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Kurzfassung 

Die Nachfrage nach erneuerbaren Energien steigt jedes Jahr. Dazu gehören 

Windkraft, Wasserkraft, Wellenkraft und viele andere, wobei Solarenergie eine der 

zugänglichsten Quellen für grüne Energie ist. Um Solarenergie erschwinglicher zu 

machen, muss die Effizienz von Solarzellen weiter verbessert werden. Silizium-

Solarzellen, die den Markt dominieren, reagieren am empfindlichsten im nahen 

Infrarot- und sichtbaren Teil des solaren Spektrums und sind unempfindlich gegenüber 

dem ultravioletten Teil. Daher sollte der ultraviolette Teil des Spektrums durch einen 

Prozess namens Downshifting in das Infrarote umgewandelt werden. 

Perowskit-Solarzellen sind eine alternative Technologie, die im ultravioletten 

und sichtbaren Teil des Spektrums anspricht, aber unempfindlich gegenüber dem 

Infrarotanteil der Solarradiation ist. Um die Effizienz zu steigern, ist eine Umwandlung 

vom Infraroten zum sichtbaren Teil des Spektrums erforderlich. Dies ist durch einen 

Prozess namens Upconversion möglich. 

Das Ziel dieser Arbeit ist es, neue spektrale Umwandlungsmaterialien zu 

untersuchen - BaF2- und PbF2-Kristalle, dotiert mit Er3+ und Yb3+ als Upconversion-

Materialien sowie BaF2-Kristalle, dotiert mit Er3+ und YF3-Partikeln, dotiert mit Ce3+ 

und Yb3+, als Downshifting-Materialien. Alle Materialien werden in einem Mehrkanal-

Graphittiegel in einem Vakuumofen synthetisiert. Die Dotierungskonzentrationsreihe 

ermöglicht die Bestimmung der chemischen Zusammensetzungen, die die höchste 

Umwandlungseffizienz ergeben. Diese wird durch absolute 

Photolumineszenzquantenausbeutemessungen bestimmt, die mit einem Aufbau um 

eine Integrationskugel durchgeführt werden. 

Im Fall der Upconversion-Materialien wird die Quantenausbeute über einen 

weiten Intensitätsbereich (0.1 - 350 W/cm2) der 976-nm-Anregung studiert. Es wird 

entdeckt, dass die höchste Upconversion-Quantenausbeute in BaF2 mit 2 Mol% Er3+ 

und 3 Mol% Yb3+ bei einer Anregungsintensität von 490 W/cm2 gefunden wird. Um 

die Grenzen des Upconversion-Prozesses zu finden, werden die Quantenausbeutewerte 
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unter direkter Anregung einiger höher liegender Zustände der Er3+-Ionen ebenfalls 

untersucht. Diese Ergebnisse ermöglichen die Analyse der Energiemigration zwischen 

den Dotierionen sowie der Populationswege der angeregten Zustände. Einer der mit 

Er3+ und Yb3+ dotierten BaF2-Kristalle wird dann mit einer Perowskit-Solarzelle 

kombiniert, und der Anstieg des Kurzschlussstroms aufgrund der Upconversion wird 

analysiert. 

Bei der Untersuchung der Downshifting-Materialien wird festgestellt, dass BaF2-

Kristalle im Bereich von 1 - 12 Mol% Quantenausbeutewerte von über 100% und bis 

zu 153% erreichen können. Um zu untersuchen, wie sich dieser Effekt auf die Leistung 

eines photovoltaischen Geräts auswirken kann, wird ein Kristall mit einer Ge-

Photodiode kombiniert und der Anstieg des Kurzschlussstroms aufgrund der spektralen 

Umwandlung wird analysiert. 

Im Fall von YF3-Pulvern, dotiert mit Ce3+ und Yb3+, wird der Energieübertrag 

zwischen den Dotantionen untersucht, und es wird festgestellt, dass der 

Ladungstransfer für den Prozess verantwortlich ist. Die höchste beobachtete 

Quantenausbeute beträgt nur 0.91%. 

Die Verwendung der mit Er3+ und Yb3+ dotierten SrF2-Kristalle als Referenz für 

relative Quantenausbeutemessungen wird ebenfalls untersucht. Es wird mit 

NaYF4:18%Yb3+2%Er3+@CaF2 -Nanopartikeln getestet, und es wird eine gute 

Übereinstimmung zwischen absoluten und relativen Messungen erzielt. Darüber hinaus 

werden Peptide als vielversprechende neue Gastgeber für die Ionen der Seltenen Erden 

angeboten, und einige Vorversuche werden durchgeführt. 

Zusammenfassend präsentiert diese Arbeit neue spektrale 

Umwandlungsmaterialien. Einige mögliche Anwendungen werden getestet, und die 

Ergebnisse zeigen, dass die Materialien in vielen Bereichen von Forschung und 

Industrie nützlich sein können.  
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Introduction 

The search for efficient sources of renewable energy has been a hot topic for 

many years. There are a lot of ways to generate energy from renewable sources: wind 

power, hydropower, wave power, and many more. One of the fastest-growing areas of 

renewable energy is solar power. By the end of 2021, the total installed capacity of solar 

power increased to 945 gigawatts1.  

However, despite rapid growth, the solar power industry faces several challenges 

that severely limit the future development of the entire industry. The first one is the 

limited maximum efficiency of solar cells 2. According to the latest Photovoltaic Report 

of the Fraunhofer Institute for Solar Energy Systems 1 the best-performing samples of 

the mono-crystalline solar cells is 26.7%, whereas the best modules demonstrate the 

efficiency equal to 24.4%. Alternative technologies such as perovskite solar cells 

demonstrate an efficiency equal to 23.7% while perovskite modules show an efficiency 

of 17.9%.  

The second one is the spectral response of solar cells. Silicon solar cells currently 

account for more than 95% of the solar cell market 3. Their spectral response has a 

maximum in the infra-red (IR) region of the spectrum (800 – 1000 nm), where the 

sunlight does not have the highest intensity. Perovskite solar cells are an alternative 

technology for photovoltaic systems. They have completely different spectral 

properties with a maximum sensitivity in the visible range of the spectrum. There are 

several ways to overcome the limitations of single-bandgap solar cells: tandem 

structures 4, multiple exciton generation 5, solar concentrators 6 as well as the use of 

spectral conversion materials 7. So far, the best results are obtained with the multi-

junction concentrator solar cells. A device that consists of six junctions is reported to 

have an efficiency of 47.1% 8. However, this technology faces some challenges mostly 

related to a complicated manufacturing process as well as the high cost of a unit 

compared to other technologies 9. 
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The approach that utilizes the spectral conversion materials does not require 

significant modification of the already existing photovoltaic technologies which makes 

it favourable compared to the alternatives. Thus, the search for new efficient spectral 

conversion materials is still an urgent task today. In order to tailor the solar spectrum 

to the response of different types of photovoltaic devices both up- and down-conversion 

materials are needed.  

 

Figure 1 – AM 1.5G solar spectrum (black line) and external quantum efficiency 

(EQE) of a) perovskite and b) crystalline-silicon (c-Si) solar cells (red line). 

Highlighted area shows a part of the solar spectrum that can be used by solar cells. 

To illustrate the concept the spectral response of a perovskite and c-Si solar cells 

are presented on top of a solar spectrum in Figure 1. In the case of silicon solar cells, 

radiation from the ultraviolet (UV) and visible (Vis) range must be converted into the 

near-infrared (NIR) range, whereas perovskite solar cells require conversion from the 

NIR to the Vis range. Materials doped with the ions of rare-earth elements can achieve 

these types of spectral conversion10. The complex structure of the excited states of these 

ions provides the opportunity to have emission bands in a wide wavelength range while 

co-doping with two or more ions adds additional possibilities for excitation. 
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Figure 2 – a) Up-conversion (UC) and b) downshifting (DS) emission under 976 

nm excitation; c) absorption spectra of materials co-doped with Er3+/Yb3+, Ho3+/Yb3+ 

and Tm3+/Yb3+. 

Figure 2a, b shows typical emission spectra of the materials doped with Er3+, 

Ho3+, or Tm3+ ions. It can be observed that several emission bands can be obtained with 

these ions both in the Vis and NIR ranges. All materials are also co-doped with Yb3+ 

ions as it has an intense absorption band in the NIR with a maximum at 980 nm (Figure 

2c) and can efficiently transfer energy to Er3+, Ho3+, or Tm3+. 

Another factor that affects the performance of the spectral conversion materials 

is the host into which the ions are doped. Among a plethora of available options, 

fluoride crystals stand out due to several features. First, high chemical stability11 allows 

the use of these materials in various environments. Potential use in photovoltaic 
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systems might leave the materials exposed to different conditions like extreme 

temperatures or humidity for extended periods, thus, requiring the ability to withstand 

it. Second, a wide band gap makes fluorides transparent up to the VUV range12. As 

demonstrated in Figure 1a, b spectral conversion materials might require absorption 

and emission bands anywhere from UV to NIR range. The third feature is low phonon 

energy, compared to other crystalline materials 13, which should decrease the non-

radiative losses. It is generally considered that non-radiative losses lead to lower values 

of the photoluminescence quantum yield (PLQY) – a ratio of the emitted and absorbed 

ions, which is used as the chief metric of spectral conversion performance. Due to the 

combination of all these features fluoride crystalline materials doped with rare earth 

ions often act as light converters 14–19.  

Recent studies show that high values of quantum yield are found in the MF2 (M 

= Ca, Sr) crystals doped with Er3+ and Yb3+ ions 20,21,22,23. The next hosts in this series 

are BaF2 
24 and PbF2 

25. The up-conversion efficiency in these hosts is expected to be 

even higher as previous studies show that an increase in the ionic radius of the host 

cations allows higher values of luminescence quantum yield 20,22.  

Currently, there are little to no published results of the up- and down-conversion 

properties of BaF2:Er3+, Yb3+ or PbF2:Er3+, Yb3+. Single crystals seem to be the best 

option for the study of new materials of this type. Not only the surface effects are 

minimised in single crystals, but also this form allows for easier estimation of 

absorption cross-section. 

To test up-conversion performance two series of BaF2:Er3+, Yb3+ samples are 

investigated - with the amount of Er3+ ions fixed at 2 mol. % and Yb3+ concentration 

varying from 2 to 15 mol. %, as well as a series with the amount of Yb3+ ions fixed at 

3 mol. % and Er3+ concentration varying from 2 to 15 mol. %. As well as this a series 

of PbF2:Er3+, Yb3+ samples with an amount of Er3+ ions fixed at 2 mol. % and Yb3+ 

concentration varying from 2 to 7.5 mol. % is also synthesized. 
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For the down-conversion application, a series of BaF2:Er3+crystals doped with 1 

– 25 mol.% of Er3+ ions as well as two series of YF3:Ce3+, Yb3+ powders with 

concentration of Ce3+ ions equal to 0.05 mol % and 0.1 mol % and Yb3+ concentration 

in the range from 1 to 10 mol % are prepared. YF3 host also has a relatively low phonon 

energy (~500 cm-1), which reduces the probability of losses due to non-radiative 

transitions 26, and the substitution of the Y3+ ion by Ce3+ ions or Yb3+ does not require 

additional charge compensation or valence change 27,28. 
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Objectives and Outline of the thesis 

The goal of the current work is to demonstrate that fluoride crystalline materials 

doped with a combination of rare-earth ions are efficient spectral conversion systems 

and can then be combined with photovoltaic devices to enhance their response.  

 

Based on the available data the following objectives can be formulated: 

1. Determine how efficiently the Er3+/Yb3+ co-doped and Er3+ single-doped BaF2 

and PbF2 crystals grown by Bridgeman method can efficiently perform as up- 

and down-conversion materials 

2. Determine the photoluminescence quantum yield (PLQY) values and determine 

the doping concentrations that provide the most efficient spectral conversion in 

the case of each crystalline host. 

3. Find the value of the maximum enhancement of the response of the Ge – 

photodiode when combined with a BaF2:Er down-converting crystal. 

4. Determine how efficiently Ce3+/Yb3+ - doped YF3 powders can perform as 

downshifting materials, estimate the spectral conversion efficiency, and 

determine the energy transfer mechanism. 

 

The work consists of an introduction, seven chapters, and a conclusion. 

Chapter 1 of this work discusses the existing results devoted to the study of 

optical properties of materials activated by rare-earth elements. A wide range of studies 

devoted to the study of different types of transitions in lanthanide ions is covered. 

Chapter 2 is devoted to the description of the synthesis methods of the studied 

samples, as well as the tools used to study the physicochemical and spectral-kinetic 

properties. The growth of crystals by the Bridgman method and the synthesis of 

powders are briefly described. Chapter 3 presents the main results of the study of BaF2: 

Er3+, Yb3+, namely the analysis of the spectral conversion properties of the 
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concentration series. Chapter 4 presents the main results of the down-conversion study 

of BaF2: Er3+ crystals such as quantum yield values under different excitation 

wavelengths and estimation of the enhancement of the Ge – photodiode performance. 

Chapter 5 presents the main results of the study of PbF2: Er3+, Yb3+. It includes the 

analysis of the spectral conversion properties of the concentration series and the 

comparison of the performance of bulk crystals and powders of the same chemical 

composition. Chapter 6 presents the main results of the study of YF3: Ce3+, Yb3+ 

powders, namely the analysis of the spectral conversion properties of the concentration 

series and the study of the energy transfer mechanisms. Chapter 7 studies the 

possibility of application of an SrF2: Er3+, Yb3+ crystal as a reference for relative 

quantum yield measurements. Chapter 8 outlines new promising hosts for the rare-

earth ions. 
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1. State of the Art 

1.1 Luminescence and energy transfer mechanisms in rare earth ions. 

The spectroscopy of lanthanide ions is a scientific field that constantly continues 

to expand and develop as it still has areas that require further research. There are three 

main types of optical transitions in lanthanides: allowed f - d transitions, charge-transfer 

transitions, and forbidden f - f transitions. Below, each of these types of transitions is 

discussed in more detail. 

1.1.1 Intra-configuration f - f transitions 

The transition between the two electronic levels can be realised via several 

mechanisms. Four main mechanisms can be distinguished: electric dipole (ED), 

magnetic dipole (MD), electric quadrupole (EQ), and magnetic quadrupole (MQ).  

The transition probability between two states is described as ∫𝜓1
∗𝜇𝜓2𝑑𝑡 where 

𝜓 - are the wave functions of states between which the transition takes place, 𝜇 - is the 

transition moment operator. If the function 𝜓1
∗𝜇𝜓2 is even, the integral is nonzero and 

the transition is possible, otherwise the transition is forbidden. The parity inversion in 

quantum mechanics is a change of sign of one of the spatial coordinates. If the wave 

function does not change its sign when all coordinates are inverted, then it is called 

even, otherwise, the state is called odd. Since the functions describing 4f orbitals are 

even, and the dipole moment transfer operator is odd, the resulting function is odd and 

the integral is zero. Thus, the parity selection rules dictate that f - f transitions are 

forbidden for the electric dipole mechanism. However, when the lanthanide ions are in 

a crystalline host, they are exposed to ligand fields and non-centrally symmetric 

interactions lead to the mixing of electronic levels with opposite parity into the wave 

functions. This weakens the selection rules and the transitions become partially 

allowed. Magnetic dipole transitions are allowed, but their probability is low, although 

in some f - f spectra their intensity is comparable with electric dipole transitions. 
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Quadrupole transitions are also partially allowed (although they have a low probability 

compared to allowed transitions), but they are much less intense than magnetic dipole 

transitions, so they are not usually observed. Selection rules for quantum numbers S, L, 

and J are given in the Table 1.1. 

Table 1.1 - Conditions for allowed transitions for quantum numbers S, L, and J 

in case of f-f and f-d transitions 29. 

Transition ΔS |ΔL| |ΔJ| Approximate 

oscillator strength 

ED (f-d) 0 ≤1 ≤1 0.01-1 

ED (f-f) 0 ≤6 (2, 4, 6 with L or 

L' = 0) 

≤6 (2, 4, 6 with J or J' 

= 0) 

10-4 - 10-5 

MD (f-f) 0 0 0, ±1 10-5 - 10-6 

EQ (f-f) 0 0, ±1,±2 0, ±1, ±2 10-10 

 

A theory to predict the intensities of f-f transitions was independently presented 

in 1962 by two scientists within one month30,31. Now known as the Judd-Ofelt (JO) 

theory, it is developed in the crystal field approximation and provides a simple method 

for calculating intensities of absorption lines corresponding to f-f transitions as well as 

probabilities of radiative transitions. The main drawback of this theory is that it allows 

only the 4f configuration of electrons to be taken into account, while it is not possible 

to do the same analysis of the 4f - 5d transitions.  

The standard analysis within the framework of Judd-Ofelt theory provides values 

of the emission intensity as well as the radiative lifetimes based on absorption spectra 

recorded at room temperature.  

To perform the analysis, the spectral line intensities determined experimentally 

as 

𝑆𝑒𝑥𝑝(𝐽 − 𝐽′) =
3𝑐ℎ(2𝐽+1)𝑛

8𝜋3�̅�𝑒2𝑁0
[

9

(𝑛2+2)2
] ∫ 𝛼(𝜆)𝑑𝜆 ,   1 
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where 𝐽, 𝐽′ is the quantum number of the total angular momentum of the initial 

and final states respectively, n is the refractive index, N0 is the concentration of rare-

earth ions , �̅� - is the average wavelength of the absorption band, ∫𝛼(𝜆)𝑑𝜆 - integral 

absorption coefficient, are compared with the values of spectral line intensities 

determined theoretically as 

𝑆𝑡ℎ𝑒𝑜𝑟𝑦(𝐽 − 𝐽′) =  ∑ Ω𝑡𝑡=2,4,6 | < (𝑆, 𝐿)𝐽|𝑈(𝑡)|(𝑆′, 𝐿′)𝐽′ > |2,  2 

where Ω2, Ω4, Ω6 - are the intensity parameters of Judd-Offelt theory, and 𝑈(𝑡) - 

are the matrix elements of rank t (t = 2, 4, 6) between the states characterized by 

quantum numbers (S, L, and J), and (S', L' and J'). 

This allows determining the values of the Ω2, Ω4, Ω6 parameters which are then 

used to predict the transition probability between any two states as 

𝐴(𝐽 − 𝐽′) =
64𝜋4𝑒3

3ℎ(2𝐽+1)�̅�3

𝑛(𝑛2+2)2

9
𝑆𝑡ℎ𝑒𝑟𝑦(𝐽 − 𝐽′).    3 

As has been already mentioned above Judd-Ofelt theory can provide an insight 

into the optical properties of materials. When combined with experimentally obtained 

luminescence decay times it allows easily estimating the quantum efficiency of the 

radiative transitions without complex experimental procedures. Judd-Ofelt analysis can 

be easily performed when the studied material is in the form of single crystals or glasses 

because in this case absorption cross-section, doping ion concentration, and refractive 

index are easily estimated. However, oftentimes the newly synthesized materials come 

in the form of either micro- or nanoparticles. In this case, it is significantly more 

difficult to experimentally obtain an absorption cross-section. There are various ways 

to overcome this limitation and still perform the Judd-Ofelt analysis. If the studied 

material is doped with certain lanthanide ions, namely Eu3+, Dy3+, Tb3+, and Sm3+ the 

Judd-Ofelt parameters can be calculated only using the emission spectrum as these ions 

have purely magnetic-dipole-allowed transitions 32. Unfortunately, the Judd-Ofelt 

parameters of the rest of the lanthanide ions in the powder samples cannot be obtained 
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so easily. Thus, the search for methods that can provide reliable Judd-Offelt parameters 

of powders doped with different rare-earth ions is still actively going.  

There are several works dedicated to the realization of Judd-Ofelt analysis with 

Er3+ doped powders. First, the Method A is described in the paper 32. It uses the 

excitation spectrum recorder while monitoring the emission of the 4S3/2 – 4I15/2 

transition. The JO parameters Ωt are calculated in arbitrary units and then recalculated 

using the radiative lifetime of the 4I13/2 – 4I15/2 transition. These parameters are then used 

to estimate the transition probabilities and radiative lifetimes of other transitions.  

Secondly, the Method B is described in the paper 33. This approach uses the 

diffuse reflectance spectrum of the powder sample. To convert from arbitrary units of 

the diffuse reflectance spectrum to cm2 of the absorption cross-section, the 

experimentally determined oscillator strength of the 4I15/2 – 4I13/2 transition is calibrated 

to the radiative lifetime of the 4I13/2 – 4I15/2 transition. The treated spectrum is then used 

to calculate the JO parameters Ωt.  

The final approach is Method C described in 34. Unlike the previous case, here 

the absorption in arbitrary optical density units is used to calculate the relative intensity 

parameters. The actual JO parameters Ωt are calculated afterwards using the radiative 

lifetime of the 4I13/2 – 4I15/2 transition. In this case, a diffuse reflectance spectrum is used 

in combination with Kubelka-Munk theory to perform the calculations in arbitrary 

units. 

It can be seen that all mentioned methods require the luminescence decay time 

of the 4I13/2 – 4I15/2 transition. Thus, it is crucial to determine this decay time reliably. 

There is a number of factors such as concentration quenching, and cross- or 

multiphonon relaxation that have an effect on the observed decay times. Reabsorption 

effects can also have a noticeable change in the measured luminescence decay 

times35,36, but its effect can be taken into account. One way to minimize the reabsorption 

is to dilute the studied material with optically inactive powder. This way the emission 
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will have a lower probability of hitting an optically active particle when propagating 

through the material and subsequently lower probability of being reabsorbed. 

1.1.2 Allowed f-d transitions 

It should be noted that the spin selection rule ΔS = 0 is important since the f-d 

transitions for which this condition is not fulfilled have an extremely low emission 

intensity. The f-d transitions are observed in the following lanthanide ions: Ce3+, Pr3+, 

Tb3+ as well as in some divalent ions: Sm2+, Eu2+, Tm2+, Yb2+. In other trivalent ions, 

these transitions are often quenched by cross-relaxation with the 4fn configuration. 

Typically, f-d transitions have high energies of >50000 cm-1 (<200 nm). These 

transitions have been both calculated theoretically and observed experimentally in 

various hosts, e.g. CaF2, LiYF4, or Y3Al5O12. 37. As an example, the energies of the first 

f-d spin-allowed transition of the lanthanide ions in the CaF2 host are given in the Figure 

1.1. The fact that the d orbitals, in contrast to the f orbitals, are not shielded, accounts 

for several features of f-d transitions. The field generated by the surrounding ligands is 

in the range of 103 - 104 cm-1. This value is significantly higher than the case of f 

orbitals. This, in turn, leads to an energy difference between the higher and lower spin 

levels of about 8000 cm-1. In addition, the Stokes shift is much larger than the 

corresponding values for the f levels and is usually in the range of 1000 - 3000 cm-1. 

Since f-d transitions are much more sensitive to the surroundings, it is possible to 

change the transition energy by placing the ion in different hosts. A stronger ligand 

field will lead to a bigger splitting and the lowest d level will shift to a lower energy 

region. 
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Figure 1.1 - Energy of the first spin allowed the transition of the trivalent 

lanthanide ions in the CaF2 host 38. 

The nature of f-d transitions has been studied quite thoroughly. An important 

parameter is the position of the lowest d level in relation to the valence and conduction 

bands, as this parameter determines the optical properties of the dopant. A 

phenomenological expression was obtained by Dorenbos to determine the energy with 

respect to the d level position of the Ce3+ ion.  

𝐸(𝐿𝑛, 𝐴) = 49340 𝑐𝑚−1 − 𝐷(𝐴) + ∆𝐸𝐿𝑛,𝐶𝑒.   4 

Here 𝐸(𝐿𝑛, 𝐴) - maximum energy of the lowest f-d transition of the trivalent 

lanthanide ion placed in host A. 𝐷(𝐴) - lowering of the d level of the Ce3+ ion by the 

ligand field with respect to the position of the level in a free ion. ∆𝐸𝐿𝑛,𝐶𝑒 - difference 

in the lower d level position of the trivalent lanthanide ion and Ce3+ ion, which is 

independent of the host. These parameters were determined for many materials. 

f-d transitions generally show absorption cross-section values that are 

significantly higher than the ones found in the f-f transitions. This feature makes ions 

that demonstrate f-d transitions an attractive sensitizer, as these ions can absorb a large 

number of excitation photons. If combined with an appropriate emitter such a system 

might be capable of efficient energy conversion. 
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1.2 Energy transfer mechanisms 

In 1942 Weissman discovered that luminescence of lanthanide ions can be 

observed when excited at the absorption wavelength of ligands 39. This effect was called 

luminescence sensitization. It greatly influenced all subsequent research and 

development in the field of luminescent materials containing lanthanide ions. 

Another important step was the development of the theory of resonant energy 

transfer. In 1948 Theodore Förster suggested the existence of transfer of electron 

excitation between molecules based on the available experimental data 40. Förster's 

theory is discussed in more detail in the following section. 

The next step was to directly investigate the energy transfer mechanisms. In 1953 

D.L. Dexter further developed Förster's theory describing a dipole-dipole energy 

transfer mechanism for the case of forbidden transitions in solids 41. Dexter 

distinguished several possible mechanisms, each with a specific distance dependence 

(see Table 1.2). The mechanisms include the dipole-dipole mechanism, already known 

from Förster's theory, as well as the electric dipole-quadrupole and quadrupole-

quadrupole mechanisms, the magnetic dipole mechanism, and the exchange 

mechanism. To determine the relative role of each mechanism, the number of centres 

that can be excited from a single donor has been calculated. These estimates were made 

for the model host with NaCl structure and corresponding lattice parameters. It is worth 

noting that the exchange mechanism has an efficiency comparable to the dipole-

quadrupole mechanism. Thus, the distance between the donor and the acceptor can be 

experimentally determined from the dependence of the luminescence intensity on the 

acceptor concentration, since the luminescence intensity of the acceptor directly 

depends on the energy transfer efficiency which, in turn, is related to the distance 

separating the donor and the acceptor (see Table 1.2). 
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Table 1.2 - Energy transfer mechanisms between donor and acceptor. 

Mechanism Dependence on distance 

Dipole dipole (el.) rDA
-6 

Dipole quadrupole (el.) rDA
-8 

Exchange (spin) exp(-rDA ) 

Quadrupole-quadrupole (el.) rDA
-10 

 

1.2.1 Förster energy transfer 

Förster's theory of the resonant energy transfer is a key to any study of sensitised 

luminescence. This topic occupies a special place because it often arises in both 

theoretical and experimental research, extending from basic fields such as theoretical 

physics to applications in electronics, chemistry, medicine, and biology.  

Before proceeding to describe methods of resonant energy transfer estimation, it 

is necessary to outline the framework within which Förster's theory can be applied. 

Förster resonant energy transfer (FRET) is a mechanism strongly dependent on the 

distance between the optical centres. The resonant energy transfer process is only 

feasible if the distance between the optical centres is less than 20 nm. Otherwise, the 

theory will not provide reliable results. If the distance requirements are met, then two 

optical centres, e.g. two molecules, must be present in the medium to realize the 

resonant energy transfer. The energy donor must be a phosphor and the energy acceptor 

must be capable of absorbing light in the emission range of the donor. Energy transfer 

is carried out non-radiatively through the dipole-dipole mechanism. The presence of 

resonant energy levels in the donor and acceptor is a requirement for this. It must also 

be noted that the optical properties of the donor-acceptor pair must be maintained 

throughout the entire volume of the medium under study. Typically, the averaged 

luminescence parameters of a large ensemble of donor-acceptor pairs are used to 

evaluate the efficiency of the resonant energy transfer process. Since there are always 
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additional processes in the system that lead to energy loss, the probability of resonant 

energy transfer is usually lower than the probability of spontaneous emission of an 

individual donor or acceptor.  

The Förster energy transfer coefficient has a dependence on the distance between 

donor and acceptor as rDA
-6. This theory is based on the dipole-dipole approximation, 

which can be represented as a Coulomb interaction. Thus, the Förster energy transfer 

can be written down as: 

𝑘𝐹𝑅𝐸𝑇 = 
2𝜋

ℏ
|𝑉|2𝜌.      5 

Here V is the electrical interaction between the donor and acceptor, 𝜌 - is the 

density of states of initial and final interacting levels, which is proportional to the 

spectral overlap integral J that describes the overlap between the emission spectrum of 

the donor and the absorption spectrum of the acceptor. In turn, the parameter V can be 

represented as 

𝑉𝐶𝑜𝑙 = 
𝜅|𝜇𝐷⃗⃗ ⃗⃗  ⃗||𝜇𝐴⃗⃗ ⃗⃗  ⃗|

3𝜋𝜀0𝑛
2𝑟3

 ,      6 

where 𝜇𝐷⃗⃗ ⃗⃗  , 𝜇𝐴⃗⃗⃗⃗  - are the dipole moments of the donor and the acceptor, 𝜅 is 

determined by the orientation between them, r is the distance between the pair. 

By combining the last two expressions, the familiar expression as rDA
-6 is 

obtained: 

𝑘𝐹𝑅𝐸𝑇 = 
9(𝐿𝑛 10)𝜅2𝛷𝐷

128𝜋5𝑁𝐴𝑛4𝑟6
𝐽 .     7 

At the distance at which the Förster energy transfer and other processes are in 

balance, the resonance transfer efficiency is 50%. This distance is called the Förster 

distance or radius, which is defined as 

𝑅0 = (
9(𝐿𝑛 10)𝜅2𝛷𝐷

128𝜋5𝑁𝐴𝑛4
𝐽)1/6 ,    8 

where J is the integral of spectral overlap calculated as: 
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𝐽 =  ∫ 𝐼�̅�(𝜆)휀𝐴(𝜆)𝜆
4𝑑𝜆 =  ∫ 𝐼�̅�(𝜈)휀𝐴(𝜈)𝑑

𝜈

𝜈4
  .  9 

This integral depends on the extinction coefficient of the acceptor 휀𝐴 and the 

normalized per unit emission spectrum of the donor I�̅�. 

∫ 𝐼�̅�(𝜆)𝑑𝜆 = 1.      10 

It is also possible to express the resonance energy transfer rate with the donor's 

luminescence lifetime: 

𝑘𝐹𝑅𝐸𝑇 = 𝜏𝐷
−1[

𝑅0

𝑟
]6 ,     11 

and the efficiency of the Förster energy transfer as 

𝜂𝐹𝑅𝐸𝑇 = 
𝑘𝐹𝑅𝐸𝑇

𝑘𝐹𝑅𝐸𝑇+𝜏𝐷
−1 =  

1

1+(𝑟/𝑅0)
6
 .    12 

 

Figure 1.2 - Orientation of donor emission dipole moment 𝜇𝐷⃗⃗ ⃗⃗  , the absorption 

dipole moment of the acceptor 𝜇𝐴⃗⃗⃗⃗ , as well as the vector connecting the donor and 

acceptor, necessary to calculate the parameter 𝑘. 

The last important parameter for estimating the Förster energy transfer is the so-

called orientation factor. To estimate it, one can get away with a fairly simple averaging. 

Figure 1.2 shows the possible orientations of the donor and acceptor. The orientation 

factor can be calculated as 

𝜅 =  𝜇�̂� ∗ 𝜇𝐴  ̂ − 3 (𝜇�̂� ∗ �̂�)(𝜇�̂� ∗ �̂�) = 𝑐𝑜𝑠𝜃𝐷𝐴 − 3𝑐𝑜𝑠𝜃𝐷 ∗ 𝑐𝑜𝑠𝜃𝐴. 13 
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Here 𝜇�̂�  𝜇𝐴  ̂ and �̂�- unit vectors corresponding to 𝜇𝐷⃗⃗ ⃗⃗  , 𝜇𝐴⃗⃗⃗⃗  and 𝑟 ; angles 

𝜃𝐷𝐴, 𝜃𝐷 и 𝜃𝐴 are shown in the Figure 1.2.  

For most scenarios, it is possible to use an approximation which gives a good 

estimation of the parameter 𝜅2. If during the Förster energy transfer time that is equal 

to 1/𝑘𝐹𝑅𝐸𝑇 the acceptors and donors can take all possible positions, then the system is 

in the dynamic averaging mode and 𝜅2 = 2/3. If one of the centres can take any 

orientation, while the other has a fixed orientation, the parameter 𝜅2 takes values 

between 1/3 and 4/3 (in this case 2/3 is still a good approximation). However, if both 

centres have a fixed orientation, the picture gets noticeably more complicated, as the 

parameter 𝜅2 takes on values between 0 and 4.  

1.2.2 Charge transfer transitions 

Charge transfer is a complex phenomenon that can manifest itself in different 

ways. Sometimes, these transitions are necessary for the sensitisation of luminescence 

of inorganic phosphors containing lanthanides, but in other cases, they can lead to 

quenching of luminescence. Charge transfer transitions, like f - d transitions, are 

partially allowed. There are several basic types of charge transfer transitions.  

The first type is charge transfer from a ligand to a metal. This process consists of 

the transfer of an electron from a ligand to a metal ion. Like the f-d transitions, the 

energy of this process is relatively high, so the corresponding absorption bands are 

usually observed in the UV region of the spectrum. The lowest transition energies are 

observed in easily reduced ions such as Sm3+, Eu3+, Tm3+ and Yb3+. In Figure 1.3 one 

can see calculated energies of (2p)O-Ln3+ transition in inorganic phosphors. However, 

the energy of this transition is highly dependent on the host in which the ion is placed 

and, for example, for the Eu3+ ion in europium azide in water the energy is 31250 cm-1 

42. The contribution of covalent bonding with organic ligands significantly lowers the 

charge transfer transition energy to 18000-25000 cm-1, and the energy can be 

additionally controlled by changing the ligands 43. Mixing charge transfer transitions 
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and 4f states leads to an increased probability of electric dipole transitions. For example, 

a weak 5 D0 - 
7 F0 europium absorption band with an extinction coefficient of about 10-

3 M-1 cm-1 in the aqueous ion [Eu(H2 O)9 ]
3+, located at 17212 cm-1 not only shifts to 

higher energies up to 17330 cm-1 in the p-But-calix[8]arene H8L bi-core complex, [Eu2 

(H2 L)(DMF)5 ], but also becomes 5000 times more intense, reaching values of 5 M-1 

cm -144. 

 

Figure 1.3 - Calculated energies of charge transfer transition of (2p)O-Ln3+ 45. 

The second type is charge transfer from metal to a ligand. Such transitions, as a 

rule, are observed in d-elements and are rarely observed in spectra of lanthanide ions 

except for Ce3+, which is easily oxidized to the 4+ state.  

The third type is charge transfer between ligands. If a ligand has regions of 

opposite charge, the transfer can take place between these regions. Sometimes this 

process is also called intramolecular charge transfer. These states are well suited for 

sensitising lanthanide luminescence, as they have high absorption, at low energies. In 

addition, the transition energy can be modulated by changing the surrounding ligands 

46. 

There are several examples where charge transfer plays an important role in the 

optical properties of the materials in question. The charge transfer scenario is most 

likely to occur in Yb3+ and Eu3+ ions. The Yb3+ ion additionally stands out because it 
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has only one excited 4f state - 2F5/2, which is located 10 000 cm-1 above the ground state 

2F7/2. The large difference between the energy of the excited state and the charge 

transfer band makes it possible to observe luminescence from this band.  

The results presented in the paper 47 demonstrate that in the Yb3+ ion, the 

excitation energy of the charge transfer state is higher than that of the Eu ion3+ (49000 

cm-1 vs. 45000 cm-1), which has the lowest charge transfer energy among the rare-earth 

ions. However, due to a large number of excited 4f states, some of which are 

comparable with the energy of the charge transfer, in the Eu3+ ion the charge transfer 

state excitation energy will dissipate non-radiatively, in contrast to the Yb3+ ion, whose 

only excited state corresponds to an energy of 10000 cm-1 over the ground state. 

The charge transfer process does not involve the transfer of a single electron from 

the ligand to the metal ion but results in a significant redistribution of the charge 

density. This in turn leads to an increase in the bonding between the ion and the ligand 

in the excited state, which can manifest itself in large Stokes shifts and broadening of 

the luminescence bands 48. 

In the work 49, the emission of the charge transfer band of Yb3+ ions in 

orthophosphates, lithium and rare earth oxides as well as oxysulfides is investigated. In 

these materials, the emission depends on the size and position of the cation and shifts 

towards longer wavelengths with the increase in cation size. The ion radius increases 

from 0.87 Å for Sc3+, to 0.97 Å for Lu3+, 1.01 Å for Y3+ and 1.18 Å for La3+. The 

position of the Yb3+ ion determines the relaxation pattern. When a larger cation is 

substituted, the radiative relaxation of the excited state is larger, which manifests itself 

in a larger observed Stokes shift. 

The quenching temperature of the luminescence of a charge transfer band can be 

estimated with a relatively simple configuration-coordinate model since the efficient 

relaxation leads to a fast transition to the ground state. If Yb3+ replaces a La3+ ion, the 

luminescence of a charge transfer band can be quenched at a relatively low temperature. 
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However, this model is not able to predict the quenching temperature for all crystal 

lattices. 

Changing the cation from Sc to Lu or Y in orthophosphates increases the 

quenching temperature (from 225 K to 250 or 290 K respectively). A similar effect 

exists for Eu3+ ions. This might be explained by greater distortion of the local 

environment of the ions. Another explanation is that the quenching is not due to a 

thermally activated transition to the ground state but to photoionization. At the same 

time, the 5D0 →7FJ luminescence transition of the Eu3+ ion is quenched at higher 

temperatures. This may be related to the fact that the Yb2+ ion has lower stability in 

comparison to the Eu2+ ion (the most stable divalent lanthanoid). The lower stability is 

since the charge transfer state is located closer to the valence band, hence 

photoionization can take place at a lower temperature. The effect is similar for both 

Yb3+ and Eu3+ ions. In some hosts where Eu3+ has a high luminescence quenching 

temperature when excited into the charge transfer band, Yb3+ has a quenching 

temperature below room temperature. An exception is the ҮВО3 host, in which the 

luminescence quenching temperature of Eu3+ is > 850 K, whereas Yb3+ charge-transfer 

luminescence is not observed at all. To sum up, it is possible to say that charge transfer 

luminescence from Yb3+ is observed only in hosts in which the quenching temperature 

for Eu3+ is higher than 500 K. An alternative explanation of the observed effect could 

be that in the Yb3+ ion the radiative decay from the charge transfer state is about 150 

ns, whereas in the Eu3+ ion luminescence is observed when the5 D0 states are populated 

by rapid non-radiative decay (τ ~ ps).50. 

Table 1.3 shows the position of the Eu3+ ion charge transfer band and the 

quenching temperature of the 5D0 →
7FJ luminescence when excited into the Eu3+ charge 

transfer band in different hosts. In some hosts marked in the Table 1.3 with a, the 

luminescence is not completely quenched at high temperatures but remains at more than 

a quarter of the maximum intensity. 
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Table 1.3 - Position of the charge transfer band in Eu3+ and Yb3+ ions and 

quenching temperature of the 5D0 →7 FJ luminescence of Eu3+ or quenching 

temperature of Yb3+ emission after excitation in the charge transfer band. 

 
Eu3+ CT excitation 

band (nm) 

Eu3+ T (K) Yb3+ CT absorption 

band (nm) 

Tq (K) 

ScPO4 205 760 a 195 225 

LuPO 215 850 a 210 250 

YPO 218 >850 210 290 

LaPO4 251 400 228 <10 

NaScO2 225 650 208 225 

NaLaO2 264 320 262 <10 

LiScO2 223 >850 206 180 

LiYO 247 600 214 125 

LiLaO2 274 475 252 <10 

Y2O3 250 >850 227 130 

Y2O2S 334 725 310 140 

LaOS 347 480 317 150 

YAG 237 >850 212 <80 

LaAIO3 306 500 244 <10 

ScBO3 218 420 
 

<10 

YBO3 228 >850 216 <10 

LaBO3 275 350 - <10 

 

1.3 Up-conversion luminescence 

Luminescence of materials doped with rare-earth ions can be generally divided 

into two large groups: stokes and anti-stokes luminescence. Most of the known 

luminescent materials belong to the first group that demonstrates Stokes luminescence. 
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This means that the wavelength of the radiation emitted by the material is longer than 

the wavelength of absorbed excitation. Fewer known optical materials exhibit anti-

stokes luminescence. In this scenario, the wavelength of the emitted radiation is shorter 

than the absorbed excitation wavelength. Such processes are also often referred to as 

up-conversion (UC).  

Until the 1960s all known materials exhibiting anti-stokes radiation had emission 

energies exceeding the excitation energy by only a few kT. This energy was due to the 

thermal population of the energy states above the excited states. This was a well-known 

case of anti-stokes radiation for the so-called thermal bands or Raman effect for the 

well-known anti-stokes side bands. Thermoluminescence, where excited trap states are 

emptied by excitation energy on the order of kT, also represents a separate field of study 

of anti-stokes radiation. Superexcitation, i.e. the rise of an already excited electron to 

an even higher level due to absorption from the excited state (ESA), was also known, 

but the observed emission intensity in this case was extremely low. 

Both the advent of new excitation sources and the development of optical 

materials uncovered new up-conversion materials in which the anti-stokes shift had a 

value of 10-100 kT and the quantum efficiency was in the units of per cent at relatively 

low excitation intensities (<40 W/cm2) 51, 23. To explain the observed effects, a new 

approach to the interpretation of up-conversion processes was needed. 

It has been recognised that several different mechanisms are individually or in 

combination involved in up-conversion processes. In the Figure 1.4 there is a schematic 

representation of the up-conversion processes, the corresponding typical efficiency 

values according to 52, as well as the materials in which each of the named processes 

can be observed. 
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Figure 1.4 - The main types of up-conversion processes and the characteristic 

efficiency values (η) of each process and the materials in which they can be observed 

52. 

One of the historically first models to describe the up-conversion process is the 

excited state absorption (ESA) model. This process was first described as the basis of 

the infrared quantum counter 53. To realize ESA, only one ion is needed, whose state 

absorbs one photon while in the ground and is excited to the excited state with a 

relatively long lifetime. Then, from this state the ion absorbs another excitation photon, 

moving to an even higher-lying excited level, from where it emits radiation. This is 

often the only process observed in samples with low concentrations of doping ions. 

In addition to the multistep excitation realised via ESA, there is a very efficient 

up-conversion process by sequential energy transfer, which has been termed the energy 

transfer up-conversion (ETU). This mechanism requires the presence of two ions near 

each other, thus this process prevails in materials with a relatively high concentration 

of activators. When the ETU process is described, a distinction is normally made 

between donor ions and acceptor ions. Donor ions absorb excitation while in their 

ground state. Once in the excited state, they transfer energy to an acceptor, which goes 

to an intermediate excited state. Then, the energy transfer from another donor 

propagates the acceptor to an even higher state, from which radiation is emitted. 
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To demonstrate what provides the high efficiency of an ETU we can consider a 

simple system shown in the Figure 1.5. 

 

Figure 1.5 - Simplified diagram of levels used to illustrate ESA and ETU 

processes. 

The probability of ESA can simply be described as the product of the 

probabilities of the intermediate steps: 

W13 = W12 *W23      14 

In the case of the ETU process, the probability of a population of the same level 

is defined as: 

W13 = (NS *W12 )
2 *WSA1 *W SA2    15 

Here WSA1 and WSA2 are the energy transfer probabilities at each stage, and the 

product (NS *W12) can be interpreted as the concentration of excited donor ions. 

Given that the probabilities Wij have the same order of magnitude as WSA1 and 

WSA2, then in the case of ESA W13  ~ W12
2, and in the case of ETU W13 ~ NS

2 *W12
2 

*WSA
2. 

From this, it is clear that the higher efficiency of the ETU process is due to the 

multiplier NS
2 *WSA

2, which can take any value. 

The ETU phenomenon must be distinguished from the third process, namely 

cooperative up-conversion between either two ions or a pair of ions and a third. 

Although some aspects of it are theoretically quite similar to ETU, its efficiency is 
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usually much lower. This is due to the fact that this process requires the existence of 

quasi-virtual paired levels, the transitions between which must be described in a higher-

order perturbation due to their two-operator nature. 

In addition, a fourth process must be mentioned: the photon avalanche effect, 

also based on sequential energy transfer, but of the down-conversion type (commonly 

referred to as cross-relaxation), while the up-conversion process itself is driven by ESA. 

1.4 Energy transfer mechanisms in materials doped with ions Er3+/Yb3+ 

There are many different implementations of up-conversion materials. There are 

known materials based on transition metal ions such as Ni2+54, Ti2+55Os4+56 and Mo3+57. 

A great deal of work is also carried out on up-conversion in organic materials 5859. Up-

conversion materials containing trivalent ions of rare earth elements deserve special 

attention. The electronic structure of rare earth elements, namely the presence of a 

valence 4f shell, determines the unique optical properties of materials containing these 

ions. Absorption and emission spectra of such materials consist of a series of narrow 

lines defined by transitions inside the 4f shell. Up-conversion materials doped with 

Er3+60, Ho3+61 or Tm3+62 are well known. To increase the efficiency of such up-

conversion, co-activation with an ion (called a sensitizer) that has a high absorption 

cross-section is often used. If the goal is to achieve conversion from the near-infrared 

to the visible range, co-doping with Yb3+ ions is often used. The 2F7/2 ⟶ 2F5/2 transition 

in Yb3+ is resonant with certain f-f transitions of Er3+, Tm3+ and Ho3+ ions, which 

ensures efficient energy transfer. Thus, Er3+/Yb3+, Ho3+/Yb3+, and Tm3+/Yb3+ pairs are 

often used 63–67. 

In the work by Oliveira et al. 68 the population of excited states of Er3+ ion in 

chalcogenide glass doped with Er3+/Yb3+ is investigated in the case of the excitation 

with a continuous wave laser at a wavelength of 1.06 μm with intensity up to 500 mW. 

The intensity of up-conversion luminescence of samples doped with only Er3+ ions is 
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an order of magnitude lower than one of the samples co-doped with Er3+ and Yb3+, 

indicating the importance of the energy transfer process between the ions. 

 

Figure 1.6 - Dependence of luminescence intensity of different Er3+ ion bands 

on pump power in chalcogenide glass doped with Er3+ /Yb3+ ions 68. 

Figure 1.6 shows the dependence of luminescence intensities of different 

emission bands of Er3+ ions on the pump power in co-doped samples. The dependence 

shows that the population of all observed levels 2H11/2 (530 nm),4S3/2 (555 nm) and 4F9/2 

(670 nm) occurs via the absorption of two photons. The authors suggest that the 2H11/2 

level is populated as follows. First, the Yb3+ ion absorbs a photon and is excited from 

the ground state 2F7/2 to the level 2F5/2. From there the excitation is transferred to the 

Er3+ ion, which transitions from the ground state 4I15/2 to the excited state 4I11/2. In the 

next stage the same or neighbouring Yb3+ ion absorbs another photon of excitation and 

by transferring energy to the same Er3+ ion excites it from the state 4I11/2 to the state 

2H11/2. The level 4S3/2 is populated from the level 2H11/2 via multi-phonon relaxation. 

Several ways to populate the state 4F9/2 are suggested. The first involves multi-phonon 

relaxation from the level 4S3/2. However, the authors call this option unlikely, as the 

energy difference between the levels is around 3200 cm-1. The second pathway suggests 

that first the level 4I13/2 is populated by transitions from the levels 4I11/2
 and 4S3/2, and 

then, after an energy transfer of another excitation photon, the state 4F9/2
 is populated 
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via the 4I13/2 → 4F9/2 transitions. This process must lead to a linear dependence of the 

luminescence intensity at 670 nm on the concentration of Yb3+ ions, which is 

investigated separately in 69. 

In the work by Da Vila et al. 70 the values of critical distance and energy transfer 

constant, describing the efficiency of energy transfer processes between the states 

Yb(2F7/2 ) → Yb(2F5/2 ), Yb(2 F5/2 ) → Er(4 I11/2 ), and Er(4I11/2 ) → Yb(2 F5/2 ) in 

fluorocirconate glasses doped with Er3+ /Yb3+ ions are calculated. The values are 

determined using the spectral overlap integral method in the case of resonant energy 

transfer. 

The results of the calculations are shown in the Table 1.4. The values of the 

energy transfer constant indicate that processes such as the migration of excitation 

between Yb3+ ions, and the reverse energy transfer from Er3+ to Yb3+ play an important 

role in the transfer of energy between the ions. 

Table 1.4 - Microparameters of resonant energy transfer between Er3+ and 

Yb3+ ions in fluorine zirconate glasses 70. 

Energy transfer Transfer constant (cm6 x s-1) Rc(Å) 

Yb(2F7/2) → Yb(2F5/2) CDD = (6.77±0.94) x 10-39 16.2 

Yb(2F5/2) → Er(4I11/2) CDA = (1.76±0.24) x 10-39 13.0 

Er(4I11/2) → Yb(2F5/2) CAD = (1.18±0.16) x 10-39 14.3 

 

The study of luminescence decays at 2.7 μm shows that there is a process of rapid 

diffusion of excitation energy which occurs in a very short time, affecting the initial 

distribution of excitation between Yb3+ ions, which strongly affects the mechanism of 

Yb - Er energy transfer. This manifests itself in the fact that the probability of the 

presence of an excited Yb3+ ion near the Er3+ ion is higher than predicted by the Inokuti-

Hirayama model. 
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In the article by Aarts et al. 15 energy transfer mechanisms are studied in NaYF4 

powders doped with 1 mol% Er3+ and 1, 5, 10, 30 mol% Yb3+ under excitation at 380 

nm. The dependence of luminescence intensity of Er3+ emission bands on Yb3+ 

concentration showed that effective cross-relaxation between Er3+ and Yb3+ ions is 

present from the states 4G11/2 and 4S3/2 of Er3+, and there is no cross-relaxation from the 

state 4F9/2. It is shown that in co-doped samples the 4F9/2 level is predominantly 

populated by the Er3+ (4 G11/2 →
4 F9/2 ) - Yb3+ (2 F7/2 →

2 F5/2 ) cross-relaxation process. 

In addition, the absence of luminescence from the level 4F7/2 suggests that in these 

samples the non-radiative relaxation process prevailed over the emissive transition from 

the level. However, the authors suggest that luminescence can be observed in crystals 

with even lower phonon energy (<250 cm-1). 

The work by Xu et al. 71 is devoted to determining the population of the excited 

states of Er3+ ions in two series of GdF3 nanoparticles co-doped with Er3+ and Yb3+ ions. 

The first concentration series consists of samples containing 20 mol% Yb3+ and, 2, 3, 5 

mol% Er3+, and the second consists of 2 mol% Er3+ and 10, 20, 40, 60 mol% Yb3+. 

Using the dependencies of luminescence intensity on doping concentration, and 

excitation intensity, as well as rate equations describing the population of excited states 

of Er3+ ion, an excitation propagation model shown in Figure 1.7 is developed. 

 

Figure 1.7 - Excitation energy transfer processes between Er3+ and Yb3+ ions 

under a) 976 nm and b) 378 nm excitation 71. 
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It was discovered that the 4F9/2 level is populated via the route indicated in Figure 

1.7a as ET5. This process involves a combination of reverse energy transfer, multi-

phonon relaxation and depopulation of the intermediate state 4I13/2. 

The result of the study of pump excitation propagation at 378 nm is shown in 

Figure 1.7b. It is shown that cross-relaxation processes that lead to the decrease in the 

population of the levels 2H11/2 and 4S3/2 and an increase in the population of the level 

4I13/2 also play a decisive role in the energy transfer processes. 

In the work by Yu et al. 72 the parameters describing the cross relaxation between 

Er3+ and Yb3+ ions from 2H9/2, 
2H11/2 and 4S3/2 excited states in β-NaYF4:Yb, Er particles 

are determined. The Dornauf-Heber model based on the same principles as the 

Inokuchi-Hiroyama model is used. This model additionally takes into account the fact 

that the donor-acceptor distances can only take discrete values proportional to the lattice 

parameters. The critical energy transfer distances in Er - Er and Er - Yb pairs are 4 and 

3 Å, respectively, for cross-relaxation processes from the Er3+:2H9/2 level, and 9 and 4 

Å for transitions from the Er3+:2H11/2, 
4S3/2 levels. This suggests that the quenching of 

the luminescence of Er 3+ ions is predominantly carried out by other Er3+ ions rather 

than by Yb3+ ions. This is a fundamental result since the Er3+:2 H11/2 and 4S3/2 levels are 

intermediate for populating the 4F9/2 and 2H9/2 levels during up-conversion processes. 

The article by Fan et al.73 is devoted to the study of up- and down-conversion in 

β-NaYF4:Yb, Er microcrystals under excitation at wavelengths of 488, 940 and 980 nm. 

The proposed excitation migration pathways are shown in Figure 1.8 
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Figure 1.8 - Mechanisms of up- and down-conversion luminescence of the Er3+ 

and Yb3+ ions when excited at a) 980 nm, b) 488 nm and c) 980, 940 nm 73. 

One of the main results obtained in this study is the conclusion that when excited 

at 980 nm, up-conversion and down-conversion processes occur simultaneously. Due 

to the nonlinear nature of up-conversion, these processes manifest differently 

depending on the excitation intensity. At relatively low excitation intensities (<1 

W/cm2), down-conversion processes dominate. In turn, up-conversion becomes more 

prominent at pumping intensities exceeding 10 W/cm2. 

Another feature of the up-conversion process is the so-called up-conversion 

saturation. It is known that in up-conversion the emission intensity can nonlinearly 

depend on the excitation and the form of the dependence will be determined by the 

number of photons needed to excite the corresponding emissive level. This dependence 

has the form of I ~ Pn, where I is the luminescence intensity, P is the excitation intensity, 

and n is the number of excitation photons needed to populate the excited state 74. 

However, a deviation from this dependence is observed at high excitation intensities. 

The paper by Suyver et al. 75 outlines the basic principles explaining such behaviour. 

For any level involved in the up-conversion, several processes take place 

simultaneously: the population comes from the excitation from the lower-lying levels 
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and the depopulation occurs via spontaneous transitions to the lower-lying levels. At 

low pumping intensities, the spontaneous transitions play the dominant role in level 

population change and the dependence will be of the form I ~ Pn. At high excitation 

intensities, up-conversion processes begin to play an increasing role in influencing the 

type of dependence. In the case of saturation of the population of lower levels, the 

dependence takes the form I ~ Pn. Schematically the described processes are shown in 

the Figure 1.9 

 

Figure 1.9 - a) Schematic representation of the energy levels of the up-

conversion system, b) dependence of the population of the levels of this system on the 

excitation intensity 75. 

1.5 Up-conversion in the MF2: Er, Yb (M = Ca, Sr, Ba, Pb) crystals 

One of the key characteristics of up-conversion material is the internal 

photoluminescence quantum yield (PLQY). The internal quantum yield is defined as 

the ratio of the number of emitted and absorbed photons. It characterises the efficiency 

of the conversion of absorbed excitation photons into up-conversion emission. 

However, this is not the only figure of merit that can be used to describe the energy 

conversion in a material. External quantum yield is another value that is defined as a 

ratio of the number of emitted and incident photons. Another similar parameter 

parameter is brightness. It is defined as a product of internal quantum yield and 
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absorption coefficient at the excitation wavelength. PLQY of any particular emission 

band can be estimated under a number of various conditions. Resonance excitation is 

the case when the excitation wavelength corresponds to the energy gap between the 

ground state and the emissive level. Downshifting quantum yield is defined when the 

excitation wavelength corresponds to the level located at higher energy than the 

emissive one, whereas the up-conversion quantum yield is the opposite case when the 

excitation wavelength corresponds to the level located at lower energy. 

To date, the record value of up-conversion quantum yield under excitation at a 

wavelength of about 980 nm for a material doped with Er3+ and Yb3+ ions is 10.5% and 

is obtained in β-NaYF4: 21.4 mol.% Yb3+, 2.2 mol.% Er3+ particles at a pump intensity 

of 35 W/cm276. Other published works on efficient up-conversion materials include 

BaY2ZnO5: 7 mol% Yb3+, 3 mol% Er3+ phosphors with a luminescence quantum yield 

value as high as 5% at 2.2 W/cm251 as well as La2O2S: 9 mol.% Yb3+, 1 mol.% Er3+, 

where the quantum yield is 5.8% at an excitation power density of 13 W/cm2 77. 

Even from a brief overview, it is evident that the efficiency of the up-conversion 

process is influenced by a large number of factors. The crystal host is one of the most 

important elements in obtaining efficient up-conversion since it determines the 

environment of the optical centres and the crystal field, which directly affects the 

probability of electronic transitions in rare earth ions. Also, the crystal host should have 

low phonon energy. This allows for minimizing non-radiative losses and enhances 

radiative transitions. A wide variety of matrices can be doped with Er3+ and Yb3+ ions. 

Materials containing these ions can be based on glasses 687879 as well as oxide crystals 

80,81,82. Among all possible variants of crystal hosts, fluorides are optimal candidates 

because of their relatively low phonon energy and good chemical stability 83, 84. At the 

moment quite a few papers have been published on the up-conversion properties of the 

fluoride materials doped with Er3+ and Yb3+ ions.  

For example, several papers investigating the efficiency of up-conversion 

processes in fluoride crystals with the MF2 (M = Ca, Sr) structure have been recently 
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published 20, 21, 22, 23. In the works 21, 22 possibility of efficient up-conversion 

luminescence in CaF2:Er,Yb particles when excited at 980 nm is shown. In the work 20 

luminescence quantum yield of SrF2 microparticles doped with 2 mol% Er3+ and 2 

mol% Yb3+ is reported to be 2.8% at a pump intensity of 10 W/cm2. In a later article 23 

properties of SrF2 single crystals doped with Er ions3+ and Yb3+ are reported. The 

maximum value of luminescence quantum yield mentioned in the article is 6.5%. This 

result is obtained under excitation at a wavelength of 976 nm with a power density of 

230 W/cm2. These results show promise for the use of crystalline materials with similar 

structures for efficient up-conversion. 

The next compound in the MF2 series is the BaF2 crystal. According to the data 

available in the literature, the phonon energy in this crystal is ~240 cm-1 24, 85. This value 

is somewhat lower than the similar parameter in the materials mentioned above. The 

value of phonon energy is 360 cm-1 in -NaYF4 
86

, 350 cm-1 in LaF3 
87 320 cm-1 in CaF2 

83 and 284 cm-1 in SrF2 crystals 83.  

Thus, the BaF2 crystalline host has great potential for applications in efficient up-

conversion materials, as similar materials already exhibit rather high values of 

luminescence quantum yield, and the lower phonon energy of BaF2 allows expecting 

lower non-radiative losses and higher luminescence quantum yield 24.  

Whereas optical materials doped with Er3+ and Yb3+ ions such as CaF2: Er3+, Yb3+ 

and SrF2: Er3+, Yb3+ are quite well studied and many of their up-conversion 

characteristics can be found in published articles, barium fluoride remains a relatively 

under-researched host for similar applications. There are only a few papers where the 

optical characteristics of BaF2 crystals doped with Er3+ or Yb3+ ions are investigated in 

detail. 

In the paper "Spectroscopic investigation of Er3+ doped BaF2 single crystal" 88 

the basic luminescence characteristics of BaF2 single crystal, doped with 2 mol% Er3+ 

ions are investigated. In this work absorption spectra in the UV to NIR range, as well 

as excitation spectra when detected at a wavelength of 530 nm are given. Using 
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absorption spectra and Judd-Ofelt theory the authors calculate the Ω parameters and 

lifetimes of excited states. The luminescence decay times of the 4S3/2 →
4I15/2 and 4F9/2 

→4I15/2 transitions were also experimentally determined. The authors do not explain the 

difference from the mono-exponential appearance of the decay curve the of 4S3/2 →
4I15/2 

transition and further use the value of the effective decay time. Comparing the 

calculated lifetime and the luminescence decay time determined experimentally, the 

authors obtained the 4S3/2 →4I15/2 transition quantum efficiency value as 70%. This 

value is in good agreement with the results known for other fluoride hosts doped with 

Er3+ ions. 

Up-conversion in the BaF2: Er3+ material was investigated in the article 89. It is 

shown that when excited at a wavelength of 976 nm, up-conversion is observed in 

samples with an erbium content of 5 to 35 mol%. The dependence of luminescence 

intensity at 528, 550 and 660 nm on the excitation intensity showed that the population 

of excited states happens due to the absorption of two photons. In addition, the phonon 

energy in the BaF2 host (~240 cm-1), as well as the luminescence decay times at 410 

nm under 808 nm excitation (1.4 ms) and 496 nm for 976 nm excitation (0.87 ms) are 

determined. 

The distribution of the Er3+ ion in the BaF2 crystal is studied in the "Growth and 

characterization of ErF3 doped BaF2 crystals" article. 90. In this work the distribution of 

impurity in crystals is investigated in a series of samples with various Er3+ 

concentrations from 0.05 to 0.5 mol.%. It is shown that the absorption coefficient 

depends not only on the amount but also on the position of doping ions in the crystal 

lattice. In addition, it is shown that the absorption bands contain bands from both 

trigonal centres and clusters, and the absorption intensities of bands associated with 

clusters increase with concentration much faster than the intensities of peaks from C3v 

centres. These dependencies of the absorption coefficient value on the position in the 

crystal lattice allow estimating the impurity distribution coefficient in the range from 

0.6 to 0.86 for clusters and from 0.76 to 0.98 for C3v centres.  



36 
 

In addition, there are several papers devoted to the synthesis of BaF2 crystalline 

particles, doped with Er3+ ions. In the work 91, the synthesis of BaF2 particles containing 

Er3+ ions by an ultrasonic pulse method is demonstrated. As proof of successful 

synthesis, the paper presents X-ray diffraction patterns of the samples containing peaks 

characteristic of BaF2 lattice, as well as absorption and emission spectra showing lines 

corresponding to transitions in the erbium ion. 

Separately the works devoted to the study of the formation of optical centres in 

BaF2 crystals doped with rare-earth ions should be mentioned. In the article 92 the 

structure of optical centres is investigated in a series of BaF2 samples doped with a 

small amount of Er3+ ions (0.01 - 1 mol%). Using a selective laser excitation method, 

it is discovered that in the BaF2 host, only one charge-compensated centre consisting of 

Er3+ - F- ions pair is formed, whereas in the CaF2 host, there are 2, and in the SrF2 host 

there are 4 centres. The remaining centres found in the BaF2 host turned out to be 

clusters consisting of two or more Er3+ ions, between which efficient energy transfer is 

possible. The authors point out that the clusters largely determine the optical properties 

of the material as the luminescence intensity of cluster centres increases with 

concentrations of Er3+ ions and at 0.2 mol.% it exceeds the intensity of luminescence 

of Er3+ - F- single pairs by more than 100 times. The main difference between materials 

based on BaF2 from similar materials based on CaF2 and SrF2 hosts is a lower non-

radiative relaxation rate. 

In the work 93, the structure of Er3+ - F- centres with charge compensation is 

investigated in more detail using selective laser excitation. The BaF2 sample, doped 

with 0.05 mol.% Er3+ is used for the measurements. The authors can experimentally 

demonstrate that such centres consist of a single rare-earth ion whose charge is 

compensated by an F- ion located on the adjacent position along 111 crystallographic 

axes. It is confirmed that the environment of this centre has C3v symmetry. However, 

the study of the luminescence intensity dependence on polarization in a high magnetic 
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field revealed that the environment has small distortions. The crystal field analysis in 

the C3v symmetry approximation provided results comparable to the experimental data. 

The article 94 further discusses the role of clusters of doping ions. The authors 

showed that although some lines in the absorption spectrum could be interpreted as 

single centres in different environments, the close arrangement of the lines is explained 

by the fact that the ions in the cluster could efficiently exchange energy and thus the 

number of lines increases. 

Similarly, the formation of impurity centres of Yb3+ ions in the BaF2 host is 

studied. In the work 95, the change in the absorption cross-section of Yb3+ ions in CaF2, 

SrF2 and BaF2 hosts is considered. The results clearly show an increase in the absorption 

cross-section when transitioning from Ca to Sr and then to Ba cation. The value of the 

absorption cross-section of the sample with 2 mol% Yb3+ in the BaF2 host is 9.4*10-21 

cm2. At the same time, the observed luminescence decay time in all samples remained 

approximately the same: 2.8 ms in SrF2, 2.6 ms in BaF2 and 2.4 ms in the CaF2 host. 

The structure of the Yb3+ optical centres in the BaF2 crystal is discussed in more 

detail in 96. At low concentrations of the doping ions (<0.01%) the absorption spectrum 

contains one peak with a maximum around 968 nm. This peak is attributed to the centre 

with trigonal C3v symmetry consisting of Yb3+ ion and F- ion which compensates the 

charge. When the doping concentration is increased, a second peak with a maximum 

around 976 nm appears in the absorption spectrum. The intensity of this peak rapidly 

grows with an increase in concentration and at 0.2 mol % its intensity exceeds the value 

of the C3v peak. This new peak is associated with clusters of doping ions. In addition, 

another absorption band with a maximum around 920 nm becomes intense when Yb3+ 

concentration exceeds 2%. This band is formed due to the absorption of optical centres 

with cubic Oh symmetry. Using the dependence of the absorption coefficient value on 

the position in the crystal, it is determined that the distribution coefficient of Yb3+ ions 

in the BaF2 crystal is in the range of 0.7 - 0.84. 
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Another host for Er3+ and Yb3+ ions that might facilitate an efficient up-

conversion process is lead fluoride. PbF2 can have two types of unit cells – 

orthorhombic (α phase) and cubic (β phase). Only the cubic phase can form under the 

atmosphere pressure. It has several properties that allow expecting high up-conversion 

quantum yield values from the PaF2 crystals doped with Er3+ and Yb3+ ions. First, the 

material is reported to demonstrate low phonon energy values (257 cm-1)25 which are 

similar to ones observed in other MF2 hosts. Additionally, as has been stated above 

transition from CaF2 to SrF2 and then to BaF2 leads to higher up-conversion quantum 

yield values in Er3+ and Yb3+ ions suggesting that heavier cations might help achieve 

greater quantum yield values. Pb2+ divalent ion is the next step in this series. 

Currently, there are only a few published works dedicated to the study of the 

optical properties of PbF2 crystals doped with rare-earth ions. Types of the doping 

centres in the PbF2:Yb single crystals are studied in the work 97. Two types of centres 

are discovered: Yb3+ ions in a cubic symmetry site are revealed with electron 

paramagnetic resonance spectroscopy, whereas Yb3+ ions in clusters are discovered 

with site-selective laser spectroscopy. It is also noted that the second type dominates in 

the samples with a concentration of Yb3+ ions equal to 2 mol.%. This result is similar 

to the conclusions drawn during the study of impurity centres in BaF2 host that say that 

if the concentration of rare-earth exceeds 1 mol.% then the optical properties are 

defined by clusters. Clustering of trivalent ions is further proved in the work 98 using 

the simulation of the diffuse scattering. 

The optical properties of the PbF2:Er particles are studied in the work 99. A study 

of the up-conversion emission spectra under 1560 nm excitation shows that the optimal 

concentration of the Er3+ ions is 5 mol.%. Additionally, the combination of PbF2:Er 

particles with bifacial Si-solar cells resulted in the 0.5% enhancement of the efficiency 

of the solar cell under co-excitation with AM1.5 and laser irradiation. 

Work 100 presents the comparison between the emission of Er3+-doped PbF2 

particles in glass ceramics and single crystals under 488 nm excitation. Even though all 
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studied samples have similar emission bands the relative intensity of these bands 

somewhat varies. The emission from the 4S3/2 level is the most prominent in particles 

in glass ceramics whereas in the single crystal samples, the emission from the 4F9/2 and 

4I9/2 dominates the spectrum. This once again shows that in PbF2 single crystals rare-

earth ions tend to form clusters that facilitate cross-relaxation processes that manifest 

in redistribution of energy between the excited states. 

The up-conversion emission of the Er3+-doped PbF2 nanocrystals in glass 

ceramics is discussed in the work 101. The emission spectra in the visible range obtained 

under 980 nm excitation show bands originating from 2H9/2, 
2H11/2, 

4S3/2 and 4F9/2 excited 

states. Intensity dependence of the 4S3/2 – 4F15/2 and 4F9/2 – 4F15/2 emission bands 

demonstrates that these excited states are populated via a stepwise process and that 

multiphonon as well as cross-relaxation are present. 

The up-conversion performance of the PbF2 nanoparticles doped with Er3+ and 

Yb3+ ions is discussed in the works 102,103. Both papers present similar emission spectra. 

The effect of the concentration is studied and it is highlighted that PbF2 nanoparticles 

can be doped with Yb3+ or Er3+ ions to a very high doping level of 10 at.% with no 

concentration quenching. It is also predicted that this material can achieve high values 

of the luminescence quantum yield, but no experimental proof is presented. 

To sum up, the available data confirms the assumptions made above that BaF2 

crystals, doped with Er3+ and Yb3+ ions can be promising up-conversion materials. This 

is evidenced, for example, by the low phonon energy of the BaF2 crystal host, as well 

as by the relatively high absorption cross-section of Yb3+ ions and their long excited 

state lifetime. Besides, the very structure of optical centres in BaF2 crystals may be 

favourable for efficient up-conversion in the pair of Er3+ - Yb3+ ions. Several papers 

show that when the concentration of doping ions exceeds 1%, the optical properties of 

the material are determined mainly by the ion clusters. Since up-conversion in materials 

containing Er3+ and Yb3+ ions is realized by the ETU mechanism, clustering of ions that 

reduces the distance between them should lead to higher energy transfer efficiency and, 
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hence, up-conversion. However, there are no comprehensive studies of the BaF2 

crystals co-doped with Er3+ and Yb3+ ions. To determine the highest achievable up-

conversion quantum yield concentration effects of both doping ions should be studied. 

A similar conclusion can be drawn in the case of PbF2 crystals. The data currently 

available in the published works suggests that PbF2 crystals doped with Er3+ and Yb3+ 

ions should have similar behaviour to extensively studied CaF2 and SrF2 crystals with 

the same doping ions as well as BaF2:Er3+, Yb3+ material. It has been reported in several 

papers that in the PbF2 host doping ions form clusters which can be beneficial for the 

up-conversion process. This as well as low phonon energy makes PbF2 a promising host 

for up-conversion. However, a comprehensive study of the energy transfer processes is 

needed to confidently answer this question. 

1.6 Down-conversion in the Er3+ - doped crystals 

UC emission is not the only feature of Er3+ ions. A complex system of the energy 

levels of the Er3+ ions makes it possible to suggest the possibility of the quantum-cutting 

process (QC). QC is a process during which the absorption of one high-energy 

excitation photon leads to the emission of two or more photons with lower energy. In 

theory, if a QC is realized in a material, then the observed internal PLQY should exceed 

100% making such material a great spectral converter. 

Generally, three main processes are differentiated 104. The first one is quantum 

cutting via host lattice sites. Quantum cutting on host lattice sites involves the 

generation of multiple lower-energy electron-hole pairs per higher-energy photon 

through impact ionization. Certain luminescent materials, like europium-doped yttrium 

oxide (Y2O3:Eu3+), have demonstrated high visible external quantum efficiency (EQE) 

reaching 240%. However, achieving such value has required an exceptionally high 

excitation energy of 23 eV. Additionally, energy of at least 15 eV was necessary to 

achieve an EQE greater than unity 105. The limited performance of phosphors in the 

near-bandgap region can be attributed to surface recombination effects106.  
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The second type is Quantum-cutting on single rare-earth ions. This process is 

possible thanks to narrow energy levels of rare-earth ions that are separated by large 

energy gaps. In the mid-1970s, two research groups discovered the phenomenon 

described as the first instance of quantum cutting in rare earths. They utilized Pr3+ as 

the activator ion in their experiments. The process involves the initial absorption of an 

185nm photon by the YF3 host lattice. The absorbed energy is then transferred to the 

lower-lying 1S0 state via a 4f-5d transition. Subsequently, a blue photon (408 nm) is 

emitted through the 1S0-
1I6 transition, and a red photon (620 nm) through the 3P0-

3H6 

transition. This process exhibited an impressive external quantum efficiency (EQE) of 

about 140% 107. 

The last type uses pairs of rare-earth ions. This is the method mainly realized in 

systems doped with Er3+ ions. The term down-conversion (DC) is misused in the 

literature, sometimes meaning QC while on other occasions simply DS. To avoid 

confusion, here the term 'DC' is defined in a manner consistent with the definition used 

by Meijerink and co-workers108–110, referring to a process whereby the emission of 

multiple lower-energy photons is achieved via cross-relaxation between two ions. This 

mechanism originated in the 1950s when Dexter formulated the concept of achieving 

two-photon emission through energy transfer 111, and it can be treated as the opposite 

of the energy transfer up-conversion (ETU) process 112. Figure 1.10 shows some of the 

possible ways to achieve DC from the visible to the NIR spectral range in the Er3+ ions. 
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Figure 1.10 - Energy level diagram of an Er3+ ion with possible mechanisms of 

DC and cross-relaxation between Er3+ ions. 

The DC processes in Er3+ have already attracted a bit of attention. In the work 

113, the possibility of a visible DC process in the LiGdF4 codoped with Er3+ and Tb3+ is 

studied upon Er3+ 4f11→4f105d excitation. It is shown that 150 nm excitation might lead 

to the emission of two green photons – one by Er3+ ion and the second one by Tb3+ ion.  

The next article 114 is dedicated to the study of DC in the Er3+ and Yb3+ Cs3Y2Br9 

crystals. Using luminescence decay times and emission spectra it is demonstrated that 

intrinsic DC efficiency of the 1000 nm emission of Yb3+ is as high as 95%.  

Additionally, DC in Er3+ and Yb3+ doped CsPbCl3 perovskite thin films is 

analyzed in 115. Absolute quantum yield measurements demonstrate that under 300 nm 

excitation, the luminescence quantum yield of either Er3+ or Yb3+ emission can exceed 

100% depending on the concentration ratio of the doping ions. 

DC properties of the Er3+/Yb3+ pair of doping ions in the La2O2S host is 

researched in the article 116. As in the previous work, the absolute quantum yield 

measurements show that total emission yield in both Vis and NIR spectral ranges 
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exceeds 100% under 523 nm excitation. However, none of the emission bands has a 

quantum yield value higher than 100%. 

Emission of Er3+ doped NaYF4 nanostructured glass ceramics is studied in the 

work 117. Here efficiency of the DC process is estimated using luminescence decay 

times of the Er3+:4S3/2→
4I15/2 transition under 485 nm excitation. It is concluded that the 

efficiency can go up to 150% in the sample doped with 4% of Er3+ ions. 

To sum up, an overview of the published results makes it clear that efficient DC 

in Er3+ ions with a quantum yield value above 100% is possible. It is shown that hosts 

with low phonon energy are crucial for efficient DC process. However, a 

comprehensive analysis of a wide concentration series of Er3+-doped samples under 

various excitation wavelengths is still required to answer the question if such light 

conversion is useful for photovoltaic applications. 
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2. Sample synthesis and research methodology 

2.1 Sample synthesis methodology 

The YF3: Ce3+, Yb3+ samples were synthesised from yttrium fluoride, cerium 

fluoride and ytterbium fluoride (purity 99.99%, LANHIT). The initial components were 

mixed in appropriate proportions and put inside a multi-channel graphite crucible 

placed inside a vacuum furnace. The furnace chamber was pumped out to 10-3 torr and 

then slowly heated to 1000° C. When the temperature was reached, the vacuum pump 

was stopped and a CF4 and Ar gas mixture was pumped into the chamber until a 

pressure of 380 torr was reached. The temperature was then raised to the melting point 

of 1155° C and kept at this point for 30 minutes, after which it was cooled back to room 

temperature in time of three hours. The crystalline samples were then ground to a 

powder in an agate mortar.  

Crystalline barium fluoride samples were synthesised according to the following 

procedure. Powders of barium fluoride, ytterbium fluoride and erbium fluoride of high 

purity (99.99% LANHIT, Russia) were taken as initial components. Preliminarily, the 

powders were melted in a fluorinating atmosphere of CF4. Then, crystals were 

synthesised in a vacuum furnace in a CF4 atmosphere. The heater, crucible as well as 

the temperature gradientor (60-80 K/cm) were made of graphite. The temperature 

(1350° C) and crystallization rate (6.5 mm/hr) were chosen based on the phase diagrams 

of BaF2 -Ln3+ 118, 119. The obtained crystals were 5 cm in length and 10 mm in diameter. 

The crystals were sawed in a plane perpendicular to the long axis of the crystal and the 

resulting discs (~2 mm thick and 10 mm in diameter) were polished before optical 

measurements. 

Two series of BaF2 crystalline samples doped with Er3+ and Yb3+ ions as well as 

a series of BaF2 samples single doped with Er3+ ions were prepared for the study. The 

first series consisted of samples with a nominal content of activator ions equal to 2 

mol% Er3+ and 2, 3, 5, 7.5, 10 or 15 mol% Yb3+. Hereafter, the mol.% denotes the 
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nominal concentration of rare earth ions used in crystal growth. The second series 

consisted of crystals containing 3 mol % Yb3+ and 3, 5, 10 or 15 mol % Er3+. The series 

of single-doped crystals consisted of samples with 1, 2, 3, 4, 5, 12, 14, 18, 20 and 25 

mol.% Er3+. These concentration series were chosen based on previous studies, which 

showed that significant concentration quenching of luminescence and deterioration of 

up-conversion characteristics of the materials would take place if the concentration of 

any of the ions exceeded 15 mol %120,121.  

Single PbF2 crystals, doped with Yb3+ and Er3+, were grown in multichannel 

graphite crucibles using the Bridgman technique under a vacuum environment. The 

growth process involved employing a CF4 fluorination atmosphere and a temperature 

gradient of 7 degrees per millimetre. The growth rate was set to be 7 millimetres per 

hour based on analyzing the stability function of a flat crystallization front119. The 

choice of the growth temperature (870°C) was determined on the PbF2-RF3 (R=Yb, Er) 

phase diagrams122. The resulting crystalline samples were shaped into disks 10 mm in 

diameter and approximately 1.7 mm in thickness. These disks were cut perpendicular 

to the long axis of the crystal boule. 

2.2 Methodology of sample examination 

2.2.1 Physico-chemical analysis 

The lattice parameters of the YF3: Ce3+, Yb3+ samples are determined with X-ray 

diffractometer Bruker D8 Advanced (CuKα radiation). To calculate the lattice 

parameters the Powder 2.0 (∆Q<10) program is used. Particle size and morphology are 

determined with a Carl Zeiss NVision 40 scanning electron microscope with an energy 

dispersive spectrometer. To determine the crystal structure of the BaF2, a small portion 

of the samples is ground to powder and X-ray diffraction patterns were recorded with 

a Bruker D2 Phaser diffractometer (CuK radiation source). The patterns are recorded 

in the 2Θ angle range of 10 - 700. 
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The actual concentration of Ba2+, Er3+ and Yb3+ ions is determined using 

wavelength dispersive X-ray fluorescence spectroscopy (WDXRF) (Pioneer S4, Bruker 

AXS). Three samples from each crystal are analysed to obtain the result. 25 mg of 

sample material (± 0.05 mg) is dissolved in 6 g of EQF-TML-5050-5 (49.75% Li2 B4 

O7 + 49.75% LiBO2 + 0.5% LiBr) in a platinum crucible at 1373 K. After cooling in 

the platinum cell, the resulting alloy is analysed. Four standard samples adapted for the 

studied host (BaF2, Er2O3, Yb2O3 ) are melted for calibration. Two to three energy lines 

of the elements are used for the calculation. The standard deviation of the chemical 

composition does not exceed 0.6 wt% for barium 0.07 wt% for erbium and 0.05 wt% 

for ytterbium. 

The Raman spectrum for the undoped BaF2 sample is recorded with the i-Raman 

instrument from Polytec (excitation 785 nm, resolution 3.5 cm-1). 

 

Figure 2.1 - Schematic diagram of refractive index measurement. 

The refractive indices of the samples are determined using the Metricon 2010/M 

prism coupling element using 1550 nm laser emission (Thorlabs, TLK-L1550R). The 

Metricon 2010/M operates as follows. Through a prism with a known refractive index, 

the laser beam is directed towards the studied sample. Depending on the angle of 

incidence, the total internal reflection may be disturbed and the detected intensity may 

fall. The measured reflection profile is used to calculate n with a high accuracy (usually 

±0,0005). A schematic of the instrument is shown in the Figure 2.1. 
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2.2.2 Spectral-kinetic analysis 

The absorption spectra of all samples were recorded using a Perkin Elmer 

Lambda 950 spectrophotometer. The instrument recorded the value of optical density 

(A), which is then converted into an absorbtion coefficient using the following 

expression: 

𝛼 = −
1

𝑑
𝑙𝑛(10𝐴).      16 

Here 𝛼 - is the absorption coefficient of the sample in units of cm-1, d is the 

thickness of the sample in centimetres. Excitation spectra were recorded using a pre-

calibrated Varian Cary Eclipse spectrofluorimeter. 

The luminescence quantum yield of BaF2: Er3+, Yb3+ samples is measured as 

follows. The sample is placed in the centre of an integrating sphere (Labsphere, 6 in. 

Ø, 3 P-LPM-060-SL) in a special holder. The luminescence spectrum of the sample is 

recorded with an Avantes, AvaSpec-ULS2048 × 64TEC spectrometer, and the 

excitation laser intensity is detected with a Thorlabs spectrometer, CCS200/M. Both 

spectrometers are calibrated and coupled to an optical sphere system using an Ocean 

Optics calibration lamp, HL-3plus-INT-CAL-EXT. The luminescence quantum yield 

is calculated after integrating the corresponding region of the luminescence spectrum 

and the excitation laser spectrum. The calculations are carried out using the well-known 

3M algorithm 123124. The whole system is controlled with the software implemented in 

the LabVIEW environment (National Instruments, LabVIEW Software) and developed 

at Karlsruhe Institute of Technology. 

The following excitation sources are used to measure the luminescence quantum 

yield. A 375 nm LED is used to excite the 4 G11/2 level of the Er3+ ion, which is 

controlled by the Thorlabs control unit, ITC4001. To excite 4S3/2, 
4F9/2 Er3+ ion levels a 

tunable continuous wave laser at 522 nm and 652 nm is used (Solstis with EMM-Vis 

module, M-Squared Lasers Ltd). It uses a 532 nm laser (Verdi-V18, Coherent) as a 
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pump. The 4I13/2 level of Er3+ ion is excited with a tunable laser (Thorlabs, TLK-

L1550M) operating at a wavelength of 1520 nm. A schematic representation of the 

setup is shown in Figure 2.2 

 

Figure 2.2 - Schematic of the luminescence quantum yield measurement setup. 

When excited at 976 nm the quantum yield of the luminescence is recorded as a 

function of the excitation intensity. The excitation source is a Thorlabs L980P200 laser 

diode, operating in continuous wave mode. It is mounted in a temperature-controlled 

mount (Thorlabs, TCLDM9) and controlled by the Thorlabs ITC4001 control unit. The 

intensity of the laser was varied using a motorised continuously variable neutral density 

(ND) Filter (Thorlabs, NDC-100C-2). The excitation laser intensity is monitored using 

a Thorlabs PM320E power meter. For this purpose, a quartz plate is placed in the path 

of the laser beam, which reflects part of the beam and directs it to the powermeter. The 

intensity of the beam reflected from the plate is estimated as 8% of the total power. To 

determine the intensity of the excitation laser, the size of the laser spot is also 

monitored. For this purpose, a Thorlabs laser beam profiler, BP209-IR/M and a 

standard 2σ determination for beam axis size are used. In the Figure 2.3 there is an 

image of the beam profile of a diode laser with a wavelength of 976 nm. The intensity 

distribution along the X and Y axes is fitted with a Gaussian function. The 
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approximation results give 2σ values equal to 1922.84 and 3840.62 μm in the X and Y 

axes without focusing and 252.67 and 223.38 μm in the X and Y axes in case of 

focusing with a lens with a focal length of 20 cm, respectively. The corresponding areas 

are 0.0515 cm2 without additional focusing and 0.000487 cm2 when focused with a 20 

cm lens. 

  

Figure 2.3 - Laser beam profile of the used excitation source at 976 nm a) 

without focusing, b) in the focus of the collecting lens with a focal length of 20 cm. 

When up-conversion luminescence spectra of BaF2: Er, Yb samples are obtained, 

a 950 nm short pass filter (Semrock, FF01-950/SP-25) is placed between the integrating 

sphere and the detector to keep the pump radiation from entering the detection path. 

The characterization of quantum yield using the absolute method involves 

measuring the number of absorbed and emitted photons, denoted as Na and Ne, 

respectively.  

𝜙𝑈𝐶
(𝑎)

=
𝑁𝑒

𝑁𝑎
.      17 

However, there are several factors to take into account when determining the 

number of photons in the integrating sphere. When the excitation light passes through 

the sample, it reflects multiple times inside the sphere, which can result in two effects 

(a) (b) 
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for Stokes luminescence: an increase in the number of absorbed photons and the 

generation of additional emitted photons. For up-conversion emission, only the first 

effect is relevant, as scattered light with a low intensity does not produce up-conversion. 

To address the first effect, a method called 3M, which involves three measurements, is 

utilized 125. 

𝜙𝑈𝐶
(𝑎,𝑒𝑥𝑝)

= (𝑃𝐷 −
𝐿𝐷

𝐿𝐼
× 𝑃𝐼) / ((1 −

𝐿𝐷

𝐿𝐼
) × 𝐸𝑆).    18 

In this context, PD refers to Photoluminescence Direct, which represents the 

number of photons emitted when the sample is directly excited. PI stands for 

Photoluminescence Indirect, which denotes the number of photons emitted when the 

sample is excited indirectly. ES is an abbreviation for Empty Sphere, which represents 

the number of excitation photons measured in an empty sphere without a sample. LD 

(Laser Direct) represents the number of excitation photons measured during direct 

excitation of the sample, while LI (Laser Indirect) represents the number of excitation 

photons measured during indirect excitation of the sample. It is important to note that 

to obtain the internal quantum yield 𝜙𝑈𝐶
(𝑎)

 that is independent of sample geometry, an 

additional correction is required for the value 𝜙𝑈𝐶
(𝑎,𝑒𝑥𝑝)

, which will be described in detail 

later in the section. 

Further analysis highlights that measurements using an integrating sphere may 

slightly underestimate the 𝜙𝑈𝐶
(𝑎,𝑒𝑥𝑝)

, and several potential causes of this deviation have 

been identified.  

Similarly to excitation photons, emitted photons can also undergo reflection 

inside the integrating sphere, causing them to pass repeatedly through the sample and 

undergo reabsorption. Additionally, reabsorption might take place while emission 

propagates through the bulk of the crystalline sample. However, the transition 

Er3+:4S3/2
4I13/2 (at 845 nm) is not susceptible to reabsorption because it is a transition 

between two excited states. Therefore, two measurements can be conducted to estimate 
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the percentage of reabsorbed light inside the integrating sphere, assuming that the 

luminescent peak shape corresponding to the 4S3/2
4I13/2 transition remains unaltered. 

The first emission spectrum is obtained with the sample as is, while the second one is 

obtained with a sample ground to powder and then diluted with optically inactive 

particles in the ratio of 1-to-9. This method was proposed and tested by Meijerink et. 

al. 35,36 

Another reason for the underestimation of 𝜙𝑈𝐶
(𝑎)

 is the non-linear nature of the UC 

process, where the up-conversion yield is dependent on the excitation intensity (𝜙𝑈𝐶 ~ 

𝐼𝑛). As light propagates through a crystal with finite thickness, the excitation intensity 

decreases, leading to a higher value of 𝜙𝑈𝐶
(𝑎,𝑒𝑥𝑝)

 for thinner crystals. To quantify this 

phenomenon, the following calculations are conducted. A sample is assumed as a 

seamless stack of 100 layers with the same absorption and UC PLQY behaviour 

(𝜙𝑈𝐶  ∝ 𝐼𝑚, where I is the incident intensity and m can range from 0 at high excitation 

intensity to 1 at low excitation intensity). These assumptions allow obtaining the 

following dependence of the decrease in the observed UC PLQY on the total 

absorptance of the sample at different values of m. 

 

Figure 2.4 - The decrease in the observed UC PLQY as a function of sample 

absorptance and the slope (m). 

The data in Figure 2.4 shows that if m = 0, i.e. PLQY is not intensity-dependent, 

there is no decrease in the observed PLQY regardless of the absorptance. The higher 
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the value of m, the more pronounced the absorptance dependence is. In the case of m = 

1 and absorptance of 0.5, only 75% of the actual PLQY value is observed 

experimentally. 

One more effect that may lead to underestimation of 𝜙𝑈𝐶
(𝑎)

 is local heating within 

the excitation spot, as reported by Joseph et al.126. This effect can be corrected by using 

a coefficient to account for temperature changes. The local temperature can be 

determined with the ratio of emission intensity of two thermally coupled Er3+ levels, 

namely 2H11/2 and 4S3/2. An increase in temperature should lead to an increase in the 

intensity ratio of the 2H11/2
4I15/2 and 2S3/2

4I15/2 transitions.  

The experiments to determine the luminescence decay time use additional 

excitation sources. Excitation at 375 and 976 nm uses sources similar to those in the 

luminescence quantum yield experiments. To excite 4S3/2, and 
4F9/2 levels of Er3+ ion 

Roithner laser diodes operating at wavelengths of 525 and 639 nm, respectively are 

used. Their operation is also controlled by the Thorlabs, ITC4001 unit. The radiation 

from all sources is modulated with a frequency in the range of 100 to 10 Hz with a fill 

factor of 30%. 

When measuring the luminescence quantum yield of the YF3:Ce3+,Yb3+ samples 

the technique from 127 involving correction of the spectral response of the luminescence 

registration system and calibration of the optical system using light sources of a given 

intensity is used. Direct measurement of the quantum yield of Stokes luminescence is 

carried out using a Thorlabs IS200 integrating sphere and a Stellarnet EPP2000 

spectrometer with 0.5 nm spectral resolution, calibrated with a TRJ-2850 lamp and an 

optical filter ZhS-16. A fourth harmonic YAG: Nd crystal laser with a wavelength of 

266 nm and a pulse duration of 7 ns (LS-2147, Lotis TII) is used as an excitation source. 

Decay times of BaF2: Er3+, Yb3+ samples are measured with a PicoQuant, 

TimeHarp 260 multi-channel scaling card. The triggering signal from Thorlabs, 

ITC4001 unit is sent to the card to start the detection. The required detection wavelength 
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is selected with a dual monochromator (Bentham, DTMS300). From the 

monochromator, the signal went either to a photomultiplier tube (R928P, Hamamatsu) 

when the detection wavelength is less than 850 nm or to an infrared photon detector 

(ID Quantique, ID220). From the detectors, the signal, previously attenuated to the 

appropriate level, is sent to the multichannel scaling card. A schematic representation 

of the setup is shown in the Figure 2.5 

 

Figure 2.5 - Schematic of the setup used to measure the luminescence decay 

time. 

Luminescence decays of YF3: Ce3+, Yb3+ samples are recorded using MDR-23 

and MDR-3 monochromators, FED-100 is used as a photodetector in the visible region 

of the spectrum, FED-62 in the IR region of spectrum. The time sweep of the 

luminescence decay signals is carried out by a BORDO digital oscilloscope with a 

bandwidth of 200 MHz and a dynamic range of 10 bits. For excitation at a wavelength 

of 266 nm the fourth harmonic of the YAG: Nd laser with a pulse duration of 7 ns (LS-

2147, Lotis TII) is used, and for excitation at 930 nm a wavelength-tunable OPO Lotis 

TII laser system with a pulse duration of the same 7 ns is used. 
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3. Study of BaF2: Er3+, Yb3+ crystals. 

The results in the following section have already been published. 

Sections 3.2 and 3.3. The results are presented in the paper J. Mater. Chem. C, 2021, 9, 3493-

3503 128. The co-authors from the Prokhorov General Physics Institute have synthesized the samples, 

Thomas Bergfeldt performed the WDXRF analysis, Dmitry Busko and Ian A. Howard participated in 

the setup of the optical characterization systems, Bryce S. Richards, Sergey V. Kuznetsov and Andrey 

Turshatov were involved in the coordination of the work and the interpretation of the results. 

Section 3.3. The results are presented in the paper ACS Appl. Mater. Interfaces 2021, 13, 46, 

54874–54883 129. Eduard Madirov and Roja Singh have equally contributed to the paper. The co-

authors from the Prokhorov General Physics Institute have synthesized the samples, co-authors from 

the Light Technology Institute of Karlsruhe Institute of Technology have participated in the 

development and characterization of the perovskite solar cell, Dmitry Busko helped with the 

characterization of the BaF2 crystal, Ulrich W. Paetzold, Bryce S. Richards, and Andrey Turshatov 

were involved in the coordination of the work and the interpretation of the results. 

3.1 Introduction 

In the State of the Art chapter of the current work, it is outlined that Er3+/Yb3+-

doped BaF2 crystals meet all of the requirements for efficient up-conversion materials. 

However, a comprehensive study of the effects of doping concentration on UC 

performance is still lacking. To fill this gap, two concentration series of Er3+/Yb3+-

doped BaF2 crystals are synthesised. One series has a fixed amount of Er3+ ions (2 

mol%) and a varying number of Yb3+ ions (2-15% mol.%), while the second series has 

a fixed amount of Yb3+ ions (3 mol%) and a varying number of Er3+ ions (2-15% 

mol.%). 

To carry out the study, the following objectives are set for this chapter: 

- To demonstrate that the Bridgeman method can yield Er3+/Yb3+-doped 

BaF2 crystals that are capable of efficient up-conversion. 
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- To find the optimum doping concentration that gives the highest UC value. 

- To study the emission of the samples under excitation of different levels 

(4G11/2, 
2H11/2, 

4F9/2, 
4I9/2, 

4I11/2, 
4I13/2) and determine the excitation migration 

paths. 

- To study the behaviour of the intensity ratio of the  4S3/2 ⟶ 4I15/2 and 4F9/2 

⟶ 4I15/2 UC emission in different excitation scenarios. 

- To investigate the possibility of enhancing the perovskite solar cell 

performance by combining it with an Er3+/Yb3+-doped BaF2 crystal. 
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3.2 Physico-chemical properties 

X-ray diffraction patterns of BaF2: Er3+, Yb3+ samples are shown in Figure 3.1 

together with JCPDS card 04-0452 (BaF2). 

 

Figure 3.1 - X-ray diffraction patterns of BaF2: Er3+, Yb3+ samples. 

The results show that the obtained samples have unit cells with cubic symmetry, 

which is an expected result for BaF 2 samples. The data obtained with X-ray diffraction 

analysis allows calculating the parameters of the unit cell (a). The results of the 

calculations are shown in Table 3.1. They are in good agreement with the value of the 

barium fluoride unit cell parameter available in the literature (a = 6.200 Å) 85. 
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Table 3.1 - Nominal concentration of doping ions in molar %, concentration in 

molar % based on WDXRF results and, number of ions per cm3, unit cell parameter, 

and refractive index measured at 1520 nm. 

Sample name Er Yb a, Å n 

mol.,% N, 1020 cm-3 mol.,% N, 1020 cm-3   

Er2Yb2 1,96 3.42 1,69 2.91 6.1785(2) 1.472 

Er2Yb3 2.00 3.44 2.59 4.40 6.1645(4) 1.473 

Er2Yb5 1.73 2.98 3.93 6.70 6.1588(8) 1.474 

Er2Yb7 1.72 2.94 5.58 9.47 6.1442(9) 1.475 

Er2Yb10 1.76 2.99 9.40 15.83 6.118(1) 1.475 

Er2Yb15 1.86 3.15 11.98 20.06 6.100(2) 1.475 

Er3Yb3 2.50 4.35 2.15 3.71 6.1664(4) 1.475 

Er5Yb3 4.09 7.10 2.16 3.72 6.1560(6) 1.478 

Er10Yb3 8.14 13.83 2.08 3.50 6.1320(8) 1.488 

Er15Yb3 12.82 21.67 2.40 4.01 6.0961(7) 1.495 

 

The unit cell parameter was calculated using the equation for a cubic crystal 

system: 

1

𝑑2 =
ℎ2+𝑘2+𝑙2

𝑎2 .      19 

Here, h, k, l are Miller indices, and d is the interplanar distance. The parameter d 

was obtained from the Bragg-Wulff equation:  

𝑛𝜆 = 2 𝑠𝑖𝑛 𝜃 .      20 

Where n is the order of reflection, in this case, it is equal to 1, 𝜆 is the wavelength 

of the X-ray radiation, equal, in the case of the CuK source, to 1.54051 Å, and 𝜃 is 

the position of the reflection peak. The parameters were calculated by the least squares 
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method, and the calculation error (∆Q) was less than 10 ∆Q=104/d2
theoretical - 

104/d2
experimental. 

From the data in the Table 3.1, we can see that the unit cell parameter drops with 

the increase in the number of both Yb3+, and Er3+ ions. This can be explained by the 

fact that the ionic radius of the trivalent ions of the rare-earth elements is smaller than 

one of the Ba2+ ions, whose position they occupy 130. This change in crystal structure 

leads to a decrease in the volume of the unit cell, which in turn affects the distance 

between the activator ions, reducing it. Due to this, the local concentration of rare earth 

ions increases.  

To determine the phonon energy of barium fluoride lattice, the Raman spectrum 

of an undoped BaF2 crystal is recorded. The obtained spectrum is shown in Figure 3.2. 

It consists of only one narrow band with a peak located at 240 cm-1 and a width at half 

maximum equal to 13 cm-1. The obtained values are in good agreement with the value 

of the phonon energy of the BaF2 crystal (240 cm-1) available in the literature. 131, 132. 

This indicates the low phonon energy of the BaF2 lattice.  

 

Figure 3.2 - Raman spectrum of an undoped BaF2 crystal under 785 nm 

excitation. 

In addition to this, the exact chemical composition of the samples is investigated 

with WDXRF. This method gives the concentration of elements as a weight percentage, 
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which is then converted into molar percentages (mol%) and the number of ions per cm3. 

The mol.% indicates the proportion of Ba2+ cations replaced by doping ions. The total 

values are given in the Table 3.1. The errors are 0.30, 0.02 and 0.02 weight % for 

barium, erbium and ytterbium ions, respectively. For the sake of simplicity, the nominal 

concentration values of Yb3+ and Er3+ ions (first column in Table 3.1) will be used in 

all further discussions. 

3.3 Spectral and kinetic properties 

3.3.1 Absorption spectra 

 

Figure 3.3 - Absorption spectra of two series of BaF2: Er3+, Yb 3+ samples a) 

series with a fixed concentration of Er3+ ions (2 mol.%) and concentration of Yb3+ 

varying from 2 to 15 mol.%; b) series with a fixed concentration of Yb3+ ions (3 

mol.%) and concentration of Er ions3+ varying from 2 to 15 mol.%. 
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Absorption spectra of BaF2: Er3+, Yb 3+ samples are shown in Figure 3.3. The 

spectra contain narrow absorption bands located in the UV, visible and IR regions of 

the spectrum. These bands are characteristic of the transitions within the 4f shell of 

trivalent Er and Yb ions. The most intense absorption bands are observed at 378 nm 

(transition 4I15/2 ⟶4G11/2 of Er3+), 522 nm (transition 4I15/2 ⟶ 2H11/2  of Er3+), 650 nm 

(transition 4I15/2 ⟶ 4F9/2  of Er3+) and 1506 nm (transition 4I15/2 ⟶ 4I13/2  of Er3+). An 

absorption band with its maximum at 974-976 nm should be mentioned 

separately. It is a superposition of two absorption bands, one relates to the 4I15/2 

⟶ 4F9/2 transition of the Er3+ ion, and the other one relates to the 2F7/2 ⟶ 2F5/2 

transition of the Yb3+ ion. 

The position of the absorption bands is similar to one observed in other hosts 

23,133,134. Once the values of the absorption coefficient and the true concentration of the 

doping ions are determined (Table 3.1) it is then possible to calculate the absorption 

cross-section of the observed transitions. 

Table 3.2 - Peak absorption cross-section of some transitions of Er3+ ions, pm2. 

 378 nm 522 nm 650 nm 1506 nm 

4I15/2 ⟶4 G11/2 
4I15/2 ⟶2 H11/2 

4I15/2 ⟶4 F9/2 
4I15/2 ⟶4 I13/2 

Er2Yb2 0.91 0.64 0.40 0.37 

Er2Yb3 0.98 0.68 0.42 0.40 

Er2Yb5 1.25 0.87 0.54 0.52 

Er2Yb7 1.23 0.89 0.55 0.56 

Er2Yb10 1.31 0.97 0.61 0.62 

Er2Yb15 1.28 0.94 0.58 0.62 

Er3Yb3 1.01 0.73 0.46 0.44 

Er5Yb3 0.99 0.76 0.51 0.49 

Er10Yb3 0.99 0.86 0.64 0.68 

Er15Yb3 0.81 0.73 0.57 0.67 
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The Table 3.2 shows the peak values of the absorption cross section of some 

transitions of the Er3+ ion: 4I15/2 ⟶ 4G11/2,
4I15/2 ⟶ 2H11/2,

4I15/2 ⟶ 4F9/2 and 4I15/2 ⟶ 

4I13/2. By comparison, the absorption cross-section of the 4I15/2 ⟶ 4I13/2 transition 

in the CaF2 crystal is 0.55 pm 2135
, in the SrF2 host it is about 0.5 pm223 and in the 

SrGdGa3O7 crystal it is also 0.5 pm2 136. The values presented above show that in 

the studied samples the absorption cross-section values are either comparable or 

even exceed similar parameters in other hosts. The absorption cross-section value 

around 980 nm is of particular interest. Since the absorption band at this 

wavelength is a superposition of two absorption bands, it is not possible to 

determine the absorption cross-section corresponding to each transition. 

An important conclusion to be drawn from the data in the Table 3.2 is the change 

in the absorption cross-section of all observed bands with the concentration of the 

doping ions. It can be seen that an increase in the concentration of any of the doping 

ions leads to a significant increase in the peak absorption cross-section. This 

phenomenon has also been studied earlier 137. As already discussed in Chapter 2, the 

trivalent Er3+ and Yb3+ ions replace the divalent Ba2+ ion in the crystal lattice, thereby 

leading to local distortion of the crystal field, which in turn increases the probability of 

f-f transitions. This effect will only become more pronounced with increasing 

concentration of the doping ions. 

3.3.2 Mechanisms of down-shifting luminescence 

Luminescence spectra under excitation of 4H11/2 and 4F9/2 states of Er3+ 

The next step in the study of the spectral properties of BaF2: Er3+, Yb3+ crystals 

is the analysis of the emission spectra under excitation at different wavelengths. It is 

important to determine the luminescence properties under resonant excitation of 

emissive levels, namely 4H11/2 (522 nm) and 4F9/2 (652 nm). First, it is required to study 

the emission spectra under 522 nm excitation. 
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Figure 3.4 - Emission spectra of the BaF2: Er3+, Yb3+ samples under 522 nm 

excitation. The intensity of the emission band in the 900 - 1100 nm range is reduced by 

a factor of 3 in all spectra. 

Figure 3.4 shows the emission spectra of the investigated samples under 522 nm 

excitation. Emission bands with a maximum at 540 nm (4S3/2 ⟶ 4I15/2), 650 nm (4F9/2 

⟶ 4I15/2), 810 nm (4I9/2 ⟶ 4I15/2) and 850 nm (4S3/2 ⟶ 4I13/2) are observed. The relative 

intensity of the emission lines depends on the concentration of both Er3+, and Yb3+ ions. 

An increase in the concentration of either of the doping ions leads to a significant 

decrease in the relative emission intensity of the 4F9/2 ⟶ 4I15/2 band, while the emission 

intensity of the transition located near 1000 nm rises, especially with an increase in the 

concentration of Er3+ ions. It is assumed that this line originates from the 4F9/2 ⟶ 4I15/2 

transition in the Er3+ ion, and the 2F5/2 ⟶ 2F7/2 transition in the Yb3+ ion. Hereafter 

this line will be denoted as {Er3+:4I11/2 & Yb3+:2F5/2}. Such dependence can be explained 
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by the presence of cross-relaxation processes involving the levels 2H11/2 and 4S3/2 and 

leading to an increase in the population of the {Er3+:4I11/2 & Yb3+:2F5/2} level. Besides, 

in samples with high Er3+ content, there is an increase of luminescence intensity around 

810 nm. For a more detailed discussion of the processes, it is necessary to consider the 

energy level diagram of Er3+ and Yb3+ ions that is given in Figure 3.5. 

  

Figure 3.5 - Energy migration between the excited states of Er3+ - Yb3+ ions under 

522 nm excitation. 

A 522 nm photon is absorbed by the Er3+ ion, after which it is excited to the 4H11/2 

state that is thermally bound to the 4S3/2 state. From this level transitions to the ground 

state with emission of a 540 nm photon and to the 4I13/2 state with emission of an 850 

nm photon are possible. In addition, the following cross-relaxation processes between 

Er 3+ ions (4S3/2 ⟶ 4I9/2 -
4I15/2 ⟶ 4I13/2 ,

4S3/2 ⟶ 4I9/2 -
4I13/2 ⟶ 4I9/2) and between Er3+ - 

Yb3+ ions (Er3+ :4H11/2 ⟶ 4I11/2 - Yb3+ :2F7/2 ⟶ 2F5/2) are possible. 

As discussed above, the probability of non-radiative relaxation from the 4H11/2 

and 4S3/2 levels to the 4F9/2 level remains a matter of discussion due to a relatively large 

distance between the excited states (~ 3200 cm-1). However the presence of an emission 

band around 650 nm under 522 nm excitation suggests that such a non-radiative process 

is present in the BaF2: Er3+, Yb3+ crystals. At the same time, besides the radiative 
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transition to the ground state from the 4F9/2 level there is a cross-relaxation process 

Er3+:4F9/2 ⟶ 4 I13/2 - Yb3+:2F7/2 ⟶ 2F5/2. 

This leads to the conclusion that non-radiative relaxation from 4S3/2 to 4F9/2 is 

probable but competes with several cross-relaxation processes both between Er3+ - Yb3+ 

ions, and between Er3+ - Er3+ ions. The probability of these processes rises with an 

increase in the concentration of doping ions, leading to a drop in the intensity of 4F9/2 

⟶ 4I15/2 luminescence. Additionally, a cross-relaxation process is present, leading to a 

decrease in the population of the 4F9/2 level and an increase in the intensity of the 

emission band originating from the {Er3+ :4I11/2 & Yb3+:2F5/2} state. 

The next excitation wavelength is 652 nm. This corresponds to the excitation of 

an Er3+ ion from the ground state to the 4F9/2 level. 

 

Figure 3.6 - Emission spectra of the BaF2: Er3+, Yb3+ samples under 652 nm 

excitation. 
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Figure 3.6 shows the emission spectra of the samples under 652 nm excitation. 

Emission bands with maximum at wavelengths of 650 nm (4F9/2 ⟶ 4I15/2), and 1000 nm 

{Er3+:4I11/2 & Yb3+:2F5/2} are observed. All spectra are normalized to the emission 

intensity at 669 nm. In this excitation scenario, the emission spectra have a rather simple 

outline as they contain only 2 bands: Er3+:4F9/2 ⟶ 4I15/2 and the transition to the ground 

state from the {Er3+:4I11/2 & Yb3+:2F5/2} manifold. Like the 522 nm excitation scenario, 

under 652 nm excitation, the most intense emission band is the one located around 1000 

nm. The emission spectra can be explained by analysing the energy level diagram of 

Er3+ and Yb3+ ions which is shown in Figure 3.7. 

 

Figure 3.7 - Energy migration between the excited states of Er3+ - Yb3+ ions under 

652 nm excitation. 

After absorption of a 652 nm photon, the Er3+ ion is excited to the 4F9/2 state. 

From there it can radiatively relax to the 4I15/2 ground state with the emission of a photon 

or it can go to the 4I13/2 state via the cross-relaxation process Er3+:4F9/2 ⟶ 4I13/2 - 

Yb3+:2F7/2 ⟶ 2F5/2. The absence of the 4I9/2 ⟶ 4I15/2 emission band suggests that the non-

radiative relaxation from the 4F9/2 level to the 4I9/2 state is not efficient, even though the 

distance between the levels is about 2800 cm-1. Thus, as suggested above, the main 

mechanism of the population of the 4I9/2 level is cross-relaxation from higher levels, and 
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emission at 1000 nm appears primarily due to the following cross-relaxation process 

Er3+:4F9/2 ⟶ 4I13/2 - Yb3+:2F7/2 ⟶ 2F5/2. 

Luminescence quantum yield under excitation of 4H11/2 and 4F9/2 states of Er3+ 

Next, the luminescence quantum yield under excitation of the 4H11/2 (522 nm) 

and 4F9/2 (652 nm) levels is analyzed. The obtained results are shown in the Table 3.3. 

Table 3.3 - Luminescence quantum yield values under 522 and 652 nm excitation. 

Excitation 522 nm 652 nm 

 4S3/2⟶4I15/2 
4F9/2⟶4I15/2

 {Er3+:4I11/2 

Yb3+:2F5/2}
 

4F9/2⟶4I15/2 {Er3+:4I11/2 

Yb3+:2F5/2}
 

Er2Yb2 0.04 0.088 0.769 0.24 0.62 

Er2Yb3 0.04 0.067 0.757 0.22 0.59 

Er2Yb5 0.03 0.050 0.818 0.26 0.65 

Er2Yb10 0.03 0.014 0.687 0.24 0.56 

Er2Yb15 0.03 0.009 0.776 0.25 0.56 

Er3Yb3 0.03 0.060 0.799 0.21 0.59 

Er5Yb3 0.02 0.022 0.849 0.21 0.60 

Er10Yb3 0.02 0.003 0.715 0.19 0.49 

Er15Yb3 0.01 0.001 0.434 0.15 0.22 

 

The main relaxation channel is the emission from the {Er3+:4I11/2 & Yb3+:2F5/2} 

manifold. When the 4H11/2 state (522 nm) is excited, the luminescence quantum yield of 

the 4F9/2 ⟶ 4I15/2 transition is comparable, and in some cases even exceeds the quantum 

yield of the 4S3/2 ⟶ 4I15/2 transition, which proves the efficiency of phonon-assisted 

relaxation 4S3/2 - 
4F9/2. It is worth noting that the luminescence quantum yield of the 

4S3/2 ⟶ 4I15/2 and 4F9/2 ⟶ 4I15/2 transitions under resonant excitation (522 and 652 nm, 

respectively) is independent of the concentration of Yb3+ ions and is weakly dependent 
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on the content of Er3+ ions, indicating that in these excited states the interaction between 

Er3+ - Er3+ ions appears stronger than one of the Er3+ - Yb3+ ions. 

Luminescence quantum yield values under resonant excitation of Er3+:4H11/2 and 

4F9/2 levels show the maximum achievable value of UC. Since the up-conversion 

process requires the absorption of at least two excitation photons, the maximum up-

conversion quantum yield value of an emission band is half the value of the quantum 

yield under resonant excitation of the corresponding level. In the case of the 4S3/2 ⟶ 

4I15/2 transition the quantum yield under resonant excitation does not exceed 0.04, and 

in the case of the 4F9/2 ⟶ 4I15/2 transition, the highest observed value is 0.26. It can be 

concluded that the observed UC value of 4S3/2 ⟶ 4I15/2 transition is close to the 

maximum achievable in this material, whereas, in the case of 4F9/2 ⟶4I15/2 transition, 

there are processes leading to a decrease in the UC. 

Luminescence spectra at Er3+: 4G9/2 state excitation 

Next, it is necessary to study the emission spectra as well as the energy migration 

scenarios under 375 nm excitation (excitation of the 4G9/2 state).  

Figure 3.8 shows the emission spectra in the 400 - 1100 nm range obtained under 

375 nm excitation. The intensity of all spectra is normalised to the intensity of the peak 

at 549 nm. All spectra show emission lines of Er3+ and Yb3+ ions. Lines associated with 

transitions in the Er3+ ion are observed at wavelengths of 405 nm (2H9/2 ⟶ 4I15/2), 521 

nm (2H11/2 ⟶ 4I15/2), 540 nm (4S3/2 ⟶ 4I15/2), 650 nm (4F9/2 ⟶ 4I15/2), 810 nm (4I9/2 ⟶ 

4I15/2 ) and 850 nm (4S3/2 ⟶ 4I13/2 ). In addition to the indicated emission bands, all 

spectra show a broad band located in the range of 900 to 1100 nm with a maximum 

around 1020 nm - {Er3+:4I11/2 & Yb3+:2F5/2}. The change in the short-wave edge of 

emission bands is noticeable in all spectra, especially at high concentrations of doping 

ions (>5 mol%). This indicates the presence of strong reabsorption in the studied 

samples. Change in the shape of the emission bands in the samples doped with Yb3+ 

ions due to reabsorption has already been observed, even at a low doping concentration 
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of only 1 mol.%.138. It is crucial to highlight the change in the shape of the emission 

band originating from the {Er3+:4I11/2 & Yb3+:2F5/2} manifold, especially in the series of 

samples with variable concentrations of Yb3+ ions. This change is due to the overlap of 

the Er3+:4I11/2 ⟶ 4I15/2 and Yb3+:2F5/2 ⟶ 2F7/2 emission bands. As the concentration of 

the doping ions changes, the contribution from the corresponding transition becomes 

more prominent. 

 

Figure 3.8 - Emission spectra of the BaF2: Er3+, Yb3+ samples under 375 nm 

excitation. The intensity of the emission band in the 900 - 1100 nm range is reduced by 

a factor of 3 in all spectra. 

The relative intensity of the emission bands is dependent on the concentration of 

the doping ions. Noticeable change occurs only when the concentration of any of the 

doping ions reaches 10 mol.%. In this case, the relative intensity of the 4F9/2 ⟶ 4I15/2 

transition significantly increases. The observed effect can be caused by either of two 
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processes: a decrease in the population of the 4S3/2 level and/or an increase in the 

population of the 4F9/2 level. Also, in samples with high Er3+ content increase in relative 

intensity of the 4I9/2 ⟶ 4I15/2 band is noticeable. 

To better understand energy migration processes in the Er3+ - Yb3+ system it is 

necessary to consider the energy levels diagram of the ions. 

 

Figure 3.9 - Energy migration between the excited states of Er3+ - Yb3+ ions under 

375 nm excitation. 

Figure 3.9 shows a diagram of the energy levels of the Er3+ and Yb3+ ions, as well 

as the transitions due to excitation at a 375 nm wavelength. A 375 nm photon is 

absorbed by the Er3+ ion, which then transitions to the 4G11/2 excited state. The 

transitions following this are shown in the Figure 3.9а. There is a non-radiative 

relaxation to the 4H9/2 state from the 4G11/2 level (2 in Figure 3.9а). The distance between 

the levels is about 1900 cm-1, which is equal to the energy of 8 phonons. There are 

several possible transitions from the 2H9/2 level. They are indicated by number 3 in 

Figure 3.9а. The first option is non-radiative relaxation to the 4F3/2 level, the distance to 

which is 2000 cm-1, from the 4F3/2 level a 4F3/2 ⟶ 4F9/2 - 
4I15/2 ⟶ 4I13/2 cross-relaxation 

process is possible. The other option is a radiative transition to the 4I15/2 ground state, 

accompanied by the emission of a photon with a wavelength of 405 nm. The third 
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option is the Er3+:4H9/2 ⟶ 4F9/2 - Yb3+:2F7/2 ⟶ 2F5/2 cross-relaxation, which leads to a 

transition of a Yb3+ ion to an excited state. 

The following transitions are shown in Figure 3.9b. A non-radiative relaxation 

to the level 4F7/2 is possible from the 4F3/2 and 4F5/2 levels. The distance of this transition 

is 1300 cm-1. From the 4F7/2 level Er3+:4F7/2 ⟶ 4I11/2 - Yb3+:2F7/2 ⟶ 2F5/2 cross relaxation 

that leads to excitation of Yb3+ ion, and non-radiative transition to the 4H11/2 level 

(distance 1300 cm-1) can occur. From the pair of 4H11/2 and 4S3/2 thermally bound levels, 

radiative transitions to the ground state are probable, with emission of photons at 

wavelengths of 521 and 540 nm, respectively. In addition, from the 4S3/2 level, a 

radiative transition to the 4I13/2 state with the emission of a photon at a wavelength of 

850 nm is also possible. There are several probable cross-relaxation processes from the 

4S3/2 excited state: 4S3/2 ⟶ 4I9/2 - 
4I15/2 ⟶ 4I13/2 and 4S3/2 ⟶ 4I9/2 - 

4I13/2 ⟶ 4I9/2. The 

population mechanism of the 4F9/2 level is the subject of active discussion139, 71 and 

several mechanisms of its population have already been described above. The non-

radiative 4S3/2 ⟶ 4F9/2 transition is one of the possible population pathways. In the 

section above it has been demonstrated that in the studied samples this non-radiative 

process is possible despite the large energy gap. From the level 4F9/2, in turn, there is a 

radiative transition to the 4I15/2 ground state.  

Transitions from 4I9/2 state and below are also shown in Figure 3.9b. There can 

be non-radiative relaxation to the 4I11/2 level (2200 cm-1), radiative transition to the 

ground state (810 nm), or 4I9/2 ⟶ 4I13/2 - 
4I15/2 ⟶ 4I13/2 cross-relaxation from the 4I9/2 

level. From the 4I11/2 and 4I13/2 levels, the excitation can relax to the ground state with 

the emission of photons at wavelengths of about 1000 and 1530 nm, respectively. In 

addition, from the 2F5/2 excited state of the Yb3+ ion, there is an emissive transition to 

the ground state with the emission of a photon with a wavelength of about 1000 nm. 

Several conclusions can be drawn from the considered excitation migration 

scenario. First, the increase in the emission intensity of the bands around 650 and 1000 

nm is explained by the fact that the probability of cross-relaxation processes between 
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Er3+ and Yb3+ ions rises with the increase in the concentration of doping ions. Second, 

the increase in the intensity of the 4I9/2 ⟶ 4I15/2 transition in samples with high content 

of Er3+ ions is explained by the presence of several cross-relaxation processes between 

Er3+ ions that lead to a higher population of the excited state. 

Luminescence quantum yield upon excitation of Er3+:4G9/2 state 

Table 3.4 - Luminescence quantum yield values under 375 nm excitation. 

 2H9/2 -4 I15/2 4S3/2 -4 I15/2 4F9/2 -4 I15/2 4S3/2 -4 I13/2 
{Er3+ :4 I11/2  

Yb3+ :2 F5/2} 

Er2Yb2 <0.01 0.04 0.10 0.03 1.317 

Er2Yb3 <0.01 0.02 0.06 0.02 0.872 

Er2Yb5 <0.01 0.03 0.07 0.02 1.197 

Er2Yb7 <0.01 0.03 0.06 0.02 1.372 

Er2Yb10 <0.01 0.02 0.09 0.01 1.397 

Er2Yb15 <0.01 0.01 0.08 0.01 0.985 

Er3Yb3 <0.01 0.03 0.05 0.02 1.118 

Er5Yb3 <0.01 0.02 0.03 0.02 1.266 

Er10Yb3 0 0.01 0.02 0.01 1.295 

Er15Yb3 0 <0.01 0.02 <0.01 1.078 

 

The quantum yield values obtained under 375 nm are presented in the Table 3.4. 

The first thing that can be noticed is that the emission band located around 1000 nm 

has the highest quantum yield in all samples. Its quantum yield value is close to or even 

exceeds unity. This suggests that the {Er3+:4I11/2&Yb3+:2F5/2} state is the main 

metastable level to which the excitation relaxes. This is also facilitated by a large 

number of cross-relaxation processes between Er3+ and Yb3+ ions, which lead to the 

population of the {Er3+:4I11/2&Yb3+:2F5/2} state as discussed above. It can also be noted 
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that under 375 nm excitation, the quantum yield does not change significantly with an 

increase in doping ion concentration. The transitions from the 4S3/2 level are most 

sensitive to the number of rare-earth ions. For example, when the amount of Yb3+ ions 

changes from 2 to 15 mol.% quantum yield decreases from 0.04 to 0.01, and with a 

similar change in Er3+ content - from 0.03 to less than 0.01. At the same time, the 

quantum yield of the 4F9/2 - 4I15/2 band is almost completely unaffected by doping 

concentration. This once again confirms that the 4S3/2 level is part of a large number of 

cross-relaxation processes, the probability of which changes with the number of rare-

earth ions.  

Excitation spectra 

To complete the study of the down-shifting spectra of the samples it is necessary 

to pay attention to the excitation spectra. For this purpose, excitation spectra were 

recorded in the range 320 - 525 nm when detected at wavelengths of 552 and 660 nm.  

The resulting excitation spectra are shown in the Figure 3.10. As can be seen 

from Figure 3.10a, b the emission at 552 nm has no pronounced dependence on the 

concentration of either Er 3+ or Yb3+ ions. This observation provides further evidence 

that the population of the 4S3/2 level of Er3+ happens via a series of non-radiative 

multiphonon relaxation transitions and does not include energy transfer or cross-

relaxation processes. 

The excitation spectra look quite different when detected at 660 nm (Figure 

3.10c, d). In this case, there is a pronounced dependence on the concentration of both 

Er3+ and Yb3+ ions. A change in the concentration of any of the two ions has a different 

effect on the observed spectrum. In samples with high concentrations of Yb3+ ions, an 

increase in the intensity of excitation bands located in the spectral range shorter than 

400 nm is observed (Figure 3.10c). This proves that the 4F9/2 level is efficiently 

populated via the following cross-relaxation process Er 3+:2H9/2 ⟶ 4F9/2 - Yb3+:2F7/2 ⟶ 

2F5/2. The probability of this process goes up with the increase in Yb3+ concentration. 
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The almost complete absence of excitation bands around 450 nm in samples with a high 

content of Yb3+ indicates that there is no resonance transition from the 4F5/2 and 4F3/2 

levels.  

 

Figure 3.10 - Excitation spectra of BaF2: Er3+, Yb 3+ samples when detected at 

a), b) 552 nm, c), d) 660 nm. 

In turn, an increase in the concentration of Er3+ ions leads to a slight increase in 

the intensity of the excitation bands located in the spectral range shorter than 400 nm. 

There is also a significant increase in the intensity of the band near 450 nm. This 

dependence indicates that in samples with high content of Er3+ ions, there is an efficient 

cross-relaxation process between Er3+ ions that leads to the population of the 4F9/2 state 

from the 4F5/2 or 4F3/2. This is in line with the 4F3/2 ⟶ 4F9/2 - 
4I15/2 ⟶ 4I13/2 process that 

is proposed above and is presented in Figure 3.9а. 
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Thus, all of the energy transfer routes in the Er3+ - Yb3+ ion system that are 

proposed during the study of the emission spectra are also present in the excitation 

spectra of the two most intense emission lines of the Er3+ ion, which indicates the 

correctness of the conclusions drawn so far. 

3.3.3 Up-conversion luminescence mechanisms  

In the previous chapter, there is a lot of data showing that the materials doped 

with Er3+ and Yb3+ ions exhibit up-conversion luminescence. Various wavelengths can 

be used for its excitation, but the most intense up-conversion luminescence is observed 

when the material is excited at a wavelength around 980 nm, which simultaneously 

corresponds to the maximum absorption band of 4I15/2 ⟶4 I1/2 transition of Er3+ ions and 

2F7/2 ⟶2 F5/2 band of the Yb3+ ions. Thus, a diode laser with a wavelength of 976 nm is 

used as the excitation source to study the up-conversion luminescence spectra. 

The Figure 3.11 shows the emission spectra from 400 to 900 nm in the case of 

the 976 nm excitation with an intensity of 490 W/cm2. All spectra are normalised to the 

emission intensity at 549 nm. Emission bands at 405 nm (2H9/2 ⟶ 4I15/2), 521 nm (2H11/2 

⟶ 4I15/2), 540 nm ( 4S3/2 ⟶ 4I15/2), 650 nm (4F9/2 ⟶ 4I15/2), 810 nm (4I9/2 ⟶ 4I15/2) and 

850 nm (4S3/2 ⟶ 4I13/2 ) are observed. The relative intensities of the luminescence bands 

have a pronounced dependence on the concentration of both doping ions. It is shown 

that an increase in the concentration of both Er3+ and Yb3+ ions leads to a decrease in 

the relative intensity of the luminescence band corresponding to the 4F9/2 ⟶ 4I15/2
 

transition. 
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Figure 3.11 - Luminescence spectrum of BaF2: Er3+, Yb3+ samples when excited 

at 976 nm with an intensity of 490 W/cm2. 

On the other hand, this behaviour of the relative intensity of the emission lines is 

similar to the case of excitation at a wavelength of 522 nm. To better understand the 

mechanisms of excitation propagation it is necessary to consider the energy levels 

diagram of the Er 3+ - Yb3+ ion system. In Figure 3.12 The energy diagram of Er3+ - 

Yb3+ ions, as well as the transitions associated with excitation at a wavelength of 976 

nm are shown.  
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Figure 3.12 - Energy migration between the excited states of Er3+ - Yb3+ ions 

under 976 nm excitation. 

As already discussed in the State of the Art section, up-conversion luminescence 

requires the absorption of two or more excitation photons per one emitted. It is known 

that in the Er3+ - Yb3+ ion pair the ETU mechanism is realized 52. Excitation photons 

are absorbed by Yb3+ ions and then the energy is transferred to Er3+ ions. In the energy 

diagram of the Er3+ ion, there are several transitions resonant with the 2F5/2 - 2F7/2 

transition of the Yb3+ ion. In the Figure 3.12 they are marked as 1, 2 and 3. Thus, up-

conversion can be divided into two- and three-photon processes. Here, the act of up-

conversion refers to the absorption of an excitation photon by an Yb3+ ion followed by 

energy transfer to Er3+ ions. First, the scenario involving the absorption of three photons 

should be considered. This process is illustrated in Figure 3.12а. The first photon is 

absorbed by the Yb3+ ion, and then the energy is transferred to the Er3+ ion, which 

transitions to the 4I11/2 state. Another Yb + ion, excited by the absorption of another 

photon, transfers energy to the same Er3+ ion and thereby transfers it from the 4I11/2 state 

to the 4F7/2, from which non-radiative transition to the level 4S3/2 is possible. From this 

state, the Er3+ ion can go to the 4G9/2 state after excitation from the third Yb3+ ion is 

received. Then a series of non-radiative relaxation processes brings the excitation to the 

2H9/2 level of Er3+. From this level a radiative transition to the ground state with the 
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emission of a 405 nm photon, a non-radiative relaxation to the 4F3/2,
4F5/2 levels, as well 

as Er3+:4H9/2 ⟶ 4F9/2 - Yb3+:2F7/2 ⟶ 2F5/2 cross relaxation process are possible. There is 

a cross-relaxation process between the two Er 3+ ions: 4F3/2 ⟶ 4F9/2 - 
4I15/2 ⟶ 4I13/2 from 

the 4F3/2, 
4F5/2 excited states. From the 4F9/2 level, a radiative transition to the ground 

state with the emission of a 650 nm photon is possible. Thus, it can be summarized that 

the absorption of three photons leads to emissive transitions 2H9/2 ⟶4I15/2 and 4F9/2 ⟶4 

I15/2, with wavelengths of 405 and 650 nm, respectively. 

The next step is to consider the two-photon scenario (Figure 3.12b). In general, 

the two-photon excitation scenario is similar to excitation at 522 nm. After absorption 

of two excitation quanta, an Er3+ ion is in the 4F7/2 state, from which it can either non-

radiatively relax to a 4H11/2, 
2S3/2 pair of levels, or transition in the 4I11/2 state via the 

Er3+:4H11/2 ⟶ 4I11/2 - Yb3+:2F7/2 ⟶ 2 F5/2 cross-relaxation. From the 4H11/2 level, there is 

a radiative transition to the ground state (521 nm) and from the 2S3/2 level there are 

possible transitions to the 4I13/2,
4I15/2 levels with emission of 850 nm and 550 nm photons 

respectively. In addition, several cross-relaxation processes between Er3+ ions are 

possible: 4S3/2 ⟶ 4I9/2 - 4I15/2 ⟶ 4I13/2 ,4S3/2 ⟶ 4I9/2 -4I13/2 ⟶ 4I9/2. Also, it must be 

considered that the 4H11/2 and 2S3/2 states can be efficient sources of the population of 

the 4F9/2 level. The radiative transfer to the ground state from this level leads to the 

emission around 650 nm.  

Both the two- and three-photon processes depend on the excitation intensity and 

the order of this dependence will be different for the two cases. It has been demonstrated 

that some bands in the up-conversion luminescence spectra of the samples are related 

to the absorption of three excitation photons and some are related to the absorption of 

two. Additionally, in the spectrum, there is a luminescence band (4F9/2 ⟶ 4I15/2) which 

is associated with both scenarios.  
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Quantum yield of up-conversion luminescence. 

As has already been discussed in Chapter Two, one of the key parameters 

determining the utility of luminescent materials is the luminescence quantum yield. 

This value can also shed additional light on the energy transfer processes that take place 

in the investigated material. 

In the case of the excitation of up-conversion luminescence (976 nm), it is not 

sufficient to consider the luminescence quantum yield at a single excitation intensity. 

Since up-conversion is a non-linear process that depends on the excitation intensity, the 

up-conversion luminescence quantum yield (UC) will also be a function of the 

excitation intensity. For this purpose, the luminescence quantum yield is obtained over 

a wide range of excitation intensities, from 0.01 to 490 W/cm2. The results are presented 

in Figure 3.13.  

 
Figure 3.13 - Luminescence quantum yield values under 976 nm excitation at 

different intensities in the BaF2 samples with various Er3+/Yb3+ doping levels. 

Several conclusions can be drawn from the data presented in the Figure 3.13. 

First, all samples show a monotonic increase in the value of UC as the excitation 

intensity increases. Second, when the excitation intensity is less than 100 W/cm2 an 

increase in the concentration of Yb3+ ions leads to higher UC values. However, when 
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the intensity exceeds 100 W/cm2 the behavior is reversed and the UC value drops in 

samples with high Yb3+ ion content. In addition, a change in the number of Er3+ ions 

also affects the value of the quantum yield. At relatively low excitation intensities (<10 

W/cm2) samples with high Er 3+ content show higher UC values, whereas, in the 

remaining range of investigated intensities (10 - 300 W/cm2), the maximum quantum 

yield is observed in samples with a lower number of Er3+ ions. These observations are 

similar to the concentration effects observed in previously studied materials such as 

SrF2
23 and NaYF4 

140. 

When the dependence of UC on the excitation intensity is investigated, the 

heating of the sample must be considered since it is well known that the value of UC 

also depends on the temperature of the sample126. In the Er3+ ion, there are 2 thermally 

bound levels (4H11/2 and 4S3/2). The ratio of the intensities of these levels is proportional 

to the temperature of the sample and these levels can be used for luminescence 

thermometry in the temperature range of 283-393 K 141. Thus, up-conversion 

luminescence spectra can be used to determine the temperature of the samples and study 

its effect on the quantum yield of up-conversion luminescence. This approach has 

already been discussed in detail in 126. 

There is the intensity dependence of the ratio of the 4S3/2 ⟶ 4I15/2 and 4H11/2 ⟶ 

4I15/2 emission bands in the Figure 3.14. The distance between the 4S3/2 and 4H11/2 levels 

is about 800 cm-1. This distance can be bridged by several phonons and the probability 

of this process increases with temperature. Thus, the intensity of the luminescence from 

a higher 4H11/2 level will increase relative to the luminescence from a lower 4S3/2 level 

at higher temperatures. Consequently, the ratio of the luminescence intensities of the 

4S3/2 ⟶ 4I15/2 (I521) and 4H11/2 ⟶ 4I15/2 (I545) transitions is proportional to the temperature 

of the samples. 
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Figure 3.14 - Dependence of the ratio of transition luminescence intensities4 S3/2 

⟶4 I15/2 (I521 ) and4 H11/2 ⟶4 I15/2 (I545 ) on the pump intensity at 976 nm. 

The data in the Figure 3.14 shows that in the majority of the samples, the 

temperature does not significantly deviate from room temperature even at high 

excitation intensities, since the I521 / I545 ratio remains the same over the entire range of 

studied intensities. A noticeable deviation of this ratio from the initial one, and hence 

an increase in temperature, is only observed in samples with the maximum content of 

Yb 3+ ions namely 10 and 15 mol %.  

For certain applications, the total number of emitted up-conversion photons is 

more important than the conversion efficiency of absorbed radiation. For this purpose, 

the brightness parameter is used as defined in142: 

𝐵 = 𝜙𝑈𝐶 ∗ 𝛼.      21 

Here 𝛼 - is the absorption coefficient. The values of the maximum quantum yield 

of several transitions of Er3+ ions and total UC emission in the 400 – 900 nm range, as 

well as brightness under 976 nm excitation, are given in the Table 3.5. The data shows 

that the maximum UC value is achieved in Er2Yb2 and Er2Yb3 samples and equals 

0.099 and 0.100, respectively. These values are comparable with the maximum UC 

values known in the literature. The highest brightness is observed in a different sample 

– Er2Yb10. Despite having an average UC value high absorption at the excitation 

wavelength makes this sample the brightest. 
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Table 3.5 – Maximum UC value (at excitation intensity of 490 W/cm2 ) of 4S3/2 

⟶ 4I15/2, and 4F9/2 ⟶ 4I15/2 transitions, total emission in the 400 - 900 nm range and 

brightness under 976 nm excitation. 
 

4S3/2 ⟶4 I15/2 4F9/2 ⟶4 I15/2 Total Brightness, cm-1 

Er2Yb2 0.021 0.063 0.099 0.121 

Er2Yb3 0.023 0.061 0.100 0.192 

Er2Yb5 0.021 0.053 0.088 0.262 

Er2Yb7 0.023 0.043 0.081 0.374 

Er2Yb10 0.019 0.036 0.068 0.495 

Er2Yb15 0.013 0.027 0.048 0.419 

Er3Yb3 0.018 0.043 0.064 0.120 

Er5Yb3 0.017 0.03 0.062 0.148 

Er10Yb3 0.008 0.01 0.026 0.121 

Er15Yb3 0.002 0.004 0.011 0.065 

 

To better understand which features of the studied materials allow achieving high 

UC values and to find the factors that limit the UC additional experiments are required. 

A study of the luminescence lifetimes under different excitation wavelengths can 

provide additional insight into the energy migration in the investigated materials.  

3.3.4 Physical reasons for the increased lifetime of Er3+ states 

Luminescence decay 

The next step in the spectral characterization of the samples is the analysis of 

luminescence decays. Luminescence decay can provide a great deal of additional 

information about the energy migration pathways in the system of doping ions. Similar 

to the study of emission spectra, luminescence decays are recorded under 375 nm 

excitation. Decays at wavelengths of 550 nm (4S3/2 ⟶ 4I15/2 transition), 660 nm (4F9/2 
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⟶ 4I15/2 transition) and 990 nm (transition from the {Er3+:4I11/2&Yb3+:2F5/2} manifold) 

are obtained. 

The resulting curves are shown in Figure 3.15. It can be seen that the curves 

obtained at wavelengths of 660 and 990 nm have a shape close to mono-exponential, 

so in order to determine the average luminescence decay time these curves are fitted 

with a following function 

𝐼 =  𝐴 𝑒
−

𝑡

𝜏 .      22 

However, the luminescence decay curves at 540 nm have a different from mono-

exponential shape. A good agreement between the experimental results and the fitting 

is obtained with a bi-exponential function: 

𝐼 =  𝐴1𝑒
−

𝑡

𝜏1 + 𝐴2𝑒
−

𝑡

𝜏2   .     23 

The average lifetime is defined as 143 

𝜏̅ =
𝐴1𝜏1 +𝐴2𝜏2

𝐴1+𝐴2
.      24 

Here 𝜏, 𝜏1, 𝜏2 are the decay times and A, A1 and A2 are the amplitudes of the 

corresponding decays. These parameters are adjusted during the fitting procedure. 
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Figure 3.15 - Luminescence decay curves of the transition a, b)4S3/2 ⟶ 4I15/2 at 

540 nm; c, d)4F9/2
  ⟶ 4I15/2

  at 660 nm; e, f) from {Er3+:4I11/2&Yb3+:2F5/2} manifold  at 

990 nm under 375 nm excitation. 

Then the luminescence decay curves of the 4S3/2 ⟶ 4I15/2 (550 nm), 4F9/2
 ⟶ 4I15/2 

(660 nm) transitions and from {Er3+:4I11/2&Yb3+:2F5/2} manifold (990 nm) under 976 nm 

excitation are then recorded. The curves are presented in Figure 3.16. 
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Figure 3.16 - Luminescence decay curves of the transition a, b)4S3/2 ⟶ 4I15/2 at 

540 nm; c, d)4F9/2
  ⟶ 4I15/2

  at 660 nm; e, f) from {Er3+:4I11/2&Yb3+:2F5/2} manifold  at 

990 nm under 976 nm excitation. 

In this case, the shape of the decay curves differs significantly from the one 

observed under UV or visible excitation. The decay curves obtained under 976 nm 

excitation have a shape close to exponential, therefore the formula 22 can be used to 
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determine the average luminescence decay time. The resulting decay times are shown 

in the corresponding figures. All times are also presented in the Table 3.6.  

Table 3.6 - Average luminescence decay time under 976 nm excitation, ms. 

 
Er3+ :4 S3/2 ⟶4 I15/2 

(540 nm) 

Er3+ :4 F9/2 ⟶4 I15/2 

(660 nm) 

{Er3+ :4 I11/2 ⟶4 I15/2 

Yb3+ :2 F5/2 ⟶2 F7/2 } 

(990 nm) 

Excitation, nm 375 976 375 976 375 976 

Er2Yb2 0.30 2.35 0.77 2.86 6.12 5.39 

Er2Yb3 0.26 2.02 0.68 2.39 5.17 4.50 

Er2Yb5 0.15 1.73 0.52 2.11 4.49 4.06 

Er2Yb7 0.16 1.62 0.47 2.05 4.92 3.72 

Er2Yb10 0.08 1.40 0.40 1.94 4.02 3.03 

Er2Yb15 0.08 1.40 0.40 1.95 4.12 3.42 

Er3Yb3 0.20 2.36 0.68 2.93 6.08 5.23 

Er5Yb3 0.07 2.72 0.53 3.60 7.22 6.12 

Er10Yb3 0.07 3.45 0.46 4.91 9.50 8.01 

Er15Yb3 0.02 3.46 0.46 4.63 9.12 8.62 

 

The data in the table highlights several trends in the decay time when the 

concentration of the doping ions is varied. An increase in the content of either Yb3+ or 

Er3+ ions leads to a drop in the luminescence decay time of the 4S3/2
 and 4F9/2 levels 

under 375 nm excitation. The simplest explanation of this effect is the concentration 

quenching of luminescence. However, there could be other processes, which lead to a 

decrease in the luminescence decay time. Cross-relaxation that involves emissive 

levels, such as Er3+:4 S3/2` ⟶ 4I9/2 - Er3+:4I13/2 ⟶ 4I9/2, Er3+:4H11/2 ⟶ 4I9/2 - Er3+:4I15/2 ⟶ 

4I13/2 and Er3+:4 F9/2 ⟶4 I13/2 - Yb3+:2 F7/2 ⟶2 F5/2 can act as such processes. In addition, 

the luminescence decay times can change if the increase in the concentration leads to a 
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distortion of the crystal lattice and hence a change in the radiative transition probability. 

A similar effect has already been observed during the analysis of the absorption cross-

sections of some transitions of the Er3+ ion. 

The role of cross-relaxation has already been discussed during the analysis of 

luminescence spectra. For example, cross-relaxation processes between Er3+ ions: 4S3/2 

⟶ 4I9/2 - 
4I15/2 ⟶ 4I13/2, 

4S3/2 ⟶ 4I9/2 - 
4I13/2 ⟶ 4I9/2 leads to a drop in the luminescence 

lifetime of the 4S3/2 ⟶ 4I15/2 transition, as they serve as alternative channels of 

luminescence level depopulation. In addition, a process between Er3+:4S3/2 ⟶ 4I11/2 and 

Yb3+:2F7/2 ⟶ 2F5/2 ions, which also leads to a shortening of the luminescence decay, can 

be identified using the luminescence spectra. 

During the analysis of possible processes that involve the Er3+:4F9/2 state cross-

relaxation between both Er 3+ ions:4F9/2 ⟶ 4I9/2 - 
4I15/2 ⟶ 4I13/2, 

4F9/2 ⟶ 4I9/2 - 
4I13/2 ⟶ 

4I9/2, as well as Er3+:4F9/2 ⟶ 4I13/2 and Yb3+:2F7/2 ⟶2F5/2 ions is identified as one that can 

lead to decrease in the luminescence decay time. 

The luminescence decay time of the 4S3/2 and 4F9/2 levels under 976 nm excitation 

is significantly longer than the one discussed previously. As it was settled in the 

previous chapter, in a system consisting of Er3+ and Yb3+ ions the energy transfer up-

conversion scenario is realized. In such systems, the luminescence decay time is 

dependent not only on the lifetime of the emissive levels of the acceptor ion but also on 

the lifetime of the intermediate levels of the donor ion involved in up-conversion. This 

is because the probability of energy transfer between a donor and an acceptor is lower 

than the probability of the radiative decay of the excited state of the donor. Thus, the 

observed luminescence decay time is dependent on the lifetime of the excited state of 

the donor. In the studied system, this intermediate state is the {Er3+:4I11/2&Yb3+:2F5/2} 

manifold. This once again proves the fact that under such excitation the population of 

the higher levels of the Er3+ ion takes place via the transfer of energy from the long-

lived lower states. 
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The luminescence decay time of the {Er3+:4I11/2&Yb3+:2F5/2} manifold should be 

discussed separately. The luminescence decay time of this state has similar values and 

the concentration dependence both under 375 nm and 976 nm excitation. At high 

concentrations of Yb 3+ ions, the decay time decreases, which is primarily due to a rise 

in the intensity of the ETU process. This also leads to a drop in the luminescence decay 

time from the 4S3/2 and 4F9/2 levels. The luminescence decay of the 

{Er3+:4I11/2&Yb3+:2F5/2} manifold is out of the trend when the number of Er3+ ions is 

increased. In these samples the luminescence decay time of the {Er3+:4I11/2&Yb3+:2F5/2} 

manifold increases under both wavelengths. Under 976 nm excitation, high Er3+ content 

also leads to an increase in the luminescence decay time of the 4S3/2 ⟶ 4I15/2, 
4F9/2 ⟶ 

4I15/2 transitions, which is expected given the population pathway of the upper levels.  

This behaviour of the luminescence decay time of the {Er3+:4I11/2&Yb3+:2F5/2} 

manifold is a rather interesting phenomenon, which has not been discussed in detail in 

the literature before. Several factors can lead to an increase in the decay time when the 

number of Er3+ ions is increased. For example, this effect can be caused by the re-

absorption process in which a photon can be re-absorbed and re-emitted several times 

before it leaves the crystal. For example, in the work 144, the effect of Yb3+ concentration 

on the luminescence decay time is shown. The investigated samples were YAG single 

crystals doped with Yb3+ ions. In the concentration range from 2 to 30 mol.% the decay 

time varies from 1.1 to 1.5 ms, which cannot explain the observed effect. Another 

explanation of this behaviour of the luminescence decay time dependence is that the 

Er3+:4I11/2 level decay time is much longer than the decay time of the Yb3+ excited state. 

For example, in  

Figure 3.17 the luminescence decay curves of BaF2 crystals single-doped with 2, 

3 or 5 mol% of Er3+ or Yb3+ ions are shown. All curves have an exponential decay, 

which allows to estimate the decay time using the formula 22. 
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Figure 3.17 - Luminescence decay curves at 990 nm in samples doped with 

(a)2, (b )3, (c) 5 mol% of Er3+ or Yb3+ ions. 

The fitting results show that the decay times of the two ions differ significantly 

at all investigated concentrations. It is 14.55, 10.73 and 7.41 ms for Er3+ concentrations 

of 2, 3 and 5% mol% and 2.77, 2.44 and 0.77 ms for similar concentrations of Yb3+ 

respectively. However, the Er3+ ion concentration series shows that an increase in the 

content of the doping ion leads to a drop in the luminescence decay time. Thus, there 

must still be a mechanism which leads to an increase in the decay time of the 

{Er3+:4I11/2&Yb3+:2F5/2} manifold.  

Such a mechanism could be the influx of population to the 4I11/2 from the 4I9/2 

level. This process can be particularly intense at high concentrations of Er3+ ions. 

During the analysis of the luminescence and excitation spectra several cross-relaxation 

processes which lead to an increase in the population 4I9/2 state have been highlighted. 

In crystals with low phonon energy such as BaF2 the multiphonon relaxation rates are 

relatively low and thus the decay time of the 4I11/2 level will approach the values of the 

lifetime of the 4I9/2 state, which may exceed 10 ms 88. All of the above suggests that this 

level, possessing weak emission but a long lifetime, can be considered as another 

metastable level (similar to the {Er3+:4I11/2&Yb3+:2F5/2} manifold and 4I13/2 state) that 

affects both up- and down-shifting processes. Thus, an increase in the content of Er3+ 

ions leads to an increase in the population probability of the 4I9/2 level, which, in turn, 
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causes an increase in the luminescence decay time of the 4S3/2, 
4F9/2 states, and 

{Er3+:4I11/2&Yb3+:2F5/2} manifold. 

Judd – Ofelt calculations 

To explicitly answer the question of whether the relaxation from the 4I9/2 level 

can have the suggested effect on the luminescence decay time, the radiative lifetime 

values of the 4I9/2 and 4I11/2 states of the Er3+ ion are calculated using the standard Judd-

Offelt theory 145,146. A detailed description of the calculations has already been given in 

chapter two of this paper. In the first stage of calculations, the values of Ω(λ) intensity 

parameters are obtained. The results are shown in the Table 3.7. 

Table 3.7 - Intensity parameters Ω2, Ω4, Ω6. 

 
Ω2 Ω4 Ω6 

Er2Yb2 0.95 0.49 1.45 

Er2Yb3 1.01 0.50 1.54 

Er2Yb5 1.18 0.74 1.94 

Er2Yb10 1.31 0.71 2.12 

Er2Yb15 1.32 0.60 2.16 

Er3Yb3 1.07 0.58 1.71 

Er5Yb3 1.04 0.70 1.88 

Er10Yb3 1.06 0.80 2.44 

Er15Yb3 0.94 0.63 2.36 

 

Intensity parameters Ω(λ) can be used to estimate the environment of an emitting 

centre. There are several works devoted to the investigation of the dependence of the 

Ω2 parameter on the symmetry of the impurity centre environment 147–149. In these 

works, it is shown that an increase in the Ω2 parameter correlates with a decrease in the 

symmetry of the impurity centre environment. The data in Table 3.7 shows that the Ω2 



90 
 

parameter increases in samples containing more Yb3+ ions. This is in line with the 

assumption made during the study of the absorption cross-sections that an increase in 

the concentration of doping ions leads to greater distortion of the local crystal field, 

which, in turn, increases the probability of f-f transitions. 

Using the obtained Ω(λ) values and the least squares method the values of 

spontaneous emission probability, branching ratios as well as radiative lifetimes are 

obtained.  

Table 3.8 - Radiative lifetimes of the 4S3/2, 
4F9/2, 

4I9/2 and 4I11/2 levels of Er3+ ions 

obtained with Judd-Ofelt theory, ms. 

 
Er2Yb2 Er2Yb3 Er2Yb5 Er2Yb10 Er2Yb15 

Er3+ :4 S3/2 1.13 1.06 0.84 0.77 0.76 

Er3+ :4 F9/2 2.25 2.15 1.63 1.55 1.59 

Er3+ :4 I9/2 21.09 20.34 15.23 14.73 15.42 

Er3+ :4 I11/2 12.74 12.10 9.83 9.05 8.92 
 

Er3Yb3 Er5Yb3 Er10Yb3 Er15Yb3  

Er3+ :4 S3/2 0.95 0.87 0.67 0.69  

Er3+ :4 F9/2 1.91 1.69 1.35 1.47  

Er3+ :4 I9/2 17.98 15.82 12.91 14.35  

Er3+ :4 I11/2 10.99 10.12 8.02 8.32  

 

A comparison of the calculated values and the luminescence decay times under 

375 nm excitation (Figure 3.15) reveals that the luminescence decay time of the 4S3/2 

and 4F9/2 states, obtained experimentally, is significantly lower than the radiative 

lifetime obtained from the Judd-Ofelt theory. This indicates a low efficiency of the 

radiative process. When comparing the experimental and theoretical values, it is 
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important to know that the radiative lifetime obtained from the Judd-Ofelt theory does 

not consider the multiphonon and cross-relaxation processes, which play a significant 

role in the studied samples. Thus, it is shown that these processes cause quenching of 

luminescence, which also leads to a decrease in the luminescence quantum yield. 

To determine the cause of the increase of luminescence decay time of 

{Er3+:4I11/2&Yb3+:2F5/2} manifold radiative lifetimes of Er3+:4I11/2 and 4I9/2 levels should 

be analyzed. The calculated radiative lifetime of each of the two levels drops with an 

increase in the number of doping ions. It should also be noted that in the sample with 

the highest content of Er3+ ions, the calculated radiative lifetime is shorter than that 

observed experimentally. In turn, the lifetime of the 4I9/2 state is much longer than the 

observed decay of other studied levels. This fact allows concluding that the 4I9/2 ⟶ 4I11/2 

relaxation process assumed above may be responsible for an additional prolongation of 

the luminescence decay time of the {Er3+:4I11/2&Yb3+:2F5/2} manifold. 

3.3.5 Ratio of Er 3+:4S3/2 ⟶ 4I15/2 and Er 3+:4F9/2 ⟶ 4I15/2 transition intensities  

In this work, it has been repeatedly stated that the 4S3/2 and 4F9/2 energy levels of 

the Er3+ ion have different population pathways. Thus, analysis of the luminescence 

intensity ratio of the 4S3/2 ⟶ 4I15/2 and 4F9/2 ⟶ 4I15/2 transitions can provide additional 

information on the excitation energy distribution. The dependence of this relationship 

on the excitation intensity under 976 nm excitation is of particular interest. This 

dependence is plotted in Figure 3.18. 
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Figure 3.18 - Dependence of the intensity ratio of 4S3/2 ⟶ 4I15/2 (I545) and 4F9/2 

⟶ 4I15/2 (I660) transitions on the excitation intensity at 976 nm. 

From the data in the Figure 3.18, several conclusions can be drawn. First, in a 

series of samples with different concentrations of Yb3+ ions, the dependence on the 

excitation intensity is not observed at low doping content. Then, in the range from 1 to 

100 W/cm2, there is an increase in the intensity ratio, followed by a drop, except for the 

sample with maximum Yb3+ content. This can be explained by the fact that at low 

intensities the absorption probability of three photons is low and the level 4F9/2 is 

populated via the relaxation from the 4S3/2 level, whereas at higher intensities the three-

photon process begins to play a bigger role. The subsequent drop can be explained by 

the different saturation of 4S3/2 and 4F9/2 levels of Er3+ ion 76
 as well as the competition 

between up-conversion and spontaneous emission 150. If the processes of up-conversion 

excitation and spontaneous emission occur simultaneously, they will compete and the 

dependence of the luminescence intensity on the excitation will be determined by the 

dominant process. If spontaneous emission of photons dominates, the luminescence 

intensity will depend on excitation as I ~ Pn, where I is the luminescence intensity, P is 

the excitation intensity and n is the number of excitation photons needed to populate 

the excited state. If up-conversion dominates, the dependence will look like I ~ Pn-1. 

The data presented in the Figure 3.18 shows that the luminescence intensity of 

the 4S3/2 ⟶ 4I15/2 and 4F9/2 ⟶ 4I15/2 transitions has a different dependence on the 
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excitation intensity. In most cases, the intensity of the 4F9/2 ⟶ 4I15/2 transition grows 

faster than that of the 4S3/2 ⟶ 4I15/2 transition when excitation intensity is increased. In 

all but one sample, the ratio of intensities reaches a maximum value in the intensity 

range of 50 to 100 W/cm2, after which it decreases. In the literature, this effect is often 

referred to as up-conversion intensity saturation 74.  

Only one sample, doped with 2 mol.% Er3+ and 15 mol.% Yb3+, shows a 

monotonic increase in the intensity ratio of red to green bands over the entire studied 

excitation intensity range. This suggests the possibility of application of such samples 

as a reference for determining the incident radiation intensity, using the intensity ratio 

of the bands as a metric. However, for this approach to be feasible, the results must be 

reproducible over a wide range of excitation wavelengths. To test this, the dependence 

of the intensity ratio of red and green bands on the excitation wavelength in the range 

of the Yb3+ :2 F7/2 ⟶2 F5/2 absorption is obtained. 

 

Figure 3.19 - Dependence of the intensity ratio of 4S3/2 ⟶ 4I15/2 (I545 ) and 4F9/2 

⟶ 4I15/2 (I660 ) transitions on the excitation intensity in the 940 - 980 nm wavelength 

range. 

The resulting dependencies are shown in Figure 3.19а. To take into account the 

different values of the absorption coefficient, the dependence on the absorbed photon 

flux is presented. It was expected that in this case, the intensity ratio of the red and 
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green bands would behave the same under every excitation wavelength. However, as 

can be seen in Figure 3.19 the dependence strongly deviates from the general trend 

under some excitation wavelengths (972, 974, 976 nm). For the same number of 

absorbed photons, the intensity ratio of red and green bands is significantly greater 

under these excitation wavelengths. To clearly show this dependency, the same data is 

presented in a different format in Figure 3.19b. This figure shows the dependency of 

the intensity ratio of red/green emission on wavelength for the same number of 

absorbed photons. It is assumed that the observed dependence corresponds to the 

Er3+:4I15/2 ⟶ 4I11/2 absorption band. All of this suggests a serious limitation on the 

possible application of the material for the estimation of the incident intensity. On the 

other hand, this demonstrates that the up-conversion process occurs differently when 

the Er3+:4 I11/2 state is excited directly. Since in the proposed ETU scenario the 

population of the higher levels occurs via several energy transfer steps between the Er3+ 

and Yb3+ ions, the direct population of the excited state of Er3+ changes the population 

pathway, which affects the observed intensity ratio. It has been reported that there is a 

possible cross-relaxation process of Er3+:4S3/2 ⟶ 4I13/2 - Yb3+:2F7/2 ⟶ 2F5/2 that leads to 

a decrease in the population of the 4S3/2 state and an increase in the population of the 

4F9/2 state in the case of up-conversion excitation 73.  

Another important parameter that might affect the applicability of the studied 

material as an incident intensity reference is the excitation mode. There are studies 

devoted to the determination of the influence of the excitation mode on the spectral and 

kinetic properties of materials doped with Er3+ and Yb3+ ions. In the paper 151 the 

excitation modulation effect is studied in more detail. It is shown that an increase in 

both pulse duration and repetition rate significantly affects the observed up-conversion 

spectrum of NaYF4:Er/Tm (2/0.5%)@NaYF4 core-shell nanoparticles, leading to an 

increase in the relative intensity of the red emission band.  

In the current work, a different approach is used to investigate the dependence of 

the red and green intensity ratio on the excitation mode. Continuous radiation was 
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modulated so that the average pump power is constant, i.e. there is a constant duty 

cycle. In this experiment, the duty cycle is set to 10. 

 

Figure 3.20 - Dependence of the intensity ratio of 4S3/2 ⟶ 4I15/2 (I545 ) and 4F9/2 

⟶ 4I15/2 (I660 ) transitions in a sample with 2 mol.% Er3+ and 15 mol.% Yb3+ on the 

excitation pulse frequency at 976 nm. 

The results are shown in Figure 3.20. The results show that the intensity ratio of 

red and green emission has a strong dependence on the frequency of pulsed excitation. 

A monotonous drop in the value of the ratio of intensities with an increase in pulse 

repetition frequency is observed. The observed dependence can be explained as 

follows. It is shown above that the luminescence lifetime under up-conversion 

excitation exceeds 1 ms for both 4S3/2 and 4F9/2 levels. In addition, the discussion of the 

luminescence and excitation spectra has shown that one of the main population 

pathways of the 4F9/2 state is relaxation from higher levels, including 4S3/2. Thus, when 

the pulse repetition rate is comparable to the luminescence decay time, the next 

excitation pulse arrives before the upper state has had time to completely empty, thus 

creating a near-continuous wave mode. At lower frequencies, the relative intensity of 

the red band becomes larger, since in the time between the pulses all the relaxation 

processes that lead to redistribution of the population have time to occur. 
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3.4 Enhancement of the perovskite solar cell performance via UC of the sub-

bandgap photons 

The final step of the research is to study the spectral response of a perovskite 

solar cell combined with an Er3+/Yb3+-doped BaF2 crystal. It is crucial to study this 

effect under the excitation conditions as close as possible to the solar spectrum. The 

sample doped with 2 mol.% of Er3+ and 10 mol.% of Yb3+ ions provides the highest 

PLQY values in this low-intensity excitation range. To test the combined device 

(perovskite solar cell + crystal), the short-circuit current (Jsc) is chosen as a figure of 

merit. It is proposed to use two excitation sources. One is a solar simulator operating in 

the 350 – 850 nm range to simulate the Vis part of the solar spectrum, which will set 

the baseline Jsc level. The second excitation source is a CW laser operating at 976 nm, 

the intensity of which can be varied. This source is responsible for the NIR part of the 

excitation. The scheme of the setup is shown in Figure 3.21. 

 

Figure 3.21 - Setup for the estimation of the enhancement of the short-circuit 

current of the perovskite solar cell. 

Using the setup described above it is found that at the intensity of the 976 nm 

excitation equal to 0.6 W/cm2 (corresponding to 120 intensities of the solar radiation) 

the Jsc enhancement is 0.38 mA/cm2. This demonstrates the possibility of improving the 

spectral response of the perovskite solar cells by combining them with up-conversion 

material.  
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3.5 Summary 

The following conclusions can be drawn at the end of this chapter: 

- The Bridgeman method provides Er3+/Yb3+-doped bulk BaF2 crystals that can 

function as efficient up-conversion materials. 

- The highest UC value is detected under 490 W/cm2, 976 nm excitation in the 

sample doped with 2 mol.% of Er3+, 3 mol.% of Yb3+ ions and equals to 10%. 

- Different population scenarios of Er3+ ions are discussed and it is found that 

both two- and three-photon processes take place in the case of UC in BaF2:Er, 

Yb crystals. 

- The role of the weakly emitting Er3+:4I9/2 level is discussed and its role in the 

population of the lower levels 4I11/2 and 4I13/2 is demonstrated using Judd-Ofelt 

analysis. 

- The intensity ratio of the 4S3/2 ⟶ 4I15/2 and 4F9/2 ⟶ 4I15/2 UC emission is 

studied. It is shown that both the excitation wavelength and the excitation 

mode (CW or pulsed) affect this value. This gives additional insight into the 

population dynamics of the Er3+/Yb3+-doped materials. 

- It is shown that the addition of the BaF2 crystal doped with 2 mol.% of Er3+ 

and 10 mol.% of Yb3+ ions provides an increase in the Jsc of a perovskite solar 

cell equal to 0.38 mA/cm2 under 976 nm excitation with an intensity of 0.6 

W/cm2. 
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4. Down-conversion in Er3+ and possible enhancement of the Ge diode 

performance 

4.1 Introduction 

The energy level structure of the Er3+ ion shows that several pathways can lead 

to down-conversion, which should manifest itself in PLQY values above 100%. As this 

effect depends on cross-relaxation between different ions, it should be influenced by 

the concentration of the doping ions. To prove this, a wide concentration range of the 

Er3+-doped samples is required. To perform the study a series of the Er3+-doped BaF2 

crystals is synthesised with the doping concentration in the range of 1-25 mol.%.  

To carry out the study, the following objectives are set for this chapter: 

- To prove that the Bridgeman method can provide Er3+-doped BaF2 crystals 

that are capable of efficient down-conversion. 

- To find the optimal doping concentration that gives the highest PLQY 

value of the NIR emission under different excitation wavelengths (405nm, 

525 nm, 633 nm, 808 nm). 

- To calculate the maximum achievable enhancement of the Jsc of the Ge-

photodiode due to the DC in the BaF2:Er from the PLQY data. 

- To experimentally check the maximum achievable enhancement of the Jsc 

of the Ge-photodiode due to DC in the BaF2:Er crystal. 
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4.2 Down-conversion in BaF2:Er3+ crystals 

It is considered that several absorption transitions can lead to the realization of 

down-conversion. It is assumed that in Er3+ ions down-conversion is dependent on 

cross-relaxation processes between different Er3+ ions. Thus, the concentration of the 

doping ions should have a significant effect on the probability of such a process. To 

find the optimal concentration of Er3+ ions, 𝜙𝐷𝐶is estimated in a wide concentration 

series of single crystal samples (1 – 25 mol.%). The obtained 𝜙𝐷𝐶values are presented 

in Figure 4.1.  

A typical emission spectrum of a BaF2 crystal doped with 12 mol.% of Er3+ ions 

under 405 nm excitation is shown in Figure 4.1a. The spectrum has several bands that 

correspond to the transitions in Er3+ ion, namely 4S3/2 – 4I15/2 (545 nm), 4F9/2 – 4I15/2 (660 

nm), 4S3/2 – 4I13/2 (850 nm), 4I11/2 – 4I15/2 (990 nm), and 4I13/2 – 4I15/2 (1550 nm).  

To determine the most efficient composition, the PLQY values are assessed in 

all single-crystal samples. The resulting data is depicted in Figure 4.1 (b-d). Figure 4.1b 

shows that under 405 nm excitation, some samples doped with 5 and 12 mol.% of Er3+ 

ions demonstrate PLQY values of the 4I13/2 – 4I15/2 emission over unity (104 and 110%, 

respectively). This confirms the presence of the DC process in BaF2:Er3+ crystals. 

However, Er3+ concentrations below 5% and above 12%, lead to the PLQY values 

below unity. A similar concentration-dependent trend (with the optimum concentration 

of 10%) has been previously observed in the Gd2O2S: Tm3+ samples152. In the work 152 

it is observed that at low concentrations, cross-relaxation is outperformed by radiative 

or non-radiative relaxation, whereas at significantly higher concentrations, 

luminescence decreases due to concentration quenching. 

Under 525 nm excitation, PLQY of the 4I13/2 – 4I15/2 band is 92% in the sample 

doped with 5 mol.% of Er3+. It should be noted that in the samples with low doping 

concentration (< 5 mol.%), 405 nm excitation provides lower PLQY values than 525 
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nm excitation. In the case of 405 nm excitation, the Er3+ ion is excited to the 2H9/2 state. 

Unlike the 2H11/2 state to which the ion is excited with a 525 nm excitation, energy gaps 

in the 25000 – 17000 cm-1 region are rather small (<2000 cm-1) and can be bridged by 

several phonons which makes multiphonon relaxation probable 153. Thus, in the samples 

with lower doping concentrations under 405 nm excitation cross-relaxation competes 

with multiphonon processes leading to lower PLQY values. 

At the other studied excitation wavelengths, 633 nm and 808 nm, notably lower 

PLQY values are observed, 35% and 46%, respectively. These excitation wavelengths 

are not favourable for cross-relaxation with the 4I13/2 level, offering fewer opportunities 

for the DC process compared to 405 nm and 525 nm. 1510 nm emission resonantly 

excites the 4I13/2 level. In this case PLQY of the samples with a doping level lower than 

5 mol.% is near 100%, indicating the absence of quenching. Higher doping levels lead 

to the appearance of the concentration quenching. 

The 4I11/2 - 
4I15/2 transition is the second most intense emission band. It can be 

also harvested to enhance the response of the systems sensitive to NIR radiation. The 

PLQY values (Figure 4.1c) can reach 50%. The concentration dependence of the 4I11/2 

- 4I15/2 band PLQY has a trend similar to 4I11/2 - 
4I15/2. The values go up until 5 – 12 

mol.% where the highest values are observed. Higher doping concentrations lead to a 

decrease in the observed values.  

The total emission of the two NIR emission bands (Figure 4.1d) shows PLQY 

above unity in several samples– namely crystals doped with 3 – 14 mol.% in the case 

of 405 nm excitation and 1 – 5 mol.% under 525 nm excitation. The highest value 

(153%) is observed in the sample doped with 5 mol.% of Er3+ under 405 nm excitation. 

Compared to the NIR emission (see Figure 4.1a) visible emission accounts for a small 

fraction of total yield.  
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Figure 4.1 - a) Emission spectrum of the BaF2:Er (12 mol.%) sample under 405 

nm excitation; PLQY of the b) 4I13/2 – 4I15/2 c) 4I11/2 – 4I15/2, d) total NIR emission of the 

BaF2:Er3+ single crystals under different visible range excitation. 

4.3 Enhancement of the short-circuit current of the Ge-photodiode 

Such high spectral conversion efficiency can be utilized in different ways. 

However, if the proposed application of a material is in the area of photovoltaics, then 

it should perform well under the excitation intensity equivalent to solar illumination. 

Thus, to estimate the efficiency of the BaF2:Er3+ crystal in somewhat real-life 

conditions it was decided to calculate the change in the short-circuit current of a 

commercially available Ge-photodiode under 1 Sun illumination when combined with 

the studied crystals. Ge-photodiode is chosen as the model photovoltaic system because 

the maximum of its spectral response matches with the NIR emission band of Er3+ ions. 
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Four BaF2 crystals (doped with 3, 4, 5 and 12 mol.% of Er3+ ions) that demonstrated 

the highest quantum yield values were selected for further analysis. 

 

Figure 4.2 - 1.5 am solar spectrum as well as the number of photons absorbed 

by BaF2:Er3+ crystals under solar irradiation. 

Figure 4.2 shows the number of photons absorbed by the studied crystals under 

1 Sun illumination. To estimate the number of photons emitted by the crystals, the 

visible part of the solar spectrum is split into 4 regions and it is considered that the DC 

PLQY of the crystals stays the same for any excitation wavelength in the corresponding 

range. DC PLQY in the range I is taken as one estimated under 405 nm excitation, in 

the range II – under 522 nm, range III – under 652 nm and range IV – under 808 nm 

excitation. With the number of the absorbed photons as well as DC PLQY settled it is 

possible to know the number of photons emitted in the NIR range. Considering the 

isotropic nature of the emission, when the crystal is positioned atop a Ge-photodiode, 

only half of the emitted photons can effectively reach the photovoltaic device. Thus, 

only half of the number of the emitted photons should be considered during short-circuit 

current calculations. When this value is then combined with a known spectral response 

of a Ge-photodiode the short-circuit current provided by spectral conversion in the 

crystals can be obtained. 
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Figure 4.3 - a) measured and calculated short-circuit current density 

enhancement; b) setup for the estimation of the enhancement of the short-circuit current 

of the Ge – photodiode. 

Figure 4.3a shows the results of the calculations. It can be seen that the predicted 

short-circuit current enhancement reaches 0.67 mA/cm2. To put this value into some 

context, the current generated in the Ge photodiode by the NIR (>850 nm) part of the 

solar spectrum is estimated. Using a typical response of a Ge photodiode the calculated 

value is 6 mA/cm2. It can be calculated that the enhancement is up to 11% of the initial 

current. 

The proposed setup for the measurement of Jsc enhancement is presented in 

Figure 4.3b. Er3+ doped BaF2 crystals are placed on top of the Ge – photodiode with 

silicon oil serving as the refractive index matching liquid. The whole assembly is then 

placed under a solar simulator and the J-V curves are obtained.  

An undoped BaF2 crystal on top of the photodiode increases the observed Jsc due 

to the better light coupling as in the 1500 nm region the refractive index of Ge is 4.21, 

whereas the refractive index of BaF2 is 1.46 and one of the silicon oil is 1.41. The 

increase in the Jsc introduced by the doped crystals is estimated in relation to the 

measurement with an undoped crystal. The highest value of the Jsc enhancement (0.6 

mA/cm2) is detected when the crystal doped with 12 mol.% of Er3+ ions is used. 
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A comparison of the experimental results and the calculations shows that even 

though there is a refractive index matching liquid (silicon oil) between the crystal and 

photodiode some boundary reflections are still present as well as waveguiding in the 

crystal that can help the emission to escape through the crystal sides and lead to loss of 

emission. In this case, the obtained results exhibit reasonable agreement with the 

predictions. 

4.4 Summary 

To summarise the chapter, the main results can be outlined as follows: 

- The Bridgeman method provides Er3+-doped BaF2 bulk crystals that can 

function as efficient down-conversion materials. 

- The down-conversion in a concentration series of the Er3+-doped BaF2 

samples is studied. It is shown that the PLQY value of the NIR emission can 

exceed 100%. The highest PLQY is 153% and it is obtained in the sample 

doped with 5 mol.% of Er3+ under 405 nm excitation. 

- The maximum enhancement of the Jsc of the Ge-photodiode due to the DC in 

the BaF2:Er crystal is theoretically estimated. It is 0.67 mA/cm2 for the sample 

doped with 5 mol.% of Er3+. 

- The enhancement of the Jsc of the Ge-photodiode due to the DC in the BaF2:Er 

crystal is estimated experimentally. The highest observed value is 0.6 

mA/cm2 in the case of the sample doped with 12 mol.% of Er3+. 
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5. Study of PbF2: Er3+, Yb3+ crystals 

Sections 5.2 and 5.3. The results are presented in the paper Phys. Chem. Chem. Phys., 2023, 

25, 11986-11997 154. Dmitry Busko and Ian A. Howard participated in the optical characterization of 

the samples, Bryce S. Richards and Andrey Turshatov were involved in the coordination of the work 

and the interpretation of the results. 

 

5.1 Introduction 

The available data shows that it is reasonable to expect efficient UC from the 

PbF2 crystals doped with Er3+/Yb3+ ions. The published works rarely discuss the 

absolute PLQY values as well as the effect of the doping concentration. Therefore, it is 

necessary to study the UC performance over a wide concentration range. To this end, a 

series of PbF2 crystals doped with a fixed amount of Er3+ ions (2 mol%) and a varying 

number of Yb3+ ions (2-7.5% mol.%) is synthesised. 

To carry out the study, the following objectives are set for this chapter: 

- To prove that the Bridgeman method can yield Er3+/Yb3+-doped PbF2 

crystals that are capable of efficient up-conversion. 

- To find the optimum doping concentration that gives the highest UC value. 

- To study the relationship between the radiative lifetimes, branching ratios, 

luminescence decay times and PLQY values. 

- Compare three different methods of Judd-Ofelt analysis of the powder 

samples and check the agreement with the results of the bulk crystal of the 

same chemical composition. 
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5.2 Physico-chemical properties 

The XRD diffraction patterns of the PbF2: Er, Yb samples are presented in Figure 

5.1a. All diffractograms show a pattern characteristic of a cubic unit cell that is expected 

in a PbF2 crystal (JCPDS card # 76-1816). It can be observed that the position of the 

diffraction peaks slightly changes with the doping concentration. Figure 5.1b shows the 

position of the [111] peak vs. the doping concentration. It changes towards the bigger 

angles in the samples with higher doping content.  

 

Figure 5.1 - a) Powder XRD patterns of the PbF2:Yb3+,Er3+ samples; b) change 

in the [111] peak position with increasing Yb3+ concentration; c) room temperature 

Raman spectrum of the undoped PbF2 crystal.  

The unit cell parameter is then calculated using the diffraction patterns. The 

values are shown in Figure 5.1a. They become smaller with the increase in the doping 

concentration. This as well as the previously discussed change in the peak positions is 

due to the fact that the ionic radius of the Er3+ and Yb3+ ions is smaller than that of the 
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Pb2+ ions, which causes the shrinking of the unit cell in samples with higher doping 

concentration.  

Additionally, the Raman spectrum of an undoped PbF2 crystal is presented in 

Figure 5.1c. It has one band with a maximum located at 260 cm-1. This value 

corresponds well to the phonon energy of 257cm-1 reported in previous studies 25. The 

band is broader than one found in BaF2 crystal. 

Table 5.1 - Concentrations of the doping ions based on WDXRF, unit cell 

parameters of the PbF2 doped with Er3+, Yb3+. 

Sample name Er3+ Yb3+ a, Å 

mol.,% N, 1020cm-3 mol.,% N, 1020cm-3  

Er1.5Yb1.5 1.61 3.34 1.436 2.98 5.9301 

Er2Yb2 2.106 4.36 2.141 4.44 5.9236 

Er2Yb3 2.186 4.53 3.285 6.81 5.9174 

Er2Yb5 2.116 4.38 5.142 10.66 5.9078 

Er2Yb7.5 2.116 4.38 7.713 15.99 5.8887 

5.3 Spectral and kinetic properties 

5.3.1 Absorption spectra and Judd-Ofelt calculations 

The absorption spectra of the samples, presented in Figure 2, exhibit absorption 

bands in the UV, Vis, and NIR regions, which are typical for Er3+ and Yb3+ ions. The 

transitions corresponding to the most intense bands are labelled in the figure. All bands 

exhibit consistent positions across all samples and are consistent with literature data 

23,24. 
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The absorption data is then utilized in the JO method to calculate key features of 

the excited states of Er3+ ions, such as radiative lifetime and branching ratios. The 

comparison of these radiative lifetimes with experimentally obtained luminescence 

decays allows for the determination of the fraction of excitation energy emitted via 

radiative processes. This information can be used to predict both the down-shifting 

𝜙𝐷𝑆.and the up-conversion quantum yield 𝜙𝑈𝐶
155,156. 

 

Figure 5.2 - Absorption spectra of the PbF2: Er3+,Yb3+ crystals. 

Table 5.2 - Integrated absorption cross-section of the PbF2:Er3+,Yb3+ samples 

used in the Judd-Ofelt calculations, 10-20 cm2. 

 Er1.5Yb1.5 Er2Yb2 Er2Yb3 Er2Yb5 Er2Yb7 

4G11/2 5.982 6.628 6.628 6.757 7.825 

4F7/2 2.797 3.860 3.911 3.931 4.782 

2H11/2 6.099 6.860 6.715 6.747 8.450 

4S3/2 0.972 1.649 1.361 1.293 1.727 

4F9/2 5.624 7.443 7.789 7.964 9.657 

4I13/2 34.724 41.620 42.104 44.380 54.139 
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In the present study, the JO parameters are obtained using a standard 

procedure145,146. Oscillator strengths are determined by absorption cross-sections, as 

shown in Table 5.2. These oscillator strengths are then used to calculate the Ωt values, 

which allow radiative transitions between different levels to be described. Before 

determining the Ωt values, several additional parameters, including the barycentre 

wavelength, doping concentration of Er3+ ions, refractive index, and reduced matrix 

elements, must be accurately estimated. These estimated values are given in Table 5.3, 

with reduced matrix elements obtained from literature sources 157 and refractive index 

data 158 being universal across all samples. The concentrations of doping ions are 

estimated using the WDXRF method and reported in Table 5.1. 

Table 5.3 - Barycentre wavelength (𝜆𝑏), along with literature values for the 

reduced matrix elements (U) and refractive index (n) of the transitions used in the JO 

calculations. 

Excited state b, nm [U(2)] [U(4)] [U(6)] n  

4G11/2 378.5 0.9156 0.5263 0.1167 1.8314 

2H9/2 406.5 0 0.0243 0.2147 1.8149 

4F7/2 487.0 0 0.1465 0.6272 1.7857 

2H11/2 522.0 0.7158 0.4128 0.0927 1.7774 

4S3/2 542.0 0 0 0.2235 1.7740 

4F9/2 653.0 0 0.55 0.4621 1.7593 

4I13/2 1520.0 0.0195 0.1172 14.325 1.7335 
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Table 5.4 - Radiative lifetimes (𝜏𝑟𝑎𝑑) and branching ratios (β) of some transitions 

of the PbF2:Er3+, Yb3+ samples. 

 Er1.5Yb15 Er2Yb2 Er2Yb3 Er2Yb5 Er2Yb7.5 

4S3/2-4I15/2 𝝉𝒓𝒂𝒅, ms 1.12 0.5 0.81 0.82 0.63 

 0.67 0.67 0.67 0.67 0.67 

4F9/2-4I15/2 𝝉𝒓𝒂𝒅, ms 1.47 1.11 1.06 1.03 0.86 

 0.91 0.91 0.91 0.91 0.92 

4I13/2-4I15/2 𝝉𝒓𝒂𝒅, ms 9.71 8.38 8.75 8.17 7.00 

 1 1 1 1 1 

Table 5.4 summarizes the values of radiative lifetimes (τrad) and branching ratios 

() that are important for further discussion as obtained with JO calculations. Several 

observations can be made from the results. Firstly, an increase in the doping 

concentration of Yb3+ results in higher transition probabilities and, consequently, 

shorter radiative times However, the branching ratios remain similar across all samples. 

Unfortunately, determining a simple relationship between the radiative lifetime and the 

number of emitted photons is challenging, as non-radiative relaxation and various 

quenching processes need to be considered. Nonetheless, studying luminescence decay 

and understanding the radiative lifetime can provide valuable insights into the quantum 

yield of luminescent materials. 

5.3.2 Down-shifting luminescence in PbF2: Yb3+, Er3+ crystals 

The luminescence spectra of the PbF2: Er3+, Yb3+ crystals excited at a wavelength 

of 375 nm are demonstrated in Figure 5.3a. Peaks corresponding to different transitions 

are observed in the emission spectra.  
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Figure 5.3 - (a) Emission spectra under 375 nm excitation, (b) luminescence 

decay of the Er3+:4S3/2 – 4I15/2 transition under 525 nm excitation, (c) luminescence 

decay of the Er3+:4F9/2 – 4I15/2 transition under 640 nm excitation, (d) luminescence 

decay of the Er3+:4I13/2 – 4I15/2 transition under 1535 nm excitation in the PbF2:Er3+,Yb3+ 

samples; (e) luminescence decay and (f) luminescence decay time of the Er3+:4I13/2 – 

4I15/2 of the PbF2:2 mol. % Er3+, 5 mol. % Yb3+ crystal and diluted powders under 1535 

nm excitation. 
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To correlate the experimental results with the JO calculations, the luminescence 

decays of three states (4S3/2, 
4F9/2, and 4I13/2) were studied using direct excitation of the 

aforementioned states (Figure 5.3b-d). The observation from these decays is that the 

decay time of the 4I13/2-
4I15/2 transition is consistently longer than the radiative lifetime 

calculated by the JO model (Table 5.4). This extension of decay time may be attributed 

to the re-absorption of emitted photons within the crystal35,36. To test this hypothesis, 

two exemplary crystals (Er2Yb5 and Er2Yb2) are carefully ground and diluted with 

undoped PbF2 powder until the undoped/doped ratio is 19 to 1. The local concentration 

of Er3+ and Yb3+ remained unchanged, but the re-absorption is significantly reduced by 

dilution. This resulted in a pronounced decrease in the decay time (Figure 5.3e), which 

dropped from 8.8 ms in a crystalline sample to 5.4 ms for the most diluted powders 

(Figure 5.3f). The luminescence decays of the other two transitions (4S3/2-
4I15/2 and 4F9/2-

4I15/2) were also prolonged in the crystal, suggesting the presence of re-absorption, but 

to a much lesser extent.  

Figure 5.3b exhibits a second phenomenon, which is the multi-exponential 

behaviour of all the decays. Cross-relaxation between the 4S3/2 state of Er3+ and the 

ground states of Er3+ (4I15/2) and Yb3+ (2F5/2) is well known 159. This cross-relaxation rate 

can vary due to the distribution of the inter-ion distance (Er3+-Er3+ or Er3+-Yb3+), 

resulting in a multi-exponential decay. To simplify the analysis, a bi-exponential model 

was used to fit the decays in Figure 5.3b, and the results are presented in Table 5.5. It 

is worth noting that crystals with the lowest Er3+ concentration (Er1.5Yb1.5 and 

Er2Yb2) exhibit a short-lived component with decay times of 0.18 and 0.08 ms, 

respectively, and a substantial contribution from the long-lived component with decay 

times of 1.08 and 0.94 ms while JO calculation predicts radiative lifetimes of 1.12 and 

0.85 ms (Table 5.4). Therefore, a closer examination of the decays of Er1.5Yb1.5 and 

Er2Yb2 crystals shows that the long-lived component of the decay is close to or even 
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exceeds the radiative lifetime obtained with the JO method, which cannot be attributed 

to simple re-absorption and demands an explanation. 

Table 5.5 - Decay times obtained after fitting the experimental decays in Figures 

3b-3d with single-exponential (4I13/2-
4I15/2 and 4F9/2-

4I15/2 transitions) and bi-exponential 

(4S1/2-
4I15/2 transition) functions. 

crystal t (4I13/2-4I15/2), ms t (4F9/2-4I15/2), ms 

Er1.5Yb1.5 11.9  0.44 

Er2Yb2 8.4  0.36 

Er2Yb3 8.9  0.38 

Er2Yb5 9.5  0.36 

Er2Yb7.5 9.6  0.37 

4S1/2-4I15/2 

crystal t1, ms A1 t2, ms A2 

Er1.5Yb1.5 0.18 0.37 1.08 0.58 

Er2Yb2 0.075 0.94 0.936 0.12 

Er2Yb3 0.055 1.00 0.635 0.08 

Er2Yb5 0.047 0.96 0.561 0.05 

Er2Yb7.5 0.039 1.01 0.254 0.03 

 

The distribution of radiative decay times in MF2 (M = Ca, Sr, Ba, Pb)160,161 may 

be multi-exponential due to the formation of clusters of lanthanide ions. Such clusters 

can affect radiative transitions, leading to different symmetries for Er3+ ions. In the 

highly symmetric environment of the cubic PbF2 crystal structure, the long-lived 

component of the decay could correspond to individual Er3+ ions. In contrast, the short-

lived component could correspond to Er3+ ions in a less symmetric environment, such 

as ion clusters. Luminescence decays are capable of distinguishing between these two 
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symmetries because of the strong cross-relaxation of the 4S3/2 state, which is expected 

for the cluster environment due to the shorter interionic distance. However, detecting 

the two different environments for the 4F9/2 and 4I13/2 states is more challenging because 

these states do not participate in cross-relaxation, and the difference in radiative 

lifetimes is hardly noticeable in experimental decays. 

By analyzing the amplitude ratio (Ai) of the short-lived and long-lived 

components (as shown in Table 5.5), one can determine the fraction of Er3+ ions 

distributed in the two distinct crystalline environments. For crystals with lower doping 

concentrations like Er1.5Yb1.5 and Er2Yb2, the values of A1 and A2 (which correspond 

to the amplitudes of the short-lived and long-lived components, respectively) are 

comparable. In such cases, the JO model may provide an "average" value of the 

radiative lifetime, although the applicability of the JO model to a material with two 

radiative lifetimes is uncertain. With an increase in Yb3+ concentration (such as in 

Er2Yb3, Er2Yb5, and Er2Yb7.5 crystals), the number of Er3+ ions in the cluster fraction 

increases, and it becomes more than 95% for the Er2Yb5 crystal. Therefore, for further 

analysis of the correlations between JO calculations and experimental results, the 

Er2Yb5 crystal with a dominant radiative lifetime is selected. 

Under the assumptions that (i) each 4S3/2, 
4F9/2, and 4I13/2 state in the Er2Yb5 

crystal has a single radiative lifetime value, (ii) there exists a constant quenching rate 

for these states, where the quenching mechanism for the 4S3/2 state is cross-relaxation 

with the ground states (4I15/2 or 2F5/2), and (iii) the measurement artefact associated with 

re-absorption of emitted photons is eliminated, a simple equation binds the radiative 

lifetime, decay time, and quantum yield: 

 𝜙𝐷𝑆 = 𝛽
𝜏

𝜏𝑟𝑎𝑑
 .      25 

Here, β represents the branching ratio, 𝜏𝑟𝑎𝑑 is the radiative decay time derived 

from the JO analysis, and τ is the decay time measured experimentally. 
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For the 4S3/2 - 
4I13/2 transition in the Er2Yb5 sample, it is highly probable that the 

requirements (i)-(iii) are satisfied, as this transition is less impacted by re-absorption. 

With a decay time (τ) of 0.04 ms, a radiative lifetime (𝜏𝑟𝑎𝑑) of 0.82 ms, and a branching 

ratio (β) of 0.28, the quantum yield of the 4S3/2 - 
4I13/2 luminescence can be calculated 

as 𝜙𝐷𝑆= 1.4% using Eqn.25, which closely matches the measured value of 𝜙𝐷𝑆= 1.3% 

(Table 5.6). 

Table 5.6 - 𝜙𝐷𝑆 (%) of some transitions in the PbF2:Er3+, Yb3+ samples upon 

excitation of the 4S3/2, 
4F9/2, Er3+:4I11/2 & Yb3+:2F7/2 and 4I13/2 levels. 

Excitation Emission Er1.5Yb1.5 Er2Yb2 Er2Yb3 Er2Yb5 Er2Yb7.5 

522 nm 

0.1 W/cm2 

4S3/2 – 4I15/2 5.4 3.2 3.5 3.1 2.5 

4S3/2 – 4I13/2
 2.0 1.2 1.5 1.3 0.9 

4F9/2 – 4I15/2 8.7 7.6 7.0 4.0 1.7 

{Er3+:4I11/2 & 

Yb3+:2F7/2} 

46.7 51.9 57.0 48.3 42.0 

652 nm 

0.3 W/cm2 

4F9/2 – 4I15/2 22.0 23.5 28.2 24.7 23.4 

{Er3+:4I11/2 & 

Yb3+:2F7/2} 

29.5 31.9 31.5 29.4 18.9 

940 nm 

0.1 W/cm2 

{Er3+:4I11/2 & 

Yb3+:2F7/2} 

37.3 60.6 69.4 52.9 43.2 

4I13/2– 4I15/2 3.0 4.4 4.5 2.7 3.0 

1495 nm 

0.1 W/cm2 

4I13/2– 4I15/2 
85.1 74.8 69.2 68.6 69.5 

 

When the same equation 25 is applied to the 4S3/2 - 4I15/2 and 4F9/2 - 4I15/2 

transitions, the calculated quantum yield values are 𝜙𝐷𝑆= 3.3% and 𝜙𝐷𝑆 = 29.2%, 

respectively. However, the measured quantum yields using an integrating sphere and 
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correction procedure (iperWilson and Richards 162) are lower, with values of ϕDS = 

3.1% and ϕDS= 24.7%, respectively (Table 5.6). It is believed that the difference 

between the predicted quantum yields (based on lifetime) and the experimentally 

measured quantum yields (3.3% vs. 3.1% for the 4S3/2 - 
4I13/2 transition, and 29.2% vs. 

24.7% for the 4F9/2 - 4I15/2 transition) represents the level of agreement that can be 

realistically expected between the JO calculations and the experimental results. 

Using the data in Table 5.6, one can estimate the transition probabilities for 4S3/2 

– 4F9/2 and {Er3+:4I11/2 & Yb3+:2F7/2} – 4I13/2 based on the values of ϕDS. The three energy 

level model shown in Figure 5.4 can be used to calculate the probability of the transition 

𝜑2−1 as the sum of radiative and non-radiative transitions, using the quantum yields of 

the radiative transition (𝜙1−0) at excitations (0-1) and (0-2): 

𝜑2−1 =
𝜙1−0(0−2)

𝜙1−0(0−1)
.      26 

 

Figure 5.4 - Energy transfer diagrams for the case of DC emission, where the 

ground state 0 is Er3+:4I15/2, excited state 1 is either Er3+:4I13/2 or Er3+:4I9/2 and excited 

state 2 is either Er3+:4I11/2 or Er3+:4S3/2. 

As the branching ratio (β) for the 4S3/2 - 
4F9/2 transition is very small (310-4), 

𝜑2−1 for the 4S3/2 state denotes the proportion of all excited 4S3/2 states that undergo 

non-radiative decay (via multiphonon relaxation) to the 4F9/2 state. On the other hand, 
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in the case of {Er3+:4I11/2 & Yb3+:2F7/2} - 4I13/2, the value of β is unknown, and hence 

𝜑2−1 represents the fraction of all excited {Er3+:4I11/2 & Yb3+:2F7/2} states that undergo 

both radiative and non-radiative relaxation to the 4I13/2 state. 

The information presented in Table 5.7 indicates that φ2−1 for the {Er3+:4I11/2 & 

Yb3+:2F7/2} - 4I13/2 transition remains nearly constant (0.036 – 0.065) for all Yb3+ 

concentrations, and is slightly lower than the probability of the 4I11/2-
4I13/2 radiative 

transition. This is consistent with previous findings that the branching ratio for the 4I11/2-

4I13/2 transition in Er3+ doped fluorides falls within the range of 0.11-0.15155,163,164. In 

contrast, the value of 𝜑2−1 for the 4S3/2 – 4F9/2 transition decreases as the Yb3+ 

concentration grows, indicating that cross-relaxation becomes more prevalent than non-

radiative relaxation in crystals with high Yb3+ doping concentration. 

Table 5.7 - Transition probabilities between certain Er3+ excited states in the 

PbF2:Er3+, Yb3+ samples in the low excitation intensity range (0.1 – 0.3 W/cm2). 

𝜑2−1 Er1.5Yb1.5 Er2Yb2 Er2Yb3 Er2Yb5 Er2Yb7.5 

4S3/2 – 4F9/2 0.395 0.323 0.248 0.136 0.073 

{Er3+:4I11/2 & Yb3+:2F7/2} 

– 4I13/2 
0.036 0.059 0.065 0.039 0.043 

 

5.3.3 Judd-Ofelt calculations for powder samples. 

The use of JO calculations is beneficial for predicting parameters such as 

radiative transition rates, branching ratios, and quantum efficiencies, providing insights 

into material applicability. However, obtaining single crystals for JO analysis can be 

challenging, as new materials are often synthesized as micro- or nanoparticles. 

Absorption cross-section determination for JO analysis requires knowledge of the light 

propagation path, which is difficult to determine in powder samples. Consequently, 

powder samples are usually analyzed using excitation 32 and diffuse reflection 33,34,165 
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spectra. To evaluate the accuracy of JO calculations for powder samples, we assumed 

that known JO calculation results for equivalent crystals could be used. To test this 

approach, a portion of the Er2Yb5 crystal is ground into microparticles and analyzed 

using excitation and diffuse reflectance spectra. 

In the context of Er3+ ions, various methods of JO analysis for powder samples 

rely on the luminescence decay time of the 4I13/2 – 4I15/2 transition to calibrate the JO 

parameters Ωt. However, this approach assumes that the luminescence decay time of 

the 4I13/2 – 4I15/2 transition is equal to the radiative lifetime and that the 𝜙𝐷𝑆 of the 

transition is 100% when the 4I13/2 state is excited. These assumptions do not account for 

possible non-ideal sample and quenching processes that may occur. To address this 

issue, the 𝜙𝐷𝑆 of the 4I13/2 – 4I15/2 transition is experimentally determined to be 62.4% 

using 1495 nm excitation. Moreover, our previous results have shown that the decay 

times obtained for crystal and powder samples of the same chemical composition differ 

significantly due to reabsorption effects 166. For instance, the decay time of the 4I13/2 – 

4I15/2 transition in the Er2Yb5 crystal is 8.8 ms, while the same transition in the powder 

has a decay time of 7.4 ms (and 5.4 ms for the diluted powder (Figure 5.3f). Notably, 

the experimentally measured lifetime in the crystal exceeds the radiative lifetime 

obtained from JO analysis, which is 8.4 ms. 

By using Eq. 25 with β=1, the radiative lifetime of the 4I13/2 – 4I15/2 transition is 

experimentally determined to be 7.9 ms (with 𝜙𝐷𝑆=68.6% and τ=5.4 ms), which agrees 

well with the value of 8.4 ms obtained from JO calculations for the crystal. It is 

interesting to note that quenching reduces the luminescence decay time, while 

reabsorption increases it. To simplify matters, the radiative lifetime of 8.4 ms obtained 

for the crystal was used in further calculations for the powder sample. 

Three methods described previously in the state-of-the-art section of this work 

are tested with an Er2Yb5 sample as a reference. The spectra used in the calculations 

are shown in Figure 5.5. 
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Figure 5.5 - a) the excitation spectrum of the 4S3/2 – 4I15/2 transition (detection at 

540 nm); b) the reflectance spectrum of the Er2Yb5 powder sample. 

To compare the results obtained from three different methods, the root mean 

square (RMS) values of the radiative lifetimes obtained for the crystalline and powder 

samples were calculated (shown in Table 5.8). The comparison of Ωt values in Table 

5.9 further highlights the differences between the three methods. 
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Table 5.8 - Comparison of the radiative lifetime of Er2Yb5 powder obtained with 

different approaches based on the JO theory. 

Emission band 
Lifetime, ms 

Crystal Method A 32 Method B 33 Method C 34,165 

4G9/2 – 4I15/2 0.562 0.399 0.585 0.501 

2H11/2 – 4I15/2 0.617 0.355 0.892 0.767 

4S3/2 – 4I15/2 0.820 0.734 0.710 0.611 

4F9/2 – 4I15/2 1.031 0.509 1.661 1.428 

4I9/2 – 4I15/2 8.425 3.814 17.556 14.688 

4I11/2 – 4I15/2 9.020 8.438 9.012 7.263 

4I13/2 – 4I15/2 8.174 8.194 12.715 8.094 

Relative RMS (with 4I9/2) 0.914 1.440 0.936 

Relative RMS (w/o 4I9/2) 0.732 0.949 0.568 

Table 5.9 - The comparison of Ωt parameters of Er2Yb5 powder obtained by 

different methods. 

 
Lifetime, ms 

Crystal Method A 32 Method B 33 Method C 34,165 

Ω2 1.342x10-20 1.085x10-20 6.782x10-21 7.267x10-21 

Ω4 4.696x10-21 1.789x10-20 3.144x10-21 3.368x10-21 

Ω6 1.795x10-20 9.519x10-21 1.004x10-20 1.076x10-20 

Relative RMS 2.856 0.740 0.671 

 

Although none of these approaches provides perfect consistency between 

transition probabilities, both Method A 32 and Method C 34,165 show acceptable 

agreement between values calculated on a single crystal sample and results obtained on 

powder. Considering the differences in Ωt values, Method C 34,165 is a better choice. It 
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is worth noting that the radiative lifetime of a weak 4I9/2 – 4I15/2 transition displays the 

greatest difference between the methods. This state has lower absorption and emission 

intensity and worse agreement between experimental and calculated transition 

probabilities compared to other excited states of Er3+164. However, even when excluding 

this transition from the calculation of RMS (Table 5.8), the conclusion that Method C 

34,165 provides a better fit for the parameters calculated for the single crystal remains 

unchanged. 

5.3.4 Up-conversion luminescence in PbF2: Yb3+, Er3+ crystals 

Knowing the 𝜙𝐷𝑆 values for the emitting states 4S3/2 and 4F9/2, as well as the decay 

times of the intermediate states {Er3+
:
4I11/2 & Yb3+:2F7/2}, and 4I13/2, one can estimate the 

efficiency of the UC process that occurs via excited state energy transfer. Generally, 

the efficiency of UC, denoted by 𝜙𝑈𝐶, should not exceed 0.5𝜙𝐷𝑆, as UC involves a two- 

or three-photon process. Moreover, a longer decay time of the intermediate states 

{Er3+
:
4I11/2 & Yb3+:2F7/2}, and 4I13/2 increases the likelihood of UC at lower excitation 

intensities, which is significant for various applications. 

The up-conversion emission spectra under 976 nm excitation with an intensity of 

350 W/cm2 are shown in Figure 5.6a, with all spectra normalized to the maximum 

intensity of the 4F9/2 – 4I15/2 transition. In this study, the UC properties of the crystals 

are experimentally investigated using a direct approach, wherein 𝜙𝑈𝐶 was measured in 

the integrating sphere at varying excitation intensities of the 976 nm laser. However, it 

is crucial to note that the measurement results of 𝜙𝑈𝐶 may be biased in several ways 

167.  
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Figure 5.6 - a) UC emission spectra under the 976 nm excitation (intensity of 

350 W/cm2); b) 𝜙𝑈𝐶 in the intensity range of 0.1 – 350 W/cm2. 

One possible solution to the first issue is to estimate the sample's temperature by 

analyzing the ratio of the 2H11/2 – 4I15/2 and 4S3/2 – 4I15/2 emission bands, which are 

thermally linked. The temperature can be determined using the following equation: 

1

𝑇
= 

1

𝑇0
−

𝑘𝐵

∆𝐸
∙ ln (

𝐼520𝐼550
0

𝐼550𝐼520
0 ).     27 

Here, 𝑘𝐵 is the Boltzmann constant, ∆𝐸 denotes the energy difference between 

the 2H11/2 and 4S3/2 levels, 𝐼520 and 𝐼550 refer to the emission intensities of the 2H11/2 and 

4S3/2 levels respectively, 𝑇0 is the initial temperature in the absence of excitation and 

𝐼520
0  and 𝐼550

0  are the emission intensities at the initial temperature. 

The literature provides a detailed description of the procedure, as outlined in 

work 168, and the results obtained with Eqn. 27 are presented in  Figure 5.7b. It is evident 

from the figure that only the sample with the highest concentration of Yb3+ (Er2Yb7.5) 

experienced any noticeable temperature change. The issue of re-absorption in the 

integrating sphere can be addressed using the same methodology as for ϕDS, as 

illustrated in Table 5.6. To account for the impact of sample size on the calculated ϕUC 

values, some assumptions must be made. A crystalline sample with a given thickness 

is assumed to be a seamless stack of layers. The ϕUC of each layer is assumed to be 

proportional to 𝐼𝑛, where I is the incident intensity, and n is varied from 0 to 1 to 
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demonstrate various power dependencies of 𝜙𝑈𝐶. It is then feasible to calculate the 

number of incident and absorbed photons for each layer, as well as the 𝜙𝑈𝐶 of the layer. 

The combination of these two values (𝜙𝑈𝐶 and n) gives the number of photons emitted 

by each layer. By summing the emitted and absorbed photons in each layer, the 𝜙𝑈𝐶 of 

the sample can be estimated based on the measured 𝜙𝑈𝐶. 

 Figure 5.7 - ϕUC and slopes (k) of the ϕUC dependence of a) total UC emission in 

the 400 – 900 nm range, b) Sample temperature as a function of incident 976 nm 

intensity. 

The ϕUC values are presented in  Figure 5.7 after the aforementioned corrections 

(similar to the detailed explanation given in 167). It is observed from the data in Figure 

5.7a that ϕUC increases as the incident intensity increases, reaching its maximum value 

of 5.9% at 350 W/cm2 for the Er2Yb3 crystal. As with other materials studied with the 

same structure, such as BaF2: Er3+, Yb3+ 24 and SrF2:Er3+, Yb3+169 , the highest ϕUC is 

observed in the samples with the maximum amount of Yb3+ ions (7.5%) at low 

intensities (< 10 W/cm2), whereas at higher intensities (> 10 W/cm2), samples with a 

lower concentration (3%) of Yb3+ demonstrate the highest 𝜙𝑈𝐶. 

In order to examine the experimental dependence of 𝜙𝑈𝐶 on excitation intensity, 

a method proposed by Joseph et al. 170 is used to estimate a single figure of merit 

parameter of the UC process - critical power density (CPD). The maximum value of 
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the quantum yield (𝜙𝑈𝐶𝑠𝑎𝑡) and the energy transfer rate between donor and acceptor 

ions (k12) can be derived from the CPD value. It is worth noting that the CPD concept 

was developed for a two-photon UC process, such as population and emission from the 

4S3/2 state, and not for a three-photon process, which refers to emission from the 4F9/2 

state. Table 5.10 displays experimental values of the UC quantum yield at a maximum 

intensity of 350 W/cm2 (Max 𝜙𝑈𝐶), CPD values, 𝜙𝑈𝐶 𝐶𝑃𝐷 (UC quantum yield at an 

intensity corresponding to the CPD), as well as 𝜙𝑈𝐶𝑠𝑎𝑡 and k12 derived from the CPD. 

Table 5.10 - Maximum (at 350 W/cm2) 𝜙𝑈𝐶values for UC emission in the 400 – 

900 nm range (Max 𝜙𝑈𝐶  total) and for the 4S3/2 – 4I15/2 emission (Max 𝜙𝑈𝐶  
4S3/2 – 4I15/2); 

CPD; 𝜙𝑈𝐶 at CPD (𝜙𝑈𝐶 𝐶𝑃𝐷); and saturation 𝜙𝑈𝐶  (𝜙𝑈𝐶𝑠𝑎𝑡) as well as energy transfer 

rate (k12) of the 4S3/2 – 4I15/2 transition. 

 Er1.5Yb1.5 Er2Yb2 Er2Yb3 Er2Yb5 Er2Yb7.5 

Max 𝝓𝑼𝑪  total, % 4.3 4.7 5.9 4.4 5.8 

Max 𝝓𝑼𝑪  
4S3/2 – 4I15/2, % 1.0 0.9 1.2 1.1 1.3 

CPD 4S3/2 – 4I15/2,, W/cm2 48.4 37.9 17.8 16.0 9.2 

𝝓𝑼𝑪 𝑪𝑷𝑫, % 0.4 0.3 0.4 0.2 0.2 

𝝓𝑼𝑪𝒔𝒂𝒕 
4S3/2 – 4I15/2, % 2.7 1.3 2.6 1.2 1.3 

k12, *10-17 cm3/s 0.6 1.5 2.1 1.9 5.4 

 

From the data presented in Table 5.10, several conclusions can be drawn. Firstly, 

the CPD value decreases as the concentration of Yb3+ ions in the sample increases, with 

the Er2Yb7.5 sample demonstrating the lowest CPD value of 9.2 W/cm2. Previous 

studies have reported lower CPD values of approximately 1 W/cm2 for highly efficient 

hosts such as NaYF4, YF3, YCl3, and La2O3, but these values are observed at much 

higher Yb3+ concentrations (18%) 170. Therefore, a high concentration of Yb3+ ions is 

preferred to obtain a high quantum yield at a lower excitation intensity. Secondly, the 
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sample with the lowest doping concentration (Er1.5Yb1.5) is expected to have the 

highest value of ϕUCsat, indicating that cross-relaxation has a significant impact on the 

UC process. Interestingly, ϕUCsat values in Table 5.10 are approximately 0.5 times the 

values of ϕDS presented in Table 5.6 for most samples, with slightly larger deviations 

for the Er2Yb7.5 sample. This suggests that in the case of the 4S3/2 state, the relatively 

low 𝜙𝐷𝑆 may limit the achievement of high 𝜙𝑈𝐶 values. 

The two-photon process responsible for green UC emission from the 4S3/2 state 

is widely recognized, but the origin of the red UC emission from the 4F9/2 state is more 

complex. One hypothesis suggests that if the 4F9/2 state is populated through relaxation 

of the 4S3/2 state, as well as a two-photon process, then the red-to-green (R/G) ratio in 

the UC spectra should be similar to the R/G ratio obtained from direct excitation of the 

4S3/2 state. To investigate this possibility, a comparison of the R/G ratios for the UC and 

DC processes is conducted, which may help to determine the mechanism of the 4F9/2 

state population. Figure 5.8a shows that the R/G ratio changes as a function of 

excitation intensity in the UC process for the Er2Yb5 sample. At low excitation 

intensities (<1 W/cm2), the R/G ratio in the UC spectra corresponds well to the R/G 

value obtained by direct excitation of the 4S3/2 state. Therefore, it is likely that the 4F9/2 

state originates from the 4S3/2 state via non-radiative relaxation. However, increasing 

the excitation intensity (>1 W/cm2) leads to an increase in the R/G ratio, which may be 

explained by either the Berry and May model 171, where the 4F9/2 state results from the 

three-photon process of populating the 2H9/2 state and the subsequent back energy 

transfer to Yb3+, or the ETU process involving the 4I13/2 state. In turn, the 4I13/2 state can 

arise either by radiative transition from the 4I11/2 or 2S3/2 states or by cross-relaxation of 

the 4S3/2 state. Although it is difficult to determine the best model, an interesting 

observation was made in Figure 5.8b: the quantum yield of the 4I13/2 state increases 

sublinearly with the excitation intensity, which indicates that the concentration of 4I13/2 

states also increases sublinearly. This suggests that the 4F9/2 state is mainly populated 
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by the ETU process: 4I13/2 + 2F5/2  4F9/2 + 2F7/2. Figure 5.8 also confirms similar trends 

in the R/G ratio and ϕDS for other investigated samples, which supports the assumption 

that additional population of the 4F9/2 state due to cross relaxation may be valid for a 

wide range of Yb3+ concentrations (1.5 – 7.5%). 

 

Figure 5.8 - (a) Ratio of the intensities of the 4F9/2 – 4I15/2 (Red) transition and the 

4S3/2 – 4I15/2 (Green) transition as a function of 976 nm excitation intensity in the 0.1 – 

350 W/cm2; (b) 𝜙𝐷𝑆 of the Er3+:4I13/2 – 4I15/2 transition as a function of intensity at 940 

nm excitation. 

The results of the investigation reveal that the 𝜙𝑈𝐶 of PbF2:Er3+, Yb3+ crystals 

does not surpass that of the SrF2:Er3+, Yb3+ (𝜙𝑈𝐶= 6.5 %) and BaF2:Er3+, Yb3+ (𝜙𝑈𝐶= 

10.0 %) crystal series. Nevertheless, the extensive data set presented in this study of 

PbF2:Er3+, Yb3+ crystals can contribute significantly to the current understanding of UC 

phenomena and serve as a reference data set for the practical applications of UC 

materials. By providing a thorough analysis of the UC behaviour in these crystals, this 

work sheds light on the underlying mechanisms governing the UC process in rare-earth-

doped fluorides, which is critical for developing new and more efficient UC materials. 

Moreover, these findings open new avenues for future research in this area and offer 

valuable insights for the optimization of UC materials for a wide range of applications. 
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5.4 Summary 

The main results presented in this chapter are: 

- The Bridgeman method provides Er3+/Yb3+-doped PbF2 bulk crystals that can 

function as efficient up-conversion materials. 

- The highest UC value is detected under 350 W/cm2, 976 nm excitation in the 

sample doped with 2 mol.% of Er3+, 3 mol.% of Yb3+ ions and is equal to 

5.9%. 

- The analysis of the radiative lifetimes and branching ratios obtained by Judd-

Ofelt theory and the luminescence decay times obtained experimentally 

reveal a simple method for estimating the PLQY value of the emission levels 

of Er3+ under resonant excitation. 

- Three methods of the Judd-Ofelt analysis of the Er3+-doped powder are 

studied. It is shown that the method using the emission spectra gives the best 

agreement between the results obtained in the powder and the crystal of the 

same chemical composition 
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6. Study of YF3: Ce3+, Yb3+ powders 

Sections 6.2 through 6.4. The results are presented in the paper Opt. Mat., 2019, 95, 109256 

172. The co-authors from the Prokhorov General Physics Institute synthesized the samples, A.R. 

Khadiev and V.G. Gorieva participated in the optical characterization, A.S. Nizamutdinov and V.V. 

Semashko were involved in the coordination of the work and the interpretation of the results. 

 

6.1 Introduction 

The combination of the Ce3+ and Yb3+ ions can theoretically allow the 

observation of quantum cutting under UV excitation. YF3 is a suitable host for this 

doping ion pair due to its low phonon energy and the same valence of Y3+ and Ce3+/Yb3+ 

ions. To perform a complex analysis two series of samples are synthesised. One series 

has a fixed amount of Ce3+ ions (0.05 mol%) and a varying number of Yb3+ ions (0-

10% mol.%), while the second series has a fixed amount of Ce3+ ions (0.1 mol%) and 

a varying number of Yb3+ ions (0-10% mol.%). 

To carry out the study, the following objectives are set for this chapter: 

- To prove that efficient down-shifting is possible in the Ce3+/Yb3+-doped 

YF3 powders. 

- To study the energy transfer between the doping ions: determine the 

energy transfer mechanism and the energy transfer coefficient. 

- Find the optimum doping concentration that gives the highest PLQY value. 
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6.2 Physico-chemical properties 

A characteristic X-ray diffraction pattern of the YF3:Yb, Ce samples is presented 

in Figure 6.1.  

All YF3: Yb, Ce samples are single-phase and have an orthorhombic symmetry, 

which corresponds to the low-temperature β-YF3 type structure 
173,174. The unit cell 

parameters are calculated using X-ray diffraction data. The results are given in the 

Table 6.1. The formation of a solid solution is confirmed by the change in the unit cell 

parameters of samples containing doping ions in comparison with undoped samples. (a 

= 6.353 Å, b = 6.850 Å, c = 4.393 Å, JCPDS card # 74-0911). 

 

 

Figure 6.1 - X-ray diffraction patterns of the YF3; Ce(0.05 mol.%), Yb(10.0 

mol.%) sample. 
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Table 6.1 -Unit cell parameters of the YF3 Ce, Yb samples. 

Sample Cell parameters, Å 

a b c 

Ce0.05 6.346(2) 6.832(2) 4.386(1) 

Ce0.1 6.358(1) 6.851(2) 4.3862(8) 

Ce1 6.359(1) 6.852(2) 4.3873(7) 

Ce0.1Yb1 6.359(1) 6.853(2) 4.3870(7) 

Ce0.1Yb5 6.354(1) 6.849(1) 4.3886(7) 

Ce0.1Yb10 6.350(2) 6.843(2) 4.390(1) 

Ce0.05Yb1 6.348(2) 6.841(3) 4.382(1) 

Ce0.05Yb5 6.3576(9) 6.855(1) 4.3921(6) 

Ce0.05Yb10 6.3563(5) 6.8491(7) 4.3934(3) 

6.3 Spectral and kinetic properties 

4f - 5d transitions are dipole-dipole allowed and their cross sections are several 

orders of magnitude higher than those of 4f - 4f transitions. Usually, the absorption 

bands corresponding to the 4f - 5d transitions of the Ce3+ ion are located in UV or blue 

spectral regions 175. The lowest energy absorption bands of the Ce3+ ion in the YF3
 host 

are located around 250 nm 176. Intense emission at a wavelength of about 300 nm, which 

corresponds to the 4f - 5d transition of the Ce3+ ion, as well as much weaker emission 

of the Yb3+ ion at a wavelength of about 980 nm (see Figure 6.2) is observed under 266 

nm laser excitation. One can notice that with an increase in the concentration of Yb3+ 

ions, the relative intensity of emission of these ions becomes comparable with the 

intensity of luminescence of Ce3+ ions. 
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Figure 6.2 - Emission spectra of YF3: Ce3+, Yb3+ samples under 266 nm 

excitation. 

The internal luminescence quantum yield is estimated using an integrating 

sphere. The excitation wavelength is 266 nm. The low emission intensity of the samples 

with the concentration of Yb3+ ions below 1 mol.% is not sufficient to calculate the 

quantum yield values. The results of the remaining measurements are given in the Table 

6.2.  

Table 6.2. Internal luminescence quantum yield of Yb3+ ions in YF3 host. 

REE content, mol % Ce0.05 Ce0.1 

Yb5 0.8 0.5 

Yb10 0.9 0.6 

Luminescence decay curves of Ce3+ ions are detected at a wavelength of 290 nm. 

All samples are excited with 266 nm pulsed laser emission. In the Figure 6.3, it is seen 

that the luminescence decay curve of Ce3+ ions has a non-mono-exponential behaviour 

in the samples with higher Yb3+ concentration. This can be explained by the fact that 

the main channel of excitation loss is the energy transfer between the ions as well as 

the complex nature of the energy transfer mechanism. The average luminescence 

lifetimes are calculated using the following formula: 

𝜏𝑎𝑣𝑔 = 
∫ 𝑡∗𝐼(𝑡)𝑑𝑡

∫ 𝐼(𝑡)𝑑𝑡
.      28 
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Here I(t) is the intensity of the luminescence of the Ce3+ ions at time t. 

 

Figure 6.3 - Luminescence decay curves corresponding to the 5d-4f transition 

of Ce3+ ions in the YF3:Ce3+, Yb3+ samples under 266 nm excitation.  

The obtained average luminescence decay time makes it possible to estimate the 

energy transfer coefficients from the Ce3+ to the Yb ions3+ using the following 

expression: 

𝑘𝐸𝑇 = 1 −
𝜏𝑥𝑌𝑏

𝜏0𝑌𝑏
.      29 

Here 𝜏𝑥𝑌𝑏 is the luminescence decay time of a sample co-doped with Ce3+ and 

Yb3+ ions; 𝜏0𝑌𝑏 is the luminescence decay time of a sample doped with only Ce3+ions. 

Table 6.3. Average luminescence decay time of the 5d-4f transition of Ce3+ ions 

and energy transfer coefficients in the YF3:Ce3+, Yb3+ samples under 266 nm 

excitation. 

REE content, mol % 
Ce0.05 Ce0.1 

𝑡𝑎𝑣𝑔, ns 𝑘𝐸𝑇, % 𝑡𝑎𝑣𝑔, ns 𝑘𝐸𝑇, % 

Yb0 24 - 23 - 

Yb1 22 8.3 22 4.3 

Yb5 18 25.0 19 17.4 

Yb10 15 37.5 16 30.4 
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Average luminescence decay time as well as energy transfer between Ce3+ and 

Yb3+ ions are shown in the Table 6.3. The data in the table shows that the highest energy 

transfer coefficient (37.5%) is observed in the sample with Ce3+/Yb3+ doping 

concentration = 0.05/10 mol.%.  

Luminescence decay curves of the 2F5/2 - 
2F7/2 transition of the Yb3+ ions are 

recorded at 1022 nm. 266 nm and 976 nm wavelengths are used as excitation. The 

obtained results are presented in the Figure 6.4. 

The luminescence decay curves have a shape close to the mono-exponential, and 

luminescence lifetime drops with an increase in Yb3+ concentration. This effect can be 

explained by the concentration quenching of luminescence. The average luminescence 

decay time of Yb3+ ions is given in the Table 6.4. The data in the table shows that the 

concentration of Ce3+ ions has no noticeable influence on the luminescence lifetime of 

Yb3+ ions. In addition, the obtained luminescence decay time of Yb3+ stays the same 

and exhibits the same concentration quenching under both excitation wavelengths. 

 

Figure 6.4 - Luminescence decay curves corresponding to the 2F5/2 - 
2F7/2 

transition of Yb3+ ions in the YF3:Ce3+,Yb3+ samples, observed at 1022 nm under (a) 

266 nm and (b) 976 nm excitation. 
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Table 6.4 - Average luminescence decay time of the 2F5/2 - 
2F7/2 transition of 

Yb3+ ions in the YF3:Ce3+,Yb3+ samples under 266 nm and 976 nm excitation. 

REE content, mol % 

Ce0.05 Ce0.1 

𝑡𝑎𝑣𝑔 (ms) 

266 nm 

excitation 

𝑡𝑎𝑣𝑔 (ms) 

976 nm 

excitation 

𝑡𝑎𝑣𝑔 (ms) 

266 nm 

excitation 

𝑡𝑎𝑣𝑔 (ms) 

976 nm 

excitation 

Yb1 1.8 2.0 1.7 1.8 

Yb5 1.9 1.9 1.9 1.9 

Yb10 1.6 1.5 1.5 1.5 

6.4 Energy transfer mechanism 

To study the mechanisms of down-conversion processes in the studied samples 

in more detail, the dependence of the luminescence intensity of Ce3+ and Yb3+ ions on 

the 266 nm excitation intensity is investigated. The obtained dependence is fitted with 

a function 30. This approach was used earlier in the work 177. 

𝐼𝑛𝑜𝑟𝑚(𝐸𝑛𝑜𝑟𝑚) =  𝐸𝑛𝑜𝑟𝑚
𝑝

 .     30 

Here Inorm is the normalised luminescence intensity and Enorm is the normalised 

per excitation intensity. 

 

 

Figure 6.5 - Dependence of luminescence intensity of Yb3+ and Ce3+ ions in the 

YF3:Ce3+(0.05%), Yb3+(5.0%) sample on 266 nm excitation intensity. 
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The dependence of Inorm on Enorm is presented in Figure 6.5. It has a nonlinear 

shape with a p coefficient equal to 0.60 and 0.61 for the luminescence of Ce3+ and Yb3+ 

ions respectively. According to the theory presented in the works 177,178 the dependence 

of the luminescence intensity of Yb3+ ions should have a power factor equal to 0.5 as 

Yb3+ ions act as acceptors in the process of down-conversion. This is an indication that 

in this case, the Yb3+ ion is excited through a down-conversion process in such a way 

that the energy of one quant of excitation is redistributed between two Yb3+ ions. At the 

same time, the dependence of the luminescence intensity of Ce3+ ions under 266 nm 

excitation has a non-linear shape with a power factor different from 1. This can be 

explained by the fact that there is an additional process that repopulates the excited state 

of Ce3+ ions. 

The YF3: Ce, Yb material is expected to exhibit a quantum splitting scenario 

where the absorption of one high-energy photon results in the emission of two or more 

photons with lower energy. In this case, internal luminescence quantum yield can 

exceed 100%. As can be seen from quantum yield studies, no such effect is observed. 

The study of diffuse reflectance spectra of the samples single-doped with Ce3+ showed 

the formation of colour centres when the samples are irradiated with UV light. The 

formation of colour centres results in the appearance of an absorption band in the 520 

– 650 nm range. Diffused reflectance spectra of the YF3:Ce3+ sample before and after 

laser irradiation are presented in the Figure 6.6a. 
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Figure 6.6 - a) Diffused reflectance spectra of the YF3:Ce3+ sample; b) diagram 

of photodynamic processes in fluoride crystals co-doped with Ce3+ and Yb3+ ions under 

UV irradiation, based on 179. 

The observed absorption band likely corresponds to transitions in the colour 

centres that form via a multistep process. This process consists of the following steps: 

excitation of the Ce3+ ion to the 5d state by the first 266 nm photon, absorption of the 

second 266 nm photon by the excited Ce3+ ion and the appearance of free charge 

carriers, relaxation of free charge carriers on host defects. This is a well-known model 

of the colour centre formation, the so-called solarisation of crystals doped with Ce3+ 

ions under UV excitation. During this process, Ce4+ ions are formed due to electron loss 

and are then reverted to the Ce3+ state, due to hole capture, thus leading to the formation 

of colour centres of both electronic and hole nature180–183. The added Yb3+ ions can trap 

both electrons and holes. The probability of this process is higher than the probability 

of electron capture by defects. Thus, the ions remain in a trivalent state, resulting in a 

lowering of the solarisation level180,184–188. For example, solarization is not observed in 

the reflectance spectra of samples of LiYF4 crystals doped with 1 - 2 mol.% of Yb3+` 

ions 189,190. This may explain the lack of gradual decrease in the intensity of the 

absorption band of the colour centres since there are no samples with less than 1 mol 

% of Yb3+ ions in the studied series. Energy transfer from the 5d level of Ce3+ ion to 

the 4f (1S0) level of Yb2+ ion is probably a reason for the observed quenching of 
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luminescence of Ce3+ ions  191,192. As a result of this process, the Yb3+ ions remain in the 

excited 2F5/2 state, leading to the increase in the luminescence intensity with a peak at 

980 nm 193. The Ce3+ impurity centres, probably end up in an excited 5d state as the 

result of the following process. First, the thermalized charge carriers can still return to 

Ce impurity 191, i.e. the process is irreversible at room temperature. Second, at room and 

higher temperatures, the colour centres can migrate to Ce3+ ions, thus transferring the 

excitation to them and increasing the luminescence quantum yield 194. Finally, excitons 

which may be formed as a result of conjugation of free charge carriers may resonantly 

transfer energy to Ce3+ ions as a result of recombination 195,196. All the described 

processes lead to an increase in the quantum yield of the luminescence of Ce3+ ions, but 

further research is needed to have a complete picture. 

6.5 Summary 

Finally, it is possible to highlight the main results of this chapter: 

- The possibility of down-sifting emission is shown in the Ce3+/Yb3+-doped YF3 

powders. 

- The values of the energy transfer between Ce3+ and Yb3+ ions are estimated 

with the highest one equal to 37.5% obtained in the sample doped with 0.05 

mol.% of Ce3+ and 10 mol.% of Yb3+ ions. The PLQY value in the same 

sample is 0.91% under 266 nm excitation. 

- It is found that complex photochemical processes take place in the studied 

samples and charge transfer is identified as the main energy transfer 

mechanism. 
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7. Rare-earth -doped fluoride crystal as an UC PLQY reference 

Sections 7.2 through 7.4. The results are presented in the paper Advanced Photonics Research, 

2023, 4, 2, 2200187 197 The co-authors from the Prokhorov General Physics Institute have synthesized 

the single crystal, Fernando Arteaga Cardona and Damien Hudry synthesized the nanoparticles, 

Dmitry Busko and Ian A. Howard participated in the optical characterization, Bryce S. Richards and 

Andrey Turshatov were involved in the coordination of the work and the interpretation of the results. 

7.1 Introduction 

Application to photovoltaic devices is not the only possible use of the materials 

under investigation. Another possible application of the rare–earth–doped fluoride 

crystals is the UC PLQY reference. The chemical stability of fluoride crystals, the 

reliability of the PLQY measurements and the ability to cut them into a convenient 

shape make Er3+/Yb3+ - doped SrF2 an excellent candidate for an UC PLQY reference. 

To test the performance of the material as a UC PLQY reference, it is necessary to 

perform a PLQY measurement of a known material with a new reference and then 

compare it with the absolute PLQY values. 

To carry out this study, the following objectives of this chapter are as follows: 

- To study the UC PLQY of the Er3+/Yb3+ - doped SrF2 crystal over a wide 

intensity range. 

- To perform a PLQY measurement of the α-NaYF4:18%Yb3+,2%Er3+@CaF2 

nanocrystals using the Er3+/Yb3+ - doped SrF2 crystal as a reference. 

- To perform an absolute PLQY measurement of the α-

NaYF4:18%Yb3+,2%Er3+@CaF2 nanocrystals and compare the results with 

the relative method. 

- Estimate the uncertainties of both methods of PLQY determination. 
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So far, the only approach to PLQY measurement that has been discussed in the 

current work is the so-called absolute method. It is based on the measurement of the 

emission intensity of a sample under investigation and the absorbed amount of the 

excitation in an integrating sphere. An alternative approach is the relative PLQY (𝜙
(𝑟)

) 

measurement. In this case, the emission intensities of a sample under investigation and 

a sample with a previously reported PLQY are compared under the same excitation and 

collection conditions. This method requires a simpler experimental setup than the first 

one.  

𝜙
(𝑟)

= 𝜙𝑟𝑒𝑓 (
𝐴𝑟𝑒𝑓

𝐴𝑠
⁄ )(

𝐸𝑠
𝐸𝑟𝑒𝑓

⁄ )(
𝑛𝑠

𝑛𝑟𝑒𝑓
⁄ )

2
,   31 

where 𝜙𝑟𝑒𝑓 is the PLQY of the reference, As and Aref are the absorptance of the 

sample and the reference at the excitation wavelength, respectively, Es and Eref are the 

integrated emission intensities of the sample and the reference, ns and nref  are the 

refractive indices of the sample and the reference at the emission wavelength. 

As it has been discussed in the Methodology chapter of the current work, the 

measurement of UC PLQY is subject to certain additional complications compared to 

Stokes emission due to the non-linear intensity dependence of the UC process. This 

imposes limitations on the UC reference material. To minimise the effects of the non-

linear nature of the UC process the reference material should have the lowest possible 

optical density, while still providing reliable absorption and PLQY data. Therefore, a 

doping concentration of 1 mol.% of Er3+ and 1 mol.% of Yb3+ is chosen. The SrF2 is 

chosen as the host crystal as it has been well-studied for UC applications198,199. For ease 

of use, the size and shape of the reference should be compatible with standard 

spectroscopy equipment. Therefore, the reference crystal was cut into a 3x3x20 mm 

parallelepiped and placed in a standard 1 cm quartz cuvette with 3x3 mm internal 

dimensions and filled with toluene. 
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7.2 UC PLQY of the Er3+/Yb3+ - doped SrF2 reference crystal 

 

Figure 7.1 – a) Absorption spectrum; b) emission spectrum under 976 nm, 10 

W/cm2 excitation of the SrF2: 1 %Yb3+,1%Er3+ crystal. 

The spectroscopic data of the SrF2:Yb3+,Er3+ crystal is shown in Figure 7.1. The 

absorption spectrum shows that at 976 nm the absorption coefficient is 1.74 cm-1 which 

gives an absorption of 39% in a 3 mm thick sample while maintaining the UC emission 

intensity shown in Figure 7.1b. 

Next, the UC PLQY of the crystal should be considered. The values obtained 

with an absolute method are shown in Figure 7.2.  

 

Figure 7.2 – a) Absorption spectrum; b) emission spectrum under 976 nm, 10 

W/cm2 excitation of the SrF2: 1 %Yb3+,1%Er3+ crystal. 
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It can be seen that the crystal shows a reasonable PLQY value of 0.07% at a 

relatively low intensity of 1 W/cm2, which then increases to a value of 5.5% at the 

highest available intensity of 290 W/cm2. However, when the sources of error in the 

PLQY measurement are analysed, the PLQY values change significantly. It should be 

noted that the correction of the PLQY values of the three Er3+ emission bands shown in 

Figure 7.1b (2H11/2&
4S3/2

4I15/2, 
4F9/2

4I15/2 and 2H11/2&
4S3/2

4I13/2) is done separately, 

due to the different intensity dependence of each band. The total UC PLQY changes 

from 0.07% to 0.09% at 1 W/cm2 and from 5.5% to 6.3% at 290 W/cm2. 

Once the UC PLQY of the reference crystal is known it is possible to proceed to 

the PLQY measurement of a new sample using a relative method. 

NaYF4:18%Yb3+2%Er3+@CaF2 nanoparticles are chosen as the test material for several 

reasons. Firstly, its UC emission is defined by Er3+ ions, which makes the performance 

of the relative measurement additionally simple and secondly, heterogeneous core-shell 

nanocrystals show great promise as efficient UC systems200. 

7.3 UC PLQY of the NaYF4:18%Yb3+2%Er3+@CaF2 nanoparticles 

To perform the relative PLQY measurement the emission of both the reference 

and the sample must be characterised outside the integrating sphere. This raises the 

question of the appropriateness of using the PLQY values obtained for the 

SrF2:Yb3+,Er3+ reference crystal inside the integrating sphere in Equation 31. To answer 

this question, it is essential to take into account the main difference between the 

measurements inside and outside the integrating sphere. It is the greater reabsorption of 

the emitted photons inside the sphere due to the multiple passes through the crystal. 

This leads to the conclusion that only the correction for the reabsorption in the crystal 

itself is required. Fortunately, the sample doped with only 1 mol.% of Er3+ shows no 

reabsorption and it is reasonable to assume that 𝜙𝑟𝑒𝑓 ≈ 𝜙𝑈𝐶
(𝑎,𝑒𝑥𝑝)

. 
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Figure 7.3 – a) emission spectrum under 976 nm, 290 W/cm2 excitation; b) 

intensity dependence of UC PLQY under 976 nm excitation measured with the absolute 

and relative method of NaYF4:18%Yb3+2%Er3+@CaF2 nanoparticles. 

To apply Equation 31, four additional parameters must be known: the 

absorptance of the reference (Aref) and the sample (As) at 976 nm, and the integral 

emission intensity as a function of excitation intensity for both the reference (Eref) and 

the sample (Es). The refractive indices of toluene and SrF2 in the range of 520 – 650 nm 

are 1.503 – 1.492 201 and 1.439 – 1.437 202, respectively. This gives a ratio of (
𝑛𝑠

𝑛𝑠
)
2
 as 

1.04, which allows for the following simplification of the Equation 31: 

𝜙
(𝑟)

= 1.04𝜙𝑟𝑒𝑓 (
𝐴𝑟𝑒𝑓

𝐴𝑠
⁄ )(

𝐸𝑠
𝐸𝑟𝑒𝑓

⁄ ),   32 

  

Figure 7.4 – absorption spectra of a) SrF2:Yb3+,Er3+ crystal; b) 

NaYF4:18%Yb3+2%Er3+@CaF2 nanoparticles. 
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The Aref of the SrF2:Yb3+,Er3+ crystal and the As of the 

NaYF4:18%Yb3+2%Er3+@CaF2 nanoparticles can be determined by one of two 

methods: UV/Vis/NIR spectrometer (Figure 7.4) or an integrating sphere, where 

absorptance is calculated as the ratio of laser intensity (1 − 𝐿𝐷
𝐿𝐼⁄ ) in Equation 18. 

Both methods give comparable results, with the absorptance of the reference crystal, 

Aref, being 39%, and that of the nanoparticle sample, As, being 7%. The agreement 

between the two methods confirms the reliable measurement of the absorptance of 

reference crystals and upconversion nanocrystals in a cuvette with a 3 mm beam path 

using a standard UV/Vis/NIR spectrometer. The relative PLQY values obtained are 

shown in Figure 7.3b. 

As UC is a non-linear process, the accuracy of the PLQY measurement for both 

absolute and relative methods depends on the excitation intensity and the absorbance 

of the sample. A remarkable agreement between the methods is observed at high 

excitation intensities (> 10 W/cm2). In contrast, the quantum yield values show a 

greater difference at low excitation intensities. 

Considering the precision of the measurements, shown as error bars in Figure 

7.3b, the observed differences are surprisingly satisfactory. Thus, the proposed relative 

method for estimating the UC PLQY of nanocrystals can be widely applied, given the 

strong agreement between the methods employed. 

7.4 Analysis of the uncertainties of absolute and relative methods 

The final step in the analysis is to estimate the uncertainty provided by both 

methods. Considering that UC PLQY is calculated according to Equation 18, the 

absolute error is expressed as: 

∆𝜙𝑈𝐶 = √(
𝜕𝜙𝑈𝐶

(𝑎)

𝜕𝑃𝐷
∆𝑃𝐷)

2

+ (
𝜕𝜙𝑈𝐶

(𝑎)

𝜕𝑃𝐼
∆𝑃𝐼)

2

+ (
𝜕𝜙𝑈𝐶

(𝑎)

𝜕𝐿𝐷
∆𝐿𝐷)

2

+ (
𝜕𝜙𝑈𝐶

(𝑎)

𝜕𝐿𝐼
∆𝐿𝐼)

2

+ (
𝜕𝜙𝑈𝐶

(𝑎)

𝜕𝐸𝑆
∆𝐸𝑆 )

2

, 33 
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where ∆PD, ∆PI, ∆LD, ∆LI and ∆ES represent the absolute uncertainty of the 

corresponding measurement. Considering that the same spectrometers are used for ES, 

LI and LD as well as PI and PD, the following relative () errors are obtained: 𝛿𝑃𝐷 =

𝛿𝑃𝐼 = 𝛿𝑃 = 0.06 and 𝛿𝐿𝐷 = 𝛿𝐿𝐼 = 𝛿𝐸𝑆 = 𝛿𝐿 = 0.01. Absolute errors can then be 

expressed using the relative errors as ∆𝑃𝐷 = 𝑃𝐷 ∗ 𝛿𝑃, ∆𝑃𝐼 = 𝑃𝐼 ∗ 𝛿𝑃, ∆𝐿𝐷 = 𝐿𝐷 ∗

𝛿𝐿, ∆𝐿𝐼 = 𝐿𝐼 ∗ 𝛿𝐿 and ∆𝐸𝑆 = 𝐸𝑆 ∗ 𝛿𝐿. 

Writing Equation 32 in explicit form and assuming 𝐴 = 1 −
𝐿𝐷

𝐿𝐼
, the next 

expression is obtained: 

∆𝜙𝑈𝐶 = √

∆𝑃𝐷2

𝐴2𝐸𝑆2
+

∆𝑃𝐼2(1−𝐴)2

𝐴2𝐸𝑆2
+ ∆𝐿𝐷2 (

𝑃𝐷−(1−𝐴)𝑃𝐼

𝐴2 𝐿𝐼 𝐸𝑆
−

𝑃𝐼

𝐴 𝐿𝐼 𝐸𝑆
)
2

+

+∆𝐿𝐼2(
(1−𝐴)𝑃𝐼

𝐴 𝐿𝐼 𝐸𝑆
−

(1−𝐴)(𝑃𝐷−(1−𝐴)𝑃𝐼)

𝐴2 𝐿𝐼 𝐸𝑆
)2 +

∆𝐸𝑆2(𝑃𝐷−(1−𝐴)𝑃𝐼)

𝐴2 𝐸𝑆4

. 34 

To obtain the relative error the following expression is used: 

𝛿𝜙𝑈𝐶 =
∆𝜙𝑈𝐶

𝜙𝑈𝐶

.     35 

Taking the 𝛿𝑃 as 0.06 and 𝛿𝐿 as 0.01 it is possible to plot the relative error of the 

absolute method as a function of absorbtance. 

 

Figure 7.5 – Relative error of the 𝜙𝑈𝐶 determination with the absolute and 

relative methods as a function of sample absorptance. 

As the relative PLQY is calculated using the Equation 32 it is the product of the 

independent variables and the relative error is then calculated as: 
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𝛿𝜙
(𝑟)

= √(𝛿𝜙𝑟𝑒𝑓)
2
+ (𝛿𝐴𝑠)

2 + (𝛿𝐴𝑟𝑒𝑓)
2
+(𝛿𝐸𝑠)

2 + (𝛿𝐸𝑟𝑒𝑓)
2
.  36 

The relative errors for each component of the expression can be approximated as 

𝛿𝜙𝑟𝑒𝑓 = 0.04, 𝛿𝐸𝑠 = 𝛿𝐸𝑟𝑒𝑓 = 0.06. The uncertainties 𝛿𝐴𝑟𝑒𝑓 and 𝛿𝐴𝑠 are determined 

based on the assumption that the absolute error of optical density measurement with a 

standard spectrophotometer is 0.005 according to 203. For example, the datasheet for the 

Perkin Elmer Lambda 950 spectrophotometer specifies an accuracy of ±0.003 for an 

optical density of 1 at 546 nm. This assumption allows the relative errors 𝛿𝐴𝑟𝑒𝑓 and 

𝛿𝐴𝑠 to be calculated from Figure 7.4. The values obtained from Equation 35 are then 

converted to absolute errors and presented in Figure 7.3b as error bars for the relative 

method. 

In assessing the absorptance dependence of 𝛿𝜙
(𝑟)

 (Figure 7.5), the 𝛿𝐴𝑠 is varied 

while maintaining a fixed absolute error in optical density of 0.005. The optical density 

spans the range of 0 – 0.30, corresponding to absorptance values of 0 – 50%, 

respectively. 
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7.5 Summary 

The main results presented in this chapter are: 

- It is shown that the Er3+/Yb3+ - doped SrF2 crystal is an efficient up-conversion 

material, exhibiting the UC PLQY values up to 5.5% under 976 nm, 290 

W/cm2 excitation. 

- The UC PLQY of the α-NaYF4:18%Yb3+,2%Er3+@CaF2 nanocrystals 

measured by the relative method shows the highest value of 1.6% under 976 

nm, 290 W/cm2 excitation. 

- The UC PLQY of the α-NaYF4:18%Yb3+,2%Er3+@CaF2 nanocrystals 

measured by the absolute method shows the highest value of 1.5% under 976 

nm, 290 W/cm2 excitation. In general, there is good agreement between the 

results obtained with the two methods. 

- The analysis of the uncertainties of the absolute and the relative methods 

shows that there is no difference in uncertainty for the samples with low 

absorptance (<10%), while for the samples with higher absorptance, the 

absolute method gives a lower uncertainty. 
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8. Promising new hosts for rare-earth ions 

Two trends in material science stand out nowadays: the avoidance of harmful 

substances and the move towards biologisation. Both of these trends seem promising, 

as they lead to the development of new materials with unique properties as well as more 

advanced technological processes. However, it also brings new challenges, as this field 

is still far from being explored. Even if a theoretical solution exists, it must be translated 

into a reliable and feasible technical solution. Peptides and proteins can serve as 

interesting hosts for rare earth ions due to their unique structural and functional 

properties. 

1. Peptides as molecular framework: 

Peptides have a specific amino acid sequence that provides a unique structure. 

They can be designed to contain sites capable of coordinating rare earth ions. These 

peptide structures can be used to create nanoparticles or nanoclusters with rare earth 

ions. 

2. Functional groups in proteins: 

Proteins contain a variety of functional groups, including amino acids, which can 

serve as coordinating centres for rare earth ions. These ions can be incorporated into 

the structure of a protein, modifying its properties. For example, such modified proteins 

can be used as catalysts in chemical reactions. 

3. Peptide nanotubes and nanodiscs: 

Specific peptide designs can facilitate the formation of nanotubes or nanodiscs 

that can serve as hosts for the rare earth ions. These structures have potential for use in 

sensors, medical diagnostic devices, and other biotechnological applications. 

4. Biomimetic protein materials: 

Researchers are also seeking to create biomimetic materials that mimic the 

structures and functions of proteins in nature. These materials can be created using rare 
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earth ions to improve their properties. There are reports of the integration of rare-earth 

elements into peptides from solutions available 204. 

There is certain progress in screening technology as the availability of peptide 

microarrays increases. Therefore, experiments that search for selective matrix elements 

can be carried out very efficiently using the high throughput screening approach. The 

invention of Merrifield solid-phase synthesis allowed the creation of DNA and peptide 

microarrays205, which became an important tool for high-throughput study of 

oligonucleotide and protein interactions206,207. Today, the technical possibilities for the 

synthesis of molecular microarrays have been greatly enhanced by addressing 

monomers for in-situ solid-phase synthesis using a xerographic printer208, the electric 

fields of a computer chip209,210, light-induced forward transfer 211, and stochastic filling 

of microcavities with microparticles212. In addition, the molecular space of microarrays 

has been greatly expanded through the use of post-synthetic modification of 

peptides213,214, the introduction of hundreds of new artificial amino acids and the 

realization of peptoid chemistry in array format215. Such progress has allowed the 

screening of both a large number of new specific molecular binders as well as new 

efficient chemical reactions. 

Search for the host material is a complex process that includes screening, 

validation and integration into layers. Since this is new, it is important to first study the 

initial screening process. 

To build on what is known, a peptide library is created from a previously reported 

peptide204 with 10000 different twelve-mers of peptides placed on the chip in 120 µm 

spots. The peptide library contains both substitutions of the reported peptide by 

replacing all its amino acids at all 12 positions, as well as random variants created by 

combining positively charged and hydrophobic amino acids. Then the europium nitrate 

salt is preincubated with a concentration of 100 micrograms per milliliter for three hours 

at room temperature. 
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Optically the deposition of europium ions is investigated with a hyperspectral 

camera. To estimate the limitations of this approach the solution of europium nitrate 

with different concentration drop casted on a glass slide is analyzed. A hyperspectral 

camera is only capable of directing concentrations of 5 mg/ml and above (Figure 8.1). 

Therefore, other screening techniques such as Time-of-Flight Secondary Ion Mass 

Spectrometry for Molecular Imaging (TOF-SIMS) are required. This method allows for 

high lateral resolution, high chemical and surface selectivity, and sufficient mass 

resolution for the separation of major mass interferences216,217. 

 

Figure 8.1 - a) Images of the drop-casted europium nitrate solution with different 

concentrations obtained with a hyperspectral camera under 386 nm excitation; b) 

Emission spectrum of the 20 mg/ml sample. Blue, Green and red lines show the 

wavelengths that are used for building the colour images. 

The possible detection of selective deposition of europium ion on peptides is then 

studied. The imaging of the entire peptide library is performed using the TOF-SIMS 

approach. At each point of the 12-mer peptide, there is a different content of amino 

acids. In particular, phenylalanine is known for an aromatic side group in the formation 

of ordered structures. TOF-SIMS allows it to be detected well (Figure 8.2a). Similar 

detection of individual amino acids has been reported in the work 218. 
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Figure 8.2b shows the same chip scanned for europium ions. Distinct europium 

signals can be seen with the brightest one demonstrating a signal-to-noise ratio of more 

than ten. When analyzed it can be observed that different peptides have varying bonding 

strength, thus providing an opportunity to control the density of the matrix. 

 

Figure 8.2 - a) TOF SIMS Imaging of phenylalanine at 120.08 m/z; b) Imaging 

of europium ion at 152.9 m/z. 

Thus, the first step of matrix analysis is performed. The screening is 

demonstrated for the first time and a technique for the development of biological 

materials is studied. The present work illustrates a new promising direction to be 

developed in KIT as part of the digitalization of materials. The modular composition of 

peptides allows covering many possibilities compared to conventional methods, where 

it is only possible to vary the composition ratio or use certain additives. The application 

of peptides and proteins as hosts for rare earth ions offers unique opportunities to create 

innovative materials with controlled properties. 
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Conclusions and Outlook  

In the current work complex research of up-conversion materials BaF2: Er, Yb 

and PbF2: Er, Yb as well as down-conversion materials BaF2: Er and YF3: Yb, Ce is 

carried out. The compositions which exhibit the highest luminescence quantum yield 

are determined. The possible application of BaF2: Er crystals to increase the efficiency 

of photovoltaic devices is experimentally tested. 

The main results obtained in the paper: 

1. It is demonstrated that the Bridgman method provides Er3+/Yb3+ co-doped and 

Er3+ single-doped BaF2 and PbF2 crystals that have high up- and down-

conversion performance and that are suitable for combination with photovoltaic 

devices. 

2. The concentration of doping ions in BaF2:Er, Yb material that exhibits the 

highest luminescence quantum yield values is determined. It is 2 mol.% of Er3+ 

ions and 3 mol.% of Yb3+ ions and allows obtaining the value of up-conversion 

luminescence quantum yield equal to 10% under 976 nm excitation with an 

intensity of 490 W/cm2
. This value is comparable with the highest values 

observed in similar materials. 

3. The concentration of doping ions in PbF2: Er, Yb material that exhibits the 

highest luminescence quantum yield values is determined. It is 2 mol.% of Er3+ 

ions and 5 mol.% of Yb3+ ions and allows obtaining the value of up-conversion 

luminescence quantum yield equal to 4.4% under 976 nm excitation with an 

intensity of 350 W/cm2
.  

4. Down-conversion with efficiency exceeding 100% is observed in BaF2: Er 

crystals. The highest quantum yield is 153% and it is found in the sample doped 

with 5 mol.% Er3+ under 405 nm excitation. Maximum ebchancemennt of the Ge 

– photodiode Jsc is 0.6 mA/cm2 
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5. It is demonstrated that like single crystals Ce3+ and Yb3+ - doped YF3 powders 

exhibit down-shifting emission and have the potential to be used in combination 

with photovoltaic devices. 

6. The values of the energy transfer coefficient from Ce3+ to Yb3+ ion in the YF3 

host under 266 nm excitation are determined. The obtained value is 37.5% and it 

is found in the sample with the doping concentrations of 0.05 mol.% of Ce3+ and 

10.0 mol.% of Yb3+ ions. At the same time, the luminescence quantum yield is 

0.91%. 

7. It is demonstrated that SrF2: Er, Yb can be used as a reference for relative UC 

PLQY measurements. Good agreement between relative and absolute methods 

is demonstrated using NaYF4:18%Yb3+2%Er3+@CaF2 nanoparticles as a test 

sample. 

8. A new study of peptides as hosts for rare-earth ions is initiated. The detectable 

concentration of europium ions is clarified and the possibility of binding to 

peptides is investigated. 
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Based on the results of the present work, further research can be planned to 

extend the existing knowledge. Many of the results presented can be considered as 

proof of concept, but further progress should be made to make them viable for real-

world applications. 

- For UC to be used efficiently in photovoltaic systems, materials that exhibit 

high UC PLQY values at much lower excitation intensities should be 

explored. This could include the study of different hosts as well as doping 

ions. Compatibility with other types of solar cells should also be investigated. 

In addition, different device architectures should be tested to find a way to 

minimise emission losses. 

- Although high DC PLQY values are possible, DC materials are limited by the 

low absorption of rare earth ions in the UV and Vis regions. To overcome this 

additional doping to increase the absorption in this region might be required. 

- To extend the application as a reference material for PLQY determination, the 

range of both excitation and emission wavelengths should be extended. As 

with other applications, this will require the investigation of new 

combinations of dopant ions. 

- Finally, the foundations have been laid for the study of peptides as hosts for 

the rare earth ions. Further research should include new peptides as well as 

other rare earth ions. 
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