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Abstract 

In this thesis, the electrochemical deposition process of Sn into ordered nanoporous 
anodic aluminium oxide (NP-AAO) have been studied. The deposition process was 
studied in situ using the X-ray techniques: X-ray diffraction (XRD), Grazing 
incidence Transmission Small-Angle X-ray Scattering (GTSAXS), X-ray 
Fluorescence (XRF) and X-ray Absorption Near Edge Structure (XANES) and ex 
situ using Focused Ion Beam-Scanning Electron Microscopy and Transmission 
Electron Microscopy measurements. 
The NP-AAO will under certain anodisation conditions order into a hexagonal 
arrangement. These ordered NP-AAO can be used as a template to grow ordered 
nanowires as well as for colouring of aluminium products.  Sn, which is investigated 
in this thesis, is used in industry to colour aluminium products in brown and black 
colours. To follow the electrochemical deposition of Sn into the NP-AAO with X-
ray measurements is of interests as it gives fundamental knowledge of where and 
how the metal is deposited within the pores.  

In situ X-ray measurements are used to follow the electrochemical deposition of Sn 
using an alternating deposition voltage into pre-prepared NP-AAO templates, which 
had been grown using a two-step self-ordering anodisation process with an extra 
step for thinning down the barrier layer. The X-ray measurements showed how the 
Sn filled the pores from the bottom up, where the GTSAXS measurements indicate 
a non-uniform pore filling. The oxidation state of the deposited Sn was determined 
with XANES to be metallic and with the XRD measurements, the crystal structure 
was determined to be β-Sn. Ex situ measurements used Focused Ion Beam to cut 
into the sample to expose the Sn inside the pores. Scanning Electron Microscopy 
and Transmission Electron Microscopy measurements were used to visualize the Sn 
within the pores and showed the Sn as nanopillars inside the pores.   

These results show that different X-ray techniques can be used to gain a deeper 
knowledge about the electrochemical deposition processes into NP-AAO. The 
measurements focused on Sn, however, these techniques are also applicable to 
investigate deposition of other metals within the oxide. This knowledge about how 
the Sn deposits within a confined structure, can be used for creating better templates 
and to understand how to grow ordered nanowires in a controlled manner inside of 
these kinds of templates.
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Populärvetenskaplig sammanfattning 

Aluminium används för en stor mängd produkter, allt från hus och i fordon till så 
vardagliga produkter som aluminiumburkar. Det breda användningsområdet beror 
på aluminiumets höga hållfasthet, lätta vikt och dess goda korrosionsmotståndighet. 
Korrosionsmotståndet beror på att när aluminium exponeras för luft bildas ett 
aluminiumoxidskikt på ytan, vilket skyddar aluminiumet och hindrar aluminiumet 
från att korrodera. Detta skyddande oxidskikt är 2-7 nm tjockt och skyddar 
aluminiumet mot normala påfrestningar. Vid hårdare påfrestningar och miljöer, så 
som havsvatten, behövs ett bättre skydd, vilket fås genom att växa oxidskiktet 
tjockare. Den elektrokemiska processen anodisering används för att öka oxidens 
tjocklek, var aluminiumet placeras som anod i en elektrokemiskcell. I cellen finns 
även en elektrolyt, som kan vara neutral eller sur beroende på vilken sorts oxid som 
önskas växas, homogen eller porös. När en ström sedan går genom cellen och 
aluminiumet så kommer oxiden att växas tjockare, denna oxid kan växas till en 
tjocklek av tiotals mikrometer. Vid användning av sura elektrolyter så kommer en 
porös oxid att bildas. Om specifika syror och specifika potentialer för just de syrorna 
används så kan porerna komma att organisera sig i ett hexagonalt mönster. Dessa 
organiserade porer kan sedan användas till att växa nanotrådar eller för att deponera 
metaller och färg inuti, för att ge aluminiumprodukter olika färger.  

I denna avhandling har olika röntgenbaserade in-situ experiment använts för att 
studera elektrokemisk deponering av tenn i porerna i den porösa aluminiumoxiden, 
vilket används industriellt för att färga aluminiumprodukter bruna och svarta. 
Mätningarna visade att deponeringen fyllde porerna med tenn ifrån bottnen och upp. 
Oxidationstillståndet av det deponerade tennet kunde bestämmas till att vara 
metalliskt och ha en β-tenn kristallstruktur. Ex situ mätningar visade tenn nanotrådar 
inuti i aluminiumporerna, vilket bekräftade röntgenmätningarna.   

Dessa resultat visar hur olika röntgentekniker kan användas för att få en fördjupad 
kunskap av den elektrokemiska deponerings processen, av tenn, i porös 
aluminiumoxid. Denna fördjupade kunskap av hur metaller, tenn, deponeras inuti 
porerna, ger möjligheten att kunna konstruera bättre strukturer för deponering samt 
ger en djupare förståelse för kontrollerad nanotråds växt inuti en porös mall.   

Denna avhandling är en del av Röntgen-Ångström projektet HEXCHEM (In situ 
High Energy X-ray Diffraction from Electrochemical interfaces). Detta projekt är 
ett samarbete mellan svenska och tyska forskningsgrupper och fokuserar på att 
studera elektrokemiska processer på ytor med hjälp av synkrotron (röntgen) 
experiment. Kombinationen av elektrokemisk deponering i aluminiumoxiden och 
in situ röntgenmätningar för att just studera denna elektrokemiska process är det 
bidrag denna avhandling har till projektet.  



ix 

Acknowledgements 

First of all, I would like to thank my supervisor Edvin Lundgren for your support 
and you’re everlasting enthusiasm on beamtimes and at home when shown some 
nice data.  

I would like to thank my co-supervisors, Johan Gustafson and Gary Harlow for your 
help. Gary thank you for sharing your knowledge of electrochemistry and X-ray 
physics with me.   

I would like to thank Jonas Evertsson, Nikolay Vinogradov, Uta Hejral, Giuseppe 
Abbondanza and Alfred Larsson for all help with experiments, data analysis and 
paper writing.  

I would also like to thank all the people at SLJUS for creating a friendly and 
welcoming place. Thank you Patrik Wirgin for all your stories during the lunch 
breaks, the division wouldn’t be the same without you. Anne Petersson Jungbeck 
and Patrik Wirgin thank you for all the help with administrative and economic 
problems. I would also like to thank all the people that have shown their support 
during difficult times, and especially Tamires Gallo and Hanna Dierks. 

Lastly, I would like to thank my family for all your support and love. And especially 
my mum, I love you with all my heart. I also want to thank you Markus, my love, 
for being there during both good and difficult times.    



x 



1 

In situ observations of tin deposition 
into nanoporous anodic  

aluminium oxide 





3 
 

Chapter 1 
Introduction 

Aluminium is an important material used in everyday products. It is characterized 
by good corrosion resistance, low density and high strength. When aluminium is 
exposed to air a native oxide forms on its surface. This native oxide is the reason 
for the good corrosion resistance since it protects the aluminium from further 
oxidation [1, 2]. An improved protection of the aluminium is achieved by growing 
the native oxide thicker by electrochemical anodisation, where the aluminium is 
used as the anode in an electrochemical cell [3]. Anodisation of aluminium can be 
performed in neutral electrolytes to form a homogenous barrier layer oxide on the 
surface and in acidic electrolytes to form a porous aluminium oxide. The porous 
aluminium oxide can become ordered when using certain electrolytes and voltages 
[4]. These ordered porous aluminium oxides can be used for a number of different 
applications. Examples are as templates for electrodeposition of ordered nanowires 
or as confinement for dyes and metals when colouring aluminium [5, 6]. Sn is often 
electrochemically deposited into the porous oxide, where it is industrially used for 
colouring aluminium products in colours ranging from brown to black. 
 
In this thesis, the electrochemical deposition of Sn into nanoporous anodic 
aluminium oxide (NP-AAO) has been studied using several in situ X-ray 
techniques. Additional ex situ Focused Ion Beam-Scanning Electron Microscopy 
(FIB-SEM) and Transmission Electron Microscopy (TEM) measurements have 
been used to confirm the in situ results. Extensive preparations and testing prior to 
beamtimes have been done in our electrochemistry (EC) home lab in Lund. The in 
situ measurements were all carried out at synchrotron facilities, due to the need for 
a high flux to enable sufficient time resolution to follow the deposition process. 
Further, high X-ray energies, which can be produced by synchrotrons, and a good 
penetration through the EC cell and the electrolyte is mandatory for a successful 
experiment. The use of in situ synchrotron X-ray techniques provides the 
opportunity to follow complex EC processes as they are occurring, such as the 
electrodeposition of Sn into ordered NP-AAO to get fundamental knowledge about 
the deposition process. 

  





5 
 

Chapter 2 
Materials 

In this thesis, the deposition of Sn into NP-AAO was investigated with in situ X-ray 
techniques. The NP-AAO was grown on polished polycrystalline aluminium 
samples and the crystal structure of the NP-AAO is amorphous [4]. The deposited 
Sn is shown to be in a metallic β-Sn crystalline state. In this chapter, an introduction 
to the material properties of the studied samples will be given.  
 
 
 
2.1   Crystals & Reciprocal space 
  
A single crystal is a sample with a periodic lattice, which has a regular spacing 
between the atoms in the crystal and where the periodicity is unbroken. The crystal 
can be defined by the Bravais lattice, which is a lattice of regularly spaced points 
that fill all space and is used to describe the periodicity of the crystal. The crystal 
structure is then described by attaching a basis of atoms at these lattice points. The 
basis vectors a1, a2 and a3, are the vectors describing this lattice. Translation by a 
multiple of any of the vectors will give the same crystal structure as before the 
translation. By combining these translation vectors, a vector R, which describes the 
lattice of the crystal can be constructed as in equation 1. 
 𝐑 = 𝑚 𝐚 + 𝑚 𝐚 + 𝑚 𝐚                (Eq. 1) 

 

In the equation, m1, m2 and m3 are integers.  By translation of this vector, the whole 
crystal can be described.  

From the above definition, it is possible to define the primitive unit cell, which is 
the smallest possible volume containing exactly one lattice point. Sometimes non-
primitive unit cells might be used, where more lattice points are included. These 
non-primitive cells are used since they are often more intuitive. The unit cell for 
four different cubic structures is shown in Figure 1. The structures are a simple cubic 
(SC), face centred cubic (FCC), body centred cubic (BCC) and face centred 
diamond cubic. The FCC, BCC and the diamond cubic structures are non-primitive 
unit cells. The FCC and BCC structures are common for metals, the face centred 
diamond cubic structure is the structure of α-Sn and from this structure the β-Sn 
structure can be obtained. Aluminium has an FCC structure with all sides being 
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equal and of length 4.05 Å, i.e. a=b=c=4.05 Å, and all angles between the edges of 
the sides are 90°, i.e. α=β=γ=90°.  

Figure 1: The simple cubic, body centred cubic, face centred cubic and face centred diamond cubic unit cells. Red 
circles represent the atoms in the corners of the unit cells, the green circles represent the atoms at the sides of the unit 
cells and the blue circles represents the atoms inside of the structure.  

Every real crystal has a termination, as they cannot be infinite. The termination of 
the crystal will create the surface of the crystal, which can if it is cut in a certain 
direction result in a crystal plane of ordered atoms. The crystal plane is described 
by the Miller indices (hkl). These indices indicate where the crystal plane intercepts 
with the axes of the unit cell and are defined by the smallest integer coordinates 
which can construct a reciprocal lattice vector orthogonal to the crystal plane.  

The planes defined above results in a two-dimensional structure, where the position 
of the atoms depends on which direction the plane cuts the crystal. For the FCC 
structure, which is the structure of aluminium, three different planes cutting the 
crystal and the 2-dimensional atomic structure for each plane are shown in Figure 
2. The black box shown on the 2-dimensional atomic surface structure represents
the unit cell for each surface. In Figure 2 d-f) the red circles represent the topmost
layer of the atoms, while the blue and green circles represent the atoms layers
underneath this top layer. These atomic layers will then repeat when going into the
crystal.
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Figure 2: a-c) shows the surface planes for an FCC crystal. The light blue fields in the unit cells are the cuts in the 
crystal which gives the corresponding surface plane (100), (110) or (111) as written below the unit cell. d-f) shows the 
2-D surface structure of the different surface planes. The black lines indicate the unit cells.   

 

The reciprocal lattice is detected when X-rays are diffracted from the planes in a 
crystal and is a Fourier transform of the real space lattice. The reciprocal lattice 
vector Δk is defined below.  
 𝚫𝐤 = ℎ𝐛 + 𝑘𝐛 + 𝑙𝐛                (Eq. 2) 

 

Here b1, b2 and b3 are the vectors describing the reciprocal lattice vector and h, k and 
l are integers.  

To fulfil constructive interference for diffraction, the condition below needs to be 
satisfied. 

 𝚫𝐤 ∙ 𝐑 = 2𝜋𝑛              (Eq. 3) 

 

In the equation n is an integer. This condition makes the reciprocal vectors b1, b2 
and b3 possible to derive from the real space ones as shown in equation 4-6. 
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𝐛 = 2𝜋 𝐚 ×𝐚𝐚 ⋅(𝐚 ×𝐚 )    (Eq. 4) 

𝐛 = 2𝜋 𝐚 ×𝐚𝐚 ⋅(𝐚 ×𝐚 )  (Eq. 5) 

𝐛𝟑 = 2𝜋 𝐚 ×𝐚𝐚 ⋅(𝐚 ×𝐚 )   (Eq. 6) 

A simpler expression for equation 4-6 is given in equation 7. 

𝐚 ⋅ 𝐛 = 2𝜋𝛿    (Eq. 7) 

Where i and j are integers. This shows that the reciprocal lattice vectors have 
magnitudes that are inversely proportional to the real space ones, and as a result, 
small objects in real space will look large in reciprocal space and vice versa. By 
knowing this relation between the real space and reciprocal space, a measured 
diffraction pattern can be used to construct an image of the real space structures [5-
7]. 

2.2   Aluminium, aluminium oxide and tin 

The aluminium samples used in this thesis were polycrystalline aluminium samples. 
Polycrystalline means that the samples are composed of different crystalline grains, 
which each have periodically ordered atoms but are unordered in relation to each 
other. This means that the surface will not just have a single surface orientation but 
have multiple orientations, which needs to be considered when doing an experiment. 
The aluminium oxide grown on top of the polycrystalline sample is as mentioned 
earlier amorphous, therefore the atoms in the oxide do not have any long-range 
ordering. Sn was deposited into the pores of the aluminium oxide and in paper I the 
Sn was shown to be in a metallic state, in paper II the Sn was shown to be in the 
metallic β-Sn crystalline state.  
The total material system that was measured is a combination of polycrystalline 
aluminium, amorphous NP-AAO and crystalline Sn. Therefore, different X-ray 
methods which are suitable to look at the different aspects of the system, such as 
XRF, XANES, GTSAXS and XRD, were needed. A grazing incidence angle was 
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used for GTSAXS and XRD making it possible to look at the surface region of the 
sample and thus the NP-AAO.   

2.2.1   Aluminium oxides and hydroxides 

On aluminium an oxide may easily form, this oxide can be either in the form of 
aluminium oxide (Al2O3) or hydroxide (AlOOH, Al(OH)3). The aluminium oxide 
can form a number of different oxide structures, where all oxide states except for α-
Al2O3 (corundum) is metastable. The α-Al2O3 is thermodynamically stable, and as a 
result, all other oxides and hydroxides will convert into α-Al2O3 when the oxide is 
heated.  

The different aluminium oxides (Al2O3) are all constructed from tetrahedral, 
pyramidal and octahedral oxide blocks and arranged in FCC or HCP structures. In 
these building blocks, aluminium cations occupy the internal positions while 4, 5 or 
6 oxygen atoms are positioned around the aluminium atom, shown in Figure 3. This 
ordering of the aluminium atoms within the oxygen lattice leads to ordered arrays 
of aluminium atoms inside the oxide. The existence of different aluminium oxides 
is due to a variation in the distribution of the aluminium atoms inside of the oxygen 
lattice, for example, the α-Al2O3 is constructed from an HCP lattice, with the 
aluminium atoms occupying two-thirds of the octahedral sites.  

Figure 3. a) The tetrahedral building block. b) The pyramidal building block. c)  The octahedral building block. In all of 
the structures, the internal green circle represents the aluminium atom and the surrounding red circles represent the 
oxygen atoms. 

The aluminium hydroxides are constructed by the stacking of oxygen double layers, 
where the aluminium atoms are positioned at octahedral sites between the oxygen 
layers of the double layer. The hydrogen atoms in the hydroxides are positioned 
either in between the double layers or attached to the oxygen atoms in the oxygen 
layers. In the case of the hydroxides, they can be divided into monohydroxides 
(AlOOH), where two common monohydroxides are Bohemite and Dispore, and 
trihydroxides (Al(OH)3), where two common trihydroxides are Gibbsite and 
Byerite. The monohydroxide Bohemite is built from chains of AlOOH double 
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molecules, while the trihydroxide Gibbsite is constructed from double layers of OH 
ions with Al atoms positioned at interstitial sites in the hydroxide [8-13].  

2.2.2   Native aluminium oxide 

Aluminium that is exposed to air will form a 2-7 nm native oxide on its surface. 
This oxide will protect the surface from corrosion and is self-healing meaning that 
any damage done to the oxide will lead to new oxide forming in its place [1, 4].  

The oxide on aluminium has a limited thickness, this limit was explained by Cabrera 
and Mott [14]. In their theory, the oxygen will dissociate to negative oxygen ions 
at the oxide/electrolyte interface and at the metal/oxide interface positive aluminium 
ions will be created. These ions will create a potential (Mott potential) over the 
aluminium oxide, which leads to an electric field in the oxide. This electric field 
will drive the transport of ions through the oxide. As the ions reach the metal or the 
liquid interface they will react with the aluminium and oxygen ions to form 
aluminium oxide. As the oxide grows thicker the electric field over the oxide will 
decrease, which will lead to a decrease in the growth rate of the oxide. When a 
certain thickness of the oxide is reached, the electric field will be too low to transport 
the ions through the oxide and no more oxide will be formed, being the reason for 
the limiting thickness of the aluminium oxide in the Cabrera and Mott model [14, 
15]. The Cabrera and Mott model is one of the theories describing how the formation 
of the aluminium oxide occurs, however other theories have also been suggested in 
references [8, 16, 17]. Through theoretical calculations the limiting thickness of the 
oxide has also been shown to correlate with a decrease in oxygen adsorption energy 
[18]. 

The native oxide will protect the aluminium from corrosion and further oxidation. 
However, in harsh conditions there might be need of a better protection, which can 
be achieved by growing the oxide thicker. A thicker and more protective oxide can 
be grown through anodisation, an electrochemical method presented in chapter 
3.2. 

2.2.3   Tin 

Sn has two crystalline states, which are stable at ambient pressures, α-Sn and β-Sn. 
α-Sn is a semiconductor material which is stable at temperatures below 13°C, while 
β-Sn is metallic and stable above 13°C. α-Sn has a diamond type structure, shown 
in Figure 1. The crystal structure of β-Sn is obtained from the α-Sn structure by 
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compression of one of the cubic directions and extension of the directions that are 
perpendicular to this direction. This transformation from the α-Sn structure to the β-
Sn results in a large face centred tetragonal structure with a body centred tetragonal 
unit cell [19-21]. The large face centred tetragonal structure for the β-Sn is shown 
in Figure 3. In paper II, the structure of the deposited Sn was determined to be β-
Sn, this could be determined from the measured diffraction pattern.  
 

Figure 4: The crystalline structure of β-Sn. 
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Chapter 3 
Electrochemistry  

Electrochemistry is the chemical field in which either spontaneous chemical 
reactions produces an electrical current or where an applied electric field will drive 
the chemical reaction. These chemical reactions occur in an electrochemical cell 
which contains an electrolyte into which two or three electrodes are inserted and 
connected through a conductor. The reaction will then be driven at the interfaces of 
the electrodes, creating or using an applied current in the reaction [22, 23]. The field 
of electrochemistry is widely used in both industry and research, where it is used for 
example for batteries and fuel cells, to increase corrosion resistance, oxide growth 
and for metal deposition to colour products or grow nanowires [24-26]. In the 
present thesis, two electrochemical processes are used, anodisation to grow a 
nanoporous anodic aluminium oxide (NP-AAO) and electrochemical deposition of 
Sn within the pores in the NP-AAO. 
 
 
 
3.1   Electrochemical cells  
 
The electrochemical reaction takes place in an electrochemical cell, where two or 
three electrodes are externally connected through a conductor and submerged into a 
conducting electrolyte inside of the cell. The electrodes are connected to a power 
supply or potentiostat so that an external electric field can be applied to drive the 
chemical reaction. The electrolyte in which the electrodes are submerged is commonly 
a liquid, into which charged ions can be dissolved. The charged ions in the electrolyte 
will lead to potential differences and hence drive a current between the electrodes in 
the electrochemical cell. The electrodes are named either anode and cathode or 
working (WE), counter (CE) and reference electrode (RE). The notation of anode and 
cathode refers to the reaction occurring at the electrode, where the reaction at the 
anode is oxidation and at the cathode reduction. The notation of working, counter and 
reference electrode instead refer to their function in the cell, where the working 
electrode is the electrode where the reaction of interest is taking place. The reaction 
occurring at the counter electrode is the counter-reaction to that of the reaction taking 
place at the working electrode. The reference electrode is an electrode with a constant 
potential, to measure the absolute applied potential. For a two-electrode setup, a 
working and reference electrode is used, and the current will pass between these two. 
In the case of a three-electrode setup, the current will pass between the working and 
counter electrode, chosen to be inert for the reaction of interest, and the applied 
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potential will be measured as a function of the reference electrode. Figure 5 shows the 
electrochemical cell for a three- and two-electrode setup.  

Figure 5: The electrochemical cell. a) Three-electrode cell consisting of a counter electrode (CE), working electrode 
(WE) and a reference electrode (RE). b) A two-electrode cell, with only working and counter electrode. The 
electrochemical cell used in the present thesis for anodisation and deposition was a two-electrode setup. The aluminium 
was chosen to be the anode during the oxide growth and the cathode during the deposition.  

The reactions occurring in the cell, whether they are spontaneous or need to be 
driven by an applied potential, will determine the name of the electrochemical cell. 
A galvanic cell is a cell where the chemical reactions occur spontaneously to create 
an electrical current. These spontaneous reactions start as soon as the electrodes are 
connected through a conductor and inserted into the electrolyte. An electrolytic cell 
is a cell where the chemical reactions need to be driven by an applied electric field, 
and as such, no reaction will occur until a potential is applied over the 
electrochemical cell. 

The electrochemical reactions occurring in the electrolytic cell are normally 
controlled by the applied potential or current (depending on the mode of operation). 
The voltage and current are usually visualized as a cyclic voltammogram (CV), 
where the current is plotted as a function of applied voltage, where distinct features 
in the curve give information about the reactions in the cell. The curve will give 
information about the properties of the electrode/electrolyte interface and the 
reactions occurring at the electrodes. What is shown and measured is the amount of 
current either created or consumed in relation to the total reaction occurring in the 
cell. The measured current is due to the charge transfer between the ions in the 
electrolyte and the electrodes.  

As mentioned earlier charge transfer will occur through reduction at the cathode and 
oxidation at the anode. The oxidation and thus oxide growth on the anode occur by 
negative charges being transferred to the metal from the ions in the electrolyte and 
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is called anodisation, which is the method used for the aluminium oxide growth. 
These reactions, the oxidation and reduction, are faradic processes occurring due to 
charge transfer in the electrochemical cell and all processes not occurring because 
of this charge transfer is called non-faradic. To drive any faradic reaction in one or 
another direction an overpotential will need to be applied over the cell. The reaction 
rate of the overall reaction in the electrochemical cell will be determined by the 
slowest reaction, where elements such as charge transfer, mass transfer and surface 
reactions can be the limiting step for the reaction speed. At steady state of the overall 
reaction, all reaction processes will occur at the same speed. When no current goes 
through the cell the overall reactions will be at equilibrium and a so-called Open 
Circuit Potential (OCP) will be measured, this is the case before starting the 
anodisation and deposition processes [22, 23]. 

3.2   Anodisation 

Anodisation is an electrochemical process which forms an oxide on the metal surface 
of the anode, hence the name anodisation. The anodisation will make the metal atoms 
combine with oxygen ions from the electrolyte and in that way form an oxide on the 
surface. This method has been extensively used on aluminium to increase the 
thickness of the native oxide to improve the corrosion resistance. Depending on the 
chemical conditions used for the anodisation, a homogenous barrier layer oxide or a 
porous oxide can be grown on the surface of the aluminium. The homogenous oxide 
is grown in neutral electrolytes while the porous oxide is grown in acidic electrolytes, 
in which the oxide is partly soluble [8]. The porous oxide can be grown so that it 
orders into a hexagonal arrangement, which was discovered and developed into a two-
step anodisation process by Masuda et al. in 1996 [27, 28]. By this method, nicely 
ordered oxides which can be used as a template for nanostructure growth can be 
created. The different oxides that can be grown using anodisation are shown in Figure 
6 and will be discussed more in detail below. 

Figure 6: The different types of oxides that can grow on the aluminium surface, where the light grey is showing the 
oxide and the darker grey the aluminium substrate.  
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The oxide growth occurring during the anodisation is due to the migration of Al3+, 
O2- and OH- ions through the oxide. The Al3+ ions move from the metal outward 
towards the electrolyte and the O2- and OH- ions move inward through the oxide 
from the electrolyte. These will then combine at the metal/oxide and 
electrolyte/oxide interface to create new oxide. The movement of the ions is made 
possible due to the high electric field applied over the oxide and the mechanical 
stress due to volume expansion compared to that in the metal. Oxide growth of the 
barrier layer type will occur at both the metal and electrolyte interface, while the 
porous type oxide will only grow at the metal interface [4]. The different reactions 
occurring when the oxide grows at the different interfaces are shown as equations 
8-16.

Oxide/electrolyte 

2Al( ) + 3O( ) →  Al O      (Eq. 8) 

Al O → 2Al( ) + 3O( )O         (Eq. 9) 

2Al( ) →  2Al( )          (Eq. 10) 

Al O + 6H( ) → 2Al( ) + 3H O( )            (Eq. 11) 

2H O → +O( ) + OH( ) + 3H( )         (Eq. 12) 

2O( ) → O ( ) + 4e           (Eq. 13) 
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Metal/oxide 
 Al → Al( ) + 3e                                             (Eq. 14) 

 2Al( ) + 3O( ) → Al O                                 (Eq. 15) 

 

Cathode 
 6H + 6e →  3H ( )                                       (Eq. 16) 

 

The growth of the oxide will also lead to incorporation of anions from the 
electrolytes, for example, C2O4

2− from oxalic acid and SO4
2- from sulfuric acid. 

These ions will incorporate into the outer layer of the oxide, creating a double-layer 
structure of the oxide with an anion incorporated outer part and an almost pure 
aluminium oxide inner part. The amount of incorporated anions is dependent on the 
electrolyte and which kind of oxide is grown, a porous oxide will have more anions 
incorporated than a barrier type oxide. This incorporation will change the chemical, 
mechanical and optical properties of the oxide [4, 29]. 

 
 
 
3.3   Barrier layer oxide 
 
The barrier layer oxide is a homogenous oxide grown on the aluminium surface 
through anodisation in neutral electrolytes. The growth of this oxide will, in essence, 
increase the thickness of the native aluminium oxide. The thickness of the grown 
oxide will be determined by the anodizing voltage, where the relation of the 
thickness to the voltage is given by approximately 1.4 nm/V and where thicknesses 
up to at least 1 µm can be reached [4]. The limiting thickness of the oxide at a certain 
voltage is due to an increase in resistance as the oxide grows thicker. This result in 
an exponential current decrease until the field is too low for the ions to migrate 
through the oxide. If the potential was increased a thicker limiting oxide would be 
grown, that is until the breakdown potential is reached, at which point the oxide 
would crack and burn instead of growing thicker. A typical behaviour for the current 
as a function of anodisation time in a neutral electrolyte (barrier-type oxide), can be 
seen in Figure 7. The ionic current through the oxide is related to the electric field 
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over the cell and is as such also related to the voltage drop and given by equation 
17. 

𝑗 = 𝐴𝑒𝑥𝑝(𝐵𝐸) = 𝐴𝑒𝑥𝑝 ∆       (Eq. 17) 

In the equation j is the ionic current, A and B are constant depending on the material, 
E is the electric field over the oxide, ∆𝑈 is the potential drop in the oxide and t is 
the thickness of the oxide.  

Figure 7: The current behaviour when anodizing aluminium in neutral electrolytes as a function of time using a constant 
potential. 

3.4   Porous aluminium oxide  

Porous aluminium oxide will form when anodisation is conducted in acidic 
electrolytes in which the oxide is partly soluble. The pores grown in the oxide will 
be cylindrical within a hexagonal unit cell of oxide, and a barrier layer at the bottom. 
The barrier layer thickness is proportional to the anodizing potential.  The height of 
the pores is limited by the anodisation time and is proportional to the amount of 
applied charge which makes it possible to grow pores of several tens of micrometres. 
The porous oxide can under the right conditions order hexagonally, however, if one 
anodizes outside of these conditions the ordering of the pores will decrease. The 
pore size Dp, interpore distance Dint and the barrier layer thickness tb are all 
dependent on the anodizing conditions such as the electrolyte, anodizing potential 
and temperature. A direct linear correlation between the anodizing potential and the 
pore size, inter pore distance and barrier layer thickness can be seen, where the pore 
distance is correlated as 2.5 nm/V and the barrier layer thickness is correlated as 1.2 
nm/V [4]. The NP-AAO templates used in this thesis for Sn deposition was grown 
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using oxalic acid, which has in earlier publications been shown to have an interpore 
distance of about 100 nm [30, 31]. 

The porous oxide is most often grown using a constant voltage due to the clear 
relationship, stated above, between the structural parameters and the anodizing 
voltage. The growth of the porous oxide can be divided into four parts, shown in 
Figure 8, where an illustration of the behaviour of the anodizing current and the 
oxide growth can be correlated. The first region of the pore growth is the growth of 
a homogenous barrier layer oxide on the aluminium surface. As the oxide grows 
thicker the electric field strength and as such the current will decrease, resulting in 
a minimum current over the cell. At the position of this minima, the second region 
of the pore growth will start. In this region the electric field will start to concentrate 
on the local imperfections, cracks and defects in the aluminium oxide, resulting in 
a non-uniform growth of the oxide. These imperfections will make it possible for 
the electrolyte to penetrate the oxide, leading to a higher electric field at these 
positions. At these positions, disordered pores will start to grow. The pore growth 
will start due to dissolution of the oxide at these imperfections which leads to a 
decrease in the barrier layer. This decrease in barrier layer at the initial pores will 
lead to an increase in the electric field strength and current, which continues until a 
maximum is reached. In the third current region, the growth will tend towards a 
steady-state growth of the pores. This will result in the growth of larger pores while 
the smaller ones will terminate or merge with the larger pores, which will lead to a 
decrease in pore-density. This decrease in pore-density is thought as the reason for 
the decrease in current after the maxima of the previous step. In the fourth region, 
the measured current will be constant, but the larger pores will continue to readjust 
their size as well as the spatial arrangement between them until they reach an 
equilibrium morphology. The equilibrium morphology will be determined by the 
anodizing potential. When the optimal pore arrangement is reached the pores will 
continue to grow in height, but no further change in the ordering or shape will occur. 
If certain anodisation conditions are used this will result in nicely ordered pores, 
which can form coherent ordered domains over several µm [4].  
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Figure 8: a) An illustration of a characteristic current curve for anodisation in acidic electrolytes. The regions marked 1-
4 indicate different steps of oxide growth. Where the numbered images in b) show illustrations of the oxide 
corresponding to those growth steps. 1) The growth of a homogenous barrier layer on the aluminium surface. 2) In this 
step, unordered pores start to grow. 3) The growth of the pores will strive towards a steady-state pore growth, resulting 
in pores branching and merging to achieve optimal ordering. 4) A steady-state pore growth is achieved, with some 
readjustment of the pore sizes still occurring.  

The growth of the porous oxide and the ordering can be explained by different 
theories with the common feature that the oxide will only grow at the metal/oxide 
interface. There will be no growth of oxide at the electrolyte/oxide interface because 
of the Al3+ ions travelling through the oxide being directly ejected into the 
electrolyte and will not contribute to the oxide growth [4]. One theory suggests that 
the pores will grow due to a steady flow of oxide material from the bottom of the 
pores into the pore walls, due to mechanical stress in the oxide. This flow of oxide 
is thought to originate from the volume expansion of the oxide compared to the 
aluminium and electrostriction, i.e. mechanical deformation occurring due to the 
high electric field over the oxide. This model will result in the barrier layer having 
a constant thickness, which is the case for porous aluminium oxide [32]. 

Another theory is that the oxide will form at the metal/oxide interface and be 
dissolved at the electrolyte/oxide interface due to electric field-assisted oxide 
dissolution. The O2- ions from the dissolved oxide will travel through the oxide and 
form a new oxide at the metal/oxide interface, while the Al3+ ions will be ejected 
into the electrolyte. This model suggests that the dissolution and growth of the 
aluminium oxide will move the metal/oxide and electrolyte/oxide interfaces, 
resulting in the growth of the pores [4]. These are two theories for the pore growth 
and can be used to model the experimental data, however, more experiments have 
to be done to understand the true reason for the porous oxide growth.  



21 
 

3.5   Ordered porous aluminium oxide 
 
The self-ordering of the porous aluminium oxide in certain electrolytes at specific 
anodizing potentials was discovered by Masuda et al, and developed into a two-step 
anodizing process in 1996 [27, 28]. This two-step method will form oxides where 
the pores are ordered hexagonally over several µm.    

The two-step anodisation method starts with a polished aluminium sample which 
then in a first step is anodized under self-ordering conditions, where the anodizing 
potential is close to the breakdown potential as this gives the best ordering [33]. The 
anodisation can be done for up to 24h to obtain a sample with pores ordered as good 
as possible. The grown oxide from the first anodisation step will have pores ordered 
nicely at the pore bottoms, but unordered pores at the top due to the pore initiation 
described in section 3.4. To achieve an oxide with pores ordered through the whole 
nanoporous oxide film, this first oxide is stripped using a chromic- phosphoric acid 
etch, leaving a patterned aluminium surface of ordered concaves. These concaves 
will guide the growth of a second porous oxide grown using the same anodisation 
conditions as for the first step of the oxide growth. This will lead to nicely ordered 
pores which can be used as a template for the growth of ordered nanostructures and 
deposition of metals into them for colouration of the oxide. Figure 9 shows the pores 
at the different steps in the two-step anodisation process. The size of the grown pores 
can be controlled by the electrolyte and the potential, but can also be modified by 
chemically etching to remove some of the pore wall material after the anodisation 
[34].   

Figure 9:  The two-step anodisation process. a) The aluminium sample (dark grey) with the native oxide (light grey) on 
top of it. b) The porous oxide after the first anodisation with pores shown to be more ordered further into the oxide. c) 
The sample with concaves after the removal of the oxide. d) The ordered oxide after the 2nd anodisation step. 

 

In this thesis, the NP-AAO was grown using the two-step anodisation method with 
a 0.3 M oxalic acid electrolyte and a potential of 40 V. These porous oxide samples 
were then used to electrochemically deposit Sn into the pores from an electrolyte 
contain Sn2+ ions. This process was followed in situ with different X-ray scattering 
techniques.  
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3.6   Electrochemical deposition 

Electrochemical deposition (ECD) is used for metallic coatings of surfaces as well 
as deposition of metals into porous structures to grow for example nanowires. The 
deposition is achieved by using an electrolyte containing metal ions of the material 
to be deposited and using the sample that the metal should be deposited on as the 
cathode in the electrochemical cell. When a potential is applied over the cell, the 
metal ions will reduce and be deposited onto the sample surface or in the pores in 
the case of the NP-AAO. The metal ions in the electrolyte used for the deposition, 
can either be dissolved into the electrolyte before the start of the deposition or in the 
case of a sacrificial counter electrode, be dissolved from the counter electrode. 
Electrochemical deposition can use the same electrochemical cell as for any other 
electrochemistry. Deposition can then be achieved by applying a potential of either, 
direct, alternating or pulsed nature over the electrochemical cell [35]. 

In this thesis, the electrochemical deposition of Sn into NP-AAO, with an alternating 
deposition voltage and an electrolyte containing Sn2+ ions, was studied. The Sn2+ 
was reduced to metallic tin in the AAO according to the reaction shown in Equation 
18.  

Sn + 2e  → Sn         (Eq. 18) 

It could be shown that the deposition condition used in this thesis results in nice 
metallic nanorods inside of the NP-AAO.  The nanorods are shown in the FIB-SEM 
image of Figure 10. This shows that electrochemical deposition is a good method to 
deposit and grow metal nanowires in porous oxides in a controllable manner. By 
depositing metals into the porous oxide, ordered wires, with the same ordering as 
the pores, can be realized. The diameter of the nanowires is also easily controllable 
by controlling the inner diameter of the pores in the porous oxide, and the height is 
controlled by the deposition time and as such the amount of applied charge. The 
deposition of Sn into porous aluminium oxide is also used in industry to colour 
aluminium products black [26]. 

The deposition of Sn into the porous aluminium oxides used in the present thesis 
was performed by using an alternating voltage, since deposition of metals into the 
pores with a direct current is difficult. For example, the barrier layer at the bottom 
of the pores is non-conducting, the diffusion of the metal ions into the pores is 
limited, charge build-up in the barrier layer and cathodic side reactions, such as 
hydrogen evolution, may occur in the oxide layer [36-38]. 

Because of these problems, alternating and pulsed deposition methods are used for 
metallic deposition into the porous oxide. To enhance the deposition further, the 



23 
 

pores can be moved to a different substrate or pore modifications such as pore 
widening or barrier layer thinning can be used [36, 39-42]. The pore widening 
process is performed by immersing the pores in an acid etch, to etch away some of 
the pore wall material, this will make the pores larger and the barrier layer thinner 
[36]. The wider pores will make it easier for Sn to diffuse into the pores, while the 
thinner barrier layer means that there is less non-conducting material that the 
electrons must tunnel through. In the barrier layer method, the anodisation potential 
is decreased after the second anodisation step in a controlled manner resulting in a 
thinner barrier layer, due to the thickness being dependent on the applied voltage, 
as well as some branching of the pore bottoms [39, 40]. To successfully deposit Sn 
into the porous oxide, the barrier layer thinning method was necessary to use. The 
deposition steps for the porous aluminium oxide and the SEM image with Sn rods 
in the aluminium is visible in Figure 10. 

Figure 10: a) The sample synthesis process sequence from the 2nd anodized sample, through barrier layer thinning 
and deposition. b) A FIB-SEM image of the sample, where bright Sn nano-rods within the NP-AAO sample is visible.  
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Chapter 4 
Synchrotron Radiation & X-ray techniques 

X-rays were discovered in 1895 by W.C Röntgen and in 1901 he received the Nobel
prize for this discovery. Different methods using X-rays to investigate the inside
structure of various samples were developed after this discovery. Today X-rays are
utilized both for scientific purposes and medical applications.

X-rays are electromagnetic radiation that have wavelengths in the range of
Ångströms (10-10 m) and energies in the range of 100 electronvolts (eV) to 100
kiloelectronvolts (keV). The relation between energy and wavelength is shown in
equation 19.

𝐸 =          (Eq. 19) 

Here, E is the X-ray energy, h is Planck's constant, c is the speed of light and λ is 
the wavelength of the X-rays.  

When X-rays shines onto any material they will interact with the electrons around 
the atoms in the way of scattering and absorption. In the case of absorption, the 
electron will absorb the X-ray and thus becomes excited. Depending on the absorbed 
energy the electron will be excited to a higher energy level or ejected from the atom. 
If the electron is ejected from the atom one talks about the photoelectric effect. The 
core hole left behind by the excited electron will be filled through deexcitation of a 
higher shell electron and will lead to emittance of either X-ray fluorescence or auger 
electrons. In the case of scattering, the X-rays can either scatter elastically without 
energy loss, or inelastically, when the X-ray loses some of its energy. The different 
interactions presented above are utilized in different X-ray techniques to gain 
information about the material. 

Due to the high energy of X-rays, they will have a long penetration depth through 
the sample. This makes them suitable to use for electrochemical reactions as they 
will have a high enough energy to penetrate through the liquid to the sample. 
Combined with surface-sensitive X-ray methods using a grazing incidence angle, it 
enables in situ studies of the growth of nanoporous aluminium oxides as well as the 
deposition of Sn into the pores. In this thesis, X-ray Diffraction (XRD), Grazing 
incidence Transmission Small angle X-ray Scattering (GTSAXS), X-ray 
Fluorescence (XRF) and X-ray Absorption Near Edge Structure (XANES) have 
been used to follow the deposition of Sn into the pores to get structural as well as 
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chemical information. These measurements were made at a synchrotron, a facility 
which creates X-rays by the rotation of electrons inside an electron accelerator. X-
rays can also be produced by an X-ray tube.  

The X-ray tube is often used in medical applications as well as research. In this case, 
the X-rays are produced by accelerating electrons emitted from a glowing filament 
onto an anode. As the electrons collide with the anode, X-rays in the form of 
characteristic X-rays, due to the material of the anode, and Bremsstrahlung, due to 
deceleration of the electrons in the anode, will be emitted. These X-rays will be 
much less intense than the X-rays created in a synchrotron. Further, X-rays from an 
X-ray tube are not tunable in energy, which is the case for X-rays from a
synchrotron.

In the synchrotron, the electrons circulate in a storage ring at relativistic velocities 
and emit X-ray radiation at certain sections in the ring, where they are forced to 
change direction by a magnetic field. The sections where the electrons will emit 
radiation are either bending magnets or insertion devices such as wigglers and 
undulators. Bending magnets are used to change the travelling direction of the 
electrons while the wigglers and undulator, using alternating magnets, are used to 
oscillate the electron while it is still travelling in the forward direction. The X-rays 
will be emitted in the forward direction and travel onward to the beamline, which is 
built in the direction of the X-ray path. The end of the beamline is the location at 
which the experiment is conducted. Along the beamline, there are apertures, 
gratings, slits and monitors to monitor and control the X-ray beam. As the beam 
travels through the beamline, there is firstly a monochromator where the 
bandwidth/energy of the X-rays used for the experiment is chosen. After the 
monochromator, there are focusing apertures which focus the X-rays so that only a 
small beam is impinging on the sample. Focusing can be done using focusing 
mirrors, such as K-B mirrors or Fresnel Zone plates. K-B mirrors are curved mirrors 
which the X-ray beam impinges on at a gracing incidence angle, the X-rays will be 
reflected and focused. Fresnel Zone plates focus the X-ray beam by using a circular 
plate that is constructed from alternating areas of transparent and absorbing 
materials. This alternation of materials will lead to diffraction of the X-rays at the 
interface between the materials and focusing of the beam. After the X-rays have 
been focused, they are made to shine onto the sample to be investigated. For the 
experiments in the present thesis, the X-ray beam leaving the sample will be 
detected with an X-ray detector, where the detected signal gives information about 
the sample during the experiment. The Synchrotrons used today are so-called third-
generation Synchrotrons, providing intense and narrow X-ray beams, ensuring fast 
and high-quality data collection from the sample [6, 43]. 

In paper I, the experiment was conducted at the beamline 12-ID-C at the Argonne 
Photon Source (APS), Argonne, USA. This beamline is specialized in Small angle 
X-ray scattering measurements. In paper II, the experiment was conducted at ID31,
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ESRF, Grenoble, France. This beamline is a beamline specialized in high energy X-
rays for the study of interfaces and materials [44,  45]. 
 
 
 
4.1   X-ray diffraction (XRD) 
 
X-ray diffraction is an X-ray technique for determining atomic structures with high 
order and periodicity since the atoms will diffract X-rays in very specific directions 
leading to constructive interference in those directions. Diffraction of the X-rays at 
the atoms is possible due to the short wavelengths of X-rays, which are in the range 
of the atomic size. When the X-rays are shining onto the sample, the electrons in the 
material will scatter the X-rays elastically. These scattered X-rays will interfere with 
each other creating maxima and minima in the scattering pattern. The interference 
maxima are named diffraction peaks, and their intensity is a measure of the amount 
of material involved in the measurement. The detected diffraction pattern is a  
Fourier transform of the atomic structure of the sample investigated and is used to 
determine the crystal structure. Since the diffraction pattern will be in reciprocal 
space, to obtain a real space image of the sample the pattern needs to be converted 
to real space.  

XRD is used extensively to investigate crystalline samples, where X-rays of 
wavelengths of the same length or smaller than the atomic distance in the sample is 
used, resulting in typical X-ray energies between 5-100keV. A sample which lacks 
long-range ordering and is constructed from many small crystallites oriented 
randomly in between each other (polycrystalline samples) will create interference 
and diffraction along all possible angles, this is detected as powder rings.  

Two different approaches for X-ray diffraction were developed by W.H Bragg and 
W. L Bragg and M. von Laue separately in the early 20th century, resulting in 
Braggs law and the Laue condition. The Bragg law describes the crystal planes in 
the sample as flat in relation to each other, and that plane waves are impinging onto 
them. As the X-rays impinge onto the sample with an incidence and exit angle of θ 
to the X-ray planes, the X-rays that are scattered from two different planes will 
interfere if they have a path difference of exactly a multiple of the wavelength of 
the X-rays. The Bragg law is shown below, and the geometry of the scattering can 
be seen in Figure 11. 

 2𝑑 sin 𝜃 = 𝑛𝜆               (Eq. 20) 
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In the equation above, d is the atomic spacing, θ is the incidence/exit angle between 
the atomic planes and the X-rays, n is an integer and λ is the wavelength of the X-
rays.  

Figure 11: An Illustration of the Bragg condition. The X-rays will be scattered at the atomic planes and at certain angles 
and wavelengths the X-rays will create diffraction peaks as they interfere constructively.  

The Laue condition is instead described by considering the scattering of the X-rays 
by two single atoms, and the interference between the X-rays will give rise to the 
diffraction peaks. The interference can be derived using the geometry shown in 
Figure12.  

Figure 12: The Laue condition for X-ray diffraction, in which two separate atoms are considered for the diffraction.  

The wave vector of the incoming X-ray is k and the outgoing wavevector is k’ these 
two waves will have the same magnitude, and the distance between the two atoms 
is given by the real lattice vector R.  

𝑘 = |𝐤| =  |𝐤′| =    (Eq. 21) 

The path difference (PD) between the waves are given as a combination of the 
difference for the incoming (s) and the outgoing (s’) wave, where the angles θ and 
θ’ are the angles for the path difference as shown in Figure 12. Constructive 
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interference will occur when the path difference (PD) between the two scattered 
waves is an integer of the wavelength λ of the X-rays, in the same way as the Bragg 
law. Since the PD need to be an integer of the wavelength, it can be defined as 
below. 

 𝑃𝐷 = 𝑛𝜆 = 𝑛                (Eq. 22) 

 

The path difference will be given as the sum of s and s’ and can be derived as below. 
 𝑃𝐷 = 𝑠 + 𝑠 = 𝐑 cos 𝜃 + 𝐑 cos 𝜃′ = 𝐤⋅𝐑 𝐤 ⋅𝐑 = 𝐑⋅△𝐤               (Eq. 23) 

 

For diffraction ∆k is the wavevector momentum transfer vector. Combining the 
equations above it is clear that constructive interference is given by the equation 
below. 

 𝐑 ⋅△ 𝐤 = 2𝜋𝑛               (Eq. 24) 

 

The diffraction according to Laue will occur when the equation above is satisfied, 
and in this case, the R is the real space lattice vector and ∆k is the reciprocal space 
lattice vector.  

To facilitate the understanding of when interference actually occurs, the so-called 
Ewald sphere can be constructed, which is a graphic representation of which 
reciprocal lattice points actually gives a diffraction spot with a certain orientation 
between the beam and the lattice. In this case, the wavevector k is taken as the centre 
of the Ewald sphere, which is the sphere constructed with a radius of k. The lattice 
points which lie on the surface of the sphere will give constructive interference, 
following the Laue condition ∆k= k’- k, shown in Figure 13 [6, 7, 46, 47].  
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Figure 13: A 2D representation of the Ewald sphere, showing when interference occurs for the reciprocal space lattice.  

In paper II, the deposition of Sn into the NP-AAO was followed with XRD. The 
XRD pattern was in the paper detected, integrated and transformed into a 2-theta 
representation, where the intensity of the signal is shown as a function of the 
scattering angle. From the 2-theta representation, the intensities of the respective 
peaks could be correlated with known data for different elements and it was shown 
that the Sn in the pores was crystalline rods of β-Sn, which filled from the bottom 
of the pores. The XRD could also be used for a strain analysis to gain information 
about the Sn rods. This shows that XRD is a useful method to gain in situ 
information about the crystalline ordering of the deposited material within the pores.  

4.2   Grazing incidence angle geometry 

X-rays will impinge on the sample at a certain incidence angle and due to the
refractive index n of X-rays being less than unity when X-rays pass from air into a
material it is possible to get total external reflection of the X-rays when they shine
onto a material at a small enough angle.

𝑛 = 1 − 𝛿 − 𝑖𝛽         (Eq. 25) 

In the equation n is the refractive index, δ is the dispersion coefficient and β is the 
absorption coefficient of the X-rays, both δ and β are small. Due to this feature of 
the X-rays, it is possible to get the X-rays to be surface-sensitive by choosing an 
incidence angle close to the critical angle for total external reflection (αc) of the 
material investigated. The scattering wave vector q which can be derived from the 
setup shown in Figure 14, is given by the equations below for the different directions 
(x,y,z). 
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 𝑞 = 𝑘 [cos 2𝜃 cos 𝛼 − cos(𝛼  )]               (Eq. 26) 

 𝑞 = 𝑘 [sin 2𝜃 cos 𝛼 ]               (Eq. 27) 

 𝑞 = 𝑘 [sin 𝛼 + sin(𝛼 )]               (Eq. 28) 

 𝑘 =                (Eq. 29) 

 

In the equations above, ko is the magnitude of the incidence and exiting wave 
vectors, k respectively k’, λ the wavelength of the X-rays, αi  is the incidence angle 
between the sample and the X-ray beam, αf is the scattering angle between the 
sample and the outgoing beam and 2θf is the in-plane scattering angle for the direct 
beam [48-50]. The setup for X-rays with grazing incidence angles used for XRD, 
GISAXS and GTSAXS on NP-AAO are shown in Figure 14. GISAXS and 
GTSAXS are two applications of the Small angle X-ray scattering (SAXS) 
technique which will be explained in more detail in section 4.3. 

Figure 14: The grazing incidence geometry for XRD, GISAXS and GTSAXS measurements on the NP-AAO sample.  
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4.3   Grazing incidence Transmission Small Angle X-ray Scattering 
(GTSAXS) 

GTSAXS is a small angle X-ray scattering technique (SAXS) used for probing the 
sample surface. This technique will give information about the structures in the 
sample which have sizes in the range of nanometres to micrometres [6]. Since the 
NP-AAO has pores in the range of nanometres, it is possible to study the growth of 
these pores as well as the deposition of metals into the pores with this technique. 
Small angle X-ray techniques are techniques suitable for in situ experiments. In the 
case of normal Small angle X-ray scattering, the technique uses the signal 
transmitted through the sample, resulting in a scattering pattern that mixes the tiny 
signal from the sample surface and the much larger signal from the bulk. To allow 
for a more surface-sensitive measurement, which also can probe the in-plane surface 
structure, a grazing incidence angle can be used. Two techniques which use this is 
Grazing Incidence Small angle X-ray Scattering (GISAXS) and GTSAXS. GISAXS 
uses a grazing incidence angle close to the critical angle for total external reflection 
for the material of the sample, resulting in parts of the beam being reflected at the 
surface and some being refracted into the sample. The signal which will leave the 
sample will be a combination of the reflected and the refracted signals, the refracted 
signal having experienced multiple scattering in the sample. The signal will also 
contain the Yoneda peak, which is shown as a horizontal streak in the scattering 
pattern. The Yoneda peak occurs due to an increase in scattering when using 
incidence angles close to the critical angle. The GISAXS signal is detected in a 
reflective mode and can be analysed with the Distorted Wave Born Approximation 
(DWBA), though the analysis is difficult due the detected signal being a 
combination of refraction, reflection and the Yoneda peak [48, 51].  Due to the 
difficulty of analysing the GISAXS data, GTSAXS has been developed as a method 
which is simpler and more straight forward to analyse. GTSAXS use an incidence 
angle which is much larger than the critical angle of the material investigated and 
detects the signal exiting through the side of the sample. This geometry means that 
no reflected signal will be measured, and there will not occur any Yoneda peak. The 
X-rays are made to shine on the sample close to the edge so that only a small part
of the sample is probed by the X-rays, reducing the multiple scattering effects
significantly. These simplifications of the scatterings using GTSAXS means that the
reflected terms and the effect of the Yoneda peak in the DWBA can be ignored. As
a consequence, the less cumbersome Born Approximation (BA) can be used to
analyze the GTSAXS data [50].

In the experiment, the X-rays was impinging on the sample at a grazing incidence 
angle, but still substantially above the critical angle for external reflection. To get a 
good enough statistic over a significant number of pores and statistical data of the 
sample structure, the X-rays impinged on the middle of the sample instead of the 
edge. This was possible due to the low absorption of aluminium, which still allowed 
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for a good intensity of the emitted GTSAXS signal [52]. After the X-rays have been 
scattered by the porous oxide, where multiple scattering might occur as the X-rays 
travel through the sample, they will be transmitted through the side of the oxide and 
the sample, to be detected on a 2D detector. The scattering angle of the X-rays onto 
the detector is small, explaining the name small angle scattering. The small 
scattering angles are due to the large, in terms of X-rays, structures in the sample. 
To obtain sufficient resolution with these small scattering angles, the detector will 
be placed far from the sample, with an evacuated flight tube placed in between the 
sample and detector to reduce scattering by air when the X-rays travels to the 
detector [53]. The setup of a normal GTSAXS experiment can be seen in Figure 15, 
with the electrochemical cell used in the present investigations placed on the 
beamline.  

 

Figure 15: The setup used at the beamline 12-ID-C at APS, Argonne National Laboratory for measuring GTSAXS.  

 

The detected scattering vectors are qz and usually qr (a combination of qx and qy). 
These give information about the out of plane respectively in-plane structures. 
Analysis of the data is achieved by using the structure and form factor, where the 
structure factor gives the structure and ordering of the system and the form factor 
gives the shape of the materials in the sample. To analyse these measurements line 
cuts along qz and qr needs to be extracted. These line cuts can then be fitted to obtain 
structural information about the system [49].  

The detected scattering signal arises due to the difference in electron densities in the 
sample. To improve the contrast between different materials and the possibility to 
obtain element-specific information in the sample, methods such as Anomalous 
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GTSAXS can be used, where the X-ray energy is varied around the absorption edge 
of one of the materials in the sample [6, 48]. 

Earlier papers published by the Lundgren group have used GTSAXS to follow the 
growth of porous aluminium oxide during the first and seconds anodisation step [30, 
31]. The pore distance for the NP-AAO can be determined from the Bragg peaks in 
the GTSAXS pattern and line cuts shown in Figure 16 a-c) and can be calculated 
for a hexagonal lattice using equation 30. 

𝑄 = √ √  (Eq. 30) 

Qhk is the position of the Bragg peak, which can also be written as qz or qr depending 
if the in-plane or out of plane reflections are investigated, h and k are Miller indices 
and a is the distance between the pore centres. The domain size, the distance over 
which the pores are ordered, can be determined from the width of the first Bragg 
peak in the GTSAXS pattern by the use of equation 31. 

𝐷 = ∆ (Eq. 31) 

D is the domain size and ∆𝑞  is the width of the first Bragg peak in the in-plane 
direction [30, 31]. 

In paper I, GTSAXS was used to follow the deposition of Sn into the pores of the 
NP-AAO.  In these measurements, an incidence angle of 0.3° and an X-ray energy 
of 29.35keV was used. By taking line cuts along qz=0 and fitting a scattering curve 
(where the pores were approximated as polydisperse cylinders in a hexagonal 
lattice), information about the change of the relative domain size due to the 
deposition could be obtained. Figure 16 shows the measured GTSAXS image for 
this deposition process, a typical line cut used to analyse the data, and a second 
GTSAXS image and AFM image marked with the domain size and pore distance 
information.  
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Figure 16: a) The GTSAXS pattern from the NP-AAO with deposited Sn, where the white box shows the region used 
for the line cut. b) A typical line cut taken along the white line of the detector image; the red line shows a fitting of the 
data. The peaks in the line cut are the Bragg peaks of the GTSAXS signal. The position of the Bragg peaks should 
correspond to the theoretical values that can be extracted using equation 30. c) The detector image with markings on 
the image showing where the domain size and pore distance data can be extracted. The domain size is possible to 
extract from the width of the first Bragg peak in the pattern, 𝐷𝑜𝑚𝑎𝑖𝑛 𝑠𝑖𝑧𝑒 = ∆  , and the pore distance can be calculated 

from the position of the first Bragg peak, 𝑃𝑜𝑟𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  √ . d) An AFM image illustrating the domain size and pore 
distance for a typical NP-AAO.   

4.4   X-ray Fluorescence (XRF) 

XRF is a sensitive X-ray technique used to map the chemical composition of the 
desired sample. The technique uses X-rays with a high enough energy, above the 
binding energy of the core-shell electrons of the material of interest, to eject the core 
electrons from the atom as they absorb the energy of the incoming X-rays. The 
ejected electrons will create a vacancy in the form of an electron-hole. This vacancy 
will be filled by an electron from a higher electron shell, with higher binding energy, 
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falling to the lower shell. The loss of energy will lead to emission of a fluorescent 
X-rays with a characteristic energy, corresponding to the energy difference between
the higher electron shell and the electron-hole. Relaxation can also happen through
ejection of an auger electron. Whichever process is most prominent is determined
by the cross-section for the process, where the emission of auger electrons are more
prominent for lighter elements and fluorescent X-rays for heavier elements. In this
thesis, only the fluorescence X-rays was measured. The emitted X-rays will have a
characteristic energy for the material it is emitted from, due to the specific energy
levels of the electron shells for every element, making the method element-specific
[6, 42]. An illustration of the process can be seen in Figure 17.

Figure 17: The principle of XRF.  

In this thesis, the fluorescence from Sn deposited within NP-AAO samples was 
studied in situ. The deposition has been followed both as a function of time and 
height and is shown in both paper I and paper II. By following this signal, 
information about the deposition process into the pores in the aluminium oxide 
could be obtained. The fluorescence signal was measured by a fluorescence detector 
placed next to the sample. Figure 18 shows the fluorescence signal as a function of 
height for the sample after deposition for both paper I and II.  
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Figure 18: a) The XRF signal as a function of the sample height using a beam with a 30 µm height and 7 µm deep 
pores (paper I). b) The X-ray beam in relation to the sample which was used in a) and paper I. c) The XRF signal as a 
function of the sample height using a beam with a 5 µm height and 18.5 µm deep pores (paper II). b) The X-ray beam 
in relation to the sample which was used in c) and paper II. 
 
 
 
4.5   X-ray absorption spectroscopy (XAS) 
 
X-ray absorption spectroscopy (XAS) is an experimental method which probes the 
structure and electronic states of the investigated sample. In XAS, the energy of the 
incoming X-rays is scanned through the binding energy of the core electrons for the 
element of interest. This scan will start at energies quite far below the absorption 
edge and will scan until the energy is quite far above the absorption edge. When the 
X-ray energy is equal to the binding energy of the core electrons a large increase in 
absorption will occur, this is the absorption edge of the core-shell electrons. This 
absorption edge is specific to the element and the specific core-shell, making this 
method element specific. The absorption of the X-rays leads to excitation of the core 
electrons to unfilled valence states or the continuum. XAS builds its spectrum either 
by measuring the amount of transmitted signal, by measuring photoelectrons or by 
measuring the emission of X-rays or auger electrons as the excited electrons 
deexcites, as a function of the incident X-ray energy  [6, 54]. 
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4.5.1 X-ray absorption near edge spectroscopy (XANES) 

XANES is an XAS technique which focuses on the signal measured close to and at 
the absorption edge of the investigated sample/element and uses just a small part of 
the whole XAS region. The XANES versus the whole XAS is shown in Figure 19. 
This technique is used to give information about the chemical (oxidation) state of 
the elements in the sample. As mentioned for the XAS the X-ray energy will be 
scanned through the absorption edge of the core electrons and the absorption signal 
will be measured as a function of the incidence X-ray energy. During the X-ray 
energy scan for the XANES, the measurement will start below the binding energy 
and then scan through the binding energy until the incidence X-ray energy is above 
the binding energy. At the absorption edge, a sharp increase in absorption will occur, 
this is when the electrons will excite to the lowest unoccupied stated in the atom. As 
mentioned for XAS, the XANES signal can be measured through different methods 
such as the amount of transmitted beam and the amount of X-ray fluorescent 
photons or Auger electrons. The signal registered will be presented as a curve, where 
the intensity of the signal is plotted as a function of energy, as shown in Figure 19. 
The shape of the XANES curve provides information about the electronic state and 
geometry of the absorbing atoms. Reference samples are often measured to compare 
to the measured sample curve, by which the chemical state of the investigated 
sample can be determined [6, 55, 56]. 

Figure 19. The total spectra (red line) corresponds to a hypothetical XAS spectrum and the blue region shows the part 
of the spectra which is used for the XANES measurements. 
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In paper I, XANES was measured using X-ray fluorescent photons emitted from the 
sample as the X-ray energy was scanned through the absorption edge of the Sn in 
the NP-AAO samples. These measurements were compared to reference samples, 
such as Sn metal and Sn ions, making it possible to determine the chemical state of 
the deposited Sn. Two XANES curves for the system before and after deposition is 
shown in Figure 20. 

 

Figure 20: a) XANES spectra of the sample before deposition. The black signal is a reference sample and the red is 
the measured signal from the sample. The signal is shown to agree well with the Sn2+ reference sample, which is the 
Sn state of the Sn in the electrolyte. b) XANES signal after deposition. This signal is a difference signal extracted by 
subtraction of the signal before the deposition with the signal after the deposition, leaving only the signal due to changes 
in the sample i.e. the deposited Sn. The black signal is a reference sample and the red the measured difference signal 
from the sample. The signal is shown to agree well with the metallic Sn, demonstrating that the deposited Sn is metallic.  
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Chapter 5 
Ex situ techniques 

X-rays were used to follow the deposition process in situ, however, the X-ray
measurements give the resulting data in reciprocal space. To image the samples in
real space and confirm what has been derived from the X-ray measurements,
methods such as Atomic Force Microscopy (AFM), Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy (TEM) has been used. With these
techniques, the samples were imaged and Sn nanorods were detected within the
pores in the NP-AAO samples, confirming the in situ X-ray measurements.

5.1   Atomic force microscopy (AFM) 

AFM can be used to image the sample surface in real space. The technique measures 
the atomic forces between the sample and an atomically sharp tip, and both non-
conducting samples and conducting samples can be imaged. AFM experiments can 
be performed in an environment of air, liquid or vacuum. When the sample has been 
inserted in the AFM, an atomically sharp tip, which is attached to a cantilever, is 
moved close to the sample. When the tip is close enough to the sample, long- and 
short-range forces will act on the tip, such as van der Waals, electrostatic, magnetic 
and chemical forces, which will lead to either repulsion or attraction between the tip 
and the sample. As these forces are acting on the cantilever it will bend the tip or 
change its oscillating frequency depending on if contact or non-contact mode is 
used. The tip will be bent when using contact mode, where the deflection of the 
cantilever can be measured by a reflecting laser. This makes it possible to determine 
the forces between the tip and sample to create an image of the sample. In the case 
of non-contact mode, the tip will oscillate at a certain frequency, where the forces 
between the tip and the sample will change the frequency and amplitude of the 
oscillations. In the case of a silicon cantilever, the change in frequency or amplitude 
is measured by reflecting a laser on the cantilever to register the change and to 
determine the surface structure. Another cantilever for non-contact AFM is the 
qPlus senor, this sensor is a quartz tuning fork which registers the frequency change 
of the prong where the tip is attached, to create the image. In both the contact and 
non-contact mode measurements, the tip will need to be raster-scanned over the 
sample to construct an image [5, 57]. AFM is possible to use to image the nano-
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porous structure of the NP-AAO. A non-contact mode has been used to get an image 
of the NP-AAO as seen in Figure 21.  

Figure 21: AFM image of the NP-AAO anodized in oxalic acid, where the pores are shown to be hexagonal. Image 
courtesy of Jonas Evertsson [58].  

5.2   Focused Ion Beam-Scanning Electron Microscope (FIB-SEM) 

To image our samples, we used a FIB-SEM, which is a FIB and SEM combined in 
the same machine. This makes it possible for us to cut out trenches in our samples 
with the FIB to reveal the pores and then image the pores from the side with SEM. 
The two techniques will be presented separately below.  

5.2.1   Scanning Electron Microscope (SEM) 

SEM is a microscope which irradiates an electron beam onto the surface of a 
conducting sample and as such will give information about the structure and 
chemical composition of the sample close to the surface. The electrons used for 
SEM will be generated in an electron gun and then accelerated with an electric field, 
to a desired energy. These electrons will then be focused and defined using 
electromagnetic lenses and apertures so that they only irradiate a small area of the 
sample. The whole microscope and sample are placed in a vacuum so that the 
electrons will not be scattered by air. The electrons detected after the interaction can 
then be used to create the image. 

When the electron beam irradiates the sample, the electrons will scatter in the 
sample to produce secondary and backscattered electrons as well as characteristic 
X-rays and Auger electrons, which can all be used to build up an image of the sample
depending on which imaging mode is used. The characteristic X-rays and Auger
electrons can be used to get element specific information. All imaging modes will
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raster scan the beam over the sample to create an image of the desired area. How far 
the electrons penetrate into the sample is dependent on the electron energy, the 
material density and atomic number, where lower electron energy and higher atomic 
number will result in higher surface sensitivity.   

The backscattered signal is created by the elastically scattered electrons which are 
leaving the sample at angles of 90 ° or more. These electrons will leave the sample 
with an energy of 50 eV or more after they have scattered once or multiple times 
within the sample. The signal intensity will depend on the materials in the sample, 
where a higher atomic number will result in more backscattered electrons, resulting 
in a higher signal. This makes it possible to distinguish different materials from each 
other in the image.  

The secondary electrons are created through inelastic scattering with the atoms in 
the material. This scattering will result in ionisation of the atoms. These electrons 
will have lower energy than the backscattered ones, leading to a more surface 
sensitive image since they will be emitted from an area closer to the surface than the 
backscattered electrons, enabling high-resolution topographical images.  

The electrons that escape the sample will be accelerated towards the detector by an 
applied bias, where they reach a scintillator to convert them into light. The signal 
will then be amplified through the use of a photomultiplier tube after which the 
signal will be detected as a voltage to create the image [59].  

In this thesis, SEM was used to image the Sn nanorods within the NP-AAO after 
some material had been milled away with the FIB, which shows bright Sn rods and 
darker pores due to the atomic difference, resulting in a scattering difference 
between the materials. This is shown in Figure 22.  

Figure 22: a) The pores shown from the side after a trench is cut into the sample, revealing the Sn (bright rods in the 
oxide) in the pores. b) The porous structure of the top of the sample after deposition of Sn (green box in a). c) The pores 
zoomed in from a) (red box). The bright rods are the Sn in the pores.  
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5.2.2   Focused Ion Beam Microscopy (FIB) 

The FIB works similarly as the SEM with the difference being that the beam is ions 
instead of electrons. The ions in the FIB are usually Ga. The FIB has the possibility 
to image the sample through the secondary electrons created in the ion-surface 
interaction and also sputter the sample with the ions to cut out areas of the sample. 
Further, the instrument also has the possibility to do ion-beam activated deposition 
onto the sample from an injected gas. Except for just cutting into the sample with 
the sputtering, it can also be used to cut out lamellas for TEM investigation, which 
have been done for the Sn deposited samples in paper II [60]. 

Ions for the FIB are created by Ga ions flowing to the tip of the ion beam needle 
from a Ga metal piece connected to the tip. The flow of ions will occur as the ion 
gun is heated, the ions at the tip will be extracted by a strong electric field at the tip. 
The extracted ions will be focused onto the sample using apertures and electrostatic 
lenses. The focusing of the beam will determine the resolution and 
milling/sputtering precision. The sputtering is occurring due to atoms being ejected 
from the material as they get enough translational energy from the ions during 
scattering to be released from the material [61]. This makes it possible to mill away 
some of the sample material and was used to mill away some of the porous 
aluminium oxide containing Sn nanorods so that the sample could be imaged from 
the side with SEM as shown in Figure 22. Milling has also been used to cut out the 
TEM lamella shown in paper II.  

5.3   Transmission electron microscopy (TEM) 

TEM is an electron microscope where electrons will be focused onto a sample in 
the same way as for a normal SEM (see above), but where the difference is that one 
now detects the electrons transmitted through the sample. Therefore, the samples 
need to be thin, in the range of a 100 nm, so that the electron beam will not be totally 
absorbed by the sample. The intensity of the transmitted signal will be due to the 
composition and density of the sample, where a denser material will absorb more of 
the beam than a lighter one resulting in a less intense signal at that position. The 
direct detection of the transmitted beam is called the bright field mode, while in the 
dark field mode the signal which has been diffracted from the sample is detected. It 
is possible to obtain images with atomic resolution if the wavelength of the electrons 
is correct and the vacuum is good enough, making this an excellent method to image 
the deposited Sn for atomistic scale information of the Sn nanowires, see paper II 
[59].
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Chapter 6 
Conclusion & Outlook 

 
This thesis presents results from in situ and ex situ experiments demonstrating that 
it is possible to follow the deposition process of metals within the porous aluminium 
oxide with these techniques. It was shown that the techniques GTSAXS, XRD, XRF 
and XANES can be used to get fundamental knowledge about the deposition process 
of Sn into NP-AAO. This means that it is possible to use these methods to also 
follow the deposition of other metals into the porous oxide. 

The deposition into NP-AAO was investigated and NP-AAO was shown to be an 
excellent template for the growth of nanowires and easy to produce. Deposition of 
metals directly into the pores without removing the substrate is possible. 
Nevertheless, more information is needed to fully understand the process. This 
thesis provides the tools to obtain that knowledge.   

For the future, it would be interesting to continue to investigate the deposition of 
different materials into the porous oxide, such as Au deposition for templated 
growth of Au particles for III-V nanowire growth and Pd deposition into NP-AAO 
membranes for catalytic applications. It is also of interest to investigate the 
difference between step-down and pore widening processes for electrochemical 
deposition processes. Another goal is to grow porous structures on other materials 
than aluminium, such as for example Titanium. Furthermore, we have initiated a 
research direction in which we will explore the technique of 2D Surface Optical 
Reflectance (2D-SOR) [62, 63] for in situ studies of electrodes in an electrochemical 
cell. Preliminary results indicate that we can study surface changes of electrodes 
ranging from single crystals to complicated multi-grain applied materials with this 
simple technique. In particular, we believe that 2D-SOR in combination with other 
techniques such as Cyclic Voltammetry, XRD and XRF can provide unique surface 
information with high temporal and spatial information of electrodes at work.
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Chapter 7 
Summary of papers 

 
Paper I 
 
In this paper, the deposition of Sn into porous aluminium oxide was followed in situ 
with GTSAXS, XRF and XANES. The samples used were two-step anodized 
aluminium samples, anodized in a 0.3 M oxalic electrolyte at 40 V, after which a 
barrier layer thinning process was performed. The Sn deposition into the pores used 
an electrolyte of SnSO4 and H2SO4 and an alternating sine wave voltage (Vmax = 
21.22 V and Vmin = - 21.22 V, 400 Hz). From the in situ XRF measurements, an 
increase in the amount of the deposited Sn could be detected during the whole 
deposition process. XANES showed the chemical state of the Sn, which was shown 
to be metallic. GTSAXS gave information about a change of the relative domain 
size as the deposition occurred, which was ascribed to an uneven filling of the pores. 
Ex situ FIB-SEM measurements showed bright Sn nanorods within the porous 
oxide.  
 
 
Paper II 
 
In this paper, the deposition of Sn into porous aluminium oxide was followed in situ 
with XRD and XRF, in a temporally and spatially resolved manner. A two-step 
anodized sample with a barrier layer thinning end step was used for the deposition. 
The barrier layer thinning resulted in some branching in the pore bottoms. 
Deposition into the pores was achieved using an electrolyte of SnSO4 and H2SO4, 
where an alternating voltage of 15 Vrms and 400 Hz was used. Temporal and spatial 
resolution was achieved by moving the sample continuously up and down through 
the beam. From these measurements, it was possible to detect that the deposition 
started in the bottom of the pores and the Sn filled the pores as crystalline nanorods 
with an [100] orientation. Ex situ FIB-SEM/TEM measurements showed the Sn 
inside of the sample, both in the main pores and the branched pore bottoms
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