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Abstract 

In this project the author, and the group to which the author belongs, have carried out a 

thorough structural study of selected model systems featuring bulk and thin film single 

crystals. 

Bulk single crystals of selected zinc chalcogenides have been synthesized using the chemical 

vapour transport method, resulting in crystals of sizes up to 3 mm. The crystals were studied 

using optical microscopy, x-ray diffraction and scanning electron microscopy, revealing their 

structural properties and some information on their chemical composition and purity. 

Furthermore, the author has studied the criteria for epitaxial growth of single crystal thin films 

deposited with the atomic layer deposition technique. This has involved pre-treatment of 

substrates (eg. single species termination using chemical etching), lattice matching of the thin 

film and substrate species, the deposition itself and structural characterization of said systems. 

Thin films of LaAlO3 grown on single crystal substrates of Si(100), SrTiO3(100), 

LaAlO3(pseudocubic-100) and MgO(100) have been deposited, resulting in some crystalline 

and some amorphous thin films, confirming the criteria of epitaxial growth stated from 

theoretical predictions. Epitaxial thin films with thickness between 7 and 130 nm were 

achieved on SrTiO3-substrates, and diffraction studies of the systems showed a 

SrTiO3(100)|SrTiO3[100]||LaAlO3(pseudocubic-100)|LaAlO3[pseudocubic-100] type growth. 

Synchrotron x-ray diffraction studies of LaAlO3 thin films on LaAlO3-substrates have 

revealed a slight non-homoepitaxial relation, and a crude CTR-study of Bragg peak 

broadening and satellites were utilized to estimate roughness and discuss surface 

reconstruction. 

Using previously deposited epitaxial thin films of Co3O4 and the new epitaxial LaAlO3 thin 

film system, a setup for synchrotron x-ray diffraction studies of thin film systems was evolved 

at the Swiss Norwegian Beam Lines at ESRF in Grenoble, France. In this setup, thin films are 

mounted as single crystals with low incident angle x-rays, resulting in an unmatched 

combination of flexibility and x-ray brilliance. The setup allows for a range of different 

diffraction studies, revealing information on the structural integrity of the thin films. A 

Williamson-Hall peak shape analysis was used to explain and deconvolute the Bragg peak 
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broadening in the SXRD-studies, and these were compared to the common Scherrer-approach 

and the measurements performed with home lab x-ray equipment.  

Finally, x-ray reflectivity has been used to study roughness, density and thickness of thin 

films, and for this purpose a piece of Python software has been written to treat these data 

using a Fast Fourier Transform algorithm. 
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e.g.  –  exempli gratia (“for example”, common Latin abbreviation) 

ESRF   –  European Synchrotron Radiation Facility 

et al.   –  et alii (“and others”, common Latin abbreviation) 

etc.   –  et cetera (”and so on”, common Latin abbreviation) 

fcc   –  face-centered cubic 

FFT   –  fast Fourier transform 

FM   –  ferromagnetic  

FWHM  –  full width at half maximum 

GIXRD  –  grazing incidence x-ray diffraction 
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ID   –  insertion device 

LAO   –  lanthanum aluminate (LaAlO3) 

LEED   –  low energy electron diffraction 

MFM   –  magnetic force microscopy 

NAFUMA  –  Group for Nanotechnology and Functional Materials 

sc   –  simple cubic / primitive cubic 

PTFE   –  polytetrafluoroethylen 

QCM   –  quartz crystal microbalance 

RE(thd)x  –  rare earth metal 2,2,6,6-tetramethylheptane-3,5-dionates 

RHEED  –  reflection high energy electron diffraction 

RTP   –  rapid thermal processing 

SE   –  secondary electrons 

SEM   –  scanning electron microscope 

SMN   –  Centre for Materials Science and Nanotechnology at UiO 

SNBL   –  Swiss-Norwegian Beam Lines 

SR   –  synchrotron radiation 

STO  –  strontium titanate (SrTiO3) 

SXRD   –  synchrotron x-ray diffraction 

TEM   – transmission electron microscope 

TMA   –  trimethyl aluminum (Al(CH3)3) 

thd   –  2,2,6,6-tetramethylheptane-3,5-dionate (C11H20O2) 

UHV   –  ultra high vacuum 

vs.  –  versus (“against”, common Latin abbreviation) 

WDS  –  wavelength dispersive spectrometer 

XPS   –  x-ray photoelectron spectroscopy 

XRD   –  x-ray diffraction 

XRF   –  x-ray fluorescence 

XRR   –  x-ray reflectometry, x-ray reflectivity 
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Τοῦ δὲ καλοῦ μέγιστα εἴδη τάξις καὶ συμμετρία καὶ τὸ ὡρισμένον 

The chief forms of beauty in nature are order, symmetry and definiteness. 

Aristotle, 350 BC (1) 

 

 

 

 

 

Le savant n'étudie pas la nature par ce que cela est utile; il 

l'étudie parce qu'il y prend plaisir et il y prend plaisir parce 

qu'elle est belle 

The scientist does not study nature because it is useful to do so. He studies it 

because he takes pleasure in it, and he takes pleasure in it because it is beautiful. 

Henry Poincaré, 1908 (2) 
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1 Introduction 

– Purpose and Motivation 

Carrying out a two year project involving experimental science partly on the frontier of 

current knowledge is not possible without a proper definition of the task at hand. This chapter 

will outline some motivational reasons for investigating the chosen systems, both concerning 

evolution of the scientific field and the possible societal impact that the project may have. It 

will introduce the reader to some background ideas which are important to keep in mind while 

reading the thesis, and finally state a short solution sketch. 

The preliminary aim of this masters project was to investigate the conditions that are 

important in the synthesis of epitaxial systems. This includes bulk single crystals as well as 

thin epitaxial films deposited by a vapour based technique, outlining a comparison of such 

systems and highlighting important differences.  

Synthesis of bulk single crystals of selected systems was to be used to understand growth 

mechanics of bulk crystallization. The synthesis method of choice is the chemical vapour 

transport (CVT) technique, known for the possibility to achieve single crystals in the 

centimeter size regime. Zinc chalcogenides were considered to constitute a model chemical 

system, with variations in structural and thermodynamical features that provide a decent 

understanding of the conditions involved.  

The deposition of thin layers of a chemical species as a scientific field has already given rise 

to hundreds, if not thousands of important applications. Among these are anti-reflective 

coatings (3), data storage (4, 5), drug delivery (6, 7), energy storage (8, 9), light emitting 

devices (10, 11) and variants and combinations of all these. All applications rely on the fact 

that nature always judges a book by its cover, so when applying a coating to an object, the 

coating will be responsible for new interactions with the surroundings. This, in addition to the 

lightweight and economical features make the thin film industry one of the most prominent in 

the nanotechnology business.  

Deposition of high quality epitaxial thin films directly with a vapour based technique is a 

promising field. The atomic layer deposition technique (ALD, ALE, ALCVD) has been 

utilized to address this possibility. Some chemical systems are already reported to show such 

features (e.g. Co3O4 thin films on MgO- or Al2O3-substrates at certain temperatures, (12)), but 
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most atomic layer deposited thin films are amorphous before further treatment (13). It should 

be noted that the most important condition for epitaxial growth seems to be the substrate 

surface structure, and how the substrate lattice matches the thin film lattice (14). 

Investigating the conditions that provide epitaxial growth of thin films includes preparation of 

substrate surface structure, to improve the initial ordering of the deposited thin film. 

Strontium titanate (STO) substrates have shown high controllability regarding surface 

termination (15-17), and should be a good choice of foundation for epitaxial growth of similar 

perovskite structures. By using a chemical etching method for controlling termination of 

STO-substrates, the hope was to be able to deposit epitaxial oxidic perovskite thin films using 

ALD. This would create the possibility of depositing, among other things, high-Tc 

superconducting thin films and high-k gate oxide thin films of high quality (18, 19). 

Upon choosing a substrate and thin film system that is believed to function as a model system, 

epitaxial thin films of a selected ternary oxide system were to be deposited on substrates with 

varying lattice (mis)matching for comparison, using ALD. A ternary oxide that is reported to 

match the SrTiO3 surface structure is the high-κ dielectric LaAlO3 (LAO). Depositing thin 

films of LAO on a variation of substrates (e.g. STO for proper match and Si(100) for 

mismatch) was believed to provide insight to the conditions involved in epitaxial growth. 

An important step for understanding the conditions involved in crystallization is possessing 

the knowledge and skill to carry out characterization experiments that result in meaningful 

and physical results. Until now, there has been several challenges with characterizing 

epitaxial thin films with high intensity XRD in a proper manner without using specialized 

surface diffraction synchrotron beam lines. If one could achieve the development of a method 

that combines the flexibility of traditional XRD geometries with the brilliance of synchrotron 

light, it would pose a useful and robust way to characterize epitaxial thin films with high 

accuracy.  

Thus, a way of precisely determining the structure of thin films in comparison with their bulk 

counterparts was to be investigated. This work was done in collaboration with the Swiss-

Norwegian Beam Lines (SNBL) at the European Synchrotron Radiation Facility (ESRF) in 

Grenoble, France. The goal was to be able to do low-angle x-ray diffraction on an existing 6-

axis diffractometer, resulting in a mix of x-ray signals from substrate, thin film, interface and 
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surface. Upon achieving this, proper untangling of the recorded data had to be explored to 

obtainin a physical description of the scattering from the deposited systems. 

The project itself if though to have an indirect effect on the evolved understanding of growth 

mechanics and characterization of epitaxial systems. Particularly the impact of the possibility 

to characterize epitaxial thin films with synchrotron x-ray diffraction obtaining information 

on the structure, surface and interface should make an impact on the thin film scientific 

community. 
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2 General Theory 

– Characterization Techniques 

This masters thesis is divided into two main experimental parts; synthesis of single crystals of 

zinc chalcogenides by chemical vapor transport and synthesis of lanthanum aluminate by 

atomic layer deposition.  There are, however, some general features that was utilized for both 

parts, namely the characterization and processing techniques used for obtaining information 

on and treating the different synthesized systems. 

For this reason, a general introduction to these techniques will be discussed prior to the 

division of the thesis into its two major parts. The following chapter serves this purpose. It is  

divided between the type of wave or particle used for characterization, and deals with x-ray, 

electron and mechanical characterization techniques. A short presentation of the equipment 

used for heat treatment of atomic layer deposited samples concludes the chapter. 

2.1 X-ray Techniques 

Although novel unknown high energy electromagnetic waves were observed by several 

scientists in the late eighteen hundreds, it is common to credit Wilhelm C. Röntgen for the 

discovery of the x-ray, due to his thorough studies for which he was awarded the first Nobel 

Prize in physics in 1901 (20). The original thought and idea was that since these high-

frequency rays had different opacity to tissue and bone, it brought amazing advantages in 

medical diagnosis. When William Coolidge invented the x-ray tube in 1914 (21) giving easy 

access to x-rays, this opened the door for new achievements in science generally, and 

materials science specifically. 

In the same decade, Max von Laue described the atomic periodicity of crystals using x-ray 

diffraction (22), before William Bragg generalized the idea with his now famous equation 

(23) describing the mathematical condition for such diffraction of electromagnetic waves 

(Equation 1): 

           Equation 1 
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Most x-ray based materials science techniques involved in state-of-the-art science today use 

the same idea, and a short summary of the x-ray techniques applied during the work with this 

project will be presented in the following section. 

2.1.1 X-ray Diffraction 

X-ray diffraction makes use of the periodic lattice created by the atomic structure of a crystal, 

resulting in planes that reciprocally reflect waves that fulfill the Bragg identity as illustrated 

below (Figure 1). By exposing a crystal to monochromatic x-rays with a known wavelength λ, 

while at the same time keeping track of the incident angle of the incident wave, one can 

collect and detect the reflected rays and find the interplanar distance, d, in a crystalline 

material of interest. The Bragg identity will be fulfilled for a set of specific discrete angles, 

resulting in constructively interfering scattering by similar atomic planes, providing the 

possibility to measure reflected rays as peaks on a detector. 

  

Figure 1: Showing the Bragg identity (left: fulfilled, right: not fulfilled), OpenSource figure. 

X-rays are traditionally generated by an x-ray tube or a rotating anode source, where electrons 

excited from a tungsten filament are accelerated towards a water cooled anode. This type of x-

ray source will generate a continuous spectrum, known as the bremsstrahlung that 

corresponds to the deceleration of electrons towards the anode. In addition, discrete 

wavelengths with higher x-ray flux will also occur, due to the fluorescence from discrete 

energy levels in the metal anode. The anode is typically made of copper giving two separate 

wavelengths; the Cu-Kα1 and –Kα2 (1.541 Å and 1.544 Å) and Cu-Kβ1 and – Kβ2 (1.392 Å) 
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(Figure 2), corresponding to the LK and MK shell transition electron deexcitations. Other 

anodic metals like molybdenum, iron or cobalt are some times applied when the discrete 

copper wavelengths cannot be used for some reason, either due to fluorescence or if the 

planes are geometrically out of reach. 

 

Figure 2: Typical X-ray spectra showing discrete copper electron transitions (Cu-Kα and Cu-Kβ) and the 

continuous bremsstrahlung, OpenSource figure. 

 

The collected data obtained from XRD-experiments depend on the method used, and there are 

many at hand. For single crystals, one can readily solve the structure by identifying reflected 

intensities; so called Bragg peaks, by moving around in reciprocal space. This is achieved by 

tilting or rotating the sample with respect to the incident beam. An area detector being capable 

of collecting a large angular area at once records the diffracted intensities, obtaining a 

representation of the sample in reciprocal space. 

The most used method for powders and other polycrystalline samples, thus also most atomic 

layer deposited thin films, is simply termed powder diffraction. In a polycrystalline sample 

there is no long-range crystal periodicity, but since the spacing between the atomic planes is 

the same throughout the sample, they will still diffract at angles fulfilling the Bragg identity. 

Since the planes are oriented in random directions in a polycrystalline sample, the diffracted 

intensity will not adopt spot-like signals, but rather diffracted rings. 
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Both single crystal- and powder diffraction can be performed in a variety of modes, the most 

common being either transmission- or reflection mode. In transmission mode, the sample is 

placed in a rotating capillary for powder diffraction or simply mounted on a stage for single 

crystals. The incident beam strikes the sample normal to the sample surface, diffracts, and 

traverses through the sample. The detector is scanned in an angular 2θ-interval, and collects 

diffracted intensities from the atomic spacings in the sample. 

In reflection mode (often referred to as Bragg-Brentano-mode or θ-2θ-mode as this describes 

the geometry (Figure 3)), the beam hits the sample with an incident angle θ, diffracts, and is 

reflected off the sample with an angle 2θ to the incident beam. The detector is scanned over 

these 2θ, and collects a diffraction pattern revealing the atomic spacings in the sample. This is 

by far the most common mode, and the standard mode for home lab diffraction studies of thin 

film and powder samples. 

 

Figure 3: Showing the typical θ-2θ-geometry with the detector and the x-ray tube both at θ with respect to 

the sample. 

Reciprocal Space 

Understanding the nature and physical background of diffraction is not possible without an 

introduction to reciprocal space, due to the fact that when an atomic plane reflects an incident 

wave, the resulting signals will be result of a Fourier transform of the crystal lattice. Thus, a 
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point in the reflected reciprocal space comes from a three-dimensional object in real space. 

Understanding this can be achieved by creating a mathematical formalism of reciprocal space. 

Even though there are many different mathematical notions of reciprocal space, the most 

common and educational formalism is as follows: 

For a three dimensional lattice of points (e.g. infinitely small atoms), infinite in all directions, 

with a set of three space defining vectors a1, a2 and a3; reciprocal space can be described by 

a set of three vectors b1, b2 and b3, given by (Equation 2); 

 
          

              
   

 

Equation 2 

 

Knowing this, it can be understood that a reflected vector intensity that is measured by the 

detector, must come from a set of planes in the sample. The most used notation for 

representation of vectors in the reciprocal space are Miller indices, on the form (h k l), after 

William Hallowes Miller (24). These are vector coordinates in reciprocal space, and thus 

describe planes that are orthogonal to a direction [h k l] in real space. An important definition 

is the general reciprocal lattice vector, defined by Miller indices and the reciprocal space 

vectors as (Equation 3): 

For practical purposes, this notation can be simplified in terms of cross and dot products, so 

that one easily arrive at the reciprocal space vectors when knowing the real lattice vectors and 

vice versa (Equation 4): 

Laue’s Diffraction Conditions - The Ewald Sphere 

To understand which planes that diffract at certain geometries, some considerations on Max 

von Laue’s mathematical conditions for diffraction and its more understandable geometrical 

representation (the Ewald sphere), is unavoidable. 

 
                 

 

Equation 3 

 

 
     

     
        

         
     

        
         

     
        

 

 

Equation 4 
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The Ewald sphere was proposed by Paul Peter Ewald in 1919 (25) as a geometrical way to 

describe Max von Laue’s proposed (22) relationship between an incident wave, the diffraction 

angle for a set of planes as described by Bragg’s law and the reciprocal lattice of a crystal as 

described in the previous chapter. Ewald considered an incident wave vector (Equation 5): 

From simple geometric considerations (Figure 4), it can be shown that (Appendix 1) 

constructive interference between incident and scattered waves is achieved when the 

difference between them equals a specific reciprocal lattice vector G (as described in the 

previous subchapter). 

 

 

Figure 4: Ewald construction; geometrically describing the conditions for constructive interference 

between the incident and scattered beam resulting in diffraction. 

 

Thus, when (Equation 6): 

where Kf is the scattered wave vector and (Equation 7): 

the incident and scattered waves constructively interfere and diffraction is achieved. This can 

furthermore be used to obtain the Bragg result (Appendix 1). One very interesting result from 

these considerations is that a diffraction pattern of a crystal is nothing different than a map of 

the reciprocal lattice of the crystal. Thus, where electron microscopes image the crystal 

 
      

  

 
 Equation 5 

 

          Equation 6 

 

      Equation 7 
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structures in real space, diffraction methods map the reciprocal lattice and they are related 

through a set of definitions (Equation 4). Atomic scale imaging is not easily achievable, but 

keeping in mind that the reciprocal space relates to real space through a Fourier transform, 

small lattice parameters results in large spacing in the diffraction map. This is why diffraction 

studies are such a genius invention, complimenting real space imaging. 

The Structure Factor 

Unfortunately, the theoretical lattice of points that creates the basis for the Laue condition is 

just part of the story. In a real crystal, the atomic positions are not necessarily the same 

throughout the crystal, in fact only the primitive lattices without rotational symmetries allow 

for diffraction from all lattice planes. Base-, body- and face centered lattices have an extra 

rule added, because the different atomic planes originating from the extra atomic positions 

can reflect with opposite phases creating destructive interference, or so called extinction of 

signals. This result can be summarized in what is called the structure factor of a lattice, a 

mathematical relationship describing the phase and amplitude of a diffracted wave using the 

Miller indices as stated in the previous text. 

The structure factor      takes the form (Equation 8): 

with    being the electron density of a specific atom at a specific energy,       being the 

Miller indices of a certain plane, and          being the position of atom i in the real lattice. 

The structure factor for a reflection is now the sum of all such atomic positions. From 

Equation 8 it is possible to deduce that any primitive lattice with one atom per lattice cell does 

not have any limitations due to destructive interference, but that all lattices with more than 

one will. Thus, this is avoided for the simple cubic perovskites SrTiO3 and LaAlO3 used in 

this project, but must be included when studying the cubic forms of ZnO and ZnS (Appendix 

2). 

Taking the structure factor into account, the relationship between the intensity of a diffracted 

x-ray signal and the structure factor can be written as (Equation 9): 

 
                         

 

   

 

 

Equation 8 
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emphasizing that one will lose structural information while studying diffracted intensities, as   

only awards the magnitude of the diffracted vector, and not its directional composition. This 

is known as the phase problem of crystallography, making it difficult to structurally solve the 

atomic positions in a crystal by simply Fourier transforming a set of diffraction signals. A 

method for working around this problem has recently been proposed by Chernyshov et al. 

(26). His group show that when a part of the local electron density varies with external 

stimulii, it is possible to selectively deconvolute partial diffraction contributions making it 

possible to solve the atomic lattice structure. 

Diffuse Scattering and Sources of Signal Broadening 

In reality, an x-ray diffractogram does not consist of a set of infinitely thin delta peaks, but of 

broadened peaks (example given in Figure 5 below). There are many sources of x-ray 

scattering, and these should be introduced to gain a better understanding of some of the results 

presented in this thesis. These sources usually give signals with much weaker intensity than 

that of the Bragg scattering, and on ordinary home lab instruments they are completely 

overshadowed by the main signals or lost due to low resolution. On a high brilliance beam 

line however, such factors need to be taken into consideration, and especially for small 

crystals (e.g. thin films) as will be described in the following text. 

 

Figure 5: Typical x-ray diffractogram from a powder sample consisting of many different chemical 

species. The broadening of the Bragg peaks can be attributed to effects from the sample and the x-ray 

instrumentation. 

 

 
        

  Equation 9 
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First of all, no real signals are delta peaks, and there are two main sources of signal 

broadening: 

- Instrumental contributions 

- Sample contributions 

The sum of these contributions is not so easily described, because one has to imagine that 

such imperfections are dependent on each other. In other words, all instrumental 

imperfections will apply to the diffraction from the sample and all the imperfections of the 

crystal and vice versa. This is mathematically described as a convolution function, and the 

sum of such imperfections can be expressed as (Equation 10): 

Different sources of broadening have different broadening functions, and many of these 

functions (especially wave functions usually described as Gaussian or Lorentzian functions) 

have easily describable convolution equations (Appendix 3). In fact, for two Gaussian 

functions (typical instrumental broadening; e.g. monochromation), the total broadening can 

be written (Equation 11): 

whereas for two Lorentzian functions (typical sample broadening; e.g. grain size or strain) the 

convolution can be stated (Equation 12): 

where   always stands for the broadening defined as the full width at half maximum of the 

peak (FWHM). The complex case of a convolution between a Gaussian and a Lorentzian can 

also be solved, and the result is the so called Voigt profile (Appendix 4) resulting in a total 

broadening of (Equation 13): 

 
                                    

 

  

 Equation 10 

 

 
      

             
         

 
 Equation 11 

 

 
                           Equation 12 

 

                      
    

  Equation 13 
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where    is the broadening of a Lorentzian function and    is the broadening of a Gaussian 

function. 

When knowing the mathematical basis for signal broadening, it is possible to treat the sum of 

broadening functions by convolution. In this thesis however, the focus will remain on the 

qualitative reasons for broadening, but it is important to be aware of their quantitative and 

convoluting nature.  

As stated, the sources of broadening can be divided into two, and the most important sources 

of these two groups are: 

Instrumental 

- The x-ray source spot size. No x-ray spots are single points, but have a finite size 

contributing to broadening because the diffraction will also occur outside the center of 

the diffractometer. 

- The x-ray monochromation. No x-ray sources yield perfectly monochromated beams, 

thus there will be signals at slightly different angles as a result of the Bragg diffraction 

conditions for different  . 

- Axial divergence of the beam, both incident and diffracted. 

- All misalignments and faults in the slit systems used. 

- All other misalignments of the diffractometer. 

Sample 

- No infinite domains exist; all domains in a crystal have finite size. 

- Texture; many crystallites ordered in the same direction, but not single crystalline as 

the crystallites are separated by e.g. grain boundaries. 

- Distortion in the crystal due to strain or concentration gradients. 

- Stacking faults, twinning or layering mismatches. 

The broadening effect of domain size and crystal texture is important for epitaxial thin films, 

because many such films consist of several crystalline domains with the same ordering, but 

are not one single crystal. Such broadening can be calculated using a formula attributed to 

Scherrer et al. (27) (Equation 14): 
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where one can see that the broadening   is inversely proportional to the crystallite size   . K 

is a constant typically set to ~0.93 for thin films, λ is the wavelength and θ is the incident 

angle in radians. By using this formula, an approximate crystallite size can be determined. 

The reader should be aware that this method is very crude, and that a more precise method 

using a Williamson-Hall plot also will be used in this thesis (Appendix 5). 

In total, all sources of broadening lead to a finite broadening of a Bragg peak. Using home lab 

equipment the instrumental broadening usually becomes substantial and must be considered, 

possibly leading to loss of information. New high brilliance synchrotron beam lines limit the 

broadening by expensive optics and storage rings, and demand a description of their own 

which will be given in the following sub-chapter (2.1.2). 

2.1.2 Synchrotron XRD 

The need for high intensity and high brilliance x-ray light creates a need for other x-ray 

sources than Coolidge tubes or rotating anodes. After the invention of cyclotrons and later 

synchrotrons, it was discovered that circular motion of charged particles results in emission of 

high frequency electromagnetic radiation (Wiechert et al. (28)). The radiation is emitted from 

the bending magnets (BM) keeping the electrons in a circular arc in the synchrotron ring, or in 

insertion devices (ID) known as wigglers or undulators.  

The synchrotron characterization in this project has been done at a bending magnet beam line, 

and thus the focus will remain on this type of station. Synchrotron radiation arises close to the 

magnets that keep the electrons in a circular trajectory, resulting in a conical distribution of 

radiation (Figure 6). The beam can then be focused and monochromated by optics in the 

separate BM-stations (Appendix 6). 

 

 

 

   
  

     
 

 

Equation 14 
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Figure 6: Simplified graphical representation of the emission of conic radiation at a bending magnet (29). 

 

Even though bending magnet radiation is not the most brilliant or intense, it can be focused 

and collimated to be very useful in many material studies. Simple calculations show that the 

characteristic photon energy at a bending magnet station will be given by the energy and the 

field applied, or even simpler (Equation 15): 

 
           

                           

 

Equation 15 

  being the frequency,   being the synchrotron storage ring radius and   being the applied 

magnetic field. The synchrotron XRD characterization in this project was carried out at the 

Swiss-Norwegian Beam Lines (SNBL, bending magnet station 01A) at the European 

Synchrotron Radiation Facility (ESRF), having a circular arc of length 844 m. The applied 

field is approximately 0.8 T, providing electron energies of 6 GeV. Electrons are typically 

carried around the storage ring in bunches, with a typical current of 200 mA but with a range 

between 0 – 250 mA. Photons can thus be delivered with high intensity, and with a tunable 

wavelength of typically between 0.5 and 2 Å. Diffraction studies by a continuous white beam 

is also possible. 

After the emittance of radiation from the storage ring, the beam line optics system does the 

job of focusing, monochromating and collimating the conical radiation (Figure 7). 
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Figure 7: Sketch of the beam path through the optics of the SNBL A-station at ESRF (30). The optics 

consist of a set of mirrors and slits, resulting in a monochromated, collimated and focused beam reaching 

the user equipment. 

 

When the primary shutter after the storage ring is opened, the conal beam hits a rhodium 

coated collimating mirror 25.9 m from the bending magnet emission source. The beam is now 

vertically collimated, but is still unfocused and white. The next part of the optical system is a 

monochromator, on this beam line consisting of two crystals of Si(111). Finally, the beam is 

focused using a rhodium plated mirror, 5 meters behind the collimating mirror. The beam will 

now be collimated, monochromated and focused, and by opening the secondary shutter it can 

reach the user x-ray experimental equipment. 

The A-station at SNBL has two standard equipment options. One is a multipurpose image 

plate area detector from MAR research (31), mainly used for macromolecular crystallography. 

This system consists of a shutter allowing the beam to hit the sample, and an image plate of 

radius 345 mm. This basically means that one can characterize a large angular area at the 

same time, without changing the incident angle. A cryostream and a high temperature furnace 

are attached so that temperatures between -150 
o
C and 1100 

o
C are obtainable. The system 

offers high resolution, and is often used to solve structures from powder diffraction data or 

single crystal proteins. 

However, most of the work in this project is done on the second option offered at BM01A, a 

single crystal diffractometer of the KM6-CH-type (32) (Figure 8), delivered by Oxford 

Diffraction. 
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Figure 8: The KM6-CH six axis diffractometer at the BM01A-station at SNBL. 

This is a six-axis goniometer, offering a wide variety of possible scanning techniques. It is 

traditionally used as a single crystal diffractometer, where the entire different axis together 

provides the possibility to achieve highly redundant data.  

An explanation of the different movable axes is called for: 

- Phi: Rotation around the sample axis 

- Omega: Tilt of the incident angle 

- Kappa: Sideways rotation of the sample mount arm 

- Theta: The detector arm angle 

- Alpha: Rotation of the goniometer base 

- Theta’/Beta: Rotation of a second goniometer base 

Six moveable axes result in intricate collision matrices for the different motorized arms, but 

with proper software, this is completely outweighed by the great flexibility that is obtained. 

The software used for this instrument was written and thoroughly tested by Meyer et al. as 

part of his Ph.D.-thesis (33). The geometry of all circles, motors and arms are described, and 

it is the same collision matrices that were used in Meyer’s thesis that were used in this project. 

A top view of four of the six axes involved on the KUMA-instrument gives a better idea 

about how the circles will alter the angle of the incident beam (Figure 9). 
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Figure 9: Top-view of the four trajectories of the main moveable axes (φ, ω, κ and θ) on the KUMA-

instrument as described by Meyer et al. (33).  

A special setup used for diffraction of thin films on a diffractometer of this type has been 

explored during this thesis, and will be described in the experimental chapter (10.2). 

In situ Thin Film Synchrotron XRD 

Recent development in the field of synchrotron x-ray diffraction on thin films has changed the 

focus from ex situ to in situ studies. There are many advantages of in situ studies, most 

notably the possibility of characterizing the growth rate and crystal structure of growth as the 

deposition of a thin film develops. 

The advantage of such studies is best described with an example. Fong et al. (34) proposed 

such a setup at the Advanced Photon Source (APS) in Argonne, Illinois, for in situ studies of 

atomic layer deposition of ZnO. By mounting a substrate in a hot-wall chamber with 

possibilities for precursor pulsing, one obtains a simple ALD-setup (Figure 10).  
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Figure 10: Simple in situ ALD setup at APS, Argonne, USA, showing the sample chamber, the incoming 

beam and the different characterization equipment attached. Fong et al. (34). 

Even though complex depositions using precursors of different aggregate states are not 

possible with such a simple setup, this is certainly a promising development. A fluorescence 

detector offers the possibility of x-ray fluorescence measurements, and a powerful photon 

source makes small angle x-ray diffraction and scattering achievable. The small incident angle 

of the incoming beam also results in an opportunity for x-ray reflectivity measurements (as 

will be described in section 2.1.3), in other words one can also monitor the thickness and 

roughness of the films during deposition (Figure 11). 

 

Figure 11: In situ XRR image reported by Fong et al. (34) showing how the deposition cycles result in 

growth of a thin film giving rise to Kiessig fringes in the XRR-diffractogram. 
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In situ characterization is not yet an option at the Swiss-Norwegian Beam lines at ESRF, and 

has thus not been performed during this project. Nonetheless, this is a very interesting 

development in the field of synchrotron x-ray characterization of thin films, and should 

definitely be investigated in the future. 

Crystal Truncation Rods 

As already described, high brilliance beam lines that can be found at synchrotrons around the 

world offers a great enhancement in the signal to noise ratio, and limits the instrumental 

broadening of Bragg signals. However, due to the extreme intensity of the beam that is used at 

such beam lines, otherwise invisible features of diffraction studies appear. One of these 

features and a very profound one for very thin film samples, are the so called crystal 

truncation rods (CTR) first observed and reported by Andrews et al.(35) in 1985. 

Crystal truncation rods were first described thoroughly by Robinson et al. (36) in 1987, 

describing how these broadened signals can give information about surface roughness of thin 

film samples. In theory, the effect arises already when leaving the utopic thought of an 

infinite three-dimensional crystal, but is not profound and visible before samples are in 

nanometer range thickness (< 15 nm). 

When a thin film sample gets thin enough, x-ray scattering from the crystal will no longer be 

isotropic, and scattered lines parallel to the surface normal will form. These are the so called 

x-ray crystal truncation rods. The name stems from the truncation of the crystal at the thin 

film surface. 

The intensity distribution function of the diffracted signals from a crystal is in reality a large 

function of many variables (Equation 16): 

 

     
     

 
        

     
 
 
     

  
     

 
        

     
 
 
     

  
     

 
        

     
 
 
     

 

 

Equation 16 

 

  ,    and    are the dimension of the repeatable lattice in the x, y and z directions 

respectively,   ,    and    are reciprocal space vectors in the same directions and   ,    and 

   are the lattice parameters in the corresponding directions. By using the Laue diffraction 
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conditions, it can be understood that the definition for ordinary Bragg scattering give 

diffracted intensities for (Equation 17): 

 
                                          Equation 17 

 

which is known from the Bragg conditions. However, when one of the directions in the 

measured sample is relaxed, e.g. for a thin film that can be though of as an infinite plane with 

a finite thickness, the equation will allow reflections in between Bragg peaks. For a very thin 

film, no translation symmetry exists in the direction normal to the plane. This can be added to 

the equation by letting    tend towards infinity (as there is no repeating lattice in z-direction), 

yielding (Equation 18): 

 

       
   

 
 

      
 
      

                  
Equation 18 

 

This results in diffracted reflections outside the Bragg peaks with decaying intensity. By 

taking the Fourier transform of these measured intensities, one can estimate some features of 

the sample, especially regarding its roughness. The derivation of the equations governing this 

is outside the reach of this thesis (Feidenhans’ et al. (37)), but the result is straightforward 

(Equation 19): 

 

         
 

      

               
 

 

Equation 19 

 

Where F is the structure factor for the original lattice, and   is a roughness coeffiscient 

fulfilling      . When    ; a large surface roughness is estimated, whereas     

points towards a completely flat surface. Thus, by measuring the intensity of the reflections 

outside the ordinary Laue diffraction conditions, it is possible to estimate the roughness 

normal to the thin film surface. 

The roughness parameter,  , does not have a definite physical meaning, and can not be 

calculated directly for a measured intensity curve. However, it can be modeled, and by finding 

the best fit to the data at hand, it is possible to estimate   as reported by Robinson et al. (36) 

(Figure 12). 
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Figure 12: Estimation of roughness parameter using a crystal truncation rod, Robinson et al. (36) 

 “Crystal truncation rod perpendicular to the (111) face of an etched Pt crystal under a He atmosphere. 

Measurements were made with a rotating anode source and four-circle diffractometer. The shaded bar on the 

reciprocal-space diagram inset shows the range of the scan which passes through two bulk Bragg reflections. 

Each point shown has been integrated over its rocking curve, has the thermal diffuse background subtracted, 

and has been corrected for Lorentz and polarization factors. The bulk peaks have an intensity around 10 on 

the scale shown, but have been suppressed because of difficulty in removing the background reliably. 

Superimposed on the data are fits of truncation rods both with [solid] and without roughness [dashed]”  

–Original figure caption, Robinson et al. (36) 

 

The crystal truncation rods will only have a smoothly decaying intensity if the thin film 

structure is similar and periodic. In case of atomic relaxation or discontinuity of the structure 

at an interface or a surface, satellite peaks will appear as part of the crystal truncation rod. 

These satellites may be utilized to estimate relaxation of the atomic positions along the plane 

that is measured, and thus, by measuring along several directions one can estimate the three 

dimensional surface or interface structure of the thin film sample. 

Utilizing the crystal truncation rod satellites for surface structure characterization is still in its 

infancy, but several scientific groups have successfully drawn conclusion around surface 

restructuring complimenting the existing surface data that is commonly recorded by low-

energy electron diffraction (LEED) (38-40) (Figure 13). Where LEED only rewards insight 

into the first atomic layer, CTR measurements should in theory result in data several layers 

into the sample, and even at deeper lying interfaces. This is a possibility without much 

competition in state-of-the-art characterization today, with the possible exception of XRR 

which will be discussed in the following section. 
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Figure 13: Crystal truncation rod study on LaAlO3 by Vonk et al.(40), showing the (2 0 l)-direction in 

reciprocal space. The Bragg satellite between l = 1 and l = 1.5 can be attributed to lanthanum defects at 

the surface, changing the Bragg conditions for diffraction and giving rise to satellite peaks at non-integer 

Miller indices. The two data sets are collected at two different energies. 

2.1.3 X-ray reflectivity 

X-ray reflectivity (x-ray reflectometry, XRR) is a versatile technique much used for 

determination of thickness, roughness and density of thin layers (41-43). In addition, XRR 

offers the possibility to determine size distributions of multilayer films (44), becoming 

increasingly important due to the latest development in deposition of such exotic systems (45-

48). 

The technique utilizes the fact that specular reflection of x-rays from a surface will deviate 

from the ordinary Fresnel equations for refractance of waves (49), due to thickness 

distributions, surface roughness and varying electron density. This deviation can be 

approximated by (Equation 20): 

 

    

     
  

 

  
      

   
  
   

 

  

 

 

 

 

 

Equation 20 

 

where R is reflectivity, Q is a function of the incident angle and the wavelength,    is the 

density of the bulk material and p is the electron density. 



   2 General Theory 
– Characterization Techniques 

25 

 

For perfect and infinite systems this equation can be utilized directly, but in most cases it is 

necessary to fit a measured dataset with a theoretical function. A typical dataset will show a 

fluctuating intensity similar to a decaying sinusoidal function called Kiessig fringes (50), the 

physical explanation being the change in interference of the outgoing beam if the film is an 

integer number of wavelengths at a certain angle. A typical measured curve will look similar 

to the figure below (Figure 14). The wavelength of the measured intensities hold information 

about the thickness, the density can be determined from the total reflection region (in Figure 

14; around 0.6 degrees) and the roughness will shift the lowest reflection edge. Fitting this 

curve to physical data using readily available software (In this case the GenX-package, 

attributed to Matts Björck (51)) will appear as shown below (Figure 14). 

 

Figure 14: Typical XRR-reflectogram fitted with a theoretical curve (GenX software). 

 

Fast Fourier Transform Data Treatment 

As reflectivity measurements result in wavelike features holding information on the sample, a 

tool for physically describing these oscillations should in theory be achieved by studying the 

frequencies of a corresponding theoretical wave. This can be obtained by using a Fourier 

transform. 
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The Fourier transform as described by Gauss (52) is defined as (Equation 21); 

 
                   

 

  

 

 

Equation 21 

 

and expresses a real continuous function      in terms of complex exponentials of 

frequencies. The transform can thus output frequencies when the input is a time function. 

Measured data is never given as a continuous function, so for physical experiments there is a 

need for being able to Fourier transform discrete data sets. This can be done using a so called 

discrete Fourier transform (dFT), defined by (Equation 22): 

 
               

 
 
 

   

   

 

 

Equation 22 

 

The evolving capacity of computers makes the data analysis using a dFT easy, and a computer 

implementation of this is often called a fast Fourier transform (FFT) attributed to Brigham et 

al. (53). 

Many programming languages have implemented such FFTs, and there was only need for 

slightly changing known code so that it can handle datasets collected by a diffractometer in 

XRR-geometry. 

Due to the nature of XRR-data as described in the previous section, one can easily be 

convinced that a Fourier transformation of XRR data can give frequencies, in this case 

physically interpreted as thicknesses, as output.  

The following piece of Python code was written, using Python’s implemented FFT-code (a 

Cooley-Tukey algorithm (54, 55)), and knowledge from earlier work (56) to treat the XRR-

data (Figure 15). The program pre-treats the data into physical objects, before doing the FFT 

and printing a curve showing an intensity maximum at the probable thickness. The user needs 

only to enter the critical angle when prompted, and this can be picked out while viewing the 

measured data that is printed during the program execution.  

Due to the nature of the collected data, the thickness of the film will appear as an extremal 

point of the Fourier transform (Figure 16). This analysis fits well with thickness approximated 

by fitted curves from XRR and ellipsometry. Noise in the recorded data give rise to a 
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maximum at low thickness, this can be avoided by pre-treating the data before entering into 

the Python-code, but this has not been attempted during the project.  

An important property of this software is the possibility to apply it to XRR-data from 

multilayer thin films. This will give rise to a set of peaks in the Fourier transformed dataset, 

revealing itself as several peaks at different thickness. With completely smooth data there is 

no limit to the amount of layers the transform can handle, but due to the noisy nature of the 

data, three to four different layer thicknesses is probably the maximum at this stage. Further 

treatment of the data before Fourier transformation should be attempted in the future.  

 

from scipy import * 

import matplotlib.pyplot as plot 

from scipy import fftpack 

 

rawdata = loadtxt('filename.dat') 

 

x = rawdata[:,0] 

y = rawdata[:,1] 

 

plot.semilogy(x,y) 

plot.xlabel('Angle') 

plot.ylabel('Logarithmic intensity') 

plot.show() 

critical = float(raw_input('Please inspect and enter critical reflection 

angle: ')) 

delta = x[1]-x[0] 

redfine = int(critical*(1/delta)) 

redfine2 = redfine 

 

redefinedy = [] 

 

while redfine < (len(y)-1): 

    redefinedy.append(y[redfine-1]) 

    redfine+=1 

 

ffourier = fft(redefinedy) 

 

m = len(ffourier) 

power = abs(ffourier[1:m/2])**2 

 

freq = array(range((m/2)-1))*((1/(0.142411*delta))/(m/2)) 

 

plot.plot(freq[1:len(freq)],power[1:len(freq)]) 

plot.show() 

plot.xlim(xmin=0, xmax = 200) 

plot.savefig('FourierXRR.png') 

 

 Figure 15: Python code for Fast Fourier transformation of XRR-data. 
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Figure 16: Output from a direct Fourier transformation analysis of recorded XRR-data. The film 

thickness will appear as a maximum in the Fourier plot, pointed out with an arrow in this figure. 

2.1.4 X-ray Fluorescence 

Characterization techniques utilizing x-rays and their properties are not limited to structural 

discussions. In 1928, Glocker et al. (57) published the first full report on a new technique, 

later known as x-ray fluorescence (XRF), that makes use of the different wavelengths of 

fluorescence for different elements. 

In principle, XRF depends on interactions between electrons in atoms and an incident x-ray. 

When a sample is illuminated by x-rays, most of the energy is scattered, but some is absorbed 

by the material, exciting electrons to higher allowed energy levels. When these electrons 

deexcite, they will release photons with discrete energies that are different for all elements 

(Figure 17). 

 

Figure 17: XRF-principle, excitation and deexcitation of electrons in allowed energy levels. An incoming 

photon (1) excites a core electron (2) leading to deexcitation of an electron from an outer shell and 

emission of a characteristic photon (3). 
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The released photons are analyzed with a wavelength dispersive spectrometer (WDS), that 

distinguishes between the characteristic photons for all elements present in the sample. The 

intensity of each measured wavelength is simply proportional to the abundance of the element 

in the sample. 

Even though the XRF-technique is quite versatile and proven to be very accurate (58), there 

are some important limitations. First of all, only elements heavier than lithium (Li, Z = 3) 

have electron transitions making x-ray fluorescence possible. In addition, elements of atomic 

number smaller than sodium (Na, Z = 11), are not measured with the necessary accuracy due 

to low x-ray yields (59). In other words, the amount of elements like hydrogen, carbon and 

oxygen can not be readily determined with this technique. 

This however, does not limit the important factor in the necessary measurements in this 

masters project, being the ratio between lanthanum and aluminum present in atomic layer 

deposited thin films. The quantity of both these elements can be obtained with high precision, 

typically with an error margin of 1% after proper calibration with known samples. 

 

2.2 Electron Characterization Techniques 

In the 20
th

 century, a multitude of different characterization techniques utilizing the 

wave/particle-duality of electrons appeared, after de Broglie described this effect in the 

1920’s (60). Among these were transmission based configurations, most importantly the 

transmission electron microscope (61) (TEM), that can be used in both diffraction and 

imaging modes, becoming one of the most powerful techniques available. TEM offers 

subatomic resolution, and in theory only the wavelength of the accelerated atoms limit its 

resolvability. 

Other diffraction techniques were soon invented, among others the low energy electron 

diffraction (LEED) and the reflection high energy electron diffraction (RHEED) techniques 

(62, 63). These have proven invaluable in the surface structure characterization field, and 

especially the LEED-technique offers the possibility to collect structural data from the 

thinnest of layers and surfaces. LEED is the technique of choice for surface structure analysis, 

and most tabulated data is collected on such equipment. However, a disadvantage that one 
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encounters when making use of electron diffraction is the need for ultra high vacuum, limiting 

use under varying atmospheric conditions. 

In this project, electron microscopy has mainly been used in imaging mode for study of single 

crystals of sizes between 100 µm and 5 mm. This is in a size regime where the resolution of a 

TEM is not needed, and a less demanding technique can be applied, namely the scanning 

electron microscope (SEM), described by Manfred von Ardenne and his group (64) in the late 

1930’s. A short introduction to the nature of scanning electron microscopes will be presented 

in the next sub-section. 

 

At this point, readers may wonder why there is no description of TEM in this project, implying 

that the transmission electron microscopy technique has not been applied to the 

characterization of crystalline thin films. The author would like to emphasize that even if 

TEM would provide interesting observations regarding the thin film structure; this method is 

limited with respect to varying conditions such as gas flows, temperatures and pressure. An 

important part of the development of  x-ray characterization methods for thin films, which is a 

major point in this thesis, is the possibility to study thin films in situ and with changing 

external conditions. Even if such studies have not been performed directly during this project, 

it is an important part of most detailed characterization of functional and exotic materials, 

and serves as the long term goal for this study.  

 

2.2.1 Scanning Electron Microscope 

In a scanning electron microscope (SEM), electrons are accelerated by a kV-range potential 

from a type certain type of filament (usually tungsten (W) or lanthanum boride (LaB6)), and 

then focused to a small spot. The beam runs through several lenses (Figure 18) that tweak the 

beam size (condensor lenses), and minimize the spherical and chromatic aberrations. 

Electrons hit the sample, and are either reflected from or penetrate into the sample. The 

penetration depth depends on the acceleration voltage applied and the sample material, but is 

usually some microns into the sample. 
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The beam is scanned over the sample surface (giving rise to the name), and can effectively 

magnify from 10 to around 100 000 times with high depth resolution, making it possible to 

observe sub-micron structures. 

 

Figure 18: Outline of scanning electron microscopy lens system and electron trajectories. An electron is 

emitted from a filament, accelerated in the electron gun and focused through a set of lenses before 

reaching the sample. Three separate detectors collect signals from secondary electrons (SE), backscattered 

electrons (BSE) and x-rays that are emitted from the sample. 

SEM utilizes a range of different types of radiation and particles that are released when 

electrons hit a surface (Figure 19), the most important being: 

- Secondary electrons (SE): Electrons that hit the sample give rise to other electrons 

struck loose from the sample material, termed secondary electrons. This will only 

occur for incoming electrons with energies higher than the work function of the 

sample material, which is always the case and an important point of an SEM. 

Ordinarily these electrons originate from the k-orbitals of the sample, inelastically 

scattered by the beam electrons. Some SE originates from orbital interaction with 

backscattered electrons. The amount of electrons reaching the SE-detector (usually an 

Everhart-Thornley variant (65)), is proportional to the incident angle of the primary 

electron beam, and thus this mode is used for direct imaging offering great depth 

focus. 
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- Backscattered electrons (BSE): When electrons hit the sample, they may be directly 

reflected, or scattered with an angle larger than 180
o
, giving rise to backscattered 

electrons. There is a close connection between the element mass and the amount of 

backscattered electrons; heavy elements cause more backscattering. Thus, BSE-

detection gives rise to elemental contrast images. These electrons are usually detected 

with a torus-shaped detector lying around the electron source. 

- X-rays: When core electrons are emitted from an atom, other electrons will relax, 

emitting characteristic x-rays. This is utilized in a common SEM-setup called energy 

dispersive x-ray spectroscopy (EDS). Since these x-rays have characteristic energies, 

they hold information about the chemical composition of the sample. There are some 

limitations however, among others that the amount of electrons per atom must be >4 

to allow these transitions, ruling out H, He and Li. In addition, the relative intensity of 

the different wavelengths differs from sample to sample, and is thus biased for 

inhomogeneous and rough samples. In addition, lighter elements are not readily 

quantified by EDS, limiting the possibility to properly obtain e.g. oxygen- or carbon 

content in a thin film sample. 

The combination of these utilities makes SEM a perfect tool for studying single crystals of the 

size that was to be produced as a part of this project. 

 

Figure 19: The different particles and waves transmitted during SEM electron bombardment, including 

secondary electrons (SE), backscattered electrons (BSE), x-rays and Auger electrons.  
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2.3 Atomic Force Microscopy 

 

The atomic force microscope (AFM)(66) technique was introduced in the late 1980’s as an 

evolution of the scanning tunneling microscope (STM) (67), in order to measure the topology 

of isolating samples in an easily available manner. STM had proven to provide atomic 

resolution for electrically conducting samples (68), and it became imperative to achieve such 

resolution also for non-conducting samples. 

A tip, (usually made of Si, Si3N4 or carbon nanotubes), is mechanically levered towards the 

sample surface. A laser hits the cantilever that the tip is mounted on, and when the tip 

interacts with the surface, the cantilever is bent. This bending, or deflection, causes a 

reflection of the laser light and a detector measures this reflection. The magnitude and the 

direction of the deflection are reconstructed into the topology of the surface, and the 

important relationship is given by Hooke’s law (Equation 23); 

 
      

 

Equation 23 

 

where F is the interacting force, k is the spring constant of the cantilever and x is the 

displacement. By knowing the stiffness of the cantilever, and measuring the deflection, one 

can find the interacting force and thus the contours of the surface topology. The resolution is 

limited by the tip, but common modern commercial AFMs usually have Angstrom resolution 

(69, 70). A sketch of a simple AFM instrument is given below (Figure 20) 

 

Figure 20: Sketch of an atomic force microscope (AFM) showing how an incident laser beam hits a bent 

cantilever and is reflected to a four zone detector, recording the topography. The piezoelectric table allows 

for highly resolved x-y-imaging. 



2.4 Ellipsometry 
 

34 

  

One important factor to take into account when analyzing a sample using AFM is that the tip 

is not an infinitely small point. This makes the characterization of small fibrous crystallites 

standing perpendicular to the surface difficult, as visualized below (Figure 21). 

 

Figure 21: A visualization of a sample with perpendicular features (black), and how an AFM will model 

the surface (red). High aspect ratio features will not be imaged correctly, but size contours will still be 

identifiable, as can be seen on the right side of the figure. 

The AFM can operate in a variety of modes, where the most notable are the non-contact and 

tapping modes. In non-contact mode, the tip never touches the sample, but records the atomic 

force at a certain height. In tapping mode, invented to bypass the problem with surfaces that 

adhere liquid making non-contact mode obsolete (71), the tip oscillates around its resonant 

frequency. The amplitude of this oscillation will decrease when the tip gets close to the 

surface, and thus by collecting these amplitude data, the surface topology can be imaged. 

The AFM setup can also be used for magnetic measurements (MFM (72)), and 

current/voltage-characterization (73), proving the technique very versatile for material science 

purposes. 

2.4 Ellipsometry 

Ellipsometry has proven to be a very simple, inexpensive and fast method for analyzing 

thickness distributions in thin films (74-76). 

In the most common setup, and the mode that has been used throughout this project, the 

ellipsometer basically measures the change in polarization of a reflected beam of 

electromagnetic radiation in the visual regime. The method is completely non-destructive, and 

uses non-harmful radiation, but samples must be composed of optically homogenous layers 

for the simple theory of the method to be applied. 
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Figure 22: Basic setup of an ellipsometer. Light in the visual frequency range is emitted from a tungsten 

lamp and polarized linearly by a filter. Reflection of the waves at the surface lead to elliptic polarization 

which is analyzed before the light hits the detector. 

The incoming light is linearly polarized, and then hits the sample. When exiting the sample, it 

will be polarized elliptically (thus the name ellipsometry) because of the waveform before 

hitting the horizontal reflecting plane. The change in polarization is detected by an analyzer 

before the light hits a detector, and is then quantized by the complex reflectance ratio ρ, which 

is a function of the amplitude Ψ and the phase difference Δ, as described by the equation 

below (Equation 24). 

 

 

  
  

  
           

 

 

Equation 24 

 

The ratio rp/rs is what is effectively measured, and since this ratio is a complicated function of 

the state of the sample (thickness, refractive index, dielectricity, etc.), one cannot regard 

ellipsometry as a direct method, since it does not give a definite answer. 

For all samples other than homogenous, isotropic infinitely thick films, the properties can be 

found by fitting the data to a model curve. This is usually done by fitting the measured data to 

a Cauchy-function, taking thickness and refractive index into account. By knowing the sample 

material and it’s theoretical refractive index in addition to an approximate thickness, one can 

quite readily find a fit with a low least square error with respect to the measured data, and 

conclude quite reliably and precisely thereafter, estimating the average thickness of the thin 

film. 
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2.5 Rapid Thermal Processing 

Rapid Thermal Processing (RTP) is a much used processing technique for treatment of thin 

films and offers unmatched control of annealing of inorganic materials. It was originally 

designed for use in semiconductor technology, and especially for treating silicon wafers, as 

described by among others Gibbons et al. (77) and Hart et al. (78). 

The advantage of RTP lies in an extremely fast ramp rate; reaching temperatures of 1000 
o
C 

in a manner of seconds. This is achieved by powering a series of tungsten-halogen lamps, 

offering a maximal temperature rate of around 500 
o
Cs

-1
. In addition to this, several gas inlets 

make it possible to very accurately control the annealing atmosphere. This has made RTP a 

very important tool in materials science, where controlled oxygen annealing is crucial. 

In this project, RTP has not been used for fast heating of samples, but rather for the possibility 

to very accurately control the ramp rate. The quality of crystallization of amorphous thin films 

depend on the speed of thermal processing, and a rule of thumb is that slow heating tends to 

form larger and more pure crystallites. Thus, being able to slowly raise the temperature in a 

processing chamber together with easy control of the atmosphere, should offer the possibility 

to achieve slow crystallization of thin films at the natural nucleation centers. 
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3 Introduction 

The chemical vapour transport (CVT) technique is one of many vapour based techniques for 

synthesis of single crystals. It is a chemically versatile technique, since it requires only that 

the wanted chemical system forms gaseous species with an activity gradient over a 

temperature range. 

This chapter deals with formerly reported observation on CVT in general and the system at 

hand specifically, in addition to the motivation for choosing CVT for obtaining bulk single 

crystals. The section is summarized by a solution outline for this part of the project. 

3.1 Motivation 

Single crystals of different sizes, colors and structures have been thoroughly studied over 

thousands of years due to their beauty, simplicity and complexity (79). Studying such 

structures create a need for being able to artificially obtain them, and a wide range of 

techniques for synthesizing them have been developed, including solvothermal methods, 

crystal pulling and vapour based techniques.  

One of the basic and thoroughly studied techniques, utilizing transport of species over a 

temperature gradient is called chemical vapour transport. This method is well established, and 

a wide variety of single crystals have been synthesized using this technique. In this project, 

the focus has remained on single crystals and structural studies of these, and even though a 

major part is studying epitaxial thin films, there are many benefits and challenges when 

comparing bulk single crystals with thin film ones. An additional task is to examine if the 

synthesis of such crystals using the CVT-technique may pose a method for obtaining seed 

crystals for later deposition of epitaxial thin films. 

In this project, ZnO and ZnS serve as examples for synthesis of single crystals using the 

chemical vapour transport method, which was chosen for its simplicity. Nonetheless, these 

materials and especially ZnO, are compounds with many interesting properties (80-83). 

Among these is the fact that ZnO is a cheap and easy to obtain wide direct band-gap 

semiconductor, with applications ranging from UV-light emitters to transparent transistors. 

With only 1% doping of ferromagnetic (FM) metals, the whole compound becomes FM, thus 

ZnO is investigated for use in spintronics (84). In addition, although disputed, high quality p-
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doped ZnO is heavily investigated by research groups all over the world, and will in theory 

allow heavy duty UV-lasing by optical pumping (85), direct solar conversion materials (86) 

and light emitting devices (87, 88). 

ZnS is not as widely applied as an exotic material as ZnO, but has its uses, especially as a 

luminescent material. When doped with a suitable activator it can glow in a wide range of 

colors, and is thus used in  everything from cathode ray tubes to x-ray screens (89). 

The fact that ZnO and ZnS will form different crystallographic structures and that the 

synthesis routes are of different thermochemical types, implies that these materials will serve 

the purpose of being good model systems in a proper manner. 

3.2 Prior Art 

As previously stated, chemical vapour transport is a well established method, and was 

popularized by Schäfer and his group in the late 1950’s when his group studied growth of 

pure transition-, lanthanide- and actinide metals, and later described the technique in detail 

(90, 91). 

For many years, the technique was mainly used for synthesis and purification of pure metals, 

but in later years, single crystals of binary- and ternary compounds have also been reported. 

The first successful report of CVT-experiments obtaining zinc chalcogenides was published 

in 1974 by Hartmann et al. (92), when his group used iodine as the transport agent for 

depositing zinc sulphide. In the years after Hartmann’s zinc chalcogenide studies, a series of 

successful transport studies have been made using a variety of transport agents, including 

chlorine, methane, carbon and ammonium chloride (93-104). The published experiments have 

reported single crystals of sizes between a few microns to several centimeters and with 

varying purity, depending on conditions that will be discussed at a later stage. 
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3.3 Solution Outline 

The goal of synthesizing crystals using CVT in this project is to find a combination of factors 

making it as easy, low risk and cheap as possible, but still obtain single crystals of good 

structural quality. In addition, it is important that the chemical system awards insight to the 

basics of bulk crystal growth. 

Toxicity and safety concerns rules out the use of any hazardous transport agents such as pure 

halogens or flammable gases, as the experiments will be carried out in quartz ampoules that 

will be sealed using a hydrogen torch. The first step was to find the most suitable of the 

remaining transport agents. 

The natural continuation was to prepare ampoules with a suitable amount of reaction agent, 

with slight variations to discover any differences. The choice of chalcogenides was also 

believed to be an issue, but maintaining low cost naturally limits the anion to the first three or 

four periods. 

Calculations of temperature gradients using the reported thermodynamical properties of the 

chosen compounds was carried out, before doing a set of actual experiments. CVT 

experiments are fast to set up, but the actual transport is reported to take anything from two 

weeks to several months for large and pure crystals. A proper outline for the experiments is 

thus necessary so that samples are available when the opportunity to characterize them arises. 

At the attainment of what is regarded to be single crystals with the naked eye and using 

polarizing microscopes, the obtained crystals was to be studied using x-ray and electron 

diffraction- and imaging techniques, both in the home lab and at a synchrotron facility. 

Finally, conclusions on the possible success of the experiments, in addition to discussion 

around the usability and structural properties is presented. 
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4 Theory and Methods 

The success of a chemical experiment is limited by the knowledge of the chemical species 

used, and the instrumental techniques applied. In this chapter, background information on the 

selected chemical systems for CVT-experiments, and basic theoretical background on the 

CVT technique will be stated. 

4.1 Materials Involved  

The zinc oxide and zinc sulfide structures share many similar features and in fact, they may 

both crystallize in the same two crystallographic structures. Despite this, the most common 

and stable forms are different for the two, and it is these that are shown below (Figure 23). 

Nonetheless, there are many similarities in the two structures, most importantly that zinc is 

tetrahedrally coordinated to the chalcogenide species, with corner sharing tetrahedral 

polyhedra (Figure 24).  

 

 

Figure 23: Unit cells of ZnO and ZnS showing the hexagonal (wurtzite, left) and cubic (zinc blende, right) 

lattices. Note the 120
o
 relationship between the a and b lattice vectors in ZnO giving rise to six fold 

symmetry. 
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Figure 24: Corner sharing tetrahedra in the zinc blende and wurtzite structures. Note that all tetrahedra 

in reality share all their corners with neighboring tetrahedra.  

ZnO as shown above adopts a hexagonal crystal system under ambient conditions. Lattice 

parameters are a = b = 3.25 Å and c = 5.20 Å, with the angle γ between a and b being 120
o
. In 

crystallographic terms this results in a six-fold symmetry along the c-axis, adopting space 

group #186;      .  

ZnS shares many chemical and compositional similarities with ZnO, and it is not very 

surprising that its structural consistency is similar to that of ZnO. Under certain conditions 

ZnS can infact also adopt the       symmetry, but under ambient conditions it is usually 

found in a face centered cubic form (     , #216) with a = 5.14 Å. 

The hexagonal zinc chalcogenide lattice cell is named the wurtzite structure whereas the cubic 

one has the apt name zinc blende. These names will be used throughout the thesis. 

As mentioned, both ZnO and ZnS have other stable phases at other conditions, but neither the 

temperature nor the pressure during the experiments that will be carried out during this project 

should allow for such phases to grow. These will thus not be discussed in the following text. 
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4.2 Methodical Overview of CVT 

Chemical vapor transport (CVT) is a common technique for crystallization (and/or 

purification) of fairly non-volatile solids (90, 91). The main idea is that a solid, A, reacts with 

a gas, B, to form a gaseous product AB. It is important that the reaction between A and B is 

reversible, so that an equilibrium may form (Chemical reaction 1): 

 

Since an equilibrium has a temperature dependent equilibrium constant, there will be different 

equilibrium concentrations for AB at different temperatures. Thus, if such a system were to be 

exposed to a temperature gradient, an activity gradient of AB will emerge due to its 

thermodynamical properties at different temperatures. This activity gradient creates a 

chemical potential gradient, and some AB will diffuse towards the site with lower 

concentration. 

The backbone of CVT is the temperature gradient. The solid (A, usually a powder) is added to 

a closed ampoule together with a transport agent (B). This ampoule is placed in a tube furnace 

with a temperature gradient. The thermodynamics of the reaction is goverened by equations 

26, 27 and 28 below, and it becomes clear that if the formation of AB is an exothermic 

reaction (ΔHr,AB < 0), the net transport of A will be from cold to hot, since the equilibrium 

constant allows for more AB to exist at the cooler side. If the formation of AB is an 

endothermic reaction (ΔHr,AB > 0), the net transport will be from hot to cold the opposite 

reason (Figure 25). More specific, the transport is governed by the Gibbs free energy in the 

system (Equation 25); 

 

This equation can in principle be rewritten to yield (Equation 26): 

 iA (s)   +   kB (g)   ↔   jAB (g) Chemical 

equation 1 

                          
Equation 25 

 

  
    

  
  

   
   

 
Equation 26 
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Be aware that both        and   show a temperature dependency, even if this is not explicitly 

stated in the equation.  For gaseous compounds the equilibrium constant takes the form 

     (Equation 27): 

 

The speed of transport will in other words depend on the magnitude of the temperature 

gradient giving rise to a change in  , and thus the magnitude of the difference of equilibrium 

partial pressures of AB at either side of the closed ampoule. A larger activity gradient will 

result in faster transport, but this often leads to poor quality of the resulting crystals, 

essentially a net transport of powder particles from one side to the other. Smaller gradients 

slow down the growth, often leading to higher quality (and often purer) single crystals. The 

ideology is to separate nucleation and growth, creating few nucleation centers in the growth 

region. Avoiding grains acting as nucleation centers in the growth region is thus imperative, 

and transport of such grains to the base is often performed prior to the actual transport 

experiment. This will in the following be called a back-transport. 

 

Figure 25: Sketch of a CVT setup showing the transport direction with respect to the 

concentration gradient. 

The amount of transported species A can be described with the following equation attributed 

to Schäfer et al. (91) (Equation 28); 

where     is the total amount of compound A transported,     are reaction coefficients 

corresponding to Chemical equation 1, D is the diffusivity, q is the cross section of the tube in 

cm
2
, t is the time of reaction in seconds and s is the tube length in cm

2
. The most important 

    
   
 

  
    

 
 

   
 

  
    

 
 

Equation 27 

 

 
   

 

 

   

   
   

 

Equation 28 
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factor is   , closely connected to the difference in equilibrium pressures for compound A in 

the different ends of the tube. The diffusivity D is different from system to system, but some 

general considerations were done by Schäfer et al. resulting in (Equation 29): 

Where    is the diffusivity constant at    and   , and the exponent m takes an empirical 

value, commonly      .    takes values between 0 and 1, but is usually set to 0.1 for an 

unknown system. However, it is known that when the gaseous compounds in the ampoule are 

diluted with light elements such as hydrogen, the diffusivity constant may be as high as 0.5 or 

0.6. 

With some approximations and using the transported amount of compound A, equation 27 can 

be rewritten as a simpler equation, yielding (Equation 30): 

Knowing that  ZnO and ZnS chemical vapour transport experiments was to be carried out 

with a relatively large amount of H2 (g) in the ampoules, thus inserting proper values for   ,  

   and    in addition to the gas constant  , the following simplified equation for the system 

at hand is reached (Equation 31): 

In this equation    is the experimental duration in hours and    is set to 0.5. 

This result is very important, stating that the only real variable governing the transport is the 

difference in partial pressures for compound C in the two ends of the tube. Thus; if the 

equilibrium partial pressures of a species is different in the ends of the tube, transport of the 

species will occur to reach a total equilibrium in the tube. In other words, a positive activity 
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gradient from low to high temperature leads to chemical transport from hot to cold, and vice 

versa. 

This project will not focus on quantitative measures of the amount of transported species, but 

rather on finding a suitable temperature gradient for slow growth, hopefully resulting in high 

quality single crystals. Some simple quantitative analysis will be utilized to justify the amount 

of exported zinc chalcogenide. 

4.3 CVT of ZnO and ZnS 

Successful chemical vapour transport of ZnO and ZnS has as stated been reported with many 

different transport agents, including iodine, chlorine, methane, carbon and ammonium 

chloride as stated under prior art (3.2). 

This section serves to explain the theory behind transport reactions in these systems, and the 

reasons as to which transport systems were chosen for the project. 

4.3.1 Preparation of Ampoules 

A problem that will be encountered when performing CVT of zinc chalcogenides is the slight 

affinity zinc has for reacting with the quartz ampoule and produce zinc silicates (mostly 

Zn2SiO4) (105). This is a very possible contamination source, and should be avoided at all 

costs in CVT-experiments designed to give high quality single crystals of decent sizes. 

Several different methods for avoiding this are possible, among them coating the inside of the 

ampoule with carbon (graphite) (106), which if successful would remove the threat of silicate 

contamination. This, however, would pose another threat, namely carbon contaminations in 

the tube. 

Another possibility is direct deposition of ZnO or ZnS on the inside of an open quartz tube 

using a vapour deposition technique, such as the atomic layer deposition technique. When 

attempting this, challenges concerning the conformity of the coating inside the tube arose, and 

this method was abandoned. The problem was that the ampoules were closed in one end 

during this stage, not allowing precursors molecules to flow freely inside it. This limits the 

efficiency of vapour based coating techniques for pre-treatment of the ampoules. 
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To avoid more chemical components inside the tube as well as achieving high conformity, a 

much simpler possibility was considered. With a pre-treatment of open tubes by putting them 

in a transport furnace with high purity zinc shots inside, one can imagine zinc vapour reacting 

with the tube wall, producing zinc silicates. By heating the ampoules in an open air 

atmosphere, oxygen is also available for reaction, giving the possibility to form Zn2SiO4 after 

(Chemical reaction 2): 

 2 Zn (g) + O2 (g) + SiO2 (s)  Zn2SiO4 (s) 
Chemical  

equation 2 

 

Another possibility that had to be considered while doing this is the formation of ZnO 

directly, following the reaction (Chemical equation 3): 

 Zn (g) + ½ O2 (g)  ZnO (s) 
Chemical 

equation 3 

This was not considered a problem, since ZnO in the tube would not pose any contamination 

threats. The walls of the tube will then either have a layer of very stable zinc silicates or 

oxides (or both), which will protect the CVT-experiment from silicon contamination. 

This method was chosen for easy and fast treatment of the tubes and for its chemical 

simplicity. 

4.3.2 The CVT-experiment 

Four important components are involved in all transport reactions: 

- The starting material in the form of a powder, in this case high purity powders of ZnS 

and ZnO. 

- The transport agent. All reported agents were considered, and the choice fell upon 

ammonium chloride for several reasons. First of all it is easy to handle when adding to 

a quartz tube (compared to iodine, chlorine and methane under elevated temperatures). 

It is safer than most other possible transport agents; it is cheap and easy to obtain in 

high purity. Carbon was considered as safe, cheap and easy to handle as NH4Cl, but 

the reported chemistry involved is not easily described, and the possibility of 

contamination is considered to be higher. 
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- The ampoule. In this case a quartz ampoule pre-treated as described in section 4.3.1. 

- The temperature gradient, created in a two zone tube furnace with an independent 

electronic temperature controller. 

ZnS 

Chemical vapour transport of ZnS by using ammonium chloride as a transport agent has been 

described by Matsumoto et al. (102). The chemistry involves three important steps: 

1. Dissociation of ammonium chloride (Chemical equation 4):  

 NH4Cl (s)    NH3 (g) + HCl (g) 
Chemical 

equation 4 

2. Reaction/back-reaction equilibrium; transport reaction (Chemical equation 5): 

 ZnS (s) + 2 HCl (g)    ZnCl2 (g) + H2S (g) 
Chemical 

equation 5 

By using tabulated thermochemical data (Appendix 7) for the compounds that can possibly be 

formed in the ampoule, and software (HSC Chemistry 4.1) that treats this data with respect to 

each other, one can plot the activity of these species as a function of temperature (Figure 26): 

 

Figure 26: Activity plot versus temperature for the possible chemical species in the ampoule for the ZnS 

chemical vapour transport experiments.  
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From the figure above, it is clear that the predominant zinc species in the whole temperature 

range is gaseous ZnCl2, and that it does have an activity gradient in this temperature range.  

The activity gradient is constantly fairly steep in the temperature ranges allowed for the tube 

furnaces that will be used in this project (Figure 27), however less so in the higher end of the 

range. 

 

Figure 27: Activity plot versus temperature for ZnCl2 in the ZnS chemical vapour transport experiments.  

For this reason, a 20 
o
C temperature gradient, from 880 

o
C to 900 

o
C was chosen for the ZnS 

chemical vapour transport system, in a region where the ZnCl2-acitivity is increasing, and the 

Zn(g)-activity is suppressed (Figure 28) to gain control of the reaction mechanism. 

 

Figure 28: Activity plot versus temperature for ZnCl2 in the temperature range used in the ZnS chemical 

vapour transport experiments. The activity of Zn (g) in this temperature region is negligible. 
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ZnO 

Chemical transport of ZnO by using ammonium chloride have slightly different reaction 

mechanisms compared to ZnS, as described by Shiloh et al. (107). There seems to be two 

possible transport reactions, involving both atomic zinc and zinc chloride. The reported 

reactions are as follows: 

 

1. Dissociation of ammonium chloride (Chemical equation 6):  

 NH4Cl (s)    NH3 (g) + HCl (g) 
Chemical 

equation 6 

 

2. Reaction/back-reaction equilibrium; transport reaction (Chemical equations 7 and 8): 

 ZnO (s) + 2 HCl (g)    ZnCl2 (g) + H2O (g) 
Chemical 

equation 7 

   

 ZnO (s) + NH3 (g)   Zn(s) + 
 

 
N2 (g) + 

 

 
H2 (g) 

Chemical 

equation 8 

 

The partial pressures of the involved species can be calculated by tabulated data (Appendix 

7), and this was done using the HSC 4.1 software and printed as graphic diagrams plotting the 

activity versus the temperature.  The gradients in the activity as a function of temperature 

(corresponding to equation 29) has opposite signs (Figure 29), resulting in opposite direction 

of transport. Thus, if the transport is observed from cold to hot, atomic zinc would have been 

the dominant transport species, and if it is the other way around would have been ZnCl2. 

At higher temperatures (>1000 
o
C), atomic zinc is expected to be the predominant transport 

species, but in the range that this project was performed, it was expected that ZnCl2 will be 

the dominate one. This was in any case to be confirmed after observation of the direction of 

the transport. From Figure 29 it is obvious that the activity gradient for atomic zinc is 

positive, but not much so for ZnCl2 which seem to be fairly constant. However, by choosing a 

proper axis step on the activity (Figure 30), the negative activity gradient for zinc chloride 

between 900 
o
C and 1300 

o
C is easier to spot. 
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Figure 29: Activity plot versus temperature for the possible chemical species in the ampoule for the ZnO 

chemical vapour transport experiments. 

 

Figure 30: Activity plot versus temperature for ZnCl2 in the ZnO chemical vapour transport experiments.  

Looking at ZnCl2 activity in the region which the experiments will be performed, reveals the 

negative gradient even better (Figure 31). The bulges in this figure are due to data processing 

and the number of significant digits that the software uses. Such bulges are not physical and 

should be disregarded.  
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Figure 31: Activity plot versus temperature for ZnCl2 in the temperature range used in the ZnO chemical 

vapour transport experiments. The activity of Zn (g) in this temperature region is negligible. 

 

To keep as many variables as possible constant, the temperature gradient for the ZnS and ZnO 

experiments should be fairly similar. Thus, both experiments was performed in a temperature 

range around 900 
o
C.  
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5 Experimental 

This chapter deals with the chemical vapour transport experiments that were carried out 

during this masters project, focusing on experimental details. Such details include size and 

treatment of ampoules and reaction agents, in addition to description of ampoules and 

furnaces. 

5.1 Ampoule Preparation 

Ampoules were pre-treated to avoid contamination as described in 4.3.1. 

Thick-walled quartz tubes of diameter 15 mm and length of approximately 15 cm were closed 

in one end with a hydrogen torch. 3-4 shots of high purity zinc (99.9998%, Goodfellow 

LS353023) with a mass of 0.2 – 0.3 g were put in different positions inside the tube, together 

with a flat piece of Si(100) for characterization purposes. Quartz wool was used to seal the 

tube in the other end, without creating a completely closed system. All equipment used for 

handling the inside of the tube had been coated with ZnO by atomic layer deposition.  

The tubes were put in a two zone tube furnace, programmed to produce a temperature 

gradient of 900 
O
C  500 

O
C, with Zn in the hot zone. The tubes were left in this gradient for 

48 hours, before being cooled in air. 

5.2 The CVT-experiments 

Tubes pre-treated as described above was used for all mentioned CVT-experiments, and all 

applied equipment was coated with a thin film of ZnO deposited by ALD to avoid 

contamination of the CVT-experiments.  

The experiments are divided into two separate procedures, owing to the fact that they have 

very different thermochemical properties. 
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5.2.1 CVT of ZnO 

Approximately 1.00 g of pure ZnO-powder (99.999%, Sigma-Aldrich, CAS: 1314-13-2) was 

added to a quartz tube together with 0.017 g of NH4Cl (99.9995%, Sigma-Aldrich, CAS: 

12125-02-9). The amount of the transport agent were chosen so that the internal pressure in 

the tube during transport should be approximately 3-4 bars (calculation in Appendix 8). The 

tube was closed under vacuum using a hydrogen torch, and low vacuum was confirmed using 

an electrostatic vacuum tester. 

After closing, the tube was put in a tube furnace, with a temperature of 940 
o
C in one end, and 

950 
o
C in the other. The base powder was first put in the deposit zone (cold zone for this 

system), to achieve back transport of all seeds. After one week, the gradient was turned, so 

that all powder was located in the base zone. The gradient was merely inverted, keeping 

temperatures between 940 
o
C and 950 

o
C. 

The tubes were now left in the tube furnace for 30 days, before they were extracted and 

cooled in air. Any crystals were dug out, and put in a sealed glass sample vial. 

5.2.2 CVT of ZnS 

Approximately 1.00 g of pure ZnS-powder (99.99%, Sigma-Aldrich, CAS: 1314-98-3) was 

added to a quartz tube (Figure 32) together with 0.019 g of NH4Cl (99.9995%, Sigma-

Aldrich, CAS: 12125-02-9). The amount of the transport agent was chosen so that the internal 

pressure in the tube during transport should be around 3-4 bars (Appendix 8). The tube was 

closed under vacuum using a hydrogen torch, and low vacuum was confirmed using an 

electrostatic vacuum tester. 

 

Figure 32: Typical closed ampoule used in the CVT experiments. 

After closing, the tube was put in a tube furnace, with a temperature of 880 
o
C in one end, and 

900 
o
C in the other. 
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The tubes were then left in the tube furnace for 14 days, before they were extracted and 

cooled in air. Crystals were extracted from the tube, and stored in a sealed glass sample vial 

for later x-ray- and electron characterization. 

A difference between the CVT-experiments of ZnS and ZnO is the lack of a preliminary back-

transport of the zinc chalcogenide was not performed for the ZnS-experiments. The 

importance of this was not understood before after conducting the ZnS-experiments and 

characterizing the resulting crystals, and this may have been a key factor for the lack of large 

single crystals. 
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6 Results and Discussion 

In this chapter, the results of the notable achievements during the chemical vapor transport 

experiments will be presented and discussed. The reader should note that not all results will 

be presented, but a selection will be made emphasizing the noteworthy and new science. Most 

results will be discussed along the way, and a summary of the total impact the results make 

will be discussed in the concluding chapter at the end of the thesis (Chapter 0). 

6.1 Ampoule Preparation 

Several ampoules were prepared in the manner described in chapter 5.1, to passivate the 

surface before the CVT-experiments. Two separate cases were observed, and seemed to be 

quite random. In fact, both cases were observed for two ampoules treated at the same time, in 

the same furnace and under the same conditions. The observed cases were: 

- Ampoules show thermolumincsence with a strong yellow colour, very characteristic 

for ZnO above a certain temperature (108). The ampoules were not sealed at this 

stage, and the presence of oxygen results in conversion of some Zn into ZnO. 

However, this does not pose any particular problem, as a layer of ZnO inside the 

ampoule will hinder any silicate contaminants during the closed chemical vapour 

transport itself. The silicon wafer piece inside the tube changed colour after this 

treatment, and was studied by XRD, AFM and ellipsometry. Ellipsometry clearly 

showed that a thin film of thickness around 320 nm had developed on the surface of 

the silicon piece. This is quite an interesting result, especially since AFM-studies 

showed that these thin films have very low roughness (in the range of an average 

roughness of 5 Å, Figure 33). XRD-studies did not provide an answer to the 

composition of the film, as the only crystalline species in the system seemed to be the 

Si(100)-substrate. However, since the fluorescence of heated ZnO is very 

characteristic and the films had the same glow as the ampoule itself, it is reasonable to 

conclude that thin films of ZnO had evolved. 

- Ampoules do not show thermoluminescence, and seem unscathed by the preparation 

experiment. However, a thin film can still be observed on the silicon wafer piece, with 

the same morphological characteristics as the thermoluminescent ones. The only 
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notable difference observed is that these films are close to 100 nm thinner than those 

believed to consist of amorphous ZnO. 

It is known that thermal treatment of silicon above 700 
o
C will result in the formation of SiO2 

at the surface. The wafers were kept at around 800 
o
C throughout the ampoule preparation 

step with oxygen readily available, so it should be determine if the film formation can be fully 

explained by formation of SiO2 alone. Using freely available software (109) it can be 

calculated that thermal formation of 320 nm of SiO2 should take around 90 days, whereas the 

ampoule preparation time was only 2 days, so it is natural to assume that the observed thin 

film cannot purely consist of SiO2. 

In addition, the ampoules were semi-closed with quartz wool, and by extraction of the 

ampoules from the furnace this wool was fluorescing yellow, typical for ZnO. Since the 

quartz wool and the quartz ampoule is chemically the same, this would imply that also the 

ampoule should be covered in ZnO or alternatively a compound with similar 

thermoluminescent properties. 

Ellipsometry measurements of the refractive indices of these layers revealed numbers between 

1.7 – 1.8, being somewhere in the middle between SiO2 and ZnO. This serves as a 

confirmation that the ampoules are covered in something else other than pure SiO2 (n = 1.55). 

Other possible species are ZnO (n = 2.00) and Zn2SiO4 (n = 2.2), and it is possible that a 

mixed SiO2/ZnO phase is obtained. The formation of a Zn2SiO4 phase would correspond well 

with observations by Xu et al. (110). 

A confirmation that the terminal species does indeed contain zinc was performed using XRF, 

revealing a zinc signal. This signal is of course biased by the silicon signal from the bulk 

sample, but does at least prove that a zinc species terminate the ampoules. It does not however 

reveal if these terminating species are zinc oxides or silicates. Such analysis could be 

performed with x-ray photoelectron spectroscopy (XPS) as this technique is very surface 

sensitive. This was not attempted in the course of the project. 

Most important however, is that both these scenarios create a flat (Figure 33) barrier against 

silicate contamination of the crystals to be. One concern is the growth of zinc sulphide 

crystals, as oxygen from the deposited zinc oxides and silicates may contaminate the crystals. 
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Even though ZnO and ZnS transports in different directions under the same conditions, there 

is a possibility that some oxygen contaminants will enter the ZnS-structure.  

 

 

Figure 33: Atomic force microscopy image of ZnO(Six?) thin films from ampoule preparation. The 

average roughness is approximately 0.2 nm. 

 

6.2 Crystals of ZnO 

Chemical vapor transport experiments were carried out as described in 5.2.1. Once again, the 

very characteristic yellow fluorescence from ZnO was clearly visible when extracting the 

ampoules from the furnace. This feature was very apparent in the hot zone of the ampoule, 

and should point towards a successful transport of ZnO from the cold to the hot zone as 

expected from theory. This also points towards ZnCl2 being the active transport agent. 

Upon cooling the ampoule, a small amount of water vapour was observed on its walls, 

confirming the theory that water is indeed one of the species created during the transport 

reaction. A bit more surprising is that no characteristic ammonia smell was noted which may 

imply that the transport agent (HCl) has back reacted with ammonia to form the original 
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NH4Cl-compound, or more probable, that the ammonia has decomposed into hydrogen- and 

nitrogen gas. 

Around 10-20 crystals of visible size were extracted from the cold end of the ampoule 

(example in Figure 34). The crystals were clear and had sharp edges and faces; to the naked 

eye they appear to be single crystals. For confirmation of this, several characterization 

techniques were used to study the crystals, including polarized optical microscopy, scanning 

electron microscopy (equipped with an energy dispersive spectroscopy option) and 

synchrotron x-ray diffraction for which the data will be presented. 

 

Figure 34: Example of a ZnO crystal after extraction from ampoule.  

Image from a single-lens reflex camera. 

Optical microscopy with a polarization filter, can utilize the fact that single crystals of 

different orientation reflect and refract light with different polarization. This results in the 

possibility to separate crystals of single orientations, and clearly show if the crystals are 

twinned. Such an analysis showed that several perfect single crystals of sizes up to a few 

millimeters were obtained during the CVT-experiments. The crystals were also studied in an 

ordinary microscope without a polarization filter for imaging purposes (Figure 35). 
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 Figure 35: Rodlike ZnO crystal as captured using an optical stereo microscope. 

SEM was used as the main characterization tool for studying the single crystals, as the size of 

the crystals were between 0.01 and 3 mm. Overview images clearly show that a lot of single 

crystals have been obtained, both with single- and multidomain order (Figure 36). 

 

Figure 36: SEM overview image of ZnO single crystals obtained by CVT. At least 18 crystals in the 

millimeter regime can be observed from this frame alone. 

The possibility for great magnification and depth focus in the SEM is vital for proper imaging 

of the smaller crystals. From a 37x magnified frame of a typical crystal clearly showed the 

typical six fold symmetry of the ZnO species (Figure 37). The left image below is a phase 

contrast image, showing that the crystals are composed of a single phase, even though there 

are some foreign species on it. The right image shows a secondary electron image enhancing 

the in depth contrast showing the sharp edges and faces that the crystal consists of.  
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Most crystals have the appearance of the above crystal, terminated by six crystal planes. The 

six fold symmetry of the ZnO lattice can be found around the c-axis, and a possible set of 

faces that create such symmetry are the                                  and        planes 

respectively, as shown in Figure 38. 

 

Figure 38: Six-fold symmetry and possible termination planes for ZnO. The c-axis is directed normal to 

the paper. It is reasonable to conclude that this will also be the planes terminating the crystal as shown in 

Figure 37. 

 

Figure 37: Single crystal of ZnO where the characteristic six fold symmetry is clearly visible. Backscattered 

electron image to the left (element contrast), secondary electron image to the right (depth contrast). 
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A large area EDS-scan was performed on this crystal, resulting in a spectrum as shown below 

(Figure 39). The Zn and O electron shell energies are clearly dominating the scattered x-rays, 

but some other peaks are also visible, most notably that of chlorine. This is quite possibly due 

to condensation of some transport agent (zinc chloride) on the surface of the crystals, in 

addition to possibly unreacted ammonium chloride even if this is not very probable.  Another 

possibility is that some hydrochloric acid from the decomposition of ammonium chloride had 

adsorbed to the crystal faces. This can most probably be ruled out, since even if a few 

adsorbed layers of HCl are quite stable on the surface, they will not scatter x-rays with 

enough magnitude to be observed on the crude EDS investigation. In any case, the 

contaminant is probably not in the crystal itself, but as powder on the surface, as it will be 

shown from SXRD-data that the structural integrity of the crystal is very high. 

 

Figure 39: Large area energy dispersive spectroscopy of a ZnO crystal. The area measured corresponds to 

(Figure 37). Note the Cl and Si signals. 

This powder contamination makes a proper analysis of the chemical stoichiometry difficult. 

In addition, there seems to be a small signal arising from silicon, pointing towards slight 

silicon contamination. These may arise from contamination during synthesis, as the crystals 

are made in a quartz ampoule. More probable however, is the fact that since the crystals have 

been transported in small glass containers, small SiO2 fragments have stuck to the crystals. As 

will be shown in the following text, this is more probable as this silicon electron transition 

signal nearly vanished when looking at the EDS-spectra from a small area on a crystal face. 
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The hypothesis of the chlorine coming from transport agent powder becomes even more 

probable when magnifying one of the crystals faces (Figure 40). 

 

One can quite clearly see from the phase contrast image that powder has agglomerated on the 

faces of the crystal. However, by performing an EDS analysis on selected and smaller areas 

the chlorine signal is minimized, and one can arrive at a proper stoichiometry of the single 

crystals. 

 

Figure 41: Energy dispersive spectroscopy of a ZnO crystal face. The area measured corresponds to  

Figure 40. Note the absence of other elements. 

 

Figure 40: Single crystal face of ZnO crystal, back scattered eletron image to the left, secondary electron image 

to the right. 
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With a negligible chlorine signal, the area integrating software arrives at a ratio between Zn 

and O of around 9:7 (Table 1). 

 

Table 1: Chemical stoichiometry of the single crystal face as measured by energy dispersive spectroscopy. 

The area measured corresponds to Figure 40. 

Element Wt % At % 

O 15.5 42.8 

Zn 84.5 57.2 

 

EDS-analysis tends to underestimate the oxygen content of many compounds as the 

deconvolution between noise and signal is difficult for elements lighter than sodium (111). It 

is natural to assume the 9:7 stoichiometric ratio is a result of data treatment, and that the true 

stoichiometry is closer to 1:1. Oxygen vacancies in ZnO tends to colour the crystals orange, 

this is not observed, also pointing towards a 1:1 zinc to oxygen ratio. 

Finally, to confirm the crystallographic integrity of the single crystals, they were mounted on 

a single crystal diffractometer at the A-station of the Swiss Norwegian Beam lines at ESRF.  

Single crystals of sizes around 100 µm was picked out by using an optical microscope with a 

polarization filter. The diffractometer at the BM1A station is custom fitted with a MAR 2D-

area detector, and by mounting the sample in a random direction and spinning it around its 

axis, a total diffractogram from a large q-range area can be recorded (Figure 42). 

Due to the random orientation of the crystal as mounted on the diffractometer, the indexation 

by hand is quite difficult. However, by knowing the radius of the image plate detector and the 

distance from the sample to the detector in addition to the wavelength this can be solved. By 

performing this analysis one can attribute the different peaks to reciprocal reflections. All 

visible diffracted peaks in the single crystal diffractogram can be attributed to allowed 

reflections in the hexagonal ZnO species. A study of the peak shape reveals points of sizes 

very close to the pixel size of the detector, there is almost no broadening visible for any of the 

reflections. Combining this data, it can be concluded that single crystals of high structural 

purity of zinc oxide have been synthesized using chemical vapour transport methods. 
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Figure 42: Area diffractogram of a ZnO single crystal with an overlay of the peaks and a highly resolved 

image of the (100)-peak showing a very limited broadening. Note the random orientation in which the 

crystal has been mounted. The image plate is 345 mm wide at 250 mm from the crystal, covering a q-

range of approximately 10 Å
-1

. 

Even though these experiments were highly qualitative, and meant to result in a model system 

for bulk single crystal characterization, some considerations on the amount of transport 

should be discussed. Using Equation 31 and inserting relevant variables should result in the 

theoretical yield during the reaction (Equation 32): 

The amount of starting material was in the region of 1.00 g, and thus this theoretical yield 

does not correspond well to the observed transport where most of the starting material was 

transported. Equation 24 is a simplified equation for transport yield, and it is known that when 

H2 exists in the tube the theoretical yield will be inaccurate. As the crystals easily could be 

destroyed when removed from the end of the tube, it was difficult to measure the transported 

mass. However, it was estimated that around 2/3 of the starting material was transported. The 
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true versus the theoretical yield is around one order of magnitude, and it is suspected that this 

is a result of a non-conformal temperature gradient, and that the true temperature range was 

higher than the theoretically applied. In addition, the volume of the ampoule is inversely 

proportional to the amount of transport, and being possibly overestimated in these 

calculations this could be responsible for the understimation of the transported amount. 

6.3 Crystals of ZnS 

Chemical vapour transport experiments were performed as stated in chapter 5.2.2. On 

extraction from the furnace, clean ampoules with no apparent fluorescence could be observed. 

To the author’s knowledge, ZnS has no fluorescence in the visible range, and this is thus an 

expected observation. 

Upon breaking, the very characteristic scent of H2S could be observed. This confirms the 

theory that H2S is created during the transport reaction, and this substantiates the reaction 

equations as described in the theoretical section. 

Crystals could easily be extracted from the hot end of the ampoule, as is expected from the 

thermodynamic reasoning explained during the theoretical introduction. However, the crystals 

did not have the same nice features as those of ZnO, and was more in the form of a powder of 

very small crystals. Some larger bits could be extracted, but these were mostly 

agglomerations of smaller crystals that were fused into each other. One important 

characteristic with the small crystals is the colour, which is slightly yellow at ambient 

conditions. This is a well known feature of ZnS crystals. 

Optical microscopy and SEM images of the ZnS crystals does not provide any insight into the 

morphology or structural purity of the crystals. No single crystals were large enough for 

proper study. This is also confirmed by the synchrotron XRD measurements, one can clearly 

observe that the sample is composed of several different ZnS orientations, almost resulting in 

a powder diffractogram (Figure 43). 
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Figure 43: Left; area diffractogram of a ZnS crystal. Right; The same figure with an overlay of plane 

distances corresponding to the (111), (200), (220), (311), (400), (331) and (422) planes. All these planes are 

allowed reflections for the zinc blende structure as confirmed by the structure factor calculation in 

Appendix 2.  

Nonetheless, by treating the ZnS diffractogram as a powder diffractogram, one can end up 

concluding that the reflections have to come from differently oriented ZnS crystals, all 

reflected rings can be attributed to allowed reflections from planes in the ZnS species. One 

can at least spot three strong and three weaker orientations on this area image alone, and this 

being the one with the least amount of orientations it seems reasonable to conclude that no 

large pure single crystals were obtained.  

There are of course several reasons as to why this can happen, one of them being nucleation 

of ZnO that intertwines with the ZnS and stops the pure single crystal growth. This is 

however not very probable, as the oxygen compound should transport to the cold zone. It can 

nonetheless not be ruled out. Another possibility, and the most probable one is that the ZnS 

crystal growth has been too rapid, and that to many nucleation points have been created at the 

same time, limiting the possibility of growth of larger single crystals. This is probably due to 

a too high temperature gradient, or possibly due to an excess of transport agent, in addition to 

the lack of back-transport for these experiments. 

The theoretical yield of this transport experiment can be calculated from Equation 31, 

yielding (Equation 33): 
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This does fit well with the observed experiment, the transported amount in the ZnS-

experiments was about the same as in the ZnO-experiments; around 2/3. Once again there are 

many uncertainties for many variables, but the theoretical versus the observed transport are 

not that different. The main suspect is once again a non-conformal or possibly higher 

temperature gradient in the ampoule, in addition to an overestimate of the ampoule volume. 

It seems that the combination between faster transport (around ½ the time) and no back-

transport before the main transport results in crystals of poorer structural integrity for the ZnS 

than that of the ZnO ones. This goes to confirm that successful CVT-experiments require a 

proper separation of the nucleation and growth, which can be done by removing unwanted 

nucleation centers by back-transport, and choosing a temperature range were the activity 

difference is small (in the order of 10
-3

 atm). The latter point was not possible for the tube 

furnaces used in this project for the ZnS-system.  
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7 Introduction 

This chapter will outline some important facts and features around on experiments involving 

atomic layer deposition of epitaxial lanthanum aluminate thin films. The motivation for doing 

such experiments will be stated, as so will the present status of the field. Some thoughts about 

how to structure the study will be put forward in the last section of the chapter. 

7.1 Motivation 

The interaction of a chemical system with nature is governed by its surface, and this has 

historically resulted in a great effort to alter the appearance and properties of surfaces. Until 

modern times, this has basically revolved around coarse polishing or structuring of the visible 

surface. As the micro- and atomic/molecular structure of different species have been 

described by development of atomic theory, ways to alter the structure at this scale have also 

been invented. 

In the last part of the 20
th

 century, new ways to control surfaces was put forward, most 

notably that of depositing materials with desired surface properties on the surface of bulk 

materials. This can result in a total change of the way an item reacts with the surroundings, 

and create very exotic structures, such as biocompatible (112, 113) or optically active (114) 

surfaces. For this reason, the thin film field has developed fast in many directions, most 

notably in the fields of medicine (6, 115), renewable energy (116, 117), and military 

technologies (118). 

Synthesis and growth control of thin film systems is one important step, but the possibility to 

investigate their structure is another and just as important. For this part of the project, the 

motivation is thus to both deposit such systems and afterwards to characterize their structural 

integrity. 

The choice of system fell upon the high-k dielectric LaAlO3 (119), a complex ternary oxide 

known to produce a superconducting 2D free electron gas at the interface to SrTiO3 (120). 

This system has a good lattice match at the interface between the two species, and thus 

epitaxial growth should be favoured. The system in itself is very interesting due to its exotic 

properties, and it should also provide good samples for structural characterization. Thin films 
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were to be deposited using the atomic layer deposition technique, due to the unmatched 

control of growth rate and self-limiting surface chemistry of this technique. 

Lastly, in later years, studying thin films using synchrotron x-rays has become a very popular 

field. The amount of reports on such studies is growing steadily, and has done so since third 

generation synchrotron facilities were constructed (Figure 44). The possibility to study atomic 

layer deposited thin films with the brilliance of a synchrotron beam line would result in a 

range of new science, providing the possibility to do atomic imaging and highly resolved 

spectroscopic experiments (121-124). 

 

Figure 44: Publications per year on keywords "synchrotron thin film characterization”, results from 

SciFinder (25.04.2012). 

7.2 Prior Art 

Atomic layer deposition (ALD, ALE, ALCVD) has been known as a technique for depositing 

thin film structures for more than 50 years, and the idea was first introduced by Kol’tsov in 

his Ph.D.-thesis published in 1952. However, the popularization of this and the first properly 

working reactor was patented by Suntola et al. (125) in 1976. Several reports of deposition of 

thin films of LaAlO3 have been reported, first by Nieminen et al. in 2001 (126-129). This 

process has been of a complex pulsing stoichiometry, and producing thin films that need to be 

heat-processed before epitaxiality is reached. Part of this work is being able to control the 
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termination of the substrate surfaces, allowing for the involved precursors to order in a 

particular manner. The controlled termination of SrTiO3-substrates has been thoroughly 

examined and reported by amongst others Kawasaki et al. (15).  

Models for crystalline growth of atomic layer deposited thin films has been described by 

Nilsen et al. (14). Nilsen's group focus on the importance of matching the substrate to the 

deposited film, and the growth conditions that must be in place for thin films to grow 

epitaxially. These models inspired the forthcoming experiments.  

Characterization of thin films has been a topic of great interest and under strong development 

for the last decades (130). The thickness of these films limit the amount of material that is 

available for characterization, and for techniques using x-rays this can be a challenge. 

Overcoming these challenges for bulk materials, one has traditionally made use of high 

intensity light sources (synchrotrons), the first being the Cosmotron in Brookhaven, USA 

(131). Analyzing thin films using synchrotron radiation can also be challenging, for example 

as described by Lim et al. (132). The main challenge is to get proper diffraction intensity from 

the thin film with respect to the substrate, in addition to separating signals from the two 

species in the system. This can be overcome by low angle scattering, ensuring that the main 

scattering events occur in the topmost layers of the sample. Such experiments are investigated 

in this masters project.  

7.3 Solution Outline 

There are four main steps involved for studying synthesis and characterization of epitaxial 

thin film systems: 

1. Proper control of the surface termination of substrates need to be achieved. A 

common way to control the surface is by chemical etching.  Single species 

termination of SrTiO3 has been reported by several groups, and finding a chemical 

solution that can etch single species of chosen ternary oxide substrates should make 

this possible. Atomic force microscopy studies will be utilized to draw conclusions 

on the success of termination experiments. 

2. Deposition of thin films of LaAlO3. This involved choosing workable precursors, 

depositing the binary oxides lanthanum- and aluminum oxide, before combining 
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them to form lanthanum aluminate. A short study of the growth rate and 

stoichiometric composition with varying pulsing composition was carried out. 

3. Post-treatment of the thin films may be required for achieving epitaxy, should they 

not be epitaxial as deposited. This mainly involves annealing the systems in a 

controllable furnace, possibly in a rapid thermal processing unit for control of gas 

flows and temperature gradients. 

4. Structural investigation of the epitaxial thin films by utilizing x-rays and most 

notably synchrotron x-ray diffraction. XRD, XRR, XRF and ellipsometry was 

utilized to study the chemical and structural compositions of the thin films. Lastly, a 

method to study thin films using synchrotron XRD was explored. 

In total, this should be sufficient to conclude on and discuss general trends and features of 

epitaxial growth using atomic layer deposition, in addition to specific features of the LaAlO3 

thin film system. 
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8 Theory 

Knowing the structural basics of the crystallographic species at hand is important to be able to 

propose a solution to the outlined task. This chapter will outline some theory around atomic 

layer deposition. It will state some structural properties of the chosen materials, and explain 

general theory around growth of single crystal thin films. Finally, it will deal with specific 

theory around the atomic layer deposition of lanthanum aluminate, in addition to conditions 

for achieving epitaxial thin films. 

8.1 Materials Involved 

This subsection will deal with some introductory explanations of the chemical compounds 

involved in the deposition of LaAlO3 thin films by atomic layer deposition, focusing on key 

properties of their crystallographic structures. 

8.1.1 LaAlO3 – Lanthanum Aluminate 

Lanthanum aluminate (LAO) at room temperature adopts a rhombohedral ABO3 perovskite 

structure, more precisely a tilt #14 (a
-
 a

-
 a

-
) system according to Glazer’s nomenclature (133). 

Lanthanum is coordinated to twelve oxygen atoms and sits in the perovskite A-site (Figure 

45), the polyhedra taking the form of a cuboctahedron. The aluminum atoms are placed in the 

B-site, octahedrally coordinated to six oxygen atoms (Figure 45). 

The perovskite tilt #14 (a
-
 a

-
 a

-
) adopts a threefold symmetry, and forms the space group       

(#167), with lattice parameters a = b = c = 5.38 Å for LAO (Figure 46), and all angles equal to 

60
o
. This structure can be transformed into a cubic system by (Equation 34); 

 
                    

 

 
 
 

 

 

 

 
 
 

 

 
 

 

 

 

 

 
 

 
 
 

 

 

  

 
 
 

 

 

Equation 34 

 

making this a pseudo cubic structure with cell parameters a = b = c = 3.80 Å. It is this pseudo-

cubic description of LaAlO3 that will be applied in this thesis. 
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Figure 45: Perovskite unit cell of LaAlO3. La is cubeoctahedrally coordinated to O (right), whereas Al is 

octahedrally coordinated to O (left). Note the slight tilt in the AlO6-octahedra corersponding to the a
-
 a

-
 a

-
 

Glazer tilt. 

The close resemblance to a cubic structure is an important feature when choosing a substrate 

for obtaining proper growth conditions for LAO, since this means that it can grow in this 

pseudo cubic manner on a cubic substrate. 

 

Figure 46: Unit cell of LaAlO3 shown along the c-axis in rhombohedral symmetry with AlO6-octahedra 

visualized. Note the direction of the octahedra in this pseudo hexagonal decription. 

The structure of thin films of LaAlO3 deposited by vapour based methods has been 

thoroughly studied (134-136), mostly because of the possibility to use it as a buffer layer for 
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growth of other perovskites with exotic properties like high temperature superconductivity 

(137, 138) or colossal magnetoresistance (139-141). Many factors are important for a buffer 

layer of this kind, and of these the most referred to are that it is chemically and structurally 

compatible and not undergoing any phase transition in the desired temperature region for 

atomic layer deposition, around 250 
o
C. In many cases, LAO match these criteria (142). 

In addition, LaAlO3 is reported to be a high-κ dielectric, and the interface between LAO and 

STO is reported to be a two dimensional superconductor at low temperatures as stated by 

Giglio et al. (120). 

All together, the structural features and thermal/electric properties make LaAlO3 a very 

interesting compound to study, and one that should serve as a model system for deposition 

and characterization of ternary oxides deposited by ALD.  

8.1.2 SrTiO3 – Strontium Titanate 

Strontium titanate (STO) at room temperature adopts a perfect perovskite structure (Figure 

47) of Glazer tilt #1 (a
0
 a

0
 a

0
), with space group       (#221). The strontium atoms are 12-

coordinated to oxygen in a cuboctahedron manner, with the titanium atoms being 6-

coordinated in the octahedral B-position in the perovskite ABO3-structure (Figure 47). 

 

Figure 47: STO-structure showing unit cell, the TiO6-octahedra (left) and the  

SrO12-cubeoctahedra (right). 

The cell parameters of the unit cell are a = b = c = 3.90Å, with a face diagonal distance of    

5.5 Å. This matches the parameters of the LAO-cell very well (the lattice mismatch is 
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approximately 2.5%), and suggests that epitaxial growth of LAO on STO-substrates should be 

possible to achieve. 

As already mentioned, the STO-LAO interface is reported to be a two dimensional 

superconductor, but STO is also involved in systems with other popular properties, including 

a very large dielectric constant rendering it a prime choice as a replacement of the present 

HfO2 as the dielectric material of choice in transistors (143). STO is an insulating compound, 

but with proper doping STO-compounds have been shown to be semiconducting or even 

metallic (144). 

8.1.3 The LaAlO3||SrTiO3-interface 

The LaAlO3||SrTiO3-interface is reported to exhibit many exotic properties, including 2D and 

3D metallicity, Kondo scattering (145), ferromagnetism, photoconductivity and 

superconductivity (146-150). This has made it an increasingly interesting system to study. In 

this section, a small discussion on the structure of the LaAlO3||SrTiO3 interface is presented, 

and how this affects ordering of the LaAlO3 thin film.   

The structure of SrTiO3 is of the ordinary perovskite type as described in the last section. 

Assuming that a SrTiO3-substrate is atomically flat and terminated with one species (the used 

substrates will be TiO2-terminated as explained in chapter 8.2.3), the surface will order in an 

fcc(100)-p(   ) manner when grown in the [100]-direction. Although there have been 

evidence of reconstruction on the STO-surface (151, 152), it is reasonable to assume that the 

fcc(100)-p(   ) will be the predominant surface structure under the conditions applied in 

this study. This will at least serve as a decent model for explaining the chemistry of what is 

reasoned to happen.  

In the Pearson Crystal Database, it is stated that the a/b-lattice face of the LaAlO3 compound 

matches the diagonal of the SrTiO3-cell, and epitaxy should be achieved for LaAlO3 with 

metal ions in the fcc(100)-c(2 x 2) or more commonly fcc(100)-p(     )R45
o
 sites. In 

short terms, this means that the LaAlO3 thin film grows in a pseudo cubic manner with the 

real lattice rotated 45 
o
C with respect to the substrate cell (Figure 48). In crystallographic 

terms, the system will thus be noted SrTiO3(001)|SrTiO3[100]||LaAlO3(001)|LaAlO3[110], 

implying that the SrTiO3[100]- and LaAlO3[110]-directions are parallel. This configuration of 
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LAO on STO has been confirmed by characterization of films deposited by a number of 

techniques, most notably MBE and PLD (153). 

By applying the pseudo cubic description of the LaAlO3-cell that is commonly seen in the 

litterature, the system can be written as SrTiO3(100)|SrTiO3[100]||LaAlO3(100)|LaAlO3[100], 

which is slightly easier to handle. Also note that the lattice parameters for the pseudo cubic 

LaAlO3 lattice shows a good match with the SrTiO3 cell, with a lattice mismatch of only 

       .  

It is important to note that this is a very general statement, because of the fact that both of the 

involved compounds are ternary oxides, and that the termination of the substrate and first 

interatomic layer of the film will be important for their structural relation.  

 

 

 

 

 

 

 

 

 

 

Figure 48: Graphical representation of  the possible ordering of LAO on a TiO2-surface. Light grey circles 

denote TiO2-pseudospheres, whilst dark grey circles denote SrO-pseudospheres. Blue spheres show how 

the LaO-pseudospheres may pack on top of the TiO2-terminated STO-substrates. 

 

By exploring the possible different interface systems, four different configurations is 

theoretically imaginable (154, 155): 

- TiO2
0
-terminated substrate with interface to LaO

+
 (Figure 49, left). This is the system 

that Gariglio et al. (120) described to be superconductive due to charge compensation 
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and a shift in the titanium oxidation state from +IV to +III. This electron dopes the 

interface, and creates a 2D electron gas that becomes superconductive at very low 

temperatures. 

- TiO2
0
-terminated substrate with interface to AlO2

-
. Oxidation states of the involved 

metals do not shift, as Ti
V+

 is completely intolerable. This creates a very different 

buckling of the metal-oxygen bonds, as shown theoretically by Park et al.(156)  

 

- SrO
0
-terminated substrate with interface to LaO

+
. This system is shown to be unstable 

by Park et al. (156), and has not been directly observed, or reported in empirical 

studies. 

- SrO
0
-terminated substrate with interface to AlO2

–
. This system creates as similar effect 

as TiO2/LaO, with charge compensation and hole doping of the interface. Buckling 

effects and shifts of symmetry is shown in the figure below (Figure 49, right). 

The buckling and reconstruction of the interface is indeed very difficult to study, as there are 

very few techniques that allow studies of interfacial relationships. One proposed technique is 

to utilize the satellites in crystal truncation rods as described in chapter 2.1.2. 

 

Figure 49: Buckling of metal-oxygen bonds in the LAO/STO-systems. Left is the TiO2/LaO
+
-interface, 

right is the AlO2
-
/SrO-interface, showing the expansion or contraction in the M-O-bonds due to charge 

compensation. Figure by Park et al. (156) 
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The atomic layer deposition technique is a perfect tool for depositing the various systems, as 

it relies on sequential pulsing of the thin film precursors. However, studying interfaces at an 

atomic scale requires infrastructure that is out of reach for this masters project. The chemistry 

behind it will nonetheless be explored and discussed, and some results and thoughts for future 

experiments will be discussed in chapter 13. 

8.2 Atomic Layer Deposition of Single Crystals 

During the approximate 30 years that the atomic layer deposition technique has been utilized, 

it has become increasingly important for different thin film applications. The slow processing 

is completely overshadowed by the strict structural and chemical control one can achieve by 

knowing the system at hand (157). In addition since there is no reaction anywhere but the 

surface, ALD is a perfect technique for depositing thin films on porous materials (158, 159), 

offering a great advantage in comparison with traditional CVD. In theory, the reaction 

chamber size is unlimited, meaning that one can deposit thin films on very large structures, 

for example as patented by Sneh et al.(160).  

In this chapter, a methodical overview using the simple but important (generally and for the 

task at hand) Al2O3-system will be presented. The importance of choosing a proper substrate, 

and how this can be achieved will be explained, before shedding some light on the LaAlO3-

system. 

8.2.1 Methodical Overview of ALD 

The idea behind the ALD-technique is to achieve thickness control down to a subatomic level, 

by pulsing layer by layer of reactants and let them saturate the surface. Four important steps 

are involved in what is named a cycle, the controllable process that is repeated to achieve the 

thickness and chemical composition that is wanted: 

1. One reactant, A, is pulsed into a reaction chamber and physisorbs or chemisorbs to the 

substrate involved. Such a reactant is termed a precursor. Precursor A must not be 

able to react with itself, this will lead to traditional CVD-growth, and sequential 

growth will be lost. The choice of precursor is important, and some rules of thumb 

will be presented at a later stage. 
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2. A pulse of an inert gas called a purge, traditionally N2 but in some cases even Ar for 

precursors with an affinity for nitrogen gas, is introduced to the chamber to push away 

excessive A, and leave only the A-terminated substrate. 

3. Another precursor, B, is pulsed into the chamber and reacts with A. This compound 

must also be self terminating, in other words not react with itself, to avoid CVD-

growth as explained in step 1. 

4. Finally, another purge is performed, leaving a layer of AB. 

This will typically add up to a binary system, for example a metal oxide. In later years, 

ternary (161) and even quaternary (162) systems have been developed, increasing the list of 

steps to 6 or 8. 

A graphical description of an ALD-cycle, in this case using the Al2O3-system using Al(CH3)3 

and H2O as precursors on a silicon substrate is presented for reference. First of all, the 

substrate is believed to be –OH-terminated, as shown below: 

 

Figure 50: Substrate terminated with a native layer of Si-OH. 

The trimethyl aluminum precursors are pulsed in and react with the surface, optimally 

yielding: 

 

Figure 51: Surface after reaction with TMA leaving an Al-CH3-terminated surface layer. Excess CH4 exits 

the reaction chamber during the purge-sequence. 

This will give a release of methane molecules that are evacuated through the purge process. 

The surface is now methyl terminated, ready to react with water, optimally giving; 
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Figure 52: Surface after reaction with water leaving an Al-OH-terminated surface layer. Excess CH4 exits 

the reaction chamber during the purge-sequence. 

again releasing methane that is removed through the purge. The system is now once again  

–OH-terminated, as in step 1. This can now be thought of as an Al2O3-layer, and the process 

can, in theory, be repeated infinitely to yield the wanted number of layers. 

 

Figure 53: Back to step 1. The surface is –OH terminated, and a new reaction cycle can start. 

This is, of course, a simple and not very detailed overview of the process, but gives insight as 

to how one has to think to produce other compounds with the same technique. This particular 

system was reviewed in detail by Puurunen (163). 

The self limiting growth that can be controlled down to every single pulse is considered time 

consuming, but gives optimal control of the thickness. Another clear benefit of the process is 

the conformal coverage of the substrate. 

8.2.2 The ALD-window 

Atomic layer deposition is a thermally induced method, where the temperature influences the 

rate of achieving self limiting growth. 

There are several important properties of an ALD-system that needs to be explained, first and 

foremost the so-called ALD-window. This is defined as a temperature region of constant 

growth rate, and evolves from two separate mechanisms on each side of the window (Figure 

54)  

At the low-temperature side of the window, the following mechanisms alter the growth rate: 
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1. Condensation/physisorption. If the temperature in the substrate region is below the 

sublimation temperature of the precursors, there is a possibility that the precursor 

condense or physisorb at the surface instead of reacting. This will increase the 

growth rate due to the sheer size of the precursor, and lead to uncontrolled growth. 

2. Activation energy. Another possibility is that the activation energy is higher than the 

energy of the system at a certain temperature. If not physisorbed, the precursors will 

leave the reaction chamber during the purge-sequence, and self limiting growth will 

not be achieved. The growth rate will decrease. 

 

Figure 54: The ALD-window and factors hindering self-limiting growth. On the low-temperature side the 

growth rate can be altered by condensation (higher rate), physisorption (higher rate) or lack of reaction 

energy (lower rate). On the high-temperature side it can be altered by precursor decomposition (higher 

rate) or chemical desorption (higher rate). 

 

At the high-temperature side, these two mechanisms hinder self limiting growth: 

1. Precursor decomposition. If the temperate exceeds the stable region of the precursor, 

it might decompose on the surface. This will lead to deposition of unwanted products 

on the substrate, and may result in impurities in the thin film. The growth rate will 

increase, resulting in incorporation of precursor impurities. 
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2. Chemical desorption. As an opposite of the increased growth rate by physisorption, 

the precursor might desorb from the surface at high temperatures. This means that no 

reaction happens when the next precursor is pulsed into the chamber. This will 

decrease the growth rate of the system, or totally hinder growth 

8.2.3 Substrate Preparation 

For deposition of epitaxial thin films, a proper substrate surface is crucial. Knowing that 

lanthanum aluminate adopts a rhombohedral structure type (Space group: 167, International 

tables of crystallography) that can be described as a pseudo cubic structure with a = 3.80 Å, a 

viable choice is SrTiO3 as shown in chapter 8.1.3.  

Surface Termination of SrTiO3 Single Crystal Substrates 

Surface termination of SrTiO3 has been well studied, by Kim et al. (164) among others. Many 

different possibilities for such control have been proposed, but no better method than using 

hydrofluoric acid is known. The hydrofluoric acid is mixed with ammonium fluoride, creating 

a buffered oxide etch (BOE), capable of dissolving many oxides. 

When treated with this BOE, it was reported by Ohnishi et al. (16) that the surface became 

terminated with a step/layer-system of TiO2. This is due to the fact that SrO is much more 

readily dissolved in HF than TiO2. When left in the solution for approximately 10 minutes, 

statistics shows that the surface should be completely TiO2-terminated. 

8.2.4 Atomic Layer Deposition of LaAlO3 

When depositing a ternary oxide using atomic layer deposition, it is common to make use of 

two separate systems resulting in binary oxides, and combine them to make the ternary one. 

In the case of lanthanum aluminate, it is natural to investigate the well known aluminum 

oxide- (Al(CH3)3 + H2O) and lanthanum oxide (La(thd)3 + O3) systems. 

The Al2O3-system is very well known, and described as a model system in chapter 8.2.1. 

Usually, this consists of sequentially pulsing trimethyl aluminum and water, resulting in 

amorphous thin films of the alumina phase. The growth rate for the TMA + H2O system, 

calculated as thickness per full cycle, lies in the region of 1.3 Å per cycle for a wide range of 

reaction temperatures, as reported by e.g. Kim et al. (165). The TMA precursor reacts readily 
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with water, and in principle this system does not require very elevated temperatures, even 

though it grows at any temperature up to 400 
O
C. For good thin film coverage and non-convex 

surfaces, the temperature is usually raised to between 150
 
and 200 

O
C. 

The La2O3-system is also well known and thoroughly characterized. The precursor of choice, 

La(thd)3, does not react properly with water, and is in need of a more oxidizing environment. 

A typical oxidative precursor of choice is ozone, reacting violently with the lanthanum 

precursor. This process has been reported by Nieminen et al. (166) with proof of self limiting 

growth. The growth rate in the ALD-window (225
 
– 275 

O
C) is reported to be 0.34 Å per 

cycle, and the films are amorphous as deposited and in need of annealing to become 

polycrystalline. The La(thd)3-precursor must be heated internally in the reactor, and the 

reported precursor temperature is 185 
O
C. This will also be the absolute minimum 

temperature for the lanthanum aluminate deposition. Nonetheless, self limiting La2O3-growth 

is achieved in the region between 225 and 275 
O
C, and it is probably a wise choice to deposit 

LAO-films in this temperature region as well, even though extended ALD windows have been 

reported. 

As stated in the introduction, Nieminen et al. (127)  have deposited thin films of LaAlO3 

using the precursor system Al(acac)3 + H2O + La(thd)3 + O3. These films were reported to be 

amorphous after deposition, and in need of annealing before polycrystallinity was reached. 

Reports of thin film atomic ratios between Al and La show a 2:1 ratio between pulsed ratio 

and atomic ratio (Figure 55), not far from the 7:3 ratio that is calculated in Appendix 9.  

The temperatures reported by Nieminen et al. (127) are also in the high range of the allowed 

zone for the F-120 Sat reactors that will be used in this project. Another issue is the limited 

experience on use of Al(acac)3 in the scientific group where these experiments will be carried 

out. For these reasons, deposition of LAO was done with TMA as aluminum source 

throughout this project. 
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Figure 55: Precursor pulsing ratio vs. atomic ratio as reported by Nieminen et al. (127). The 1:1 atomic 

ratio for La:Al is achieved at an approximate 2:1 pulsing composition of the metal-organic precursors. 

A potential problem that arises when combining growth of TMA and La(thd)3, is the large 

difference in growth rates that has been achieved with the La(thd)3-precursor and a surface 

that has been terminated with H2O, due to formation of La(OH)3. However, Kim et al. (167) 

recently showed and thoroughly studied the possibility to grow epitaxial Al2O3 thin films with 

use of TMA and ozone as the oxidizing agent. The growth rate is reported to be around 0.8 Å, 

thus the systems should in theory be more compatible. Another advantage is that the system is 

reduced from four to three precursors, minimizing possible errors in the precursor system. 

Comparing the growth rates of the systems (Al2O3: 0.8 Å/cyc and La2O3: 0.34 Å/cyc), it is 

believed that combining them to reach the wanted 1:1 stoichiometry of La and Al in the 

resulting film will involve a different pulsing ratio than 1:1. Based on the individual growth 

rates it is possible to estimate the pulsing ratio that should result in the wanted stoichiometry, 

shown to be 7:3 (La(thd)3:TMA) for this system (Appendix 9). 

As a result of the above discussion, Al(CH3)3, La(thd)3 and O3 was to be used as precursors 

for the whole of this project. In addition, due to temperature limitations for the lanthanum 

source, the chosen temperature was kept in the middle of the La(thd)3 + O3 temperature 

window, e.g. 250 
o
C. 
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This will pose a new method for deposition of LAO thin films, and will give insight into 

deposition of ternary oxides using different metal organic precursors with only one oxidizing 

agent. 
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9 Experimental 

A summary of the experiments carried out to achieve deposition of LaAlO3 is presented in 

this chapter for reference to the results that will be discussed at a later stage. Details 

concerning chemical species, precursor types and atomic layer deposition pulsing sequences 

will be discussed. 

9.1 Atomic Control of SrTiO3-substrate Surface 

A buffered NH4F-HF solution (Sigma-Aldrich, CAS: 70456-74-5), containing 34.78% NH4F 

and 6.5% HF was used to etch SrTiO3 (100) single crystal substrates by immersing them into 

the solution and rinsing with deionized water. The pH of the solution was measured to be 

~4.5, well in the range that is needed to get the wanted TiO2-termination, as reported by 

Kawasaki et al.(15). The substrates were 10x10x1 mm, and polished flat on one side. 

The NH4F-HF solution was poured in a PTFE container, and STO-substrates were soaked in 

the solution for a variety of time intervals, between 5 and 15 minutes. 10 minutes was used as 

the standard soaking time. 

Excess NH4F-HF-solution was removed using ion exchanged water, and the substrates were 

finally dried in air. 

 

9.2 Atomic Layer Deposition of LaAlO3 

The process of producing LaAlO3 thin films consist of combining deposition of Al2O3 and 

La2O3. To obtain control of the separate systems is crucial before combining them, and thus 

these were first deposited alone for later reference knowing that the precursor systems work 

as proposed. 

All depositions were performed with a hot wall F-120 Sat reactor from ASM Microchemistry. 

This type of reactor is chosen for its unbeaten temperature control on the substrate, due to a 

low temperature gradient (     ) in the growth chamber. Six precursor inlets allow for the 

necessary precursor system flexibility for deposition of a ternary oxide. Substrates are placed 

on a soda lime glass and fit into a reaction chamber as shown below (Figure 56). 
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All depositions were also performed using O3 delivered by a generator from Ozone 

Technology of type OT-020. The generator is fed with 99.6 % pure O2 from an AGA 

pressurized tube, and is stated to deliver 15 % O3 in O2 without other elemental contaminants. 

N2-gas is obtained from a Nitrox UHPN 3001 nitrogen generator, delivering 99.999 % pure 

carrier gas.  

Films were typically deposited on Si(100)- and soda lime glass substrates until control of the 

system was achieved, and for easy determination of thickness using ellipsometry. All Si(100)-

substrates were cleaned with ethanol and dried before use. When control was achieved, thin 

films were deposited on single crystal substrates (SrTiO3 (100)  0.5
o 

(MTI Cor.), LaAlO3 

(pseudocubic-100)  0.5
o 

(MTI Cor.)  and MgO (100)  0.5
o 

(MTI Cor.)) for use in single 

crystal diffraction characterization.  

 

Figure 56: Typical reaction chamber and substrate positioning for a standard deposition. Other single 

crystal substrates such as SrTiO3, MgO and LaAlO3 were positioned as the soda lime glass for final 

depositions. 

9.2.1 Deposition of Al2O3 

The Al2O3 depositions were performed using O3 and Al(CH)3 (97%, Sigma-Aldrich, CAS: 

75-24-1) as explained by theory. Al(CH)3 reacts explosively with air, and is kept under inert 

condition in a metal bubbler as an external precursor and let in to the reactor through a 
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solenoid valve. Reaction chamber temperatures were held at 250 
o
C throughout all 

depositions to match the expected deposition temperature of the LAO-system. 

9.2.2 Deposition of La2O3 

The La2O3 depositions were performed using O3 and La(thd)3 (99.5%, Multivalent, CAS: 

14139-13-2) as explained by theory. La(thd)3 is a solid at room temperature, and is inserted 

into the rector using a precursor boat (Figure 57), and heated to 185 
o
C to achieve proper 

vapour pressure so that a sufficient amount of precursor enters the reaction chamber. Reaction 

chamber temperatures were held at 250 
o
C throughout the deposition. 

 

Figure 57: Precursor boat filled with the La(thd)3-powder precursor. The open boat has been used for all 

depositions throughout the project.  

 

9.2.3 Deposition of LaAlO3 

As stated, the deposition of LaAlO3 thin films is a combination of the former two systems. 

Thus, all depositions were done using O3, Al(CH)3 and La(thd)3 (Figure 58) as formerly 

stated. The reaction chamber temperatures were held at 250 
o
C throughout the depositions. 

Several different pulsing sequences and pulsing ratios were explored to achieve a proper 

chemical stoichiometry. Thin films of approximately 10 nm and 100 nm were to be deposited 

for comparison of characterization challenges for thin films of varying thickness. Due to 

reactor time limitations the system was not optimized with regards to pulse/purge-times, but 

as this is a self limiting system they were chosen a bit higher than expected to assure proper 

growth. A typical La(thd)3 pulse is 3 seconds, while it is around 1 second for the aluminum 

precursor and 3 seconds for ozone. All purge sequences were set to 5 seconds throughout this 

project to make sure all excessive precursor has left the reaction chamber. A pseudo code for 

a typical LaAlO3 deposition is cited in Appendix 10.  
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Figure 58: The precursors of choice, La(thd)3 (left) and Al(CH3)3 (TMA) (right). 

9.3 Diffraction Studies of Epitaxial Thin Film of 

LaAlO3 

Thin films of LaAlO3 deposited as described in 9.2.3 were studied using the developed setup 

as described in chapter 1. A set of thin films of different thickness were studied in the 

following manner: 

- Films were mounted parallel to the incoming beam 

- An omega-scan was performed to find one or several interesting incident angles for 

study 

- A phi-scan was performed to get a panoramic view of the reciprocal space for a 

specific incident angle 

- A set of single reflections, with one set being symmetric and one asymmetric was 

studied in detail with maximal resolution 

 

This procedure was repeated for the following systems: 

 

- ~130 nm of LaAlO3 on unetched SrTiO3(100)-substrates 

- ~130 nm of heat treated LaAlO3 on unetched SrTiO3(100)-substrates 

- ~130 nm of heat treated LaAlO3 on HF-etched SrTiO3(100)-substrates 

- ~130 nm of heat treated LaAlO3 on LaAlO3(100)-substrates 

- ~130 nm of heat treated LaAlO3 on MgO(100)-substrates 

- ~7 nm of heat treated LaAlO3 on HF-etched SrTiO3(100)-substrates 

- ~7 nm of heat treated LaAlO3 on LaAlO3(100)-substrates 
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For some of these systems, the whole set of scans were not repeated due to either non-

observable diffraction, or similarities to other previously scanned systems. 
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10 A New Setup for Synchrotron X-ray 

Diffraction Studies of Thin Films 

Most characterization techniques used in this project is decribed in general terms, as they are 

standardized and commercialized equipment. However, synchrotron research often leads to 

experimenting with the setup to allow for the best characterization possible. This short chapter 

describes how the author and a beam line scientist at SNBL (Dr. Dmitry Chernyshov) altered 

an existing single crystal diffractometer (as described in section 2.1.2) to become a powerful 

tool for thin film characterization. Note that the technique was tested once before by Leontyev 

et al. (168), for characterization of magnetic domains in thin films. At this time it was 

regarded as being too static, and the author was part of making several changes to the 

equipment as will be described in the following section. 

10.1 Status Prior to New Method Development 

The Swiss-Norwegian Beam Lines at ESRF has served the Norwegian crystallographic 

community for years, and has for a long time been leading in studies of powder samples and 

large protein single crystals. As the interest in epitaxial thin films has increased in materials 

science groups at Norwegian universities, the beam line has evolved to cope with these 

changes. However, a decent setup for characterizing thin films has not been achieved, due to 

limitations and lack of flexibility of the diffractometer setups. 

At one stage, transmission studies of epitaxial thin films while still on the substrates were 

attempted on the MAR powder diffractometer, as it was thought (both by the author and 

others at SNBL) that the energy of the beam would be high enough to traverse through the 

substrate and diffract in the film. This was partly successful, at least when considering that 

some photons reached the detector and gave rise to Bragg signals. Nonetheless, the x-ray flux 

through sample was considered not to be high enough, and the diffraction and diffuse 

scattering from the substrate itself completely overshadowed any diffraction from the film. 

This option was left behind, and an attempt was made to mount the samples parallel to the 

beam on the MAR-diffractometer, and tilt the sample to the correct angle for Bragg 

diffraction from the sample. The lack of flexibility to do phi-scans made this setup 

uninteresting for further use. 
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10.2 The New KUMA-Diffractometer Geometry Setup 

There are several aspects of a diffraction setup for thin films that have to be considered when 

making changes to a single crystal diffractometer. First of all, the typical single crystal setup 

handles small crystals where the beam is transmitted through the sample. This is not possible 

for substrates of around 0.1 mm thickness, as the x-rays mostly will be stopped by the 

substrate material or that diffuse scattering becomes the main signal source. To solve this 

problem, the substrate was mounted on an adjustable goniometer head and mounted parallel 

to the beam, almost like in a grazing incidence x-ray diffraction setup (GIXRD). When 

slightly tilting the incident angle one can now let the beam scatter in the film. Part of the 

incident beam will traverse through the film scatter on the substrate and hit the detector 

(Figure 59). 

 

Figure 59: Sketch of the diffractometer geometry developed on the KUMA-diffractometer at SNBL. The 

beam hits the sample with a low incident angle, is diffracted and then hits the detector giving rise to 

signals on the area detector.  

Another important part is to slit the beam so that its shape is comparable to the thin film itself, 

covering a broad area but at the same time not traversing very deep into the substrate. The 

reader must however be aware that the beam spot size is several orders of magnitude larger 

than the thickness of the thin film, thus most of the diffracted intensities will come from the 

substrate. As will be shown as part of the results section (11.3), there is no intensity problem 

with the thin film scattering, and this grazing angle is a clever way to improve the thin film to 

substrate diffraction intensity ratio. 

Another issue arises as to how one assures that the sample height is correct, and that the beam 

traverses through the film. By using a CCD-camera robust enough to manage a direct beam, it 
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is possible to adjust the height by moving the sample upwards until it shadows part of the 

spot. Even though there is no way of hitting only the film (it is obviously invisible for the 

naked eye), one can make sure to hit the surface of the sample rendering it impossible not to 

travel in the thin film.  

Another challenge that arises is making sure the sample is oriented parallel to the beam. An 

easy way to achieve this was proposed. A laser is mounted to hit the middle of the sample, 

and reflected to a point several meters away. If properly aligned, the reflected spot should stay 

in the same place when the sample is rotated. Due to the long distance between the sample 

and the point where the reflected laser light hits, one can conclude that the sample is mounted 

correctly when the reflected laser does not move as observed with the naked eye.  

Even though this provides a crude estimate to how flat the sample is positioned as observed 

from the incident beam, it is near impossible to ensure that it is flat enough for proper imaging 

for large angles. This does not limit later data treatment, but reflections will be indexed in a 

coordinate system which is slightly tilted with respect to the real system creating extra 

challenges when deducing a physical description of the recorded data. Finding this tilt and 

making up for it by tilting it back into the proper coordinate system can be achieved by 

recording reflections on both sides of the reciprocal space (e.g.      and         ). By finding 

the offset between such opposite reflections, one can take this into account and treat the data 

set using this tilt, working around the alignment problem in a mathematical manner. 

When all these criteria are met, and the sample is mounted in a way that gives rise to 

diffraction, a final and crucial challenge needs to be overcome. It is obvious that the very thin 

films need quite high photon fluxes to scatter enough to be observable on a CCD-detector, 

even if the incident angle makes the diffraction volume as large as possible in the film and as 

small as possible in the substrate. However, the substrates themselves will still scatter like 

single crystal and with a much large intensity, and this scattering will possibly overshadow 

the thin film diffraction. In any case, the substrates scatter in such a way that the recorded 

images will be damaged if the incoming beam is not filtered (Figure 60), especially as part of 

the beam is reflected directly onto the detector. In fact, not only will the recorded dataset 

become worthless, but the detector hardware may be seriously damaged.  This challenge was 

overcome by adding a filter thick enough to contain the main scattering from the substrate but 
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thin enough to let scattering from the thin films be visible (typically around 50 µm of copper 

foil). 

 

Figure 60: Typical overexposure of a charged coupled device showing leakage to nearby devices. The 

software will later treat these leakages as peaks if nothing is done by the user to avoid this. 

 

Some considerations concerning the difference of this setup in relation to an ordinary XRD 

setup, i.e. the single crystal diffractometer at the University of Oslo is called for. First of all, 

the intensity of the incoming beam (and thus the outgoing reflections) is several magnitudes 

larger at a synchrotron facility. This decreases the duration of the measurements per sample 

considerably and allows high intensity scattering from the thin film sample. Second, a larger 

region of the q-vector space is visible due to the lower wavelength (1.5 to 0.7 Å) and the 

possibility to move the detector to >90
o
. A common home lab single crystal diffractometer 

usually has 3 axes; φ (rotation around the normal axis), ω (tilt of the incoming beam) and θ 

(detector arm), whereas the KUMA geometry offers a fourth axes; κ (rotation around non-

orthogonal space vectors). This allows for reaching and recording data from single peaks that 

are not obtainable with a 3-axis geometry. In addition, the large experimental hutch offers 

space for additional equipment for reaching non-ambient conditions. 

In total it is believed that these benefits greatly enhances the obtainable physical information 

that can be utilized after a measurement. 
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10.3 The CrysAlisPro Software 

A very important feature of any modern diffraction setup is proper software for both running 

experiments and reducing data. The KUMA-instrument at SNBL is connected to a computer 

functioning as a control unit using the CrysAlisPro software offered by Agilent 

Technologies®. 

10.3.1 Data Collection 

The CrysAlisPro software offers great user control when running experiments as well as when 

deducing reasonable results from recorded data. For the thin film setup, it offers axial control 

of four axes; namely the phi-, omega-, kappa- and theta-axes, in addition to a programmable 

scanning motion of the phi- and omega-axes. These motions create possible collisions for the 

arms of the different axes and the large detector, so included in the software is a complex 

collision matrix developed by Meyer et al. (33). 

It is important to keep in mind that the diffractometer is equipped with a charge coupled 

device (CCD) detector (Figure 61), and that this consists of almost a million CCD’s all being 

capable of detecting x-rays. Having all these working on their own is not always a good idea, 

since this will make data collection slower, and the data collected extremely large. The 

software offers ways around this, most notably the use of binning, a way to let more of the 

CCD’s work together (e.g. 2x2 so that four works together). This, of course, lowers the 

resolution, but is often applied to reduce experiment duration and size of the recorded data. 

 

Figure 61: The CCD-detector as used in this project, Meyer et al. (33). The figure shows the positioning of 

the charge coupled devices, and how these are connected to data processing units. 
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Finally, when recording data, another notable feature of the software is on the run automatic 

correction. If several CCD’s in a region is overloaded due to overexposure; the detector will 

shut and a new collection with shorter exposure time will commence. If this is successful, the 

software discards the former frame, and inserts a new one into the dataset. This greatly 

enhances the quality of the collected data, limiting the amount of frames that has to be 

removed after recording due to overexposure. 

10.3.2 Data Reduction 

Some key features of data reduction (data treatment) should be introduced together with a 

short summary of basic reduction using this software. This will be presented in a step-by-step 

list: 

1. A typical dataset consists of a panoramic 360
o
 phi-rotation, and usually between 360 

and 1440 frames. These can be played as a movie for quick identification of damaged 

frames (due to overexposure); such frames are removed. 

2. The software goes peak hunting. This can be user controlled, and it is important to 

find a threshold where most peaks are Bragg reflections, and most of the background 

is eliminated. Peaks are listed in a table, and weak peaks can be removed if 

necessary. A typical peak search algorithm is based upon 7x7 CCD-detector bits, and 

an averaging of these compared with the background. 

3. Peaks are now considered points in the reciprocal space, and can be visualized in 3D 

using built-in software. This opens for easy identification of symmetry in the 

recorded data. 

4. The software runs a lattice search, using an algorithm and a database that checks for 

any possible mathematical space groups and lattices. This can be user controlled by 

inserting limitations on the search, e.g. if a probable lattice cell is known. 

5. The lattice(s) can now be visualized in 3D as an overlay on the peaks, and the 

software runs an algorithm resulting in a match percentage between the theoretical 

cell and the recorded data. 

6. Slices in the reciprocal space can be imaged where redundancy allows for this, 

giving the possibility to view peak shapes and broadening. 
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7. When a lattice is chosen, this can be loaded back into the instrument and the 

reduction software, and one can now map slices or confined spaces in the reciprocal 

space with existing or newly collected data. 

In total, these seven steps lead to a data set which provides information about thin film growth 

directions, degree of epitaxy and any abnormalities in the lattice of the sample at hand. 

10.4 Results from an Epitaxial Thin Film Model 

System  

Obtaining signals from a substrate and a thin film cannot be considered an instrumental 

success if the recorded data cannot be quantized into anything meaningful. To get an idea 

about the possibility and limitations of the setup, thin films of Co3O4 known to be highly 

epitaxial were used as a model system, and studied as explained in sections 10.2 and 10.3. 

The main sample used as reference is a 800 nm thick thin film sample of cobalt oxide on a 

sapphire substrate, deposited as described by Klepper et al. (12), and previously described to 

be highly epitaxial as confirmed by the same group (169). In Klepper’s study, this system was 

described to be oriented as Co3O4(111)|Co3O4[111]||Al2O3(001)|Al2O3[001] (Figure 62). 

Thinner (<100 nm) but chemically and structurally similar thin films were studied to confirm 

that the setup is applicable to thinner film systems. 

The goal of revisiting this system with the new synchrotron setup was purely to reproduce 

these data and benchmark the SXRD setup, showing that the new setup can be applied to 

other and more challenging systems were home lab equipment is not sufficient.  

An omega-scan was performed to find a decent incident angle (typically around     ), 

before a phi-scan produces a panoramic view of the system. By doing a peak search (chapter 

10.3) with low tolerance, and letting the CrysAlisPro software run the lattice search 

algorithm, it was obvious that the system consisted of two separate compounds (Figure 63: 

Experimental data from SXRD data collection on the KUMA-instrument at SNBL. ). 
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Figure 62: X-ray diffractogram of Co3O4 on α-Al2O3 as described by Klepper et al (169), showing the 

(111)-normal growth of the Co3O4 thin film on the α-Al2O3-susbtrate. 

When applying a twinning-mode (letting the software index two separate cells) and allowing 

for separate crystal systems, the software immediately confirms that there are two lattices 

involved; one cubic and one rhombohedral. Now comes the great advantage of treating the 

thin film||substrate system as a single crystal; the reflections are visualized as points in the 

reciprocal space, and one can image the lattices on top of each other (Figure 64). 

 

Figure 63: Experimental data from SXRD data collection on the KUMA-instrument at SNBL. Each black 

dot is a representation of what the CrysAlis Pro software regards as a diffracted intensity peak. 
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Figure 64: Superimposed lattices on the experimental data revealing the two lattices. The peaks from 

Figure 63 is indexed with a 95% match. Note that the [111]-direction in the cubic Co3O4-cell is parallel to 

the [001]-direction of the substrate. 

From the orientation of these lattices, there is no doubt that the Co3O4[111]-direction is 

parallel to the [001] direction of the substrate as expected from earlier work. The great 

advantage of this setup and system however, is the 3D-imaging of point in reciprocal space, 

leaving no doubt of the crystal orientations. 

This result alone cannot defend the use of such a large scale facility in future studies of 

epitaxial thin films as the growth direction already had been determined by home-lab 

equipment. The point is that when the lattice systems are known, these can be entered into the 

instrument itself, and suddenly the power of this setup becomes obvious. By simple 

commands, the diffractometer can now move to allow for identification and characterization 

of other peaks, also those not seen in a typical θ-2θ Bragg-Brentano home lab setup. As an 

example of this, a family of symmetric reflections was studied. Below, such a family is 

imaged (Figure 65) together with the in plane broadening, showing how highly resolved a 

single peak can become with low instrumental broadening and high brilliance. 

The broadening of the peaks is mostly attributed to the system itself, as the instrumental 

broadening is almost negligible in comparison, as will be showed in the following text. This 

broadening should mainly occur from the thin film consisting of a set of smaller crystallites 

ordered in the same direction, and such a calculation can be done using Scherrer's formula 

(27). 
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Figure 65: (222), (444) and (666) Co3O4-reflections with FWHM represented in dark blue/green. The top 

part is the actual recorded data represented by images from the area detector. The bottom part is a line 

profile of the corresponding reflections. 

 

Table 2: Broadening of symmetric peaks for 800 nm of Co3O4||α-Al2O3 grown with the atomic layer 

deposition technique 

Reflection          

In plane 

broadening 

[    ] 

Normal 

broadening 

[   ] 

Crystallite 

size in plane 

(Scherrer) 

Crystallite 

size normal 

(Scherrer) 

(111) (1.35, 0) 0.06 Å
-1 

0.021 Å
-1

 19 nm 52 nm 

(222) (2.69, 0) 0.07 Å
-1

 0.032 Å
-1

 17 nm 38 nm 

(333) (4.04, 0) 0.11 Å
-1

 0.056 Å
-1

 12 nm 27 nm 

(444) (5.38, 0) 0.13 Å
-1

 0.063 Å
-1

 11 nm 25 nm 

(555) (6.73, 0) 0.14 Å
-1

 0.071 Å
-1

 12 nm 22 nm 

(666) (8.08, 0) 0.16 Å
-1

 0.092 Å
-1

 12 nm 22 nm 
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The evolution of calculated crystallite size for large q is rather unphysical. By plotting the 

broadening versus the q-space one can attribute the broadening to different broadening effects 

(Figure 66). In the figure below, one can see that the evolution of the broadening when 

venturing further out in the q-space follows a seemingly linear relationship. Even though this 

data is mostly qualitative, and a more thorough study should be performed before concluding, 

some general aspects can be discussed using these observations.  

First of all the in-plane broadening can be used to obtain information about the tilt of the 

crystallites in the thin film. Imagine a linear evolution in the broadening as shown on the next 

page (Figure 67). 

 

Figure 66: Broadening vs. q-space in-plane and normal to the surface for the Co3O4||α-Al2O3-system, 

represented by FWHM (Δq) and the (nnn)-planes. The lines are linear fits of the measured data revealing 

how the broadening corresponds linearly to the diffraction angle. 
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Figure 67: Linear evolution of in-plane broadening revealing how one can estimate the crystallite tilts by 

observing the linear evolution of the sample broadening along a direction in reciprocal space. 

 

The instrumental broadening should be fairly constant in comparison with the sample 

broadening effects, and not increase when studying reflections for large q. The broadening 

from the crystallite size should also remain constant. The last possibility is an average tilt of 

the crystals, and by finding the angle in the q-space describing this evolution of the 

broadening, one can estimate the tilt of the crystals by (Equation 35): 

 
        

 
     

      
  

 

Equation 35 

 

Where   is a maximum crystal tilt angle. For the Co3O4 on Al2O3-system this can be 

calculated as (Equation 36): 

 
        

        

        
        

 

Equation 36 

 

This implies that the crystals orient in a very similar direction throughout the thin film. 

For further analysis, and for the possibility to deconvolute the broadening effects from 

crystallite size and sample strain, a simplified Williamson-Hall analysis (Appendix 5) may be 

performed. Williamson et al. (170) stated that the amount of broadening resulting from strain 

in the sample will be reduced to a negligible value for    , and that the broadening from 
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the particle size itself should remain fairly constant. Thus, by plotting the broadening as a 

function of q, one can estimate the minimum crystallite size by the intercept with the y-axis 

(Figure 69).  

 

Figure 68: Williamson-Hall plot of the Co3O4||α-Al2O3 system, plotting the deconvoluted broadening as a 

function of 4sin(θ). The plot reveals a linear distribution of broadening corresponding to sample strain, 

and a low broadening due to crystallite size visualized as the intercept with the βcos(θ)-axis. 

 

 

Figure 69: Properties of the linear fit of the Williamson-Hall analysis 

 

The linear fit reveals an y-axis intercept of          for the normal broadening 

corresponding to a minimum particle size of 75 nm in this direction. In the direction parallel 
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to the plane the intercept is calculated to be          corresponding to a crystallite size of 

around 22 nm. The broadening originating from strain in the film seems to be fairly similar in 

both directions. Thisis an expected result for a cubic crystal where strain in one direction 

should manifest itself in the two other. The author would like to underline that this is a very 

crude method, and is not widely applied to thin films as broadening in such systems will also 

occur from the truncation of the crystals. It does however provide some interesting insight 

into the peak shape distribution. A more thorough approach would be to apply a thin film 

corrected version of the Warren-Averbach approach (171), but this requires very highly 

resolved peak shapes and a function to model the intensity distribution. This is an approach 

that should be attempted in the future, providing even more insight into the deconvolution of 

peak shapes and intensity distribution of thin film x-ray signals. The Williamson-Hall 

approach should nonetheless result in more interesting structural information than a pure 

Scherrer-approach, which is proven to be very inaccurate for thin films due to the inconsistent 

crystal shape.  

A comparison between the broadening of using home-lab equipment and the synchrotron 

setup is called for. Klepper et al. recorded a broadening normal to the sample of the (111)-

reflection to be approximately Δq = 0.25 at the FWHM. This compares well to the reported 

Δq = 0.21 that is reported in this project (Figure 70), the approximate 20% decrease can 

possibly be attributed to instrumental broadening effects at home-lab equipment. 

 

Figure 70: Comparison of broadening of the Co3O4 (111)-peak for home-lab equipment as reported by 

Klepper et al. and synchrotron recording. Different data reduction software renderes a direct comparison 

difficult, but the elongated shaope along the surface normal is evident in both cases. The FWHM is fairly 

similar for the two, but slightly smaller (~0.004 Å
-1

) for the synchrotron measurement. 
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Unfortunately it is not possible to map the reflections recorded with the KUMA-detector and 

the CrysAlis Pro software directly at this stage. However, similarities in the broadening are 

visible. Note the slight tilt in the broadening for the right hand side figure. This may appear 

from a slight tilt in the sample mounting, and may be the reason for the non-consistent 

calculations of crystallite size using Scherrer’s formula. Imagine the reflection as a perfect 

sphere. If the wave vector does not traverse through the center of the sphere (the maxima), the 

result will be a larger FWHM (Figure 71) and thus a larger estimated crystallite size.  

The conclusion is already that the Co3O4 thin film grows in a (111) direction on the sapphire 

substrate. Thus, by looking at the out of plane broadening of the reflections, and treating these 

with a Williamson-Hall analysis one will get the crystallite size in a direction normal to the 

thin film. Such a calculation was performed (Appendix 5), resulting in an observed crystallite 

size of approximately 35 nm in the normal direction. Using Scherrer’s formula for the 

broadening in the plane reveals a crystallite size of approximately 15 nm. 

 

Figure 71: Comparison showing how mismatch in the sample mounting may resulting in wrong estimation 

of the FWHM. The intensity is at a strong maxmium in the center of the reflection, resulting in too low 

maximum intensity if the sample is tilted. 

This reveals that even though the thin film has a very good structural integrity, it does not 

consist of one single crystal species. It consists of several separate Co3O4 crystallites ordered 

in the same direction, but separated by grain boundaries and the like. It is nonetheless 

important to remember that the calculations using Scherrer’s formula is not accurate for thin 

films, and that it results in the smallest crystallite size the film can consist of. 

In conclusion, it is fair to say that the Co3O4 thin films have served as a very decent model 

system for testing the new setup geometry that was made specifically for thin films. It has 

been shown that the recorded data can be used to obtain growth directions, degree of 

epitaxiality and structural quality of the thin films; just as the author set out to confirm. 



10.5 Choice of Substrate 
 

114 

  

10.5  Choice of Substrate 

One feature that quickly became apparent when studying thin films in this setup, was that the 

quality of the recorded data was highly dependent on the substrate that the thin film was 

deposited on. Not in the sense that the crystalline quality is altered, but that amorphous 

substrates (e.g. soda lime glass), substrates that show a lot of phonon scattering (eg. silicon) 

or damaged single crystal substrates add a lot of unnatural features to the data. 

First of all, it is very common to deposit thin films on silicon substrates. Such thin 

film/substrate systems cannot be used easily on high brilliance beam lines, because the diffuse 

scattering due to phonons in such substrates outshines the features from the thin film (Figure 

72). Of course, these diffuse scattering properties is a science of it’s own with interesting 

possible applications, but unfortunately ruins any signals from very thin films.  

Another very apparent feature is the low angle diffuse scattering that appears when studying 

thin films on soda lime glass (Figure 73). These features are very well known to be attributed 

to very short range ordering of silica tetrahedra, as stated by Warren et al. (172). Even though 

epitaxial deposition on amorphous substrates is not very commonly observed, the opportunity 

to be able to study them would still be a great advantage. For this reason, finding other totally 

amorphous substrates that can withstand common deposition temperatures for ALD will be an 

interesting study for the future. 

 

Figure 72: Silicon diffuse scattering rendering proper characterization difficult. The inne circles are 

reflections from polycrystalline ZnO, whereas the featuers to the right are attributed to diffuse scattering 

from Si. 
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Figure 73: Diffuse scattering from soda lime glass destroying the recorded data. The large medium 

intensity inner band is attributed to the SL-glass, rendering data treatment impossible. 

A final concern when choosing a proper substrate is that it should not have been grinded or 

polished. The polishing process tends to ruin the crystalline shape on the surface of the 

substrate, leaving a powder that result in powder rings in the diffraction pattern (Figure 74). 

This can however be fixed by proper chemical etching of the substrate, as for HF-etching of 

SrTiO3. 

 

Figure 74: Polished (right) and etched (left) SrTiO3 substrate, showing the powder rings that appear after 

polishing. Substrates showing this powder diffraction like features are not believed to result in proper 

nucleation at the surface for growth of epitaxial thin films. The author was part of recording images from 

HF-etched polished substrates, revealing proper crystallinity similar to the left hand side image, rendering 

them useful for further use.  

In conclusion, single crystal binary or ternary oxide substrates (eg. SrTiO3, LaAlO3, MgO or 

Al2O3) are perfect candidates for x-ray studies of thin films in a single-crystal setup with high 

x-ray flux. 
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11 Results and Discussion on 

the Study of Thin Films of LaAlO3 

In this chapter, the main results of the deposition and characterization of thin films of LaAlO3 

will be presented and discussed. This includes substrate preparation, deposition and 

characterization of as stated thin films, and a thorough discussion around X-ray data collected 

at ESRF utilizing the system described in chapter 10. 

11.1  Substrate Preparation 

Substrates were treated as described in section 9.1, and the goal was to terminate the surface 

with TiO2 to make the growth conditions as beneficial as possible for the LaAlO3-system. The 

treatment does not have a visual effect on the substrates, and the only plausible 

characterization method easily available is atomic force microscopy. 

Immediately after etching, the substrates were brought to the AFM and compared to unetched 

substrates. Below are AFM-pictures for the two different substrates for comparison (Figure 

75): 

 

 

Figure 75: Atomic force microscopy (AFM) images of untreated and treated STO, unetched at left, etched 

at right. AFM recorded images show the step-like termination of the substrates. 

Although these frames might not be very describing at first, it is possible to outline some sort 

of layers on the etched substrate. By enhancing the image contrast, and viewing top down, a 

more conclusive view is given: 
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Figure 76: Top down view of an HF-etched SrTiO3-substrate showing the step-like termination. 

From this view one can clearly see flat layers on the surface. One can still not know whether 

these appear from TiO-termination, but together with a line segment of one “crack”, it is 

reasonable to conclude that the sample is terminated by the same species on the different 

planes. 

 

Figure 77: Line profile of a step on an HF-etched SrTiO3-substrate as imaged by an atomic force 

microscope (AFM). 

The height difference from one step to another is around 400 pm, and with SrTiO3 unit cell 

dimensions of 390 pm one can assume that the step corresponds to one unit cell. Finally, it is 

known that SrO dissolves more rapidly in BOE than TiO2, rendering it reasonable to conclude 

that the substrate is TiO-terminated. 

 



 Part 2      11 Results and Discussion on the 
   Study of Thin Films of LaAlO3 

119 

 

11.2  Atomic Layer Deposition 

In this chapter, the results of atomic layer depositions of the involved systems will be 

presented and discussed. The LaAlO3 films was deposited by combining the binary processes 

for deposition of Al2O3 and La2O3. These individual processes was first investigated in order 

to gain experience and as reference for the combined processes. 

11.2.1 Deposition of Al2O3 by TMA and O3-oxidation 

The goal of Al2O3 depositions was primarily to gain control of the TMA + O3 system and 

reproduce Elliott et al.(173) and Kim et al. (167) described in chapter 8.2.4. Thus, efficient 

optimization of  ALD-windows and the pulse- and purge times was not performed, but 

variables were tested and chosen so that self-controlled growth was achieved. 

Four depositions with only slight differences were needed to get proper reproducible results. 

The following important factors should be noted (Table 3): 

Table 3: All aluminum oxide depositions done for achieving control of the TMA + O3 atomic layer 

deposition growth, summarizing the thickness and growth rates for different pulse lenghs. 

Sample 

number 

Reaction 

temperature 

[
o
C] 

TMA pulse 

time 

[ms] 

Number of 

cycles 

[int] 

Thickness 

 

[nm] 

Growth rate 

 

[pm/cycle] 

AL-1 250 100 500 
High gradient 

[30-50 nm] 
- 

AL-2 250 250 500 
High gradient 

[40-55 nm] 
- 

AL-3 250 500 500 40.22   0.5 nm 80.0 

AL-4 250 500 250 21.08   0.5 nm 80.0 

 

For this system, all thickness values are measured with the ellipsometer as described in the 

theoretical chapter, the uncertainty values are calculated from the mean square error of 

ellipsometry measurements at different positions on the samples. The growth is highly 

reproducible, and higher values for the pulse and purge times have previously been tested by 

the group without any noticeable difference. Too low pulse times of TMA create a strong 

gradient, with maximal thickness close to the precursor inlet. The films were investigated in 
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the atomic force microscope and found to be very flat, the typical roughness is well below 1 

nm, which fits with the ellipsometer and XRR data. 

One theoretical challenge arose when describing the TMA + O3 alumina deposition. As 

Puurunen (163) described for the TMA + H2O system, every oxidizing pulse results in a 

hydroxylated surface and the release of methane. This is not so easily understood for the O3-

based system, but was calculated by ab initio DFT calculations by Elliott et al. (173). This 

group reports that calculations show that as the O3 enters the methyl terminated surface, a 

fundamental red-ox reaction takes place where hydrogen anions from the methyl groups 

transfer to surface adsorbed oxygen atoms forming a hydroxylated surface, in addition to 

ethene that escapes during the purge sequence.  

Another possibility has recently been proposed and possibly confirmed by mass spectrometry 

studies performed by Rose et al. (174). This group states that the methyl groups in TMA are 

oxidized by the ozone, and release carbon dioxide in addition to water. The water reacts with 

remaining methyl groups to produce methane and a hydroxylated surface. 

The important factor is to understand that both these scenarios result in the same surface 

termination for each step as in the TMA + H2O alumina deposition. The difference in the 

growth rate may emerge from the different effect that the precursors have on the 

hydroxylation process. 

For all practical purposes, the reported growth rates of both Rose et al. and Elliott et al. have 

been reproduced, and control of the TMA + O3 deposition system has been achieved. 

11.2.2 Deposition of La2O3 by La(thd)3 and O3-oxidation 

Deposition of rare earth elements is commonly achieved by their respective RE(thd)x 

compound using ozone as an oxidizing agent, and this is the favoured way of depositing 

lanthanum oxide as well. Deposition of La2O3 using this precursor system is reported to have 

a growth rate around 0.35 – 0.40 Å/cyc (166, 175). 

All depositions were done with La(thd)3 + O3 as the precursor system. La(thd)3 is a powder at 

room temperatures, and was thus inserted into a flow chamber by using an open quartz boat 

and heated to 185 
o
C to get proper vapor pressure for pulsing into the reaction chamber. The 
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reaction temperature was kept at 250 
o
C which is reported to be in the ALD-window for this 

system, and to match the reaction temperature of the alumina process. 

Three depositions were done to achieve reproducible results (Table 4): 

Table 4: All lanthanum oxide depositions done for achieving control of the La(thd)3 + O3 atomic layer 

deposition growth, summarizing the thickness and growth rates for different pulse lenghs. 

Sample 

number 

Reaction 

temperature 

[
o
C] 

La(thd)3 

pulse time 

[ms] 

Number of 

cycles 

[int] 

Thickness 

 

[nm] 

Growth rate 

 

[pm/cycle] 

LA-1 250 2000 1000 
Small gradient 

[20-25 nm] 
- 

LA-2 250 3000 500 19.8   0.5 39.6 

LA-3 250 3000 1000 38.2   0.5 38.2 

 

For this system, all thickness values are measured with the ellipsometer as described in the 

theoretical chapter, the uncertainty values are calculated from the least square error of 

ellipsometry measurements at different sample positions. All thin films of La2O3 showed less 

than 1 nm roughness as characterized with AFM, and were amorphous as deposited, as 

confirmed by diffraction measurements.  

For all practical purposes, the reported result of both Nieminen et al.(166) and Sønsteby et 

al.(175) have been reproduced, and control of the La(thd)3 + O3 deposition system has been 

achieved. 

11.2.3 Deposition of LaAlO3 by Combined Al2O3 and La2O3 Growth 

As explained under theory, it was expected that a combined sequential deposition of Al2O3 

and La2O3 would combine to form the wanted LaAlO3-compound. Atomic layer deposition 

theory predicts that a normalization of the pulsing composition with respect to the single 

system growth rates is a natural starting point for achieving proper stoichiometry in the 

resulting thin film. This is due to the fact that one ALD-cycle does not result in one full 

monolayer, which is obvious from the respective growth rates (0.4Å is far from a La-O 

interatomic distance which is 2.36Å for the common P-3m1 trigonal crystal structure), and 

that the precursors have very different sizes. The growth mechanisms due to intricate reaction 
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mechanisms between a set of different metal organic precursors are outside the goal and grasp 

of this project, but are thoroughly described by several groups around the world. (176-182) 

Several depositions were done on silicon substrates to properly achieve the wanted 1:1 

stoichiometry, and the crucial depositions for achieving this are summarized below (Table 5): 

Table 5: All lanthanum aluminate depositions done for achieving control of the La(thd)3 + O3 + TMA + O3 

atomic layer deposition growth, summarizing the thickness and growth rates for different pulsing 

compositions. 

Sample 

number 

Reaction 

temperature 

[
o
C] 

La(thd)3 / 

Al(CH3)3 

normalized 

pulsing 

composition 

Number of 

total cycles 

[int] 

Thickness 

 

[nm] 

Growth rate 

per metal 

pulse 

[pm/cycle] 

LAO-1 250 0,75 (3+1) 375 55.2   0.5 36.7 

LAO-2 250 0,71 (3+1+2+1) 200 52.0   0.5 37.1 

LAO-3 250 0,71 (5+2) 200 90   0.5 64.3 

LAO-4 250 0,5 (1+1) 500 71.0   0.5 71.0 

LAO-5 250 0,29 (1+3+1+2) 100 58.0   0.5 82.9 

 

The (n+m)-notation in the third column of Table 5 refers to the pulsing composition during 

the deposition (i.e. 3+1 means La(thd)3 + O3 + La(thd)3 + O3 + La(thd)3 + O3 + TMA + O3).  

The growth rates are calculated with respect to amount of metal pulses, and represented as the 

growth rate per metal pulse in a deposition cycle. This results in a relationship between the 

pulsing ratio and the normalized growth rate as shown in Figure 78.  

The growth rate seems to decrease towards lanthanum-rich pulsing compositions, 

corresponding well with predicted models. However, there are many features of this system 

that cannot be explained by a normalization of the growth rate. The theoretical prediction does 

not concern any difference between pulsing sequences; the total growth rate is proposed to be 

the same for two systems with the same total pulsing composition. So why does a 5 La(thd)3 + 

2 Al(CH3)3 pulsing composition result in a very different growth rate than a 3 La(thd)3 + 1 

Al(CH3)3 + 2 La(thd)3 + 2 Al(CH3)3 pulsing system? 
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Figure 78: Growth rate versus pulsing composition for the La(thd)3 + O3 + TMA + O3 system showing 

how the growth rate decreases rapidly at a pulsing ratio of 0.5. The point marked with (a) is the LAO-3-

deposition, with less mixing than the LAO-2-deposition. It seems that pulses involving TMA on Al-O 

greatly increases the growth rate. The red line is added to explain the development of growth rates for 

variyng pulsing composition ratio with maxmium mixing of the two metal precursors. 

 

A small number of additional depositions were done to address this, and the interesting 

observations are shown in the table below (Table 6), splitting the deposition cycle into four 

different systems: 

- Al(CH3)3-pulse on a Al-O-surface [1] 

- Al(CH3)3-pulse on a La-O-surface [2] 

- La(thd)3-pulse on a Al-O-surface [3] 

- La(thd)3-pulse on a La-O-surface [4] 

The notion is that these growth rates should be slightly altered as compared with the pure 

Al2O3 and La2O3 system growth rates. 

 

Table 6: All lanthanum aluminate depositions done for understanding the variyng growth rate as a 

function of the pulsing sequences for the La(thd)3 + O3 + TMA + O3 atomic layer deposition system. 
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Sample 

number 

n (Al on Al) 

[1] 

n (Al on La) 

[2] 

n (La on Al) 

[3] 

n (La on La) 

[4] 

Normalized 

growth rate 

[nm/cycle] 

LAO-1 0 1 1 2 36.7 

LAO-2 0 2 2 3 37.1 

LAO-3 1 1 1 4 64.3 

LAO-4 0 1 1 0 71.0 

LAO-5 3 2 2 0 82.9 

LAO-6 4 1 1 1 84.3 

 

In principle, this should now be a simply solvable mathematical system with four variables, 

and it was treated as such. However this was not successful, and there does not seem to be a 

simple analytical solution to this problem. There are nonetheless several interesting properties 

of these results that point towards an understanding of the growth: 

- A proper and well functioning analytical solution can be derived if one considers one 

(Al(CH3)3 on La-O) + (Al(CH3)3 on Al-O) sequence in this system to equal one  

Al(CH3)3 on Al-O pulse in the pure Al2O3-system. This point towards a limitation of 

Al-O-growth on a La-O-surface. 

- La-O seems to grow faster on Al-O-surfaces than on La-O-surfaces, but this feature is 

less dramatic than the limitation of Al-O-growth. 

- As expected, one gets very close to the pure TMA + O3 growth rate when being in the 

aluminum rich part of the pulsing composition and vice versa. 

These observations may lead to a preliminary understanding of the growth mechanisms 

behind this ternary system, it is at least certain that La-O-terminated surfaces lead to a 

limitation of aluminum oxide growth. It is very possible that one would have to include even 

the second to last pulse, resulting in eight unknown variables, to properly find a working 

analytical mathematical solution. This would require a series of new depositions with a clever 

setup for pulsing composition, or an in situ pulse to pulse thickness characterization. The 

author believes that this would make for interesting research at a later stage. It was attempted 

to solve this by depositing thin films on a quartz crystal microbalance (QCM), monitoring 

thin film growth as the deposition runs. This was rendered difficult due signal noise when 
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using O3 as the oxidizing precursor, a known problem possibly attributed to thermal effects 

from decomposition of ozone.  

More important for this project however, are results from characterization of chemical 

composition as a function of the pulsing composition. This will of course also be afflicted by 

the variation of growth rate with respect to the pulsing composition. Stoichiometry was 

investigated using the x-ray fluorescence technique (Phillips PW 1400 XRF with UniQuant 

software), as described in section 5.1.4, and the results obtained are summarized in the table 

below (Table 7). 

Table 7: Composition versus pulsed ratio in the La(thd)3 + O3 + TMA + O3 atomic layer deposition 

system. 

Sample 

number 

La(thd)3 / Al(CH3)3 

normalized pulsing 

composition 

La(thd)3 / Al(CH3)3 

normalized 

stoichiometric 

composition 

LAO-1 0.75 (3+1) 0.76 

LAO-2 0.71 (3+1+2+1) 0.71 

LAO-3 0.71 (5+2) 0.67 

LAO-4 0.5 (1+1) 0.51 

LAO-5 0.29 (1+3+1+2) 0.41 

 

To the authors surprise, the 1:1 stoichiometric relationship between the metals were obtained 

at a 1:1 pulsing composition, a result not supported by the original hypothesis as stated in 

section 4.3. However, this result is well explained when considering the limitation of TMA + 

O3 growth on La-O-surfaces. Another remarkable feature of this system is that the 

composition seems to be very tunable by altering the pulsed composition. In fact, the figures 

obtained point towards a direct transferral of pulsed composition to deposited composition 

(Figure 79), a very unusual feature for an ALD-growth system involving two metal precursors 

with so different growth rates. 

 



11.2 Atomic Layer Deposition 
 

126 

  

 

Figure 79: Composition versus pulsing ratio for the La(thd)3 + O3 + TMA + O3 system as summarized in 

Table 7. Note the 1:1 composition for 1:1 pulsing ratio between the metal precursors. 

Achieving a proper LaAlO3-composition is only part of the picture to actually obtaining 

crystalline thin films. Thin films were deposited on different types of substrates to investigate 

the correlation between crystallinity and substrate type. Those deposited on Si(100) substrates 

with native oxide revealed no diffraction pattern from the film as deposited. (Figure 80).  

This result is as expected, the lattice mismatch between the face centered cubic Si(100)-

substrates and the LaAlO3 cell does not induce crystallization. The same is also true for 

LaAlO3-growth on the native SiO2-terminated substrates. A better choice would be SrTiO3 as 

stated in the theory part (8.1.3). 

 

Figure 80: X-ray diffractogram of LaAlO3 on Si (100), showing no diffracted signals from the LaAlO3 cell, 

revealing the amorphous nature of as deposited LaAlO3 films on Si (100). The same exact result was 

obtained from annealed thin films of LaAlO3 on Si(100). 
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For confirming this, single crystal substrates of SrTiO3 (HF-etched and unetched), LaAlO3 

and MgO were used. Thin films of a 1:1 pulsing ratio deposited on SrTiO3(100) resulted in 

formation of amorphous LaAlO3 as deposited (Figure 81). The films were annealed in an RTP 

at 650 
o
C and oxygen atmosphere for 30 minutes for crystallization. 

 

Figure 81: X-ray diffractogram of LaAlO3 on HF-STO directly after deposition, with no post-annealing. 

No LaAlO3 signals points towards the films being amorphous as deposited. 

This result is slightly surprising, as epitaxial growth should be feasible. However, as for many 

ALD deposited thin film systems, slow annealing was needed to achieve proper long range 

ordering. In Figure 81, a red line is added for comparison; this is a clean HF-etched STO 

substrate before thin film deposition. As can be clearly seen, no difference between pre- and 

post deposition is observed; only the symmetric SrTiO3(100), (200) and (300)-peaks are 

visible. 

A possible explanation for lack of epitaxy on as deposited films is the fact that the precursor 

molecules for the two different metal species and of different sizes, and this might limit the 

possibility for the system to order. Proper annealing of the films should thus allow for 

diffusion into ordered sites. 

For thin film samples after annealing, the diffractogram shows a clear change and three 

separate peaks attributed to pseudo-cubic LaAlO3 are clearly visible (Figure 82): 
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Figure 82: X-ray diffractogram of LAO on HF-STO after annealing revealing the appearance of signals 

from the LaAlO3-cell. It is reasonable to conclude that the LaAlO3 thin film have crystallized during the 

post-annealing of the sample. 

The black line is the HF-etched SrTiO3-system, while the red line is the untreated substrate 

system. Both systems show a clear structural order of LaAlO3 thin films, and it is very clear 

from these results that the films copy the structure of the thin film. In addition, the HF-etched 

systems show a slightly better ordering; the intensity of these peaks are higher than for the 

unetched system (Figure 83).  

 

Figure 83: LAO (200) peak showing the observable difference in deposition on etched (black) and 

unetched substrates (red), reavling the importance of proper termination of the substrate surface for 

epitaxial growth of the thin films. 
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Thin films on MgO-substrates did not show any sign of order before or after annealing, and 

this confirms the previous hypothesis and emphasizes the fact that proper substrates are a 

crucial part of obtaining crystalline thin films.  

 

Figure 84: X-ray diffractogram of LAO on MgO after post-annealing showing no sign of LaAlO3-signals. 

This points strongly towards that the lattice mismatch between the two cells hinders proper nucleation at 

the substrate/thin film interface. 

 

For LaAlO3-substrates one would not expect any change, as these films should grow 

homoepitaxially on substrates of its own crystallographic and chemical structure. Thus, 

without surface diffraction equipment, one can not conclude as to if these films were 

amorphous or epitaxial as deposited. 

11.2.4 LaAlO3 Thin Film Surface Morphology 

A sample set of thin films before and after annealing were studied with atomic force 

microscopy and reflectometry for characterization of in plane roughness. There is a strong 

agreement between the separate techniques that as-deposited thin films show almost no 

roughness. This is in accordance with deposition of amorphous thin films.  

X-ray reflectivity-experiments serve as a confirmation that ellipsometry measurements give 

the right thickness, in addition to provide information about the roughness and density of said 

films, as explained in the theory around XRR (2.1.3). In addition, perfect epitaxy would not 
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show any Kiessig fringes on XRR, as no interface would be available for reflection of x-rays.  

The fitted curve of one typical experiment, similar to LAO-4 (see Table 5), corresponds well 

to the measured data (Figure 85): 

 

Figure 85: Recorded XRR-data with a physical fit (GenX) of the LAO-4 on silicon sample. The Kiessig 

fringes wavelength reveals a thicknes of 126 nm. 

This fit is based upon a thin film 126 nm thick, and with an in plane roughness of 

approximately 1.1 nm in the measured area. Atomic force microscopy shows a very similar 

result (Figure 86), with an average roughness over a 1x1 µm area of 1.2 nm. This should 

mean that the roughness of the film is almost negligible for further discussions.  

 

Figure 86: Atomic force microscope image of a thin film of LaAlO3 on SrTiO3 before heat treatment, 

revealing a very flat film. The average roughness is estimated to 1.2 nm. 
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AFM measurements of the annealed thin films show different behavior (Figure 87), most 

notably that the roughness is now much higher. Small crystallites seem to have formed, 

having a diameter of between 50 and 100 nm. This behavior is quite expected, and points 

towards the formation of a polycrystalline thin film with many small crystallites ordered in 

the same direction. 

 

Figure 87: Atomic force microscope image of a thin film of LaAlO3 on SrTiO3 (the same as in Figure 86) 

after post-annealing at 650 
o
C in oxygen atmosphere for 30 minutes. Note the 100-300 nm features 

increasing the roughness to around 6 nm on average.  

 

AFM-studies of the thin films deposited on MgO showed a slight increase in roughness on the 

surface after annealing. The difference is subtle and is not apparent by visual inspection, but 

the average roughness was increased from around  1 to  around 1.5 nm. However, the lack of 

crystallinity as measured by XRD points towards that this roughness increase is not due to 

crystallization of the thin film. 
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11.3 Synchrotron X-ray Diffraction of Epitaxial Thin 

Films of LaAlO3  

One of the key factors for considering the deposition of LaAlO3 thin films a success, was 

proper characterization of its epitaxy using synchrotron X-ray radiation. As previously shown 

from home lab X-ray diffraction studies, the LaAlO3 thin films did seem to order in a 

LaAlO3(001-pseudocubic)|LaAlO3[001-pseudocubic]||SrTiO3(001)|SrTiO3[001] fashion, since 

the pseudo cubic-(100) or rhombohedral-(110) planes are the only ones apparent in the 

diffractogram. 

As stated in chapter 9.3, the thin films of LaAlO3 on different substrates and after different 

treatment were scanned using the setup described in chapter 1. 

11.3.1 LaAlO3||SrTiO3  Heteroepitaxial Thin Film Systems 

First of all, the orientation of the film on the SrTiO3  substrate was to be confirmed, and this 

was done using the panoramic view resulting from proper ω- and φ-scans. The peaks that 

result from such a scan can be mapped out in a 3D-view where it can be studied in detail. For 

practical purposes when presenting the data in text as images, the best possibility is to map 

single planes in the reciprocal space. This way the software retains either the h, k or l value, 

and visualizes a total reciprocal plane if data redundancy allows it. 

In the figure below one such plane is visualized (Figure 88), showing the slight mismatch 

between the SrTiO3 and LaAlO3 cells. There is no doubt however, that the LaAlO3 thin film 

have copied the SrTiO3 crystallographic orientation. 
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Figure 88: Slice of the (hk0) reciprocal plane as recorded by SXRD. The sample is 130 nm of LaAlO3 on 

HF-etched SrTiO3. Note the small lattice mismatch between the SrTiO3 and LaAlO3-cells especially 

apprant for the (2-10), (210), (1-10) and (110) peaks. 

By using the CrysAlis software, and the peak hunting it offers (chapter 10.3), it is clear from 

the 3D-mappings of the reciprocal space that no other planes than exactly those of the 

SrTiO3(001) substrates scatter for LaAlO3 as well. This strongly points towards a strong 

epitaxial relationship between the substrate and the film, as expected from theory. The 

relationship between the LaAlO3 and SrTiO3 cells can, as stated, be described in many ways, 

but when treating through the CrysAlis Pro software, only proper and real space groups are 

applied. This can also be described as SrTiO3(001)|SrTiO3[100]||LaAlO3(001)|LaAlO3[110], 

and the geometrical relationship is best shown with a figure (Figure 89). 

Another important thing to notice in Figure 88 is the shape of the different Bragg peaks. The 

SrTiO3 main peaks are very intense, and seem to have a very symmetrical circular shape. This 

is to be expected from a perfect single crystal substrate. On the other side, the LaAlO3 peaks 

seem to be somewhat smeared in a circular shape around a center spot and a peak and its 

broadening seem to be part of a ring. For a polycrystalline powder film, with a random 

distribution of orientations, this ring would have equal intensity distribution around the 
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circumference. However, on a single crystal, not even parts of the ring should be visible. Even 

though the LaAlO3 film is very definitely ordered on the substrate, it does seem to consist of 

several regions of crystallinity with slight shift in ordering; thus being polycrystalline. 

 

Figure 89: Lattice relationship between the LAO and STO cells in reciprocal space. It is important to note 

that this is the LaAlO3 a-c-plane in a hexagonal setting, as the CrysAlis Pro software does not treat 

recorded data in pseudo-cells. 

This is even more apparent when taking a closer look on a symmetric normal reflection, such 

as the (100) reflection (Figure 90). 

 

Figure 90: A comparison of the (100) reflection for LaAlO3 on etched (right) and unetched (left) SrTiO3-

substrates. Note the higher intensity signal for the etched system, resulting in a much smaller FWHM 

broadening. 

First of all, an obvious difference between the etched and unetched systems are visible. The 

substrate peak is very similar, as the crystallinity of the substrate does not change with the 

chemical etching. However, the crystallinity of the thin film is very different, which is clear 

from the large difference in the intensity distribution of the peak (or rather the powder ring for 
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the unetched system). Another important feature is the much larger broadening in plane with 

respect to the broadening normal to the plane. 

A Williamson-Hall analysis (as described in section 10.4) of the peak broadening as a 

function of q reveals interesting information on the size distribution in-plane and normal to 

the surface (Figure 91). 

 

Figure 91: Williamson-Hall analysis of peak broadening as a function of q with linear fits. This analysis 

allows for deconvolution of signals attributed to strain and crystallite size.  

The intercept with the y-axis reveals a crystallite size of approximately 125 nm along the 

surface normal. The film thickness has previously been measured to between 125 and 130 nm 

by ellipsometry and XRR, corresponding well with the Williamson-Hall analysis. The in-

plane crystallite size is estimated to 190 nm, corresponding fairly well to Figure 87 showing 

the AFM image of the annealed thin film. This result deviates strongly from the estimated 

crystallite sizes from Scherrer’s equation, once again revealing the crude nature of the 

Scherrer estimate. 

In addition to the crystallite size, the Williamson-Hall analysis provides qualitative 

information on the sample strain. As can be seen from figure 90, the strain along the surface 

normal is very similar to the in-plane strain. This is an expected result, as the lattice mismatch 

between the substrate and the thin film will induce some strain effects at the STO/LAO 

interface manifesting itself in all directions of the cubic cell. In addition, there will be several 



11.3 Synchrotron X-ray Diffraction of Epitaxial Thin Films of LaAlO3 
 

136 

  

sharp interfaces between the crystals in-plane, giving rise to the broadening corresponding to 

sample strain.  

The broadening features were prominent on all LaAlO3 on SrTiO3-systems, but more so on 

the unetched SrTiO3-substrate, for which the broadening was more intense and wide. This 

again confirms the theory that proper termination of the substrates are very important for 

epitaxial growth of thin films; in this case TiO2-terminated thin films does indeed provide 

more ordering. The lack of proper peak-intensity for the unetched substrate made a 

Williamson-Hall analysis difficult. 

A last estimate can be made from the analysis of in-plane broadening by plotting the 

broadening versus q-space (Figure 92). 

 

Figure 92: In-plane broadening versus q-space. Note the very linear relationship of the broadening as a 

function of the diffraction angle. The linearity can be used to estimeate the crystallite tilt angles. 

By calculating the angle between the normal and the in-plane broadening, one can attribute 

some of the broadening to tilt of the crystals on the film. By Figure 92 it can be seen that this 

can be calculated as (Equation 37): 
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Equation 37 

 

Pointing out that the tilt between the crystals are exceptionally small, once again underlining 

the vertical pillar shape of the thin film crystals. Note that this tilt is even smaller than the 

 0.5
o
 maxmium offset on the substrate as promised by the manufacturer. This points towards 

an almost non-existing tilt of the pillared crystals. 

Conclusively for the LaAlO3||SrTiO3-systems, it seems probable that the thin films consist of 

pillars of (100)-oriented LaAlO3 traversing throughout the film, with an estimated in plane 

size of 200 nm (Figure 94). 

 

Figure 93: Possible ordering of pillared crystallites in the LaAlO3||SrTiO3-system. The smallest crystals is 

estimated to be around 130 nm normal to the surface (equal to the film thickness), and around 200 nm in 

along the surface. 

One key question that was raised when studying super thin films (<10 nm) of what is thought 

to be heteroepitaxial LaAlO3 on SrTiO3 with home lab X-ray equipment was the lack of 

Bragg peaks for film thickness below 10 nm (Figure 94). 

This was attributed to too low intensity of the X-ray source, and it was expected that such 

peaks would be apparent with synchrotron X-rays. Indeed, no difference except some decline 

in intensity was observed when recording diffraction from these super thin films; the ordering 

was exactly the same. However, smearing of peaks along the plane direction suddenly 

appeared for super thin films, and the direction of this does not make it possible to attribute it 

to small crystallites with slightly different ordering. Super thin films are known to exhibit 

crystal truncation rods (as explained in section 2.1.2), and this will be further discussed in 

section 11.3.3.  
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Figure 94: Comparison of home-lab x-ray diffractograms of  LAO||STO-systems of 7 nm (black) and 130 

nm (red) respectively. Note how the 7 nm film does not scatter strongly enough to result in observable 

Bragg peaks.  

11.3.2 LaAlO3 on LaAlO3 Homoepitaxial Thin Film Systems 

As previously stated, thin films of LaAlO3 were also deposited on LaAlO3-substrates to 

achieve homoepitaxy. Of course, even though SrTiO3 is a very good candidate for epitaxial 

growth of thin films of LaAlO3, nothing is better suited than the material itself.  However, 

even though the deposition itself does not pose any other difficulties, characterization of such 

a system is very difficult. Ellipsometry measurements depend on a change in refractive index 

throughout the system, and such features do not exist in a homogeneous compound. The same 

is true for XRR-studies. XRD-studies will not give any answers if the resulting lattices are the 

same as in the substrate. 

In other words, one can quite certainly conclude that if all characterization techniques fail; 

alas one does not see any changes, the film/substrate system is most probably homoepitaxial. 

Home-lab XRD studies did not show any particular evidence of change for the LaAlO3-

system after deposition and annealing. However, the author was made aware of a slight 

asymmetry in the LaAlO3-(200) and -(300) peaks for lower q, which was apparent in all 
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LaAlO3||LaAlO3 systems of around 130 nm and very reproducible. The change is so subtle 

that it is almost not visible, but gives an indication of that this could be interesting to study 

when reaching further out in reciprocal space at synchrotron facility. 

Initial data collection and reduction at SNBL did not reveal much new information about the 

system at hand. All panoramic data pointed towards the system being one crystal, where the 

film and the substrate share orientation and lattice. However, it was set out to reproduce the 

slight asymmetry found using home-lab equipment, and by loading the coordinates for the 

lattice into the instrument, a series of Bragg peaks of the (xx0)-type in the cubic description 

were recorded.  

The (110)-peak did not show any apparent asymmetry as expected, but using the high 

brilliance and large geometric flexibility; the (220), (330), (440), (550) and (660) peaks were 

studied. Below is a figure showing how the peaks are totally split in two for the (660)-

reflection. The whole series reveals that there must exist two separate lattices with slightly 

different lattice parameters but the same symmetry, and it is definitely possible that these are 

a result of a slight difference in the film and the substrate. Contaminants of some sort, or the 

fact that the films are deposited at very low pressure may alter its density. 

 

Figure 95: Apparent heteroepitaxy between thin film and substrate. The (110)-reflection does not appear 

as split due to the very slight lattice mismatch. High angle reflections (example: (660)) reveal the 

mismatch of the substrate and film cell. 

The fact that the split peaks does not appear along a “powder ring” disproves that this is a 

result of twinning of the substrate, since the lattice parameters should be equal in such a case. 

An averaged calculation of the difference in lattice parameters was performed using Bragg’s 

law (Appendix 11), and shows that the difference is as little as 0.01Å, and that the film cell is 

3.81 Å. However, it is clearly observable, and is apparent for a second and equal system and 

also highly reproducible. This goes to show some of the remarkable flexibility and power of 
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the diffraction setup at hand, the (660) reflection was studied at backscattering of the incident 

beam (θ ≈ 102
o
), not something that can easily be studied at the home-lab. 

11.3.3 Crystal Truncation Rods 

Super thin films around 6-7 nm as confirmed by XRR and ellipsometry of the 

LaAlO3||LaAlO3 and LaAlO3||SrTiO3 systems were studied for reproduction of the same 

effect that was seen on the thicker films (11.3.1-11.3.2), and for comparison of 

characterizational challenges for thin films of varying thickness. Due to lack of diffracted 

intensity from such thin films this far out in reciprocal space it became difficult to map a full 

family of peaks, but another remarkable feature was discovered. It seemed that when tilting 

the incident angle of the beam to reveal the symmetric (h00)-series of peaks, some diffracted 

intensity could be observed in between the allowed Bragg peaks (Figure 96). This feature was 

explained in chapter 2.1.2 as crystal truncation rods, apparent only for very thin films or 

interfaces. This means that the x-rays do traverse through an interface that in theory should 

not be there, and thus the hypothesis that the film and the substrate are slightly different can 

be confirmed. 

 

Figure 96: Crystal Truncation Rod from the thin LaAlO3 film on LaAlO3 system with a fictional arbitrary 

curve above. Note the Bragg satellites close to the (100) and (200) peaks. 

Figure 96 shows part of a (h0l)-slice in the reciprocal space and a model of the intensity 

distribution, and one can clearly see how the intensity is spread like a wave over a large range 

around the Bragg peak and not only at the peaks themselves. This can only be attributed to 
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crystal truncation rod features and are invisible for thicker films or low intensity x-ray 

instruments. 

The preliminary data from CTR measurements does at this point not hold enough quantitave 

information to be able to draw serious conclusions about features in the thin film. However, 

some general remarks can be made. Below is a linear plot of the LAO (100)-peak and the 

features that were visible for slightly larger q|| (Figure 97), in addition to the recorded raw data 

(Figure 98). 

 

Figure 97: Linear plot in the (n00)-direction around the (100)-peak in the LaAlO3||LaAlO3 system. The 

main peak is located at 1.65 Å
-1

, whereas the (200)-peak is located further out in q|| (3.30 Å
-1

). The features 

close to the (100) peak are Bragg satellites, and are induced due to atomic restructuring either on the 

LAO-surface, or more probably on the LAO||LAO-interface. 

 

Figure 98: The raw recorded data corresponding to the linear plot in Figure 97. 
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Similar observations were made for the LAO (200)-peak (Figure 99): 

 

Figure 99: Linear plot in the (n00) direction around the (200)-peak in the LaAlO3||LaAlO3 system. The 

Bragg satellites are spread farther apart, but the same tendency as in the (100)-peak can clearly be seen. 

As stated from theory, the Bragg satellites does not correspond directly to plane distances in 

the restructured layers, but appear from a convolution between diffuse scattering and such 

planes. The author does not possess the tools for further study of these features at the time 

being, however it goes to show that surface and interface structural studies is possible with the 

setup as it is today. 

Crystal truncation rods were also observed for super thin films of LaAlO3 on SrTiO3. The data 

collection was programmed to omit the direct SrTiO3-reflections as the CTR’s have to low 

intensities to be visible when applying a filter. The SrTiO3-reflections would damage the 

detector if a filter is not applied, and these are thus omitted in the linear plot below. By 

plotting the variation of the intensity between the LAO (100) and LAO (200) peaks (Figure 

100), one can see that the diffuse broadening itself is not very evident. The quality of the data 

does not offer the possibility to do a quantitative analysis of the roughness, but an estimated 

broadening for a 7 nm crystal with roughness constant       is added. The roughness is 

much smaller than this, and this confirms the flat appearance visual on recorded AFM-

images. 
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In addition, there are at least three extra peaks visual along the (n00)-direction. Keep in mind 

that this is SrTiO3 on LaAlO3, and that these three peaks have nothing to do with the splitting 

of the Bragg peaks further out in the reciprocal space as stated for the LAO||LAO 

(homo)epitaxial films in section 11.3.2. These are purely features of the crystal truncation rod, 

and thus contain information on the surface or interface structure. 

 

Figure 100: Crystal truncation rod of the LAO||STO homoepitaxial system, showing decay and satellites. 

The red line is a linear representation of the actual measured date. A theoretical curve for β = 0.2 (low 

roughness) is added for comparison, revealing that the thin film is very flat. 

 

The data are not quantitative enough in their nature to defend any conclusions on the possible 

surface constellations. There is however no doubt that there is a relaxation of some kind along 

the surface normal either on the surface or in the interface between the film and the substrate, 

and may possibly be attributed to the buckling of the M-O-bonds as described in section 8.1.3, 

but for the LaAlO3||LaAlO3-system. By recording more data of this nature, especially in 

several asymmetric and symmetric direction could in theory result in a map of the surface. 

This requires extreme control of the instrumental variables, and is thus only plausible to 

attempt at a specialized surface synchrotron beam line. This should be investigated in the 

future. 
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12 Concluding Remarks 

To conclude this thesis, some general remarks should be made on how the achievements in 

the project correspond to the preliminary task, and what sort of impact this has on the 

scientific community. 

It was set out to synthesize bulk size single crystals of selected binary zinc chalcogenides, 

mostly to use as a model system for comparison with epitaxial thin films, but also for the 

interesting properties that the selected materials exhibit. The choice of species fell upon ZnO 

and ZnS, and bulk single crystals of these materials were obtained using the chemical vapour 

transport method. Crystals of ZnO were indeed perfect single crystals as shown by optical 

microscopy, scanning electron microscopy and x-ray diffraction. ZnS crystals, however, did 

not show this structural integrity and were multidomain at best. Crystals of sizes in the 

centimeter region was achieved after between 14 and 30 days of transport. The theoretical 

yield of the transport reactions did not correspond with the observed result, and this is thought 

to be attributed to non-conformal temperature gradients. 

Nonetheless, the synthesis and characterization of these bulk crystals did serve its purpose as 

a model system, and developed the author’s awareness for later treatment of, and in 

comparison with, single crystal thin films. 

An additional result from the CVT-experiments were the apparent thin films of a non-volatile 

zinc-species after leaving ampules in a furnace containing pure Zn-shots. This result is 

interesting, and the deposition of the film seemed to by fairly controllable due its linear 

growth over time. No follow-up experiments were done to further understand this feature, but 

this is something the author believes should be carried out, as such structures could be 

interesting in semiconductor technology 

In the second and main part of the project, crystalline thin films of LaAlO3 were deposited 

using the atomic layer deposition technique. These experiments were  intended to result in 

evolved in a better understanding of epitaxial growth of ternary oxide thin films, a goal that 

has been accomplished. Control of the termination at the substrate surface, the deposition 

itself and the characterization post treatment have awarded insight into the growth 

mechanisms of crystalline thin films. Not only did this serve as a proper model system for 
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understanding and utilizing the as stated theory, but the system itself showed some 

remarkable features. 

The metal 1:1 pulsing to composition ratio is indeed exotic for a ternary system with so 

different growth rates for the binary system it is composed of, and understanding the role 

surface termination plays in the growth mechanics of an ALD system is important for 

continued understanding of such exotic growth. 

AFM and x-ray techniques have been used to successfully obtain structural data on the thin 

film systems, and notable is also the Fast Fourier Transform data code that was written to 

cope with x-ray reflectivity data and proven to provide reasonable results at a fast rate. 

A method for synchrotron x-ray studies of thin films was evolved using a thin film system 

proven to exhibit a high degree of epitaxiality. The high x-ray brilliance and low instrumental 

broadening results in the possibility to properly characterize crystallinity of such films, 

resulting in qualitative and quantitave data which is thought to compliment home-lab x-ray 

studies, or even lead to totally novel observations. 

The possibility to characterize the deposited systems with high brilliance synchrotron 

radiation diffraction experiments on a single crystal diffractometer is not only novel, but has 

also resulted in interesting data such as the lattice mismatch in homoepitaxial LaAlO3 on 

LaAlO3, and crystal truncation rod studies. The diffraction geometry setup that was evolved 

on the single crystal diffractometer at ESRF, Grenoble, France has at a later stage and by 

other scientists been successfully applied to other thin film systems. This serves to show that 

the presented work has  had an impact on  the scientific community. 

Finally, the author would like to emphasize that even if many questions have been answered, 

and new science has emerged from the project, many questions remain unanswered or have 

arisen during this work. Chapter 13 serves to focus on some work that the author believes can 

be a proper continuation of this thesis, and that can result in more new science in the future. 
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13 Future Work 

The author would like to emphasize some possible future work that one did not have time, 

resources or infrastructure to carry out during this masters project. This will be presented in 

the following section, along with some thoughts on how to structure such research. 

The CVT experiments do not have any particular impact in the scientific community, as such 

studies have been carried out previously. ZnO is as stated a very promising material for 

several applications, and since this has been known for several years; a lot of resources has 

been used to study this material. Ultra-pure ZnO and ZnS crystals have already been obtained 

using this method, and such experiments were done in this project solely to create an attack 

point for further research. 

The results from the studies of thin films deposited with ALD using an altered single crystal 

diffraction setup on a synchrotron beam line. The results as presented in this thesis are already 

novel, but there are many interesting studies left to be done. Most notably are in situ 

experiments, having different parameters changed during monitoring. As many atomic layer 

deposited films are amorphous; crystallographic monitoring during annealing would be very 

interesting. At what temperatures do crystallites form, and how are they oriented? Does the 

ordering change at higher temperatures? Is the ordering dependent on the temperature 

ramping rate? Such studies could easily be carried out using the current setup and a fitted 

furnace. 

Another possibility, that the author for the time being is involved in carrying out, are XRR-

experiments using synchrotron radiation. The brilliance of a synchrotron beam line should be 

ideal for reflectivity experiments, and should also allow for study of diffuse reflection, 

allowing for information not only in-plane, but also normal to the sample, even under non-

ambient conditions. 

Combining the presented x-ray techniques in an ALD setup in situ at a synchrotron is of even 

greater impact, but is currently limited due to the need of large infrastructure. Such a setup 

would however greatly enhance the knowledge of thin film growth by ALD, with possibilities 

for monitoring subtle changes layer by layer using XRR and XRD. These setups are currently 

evolving around the world (as stated in chapter 2.1.2), and the author believes that the 

development of such a setup is crucial to  keep up with international state-of-the-art science. 
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Finally for the synchrotron research, the author believes that the study of crystal truncation 

rods on thin films deposited with ALD is still in its infancy. Reports on such studies are 

absent in international journals (in fact, only 15 serious studies of surface and interfaces of 

thin films in general are reported; SciFinder April 15
th

 2012 search word: “thin film crystal 

truncation rod”), and thus it is not an understatement that this is on the frontier of thin film 

structural knowledge. It is very possible that CTR-data collection with proper quantitative 

quality cannot be performed on the currently developed setup, as it is very qualitative in its 

current form. Alteration allowing for such studies should definitely be discussed in the future. 

Not only has the instrumental setup left a range of interesting questions. The deposition of 

crystalline LaAlO3 using La(thd)3, TMA and O3 is a novelty, and the very interesting growth 

mechanisms are not fully understood. A lot of work should still be done to thoroughly 

understand this (in situ ALD synchrotron studies?). Why is the La-O growth enhanced by Al-

O terminated surfaces? How can pulsed ratio vs. stochiometric ratio be 1:1 in a system 

consisting of so very different binary systems? 

Studies should also be done to characterize the possible superconductivity of the 

LaAlO3||SrTiO3 interface. Such studies have, as stated, already been carried out, but not on 

thin films deposited with the ALD-technique. In addition, the author believes that the ALD 

technique holds another ace up it’s sleeve; namely the possibility to deposit multi-layer 

structures with unmatched control. Such structures are not yet reported to have been deposited 

using ALD, and one can only speculate in how multilayers will effect the 2D-electron gas that 

is created at the interface between strontium titanate and lanthanum aluminate. 

Even though this thesis has answered most of the questions raised before startup, as always, 

new issues have come up along the way, leaving more questions than answers. In the author’s 

opinion, this is a characteristic of state-of-the-art science, and underlines that this project has 

been at the frontier of current knowledge in structural characteristics of thin films deposited 

by the atomic layer deposition technique. 
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Appendix 1 – The Laue Diffraction Conditions 

For a proper understanding of diffraction from periodic crystal lattices, one can not avoid a 

thorough derivation of the geometrical conditions involved. 

Imagine an infinite periodic crystal with primitive lattice vectors a1, a2 and a3 defining the 

spacial relationships involved. The primitive reciprocal lattice vectors of this crystal is now 

defined as (equation A1.1): 

 

Each reciprocal lattice vectors are defined to be orthogonal to two of the real lattice vectors, a 

relationship that is commonly stated as (equation A1.2): 

 

With       for     and       for    . One can now define the reciprocal lattice as a set 

of vectors (equation A1.3): 

 

With           . As the crystal is inifinitely periodic, the set of vectors G defining the 

reciprocal lattice must, under a Fourier transform, be invariant under all translations of the 

crystals. That is; moving from a point in the crystal, to another similar point in the crystal 

must leave all operations intact. We define a translation as (equation A1.4): 

 

And thus a periodic function      must fulfill (equation A1.5): 
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Combining equations A3.2, A3.3 and A3.4, it can be observed that (equation A1.6): 

 

Thus we arrive at (equation A1.7): 

 

Resulting in the wanted invariance between crystallographic equal points. 

The theorem of crystallography now states that the set of reciprocal lattice vectors G 

determines the possible x-ray reflections. Now, define an incident wave vector Ki and a 

scattered wave vector Kf. From figure 19, it is obvious that the difference in phase factors of 

these two wave vectors must be             and by supposing that the total amplitude of the 

scattered wave is proportional to the integral under the crystal of        one arrives at the 

scattering amplitude (equation A1.8): 

 

Where one defines          as the change in wave vector, or the scattering vector. By 

combining equations A3.7 and A3.8, one obtains (equation A1.9): 

 

It is now easy to see that the scattering vector    will only interfere constructively with the 

incident beam if it is equal to a lattice vector G (equation A1.10): 
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Since this is the only times that the complex exponential argument vanishes. Scattering of 

waves is considered an elastic event, and thus          . By simply combining this with the 

definition of    it can be stated that (equation A1.11): 

 

This is often defined as the Laue diffraction condition. However, by combining this with 

miller indices and lattice spacing stating                and   
  

   
, this result can 

easily be transformed into the much more common condition (equation A1.12): 

 

Where θ is the angle between the incident beam and a given reflection. This result is 

commonly known as the Bragg identity. 
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Appendix 2 – The Structure Factor of ZnS and 

ZnO in the Zinc Blende Structure 

From the general structure factor equation (equation A2.1): 

and the atomic positions in zinc blende: 

Atom x y z 

Zn ¼ 

 

¼ 

 

¼ 

 Zn ¼ 

 

¾ 

 

¾ 

 Zn ¾ 

 

¼ 

 

¾ 

 Zn ¾ 

 

¾ 

 

¼ 

 O/S 0 0 0 

O/S 0 ½ 

 

½ 

O/S ½ 

 

0 ½ 

 O/S ½ 

 

½ 

 

0 

 

it is possible to write the structure factor for this system (equation A2.2): 

Knowing the properties of     from Euler, it is easy to arrive at the limitation for reflecting 

planes for the perfect zinc blende structure (equations A2.3-A2.6): 

- If h,k,l is mixed odd and even;        

- If h,k,l are all odd;                  

- If h,k,l are all even and h+k+l=2n  where n is odd;                  

- If h,k,l are all even and h+k+l=2n  where n is even;                  

In other words, planes of the type (111), (200), (220), (222) and (311) are allowed, but planes 

of the type (100), (110), (210), (211) and (322) are not. 
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Appendix 3 – Convolution of Gaussian and 

Lorentzian Functions 

In this short appendix chapter, the convolution of simple Gaussian and Lorentzian functions 

will be described, showing how different sources of signal broadening will affect each other. 

A Gaussian function, f, is described as (equation A3.1): 

with       being the standard deviation and the mean, and e being the Euler number. This 

is a typical broadened peak function, since it has a symmetrical quick fall-off from a center 

point. Imagine two Gaussian functions, f and g. The convolution   (attributed to Volterra 

(183)), between them is defined as (equation A3.2): 

The convolution theorem of Fourier transforms reads (equation A3.3): 

 

where F is the commonly defined Fourier transform. By using a Fourier transform on  the 

Gaussian f, one easily arrives at (equation A3.4): 
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where the transformation         has been applied. By using Euler’s formula, this 

integral can be split to yield (equation A3.5): 

 

The term in the complex sine function is odd, and thus its integral over the infinite space will 

be zero, and the integral becomes (equation A3.6): 

 

This integral has a simple solution of the form (equation A3.7): 

 

The exact same case is of course true for the function g, and this yields (equation A3.8): 

This is nothing but a Gaussian distribution with real mean and standard deviation, and a 

different phase (first term), and hence we can invert using the convolution theorem achieving 

(equation A3.9): 

         
        

     
  

 
    

   
 

                           
 

  

 Equation 

A3.5 

         
        

     
  

 
    

   
 

             
 

  

 Equation 

A3.6 

                     
   

    Equation 

A3.7 

 

                           
   

               
   

   

                  
    

    
     

 

Equation 

A3.8 

 
                              

 

      
      

 
 
           

 

    
    

  
 Equation 

A3.9 



Appendix 
 

157 

 

 

In other words, the convolution of two Gaussian functions is another Gaussian with 

(equations A3.10-A3.11): 

Which indeed is a very noteworthy result when adding up broadening of signals for x-ray 

diffraction contributions, where broadening of several different wave functions are described 

as Gaussians. 

A very similar derivation using a Lorentzian function (equation A3.12): 

 

provides a very similar result, where (equation A3.13-A.3.14): 
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Appendix 4 – The Voigt Profile 

One of the most important formulae in X-ray crystallography is the convolution between a 

Gaussian broadening function and a Lorentzian broadening function. The reason is that, as 

explained, most simple broadening functions take Gaussian or Lorentzian form. By 

mathematically convoluting all such functions; a total broadening can in theory be explained. 

The derivation of the Voigt profile is far outside the grasp of this thesis, and would take up far 

too much space to be appropriate. However, some key features will be presented. 

The Voigt profile is as stated the convolution between a Gaussian and Lorentzian function 

(equation A4.1): 

 

where G and L are the centered Gaussian and Lorentzian functions respectively,   and   are 

properties of these functions. 

This integral is not easily solvable, and consists of imaginary systems, but can be defined 

analytically as (equation A4.2): 

 

Where           is the real part of what is known as the complex error function of    , 

and (equations A4.3 and A4.4): 
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Where lastly (equation A4.5): 

 

This result can be approximated by Abramowitz-Stegun tabulated data (184), and with strong 

computer hardware and software such calculation can now be done. 

By doing this, one arrives at the final and crucial point for crystallographic line broadening 

(equation A4.6): 

 

Where broadening is defined as the full width at half maximum (FWHM). 
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Appendix 5 – Approximation of Crystallite Size 

Using a Williamson-Hall Analysis 

 

In a famous paper from 1953, Williamson et al. (170) discuss the contribution to Bragg peak 

broadening by three major effects; instrumentation, crystallite size and crystallite strain. 

In their discussion, all broadening contribution are assumed to be of the Lorentzian type, 

yielding (Equation A5.1): 

where   is the integral breadth of the Bragg peak. For practical purposes it is most common 

to use FWHM for analysis without specialized software. By subtracting the instrumental 

broadening it is clear that (Equation A5.2): 

and since the instrumentation used in this project shows a broadening in the 10
-3

 mrad region, 

one can assume that (Equation A5.3): 

By formulae attributed to Scherrer et al.(27) and Stokes et al. (185, 186) the broadening 

resulting from respectively crystallite size and strain are given by (Equations A5.4 and A5.5): 

 

where   is a constant close to unity,   the x-ray wavelength,    the crystallite size,   the 

diffraction angle in radians and   the strain. 
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By substituting this in Equation A10.3, a physical description of the peak broadening is 

reached (Equation A5.6): 

In its current form, this equation does not provide any useful insight into the separate 

contributions of the two effects. However, by multiplying Equation A10.6 with     , one 

arrives at (Equation A5.7): 

Thus, by plotting       vs.          one can estimate the crystallite size at     as 

(Equation A5.8): 

For practical purposes,   is assumed to be unity in the y-intercept, this was proposed by 

Williamson et al. and believed to be a reasonable estimate. 

Finally, one arrives at (Equations A10.9 and A10.10): 

providing the possibility to estimate both crystallite size and strain from the Williamson-Hall 

plot.  
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Appendix 6 – Synchrotron Radiation at 

Bending Magnets 

 

From classical physics, we know that a charged particle of momentum (equation A6.1): 

 

moving in a magnetic field of magnitude B experiences a Lorentz force (attributed to Oliver 

Heaviside (187), (equation A6.2): 

with the sign being the negative of the particle charge. This force is also equal to the 

centripetal acceleration times the mass of the particle, and taking super relativistic (v ≈ c) 

effects into consideration one arrives at (equation A6.3): 

 

γ being the electron energy in relation with the rest energy, given by (equation A6.4): 

 

Finally, one arrives at the energy of a particle in a synchrotron of radius r (equation A6.5): 

The emitted radiation will appear as cones that can be focused and monochromated by the 

BM-stations. 
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Appendix 7 – Tabulated Thermodynamical Data 

for ZnO and ZnS 

 

Chemical species M ΔH (kcal/mol) S (cal/mol*K) 

ZnO (s) 81.379 -83.762 10.430 

ZnS (s) 97.440 -48.200 13.800 

Zn (g) 65.380 31.170 38.467 

ZnCl2 (g) 136.286 -63.500 66.126 

NH3 (g) 17.030 -10.980 46.075 

NH4Cl (s) 53.491 -75.180 22.700 

HCl (g) 36.461 -22.063 44.669 

H2O (g) 18.015 -68.315 16.718 

H2S (g) 34.076 -4.900 49.176 

 

All tabulated data was extracted from the HSC Chemistry 4.1 Database, and are the values 

that were used to calculate chemical activities in Part 1.   
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Appendix 8– Calculation of Internal Pressure in 

a Closed Transport Tube 

The internal pressure in a closed quartz ampoule used for transport reactions is important for 

describing the reactions that take place inside. An estimate of this pressure will be given in 

the following text. 

Pressure can by the ideal gas law (attributed to Clapeyron (188)) be stated as (Equation A8.1): 

In the reactions taking place in this project, around 0.017 g of ammonium chloride 

decomposes into NH3 and HCl, with NH3 possibly decomposing into H2 and N2. If the 

following gaseous species is considered (Chemical equation 8.1): 

If NH4Cl decomposes totally into these species, a maximum in the internal pressure is 

reached, where the amount of gas molecules is three times that of the amount of ammonium 

chloride at the starting point (2 gas molecules becomes 6 gas molecules). The tube has a 

volume of approximately 0.027 L, and the temperature is about 900 
o
C. 

Thus (Equation A8.2): 

This is a crude estimate, but allows for some general calculations of features that are 

interesting for this system. In addition, it reveals that the pressure is in the high range of what 

a home-fused quartz ampoule can handle, and that one should take care not to add more than 

0.02 grams of ammonium chloride in the ampoule. 

 
  

   

 
 Equation 

A8.1 

 
2NH4Cl (g)   2HCl (g) + 3H2 (g) + N2 (g) Chemical 

Equation 

A8.1 

 

  
   

 
  

        

       

   
                                   

                     

         

Equation 

A8.2 
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Appendix 9 – Calculation of Probable Pulsing 

Ratios for LaAlO3 

 

The growth rates of the two involved systems (Al2O3: 0.8 Å/cyc and La2O3: 0.34 Å/cyc) calls 

for a pulsing ratio during the atomic layer deposition that differs from 1:1. Choosing to 

calculate the proper pulsing ratio by using the separate growth rates is the accepted and 

common way to make a prediction. First of all (equation A9.1); 

 

where n is the amount of substance in the resulting film. A simple assumption is that 

(equations A9.2 and A9.3); 

 

where g is the estimated growth rate and px is the number of pulses for species x. Combining 

these equations results in (equation A9.4); 

 

which gives the final result (equation A9.5); 

 

By inserting the known growth rates for the systems at hand, and wanting an integer number 

of pulses, one can see that (equation A9.6); 

 

   
   

   Equation 

A9.1 

                        Equations 

A9.2-A9.3 

 

   
   

 
      
      

   Equation 

A9.4 

 

   
   

 
   
   

 Equation 

A9.5 
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a pulse ratio La(thd)3:TMA of 7:3 should result in proper stoichiometry of the films. 

  

 
   

    
       

 

 
 Equation 

A9.6 
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Appendix 10 – Pseudo Code for a Typical 

Atomic Layer Deposition Run 

 

 

Set Temperature Zones:   #In celsius, creates the temperature gradient 

 1: 90 
 2: 135 

 3: 185   # Precursor zone for La(thd)3 
 4: 225 

 5: 250 

 6: 250   # Reaction zone 

 7: 250 

 

Set gas flows:   # Nitrogen gas flows 

 Primary: 300scm 

 Secondary: 200 scm 

 

Program: 

 

Pulse O3, 30s   # O3-cleaning 
 

Cycle x 

 

Pulse La(thd)3 3s # Lanthanum precursor pulse 
Purge   5s 

Pulse O3  3s  
Purge   5s 

Pulse TMA  1s # Aluminium precursor pulse 

Purge   5s 

Pulse O3  3s 
Purge   5s 

 

Turn 
 

End 
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Appendix 11 – Calculation of the Change in 

Lattice Parameter of LaAlO3||LaAlO3-films 

By using the θ-angle where diffraction is observed for the main peak and the split peak, one 

can find the difference in lattice parameters for the LaAlO3-pseudocubic lattices that are 

observed. 

The Bragg identity is defined as (equation A11.1): 

and by taking a difference this can be rewritten in the form (equation A11.2): 

Taking              and              as these are obviously equal, one arrives at 

(equation A11.3): 

In a cubic system the relationship between the plane distance and the lattice constant is 

(equation A11.4): 

and thus equation A11.3 can be rewritten into (equation A11.5): 

 
          Equation 

A11.1 

 
              

        
        

 
          

         
 Equation 

A11.2 

 
   

 

 
 

 

       
 

 

        
  Equation 

A11.3 

 
     

 

         
 

Equation 

A11.4 
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A11.5 
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As all these values are known from the data collection, finding    is just a matter of entering 

the values at hand. In theory,            , but as real data differ some from theory, the 

stated    is calculated as a mean (equation A11.6): 

Which for the data from the experiments result in the stated         Å. 
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