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“The photons which constitute a ray of light behave like intelligent human beings: out of 

all possible curves they always select the one which will take them most quickly to their 

goal.” 

 

Max Planck, 1968 
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Abstract 

In the last 40 years, great attention has been given to lanthanide (doped) compounds. These 

are optical materials that can be used in various applications to make lasers, LEDs as well 

as biological imaging systems. The reason for the good luminescent behaviour of 

lanthanide ions lies behind the inner shell 4f-4f electronic transitions which give rise to 

sharp emission lines. To develop lanthanide (doped) compounds with brighter emission 

lines it is essential to understand their optical properties and the mechanism of energy 

transfer between lanthanide ions and surrounding ions within the crystal.  

This PhD work is about the luminescent properties of Pr (doped) niobates and focuses on 

the reasons behind the great luminescent properties of PrNbO4. Polycrystalline samples 

were studied which have been prepared with a solid-state route. Two phases, namely 

Pr3+:Ca2Nb2O7 (with a  cubic crystal structure) and PrNbO4 (crystalized in a monoclinic 

structure) were produced as μm-sized particles. In addition, Pr3+ doped Ca2Nb3O10 

nanosheets were investigated.   

In the first part of the thesis, Pr3+:Ca2Nb2O7 and PrNbO4 were compared regarding their 

crystal structure, chemical composition and emission spectra for individual particles. 

Scanning electron microscopy in addition to energy dispersive X-ray spectroscopy were 

performed to investigate the morphology and chemical composition of the particles. By 

using a cathodoluminescence spectrometer attached to the scanning electron microscope, 

emission spectra for each phase were acquired. The crystal structure of individual particles 

was revealed using transmission electron microscope. The correlation between the optical 

properties and the crystal structure was obtained. Brighter emissions lines were observed 

for PrNbO4. Higher Pr content was the main reason for this finding. In this phase, both K 

and Ca from the initial KCa2Nb3O10 host were substituted by Pr. As a result, Pr3+ ions 

occupy the sites with C2 symmetry which perturbs the parity forbidden rule and yields sharp 

f-f transitions. 

PrNbO4 and the underlying reasons for the good luminescent behaviour of this material 

were further investigated and are explained in the second part of this thesis. Presence of 

defects (regions with high and low density of twins) was identified within the particles. The 

effect of such defects on the luminescent properties were examined via a correlative study. 

Backscattered electron imaging and emission spectra were acquired at the same location. 



II 

Focused ion beam lift out from the same region was done to study the twin’s structure. On 

each particle two areas including twin free and twinned regions were observed. The results 

indicated that the regions with higher density of twins show more intense emission lines 

compared to the areas with less density of twins. The twins were formed during the 

synthesis and belong to phase transformation twinning type. Coherent structure for the 

twins was recognized.     

Third part of the thesis is dedicated to the study of lanthanide 2D nanosheets synthesized 

with different Pr content. Elemental analysis for single nanosheets was performed using 

transmission electron microscopy revealing an average Pr concentration of 0.9 at% – 1.8 

at% within the [Ca2Nb3O10]
- sheets, respectively. Luminescent properties of the 2D 

nanosheets was compared to the bulk material. Additional transitions in the visible region 

were observed. Structural characterization of the nanosheets was carried out using high 

resolution transmission electron microscopy. Thin nanosheets (3 nm) correspond to one 

triple Ca2Nb3O10 layer surrounded by charge compensating TBA+ molecules. Thicker 

nanosheets (12 nm) with the same chemical composition were observed indicating that a 

set of 4 nanosheets were stacked on top of each other. 

This thesis confirms that electron microscopy is a great tool to get insight about the 

chemical composition and the crystal structure of lanthanide (doped) compounds. 

Moreover, it explains the necessity of obtaining emission spectra for each individual 

particle by using a cathodoluminescence detector within the electron microscope. This 

enables a precise comparison between the luminescent behaviour of different phases. And 

it describes why PrNbO4 with higher density of twins are the better candidates for being 

used in optical applications. 
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Kurzzusammenfassung 

In den letzten 40 Jahren wurde den (dotierten) Lanthanidverbindungen große 

Aufmerksamkeit geschenkt. Dabei handelt es sich um optische Materialien, die in 

verschiedenen Anwendungen zur Herstellung von Lasern, LEDs und biologischen 

Bildgebungssystemen eingesetzt werden können. Der Grund für das gute 

Lumineszenzverhalten von Lanthanidionen liegt in den elektronischen 4f-4f-Übergängen 

in der inneren Schale, die zu scharfen Emissionslinien führen. Um (dotierte) 

Lanthanidverbindungen mit helleren Emissionslinien zu entwickeln, ist es wichtig, ihre 

optischen Eigenschaften und den Mechanismus der Energieübertragung zwischen 

Lanthanidionen und umgebenden Ionen im Kristall zu verstehen.  

Diese Doktorarbeit befasst sich mit den lumineszierenden Eigenschaften von Pr-(dotierten) 

Niobaten und konzentriert sich auf die Gründe für die großartigen lumineszierenden 

Eigenschaften von PrNbO4. Es wurden polykristalline Proben untersucht, die mit einem 

Festkörperverfahren hergestellt wurden. Zwei Phasen, nämlich Pr3+:Ca2Nb2O7 (mit 

kubischer Kristallstruktur) und PrNbO4 (kristallisiert in einer monoklinen Struktur) wurden 

als μm-große Partikel hergestellt. Darüber hinaus wurden mit Pr3+ dotierte Ca2Nb3O10-

Nanoschichten untersucht.   

Im ersten Teil der Arbeit wurden Pr3+:Ca2Nb2O7 und PrNbO4 hinsichtlich ihrer 

Kristallstruktur, chemischen Zusammensetzung und Emissionsspektren für einzelne 

Partikel verglichen. Rasterelektronenmikroskopie und energiedispersive Röntgen-

spektroskopie wurden durchgeführt, um die Morphologie und chemische 

Zusammensetzung der Partikel zu untersuchen. Mit einem 

Kathodolumineszenzspektrometer, das am Rasterelektronenmikroskop angebracht war, 

wurden Emissionsspektren für jede Phase aufgenommen. Die Kristallstruktur der einzelnen 

Partikel wurde mit dem Transmissionselektronenmikroskop identifiziert. Die Korrelation 

zwischen den optischen Eigenschaften und der Kristallstruktur wurde ermittelt. Für 

PrNbO4 wurden hellere Emissionslinien beobachtet. Der höhere Pr-Gehalt war der 

Hauptgrund für diese Beobachtung. In dieser Phase wurden sowohl K als auch Ca aus dem 

ursprünglichen KCa2Nb3O10-Kristall durch Pr ersetzt. Infolgedessen besetzen Pr3+-Ionen 

die Plätze mit C2-Symmetrie, was die Regel des Paritätsverbots stört und zu scharfen f-f-

Übergängen führt. 
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PrNbO4 und die Gründe für das gute Lumineszenzverhalten dieses Materials wurden weiter 

untersucht und werden im zweiten Teil dieser Arbeit erläutert. In den Partikeln wurden 

Defekte (Bereiche mit hoher und niedriger Zwillingsdichte) festgestellt. Die Auswirkungen 

solcher Defekte auf die Lumineszenzeigenschaften wurden in einer Korrelationsstudie 

untersucht. Rückgestreute Elektronenbilder und Emissionsspektren wurden am selben Ort 

aufgenommen. Zur Untersuchung der Zwillingsstruktur wurde ein fokussierter Ionenstrahl 

verwendet um elektronentransparente proben herzustellen. In jedem Partikel wurden zwei 

Bereiche beobachtet, darunter zwillingsfreie und zwillingsbehaftete Regionen. Die 

Ergebnisse zeigten, dass die Bereiche mit höherer Zwillingsdichte intensivere 

Emissionslinien aufweisen als die Bereiche mit geringerer Zwillingsdichte. Die Zwillinge 

wurden während der Synthese gebildet und gehören zum Typ der 

Phasenumwandlungszwillinge. Es wurde eine kohärente Struktur für die Zwillinge 

ermittelt.     

Der dritte Teil der Arbeit ist der Untersuchung von 2D-Nanoschichten aus Lanthaniden 

gewidmet, die mit unterschiedlichen Pr-Gehalten synthetisiert wurden. Die 

Elementaranalyse der einzelnen Nanoschichten wurde mit der 

Transmissionselektronenmikroskopie durchgeführt und ergab eine durchschnittliche Pr-

Konzentration von 0,9 at%-1,8 at% in den [Ca2Nb3O10]
- Nanoschichten. Die 

Lumineszenzeigenschaften der 2D-Nanoschichten wurden mit denen des Bulkmaterials 

verglichen. Es wurden zusätzliche Übergänge im sichtbaren Bereich beobachtet. Eine 

strukturelle Charakterisierung der Nanoschichten wurde mit hochauflösender 

Transmissionselektronenmikroskopie durchgeführt. Dünne Nanoschichten (3 nm) 

entsprechen einer Ca2Nb3O10-Dreifachschicht, die von ladungsausgleichenden TBA+-

Molekülen umgeben ist. Es wurden dickere Nanoschichten (12 nm) mit der gleichen 

chemischen Zusammensetzung beobachtet, was darauf hindeutet, dass ein Satz von 4 

Nanoschichten übereinander gestapelt wurde. 

Diese Arbeit bestätigt, dass die Elektronenmikroskopie ein hervorragendes Werkzeug ist, 

um Einblicke in die chemische Zusammensetzung und die Kristallstruktur von 

lanthaniddotierten Materialien zu erhalten. Darüber hinaus erklärt sie die Notwendigkeit, 

Emissionsspektren für jedes einzelne Teilchen mit Hilfe eines Kathodolumineszenz-

detektors im Elektronenmikroskop zu erhalten. Dies ermöglicht einen genauen Vergleich 

des Lumineszenzverhaltens der verschiedenen Phasen. Und es wird beschrieben, warum 
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PrNbO4 mit einer höheren Zwillingsdichte der bessere Kandidat für optische Anwendungen 

ist. 
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1. Introduction 

Have you ever wondered about the two rows of elements which are separately put in a box 

below the main body of the periodic table? The elements in the first row of the box are 

called lanthanides. Discovery of lanthanides goes back to the 18th century.[1] Although 

lanthanides are historically called “rare earth’’, some of them are very common in Earth’s 

crust. The reason behind this etymology is related to the time when chemists would use the 

word earth instead of oxides. So by using rare earth they were referring to the oxides of 

lanthanides to distinguish them from the other renowned oxides.[2] As scientists slowly 

gained more knowledge about the chemistry of lanthanides, they started to use them in 

different applications such as chemical industries, batteries, optics, and electronics. 

Lanthanides applications are dependent on certain properties of each element and its 

compounds.[2] Therefore, the arrangement of the electrons in the inner 4f shell is very 

important since that makes the difference between all the elements in this group. Although 

various studies in the past years have been done on lanthanides applications, more details 

about the energy transfer between the host (or surrounding ions) and the lanthanide ions 

are not yet discovered. Lanthanides are used in the laser, lighting, and display industry as 

they have unique long lifetime luminescence.[3] The focus of this thesis is to understand 

the luminescence of lanthanides compounds in crystalline form with special emphasis on 

their crystal structure, composition and defects. Although lanthanides luminescence has 

been applied in applications for decades, the importance of finding new uses for it is 

increasingly seen in today’s research.[4]  

The attention given to lanthanide optical spectroscopy started in the 1880s. Scientists 

including Sir William Crookes, LeCoq de Boisbaudran, Euge`ne Demarcay or, later, 

Georges Urbain used luminescence to analyse new elements’ crystal structure.[4] Since 

then the characteristic absorption and emission spectra of lanthanide compounds in a wide 

spectral range, including the visible, near-ultraviolet, and infrared have been investigated. 

This is possible due to the transitions between 4f subshells. These transitions have sharp 

lines and oscillators strengths typically in the order of 10−6.[5] f-f transitions are forbidden 

but after doping lanthanides into a semiconducting host these transitions become allowed 

and are called forced electric dipole transitions.[3,6–13] In case of compounds depending 

on the lanthanide surroundings these transitions can occur. More details about the electronic 

configuration, energy transfer mechanism, and the emission spectra are given in the next 
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chapter. In this work, the chosen lanthanide is Praseodymium with the atomic number 59. 

The name of the element stems from two Greek words: “Prasios’’ meaning green and 

“didymos” meaning twin.[1] Pr has a silvery color and shows good magnetic, optical and 

electrical properties.[1], [14]–[16] The main reason behind choosing Pr3+ as the lanthanide 

ion is related to its efficiency of emitting photons in a broad range: starting from the 

ultraviolet (UV) to infrared (IR) spectral regions. 

Several studies have been done on lanthanides doped into different hosts. Among all the 

host materials, oxide-based materials (specifically, niobates) doped with Ln3+ have been 

suggested by many groups. In this thesis, the host KCa2Nb3O10 was used as a 

semiconducting host. The results are compared to those of a compound, namely PrNbO4. 

The crystal structure and composition of Pr (doped) niobates is very crucial and plays an 

important role in the material’s properties. PrNbO4 crystallizes in a monoclinic structure. 

At very high temperatures due to phase transformation, it changes to a tetragonal system. 

Depending on the lanthanide ion, the transformation temperature can be different. After 

cooling in the room temperature, the system changes to a monoclinic which leads to the 

formation of defects (twins).[17][18] Presence of these defects changes the luminescent 

properties of the material. The amount of the dopant is another vital factor for the 

properties. Many studies were done to find the optimum amount. If lanthanide amount is 

too low, there will be no luminescence and if it is too high luminescence quenching will 

occur. Thus, it is essential to find the optimum amount. Depending on the dopant amount 

different phases with various crystal structures can be formed. Since the surrounding 

environment of the dopant has influence on the luminescence properties of the material, it 

is imperative to synthesis particles in a way to reach the highest luminescence efficiency.   

Lanthanide “two-dimensional” materials are another interesting class of materials which 

are studied increasingly.[19] Understanding the differences between the bulk and the 2D 

materials regarding structure and properties are the main goals which have attracted 

scientists. Main focus of the former studies on lanthanide 2D materials are related to 

synthesis and preparation of the 2D nanosheets in an efficient way. Not enough studies are 

reported regarding the luminescence behaviour of the nanosheets. One chapter of this thesis 

is dedicated to the investigation of Pr3+ doped Ca2Nb3O10 nanosheets. The optical properties 

and crystal structures of the 2D nanosheets are compared with the bulk.  
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In the last years, many studies were carried out on lanthanide doped oxides but no report 

was published to correlate optical, structural, and chemical properties measured at the 

identical location. Moreover, majority of studies on the optical properties are performed 

using photoluminescence (PL). Although PL is a great approach to obtain emission spectra 

for a group of particles, it is vital to do cathodoluminescence (CL) to study individual 

particles separately. In particular for inhomogeneous samples or two-phase materials. CL 

technique enables doing a correlative work and learning about the influence of different 

factors (crystal structure, chemistry and defects). To understand the mechanism of the 

energy transfer between the lanthanide ions and the surrounding it is essential to do multiple 

analyses. Performing transmission electron microscopy (TEM) is crucial to study materials 

on a nanoscopic scale in order to to observe lanthanide ion surroundings, and crystal defects 

which can all influence the luminescence properties. Elemental analysis should be carried 

out by doing energy dispersive X-ray (EDX) measurements to gain information about the 

chemical composition.  

In this thesis, a newly developed methodology was used to correlate the optical properties 

of the lanthanide compounds with their defect density measured at the identical particle. 

The main focus on Pr niobates compounds and Pr doped host show promising results and 

highlight that besides the structural differences the influence of local defects such as twins 

has to be taken into account.  

1.1. Aim of the thesis 

The aim of this thesis is to understand the luminescent properties of lanthanide doped 

semiconductors and lanthanide niobate compounds through characterizing the materials 

with varied compositions and crystal structures. To develop better optical materials, the 

effect of lanthanide content and presence of defects on the optical properties are 

investigated. Pr as the selected lanthanide and KCa2Nb3O10 as the semiconducting host 

were studied. Polycrystalline Pr3+ doped Ca2Nb3O10 powder particles were synthesized in 

a solid-state route by collaborative partners from the Ludwig Maximilian University of 

Munich. Two phases; Pr3+:Ca2Nb2O7 with a cubic structure and PrNbO4 with a monoclinic 

structure, were investigated. The optical properties for both phases were compared and the 

reasons behind the differences are described in detail. In addition to bulk particles, 2D 

nanosheets (Pr3+ doped Ca2Nb3O10) were studied. 2D materials are interesting as they have 

different chemical and physical properties compared to the bulk. 
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The particles with a micrometre size and 2D nanosheets were characterized using various 

analytical techniques. The microstructure and chemical composition were investigated 

using scanning electron microscopy (SEM), backscattered electron imaging (BSE), X-ray 

diffraction (XRD), and EDX. For the structural analysis TEM lamella were prepared by 

focused ion beam (FIB) microscopy and characterized in depth by TEM techniques 

including high resolution transmission electron microscopy (HRTEM). The optical 

properties of individual particles were studied by a cathodoluminescence spectrometer 

attached to the SEM. The optical properties of the lanthanide compounds were correlated 

with their defect density acquired at the identical particle. This was possible by observing 

defects using BSE and taking lamella lift out of the regions with different density of the 

twins. Further structural analysis on the lamellae was done using scanning transmission 

electron microscopy (STEM). CL study was carried out on regions with different density 

of twins to understand the effect of defects on the luminescence.  

The outline of thesis is as follows: First chapter gives an introduction about lanthanides and 

the importance of studying these materials. In the second chapter, the lanthanides 

fundamentals including electronic configuration, atomic spectra and details about 4f-4f 

transitions are described. The experimental details with a focus on the electron microscopy 

characterization techniques are explained in chapter 3. Chapter 4 focuses on the comparison 

between the existing two phases, Pr3+:Ca2Nb2O7 and PrNbO4. Chemical composition, 

crystal structure, and cathodoluminescent properties of the mentioned phases are described 

in detail. Chapter 5 demonstrates the effect of twin density on the optical properties of the 

lanthanide niobate (PrNbO4). Lanthanide 2D nanosheets, and their structure and effect on 

the luminescence are studied in chapter 6. Specifically, Pr3+ doped Ca2Nb3O10 nanosheets 

with a Pr content of less than 2 at% are investigated. The thesis is summarized in chapter 7 

and an outlook is given. 
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2. Fundamentals 

This chapter starts with a short introduction on lanthanides. Later in the chapter details of 

the lanthanides electronic configuration, atomic spectra and transitions are discussed. At 

the end of the chapter, basic information about semiconductors is given. 

2.1. Lanthanides 

Lanthanides consist of a group of 15 elements on the periodic table with the atomic numbers 

57 to 71. Due to the similarities in the electronic configuration, all the rare earth elements 

(RE) have many physical properties in common.[20] And, since only electrons in the inner 

orbitals (4f) are changing and not the valence electrons, there are only a few differences 

between lanthanides’ chemical behavior. Based on this fact, lanthanides are called inner 

transition elements and are placed in a separate row below the main periodic table of 

elements.[21]  

For lanthanide ions, following the Aufbau principle and Madelung’s energy ordering rule, 

4f orbitals are the first to get filled.[20] Although 4f orbitals are part of the valence 

configuration, they are very well shielded by the outer filled 5s and 5p orbitals from the 

coordination environment and will not participate in the chemical bonding formation or 

interact with ligands.[5] As a result, the spectroscopic and magnetic properties of RE 

elements are vastly influenced.[20] In the following sections, details about 4f orbitals and 

RE transitions and their atomic spectra are given. 

2.2. Atomic orbitals 

In classical physics, by applying Newton’s second law: F=m𝑑2x/d𝑡2 the position of a 

particle of mass m is given at any time: x(t). By knowing that, the velocity (v=dx/dt), the 

momentum (P=mv), and the kinetic energy (T=1/2 mv2) can be calculated.[22] 

However, in quantum mechanics, the same problem is approached differently. In this case, 

wavefunction of a particle (ѱ(x,t)) is given by solving the Schrödinger equation. In this 

approach, a particle is not considered as a localized object but rather as a wave which is 

spread out in space.[22] The Schrödinger equation is given by: 

Hψ = Eѱ          (2.1) 
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Here H is the Hamiltonian operator, 𝛹 and E are the eigenfunctions and eigenvalues of 𝛹, 

respectively. The time-dependent Schrödinger equation can be described as: 

− 
ħ2

2𝑚
 
𝜕2ѱ

𝜕𝑥2 + Vѱ = iħ 
𝜕ѱ

𝜕𝑡
         (2.2) 

ħ is the reduced Planck’s constant and is equal to h/2π: 1.054 × 10-34 J s, V is the potential 

energy and 𝑖 = √−1.  

In case of a Hydrogen atom (an atom with one electron), the Hamiltonian can be described 

as:[4] 

𝐻 = − 
1

2
∆ − 

1

𝑟
   (with ∆  or Laplacian which is defined as 𝛻2 = 

𝜕2

𝜕𝑥2 + 
𝜕2

𝜕𝑦2 + 
𝜕2

𝜕𝑧2 ) (2.3) 

The first term in Eq.3 belongs to the kinetic energy of the electron and the second term 

describes the Coulomb’s attraction between the nucleus and the electron, divided by a 

distance r. 

If there are more than one electron in the configuration, the Hamiltonian is changed to the 

equation given below: 

𝐻𝑒  = ∑ (− 
1

2
∆𝑖  – 

𝑍∗

𝑟𝑖
)𝑖 + ∑ (

1

𝑟𝑖𝑗
)𝑖≠𝑗         (2.4) 

The first term is similar to Eq.3 with the difference of taking Z* (screened nucleus charge) 

into account. In the second term, the repulsion between electrons located at a distance r ij is 

added.[4] 

By solving the Schrödinger equation (Eq.1), wavefunctions are obtained. Four quantum 

numbers are assigned to each wavefunction. These quantum numbers are called, principal 

quantum number (n), the orbital angular momentum quantum number (l), the magnetic 

quantum number (ml) and the electron spin quantum number (ms). n represents the energy 

level of an electron and can be any integer number (1, 2, 3, etc.). l defines the shape of an 

orbital and varies from 0 to (n-1). ml can change between −l and +l and determines how 

many orbitals exist per energy level. Finally, the spin quantum number or ms adopts a value 

of either + ½ (spin up) or − ½ (spin down). In agreement with Pauli’s exclusion principle, 

only two electrons of opposite spin can exist in one orbital.[4] 

In case of using polar coordinates (r,ϑ,φ), wavefunctions (Ѱ) are written as: 
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Ѱ𝑛,𝑙,𝑚𝑙,𝑚𝑠
 ∝ 𝑅𝑛,𝑙(𝑟) . Ф𝑙,𝑚𝑙

(𝜗, 𝜑) . 𝑆𝑚𝑠  
      (2.5) 

Where, 𝑅𝑛,𝑙, ф𝑙,𝑚𝑙
 and  𝑆𝑚𝑠

 stand for radial function, angular function and spin function, 

respectively.[4] 

2.3. Electronic configuration of trivalent lanthanides 

The electron configuration of the trivalent lanthanides is [Xe]4fN, where N starts from 1 for 

(Ce3+) to 13 for (Yb3+).[23] No 4f-4f transition occurs for La3+ (N=0) and Lu3+ (N=14). In 

the first case there are no electrons in the 4f orbitals and in the second one, 4f orbitals are 

completely filled.[23]  

As mentioned earlier in this chapter, 4f orbitals are very well shielded with the filled 5s and 

5p orbitals which are located in the outer most (see Fig.2.1). As a result, 4f electrons cannot 

be mixed with the surrounding orbitals. Fig.2.2 shows the radial charge density (R2) of the 

valence orbitals of Pr3+.[20] As seen on this figure, most of the 4f orbitals are much less 

spatially extended than the 5s and 5p orbitals. This leads to very sharp emission spectra 

between the 4f states for all the lanthanides.[4], [19]  

 

Figure 2.1 Representation of the atomic structure of the lanthanide series. Adapted from 

[24] 
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Figure 2.2 Radial charge density of the valence orbitals of Pr3+ as a function of distance r 

from the nucleus. As shown on this figure, the 5s and 5p orbitals are much more extended 

in space compared to 4f orbitals. Reproduced with permission from [20]. © 2012 John 

Wiley and Sons, Ltd 

Although most common oxidation state for lanthanide ions is 3+, some stable compounds 

can be formed where the oxidation state is 2+ (e.g. Nd, Sm, Eu, Dy, Tm and Yb) and 4+ 

(e.g. Ce, Pr, Nd, Tb and Dy).[23] The valence configurations for the lanthanides are 

summarized in table 2.1.[20] 

Table 2.1: Lanthanides’ valence electron configurations in the oxidation states 0, 2+, 3+ 

and 4+ and their term symbols. Reproduced with permission from [20] © 2012 John Wiley 

and Sons, Ltd 

 

 

Atomic 
number 

Element 
symbol  

Valence  
configuration  

Term  
symbol 

Valence  
configuration  

of Ln+3 

Term  
symbol 
 of Ln+3 

Valence  
configuration 

 of Ln+2 

Valence  
configuration 

 of Ln+4 

57 La [Xe]5d16s2 2D3/2 [Xe] 1S0 [Xe]5d1 [Kr]4d105s25p5 

58 Ce [Xe]4f15d16s2 3H4 [Xe]4f1 2F5/2 [Xe]4f2 [Xe] 

59 Pr [Xe]4f36s2 4I9/2 [Xe]4f2 3H4 [Xe]4f3 [Xe]4f1 

60 Nd [Xe]4f46s2 5I4 [Xe]4f3 4I9/2 [Xe]4f4 [Xe]4f2 

61 Pm [Xe]4f56s2 6H5/2 [Xe]4f4 5I4 [Xe]4f5 [Xe]4f3 

62 Sm [Xe]4f66s2 7F0 [Xe]4f5 6H5/2 [Xe]4f6 [Xe]4f4 

63 Eu [Xe]4f76s2 8S7/2 [Xe]4f6 7F0 [Xe]4f7 [Xe]4f5 

64 Gd [Xe]4f75d16s2 9D2 [Xe]4f7 8S7/2 [Xe]4f75d1 [Xe]4f6 

65 Tb [Xe]4f96s2 6H15/2 [Xe]4f8 7F6 [Xe]4f9 [Xe]4f7 

66 Dy [Xe]4f106s2 5I8 [Xe]4f9 6H15/2 [Xe]4f10 [Xe]4f8 

67 Ho [Xe]4f116s2 4I15/2 [Xe]4f10 5I8 [Xe]4f11 [Xe]4f9 

68 Er [Xe]4f126s2 3H6 [Xe]4f11 4I15/2 [Xe]4f12 [Xe]4f10 

69 Tm [Xe]4f136s2 2F7/2 [Xe]4f12 3H6 [Xe]4f13 [Xe]4f11 

70 Yb [Xe]4f146s2 1S0 [Xe]4f13 2F7/2 [Xe]4f14 [Xe]4f12 

71 Lu [Xe]4f145d16s2 2D5/2 [Xe]4f14 1S0 [Xe]4f146s1 [Xe]4f13 
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In general, the spectroscopic properties of RE ions is determined by the electronic 

interactions.[5] Historically, a complete Hamiltonian for 4fN configurations was obtained 

in two ways. 1) Taking the fundamental electronic interactions, such as electrostatic 

Coulomb interactions and spin-orbit coupling into account. 2) Considering the crystal field 

interaction when the ion is in a condensed phase.[5] 

With that being mentioned, the next contribution to Eq.4 is the spin–orbit interaction 

described by 𝐻𝑆𝑂. The Hamiltonian is then given as [4]: 

𝐻 = 𝐻𝑒 +  𝐻𝑆𝑂 = ∑ (− 
1

2
∆𝑖   −  

𝑍

𝑟𝑖
)𝑖 + ∑ (

1

𝑟𝑖𝑗
) + 𝐻𝑆𝑂𝑖≠𝑗      (2.6) 

This interaction is created by the intrinsic magnetic moment of the electron with the 

magnetic field induced when electron moves around the nucleus. The magnitude of the 

spin–orbit interaction increases as Z4 (with Z being the nuclear charge).[23] For light 

elements, spin–orbit coupling is smaller than 𝐻𝑒  (electrostatic interaction between 4f 

electrons) but for RE elements, 𝐻𝑆𝑂 becomes comparable to 𝐻𝑒 .[23] By increasing the 

relative magnitude of the spin–orbit coupling, both S (∑ 𝑠𝑖) and L (∑ 𝑙𝑖) are no longer good 

quantum numbers, and J as the total angular momentum must be introduced. In fact, J 

represents the coupling of S and L. However, the rare earth elements indicate an 

‘‘intermediate coupling’’ case (𝐻𝑆𝑂≈ 𝐻𝑒) where the spin–orbit interaction causes splitting 

in different energy levels for RE3+ ions configuration and therefore, 2s+1L changes to 2s+1LJ, 

where J is equal to |L-S|, |L-S+1|, …, |L+S|. [23]  

𝐻𝑆𝑂 is given via:  

𝐻𝑆𝑂 = ∑ 𝜉(𝑟𝑖)𝑖 (𝑆𝑖 . �⃗⃗�𝑖)  ( 𝜉(𝑟𝑖) is defined as (
ℎ2

2𝜋𝑐2𝑚2𝑟𝑖
) {

𝑑𝑉(𝑟𝑖)

𝑑𝑟𝑖
} )  (2.7) 

𝑟𝑖, 𝑠𝑖 and 𝑙𝑖 are the radial coordinate, spin and orbital angular momentum of the i-th electron, 

respectively. The central field potential is defined as V(ri) with h being the Planck constant, 

m the mass of the electron and c the speed of light.[23] 

In general, for RE3+ ions, the electrostatic (𝐻𝑒) and spin–orbit (𝐻𝑆𝑂) interactions are the 

dominant ones.[23] The energy levels of the RE3+ ion in the spherical symmetry of free 

space or in another word ‘‘free ions’’ are indicated by 2S+1LJ multiplets. When RE3+ ion is 

placed into the lower symmetry electrostatic field, due to the charges of the neighbouring 

ions in a solid, the spherical symmetry of its electronic structure is destroyed.[4] As a result, 
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depending on the exact symmetry of the metal–ion site a much smaller energy splitting 

occurs. However, in the next section, the importance of the crystal-field interactions is 

explained. It is in fact because of these interactions that parity-forbidden 4f-4f transitions 

become allowed.[23] 

2.4. 4f electronic states transitions 

The Judd-Ofelt theory which was introduced over 50 years ago is the most essential study 

on the 4f-4f transitions.[23] This theory enables us to understand and analyse the transition 

intensities in the so-called forbidden transitions.[23] Before starting with the Judd-Ofelt 

theory, the basics of electronic transitions and spectroscopy will be introduced.  

When an atom absorbs a photon, the energy of that photon is transferred to the electron. As 

a result, the electron will go to higher energy states. The absorption is defined by 

“operators” related to the nature of light. These operators are called, the odd-parity electric 

dipole (ED) operator �⃗⃗�, the even-parity magnetic dipole (MD) operator �⃗⃗⃗� and electric 

quadrupole (EQ) operator �⃗⃗�.[4] And they are defined as: 

�⃗⃗� = −e ∑ 𝑟𝑖
N
i=0           (2.8) 

 

�⃗⃗⃗� = −  
𝑒ℎ

4𝜋𝑚𝑐
∑  (𝑙𝑖

𝑁
𝑖=0 + 2𝑠𝑖)        (2.9) 

 

�⃗⃗� =  
1

2
∑ (�⃗⃗� · 𝑟𝑖)

𝑁
𝑖=0 · 𝑟𝑖        (2.10) 

Here, the wave-vector of the photon is defined with �⃗⃗�.[3] Other variables such as ri, si, li, 

h, m and c were introduced above. Like the absorption, emission of light through f–f 

transitions is achieved by either electric dipole or magnetic dipole mechanisms. 

Lanthanide ions can have three types of electronic transitions: sharp intraconfigurational 

4f-4f transitions, broader 4f-5d transitions, and broad charge-transfer transitions (metal to 

ligand or ligand-to metal).[4] Following selection rules, not all the transitions are allowed. 

Laporte’s parity selection rule (given in Table 2.2) implies f–f transitions are forbidden 

because of having same parity in the initial and final sates of transition. However, when the 

lanthanide ion is under the influence of a crystal field, non-centrosymmetric (without 

inversion of symmetry) interactions allow the mixing of electronic states of opposite parity 
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into the 4f wavefunctions. This relaxes the selection rules and the transition becomes 

partially allowed; it is called an induced electric dipole transition. Although magnetic 

dipole transitions are allowed, their intensity is weak. For the case of 4f-4f transition, their 

intensity in emission spectra is very similar to the one from the induced electric dipole 

transitions.[4] 

Table 2.2: Selection rules for intra-configurational f-f transitions. Reproduced with 

permission from [4]. © Springer-Verlag Berlin Heidelberg 2011 

Operator Parity ∆S ∆L ∆J 

ED Opposite 0 ≤6 ≤6 (2,4,6 if J=0) 

MD Same 0 0 0,±1 

EQ Same 0 0,±1,±2 0,±1,±2 

 

There are also parity allowed quadrupolar transitions but their intensity is even weaker than 

MD transitions, and therefore they are usually not observed. Some induced ED transitions 

are called hypersensitive as they are highly sensitive to the changes in the Ln3+ 

environment. Since these transitions follow the selection rules of EQ transitions they are 

called pseudo-quadrupolar transitions.[4] One should take into consideration that the terms 

“forbidden” and “allowed” transitions are not totally accurate. A forbidden transition does 

not indicate that a transition will never happen but rather it has a low probability of 

happening, while an allowed transition has a high probability of occurring.[4] 

The probability that a transition occurs from one state (Ѱ1) to another state (Ѱ2), is 

proportional to the transition moment (�⃗⃗⃗�12) given below [23]: 

�⃗⃗⃗�12 = ∫ ѱ2 µ⃗⃗ ѱ1𝑑𝜏         (2.11) 

µ⃗⃗ stands for the dipole moment operator. 

The 4f wavefunctions have ungerade (u) inversion symmetry. The electric-dipole (ED) 

interactions have also an operator with ungerade (u) inversion symmetry. Therefore, for an 

ED-induced 4f-4f transition, the direct product is u⊗u⊗u=u. However, since Eq.11 

becomes non-zero only if the direct product of ѱ2 ⊗ µ⃗⃗ ⊗ ѱ1 is symmetric (gerade), 

therefore, 4f-4f transition has zero probability to occur. Symbol ⊗ is the sign for 

convolution. To make such transitions allowed, some admixture of states with opposite 

parity into the 4f wavefunctions is needed. Such admixtures can be done in a solid, by odd-

parity crystal-field parts which causes electronic transitions to occur. This explains the 
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fundamental idea of the Judd–Ofelt theory. Further mathematical treatment of the parity by 

the crystal-field perturbation is not the focus of this thesis. Details can be found in [23]. 

2.5. Term symbols and Dieke diagram 

One of the earliest studies on the absorption spectra of the trivalent lanthanides was done 

by Dieke and Crosswhite in the 1960s at Johns Hopkins University.[25] Their work 

illustrates the observed energy levels of the trivalent lanthanide elements and is 

summarized in a diagram called ‘‘Dieke Diagram’’. This diagram was produced from 

experimental observations (see Fig.2.3). In order to figure out the exact influence of the 

crystal field, lanthanides energy levels in a crystal lattice (Ln3+:LaCl3) were studied. The 

ground state of each lanthanide and the wave number (cm-1) are given by the x and y axes, 

respectively.   

In electronic spectroscopy, to specify the electronic configuration of an electron, the atomic 

term symbol is used. The term symbols of the ground state of an element follow Hund’s 

rules: [25] 

1. 2s+1LJ is the general form with J ranging from │L-S│< J < L+S 

2. n* is the number of electrons in f orbital, if n*< 7, J is │L-S│ and for n*> 7, it is L+S. 

3. L is represented by letters: S, P, D, F, G, H, . . . and stands for L= 0, 1, 2, 3, 4, 5, etc.  

As an example, to write the term symbol for the ground state of Pr3+, these steps have to be 

followed: 

1. Electron configuration for Pr3+ should be written:   

1s2 2s2 2p6 3s2 3p6 4s2 3d10 4p6 5s2 5p6 4f2   

2. Defining n* based on the remaining electrons inside the f orbital for Pr3+; n*= 2. 

3. Defining S for Pr3+; S= 1;   

4. Defining L for Pr3+; L= 5;   

5. Defining J for Pr3+; n* is smaller than 7, then J is L-S; J= 5-1= 4;  

 

Therefore, the term symbol 2s+1LJ is 3H4. 
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Figure 2.3 Observed energy levels of the trivalent lanthanide ions in LaCl3. Reproduced 

with permission from [26]. Copyright © 2014, Springer-Verlag   
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2.6. Semiconductors  

There exist 3 classifications for the conductivity of materials including: metals, 

semiconductors and insulators.[27–31] These 3 classes are different in their band structures 

or the electronic energy states which will be explained below. 

As shown in Fig.2.4.a, in metals the valence band (VB) is totally filled while the conduction 

band (CB) is partially (up to the Fermi level EF) filled. Therefore, many electrons are 

available for conduction. As a result, electrons can move freely leading to very high 

electrical conductivity.[27]  

 

Figure 2.4 Energy bands of (a) metal indicating partially filled CB; Electrons move from 

the filled states to the empty states, (b) semiconductor and (c) insulator. Eg and EF show the 

energy of the bandgap and the Fermi level, respectively. 

In semiconductors and insulators, there exists an energy gap between the valence band and 

the conduction band. In this energy gap no states exist which the valence electrons could 

occupy. Energy bands for a semiconductor are shown in Fig.2.4.b. At a temperature of 

absolute zero the conduction band is empty. Increasing the temperature provides the energy 

for the electrons to jump from VB to CB and leave behind a hole in the VB. The energy 

gap for semiconductors is usually between 0.1 to 3 eV. Semiconductors have moderate 

conductivity which increases with increasing temperature. The bandgap of semiconductors 

is generally divided into direct and indirect bandgaps. In the first case, when plotting the 

energy of the e- as a function of wavevector �⃗⃗�, the minimum of the CB and the maximum 

of the VB occur at the same �⃗⃗�-vector. On the other hand, for indirect bandgaps, there will 

be a change in momentum. 



 

 

15 

If a material has a completely empty conduction band and a large bandgap, it is called 

insulator. The conductivity even at high temperature is negligible. The energy gap is 

between 3.5 to 6 eV or larger. At room temperature, no electrons exist in the CB, and the 

VB is completely filled. Energy bands for an insulator are schematically drawn in Fig.2.4.c. 

[27] 

In this work, KCa2Nb3O10 (semiconducting host), Pr3+:Ca2Nb2O7 (lanthanide doped 

compounds) and PrNbO4 (lanthanide niobate compounds) were investigated. According to 

[32], the band gap of KCa2Nb3O10 is 3.2 eV and thus a wide-bandgap semiconductor. The 

monoclinic Ca2Nb2O7 is a direct wide band gap semiconductor and has a band gap of 3.07 

eV.[33] The band gap of PrNbO4 is given as 3.75 eV in [34], thus it can be classified as an 

insulator.  
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3. Characterization techniques 

In this chapter, a brief introduction to the basic concepts of the experimental techniques 

applied, with the main focus on electron microscopy, are given. Detailed information on 

the microscopy techniques used can be found in textbooks.[35–40] 

3.1. Electron microscopy  

Before the invention of electron microscopes, light microscopes played a vital role in many 

fields of research. Light microscopes are still important in today’s research, but due to their 

resolution limit governed by the wavelength of the photons and decreasing object sizes, the 

need for a higher resolution microscope became a limiting factor. Electrons, with a shorter 

wavelength and negative charges are the best solution to conquer the photon resolution 

limit.[36] With the help of electron microscopy, material characterization on the range of 

micrometre to angstrom can be performed. Although the microscopy concepts such as 

resolution, magnification, depth of field, and lens aberrations are the same for both electron 

and light sources, the key difference in understanding electron microscopy lies in the 

interaction of electrons with the matter.[36]  

Regardless of having a bulk or thin specimen, electrons will always interact with the 

sample. When primary electrons (PEs) of the incident electron beam interact with the 

sample, a group of signals are generated and recorded by different detectors.[36] These 

signals are created because of two vital phenomena: elastic and inelastic scattering of 

electrons.[36]  

Elastic scattering occurs when the incident electron is scattered at the screened Coulomb 

potential of the atoms, leading to large scattering angles. Backscattered electrons belong to 

this group and they conserve almost all their energy. Electron diffraction, HRTEM, and 

XRD are all based on elastic scattering. Moreover, electrons can get scattered through a 

larger angle (more than 90°) when they interact with the nucleus (Rutherford 

scattering)[36], which is considered as quasi-elastic scattering.  

Most electron-electron interactions are inelastic, causing a small angular deviation after the 

primary beam electron interacts with the electron cloud or nucleus of the atom. Inelastically 

scattered electrons lose part of their initial energy to the atoms of the specimen. Secondary 

electrons, Auger electrons, characteristic X-rays, and bremsstrahlung X-rays can all be 
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generated as a result of this energy loss. When an electron from the incident beam collides 

with another electron in the outer orbital shell of an atom, i.e. electrons that belong to the 

conduction or valence band, the released electrons are called secondary electrons. 

Secondary electrons are mostly used for forming images of the specimen surface in SEM. 

If the collision happens in the inner shell of an atom, the created unoccupied state will be 

filled by another electron located in a higher energy state of the atom. The excess of energy 

from this higher-to-lower energy transition is released as either secondary electrons – also 

called Auger electrons - or as X-ray radiation. Both types of signal emission carry unique 

and characteristic information about the sample. Lighter elements predominately emit 

Auger electrons and heavier elements predominately generate X-rays. Although Auger 

electrons carry elemental information, they have low energies (in the range of a few 

hundred eV to a few keV) and are often re-absorbed by the specimen. Consequently, they 

are only acquired in dedicated instruments that are used for chemical analysis. X-rays are 

used in most elemental analysis. Electrons can also be decelerated while interacting with 

the Coulomb field of the nucleus. Due to the relative change in momentum during this 

process, bremsstrahlung X-rays are generated. These X-rays are typically non-specific 

radiation.[36] Fig.3.1 summarizes a group of different signals which are generated when 

an electron beam interacts with the atoms of a specimen.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic drawing of most common interactions between an electron beam and 

the specimen. While in TEM, thin samples are required, thicker samples can be investigated 

in a SEM. The drawing is inspired by [36] 
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The following sections briefly describe the electron-based imaging and diffraction 

techniques that were used in this work. 

3.1.1. Scanning electron microscopy (SEM) 

SEM is a technique used to display the surface topography or different material phases of 

bulk specimens and microstructural features (grain size, etc). Electron guns with different 

types, namely thermionic emission or the field emission are used to generate the electrons 

inside an SEM.[37] In an SEM a focused electron beam with energy E0 <30 keV is rastered 

over the sample and generates signals such as secondary electrons, backscattered electrons, 

X-rays or CL.[36,37] The optical system is composed of condenser lenses and an objective 

lens, through which the electrons are focused into a beam which has a diameter of 2-10 nm. 

The volume in which electrons penetrate until they come to rest is called interaction 

volume. (see Fig.3.2) 

 

Figure 3.2 Schematic drawing of the interaction between the electron beam and the 

specimen in SEM. The penetration depth relates to the interaction volume and is indicated 

in brown. The different signals can only escape from the regions colored in green (SE), 

yellow (BSE), purple (X-rays), pink (Bremsstrahlung) and brown (CL). The drawing is 

inspired by [37] 

The atomic number of the sample and the accelerating voltage of the beam can influence 

the depth of the interaction volume.[40] Fig.3.3 demonstrates how penetration depth 
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changes by using a higher voltage or interacting with atoms with larger atomic number. 

Higher voltage leads to larger electron energy and larger penetration depth of electrons. For 

samples with higher atomic numbers, the interaction volume is small.  

To obtain a high resolution image of specimen topology, secondary electrons are most 

commonly used. The kinetic energy of secondary electrons is less than 50 eV. In fact, most 

of them have energies in the range of 1-3 eV, which makes their escape depth only several 

tens of nanometres (up to 100 nm), suitable for surface imaging (see Fig.3.2). Secondary 

electrons can also be generated in the deeper part of the sample (beyond 100nm depth), but 

they are easily re-absorbed and cannot leave the sample, and will not be detected by a 

secondary electron detector.[36] 

Backscattered electrons (BSE) have slightly less energy than the PEs. Their escape depth 

is in the order of µm, resulting in a limited lateral resolution. In a BSE image, elements 

with higher atomic numbers will appear brighter. Thus, the contrast in BSE images is Z 

dependent.[36] In general, the escape depth of BSE is larger than secondary electrons but 

less than the escape depth of X-rays (1-4 µm). The BSE signal carries information on 

specimen composition, topography and crystallography due to channelling effect 

(channelling of the electron beam as it travels through the sample along the atomic column). 

 

 

Figure 3.3 Schematic drawing of the influence of the accelerating voltage and atomic 

number in SEM. Adapted from [40] 

To detect secondary electrons in SEM, mainly two detectors are used - the Everhart-

Thornley detector and the in-lens detector.[38,41] The Everhart-Thornley detector has a 

positively charged surface potential to attract the SEs, and is mounted above the specimen 
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in a side position. This causes an additional shadowing effect. The in-lens detector is 

installed above the specimen in the electron column, which allows SE collection with less 

pronounced shadowing effects but very good collection efficiency. In contrast to the 

Everhart-Thornley detector, the in-lens detector enables the microscope to operate at very 

short working distances with a better resolution as it mainly detects SEs. In the SEM, the 

working distance is the distance from the lower pole piece of the lens to the specimen.[40]  

3.1.2. Energy-dispersive X-ray spectroscopy (EDX) 

As explained in section 3.1, if the incident electron beam interacts with the inner shell 

electrons, bremsstrahlung X-rays and characteristic X-rays can be generated. After an 

electron in the inner shell gets sufficiently excited and can escape the attractive field of the 

nucleus, consequently, a hole will be created which can be filled by an outer shell electron. 

The difference in energy may be released as photon as illustrated in Fig.3.4 These photons 

are called characteristic X-rays as their energies are characteristic of specific atoms.[36] 

Bremsstrahlung X-rays appear as a continuous background signal in each EDX spectrum.  

 

 

Figure 3.4 Schematic drawing illustrating the generation of characteristic X-rays. Adapted 

from [36] 

There are several possible transitions in a heavy atom, each of which enables the generation 

of an X-ray of a discrete wavelength.[36] As illustrated in Fig.3.5 below, depending on the 
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involved electron states, specific transitions can happen. If an electron from the L shell fills 

the K-shell hole, Kα X-rays are generated. For relaxation from the electrons in the M shell 

to the K-shell hole, Kß X-rays are released, etc. As each element has specific and unique 

energy levels, measurement of the X-ray energies enables chemical identification of 

various elements in each specimen. 

 

Figure 3.5 Possible electron transitions that give rise to Kα and Kβ characteristic X-rays. 

Redrawn from [36] 

If the sample is thin enough, the Cliff-Lorimer equation (3.1) is used to quantify the 

detected elements.[36] 

𝐶𝑎

𝐶𝑏
= 𝐾𝑎𝑏

𝐼𝑏

𝐼𝑎
          (3.1) 

a and b indicate the elements, Ca and Cb stand for the concentrations, and the respective 

intensities of the X-ray lines are given as Ia,b. Kab is the Cliff-Lorimer factor which depends 

on the voltage as well as the detector efficiency, and other parameters.  

If the specimen is thick, equation 3.1 is corrected for three different factors - atomic 

number, absorption, and fluorescence. In this case, the ratio of the concentrations changes 

to [36]: 

𝐶𝑎

𝐶𝑏
=  𝐾𝑍𝐾𝐴𝐾𝐹

𝐼𝑎

𝐼𝑏
         (3.2) 
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With Ca and Cb being the concentration of elements a and b, and respective intensities of 

the X-ray lines are given as Ia,b. Kz is a correction for atomic number, KA is correction for 

absorption of X-rays in the sample and KF corrects for any energy released as fluorescence. 

As mentioned before, bremsstrahlung radiation should be removed from the EDX 

spectrum, then X-rays lines can be used in the Cliff-Lorimer equation. These steps are 

performed automatically by most commercial EDX software and are critical to obtain 

quantitative, rather than qualitative chemical information about the sample. 

3.1.3. Cathodoluminescence (CL) 

CL happens as a result of inelastic scattering of the electron beam with luminescent 

materials. These materials are insulators or semiconductors that have an electronic structure 

with a filled valence band separated by a gap of forbidden energy states from the empty 

conduction band (for T=0 K).[38] The energy of CL is in the range of less than 10 eV 

(infrared, visible, and ultraviolet light). Over a sample area, the CL gets detected from the 

whole interaction volume, which results in an image with a low spatial resolution. The 

spatial resolution of the CL mode is thus limited by the beam penetration range in the 

specimen.[42] CL spectroscopy enables characterization of the optical and electronic 

properties of materials with a spatial resolution of the order of 1 µm in a SEM which is 

much better than the one for PL spectra generated with a µm-sized light source.[42] The 

ability to obtain detailed depth-resolved information by modifying the electron beam 

energy as well as directly visualizing the defects are the advantages of the CL technique.  

Luminescence emission spectra are divided into two categories, namely intrinsic (edge 

emission) and extrinsic (characteristic emission). Intrinsic luminescence- which happens at 

ambient temperature- is due to the recombination of free electrons and holes.[42] The most 

likely energy transitions in materials with a direct band gap happen between the minimum 

of the conduction band (highest probability of filled states) and the maximum of the valence 

band (highest probability of unoccupied states). Fig.3.6.a shows the schematic of an 

intrinsic CL emission. When the electron beam excites one electron from the valence band, 

a hole will be created in the valence band. After another electron relaxes and fills the hole, 

a photon can be emitted which has an energy equal to the energy of the band gap of the 

material.[38]  

Extrinsic CL, on the other hand, depends on the presence of impurities.[42] These 

impurities influence the emission spectra in both direct and indirect semiconductors. 
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Fig.3.6.b represents an extrinsic CL emission. Certain impurity atoms lead to the creation 

of allowed energy states within the bandgap.[38] When the energy relaxation happens, the 

electron goes first to the impurity level and loses parts of its energy. In the subsequent 

transition, the electron will reach the valence band and fills the hole. In this case, the energy 

of the emitted photon is less than the energy of the band gap.[38] 

 

Figure 3.6 Scheme of (a) intrinsic CL generation (b) extrinsic CL generation. Adapted 

from [38] 

Inside the electron microscope, the optical radiation is collected by a parabolic mirror 

placed between the electron beam and the specimen (see Fig.3.7). A lens is used to focus 

the light towards the detector. The collected radiation is measured with a photomultiplier 

tube (PMT). The spectrometer can be operated in two different modes, namely 

panchromatic imaging and spectral mode. CL images are observed by panchromatic 

imaging. In this mode, the CL signal is the average over all wavelengths within the 

detection range and displayed across the scanned area. Regions with high emission appear 

bright on the CL image. Emission spectra are acquired in spectral mode on a specific region 

and then displayed for one selected position of the electron beam. By using PMT and a 

filter wheel, intensity mapping becomes possible. The spectral resolution in CL 

measurements depends on the material’s luminescence efficiency, temperature, and 

sensitivity of the CL detection system.[42] More intense and narrower luminescence lines 

are achieved at liquid helium temperatures.[42] 
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Figure 3.7 Schematic drawing of the optical path of the CL setup. Using a flip mirror, the 

CL emission is directed towards the PMT. Modified from [43]  

3.1.4. Transmission electron microscopy (TEM) 

Having a beam of high-energy electrons (100-300 keV) -modern TEM can go as low as 60 

or even 30keV-, and smaller interaction volume in TEM samples (less than 100 nm), are 

the main reasons for obtaining images with higher spatial resolution in TEM compared to 

SEM. In TEM, the specimen is illuminated by a parallel electron beam and only the 

elastically scattered electrons (non-deflected) are used for imaging. The TEM is multi-

modal - other modes can be used depending on which information about the sample is 

required. In this work, selected area electron diffraction (SAED), bright field (BF), dark 

field (DF), and HRTEM imaging are used. In the following, the basic concepts of these 

modes are briefly explained. Fig.3.8 shows the construction of a TEM and the different 

modes for imaging and diffraction. 

Inside a TEM column, electrons are generated with an electron gun consisting of two parts, 

namely the emitter and accelerator. The emitter can be any of these types: thermionic 

emitter (usually heated W or LaB6), cold field emission gun or CFEG (applied high electric 

field to extract e-), or a Schottky emitter (mixture of high temperature and high electric 

field). The reason to use hot sources is to prevent source contamination and keep tunnelling 

high. Depending on which type of gun is used inside the electron microscope, different 

energy spread and total brightness are achieved. In general, FEGs have a much narrower 

energy spread than thermionic sources, which benefits chemical analysis. Electro-magnetic 

lenses are used inside the electron microscope. The focal length of these lenses can be 

adjusted by changing the current in the magnetic coil. 
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Figure 3.8 Schematic ray diagram showing (a) image mode and (b) diffraction mode in 

TEM. The drawing is redrawn from [36] 

The condenser lens system and apertures control the size and current of the beam. The 

objective lens is the first lens through which the electrons pass after their interaction with 

the specimen. This lens is important as it determines the image quality (resolution, contrast, 

etc). The objective is usually surrounding the specimen. In TEM, condenser lens 

astigmatism, objective lens astigmatism, spherical aberration and chromatic aberration are 

the main types of lens imperfections. Spherical aberration is caused when electrons travel 

at a large distance from the optical axis and bend strongly due to the lens magnetic field 

compared to those rays near the centre. Thus, instead of a point all the rays form a disk. 

The other type of aberration is related to chromatic aberration which arises because 

electrons with slightly different energies will focus at different locations. Astigmatism 

occurs when the electrons pass by a nonuniform magnetic field around the optic axis. As a 

result, the beam has an oval shape instead of having a circular shape. All these aberrations 

can get corrected using stigmators or aberration correctors for the spherical aberration or 
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chromatic aberration. Nowadays, Cs correctors are more available than chromatic 

aberration coefficient (Cc) correctors. Besides the lens system, there are apertures located 

in the electron column of the microscope. The most important apertures are objective 

aperture and selected area diffraction (SAD) aperture. Objective aperture is located where 

the back focal plane of the objective lens is, and SAD is placed at the image plane of the 

objective lens where the first intermediate image is formed (see Fig.3.8). By changing the 

focal length of the intermediate lens, the back focal plane of the objective lens is imaged 

onto the screen and a diffraction pattern of the sample is observed (diffraction mode). In 

imaging mode, the image plane of the objective lens is viewed on the screen/ camera.  

3.1.4.1. Electron diffraction 

When the electron beam passes through the specimen, due to the Coulomb potential of the 

atom the electrons path will be affected.  However, as they will lose no energy, this scat-

tering event is considered elastic.  

In the case of a crystalline material, the scattered electrons have specific path differences 

in all scattering directions. Constructive interference can happen only if the path difference 

is an integer multiple number of the wavelength (λ). Bragg equation specifies the conditions 

for constructive interference for a lattice distance, (dhkl) occurring in a specific scattering 

angle θ (equal to 2θBragg)[36]: 

 

2 · 𝑑ℎ𝑘𝑙 · sin(𝜃𝐵𝑟𝑎𝑔𝑔) = nλ       (3.3) 

n is the diffraction order. 

 

Although the angle of scattering may change, the magnitude of the diffracted beam wave 

vectors does not change. Thus, the magnitude of diffracted wave vector as |�⃗⃗�| will be equal 

to the incident electron beam wave vector |𝑘0
⃗⃗⃗⃗⃗| = 1/λ. In reciprocal space, all possible scat-

tering wave vectors with the same magnitude will form a sphere, called the Ewald sphere. 

When the surface of the Ewald sphere intersects with a reciprocal lattice point, the plane 

corresponding to that spot is at the exact Bragg condition, which leads to a strong reflection 

spot. Therefore, each spot in the diffraction pattern relates to a point of the reciprocal lattice 

and thus to a specific plane (hkl). The Ewald sphere changes as a function of voltage in the 

TEM. Ewald sphere size increases as voltage increases. 
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Since the reciprocal lattice is the Fourier transform (FT) of the real lattice, reciprocal lattice 

spots of that of the selected area of a TEM sample have specific position. Size and shape 

of the objects in the sample or the sample itself affect the shape of the spot. If the selected 

region has a disk shape, the reciprocal lattice spots are elongated (so called relrods). Due 

to this, the Ewald sphere can intersect with more than one relrod simultaneously. Therefore, 

many diffraction spots appear on each diffraction pattern.    

3.1.4.2. BF and DF imaging 

BF and DF imaging are two basic techniques to form amplitude-contrast images. BF and 

DF images are formed by selecting the direct or scattered beam, respectively. To select a 

specific diffracted or direct beam in a TEM, objective aperture is used. An aperture is used 

to enhance the contrast and physically block the contribution of electron beam to the image. 

The size of the aperture allows only the selected electrons to pass and contribute to the 

image and thus define the contrast. 

 In the case of a BF image, the objective aperture is located at the central beam. As a result, 

in a BF image, thinner or lower-mass areas will appear brighter. However, thicker or 

higher-mass areas (high Z) will appear darker, as the corresponding more strongly scattered 

electrons are blocked by the objective aperture and do not contribute to the forward 

scattered information. On the other hand, for DF imaging, the aperture is located around a 

Bragg diffracted beam. Hence, contrary to BF imaging, only the strong scattering parts 

which would be the crystalline areas in the specific orientation will appear bright. And the 

rest will appear dark. To prevent lens aberration, the incident beam is tilted such that the 

diffracted beam is parallel to the optical axis. 

3.1.4.3. HRTEM imaging 

To be able to interpret an HRTEM image, it is vital to understand the wave approach to 

electron scattering. In HRTEM, a parallel illumination is used and the electrons are 

assumed to all arrive at the sample simultaneously and scatter elastically and coherently. It 

can be considered as an interference pattern of the direct beam and all scattered beams. 

When the electron beam travels through the specimen, after the electrons interact with the 

crystal field of the sample, the phase of the incoming plane wave is shifted. The electron 

wave that leaves the specimen is named the exit wave. The exit wave function (Ψ0(𝑟)) with 

a particular phase (φ) has all information about the specimen. For a thin specimen assuming 
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the weak phase approximation (meaning a constant amplitude (A) but a changing phase), 

Ψ0(𝑟) can be defined by Equation 3.4.[36] 

ѱ0(𝑟) = 𝐴(𝑟) · 𝑒𝑖·𝜑(𝑟)        (3.4) 

When the exit wave passes through the microscope, further modulation of the electron wave 

due to the aberration of the lens system occurs. Considering the spherical aberration 

coefficient of the electron source (Cs) and the defocus to form the image (∆f), the spatial 

frequencies (u: also defined as a vector (in nm-1) in reciprocal space) are not transferred 

with the same contrast. For different defocus values, the contrast transfer function (CTF) is 

different. The CTF describes how the phase is transferred within the lens system and thus 

explains the oscillation of the contrast. For a weak phase object it is given by equation 3.5:  

𝐶𝑇𝐹 = sin (𝜋∆𝑓𝜆𝑢2 +  
𝜋

2
𝐶𝑠𝜆3𝑢4)       (3.5) 

Here λ is the wavelength of the electron defined by the acceleration voltage, other variables 

were introduced before.[36] 

As shown in Fig.3.9, when there is a large band (between 0 and less than 5 nm-1 in the 

example), the information is transmitted well and when the CTF is zero there will be no 

information transferred. At the first zero crossing, no contrast transfer exists. After that, 

CTF is oscillating. As a result, the contrast will change from positive to negative. This leads 

to images that are difficult to interpret.  

To compromise for the width and value of the CTF by choosing a particular negative value 

of ∆f, the first zero-crossing can be shifted to a higher u. This optimum value is defined by 

Eq.3.6 and is known as Scherzer defocus (∆fScherzer). The first zero-crossing at ∆fScherzer 

determines the maximum point resolution of the microscope.[36] 

∆𝑓𝑆𝑐ℎ𝑒𝑟𝑧𝑒𝑟 =  −1.2√𝐶𝑠 · 𝜆        (3.6) 
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Figure 3.9 Schematic diagram of CTF at CS= 1.3 mm, ∆f = -59 nm and collection angle= 

0.2 mrad. The thick line shows the CTF multiplied by the damping envelopes: spatial (thin 

line) and chromatic (squares). The graph is drawn for an uncorrected TEM at the Scherzer 

condition. Reproduced with permission from [44]. © The Royal Society of Chemistry 2015 

 

Within this range, a nearly intuitive image interpretation (black atoms on a white 

background) is possible. However, for a detailed interpretation of HRTEM images in order 

to know the exact atomic positions, simulations and image processing schemes are 

needed.[45] 

The damping of the higher spatial frequencies because of not having perfect coherency for 

the electron source and chromatic effects will also limit the resolution. When the envelopes 

(shown in Fig.3.9) cut completely the CTF, no more information can be obtained out of the 

microscope and this is called the information limit. Using a microscope equipped with a Cs 

corrector is beneficial as it brings together the point resolution (first zero crossing) and 

information limit. 

3.1.4.4. Negative Cs  

Typically, where the CTF is negative, atomic positions appear dark on a bright 

background.[45–48] On contrary, in the negative spherical aberration imaging (the contrast 

is due to imaging under negative spherical aberration conditions), the image has an 

enhanced contrast with bright atoms on a dark background. This enhanced contrast is due 

to contributions of both amplitude and phase contrast. The amplitude contrast increases at 

the atomic positions of the specimen. And that leads to bright atom contrast at these 
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positions. Furthermore, the diffraction channelling effect reduces the electron density in 

between the atom positions causing a dark background.[45] Negative spherical aberration 

imaging is due to overcompensation of spherical aberration of the objective lens.[45] This 

technique is only available in instruments with spherical aberration corrector for the 

objective lens. 

The plot of CTF (solid line) for negative Cs conditions in an aberration-corrected TEM is 

shown in Fig.3.10. The region of optimized contrast increases to the information limit u. 

The imaging Cs corrector is placed between the post corrector lens and the magnifying 

objective mini-lens doublet.[48]  

 

Figure 3.10 Phase contrast transfer function as a function of spatial frequency (u) for 

negative Cs conditions. Adapted from [45] 

3.1.5. Image simulations 

As mentioned before, simulations and image processing techniques are vital in order to 

have a detailed interpretation of HRTEM images or to know the exact atomic positions. It 

is not possible to trace back from the experimental image to the atomic structure due to the 

phase information loss. In particular, for thicker samples or larger Cs values. Instead, with 

the help of the software, the image of a crystal (a perfect crystal or with containing defects) 

is simulated and then it is compared with the experimental image. However, as one of the 

pitfalls of this method, the sensitivity of the image due to several factors (defocus value of 

the objective lens, the correct alignment of the beam with respect to the specimen and the 

zone axis, coherency of the beam, etc.) can be mentioned.[36]  
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3.1.5.1. Multislice method  

The most basic method which is used in many of the simulation software is called the 

multislice method. In this method, the specimen will be divided into different slices. These 

slices are all normal to the electron beam. The crystal potential of each slice is projected 

onto a plane which is located usually on top/bottom or middle of the slice. These projected 

potential planes are called phase grating. Due to the interaction of the beam with the slices 

which is not the same for different slices (as each beam gets diffracted in a different 

direction), multiple beams are generated. The phases and the amplitudes of these beams on 

each slice are calculated separately. The process is shown in Fig.3.11.  

 

Figure 3.11 Schematic illustrating the multislice method. The amplitudes and phases are 

calculated for all the beams generated due to interaction with the first phase grating plane. 

Then the process is repeated for the diffracted beams through free space to the next 

projected potential plane. Adapted from [36]  

 

Since all the beams passing from any grating will be incident on the next grating and so on, 

not only Bragg beams but all of the directions should be taken into account. Eq.3.7 

describes the process for the multislice method:  

ѱ𝑛+1(𝐾) = [ѱ𝑛(𝐾)𝑃𝑛+1(𝐾)] ⨂ 𝑄𝑛+1(𝐾)      (3.7) 

Here, ψ is the electron wave. P is the propagation of the electron wave in free space related 

to the microscope, and Q is the phase grating describing the specimen. ψn+1(k) represents 
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the wave function in reciprocal space at the exit of the n+1 slice and the symbol ⊗ is the 

sign for convolution.[36] 

Since the three functions ψ(k), P(k), and Q(k) are all functions in reciprocal space, this 

approach is called the reciprocal-space formulation.[36] 

3.1.6. Scanning transmission electron microscopy (STEM) 

In contrast to the TEM mode, where a parallel illumination is used, in STEM mode the 

beam is changed into a focused and convergent beam. Similar as in a SEM, the electron 

beam rasters over the sample which leads to various signals at each point. These signals are 

coming from the transmitted electrons passing through the sample which get scattered at 

different angles in all directions. The scattered electrons are afterward recorded with 

different annular detectors. These detectors are categorized by the angular range 

(schematically displayed in Fig.3.12). By changing the camera length L, the detectable 

angles can be altered even more specifically. The electrons which are elastically and 

inelastically scattered in forward direction (with θ1< 10-25 mrad) are collected with the 

annular bright-field (ABF) detector. ABF and BF TEM images share the same contrast 

mechanism. The next detector is annular dark field (ADF) detector. This detector collects 

coherent, elastically scattered electrons in an angular range of 25< θ2 <50 mrad. As 

mentioned in previous section, in DF TEM mode, only one diffraction spot is used for 

image formation. However, in ADF STEM the contrast results from all scattered electrons 

that fall on the detector.  

The last detector is the high angle annular dark-field (HAADF) detector which detects the 

electron in the range θ3 > 50 mrad and collects only the incoherent, elastically scattered 

electrons (Rutherford scattering). For the HAADF images, the contrast mechanism is 

typically mass-thickness contrast, and the observed brightness is dependent on the atomic 

number Z, with contrast approximately proportional to Z2. As a result, heavy elements with 

a higher Z look bright in the HAADF STEM images. In contrast, the lighter elements will 

appear dark. 
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Figure 3.12 Schematic diagram of STEM different annular detectors. ABF stands for 

annular bright field, ADF is annular dark field and HAADF represents the high angle 

annular dark field. Modified from [36] 

The resolution of the STEM images is dependent on both the diameter of the incident beam 

and the specimen thickness. With the help of aberration correction, the resolution can be 

improved to lower 100 pm. The STEM Cs corrector is placed at the condenser lens and the 

demagnifying doublet that is composed of condenser mini-lens placed above the objective 

lens.[48] It is used to generate an electron beam with a size down to 0.8, which is scanned 

across the sample. Another crucial factor is related to the semi-convergent angle which was 

set at 23.5 mrad by default in this thesis.  
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4. Correlation between structural studies and the 

cathodoluminescence of individual complex nio-

bate particles 

This chapter is based on the publication by Changizi, R.; Zhang, S.; Ziegler, C.; Schwarz, 

T.; Lotsch, B.; and Scheu, C.; published in ACS Appl. Electron. Mater. 2021, 3, 461−467. 

Complex niobates, namely PrNbO4 and Pr3+: Ca2Nb2O7 and the effect of the crystal 

structure and lanthanide ions’ surroundings on the width of the emission lines are analyzed 

in detail. All images and tables in this chapter are reproduced with permission from ACS 

journal.[49] Further permission related to the material excerpted should be directed to the 

ACS. 

4.1. Literature review 

Trivalent lanthanides (Ln3+) have a specific configuration of inner shell 4f orbitals, from 

which electronic transitions arise. As the 4f orbital is very well shielded from any coupling 

with other ligands by the outer filled 5s and 5p orbitals, these materials have magnetic and 

optical properties.[50,51] Laporte rule states that f-f transitions are forbidden, however, 

according to the crystal field theory, due to the influence of the coordination geometrical 

symmetry around the lanthanide ion, these transitions become partially allowed.[52] The 

Judd-Ofelt theory explains how the crystal field perturbates the orbitals of the lanthanide 

ion. This perturbation causes mixing of the orbitals with different parities, and as a result, 

the forbidden f-f transition become partially allowed.[23,24,53] In order to achieve emis-

sion spectra with high intensity and sharp emission lines, different factors such as doping 

concentration, the ionic radii mismatch to the host and different lattice sites for the lantha-

nide ions have been investigated.[54,55] Morais Faustino et al.[55] have shown that in-

creasing the doping concentration of Eu3+ to a certain amount optimizes the emission in-

tensity. However, increasing the concentration more than the optimum amount leads to 

emission quenching which is caused by non-radiative energy transfer between Eu3+ ions. 

The optimum concentration of Eu3+
 dopants changes remarkably with the type of host ma-

terial, synthesis conditions, etc.[55] Furthermore, the authors suggest that due to the mis-

match of ionic radii, the doping mechanisms play a crucial role for the formation of defects 

within the host. In another work, Krishnan and Swart studied the influence of different 

doping concentrations on the CL properties of a series of monoclinic phase BaY2(MoO4)4 
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phosphor powders doped with Eu3+.[56] They have concluded that not only by increasing 

the doping content but also with a deeper penetration depth of the incident electrons, the 

CL intensity increases linearly.[56,57]  

During the past few years, several studies have been done on different lanthanides doped 

into various hosts.[51,58–65] Great attention has been paid to oxide-based materials doped 

with Ln3+.[66,67] Nico et al.[58] have suggested to use niobates as the host. Commonly, 

rare earth (RE) niobates have been considered as host matrices and have also attracted in-

terests as potential rare earth-doped laser hosts.[54] The RENbO4 phases are known to 

crystallize in a fergusonite-type crystal structure, i.e. in a monoclinic crystal structure.[58] 

Many applications for the lanthanide doped materials in the field of optoelectronic devices 

such as LEDs, lasers and optical amplifiers have been suggested.[59,66–69] Lanthanide 

doped niobates are interesting materials in the field of photorefractive memories and as 

linear and self-frequency converter solid state laser materials.[54,60,70] 

Although there exist many studies on lanthanide doped oxides, it is interesting that, to our 

knowledge, no report has been published that deals with correlating optical, structural and 

chemical properties. Even studies with CL, lack this correlation. Pr3+ has attracted a lot of 

attention due to its efficiency of emitting photons from the UV to infrared (IR) spectral 

regions.[64] And there are versatile applications for lanthanide doped niobates.[54,60,70] 

Therefore, in the present study, we demonstrate for Pr3+ doped niobate powders the im-

portance to study individual particles. Their crystal structure and chemical composition are 

investigated by electron microscopy and the results are correlated with their optical prop-

erties measured by CL. 

4.2. Experimental details 

4.2.1. Preparation of complex niobates powder 

Pr3+ doped KCa2Nb3O10 were synthesized in a solid-state route according to protocols mod-

ified from those reported in the literature.[25] For preparation of Pr3+ doped oxides, a de-

sired amount of K2CO3, CaCO3 and Nb2O5 were mixed together with Pr6O11. This mixture 

was then grinded and heated to temperatures between 1100-1300°C. After washing all 

products in deionized water, they were dried at room temperature. 20 at% excess of K2CO3 

and CaCO3 was added to the compounds, in order to compensate for evaporation losses 

during heating. Pr with high amount of concentration [x=0.75] was doped into KCa2Nb3O10 
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particles to reach the nominal formula PrxK1-xCa2-xNb3O10. However, later characterization 

determined that this was not the case and instead, complex niobates were produced as a 

result of this reaction. 

4.2.2. Characterization methods 

XRD data of powders were collected using a Huber G670 Guinier imaging plate diffracto-

metre (Huber, Rimsting; Cu Kα1 radiation, λ = 154.051 pm, Ge (111)-monochromator). The 

particle morphology was analyzed by an Auriga Zeiss SEM equipped with an in-lens de-

tector and coupled with EDX for composition analysis. Elemental quantification was done 

using the ZAF quantification method by the Team software. Secondary electron images 

and EDX data were acquired at 10 keV. CL data were recorded using FEI Helios Nanolab 

600 equipped with a paraboloidal mirror, MonoCL4 monochromator (acquisition software 

Gatan DigitalMicrograph®) and a liquid N2 cooled Hamamatsu photomultiplier tube 

R5509-73. The sample powders were irradiated with an electron beam of 10 keV and beam 

current of 5.5 nA. Furthermore, crystal structure analysis of individual particles was done 

using a Thermo Fisher Scientific Titan TEM operated at 300 kV, equipped with an X-FEG 

(extreme field emission gun) as electron source and an aberration corrector for the objective 

lens. For SEM investigations, the powder was dispersed on a Si substrate, while for TEM 

an Au-finder grid coated with a continuous carbon film was used. 

4.3. Results and discussions 

4.3.1. EDX and XRD data of powder  

EDX measurements of powder show Ca, Pr, Nb and O with the corresponding average 

composition 5.3 at%, 5.9 at%, 10.3 at% and 78.4 at%. The values are average values of 

three EDX measurements taken over a size of several hundred microns. No K was detected. 

This indicates that K is evaporated and not incorporated into the lattice for such a high 

amount of Pr. Fig.4.1 compares the XRD patterns of the pure KCa2Nb3O10 powder with the 

Pr3+ doped compounds.  

The XRD pattern of the synthesized Pr doped material (red pattern in Fig.4.1) does not fit 

to the monoclinic crystal structure of KCa2Nb3O10, as only a few reflections occur at similar 

2θ values. Instead all reflections can be explained by the presence of two other phases. One 

is PrNbO4, which has also a monoclinic crystal structure (space group: C2/c) with lattice 

parameters a = 5.499 Å, b = 5.157 Å, c = 11.342 Å and α = 90°, β = 94.57°, γ = 90° (ICSD 



 

 

38 

109176). The reference pattern is shown in green in Fig.4.1. The peaks at 2θ = 33.95, 48.9 

and 57.96 do not belong to PrNbO4 but match to the cubic crystal structure of Ca2Nb2O7 

(ICSD 72206). The pure, cubic Ca2Nb2O7 (space group: Fd-3m) has a lattice parameter a= 

10.445 Å. The reference pattern of this phase is displayed in blue in Fig.4.1 and shows 

slightly shifted peaks at 2θ = 34.31, 49.31 and 58.55. Other peaks of this phase partly 

overlap with the one of the PrNbO4 phase. The peaks which are slightly shifted to lower 2θ 

values indicate an increase in the interplanar spacing. In this coordination geometry, ionic 

radii of Ca and Nb are 1.12 Å and 0.64 Å, respectively. When Nb is replaced by Pr the 

ionic radius changes to 0.99 Å. Therefore, the increase in the interplanar spacing is most 

likely due to the Pr ions sitting on Nb sites within the Ca2Nb2O7 crystal lattice, e.g. a Pr 

doped Ca2Nb2O7 (Pr3+: Ca2Nb2O7) phase has formed. We have calculated this crystal lattice 

strain which is 0.5 %. The XRD results thus indicate that during the synthesis two phases 

were formed. 

 

Figure 4.1 XRD pattern of Pr3+ doped compound (red curve) in comparison with the 

reference KCa2Nb3O10 (black curve), Ca2Nb2O7 [ICSD 72206] is shown in blue and 

PrNbO4 [ICSD 109176] is indicated in green. (*) mark shows an instrumental artefact. 

 

It is worth mentioning here, that according to [55], multiple sites exist in the lattice of 

lanthanide doped materials which were studied by the visible emission bands of the Ln3+. 
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For example, after investigating the local structure around the Ln3+ dopants, it was found 

that Ln3+ ions enter the ABNbO3 structure with A and B being alkali and alkaline earth 

metals not only by substituting A and B, but also by substituting Nb lattice positions.[54] 

Similarly, in our sample not only the K of KCa2Nb3O10 is completely replaced, but Ca and 

Nb are partly replaced by Pr. 

4.3.2. Elemental analysis (EDX) of individual particles 

As the XRD data indicated the presences of two phases, Pr3+: Ca2Nb2O7 and PrNbO4, it was 

important to obtain EDX data of individual particles to correlate the chemical composition 

and the corresponding CL spectrum. The EDX spectra for two selected particles are shown 

in Fig.4.2, together with their SEM image. The particles are micron-sized. The EDX spectra 

proved the presence of Si, O, Nb, Ca and Pr. In accordance to the EDX measurements over 

the powder, no K is detected. Since low energy peaks, such as the O-K line, cannot be 

quantified precisely due to the high amount of absorption by the specimen, O in addition 

to Si (from the substrate) and other contaminations such as F were removed from the quan-

tification. The higher intensity of the Si-Kα line in Fig.4.2.a is due to larger contributions 

from the substrate as the particle is thinner in this region.  

EDX was performed for 21 single particles. Regarding their chemical composition, both 

phases were found in these particles. In phase (i) for 13 particles the elements Ca, Nb and 

Pr were observed with the corresponding average composition of 37.5 at%, 39.7 at% and 

22.8 at% besides O. 
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Figure 4.2 EDX spectra of individual (a) Pr3+: Ca2Nb2O7 and (b) PrNbO4 particles. The 

area where the data were acquired are indicated by a red box in the SEM image shown as 

inset. 

 

By plotting the concentrations of Ca and Nb against the Pr concentration a linear depend-

ency was found (see Fig.4.3). As a result, with a good approximation, the chemical formula 

was obtained as PrxCa48-x/2Nb52-x/2Oy, the average composition of x equals to 20 at%. In 

a 

b 
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phase (ii) for 8 particles only Pr and Nb with almost constant composition of (46.4 at% for 

Nb and 53.6 at% for Pr) were found besides O. Comparing the ratio of Pr and Nb with the 

stoichiometric ratio, i.e. Pr:Nb = 1:1, it indicates that a small fraction of the Pr ions are 

located on Nb sites within the PrNbO4 crystal structure.  

 

 

Figure 4.3 Pr at% versus (a) Nb at% and (b) Ca at% for a set of individual nanoparticles 

with the formula PrxCa48-x/2Nb52-x/2Oy.  

 

Comparing the Pr concentration in both phases, a higher amount of Pr is found in the second 

phase where both Ca and K atoms are substituted by Pr. As a result, Pr is replacing K and 

is substituting also locally Ca and Nb. Since the measured concentrations of Pr are higher 

than its solubility limit in Pr3+ doped KCa2Nb3O10, the aforementioned two phases are 

b 

a 
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formed during annealing. Several SEM images at different magnifications were taken of 

each particle. This made it possible to trace back and identify all the 21 single particles in 

the microscope where we did the CL measurements. 

4.3.3. CL properties of PrNbO4 and Pr3+: Ca2Nb2O7 

In order to study the optical properties of the two formed phases, i.e. PrNbO4 and Pr3+: 

Ca2Nb2O7, CL measurements of single particles were obtained. A representative CL 

spectrum of PrNbO4 is plotted in Fig.4.4 in black, which exhibits the following transitions 

3P0 to 3H4, 
3P2 to 3H5, 

3P1 to 3H5,
 3P2 to 3H6, 

3P0 to 3H6, 
3P2 to 3F3, 

3P0 to
3F2 and 3P2 to 3F4. 

Spectra of particles with the formula Pr3+: Ca2Nb2O7 were also acquired. The red curve in 

Fig.4.4 shows one representative CL spectrum with major emission lines (higher than the 

noise level) which can be associated with the 3P0 to 3H4, 
3P2 to 3H6, 

3P0 to 3H6, 
3P2 to 3F3, 

3P0 to 3F2 and 3P2 to 3F4 electric dipole transitions of Pr3+. All transitions were labelled 

according to the Dieke diagram (Pr3+: LaCl3).[25] In comparison with the Dieke diagram, 

our emission lines deviate by less than ±4 nm (see Table 4.1).  

 

 

Figure 4.4 CL spectra of PrNbO4 (black curve) and Pr3+: Ca2Nb2O7 (red curve). 
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The wavelengths of each emission line are listed in Table 4.1. The strongest emission lines 

belong to 3P0 to 3H4 and 3P2 to 3F4 transitions, which are at 489 nm and 653 nm, respectively, 

in both phases. Similar main emission lines were reported for other Pr3+ doped systems.[70–

72] Both phases show the identical wavelength values for each transition. However, the 

transitions belonging to 3P2 to 3H5 and 3P1 to 3H5 were not clear in Fig.4.4 for the Pr3+: 

Ca2Nb2O7 phase as the related emission peaks show low intensity. 

We normalized the CL spectra to their highest peak (3P0 to 3H4) to 100 and the relative 

intensities for the other transitions are given in Table 4.2. In the spectra of PrNbO4 the 

intensity ratio between the dominant transitions (3P0 to 3H4 and 3P2 to 3F4) is lower than for 

the other phase. However, the intensity ratios between the emission line originating from 

3P0 to 3H4 and the remaining emissions are higher for PrNbO4 compared to the one of the 

Pr3+: Ca2Nb2O7 spectrum.  

Table 4.1: Wavelength comparison between both spectra and the Dieke diagram (Pr3+: 

LaCl3), all wavelengths are in [nm] 

Formula 3P0 to 3H4 
3P2 to 3H5 

3P1 to 3H5 
3P2 to 3H6 

3P0 to 3H6 
3P2 to 3F3 

3P0 to
3F2 

3P2 to 3F4 

Pr3+: 

Ca2Nb2O7 
489 

Low 

SNR* 

Low 

SNR* 

553 

562 
617 

621 

632 
645 653 

PrNbO4 489 
495 

502 
531 

553 

562 
617 

621 

632 

645 

 
653 

Pr3+: LaCl3 492 500 531 558 617 625 645 649 

*SNR stands for signal to noise ratio. 

 

  Table 4.2: Intensity comparison between both spectra, all wavelengths are in [nm] 

 

Based on our CL results we can conclude that for each phase (PrNbO4 and Pr3+: Ca2Nb2O7), 

depending on Pr concentration and which host element it is substituting, similar transition 

peaks but varying intensity ratios can be found. Depending on which site Ln3+ ions occupy, 

different transitions can be achieved.[73–76] If the active ions occupy the site with C2

 

Formula 3P0 to 3H4 
3P2 to 3H5 

3P1 to 3H5 
3P2 to 3H6 

3P0 to 3H6 
3P2 to 3F3 

3P0 to
3F2 

3P2 to 3F4 

Pr3+: 

Ca2Nb2O7 

100   16 

19 

19 30 

18 

21 55 

PrNbO4 100 11 

11 

3 11 

12 

15 15 

9 

8 65 
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symmetry (RE sites), which leads to the removal of the parity-forbidden f-f transition, a 

higher intensity can be observed.[60] Magnetic-dipole transitions are independent of site 

symmetry, whereas electric-dipole ones are only allowed at sites of low symmetry with no 

inversion centre.[55] Therefore, the high intensity of some peaks indicates that a significant 

proportion of the Pr3+ is located in non-centrosymmetric sites, whereas broad emission lines 

are related to the lower incorporation of Pr3+ ions into the crystal lattice. [55]    

4.3.4. Crystal structure analysis 

To confirm that the luminescent properties of PrNbO4 are due to its chemistry and crystal 

structure, TEM measurements were performed on these particles. Fig.4.5.a shows a BF 

TEM image of a PrNbO4 particle. Since the particle thickness was very thin at the edges, 

the HRTEM image (see Fig.4.5.b) was taken on this area. The corresponding SAED pattern 

is shown Fig.4.5.c. The crystal was oriented in the [230] zone axis and for the correspond-

ing SAED pattern we indexed the (002) and (321) and (321) planes. Furthermore, we iden-

tified for the particle a monoclinic structure which agrees well with the one for PrNbO4 

(ICSD 109176).  The same crystal structure is reported for several lanthanide niobates sys-

tems. [58,60,77] 

 

Figure 4.5 (a) TEM of an individual particle, (b) HRTEM image; (Green spheres: Niobium, 

Yellow: Praseodymium, Red: Oxygen) and (c) corresponding SAED patterns of PrNbO4 in 

the [230] zone axis.  

 

The structure of PrNbO4 in its monoclinic structure viewed along [230] is superimposed in 

Fig.4.5.b using the program VESTA ver. 3.3.2 and basic atom locations: Pr(0.25, 0.12, 0), 

Nb(0.25, 0.65, 0) and O(0.01, 0.72, 0.2). 

a b c 
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The crystal structure of PrNbO4 is depicted in Fig.4.6. As shown on the figure, Pr is bonded 

to eight O atoms in an 8-coordinate geometry (maximum bond length: 2.74 Å). Nb in a 

tetrahedral geometry is bonded to four O atoms (maximum bond length: 2.45 Å).  

 

Figure 4.6 Crystal structure of PrNbO4. 

 

Fig.4.7.a shows the BF TEM image of the Pr3+: Ca2Nb2O7. In Fig.4.7.b a HRTEM image 

of the particle taken in the [111] zone axis is shown. The corresponding SAED pattern of 

this particle is given in Fig.4.7.c. The diffraction patterns index well to the one for 

Ca2Nb2O7 (ICSD 72206). VESTA was used to show the structure of Ca2Nb2O7 and the 

zone [111] which is superimposed in Fig.4.7.b. The following basic atom locations were 

used: Ca(0.5, 0.5, 0.5), Nb(0, 0, 0) and O(0.32, 0.12, 0.12).  

 

Figure 4.7 (a) TEM, (b) HRTEM image; (Blue spheres: Calcium, Green: Niobium, Red: 

Oxygen) and (c) corresponding SAED patterns of the Pr3+: Ca2Nb2O7 phase in the [111] 

zone axis.  

a b c 



 

 

46 

Fig.4.8 Illustrates the crystal structure of Ca2Nb2O7. Ca is bonded to eight O atoms and 

forms a distorted CaO8 hexagonal bipyramids (maximum bond length: 2.83 Å). Nb is 

bonded to six equivalent O atoms to form NbO6 octahedra (maximum bond length: 2.45 

Å). In case of Pr3+: Ca2Nb2O7 particles, Pr3+ occupies Ca (16d) and Nb (16c) sites. To com-

pensate for charge neutrality, Ca vacancies can form close to Pr(Ca) sites and oxygen va-

cancies can form around Pr(Nb) sites, similar to the mechanism described by Górecka et 

al. for Eu3+ doped Ca9Y(PO4)7.[78] 

 

Figure 4.8 Crystal structure of Ca2Nb2O7 

 

We have measured the d spacing value corresponding to the (111) plane based on the dif-

fraction pattern of a Pr3+: Ca2Nb2O7 particle. The d spacing in this case is 6.4 Å. According 

to (ICSD 72206), the d value for the same plane of Ca2Nb2O7 is 6.03 Å. Due to the differ-

ence that exists between these values, the chemical formula calculated for this phase and 

obtaining two different CL spectra for each phase, we assume that Pr should be sitting on 

Ca and Nb sites almost equally. 

 

4.4. Conclusion 

Pr3+ doped KCa2Nb3O10 were synthesized via a solid-state route. Complex niobates with 

different phases, namely PrNbO4 and Pr3+: Ca2Nb2O7 were produced during the annealing 

process. Characterization of both phases was achieved by XRD, EDX, CL and TEM anal-

ysis. The main conclusions drawn from this study are summarized as follows. 
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1. XRD patterns of Pr3+ doped compounds index well to the monoclinic crystal structure 

of PrNbO4 and the cubic crystal structure of Ca2Nb2O7. There is a small shift in the 

XRD pattern of Pr doped compounds compared to the one for Ca2Nb2O7, which indi-

cates an increase in the d spacing value. This confirms that Pr ions with bigger ionic 

radius value must occupy Nb sites. 

 

2. In the SEM, individual micron sized particles were observed. EDX results show the 

presence of both phases. Based on these data, chemical formulas of the phases were 

calculated. In PrNbO4 higher amount of Pr with the average of 53.6 at% is found as a 

result of both Ca and K atoms being substituted by Pr. In Pr3+: Ca2Nb2O7, Pr ions oc-

cupy both Ca and Nb sites almost equally. Average Pr content in this phase is 22.8 at%. 

 

3. The CL data show similar transition lines but varying intensity ratios for PrNbO4 and 

Pr3+: Ca2Nb2O7. In the spectrum of PrNbO4, brighter emission lines exist compared to 

the ones from the second phase. This is due to the fact that more Pr atoms are occupying 

sites with C2 symmetry which leads to the removal of the parity-forbidden f-f transition. 

In both spectra major emission lines are labelled in which the dominant ones are asso-

ciated with the 3P0 to 3H4 and 3P2 to 3F4 of electric dipole transition of Pr. 

 

 

4. Both phases, PrNbO4 and Pr3+: Ca2Nb2O7, are observed and characterized by TEM. 

Monoclinic crystal structure for PrNbO4 and cubic structure for Pr3+: Ca2Nb2O7 were 

observed based on the diffraction pattern for each phase and comparison with ICSD 

data of PrNbO4 and Ca2Nb2O7. 

 

Based on these results, lanthanide niobate compounds with brighter emission lines are bet-

ter candidates in terms of luminescent efficiency and can be used in various applications.  
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5. Effects of Defect Density on Optical Properties 

Using Correlative Cathodoluminescence and 

Transmission Electron Microscopy Measurements 

on Identical PrNbO4 Particles 

The present chapter is a modified version of the paper by Changizi, R.; Zaefferer, S.; 

Abdellaoui, L.; and Scheu, C.; published in ACS Appl. Electron. Mater. 2022, 4, 13. In this 

chapter, the investigations on PrNbO4 powder particles with different density of twins and 

the effect on the intensity of the emission lines are explained. All images and tables in this 

chapter are reproduced with permission from ACS journal.[79] Further permission related 

to the material excerpted should be directed to the ACS. 

5.1. Literature review 

Lanthanide niobates have been widely studied in recent decades. The physical properties 

and chemical stability of these oxides enable them to be potential laser and optical 

materials.[60,80,81] A large variety of lanthanide niobates exists with different 

stoichiometries such as RENbO4, RE3NbO7, RENb3O9, RENb5O14, and RENb7O19, where 

RE stands for rare earth lanthanide ions. Based on the RE ions and their ionic radius, 

different crystal structures exist.[60] According to [60], orthoniobates with the formula 

RENbO4 have enhanced luminescent properties compared to other RE-niobates. They 

crystallize in a monoclinic structure and undergo a reversible ferroelastic phase 

transformation to a tetragonal system at high temperatures (above 700 ˚C).[58,82,83] The 

transformation temperature depends on the rare-earth ions.[17] Upon cooling, a monoclinic 

distortion occurs, resulting in the formation of ferroelastic domain structures which 

resemble twinning.[17,18] This leads to a characteristic ferroelasticity for RENbO4. 

Ferroelasticity is mainly observed in one of two forms of stress-induced crystal 

deformations, martensitic transformations and twinning deformation.[84] Both of these 

deformations are shear-induced and occur without diffusion of the atoms.[84] In the case 

of martensitic transformations, the crystal structure of the stress-induced domain and 

mother domain are of different phases, while on the contrary, for twinning deformations 

the stress-induced domain and mother domain are of the same phase. [84,85]  

Different lanthanide niobates have been studied by different groups reporting the presence 

of twins in their structure, which are briefly summarized here. Prytz and Tafto reported that 
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LaNbO4 shows a phase transformation upon cooling from a tetragonal to a monoclinic 

structure.[86] Their research indicates that the transformation occurs around 500˚C and 

causes a monoclinic distortion associated with changes in the lattice parameters. These 

changes result in an increase in elastic lattice strain, which is accommodated by twinning. 

The authors referred to these twins as mechanical twins. Other literature reports that for 

RENbO4, at high temperature the tetragonal scheelite phase is stable but it reverts to the 

monoclinic fergusonite phase at approximately 550˚C upon cooling.[87,88] A series of 

complex micro domain twins are created due to this phase transition. These microdomains 

are ferroelastic and many detailed studies about the domain structures at the nanoscopic 

regime have been done on them.[18,87–89] Rojas-Gonzalez et al studied EuNbO4 

nanoparticles. By taking HRTEM images, the presence of planar defects (twinning) in these 

particles was confirmed.[90] Furthermore, they suggested that due to its intense 

luminescence the system LiNbO3:Eu3+-EuNbO4 is a good candidate for building light-

emitting devices for medical and biological applications. Fulle et al. used a hydrothermal 

synthesis approach to grow RENbO4 (RE= La+3, Nd3+, Eu+3, Gd+3, Lu+3).[87] Due to the 

high vapor pressure during the synthesis the monoclinic phase directly forms at low 

temperature without the necessity to form the tetragonal phase first. As a result, twinning 

is minimized or eliminated and high-quality single crystals are created.  

In our recent work [49], we compared two types of complex niobates with different 

Praseodymium (Pr) concentration and reported that PrNbO4 with monoclinic structure has 

enhanced luminescence compared to the cubic Pr3+:Ca2Nb2O7.  In the present study, we 

focus on PrNbO4 but with the emphasis on its crystal defects (such as twins) and the local 

differences in defect density in order to understand the excellent luminescent properties of 

these materials. We applied a multi-technique correlative methodology and acquired BSE 

images and CL spectra in a SEM at identical particles possessing locally different twin 

densities. (S)TEM lamellae have been prepared by FIB lift out technique from the same 

particles with a high density of twins and investigated using aberration corrected (S)TEM. 

We observed that changes in the intensity of the emission lines are related to different defect 

densities.  

5.2. Experimental procedures 

Synthesis of the polycrystalline samples was done using a solid-state route with protocols 

altered from the literature.[91] The optimum amount, described in [49], of K2CO3, CaCO3 
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and Nb2O5 was mixed together with Pr6O11. Afterwards, to complete the reaction progress, 

various temperatures between 1100-1300°C were used to anneal the mixture. The product 

was then washed in deionized water, and dried at room temperature. This reaction was done 

to obtain particles with the nominal formula: PrxK1-xCa2-xNb3O10. XRD reported in [49] 

showed the formation of two phases, namely Pr3+:Ca2Nb2O7 and PrNbO4. PrNbO4 particles 

were produced due to the excess of Pr. For these particles both Ca and K atoms of the 

parental phase were substituted by Pr. The particles used in the present work are micron 

sized (see SEM images in the following sections). 

TEM samples of the PrNbO4 particles were prepared in three different ways. First, electron 

transparent lamella was prepared using FIB milling from an individual powder particle 

deposited on a Si substrate. A conventional lift-out technique [92] was performed to prepare 

the lamella. In the final step, low-voltage (5 kV) cleaning process was used to remove the 

surface Ga-ion. All the process was done using a Scios2 instrument from Thermo Fischer. 

The lamella was used for BF and DF TEM imaging, as well as diffraction pattern 

observation and HR(S)TEM studies.  

Second, for conventional TEM sample preparation, the powder was mixed with a Gatan 

G1 epoxy and hardener (two component glue). The mixture was then put into a brass tube 

with 2.3 mm inner diameter. After curing the tube at 130°C, the tube was cut into discs of 

approximately 200 μm thickness with a diamond saw. Using a disc grinder, the discs with 

a thickness of 80 μm were achieved. To obtain a thickness of 20 μm in the center of the 

sample, dimple grinding was applied. At the end, a precision argon ion polishing system 

(PIPS) from Gatan was used to prepare an electron transparent sample.[92] The ion milling 

was done without sample cooling. This sample was used for TEM observations. 

In the third way, the powder was crunched with mortar in a ceramic bowl. Crunched 

particles were then mixed with ethanol and dropped on a continuous carbon film grid for 

further HRTEM investigations. 

TEM BF, DF, HRTEM imaging and SAED studies were performed using a Thermo Fisher 

Scientific Titan TEM equipped with an X-FEG as electron source and an aberration 

corrector for the objective lens. The instrument was operated at 300 kV. EDX analysis was 

done using the attached Super X-detector from Bruker. 
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Further characterization was performed using a FEI Titan Themis 300, operated at 300 kV. 

This microscope is equipped with a CS probe corrector. For STEM imaging a HAADF 

detector was used. The probe had a convergence angle of 23.8 mrad and a beam diameter 

of around 0.1 nm. 

CL data were recorded in a FEG SEM Zeiss SEM 450, equipped with a motorized parabolic 

mirror, (acquisition software Odemis), without sample cooling system. An electron 

acceleration voltage of 15 kV, beam current of 5.5 nA and working distance of 15 mm was 

used. CL images were observed by panchromatic imaging and emission spectra were 

acquired in spectral mode. Powder particles were mixed in ethanol and dropped on silicon 

wafers. These wafers were then placed on SEM sample stubs using copper tape. For the 

correlative study, the FIB lamella was lifted out from the identical particle on which CL 

measurements were performed (see supplement, figure S1). BSE images were acquired 

with the same instrument using 15 kV, a beam current of 2 nA and working distance of 8 

mm. 

5.3. Results and Discussion 

5.3.1. (S)TEM analysis of twins and twin densities 

TEM images of PrNbO4 particles exhibit lamellar shape twins as illustrated in Fig.1. Two 

types of particles with different twin boundary densities were observed. Fig.1.a shows the 

BF TEM image of an individual PrNbO4 particle with higher density of twins. The domains 

vary in size; the smallest observed twin width is less than 20 nm, while the largest observed 

twin width is more than 50 nm. Another individual PrNbO4 particle with a lower density 

of twins is displayed in Fig.1.b. For this particle, the twin width is slightly bigger in size, 

i.e. 80 nm. As explained in [93], when a crystal transfers upon cooling to a structure with 

lower crystal symmetry, transformation twinning is almost inevitable when the new phase 

is nucleated at more than one center in the original phase. As stated earlier, these twins 

show ferroelastic behavior and are induced by stress.[84] Since the free-standing particles 

did not undergo any external deformation during their production, it must be assumed that 

the observed twins are due to the phase transformation during the synthesis. To measure 

the density of the twins, a perpendicular line to the twin boundaries with a length of 900 

nm was drawn (indicated with blue on Fig.5.1). Then the number of the twins for each 

particle was divided by the length of the blue line. The density of the twins for the particles 

in Fig.5.1.a and b was measured using this line sectioning approach as 0.05 nm-1 and 0.004 



 

 

53 

nm-1, respectively. 

 

Figure 5.1 BF images of PrNbO4 particles with (a) higher density of twins (0.05 nm-1) and 

(b) lower density of twins (0.004 nm-1). 

Since the twins with higher density were the dominant type of the observed twins on the 

particles, further analysis of these twins was carried out. FIB lamella lift out was done on 

an identical particle on which BSE and CL measurements were carried out (see Fig.5.2).  

 

Figure 5.2 (a) SEM micrograph of PrNbO4 on a Si substrate; The green box marks the 

particle selected for lamella preparation. (b) and (c) show the SEM images of the FIB 

lamella preparation process. (d) TEM image of the Lamella; The yellow box indicates the 

selected grain on which the HR(S)TEM analysis was performed. (e) A more zoomed-in 

TEM image of the same grain.   

a b 
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The result of these measurements are given in section 3.2. BF and DF images of the lamella 

on the same grain are shown in Fig.5.3.a and b, respectively. A high density of nanotwins 

is visible in these images. The corresponding SAED pattern of this grain along the [1̅03̅] 

zone axis is given in Fig.5.3.c. The (301̅) and (020) planes are indicated on the diffraction 

pattern. As shown on the SAED pattern, there are no other phases observed and the pattern 

agrees well with the one for PrNbO4 (ICSD109176) which has a monoclinic structure. 

 

Figure 5.3 (a) BF image of PrNbO4 lamella with corresponding (b) DF image and (c) 

SAED pattern in the zone axis [1̅03̅].  

To observe the atomic structure, aberration corrected HRTEM images of the same grain 

were taken (Fig.5.4.a). A more zoomed in image is presented in Fig.5.4.b.  

 

 

 

 

 

 

 

 

Figure 5.4 (a) HRTEM image of PrNbO4 lamella (b) zoomed-in image on the twins. (T.B. 

stands for twin boundary). The inset shows the FFT pattern of the same area. Twin 

boundary is marked with blue circles on the FFT pattern and blue line on the HRTEM 

image. Twin planes are indicated with yellow arrows on the HRTEM and yellow circle on 

the FFT pattern.  

The inset shows the fast Fourier transform (FFT) pattern which was used to index the twin 

a 

a b 

b 

c 
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boundary plane as (301̅). This agrees with S. Tsunekawa et. al. [82] who illustrated that 

(602) or (206̅) are possible twin boundary planes for NdNbO4. The crystal was oriented in 

the [1̅03̅] zone axis.   

The contrast in HRTEM micrographs cannot be directly interpreted as atomic columns due 

to the dependence on focus and sample thickness. To confirm where the atomic columns 

are located, HRSTEM measurements were thus performed on the same lamella. HAADF 

and BF imaging of the same grain as shown in Fig.5.3 are presented in Fig.5.5. The grain 

was tilted to the same zone axis as in Fig.5.4. The twin boundary plane (301̅) is marked 

with a blue line on both HAADF and BF images. HRSTEM and HRTEM images of the 

lamella are in agreement with each other. Based on that, it is proved that the twins have a 

coherent structure.   

 

Figure 5.5 (a) HRSTEM-HAADF image of PrNbO4 lamella (b) HRSTEM-BF image of 

the lamella in the same location. The blue line on both images indicates the twin boundary 

plane. (both HAADF and BF images are acquired at the identical place) 

5.3.2. CL and BSE analysis of the twins  

To study the influence of the twin density on the optical properties of the particles, CL 

measurements were done directly on powder particles glued to a support without further 

sample preparation. BSE imaging was performed to find particles with twins. The results 

of two particles as the representative of the major group (particles with high density of 

twins) and minor group (particles with low density of twins) are reported here. Fig.5.6.a 

shows BSE image of a PrNbO4 particle (particle I). A high density of twins is seen on this 

a b 
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particle. Using FIB technique, we were able to lift out a lamella from the twinned region 

of this particle in the upper region. TEM and STEM studies explained in the previous 

sections were performed on the same lamella. The corresponding panchromatic CL image 

of the particle is shown in Fig.5.6.b. 

 

Figure 5.6 (a) BSE image of the higher density twinned particle (twin density is 0.0425 

nm-1) and (b) corresponding panchromatic CL image. (c) CL spectra of the particle where 

the black curve corresponds to the spectra acquired at the twinned area and the red curve 

to the twin free area).  

Fig.5.7.a illustrates the BSE image taken from another particle (particle II) with a lower 

twin density. Fig.5.7.b displays the panchromatic CL image of particle II. The density of 

the twins for particle (I) and (II) was measured as explained in section 3.1; The findings 

are 0.0425 nm-1 and 0.0075 nm-1, respectively.  

a b 
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As we do not observe any intensity difference based on panchromatic CL images, further 

analysis based on the CL spectra was carried out. As seen in Fig.5.6.a and Fig.5.7.a, not all 

the regions on the particles have twins. CL spectra for each particle were acquired on the 

twinned and twin-free areas. The background noise was removed for all the spectra. The 

CL spectra of the two selected regions for particle (I) are shown in Fig.5.6.c. Region 1 is 

the area with nanotwins of a density 0.0425 nm-1. Region 2 belongs to an area without 

twinning. Fig.5.7.c displays the CL spectra of two regions for particle (II). In both graphs, 

the twinned areas are coloured in black and twin free areas in red.  

 

Figure 5.7 (a) BSE image of a representative particle with a low density of twins (0.0075 

nm-1) and (b) panchromatic CL image taken on the same particle. (c) CL spectra of the 

particle with the measurement areas marked in red (twin free area) and black (low density 

of twins) in (a).            

The position of all emission lines are the same in both spectra and exhibit the following 

transitions 3P0 to 3H4, 
3P1 to 3H5, 

3P2 to 3H6, 
3P0 to 3H6, 

3P2 to 3F3, and 3P2 to 3F4. All these 
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transitions are the main transitions of the lanthanides which are labelled according to the 

Dieke diagram (Pr3+:LaCl3).[25] However, the intensity is different for the areas with the 

twins compared to the twin free area. The intensities of the emission lines are compared to 

each other and summarized in table 5.1. 

For particle (I) the intensity of the twinned area is considerably higher compared to the twin 

free areas. Whereas for particle (II), which has lower density of twins, the intensity of the 

twinned area except for the dominant transitions is the same compared to the twin free area. 

To determine the exact difference, we have calculated the relative differences between the 

twinned versus twin free peaks with respect to the lower peaks. Results are shown in table 

5.2.  

Table 5.1: Intensity comparison between four spectra related to the twinned and twin free 

areas of the particles. 

 

Table 5.2: Percentage difference of the twinned versus twin free peaks. 

 

We compared the peak ratios and position of the twin free areas for both particles. Despite 

having different thicknesses for each particle leading to changes in the absolute intensity 
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values, the relative intensity ratio for all the peaks except 3p2 to 3F4 are similar and the peak 

position change only within 1 nm. This data is given in table 5.3. 

Table 5.3: Peak ratios of the twin free areas for both particles. CL spectra are normalized 

to their highest peak (3P2 to 3F4) to 100, and the relative intensities for the other transitions 

are listed. 

 

For particle (I), due to the high density of twins all the peaks show 53% to 76% increase 

versus the peaks from the non-twinned areas. However, for particle (II), only the peaks 

associated with 3P0 to 3H4 and 3P2 to 3F4 are increased by 16% and 11%, respectively. These 

two transitions are considered as the dominant transitions of the trivalent Pr regardless of 

the type of host.[70–72,94–96] For the rest of the transitions, no difference was observed. 

The reason for higher intensities observed for particle (I) in total could be related to the 

higher density of the twins. As explained in [97], due to the shielding effect of the outer 5s 

and 5p electrons, the optical properties of inner shell f–f transitions in lanthanide 

compounds are usually not sensitive to the surrounding environment. However, there exist 

exceptional transitions which are called hypersensitive transitions.[98] The intensities of 

the hypersensitive transitions change greatly by a small change of surrounding 

environment, although their excitation energies remain insensitive.[98] These transitions 

obey the selection rules, |ΔS| = 0, |ΔL| ≤ 2 and |ΔJ| ≤ 2 in the case of Pr3+ ion with ΔS being 

the difference in the spin quantum number, ΔL of the orbital angular momentum and ΔJ of 

the total angular momentum.[98] Based on this we know that transition associated with 3P2 

to 3F4 is hypersensitive and this can explain why this transition has higher intensity 

compared to the rest.  

Monte Carlo electron trajectory simulations in PrNbO4 were performed using the software 

Casino v2.51 at an acceleration voltage of 10 kV (see Fig.5.8). The electrons penetrate into 

the sample up to 500 nm and the width of the penetration is around 800 nm. Thus, the 

interaction volume is smaller than the particle size. Also, the CL signal comes from a 

volume with several hundred nanometres in dimension. We can still distinguish clearly the 

regions with high twin density and low twin density. It is also important to mention that 
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3
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3
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3
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3
F4 

(I) Twin free  65 9 8 15 12 100 

(II) Twin free 56 8 8 16 12 100 
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our TEM investigations reveal that the twins extend from the top surface to the bottom 

surface of the particle and thus a large twin area is contributing to the observed CL signal.   

Presence of defects in lanthanide doped materials allows parity forbidden f-f transitions to 

occur.[13,74,75] According to [99], local distortions (surface effects and defects such as 

vacancies, dislocations and interstitial defects) will lower the symmetry and therefore 

induce an increase in the relative intensity of the electric dipole transitions. Similar effects 

are also expected for twins. Since higher emission lines are observed for the twinned areas, 

we believe that these crystal defects are perturbing f-f transitions resulting in increased 

intensity. Based on these results and our recent findings published in [49], the high amount 

of Pr in addition to the presence of defects in PrNbO4 make these particles excellent 

luminescent materials. Moreover, we showed with our multi-technique approach that 

higher density of the twins leads to the strongest luminescence brightness and therefore 

they are better candidates to be used in optical applications. 

 

Figure 5.8 Monte Carlo simulations of electron trajectories in PrNbO4 at beam accelerating 

voltage equal to 10 kV. The colored lines indicate the percentage of the electrons which 

have not come to rest.  

 

5.4. Other twin types in PrNbO4 
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The majority of the observed twins were having a (301̅) twin boundary plane as described 

above. However, other twin types were observed in TEM as explained in the following. 

Since these twins were the minority, CL measurements was not performed for them. 

5.4.1. Twins with (200) twin boundary plane 

As mentioned in [82], there exist different types of twin boundary planes for lanthanide 

niobates. HRTEM on a conventional powder sample showed a different twin boundary 

plane with inclined twin planes on a PrNbO4 particle. Results are presented in Fig.5.9. The 

HRTEM micrograph of this particle allowed us to determine the twin boundary plane to be 

(200). The (161) planes are mirrored as visible in the FFT. Twin boundary plane is 

identified by blue circles on the FFT pattern, as well as a blue line on the HRTEM image.  

 

 

Figure 5.9 HRTEM image of PrNbO4 particle. (T.B. indicates the twin boundary. M and T 

stand for matrix and twin, respectively). The inset shows the FFT pattern of the same area. 

Pattern of the matrix is indicated in green and twin in yellow) 

 

We used the FFT pattern to determine the twin boundary plane and the according zone axis. 

The crystal was oriented in the [01̅6] zone axis and we indexed (161) and (200) as the twin 

planes and twin boundary plane, respectively. Moreover, the angle between the twin 
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boundary plane and conjugate twin plane was measured. The result is almost the same 

(76.6˚ and 76.8˚) on both sides and indicates mirror symmetry. Since the atoms along the 

boundary belong to both lattices, it can be claimed that these twins are coherent. The 

appearance of such twin is in accordance to [82]. 

In order to prove where the atomic columns are located, a multislice simulation was carried 

out for monoclinic structure of PrNbO4 along the [01̅6] zone axis and the corresponding 

thickness–defocus map is shown in Fig.5.10. The experimental images were captured in 

the microscope with Cs= -0.18 mm at an operating voltage of 300 kV. As seen from the 

simulated image, the contrast varies significantly with thickness and defocus. Around the 

defocus value equal to 35 nm with thickness equal to 7.15 nm, the Nb and Pr atoms are 

giving a bright contrast. This area is marked in green on Fig.5.10. With decrease in the 

defocus values, i.e., 10 nm, the Pr and Nb atoms become dark and the O atoms become 

bright. For the present experimental conditions, all the Pr and Nb atoms appear bright. This 

is in support of the bright atom contrast seen in the acquired HRTEM image shown in 

Fig.5.9. 

 

Figure 5.10 Simulated defocus-thickness map of monoclinic PrNbO4 along [01̅6] zone axis 

by multislice method. Accelerating voltage = 300 kV, Cs = -0.18 mm.   

As shown in Fig.5.10, close to a defocus equal to 10 nm and a thickness equal to 14.30 

(marked in red) we should be able to see the O atoms clearly. For this reason, we changed 

our initial defocus and went to a thicker area to be able to resolve O atoms. The results are 
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shown in Fig.5.11. Fig.5.11.a represents the simulated image with defocus equal to 10 nm 

and thickness equal to 14.30.  

 

 

Figure 5.11 (a) Experimental HRTEM image of PrNbO4 superimposed with simulated 

defocus-thickness map of monoclinic PrNbO4 along [01̅6] zone axis. The defocus value is 

10nm, and thickness value is 14.30nm (b) Crystal structure of PrNbO4 viewed along same 

zone axis (yellow spheres, Praseodymium; green, Niobium; red, Oxygen) 

 

The HRTEM image of PrNbO4 is superimposed in Fig.5.11.a. This image shows the Pr, Nb 

atoms with spherical shape and the O atoms as extended chain which matches with its 

simulated image. The structure of PrNbO4 in its monoclinic structure viewed along [01̅6] 

is shown in Fig.5.11.b using the program VESTA ver. 3.3.2 and basic atom locations: 

Pr(0.25, 0.12, 0), Nb(0.25, 0.65, 0), and O(0.01, 0.72, 0.2). HRTEM images were analyzed 

and interpreted based on their simulation using the Java Electron Microscopy Simulation 

(JEMS) software [100] for a monoclinic crystal structure of PrNbO4 (space group: C2/c) 

with the lattice parameters a = 5.499 Å, b = 5.157 Å, c = 11.342 Å, and α = 90°, β = 94.57°, 

γ = 90° (ICSD 109176). 

5.4.2. Deformation twins 

According to [101], deformation twins are formed due to the excess of strain energy 

especially at the rims of the crystals. These twins have a lens like shape caused by the 

minimization of the strain energy. Shockley partial dislocations are activated by the shear 

stress. As a result, deformation twins are formed by the motion of partial dislocations in a 

coordinated way. More information on this type of twinning can be read in [101]. Fig.5.12.a 

shows a TEM image of several crunched PrNbO4 particles. HRTEM image of a crunched 

PrNbO4 particle with a deformation twin is given in Fig.5.12.b. The lens like shape on the 
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particle indicates the excess of energy while crunching the particles with a mortar. Since 

this type of twinning was the minority, CL investigations on the crunched particles were 

not carried out.  

 

Figure 5.12 (a) TEM image of crunched PrNbO4 particles. (b) HRTEM image of a 

deformation twin on a crunched PrNbO4 particle. The inset is reproduced from [101] © H. 

Föll (Iron, Steel and Swords script) and shows the arrangement of Shockley partials due to 

deformation twinning.  

 

5.5. Conclusion 

BSE, CL and TEM studies were performed on PrNbO4 powder particles at identical 

location. Crystal defects of PrNbO4 are visualized and explained in detail. Twinning as a 

result of phase transformation during the synthesis of the particles were observed. Further 

analysis showed that the twins are coherent. Two types of particles with high density and 

less density of the twins were found. The effect of the defect density on the optical 

properties of PrNbO4 was investigated. Emission lines acquired for both of the particles 

were compared. For all these regions, there is no shift in the peak positions, however, there 

is a noticeable change in the intensity of the emission lines. Twinned areas with higher 

density showed higher intensity in comparison to twin free areas and the regions with less 

density of the twins. For the major emission lines associated with the 3P0 to 3H4 and 3P2 to 

3F4, regardless of the density, the intensity was significantly higher. Other twin types, 

namely deformation twins and phase transformation twins with a different twin boundary 
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plane were observed for PrNbO4 particles. Since these types of twins were the minority, 

further detailed investigations such as CL analysis were not carried out for them.  
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6. Structural and Cathodoluminescence Investi-

gations of Pr3+-Doped Ca2Nb3O10 Nanosheets  

This chapter is based on the manuscript by Changizi, R.; Zaefferer, S.; Ziegler, C.; Romaka, 

V.; Lotsch, B.; and Scheu, C.; which was submitted and is currently under review. The 

focus of the chapter is on 2D nanosheets exfoliated from a Pr3+ doped KCa2Nb3O10 particles 

with different Pr concentrations. The chemical composition of the nanosheets are analyzed 

by STEM EDX measurements and given in details. Moreover, the luminescent behaviour 

of the nanosheets are compared to the one from the bulk. In the end of the chapter, structural 

characterization of the nanosheets is demonstrated using (S)TEM imaging and multislice 

simulation method.  

6.1. Literature review 

Atomically thin nanosheets, termed “two-dimensional” materials have been lately the topic 

of interest.[19,102] This is due to the novel properties related to the quantum confinement 

effects and the large number of active surface atoms relative to the bulk. Butler et al.[103] 

defines two-dimensional (2D) material as a material in which the atomic arrangement and 

bond strength along two-dimensions are similar and much stronger than along the third 

dimension.[103] The fact that 2D materials have different properties compared to the bulk 

[19] has attracted attention in the scientific community. Unique chemical and physical 

properties, improved mechanical flexibility, enhanced electrical and optoelectronic 

properties, among others, are mentioned in literature.[19,103–105] Graphene is an 

archetypical 2D material which was prepared in 2004 by Geim’s group through the Scotch 

tape exfoliation of graphite.[106] Geim and Novoselov were awarded with the Nobel prize 

for their discovery. 

There is a growing interest in 2D rare-earth nanomaterials because of the novel luminescent 

and magnetic properties conferred by 4f-4f transitions.[19] Due to the inner 4f-4f energy 

level transitions, lanthanide ions can emit photons with almost the same energy while being 

surrounded by different chemical environments.[104] However, to make full use of this 

property, it is crucial to find a way to dope the lanthanide ions into the host and cast them 

into 2D sheets as efficiently as possible. Even though luminescence of lanthanide ions 

doped 2D nanosheets is rarely studied [107], the existing literature related to the topic is 

briefly summarized here. 
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Liu et al.[104] confirmed that doping lanthanide ions into 2D nanosheets can adjust the 

emission region. They have shown that doping Nd3+ ions broadens the emission region of 

In2Se3 nanosheets from the visible to the near infrared NIR range. According to this group 

[104], 2D In2Se3:Nd3+ nanosheets with strong NIR luminescence can be used in NIR 

photonic nanodevices and biomedicine applications. 

The fabrication of lanthanide-containing NaYF4 2D nanosheets was performed by Clarke 

et al.[105]. They mentioned that exfoliated 2D materials commonly exhibit a bandgap 

widening after exfoliation, while the NaYF4:Yb,Er nanosheets display a noticeable 

narrowing of the bandgap. This was confirmed by density functional theory (DFT) 

calculations and valence band photoemission measurements.[105] They reported that by 

decreasing the nanosheet thickness, the PL emission becomes weaker, which is due to the 

presence of fewer excited ions.[105]  

In another study, Bai et al.[108] observed that the introduction of lanthanide ions can 

expand the intrinsic narrow-band emission of layered transition metal dichalcogenides 

(TMDs). TMDs are 2D layered semiconductors. To prove their statement, they doped Er3+ 

into the lattice of bi-layered MoS2 and found that the NIR emission is obtained. 

Huang et al.[107], developed a simple and environmentally friendly strategy to enhance the 

luminescence properties of MgWO4:Ln3+ (Ln = Eu, Tb) nanosheets through incorporation 

of carbon dots (CDs) to form CDs@ MgWO4:Ln3+ nanostructures. They reported that the 

incorporation of CDs with MgWO4:Ln3+ nanosheets have slight effect on the morphology 

and phase structure but increases the PL emission intensity of CDs@ MgWO4:Eu3+ and 

CDs@MgWO4:Tb3+ nanosheets. They claimed that the luminescence enhancement 

mechanism was due to the capture of electrons by CDs and energy transfer between CDs 

and luminescent Ln3+. These CDs have a size of 3-5 nm.[107]  

In our recent studies [49,79], we reported the correlation between crystal structure, Pr 

concentration and defects density on the luminescent properties of bulk material with a 

particle size of several μm and different structures including PrNbO4 (cubic) and 

Pr3+:Ca2Nb2O7 (monoclinic). In the present work, we study Pr3+ doped Ca2Nb3O10 

nanosheets and compare their luminescence with the aforementioned bulk particles.   

6.2. Experimental procedures 
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To obtain 2D nanosheets, Pr3+ doped KCa2Nb3O10 powder particles with a nominal formula 

K1-xCa2-xPrxNb3O10, [x= 0.05 and 0.50] were exfoliated in a 2-step process. First, K was 

exchanged against protons and subsequently exchanged against a bulky organic cation such 

as tetra-n-butylammonium (TBA+). As a result, individual [Ca2Nb3O10]
- nanosheets were 

produced. More details can be found in [32].  

TEM samples of the nanosheets were produced by mixing the sheets into ethanol and 

deionized water. To increase the dispersion of the sheets, the solution was placed in an 

ultrasonicator for 20 minutes. The final suspension was dropped onto a TEM grid (Cu or 

Au) covered by an amorphous holey-carbon film and dried. 

HRTEM imaging and other TEM modes such as BF imaging were performed in a Thermo 

Fisher Scientific Titan TEM which has an X-FEG and an aberration corrector for the 

objective lens. An acceleration voltage of 300 kV was used to operate the microscope. A 

super X-detector from Bruker was used to perform EDX analysis. Acquisition time for each 

EDX map was 25 minutes to obtain good statistic with a high signal to noise ratio. 

A FEI Titan Themis 300 STEM equipped with a Cs probe corrector was applied to do 

further investigations. The microscope was operated at 300 kV. STEM images were taken 

with a HAADF detector. A convergence angle of 23.8 mrad was used for the probe, with a 

spot size of around 1 Å. 

HRTEM images were analyzed and interpreted based on simulations using JEMS software 

for a pseudo 2D crystal structure of [Ca2Nb3O10]
- nanosheets. For this, a CIF file was 

created as follows.  

To construct a set of 2D nanosheets and represent it as a 3D periodic structure, several 

necessary structural transformations were performed, including origin shift, supercell 

construction, K atom removal, and vacuum slab creation, using VESTA program. At the 

first stage, the origin of the initial crystal structure was changed by 0.5 along the c basis 

vector to position all atoms of the 2D sheet in the central part of the unit cell. After that, a 

1×1×2 supercell was created by changing the value of the P33 element of the transformation 

matrix (P) from 1 to 2. To be able to freely remove individual atoms for the creation of the 

vacuum slab the symmetry of the structure was removed (reduced to space group P1) while 

keeping the atomic coordinates of all generated atoms in the supercell unchanged. The 

thickness of the slab is 1.4-1.5 nm. At the final stage, all K atoms were removed from the 

structure, as well as all atoms with z-coordinate ≥ 0.5. After these structural 
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transformations, half of the unit cell along the c-direction contains the created 2D nanosheet 

which is separated from the same nanosheet in the neighboring unit cell by the vacuum 

slab, so that the interaction between the 2D sheets is minimized. The resulting structure 

was exported to CIF for image simulations.  

A FEG SEM (Zeiss SEM450) equipped with DELMIC SPARC system was used to study 

CL properties of the nanosheets. The device has a motorized parabolic mirror which is used 

to reflect the generated light towards the lenses. Investigations were performed at an 

electron acceleration voltage of 10 kV, a beam current of 5.5 nA and a working distance of 

14 mm. For the acquisition no sample cooling system was used. For CL investigation, the 

nanosheets were mixed with deionized water and dispersed on a Si substrate.  

 

6.3. Results and discussions 

6.3.1. EDX analysis of the nanosheets 

EDX measurements were performed on 2D nanosheets exfoliated from K1-xCa2-

xPrxNb3O10, [x= 0.05 and 0.50]. The first group was supposed to have a low concentration 

of Pr and in the second group, a high Pr concentration was expected. EDX spectra were 

acquired on up to 30 nanosheets. For the 2D nanosheets with lower concentration of Pr 

used during the synthesis, the HAADF image and corresponding EDX spectra are shown 

in Fig.6.1. As seen in this figure, two individual nanosheets with different brightness in the 

HAADF image were investigated. The different brightness indicates a different thickness 

and /or different composition. The brighter appearing sheet in Fig.6.1.a shows a higher peak 

intensity for the Nb-Kα, Nb-Kβ, Nb-L and Ca-Kα and Pr-L lines than the dark appearing 

sheet (Fig.6.1.b) which shows the same element specific lines. The quantitative evaluation 

of the EDX data reveals that the ratio between the elements for both sheets stays the same. 

This indicates that the difference in brightness in the HAADF image is related to a different 

thickness of the nanosheets but not a difference in composition. However, due to the 

absorption phenomena for light elements, the O ratio with respect to other elements is 

different for different sheets. As a result, the ratio of O and Nb changes between the two 

sheets. Based on the EDX data, the exfoliation process was successful, indicated by the 

absence of K. Additional peaks belong to C, and other contaminations such as Au and Cu 

which belong to the TEM grid and other artefacts.   
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Figure 6.1 HAADF micrograph and corresponding EDX spectra of individual Pr3+ doped 

Ca2Nb3O10 nanosheets synthesized with a low Pr content: (a) thicker nanosheet and (b) thin 

nanosheet. The spectra were extracted from the regions marked with a yellow square.  

 

Similar observations were made for the nanosheets which were synthesized with a higher 

concentration of Pr. Fig.6.2 presents the HAADF image and the EDX spectrum of a single 

nanosheet from this sample. Again, no K was found but the main peaks show the presences 

of Ca, Nb, Pr and O, while the other impurity peaks are not related to the sheets. 

 

 

 

 

 

 

 

 

Figure 6.2 EDX spectrum of an individual Pr3+ doped Ca2Nb3O10 nanosheet synthesized 

with a higher Pr content and corresponding HAADF image where the area of data 

acquisition is marked. 
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EDX data sets of several individual nanosheets were taken, analysed and quantified to 

obtain the average elemental composition of the sheets. The results for fifteen nanosheets 

(ten with higher Pr content and five with lower Pr content) were averaged and are presented 

in table 6.1. For single nanosheets with a higher Pr content, the averaged atomic percentage 

were obtained as follows: 58.1 at% O, 14.5 at% Ca, 25.6 at% Nb and 1.8 at% Pr. Moreover, 

Ca and Nb over Pr ratios are calculated and averaged and also listed in table 6.1. The same 

analysis was done for the single sheets with a low Pr content. The averaged results are given 

as: 52.0 at% O, 17.9 at% Ca, 27.2 at% Nb and 0.9 at% Pr. Comparing the average atomic 

percent for Ca and Nb for the different types of sheets revealed that a different number of 

Ca and Nb were substituted by Pr. The average Pr concentration for the high Pr content 

sheets (1.8 at%) is doubled compared to the Pr concentration for the lower Pr content sheets 

(0.9 at%). 

Table 6.1 EDX measurements on several individual nanosheets 

Type of nanosheets Oave 

(at%) 

Caave 

(at%) 

Nbave 

(at%) 

Prave 

(at%) 

(Ca/Pr)ave (Nb/Pr)ave 

High Pr content 58.1 14.5 25.6 1.8 8.4 14.7 

Standard deviation 11 3.5 7.1 0.5 0.9 1.1 

Low Pr content 52.0 17.9 27.2 0.9 19.8 30.6 

Standard deviation 13.1 4.8 5.9 0.2 1.1 4.1 

 

In summary, based on the EDX results, we can conclude that the nanosheets synthesized 

with different Pr content indeed contained different amount of Pr, while nanosheets 

synthesized with the same Pr content had the same Pr atomic ratio with a low standard 

deviation (see table 6.1) independent of the sheet thickness. Since there was no trace of K, 

the exfoliation process was successful. Average Pr concentration for the nanosheets 

synthesized with high Pr content is twice more than the nanosheets synthesized with low 

Pr content. This indicates that part of the Pr cannot be incorporated in the lattice and that a 

solubility limit exists for the nanosheets. Comparing the Pr concentration in the nanosheets 

to the bulk samples [49], it is understood that Pr concentration in the nanosheets can go up 

to less than 2 at%. In the bulk sample prepared from the same KCa2Nb3O10 precursor this 

amount was around 10 at% which had crystallized in a different structure (Pr3+: Ca2Nb2O7). 

It is important to mention that a high amount of Pr content was used to synthesize bulk 

particles, and as a result two different phases with different crystal structures, namely 

PrNbO4 and Pr3+: Ca2Nb2O7 were produced. To prevent phase separation, a lower amount 
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of Pr content was used in the bulk particles which were used for exfoliation [K1-xCa2-

xPrxNb3O10, x= 0.05 and 0.50]. 

6.3.2. Structural analysis of the nanosheets in (S)TEM 

Structural investigations of Pr3+ doped 2D nanosheets with lower Pr content were carried 

out in the Cs-corrected (S)TEM. As shown in Fig.6.3.a, nanosheets are laying on top of 

each other. To further study the atomic structure, one thin region (marked in yellow) was 

chosen. An HRTEM image of the selected area is illustrated in Fig.6.3.b. The region was 

oriented in [001] as determined by the FFT pattern. The FFT pattern has no additional 

(rotated) reflections. The crystal has a monoclinic structure like the bulk KCa2Nb3O10 

precursor (ICSD 157839-see Fig.4.a) but with only three layers of connected Nb-O 

octahedra with Ca ions positioned in between and the K layers removed. In Fig.6.4 b and 

c, the pseudo 2D crystal structure of [Ca2Nb3O10]
- in [100] and [001] is viewed. A similar 

structure was observed for undoped nanosheets by Virdi et al.[109] By using atomic force 

microscopy (AFM) measurements, they reported the thickness of a single nanosheet to be 

between 1.85 and 3 nm. The latter was due to the presence of TBA+ molecules on top of 

the surface.[109] Moreover, Li. et al.[110], observed a thickness of 1.85 nm for undoped 

nanosheet using AFM under vacuum conditions. 

 

 

Figure 6.3 (a) BF TEM image of an assembly of 2D nanosheets. (b) HRTEM image of the 

marked area indicated in yellow in (a), showing a set of stacked nanosheets taken in [001] 

zone axis; the inset indicates the FFT pattern. 

 

[001] 
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Figure 6.4 Crystal structure of (a) KCa2Nb3O10 viewed in [100] and pseudo 2D 

[Ca2Nb3O10]
- viewed in (b) [100] and (c) [001] (red spheres, Calcium; gray, Oxygen and 

purple, Potassium); Nb (shown with green spheres) is located within the centre of the 

octahedra. 

 

To obtain HRTEM images a negative Cs value was used. This condition gives enhanced 

contrast due to contributions of both amplitude and phase contrast.[45] According to [47], 

an optimum contrast for samples up to 4 nm thickness is achieved if a negative Cs value 

with a positive defocus is used.  

Multislice simulations were carried out for the pseudo 2D structure of [Ca2Nb3O10]
- 

nanosheets along the [001] direction. The simulations were done to determine the thickness 

of the sheets and indicate the atomic positions of Nb, Ca and O. According to [49][79], 

possible sites substituted by Pr could be Ca and Nb. The corresponding thickness-defocus 

map is shown in Fig.6.5. In the simulated images, the thickness and the defocus values vary 

between 2.97-11.89 nm and 10-70 nm, respectively. The marked areas are compared with 

the HRTEM images taken at different defocus values. It is important to note that a larger 

thickness than 1.85 nm would indicate i) the presence of TBA+ molecules and ii) that some 

of the sheets remain stacked as in the bulk even after exfoliation. 
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Figure 6.5 Defocus-thickness map of pseudo 2D [Ca2Nb3O10]
- nanosheet viewed along 

[001] and simulated with the multislice method. Accelerating voltage = 300 kV, Cs = -0.01 

mm.    

HRTEM images were taken at a thicker nanosheet for different defocus values. The results 

are compared with the simulated images and displayed in Fig.6.6. As seen on this image, 

the simulated images (shown with a red frame) resemble the contrast of the experimental 

HRTEM images. The difference in the contrast we believe is related to the pseudo 2D 

structure defined in the CIF file (presence of vacuum slab). Moreover, astigmatism and 

small-angle mistilts in the experiment, as well as minor differences of defocus or spherical 

aberration values in the simulation should be mentioned. For the defocus value 10 nm and 

thickness around 11.89 nm, the best fit was obtained. For this condition, Ca atoms are 

giving a bright contrast. On the other hand, Nb and O atoms appear dark. For defocus value 

60-70 nm and the same thickness, all atoms Ca, Nb and O atoms show a bright contrast. 

Based on Fig.6.6.b, we conclude that in Fig.6.3, the thin area is most likely a set of 4 

nanosheets stacked turbostratically in z-direction on top of each other. Brighter spots in that 

image indicate the location of Ca atoms and pale spots reveal where octahedra (with Nb 

and O atoms sitting at the centre and on the corners, respectively) are positioned.  

The atomic position of O, Nb and Ca atoms marked with colored spheres as well as the 

octahera are shown on the simulated images (Fig.6.6). There is no hint for the Pr atoms in 
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the HRTEM images which might be due to the very low concentration of the dopant and 

the fact that different individual atoms in a regular lattice cannot be recognised by HRTEM. 

 

Figure 6.6 Experimental HRTEM images superimposed with simulated images of pseudo 

2D [Ca2Nb3O10]
- nanosheet along [001] with a thickness value=11.89 nm for (a) defocus 

value=10 nm, (b) defocus value=60 nm, and (c) defocus value=70 nm. Simulated images 

are marked with red frames. Red, green and gray spheres indicate Calcium, Niobium and 

Oxygen, respectively. Nb is located inside the octahedra. 

 

To be able to observe Pr atoms, STEM imaging on a thicker sheet with a high Pr content 

was performed (Fig.6.7.a). Fig.6.7.b represents the HRSTEM of the thicker nanosheet in 

[001]. The inset in this image shows the FFT pattern. Since in HAADF imaging, the con-

trast is Z dependent, the atomic columns with the brightest contrast should be indicating Pr 

atoms’ locations. As seen on our HRSTEM image, a homogenous contrast in the atomic 

columns is observed. This could be due to the fact that Pr concentration is too low to be 

noticeably detected in addition to the fact that that STEM always gets an integral value of 

the whole atomic column. Only if the Pr atoms would arrange in one atomic column, they 

might have been visible. Thus, the fact that we cannot identify them means that they are 

homogenously embedded within the sheets. 
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Figure 6.7 (a) STEM image of an individual thicker nanosheet with a high Pr content on 

top of the carbon support and (b) HRSTEM-HAADF image of the same nanosheet taken 

in [001]. The inset indicates the FFT pattern of the single sheet. 

 

6.3.3. CL analysis of the nanosheets 

CL measurements were carried out for nanosheets with a higher Pr content. One spectrum 

as the representative is shown in Fig.6.8. Since Pr concentration for the nanosheets is low 

(1.8 at%), in total CL intensity is lower compared to the bulk particles which had a Pr 

content larger than 10 at%.[49] The positions of the emission lines are labeled. 3P0-
3H4, 

3P0-
3H6 and 

3P2-
3F3 are the common transitions observed in the spectra of bulk particles, 

namely, PrNbO4 and Pr3+: Ca2Nb2O7. However, the 3P0-
3H4 transition has a significantly 

lower intensity compared to the bulk. This transition is the dominant transition in lanthanide 

doped materials and can be employed for lasing activities in the material preparation.[72] 

Other transitions related to 3P1-
3H6 (597 nm), 1D2-

3H4 (603 nm) and 1I6-
3F2 (610 nm) are 

observed only in the spectra of the nanosheets. These transitions are close to the orange 

light emission in the visible spectrum (600 nm), therefore, they can be used in applications 

where orange emission is needed. According to [71], the emission from the 1D2 level is 

greatly dependent on the interaction between two nearby Pr3+ ions. They showed that by 

increasing Pr concentration, the peak related to 1D2 level disappeared in their PL data. 

When the Pr3+ concentration increases, the distance between Pr3+ ions decreases; as a result, 

concentration quenching becomes more frequent. Our result confirms this because only in 

 [001] 
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the case of nanosheets with averaged Pr concentration of 1.8 at%, the transition belonging 

to 1D2-
3H4 was detected and not in PrNbO4 and Pr3+: Ca2Nb2O7.[49] 

 

Figure 6.8 CL spectrum of an individual Pr3+: CaNb3O10 nanosheet. Major peaks were 

labelled according to the Dieke diagram [25]. 

 

6.4. Conclusion 

Pr3+ doped Ca2Nb3O10 nanosheets synthesized with two different Pr contents were studied. 

Nanosheets synthesized with a higher Pr content had the highest Pr concentration (1.8 at%), 

whereas for the sheets with the lower Pr content, this amount was only 0.9 at%. The 

structure of the nanosheets was investigated by HRTEM and HRSTEM. It was found out 

that the nanosheets have the same structure as the monoclinic KCa2Nb3O10 but with only 

three layers of connected Nb-O octahedra with Ca ions located in between and the K 

completely removed. Different thicknesses for the sheets were observed, the lowest in the 

range of 3 nm (corresponding to a single sheet when taking TBA+ molecules on top and 

bottom of the nanosheet into account), others up to 12 nm. The latter indicates that after 

exfoliation, some of the layers of the bulk structure remained stacked, leading also to a FFT 

pattern with only one set of reflections. Considering the presence of TBA+ molecules, at 

least 4 layers formed the thicker nanosheets as exemplarily shown with the help of 

multislice image simulations. CL analysis was done only on the nanosheets with the higher 
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Pr content. Compared to the different bulk phases [49], additional peaks close to 600 nm 

region of the visible spectrum were observed. 

On the basis of these results and our previous publications [49][79], we conclude that bulk 

particles (PrNbO4 and Pr3+: Ca2Nb2O7) have brighter emission lines (especially transitions 

belonging to the dominant peaks: 3P0-
3H4 and 3P2-

3F4). However, 2D nanosheets (Pr3+: 

CaNb3O10) with additional sharp emission lines around 600 nm and smaller size are 

potential candidates to be used in other applications where the mentioned wavelength 

(orange color) is needed. 
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7. Summary and Outlook 

The scope of this thesis is to understand the luminescence properties of lanthanide doped 

niobates and lanthanide niobate compounds, and to determine the factors which enhance 

that. Two factors were introduced and investigated as the main reasons for luminescence: 

The lanthanide concentration and the presence of defects such as twins.  

During the annealing process of Pr3+ doped KCa2Nb3O10, complex niobates with different 

phases PrNbO4 and Pr3+: Ca2Nb2O7 were formed.[49] The solubility limit of Pr in Pr3+ 

doped KCa2Nb3O10 is the reason for the formation of the two phases during annealing. K 

was evaporated completely, and replaced by Pr. XRD and TEM measurements verified a 

monoclinic crystal structure (space group: C2/c) with lattice parameters a = 5.499 Å, b = 

5.157 Å, c = 11.342 Å, and α = 90°, β = 94.57°, γ = 90° for PrNbO4. For the other phase, a 

cubic crystal structure Ca2Nb2O7 (space group: Fd-3m) with a lattice parameter a = 10.445 

Å was found. Based on the XRD results, it was understood that there exists an increase in 

the interplanar spacing which is due to the Pr ions sitting on Nb sites within the Ca2Nb2O7 

crystal lattice. The crystal lattice strain was calculated accordingly and the result was 0.5%.  

As proven by EDX, μm-sized PrNbO4 particles consist beside oxygen of Pr and Nb with 

almost constant ratio of Nb/Pr ≈0.9. Therefore, based on the off-stoichiometric ratio of 

Pr:Nb, a small fraction of the Pr ions should be located on Nb sites within the PrNbO4 

crystal structure. For the second phase, Ca and Nb are partly replaced by Pr. A chemical 

formula was obtained as PrxCa48−x/2Nb52−x/2Oy, for this phase. The average composition of 

x is 20 at%. The d spacing value corresponding to the (111) plane was calculated based on 

the diffraction pattern of a Pr3+:Ca2Nb2O7 particle. Comparing the d spacing in this case 

(6.4 Å) with the one from the ICSD theoretical data (6.03 Å), the increase in the d value in 

the experimental data confirms that Pr should be sitting on Ca and Nb sites almost equally. 

As mentioned in [54,55], multiple sites are present in the lattice of lanthanide-doped mate-

rials. In this work it was shown that that Pr3+ ions enter the ABNbO3 structure with A and 

B being alkali and alkaline earth metals not only by substituting A(K) and B(Ca) but also 

by substituting Nb lattice positions. In the CL spectra of both phases, dominant electric 

dipole transitions of Pr, namely 3P0 to 3H4 (489 nm) and 3P2 to 3F4 (653 nm), were observed. 

Comparing the emission spectra for both phases it was found out that the PrNbO4 has 

brighter emission lines. Due to a high amount of Pr, both K and Ca atoms of the 

KCa2Nb3O10 host were substituted by Pr. This creates a unique surrounding for Pr3+ ions 
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(Pr3+ ions occupy the sites with C2 symmetry) which helps overcome the parity forbidden 

rule and promotes very sharp f-f transitions. Thus, PrNbO4 is a better optical candidate and 

should be produced directly in the future.  

Phase transformation twinnig as a result of monoclinic distortions during the synthesis was 

investigated as another factor contributing to the luminescence of PrNbO4 particles.[79] 

The nature of the twins is ferroelastic and are generated by stress.[84] A new correlative 

approach using BSE imaging, CL spectroscopy, FIB lamella lift out and HR(S)TEM was 

used at the same location within the particles. TEM observation of the particles revealed 

the presence of twins with different densities. The twin domains vary in size; the twin width 

can be measured as less than 20 nm in one region, while it can increase to more than 50 nm 

in other regions. Coherent structure for the dominant type of the twins (twins with higher 

density) was further proved by TEM. Based on the HRTEM and HRSTEM images, the 

twin boundary plane was indexed as (301̅). As proven by a combination of BSE imaging 

technique and CL, areas with high twin density show brighter emission lines compared to 

the areas with low twin density. However, the peaks associated with 3P0 to 3H4 and 3P2 to 

3F4 had significantly higher intensity in the CL spectra for both high density and low density 

twinned areas. In order to show that the CL signal is only coming from the twinned regions, 

Monte Carlo electron trajectory simulations in PrNbO4 using the software Casino were 

performed with the same parameters as in the experiment. It was understood that the pene-

tration depth of the electrons is up to 500 nm. Thus, the interaction volume is smaller than 

the particle size and a large twinned area is contributing to the observed CL signal.   

As mentioned in [99], any type of local distortions including defects such as vacancies or 

dislocations increase the relative intensity of the transitions; thus, observing higher inten-

sity for highly twined areas can be explained. The perturbation of the energy states caused 

by the defects leads to the occurrence of the parity forbidden f−f transitions. Due to the 

existence of the outer 5s and 5p electrons, the inner shell f–f transitions in lanthanide com-

pounds are very well shielded and therefore not sensitive to the surrounding environment. 

However, in case of hypersensitive transitions the intensities are influenced significantly 

by a small change in the surrounding environment.[98,111,112] The transition associated 

with 3P2 to 3F4 is a hypersensitive transition and that explains why higher intensity is ob-

served for this one compared to the other transitions.   

Further TEM investigations revealed other twin types for PrNbO4 particles. HRTEM of a 

conventionally prepared sample showed a twin boundary plane (200) with inclined twin 
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planes (161). The similar angle between the twin boundary plane and the conjugate twin 

plane on both sides implied a mirror symmetry. As a result, it was found out that these 

twins are coherent.  

The third twin type called deformation twin was observed on PrNbO4 which were crunched 

with a mortar. These twins have a lens like shape and are formed at the rims of a crystal 

due to the excess of strain energy. Since this type of twinning was the minority, CL spectra 

on these particles were not acquired. 

Another type of material which was studied in this work are 2D nanosheets. According to 

[104,107], lanthanide 2D materials should have better luminescent properties compared to 

their bulk counterpart. Two types of nanosheets with a low and a high Pr content with a 

nominal formula K1-xCa2-xPrxNb3O10, [x= 0.05 and 0.50] were synthesized. EDX measure-

ments on several Pr doped nanosheets proved that the nanosheets contained different 

amount of Pr, however, the ratio of Ca/Pr and Nb/Pr remained constant within each group 

(low and high doped sheets). Structural analysis of the nanosheets was done in (S)TEM. It 

was found out that the sheets have a monoclinic crystal structure which is the same as in 

the bulk KCa2Nb3O10 particles. In the STEM EDX data no K was observed; thus they con-

sist of only three layers of connected Nb-O octahedra with Ca ions located in between. 

Using a multislice simulation method, the thickness of a single nanosheet was estimated to 

be minimum 3 nm which was in agreement with literature.[109] The atomic location of O, 

Ca and Nb were determined in the simulated images. Based on our detailed study on the 

bulk particles, we believe that Pr should be located either on Ca or Nb sites. However, due 

to a very low concentration of Pr atoms, it was not possible to detect Pr atoms in the STEM-

HAADF images. Additional peaks were observed in the CL spectra of the sheets.  

The work in hand demonstrates the importance of electron microscopy to understand the 

optical properties of lanthanide (doped) oxides; and the influence of lanthanide content and 

the formation of twins on the luminescent properties of the material. Electron microscopy 

techniques enable an atomic scale local analysis that gives detailed insight into individual 

micro metre particle or nanosheets. SEM and EDX measurements were performed to study 

the morphology and the chemical composition of the formed phases during the synthesis 

of the material. XRD analysis was conducted to confirm the crystal structure of the phases. 

FIB was successfully applied to cut a region of interest with high density of twins. BSE 

imaging was used as a technique to find the regions with high density of twins on the 
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particles and emission spectra were acquired by CL. TEM investigations helped to obtain 

information in the nanometre scale, including the crystal structure of different phases as 

well as twin structure by investigating highly twined areas.  

This work presents a multi-technique correlative study which makes it unique compared to 

the other studies on lanthanides. In order to expand the investigation to other lanthanides 

and the influence of the crystal structure, crystal defects and lanthanide concentrations on 

the luminescence, it is essential to or to investigate agglomerates of the sheets. use a multi 

technique approach which includes EDX, CL and TEM on individual particles. Moreover, 

to be able to see the impact of lanthanide 2D nanosheets on the luminescence, it is crucial 

to synthesize the sheets with an optimum amount of lanthanide dopants. More research 

needs to be carried out to determine the optimum amount. Based on the knowledge gained 

in this thesis, lanthanide orthoniobates have the strongest luminescent brightness, and 

should be suggested for optical applications. 
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