratios below 0.15. Auger spectroscopy confirmed the chemical composition to
be similar to a single crystalline macroscopic ZnO(0001) sample except for the
presence of a small amount of Cl in the microwave assisted grown NCs.
The detailed surface structure of microwave enhanced grown ZnO
nanoplates were examined using air-AFM and UHV-STM and reported in
paper V, “AFM and STM Study of ZnO Nanoplates”. The surface structure of “as
grown” plates were imaged by AFM and found to show the triangular
reconstruction that is typical for the Zn terminated ZnO(0001) surface [96]. To
our knowledge this kind of reconstruction has not been observed on “as
grown” samples before. However, following cycles of sputtering and annealing
in UHV this is a fairly commonly occurring reconstruction observed by STM.
In our experiment there are obviously OH groups, known to stabilize the
ZnO(0001) surface [97], present on the ZnO surface which shows triangular
structures. Taking into account that the ZnO plates were grown in an aqueous
solution that supplies OH groups to the surface, more than one stabilization
mechanism must be active on the surfaces of the grown ZnO NCs.
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Figure 7.2: Unit cell structure for ZnO with the Zn terminated (0001) surface on top. Note the different
connection directions for the bindings to the different atoms. The top oxygen atom connects to two
zinc atoms in front of the oxygen and one behind. In the second double layer from the top the
connections are reversed. This alternating pattern causes the differently directed triangles observed by
AFM in paper V.

Figure 7.3: Ball and stick model of the proposed 2x2 reconstruction of the ZnO(0001) surface. The
surface unit cell that is marked by dash-dotted red lines has its vertices at the centre of clusters of three
Zn atoms. Inside the unit cell one Zn atom is missing as compared to the stoichiometric ZnO(0001)
surface.
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The step heights on the grown (0001) surface were measured to around
0.75 nm between adjacent planes with 180° turned triangles. The unit cell step
height in the c-direction of the wurtzite ZnO crystal is 0.52 nm thus implying
that the observed steps are 1 ½ unit cell in height. Noting the structure of the
ZnO crystal as shown in Figure 7.2 the step height of 0.75 nm corresponds to a
180 ° turned tetrahedral unit, thus explaining why the observed triangles points
in alternating directions on adjacent imaged planes.
STM and STS were used to characterize the detailed surface and
electronic structure of the ZnO crystals in UHV. After only three cycles of
sputtering and annealing, high resolution STM images showed a 2x2 surface
reconstruction on triangular structures. These observations agrees well with the
proposed model that includes the removal of every fourth Zn atom on the Znterminated ZnO(0001) surface to compensate for the residual dipole moment
on the polar surfaces of ZnO [19, 98]. A ball and stick model of the
reconstructed ZnO(0001) surface is shown in Figure 7.3. The observed bright
protrusions observed by STM are indicated with dashed circles and the 2x2
surface unit cell is indicated by dash-dotted red lines. To our knowledge, this
2x2 reconstruction of the ZnO(0001) surface has not been observed before.
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8 Outlook
From the work performed in this thesis there are, beside the answered
questions, some interesting questions that appears. Some are old ones that one
can conclude still needs attention and some are new, confirming the status of
ZnO as a developing material.
Firstly, there is the question on ZnO surface preparation. Are there any
suitable methods to clean a ZnO surface without changing the surface
structure? That the ZnO crystals grown in paper IV show a surface
reconstruction similar to those obtained when using repeated sputtering and
annealing cycles in UHV indicate this. The surfaces may be formed in a
reconstructed fashion already from growth thus enabling a detailed atomically
resolved characterization after removal of contaminants only. The question
thereby develops into an issue on controlled growth of ZnO.
Secondly, there is the issue on unintentional n-type doping of ZnO. Are
point vacancies the cause or may hydrogen impurities be involved? The results
in paper II in this thesis indicate that the influence from vacancies cannot be
neglected. The used annealing temperature of 650 °C is expected to remove all
hydrogen from ZnO while shown to still not decompose ZnO. More
experimental work is needed to clarify this issue.
Thirdly, concerning growth of ZnO NCs there are still many questions
left to answer despite the enormous amount of reports in the last decades. This
goes for the shape control of the grown crystals as well as for the scale-up of
laboratory growth methods to industrial scales. In the case of aqueous solution
methods continuous processes may be a future route since large reaction
volumes may then be avoided. For microwave enhanced processes this means
that smaller, less expensive equipment can be used, enabling a wide spread
technology. The growth of plate-shaped ZnO NCs done in the work for this
thesis will be further developed toward smaller crystals in larger quantities.
As mentioned in the introduction there are potential applications for ZnO
nanoplates as an anti-bacterial additive in food packaging. In this case it may be
of interest to replace Cl- ions, which was noted in paper IV to be present in the
ZnO nanoplates after completed growth, with a more food-friendly negatively
charged ion. Work in this direction is in progress.
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Considering the fundamental properties of ZnO surfaces the work with
studies of individual NCs will continue since this route has been shown to be
promising in paper V.
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Growth and Characterization of ZnO
Nanocrystals
The understanding of the surfaces of materials is of crucial importance to all of
us. Considering nanocrystals (NCs), that have a large surface to bulk ratio, the
surfaces become even more important. In the work in this thesis ZnO NCs were
studied.
The fundamental properties of ZnO surfaces were studied using distributions of
ZnO NCs on SiO2/Si surfaces. Annealing at 650 °C in UHV cleaned the surfaces
of the ZnO NCs enough for sharp LEEM imaging and chemical characterization
while no sign of de-composition was found. A flat energy band structure for
the ZnO/SiO2/Si system was proposed after 650 °C. Increasing the annealing
temperature to 700 °C causes a de-composition of the ZnO that induce a
downward band bending on the surfaces of ZnO NCs.
Flat ZnO NCs with predominantly polar surfaces were grown using a microwave
assisted process. Tuning the chemistry in the growth solution the growth was
restricted to only plate-shaped crystals, i.e. a very uniform growth. The surfaces of
the NCs were characterized using AFM, revealing a triangular reconstruction of
the ZnO(0001) surface not seen without surface treatment at ambient conditions
before. Following cycles of sputtering and annealing in UHV, we observe by
STM a surface reconstruction interpreted as 2x2 with 1/4 missing Zn atoms.
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