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ABBREVIATION 

UV ultraviolet 
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CCD charged coupled device 
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1. INTRODUCTION 

Inorganic compounds based on complex oxides find numerous applications in 
different fields, for example in medicine, security, fundamental physics, illumi-
nation etc [1-4]. Great efforts are constantly being made to develop new mate-
rials or improve the targeted properties of already existing ones. The develop-
ment of compounds with the desired optimal characteristics for the light 
emitting applications requires detailed knowledge of their electronic and crystal 
structures along with the peculiarities of the excitation energy transfer to 
emitting centers. Furthermore, detailed investigation of the origin of emitting 
centers and defects, which are created during the samples synthesis, is needed 
for deeper understanding and further improvement of the phosphor properties. 
Formation of those defects usually prevents the energy transfer to emitting 
centers, thus resulting in the light output decrease.  

Development of the solid solutions is one of possible ways to tune the 
luminescent and scintillation properties. Substitutional solid solutions (or mixed 
crystals) are formed when the difference between the ionic radii of substitu-
tional ions is less than 15% and the ions have the same charge. The change of 
the relative concentration of the substitutional ions leads to variation of the phy-
sical properties of solid solutions. For example, the bandgap modification allows 
to reduce negative influence of the defects on the luminescent properties [5, 6]. 

Moreover, the luminescence light output was shown to depend non-linearly 
on the relative concentration of substitutional ions. In many solid solutions the 
light output was found to be increased in comparison to pure compounds 
making a given solid solution. Such behavior was observed in (LuxY1-x)AlO3:Ce 
[7], Y3(AlxGa1-x)5O12:Ce [8], (LuxGd1-x)2SiO5:Ce [9], (LuxSc1-x)BO3:Ce [10], 
(LuxGd1-x)3(AlyGa1-y)5O12:Ce [11], BaIBr:Eu [12], ZnxMg1-xWO4 [13]. 

It is supposed that this effect can be associated with the limitation of the 
migration distance between the thermalized genetic electron-hole pairs. The ef-
fect may arise due to clusterization in the solid solutions [14], acceleration of 
thermalization rate by increasing the number of phonon branches [15], or locali-
zation of the thermalized charge carriers in the local energy wells at the bottom 
of the conduction band (CB) and/or the top of the valence band (VB) [16]. 

The change of light output in the solid solutions can also be caused by other 
reasons, e.g. structural inhomogeneity (co-existence of several crystalline 
phases in a particular solid solution), modification of non-radiative relaxation 
channels (for example, traps, competing with the emission, and the above-
mentioned displacement of the electronic states in the CB bottom and VB top. 
These effects influence the processes of excitation energy transfer to the 
luminescence centers, eventually leading to complicated dependence of the light 
output on the relative concentration of the substitutional cations. 

One of the way to estimate an efficiency of excitation energy transfer to 
emission centers is a study of luminescence excitation spectra. The enhance-
ment of intensity in the excitation spectrum in the energy region of separated 
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charge carriers creation indicates the increase of their probability to be trans-
ferred to the luminescence centers. Actually the efficiency of luminescence 
center excitation depends on a distance of their migration from each other and 
from the luminescence center, which will capture them. Therefore, the com-
parison of excitation spectra in the energy region of a separated e-h pairs 
creation (E > Eg) for compounds from one family allows to estimate a variation 
of charge carriers free path.  

In the region above fundamental absorption edge an excitation of rare earth 
dopant luminescence centers can be realized via two channels. The first one 
follows the scheme (I): (e+h – «ex» – RE3+(*) – RE3+ + hν), the second one 
follows the scheme (II): RE3++ h / e – RE4+/2+ + e / h – RE3+(*) – RE3+ + hν [17], 
where RE – rare-earth ion, «ex» – exciton. In the first case an electron and hole 
create an exciton, which is captured by the RE ion with subsequent emission of 
the luminescence quantum. In the excitation spectra usually an excitonic peak is 
observed in the region of a fundamental absorption edge which is followed by 
the subsequent gradual decrease of emission intensity at higher energies up to 
the edge of photon multiplication process [17]. In the second case the RE3+ is 
excited by a consecutive capture of a hole/electron and then of an electron/hole, 
that in some cases leads to a gradual increase of intensity in the excitation 
spectrum at E > Eg. 

An analysis of excitation spectra allows to identify, which scheme is realized 
in the energy transfer to the emission centers or even determine the origin of the 
centers. For instance, an intrinsic emission is excited starting from a funda-
mental absorption edge, whereas a defect related emission can be excited in the 
transparency region of crystal as well. 

In order to study the impact of the mentioned effects on the processes of 
energy transfer to the luminescence centers and consequently on the light 
output, the solid solutions of complex oxides with the substitutional cations of 
Y and Lu were chosen. The choice of these elements (both are from the family 
of rare earth metals) ensures similarity of their chemical properties and ionic 
charge, which is of paramount importance for creating single-phase solutions. 
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2. SOLID SOLUTIONS  

Tuning chemical composition of substitutional solid solutions is one of efficient 
ways to engineer new materials with the required and specified properties. A 
substitutional solid solution is a crystalline phase of variable composition, in 
which substitutional cations occupy equivalent positions in a common crystal 
lattice. For the successful formation of solid solutions the following Gold-
schmidt rules should be fulfilled: i) the ionic radii of substitutional cations 
should differ by no more than 15% and ii) their charges may differ by unity 
when an electroneutrality is achieved by pairwise substitution. Also the  
Vegard’s law should be fulfilled. According to this empirical statement the 
lattice parameters of a solid solution should vary linearly with gradual 
substitution of components in the solid solution [18] in the whole range of their 
concentrations.  

An advantage of solid solutions is an opportunity to change the physical, 
mechanical, or electronic properties in comparison to the constituting “pure” 
components, when only one kind of cation from the considered pair is present in 
the crystal lattice (like ZnxMg1-xWO4 solution and ZnWO4, MgWO4 “pure” 
components). The modifications of physical properties are determined primarily 
by the superstructure, which is formed during the synthesis process by transition 
from the high temperature state to the low temperature state of a solid solution 
[19]. The high-temperature state is a homogeneous solid solution, in which the 
substitutional atoms are randomly distributed in the lattice sites. Such state is 
disordered. With the decrease of temperature a phase transformation occurs, 
during which the crystal lattice of a disordered solution divides into several 
non-equivalent sub-lattices. Each of these sub-lattices forms an ordered phase. 
Thus, the phase transformation is a result of redistribution of crystal lattice ions 
between different sub-lattices. If the redistribution occurs on the scale com-
parable with the interatomic distances, then the ordered phase is formed. If, 
however, the redistribution occurs on the scale, which is significantly larger 
than the interatomic distance, then the homogeneous solid solution is divided 
into several ordered phases. It is the so-called short-range order in a solid 
solution. The ordered phases form clusters with different composition. If the 
size of such clusters is larger than the lattice constants, they can be detected as 
individual peaks in the diffraction pattern. If, on the contrary, these clusters are 
smaller than several lattice constants, they can be detected only by the Raman 
scattering or small-angle X-rays or neutrons scattering [20].  

Currently, the metals solid solutions (alloys) were studied in great details. 
The short-range order in crystalline alloys occurs in a certain temperature range 
and leads to the changes of physical and mechanical properties [21]. For 
example, in the Cr20Ni80 alloy (nichrome) an anomalous increase of electrical 
resistance and changes in strength properties were detected. Moreover, the 
effect of the electrical resistance increase occurs in the case of the short-range 
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order and is explained by dependence of an electron free path length on the 
alloy components concentration. 

It is expected that the similar effect of modification of the electron free path 
length can be observed in crystalline substitutional solid solutions (or mixed 
crystals). It was proposed that for some compounds this effect results in the 
increase of luminescence intensity for an intermediate concentration of substitu-
tional cations, which is usually defined by the x value (with x typically varying 
in the range from 0 to 1). For instance, this effect was detected in several sets of 
solid solutions, such as perovskites LuxY1-xAlO3:Ce [7], borates Lu1-хScxBO3:Ce 
[10], silicates (Lu,Gd)2SiO5:Ce [9], garnets Y3(Al1-xGax)5O12:Ce [8], tungstates 
ZnxMg1-xWO4 [13]. The increase of luminescence intensity does not depend on 
a type of crystal structure, and it is observed in the cases of both cationic and 
anionic solid solutions [15]. Several hypotheses were suggested to explain the 
physical origin of supposed limitation of distance between the charge carriers in 
the mixed crystals.  

For example, it was proposed [16] that the observed enhanced luminescence 
is due to increasing number of phonon branches in solid solutions. However, the 
proposed increase of the phonon modes number does not play a significant role 
if a solid solution has many atoms in the unit cell (e.g. in ternary oxides).  

Another explanation was offered in ref. [15]. The clusterization as a result of 
the short-range order is proposed similarly to the case of metal alloys [19]. The 
clusters boundaries create a potential barrier for the separated e and h, which are 
formed after absorption of the excitation photons. The barrier decreases the 
probability for charge carriers to cross over the cluster boundaries and results in 
the decrease of the average distance between the charge carriers. Finally, the 
probability of their localization on the same emission center increases with sub-
sequent light output enhancement.  

Variation of the electronic structure of a solid solution in comparison to its 
constituents is also considered as one of the reasons of the distance limitation 
between already thermalized e and h. If the CB bottom and/or the VB top are 
mainly formed by the states of substitutional cations, the localization of ther-
malized charge carriers in the spatial fluctuations of energy wells at the CB 
bottom and/or VB top are possible [16]. It is noted that the radiative recom-
bination of charge carriers is effective only if the distance between the genetic 
e-h pairs is comparable with the Onsager radius [15]. 
 
  



12 

3. AIM OF THE STUDY 

The main goal of the thesis was to determine the influence of the electronic 
structure and phase composition of the mixed crystals as well as the limitation 
of charge carriers free path on the luminescent properties and the processes of 
energy transfer to the luminescence centers in the mixed crystals of LuxY1-xBO3, 
LuxY1-xPO4, and LuxY1-xVO4, undoped and doped with Eu3+ or Ce3+. To achieve 
this, the following specific objectives were pursued: 
 
1) synthesis of the borates, phosphates, and vanadates solid solutions, undoped 

and doped with Ce3+ or Eu3+, and study of the influence of annealing proce-
dure on the solid solutions formation; 

2) study of the crystal structure and phase composition of the solid solutions in 
relation to the relative concentrations of the substitutional cations by X-ray 
diffraction (XRD) and Raman spectroscopy; 

3) study the energy transfer processes from the host to intrinsic and dopant 
luminescence centers in a wide temperature range by luminescence spectro-
scopy in the UV-VUV and X-ray energy ranges;  

4) study of the bandgap modification with the concentration of substitutional 
cations by an analysis of the thermally stimulated luminescence (TSL) 
curves. 
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4. EXPERIMENTAL 

4.1. Synthesis of the materials 
The LuxY1-xPO4 solid solutions, undoped (x = 0, 0.5, 1) and doped with  
0.5 mol % Ce3+ or 0.5 mol % Eu3+ (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0), and the  
LuxY1-xBO3 solid solutions, undoped (x = 0, 0.65, 1) and doped with 1 mol % 
Ce3+ or 1 mol % Eu3+ (x = 0, 0.25, 0.5, 0.75 1.0), were synthesized by the  
sol-gel method and provided by Dr. B.I. Zadneprovski (Central Research and 
Development Institute of Chemistry and Mechanics, Moscow, Russia).  

Synthesis of the vanadate LuxY1-xVO4 mixed crystals (x = 0, 0.1, 0.3, 0.5, 
0.7, 0.9, 1), undoped and doped with 1 mol % of Eu3+, was carried out by the 
solid state reaction method. For the synthesis, the reagent-grade starting mate-
rials Lu2O3 (Stanford Materials Corporation, 99.995%), Y2O3 (Stanford Mate-
rials Corporation, 99.999%), Eu2O3 (Stanford Materials Corporation, 99.999%) 
and V2O5 (Riedel-de Haen, 99,5%) were used. The boric acid H3BO3 (Carl Roth 
GmBH + Co, 99.8%) was used as the catalyst to reduce the melting point and 
ensure better mixing of the reagents. The reagent-grade starting materials were 
thoroughly mixed and ground in an agate mortar. Then the mixtures were air 
heat-treated in alumina crucibles consequently in several steps. The first an-
nealing was carried out at 1000 oC for 2 hours in air followed by natural cooling 
down to the room temperature. Then, the grinding of obtained powders was 
produced in an agate mortar with addition of boric acid one more time, and this 
procedure was repeated once at 1000 oC and one more time at 1200 oC. The 
temperature increase up to 1200 oC is connected with the features of crystalli-
zation of solid solutions. The crystal structure was checked after every step of 
annealing procedure. As a result, the LuxY1-xVO4 solid solutions (x = 0, 0.1, 0.3, 
0.5, 0.7, 0.9, 1), both undoped and doped with 1 mol % Eu3+, were synthesized. 
In all compounds x value is the relative concentration of Lu ions, 1-x value is 
the relative concentration of Y ions. 

 
 

4.2. Experimental techniques 
In this section the experimental techniques used for characterization of the 
samples and the studies of luminescence properties are described. The crystal 
structures were determined by using the powder X-ray diffraction analysis. The 
XRD method is one of the most prevalent methods for analysis of the crystal 
structure type and the phase composition; it also allows to evaluate the lattice 
parameters and the crystallite size of a powder. The Raman spectroscopy was 
used for the analysis of the crystal structure type as an additional method for the 
structure control. The set-ups used for the measurements of luminescence 
spectra, luminescence excitation spectra, the temperature dependence of X-ray 
excited luminescence, the thermally stimulated luminescence curves and the 
kinetics of luminescence decay are described as well. 
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4.2.1. X-Ray diffraction analysis 

To monitor completeness of the reaction and phase purity of the final product, 
the XRD analysis of the borate and phosphate solid solutions were carried out 
using a Rigaku Ultima IV X-ray diffractometer.  

The crystal structure of vanadate solid solutions were studied by a Bruker 
D8 Advance Diffractometer. The measurements were performed in the full 
range of 2θ = 10-80 with 2θ = 0.032 step and in short range 2θ = 23-27 with 
2θ = 0.008 step at room temperature. The latter range was measured with high 
angular resolution to resolve details of the solid solutions structure. Both 
diffractometers are equipped with a nickel-filtered Cu Kaα1 radiation source 
with λ = 1.540596 Å. 

 
 

4.2.2. Scanning electron microscopy 

The morphology of the phosphate solid solutions was determined by means of a 
Quanta 3D FEG Scanning Electron Microscope. The morphology of vanadate 
solid solutions was determined by a Hitachi S-3400 N Scanning Electron 
Microscope equipped with energy dispersive X-ray spectroscopy analyzer. The 
granulometric analysis was carried out using a laser diffraction analyzer 
Shimadzu SALD-2201. 

 
 

4.2.3. Raman spectroscopy 

Raman spectroscopy is a simple and qualitative method of chemical analysis of 
a material, its purity, spatial distribution of impurities, crystallinity and phase 
transitions. This method is applicable in a wide energy range from UV to the 
near infrared (IR), allowing to select the most convenient range for the studied 
sample. It is worth noting that the Raman spectroscopy is a non-destructive 
method in comparison to XRD method, and does not require a pre-treatment of 
the sample.  

The Raman scattering spectra were measured in the back-scattering geo-
metry at room temperature through 50× microscope objective using a Renishaw 
inVia micro-Raman spectrometer equipped with an argon laser (514.5 nm, 
power Pex = 0.1 mW). The spectral signal was dispersed by 2400 gr/mm 
diffraction grating onto a Peltier-cooled CCD detector.  

 
 

4.2.4. VUV spectroscopy with synchrotron radiation 

The YPO4 and LuPO4 phosphates are insulators with the bandgap exceeding 8.5 eV. 
To excite the intrinsic luminescence in such wide-gap compounds, VUV 
excitation sources should be used. The synchrotron radiation (SR) is the most 
convenient excitation source for the study of the luminescent properties of 
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wide-gap materials due to its high intensity continuous radiation in a wide 
spectral range from IR to X-ray, and its time structure as well [22]. 

The luminescence and excitation spectra, luminescence decay kinetics of 
borates and phosphates under excitation in the energy range from 3.7 to 22 eV 
were measured at the SUPERLUMI experimental station using SR (DESY, 
Hamburg, Germany) [23]. The samples were placed in a helium flow optical 
cryostat providing measurements over a wide temperature range from 4.2 to  
400 K. The time-resolved luminescence spectra were recorded in the time 
windows from 5 to 20 ns and from 80 to 100 ns with respect to the maximum of 
the SR excitation pulse. The time windows were chosen to separate the “fast” 
(intracenter transitions or energy transfer from excitons to Ce3+) and “slow” 
(energy transfer of spatially separated electron-hole pairs to the Ce3+ centers) 
processes of energy transfer to Ce3+ ions. 

 
 

4.2.5. UV and visible luminescence spectroscopy 
Laboratory setup at Moscow State University (Russia) 
The luminescence and luminescence excitation spectra were measured in the 
UV and visible ranges on a set up based on the LOT-Oriel MS-257 spectro-
graph at the Department of Physical Problems of Quantum Electronics of the 
Skobeltsyn Institute of Nuclear Physics, M.V. Lomonosov Moscow State Uni-
versity (Russia). This setup allows to carry out the measurements of lumine-
scence spectra in the range of 200-1050 nm and luminescence excitation spectra 
in the range of 200-500 nm at temperatures in the range of 80-500 K. The 
luminescence spectra were normalized to the instrumental sensitivity function. 
 
Laboratory setup at University of Tartu (Estonia) 
Experiments in the energy range 2.5-8 eV were carried out on the VUV labora-
tory setup for luminescence spectroscopy of the Institute of Physics, University 
of Tartu. A deuterium D 200 VUV lamp has been used as the excitation source. 
The excitation wavelength was selected using a primary monochromator 
McPherson Model 234/302. The samples were mounted into an optical vacuum 
cryostat, which allows to perform measurements in the temperature range  
5-300 K. A Shamrock 303i (Andor Technology) was used as a secondary mono-
chromator. The luminescence was detected using a Hamamatsu H8259 photon 
counting head. 
 
Laboratory setup at Institute of Physics, Czech Academy of Science 
in Prague (Czech Republic) 
The temperature dependence of photoluminescence spectra of the undoped 
vanadates were measured on the laboratory setup at Institute of Physics, Czech 
Academy of Science in Prague. The custom made a 5000M Horiba Jobin Yvon 
fluorescence spectrometer was used in the experiments. A liquid nitrogen bath 
optical cryostat (Janis) was used in the temperature dependence measurements 
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(77-500 K). The photoluminescence of the samples was excited by a deuterium 
lamp (Heraus Gmbh). 

 
 

4.2.6. Luminescence spectroscopy with X-ray source 
Laboratory setups with X-ray source (Lyon, France) 
The measurements of the X-ray luminescence, TSL curves and their spectral 
composition for the phosphates and vanadates were carried out at the Institute of 
Light and Matter, University of Claude Bernard Lyon 1 (Lyon, France). The 
measurements of luminescence spectra were carried out under irradiation with 
X-rays generated by tube INEL XRG 3000 with a tungsten anode operating at 
30 keV and 20 mA. The spectra were registered using a Shamrock 500i spectro-
graph equipped with Newton EMCCD DU970P. The luminescence spectra 
were recorded in the temperature range 80-550 K. All spectra were corrected for 
the setup spectral distortions. 

The TSL curves were detected using a Shamrock 500i spectrometer with an 
ANDOR Newton CCD camera. The samples were mounted into a LINKAM 
THMS600 Stage, which allowed to perform TSL measurements in the tempe-
rature range 80-450 K with linear heating rate 0.167 K/s.  

The decay curves of doped Ce3+ phosphates were measured with a pulsed  
X-ray source. The source consists of the light-excited X-ray tube Hamamatsu 
N5084 and the laser diode. When the light from the laser diode is absorbed by 
the photocathode the electrons are released. The released electrons are acce-
lerated by the potential 30 kV to anode, where X-rays are produced upon im-
pact. The luminescence of samples is excited by these pulsed X-rays. The 
luminescence signal is registered using Photomultiplier Detector Assembly 
PMA 182 with timing resolution < 180 ps (FWHM) and processed by Stand-
alone TCSPC Module with USB Interface PicoHarp 300. 
 
Laboratory setup with X-ray source (Wroclaw, Poland) 
The measurements of X-ray excited luminescence of vanadate solid solutions 
were carried out at the Faculty of Chemistry, University of Wroclaw (Poland). 
The X-ray excited luminescence spectra were recorded using a radiation from a 
Cu X-ray tube operating under the voltage of 40 kV and the current of 10 mA. 
The emission photons were collected using 74-UV lens connected to a  
QP600-2-SR-BX waveguide, which transfers the luminescent light to an Ocean 
Optics HR2000CG-UV-NIR Spectrometer. 
 
 

4.2.7. Luminescence spectroscopy with electron gun 

TSL measurements of the phosphate solid solutions doped with Ce3+ were also 
performed in the laboratory of ionic crystals at the Institute of Physics, Uni-
versity of Tartu (Estonia). The TSL curves were detected on the experimental 
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setup with an electron gun (5 keV, 0.4µA, spot1mm2) as the irradiation source 
in the temperature range 80-400 K with a linear heating rate 0.167 K/s. All 
measurements were carried out in a liquid helium vacuum cryostat (5-400 K 
temperature range, 2*10-7 Torr) equipped with LakeShore 331 Temperature 
Controller. The TSL curves were detected using the UV-VIS-NIR (200-1700 nm) 
monochromator (ARC SpectraPro-2300i) with a Hamamatsu photon counting 
head H6240 detector. 

 
 

4.2.8. Fitting (approximation) of TSL curves 

A fitting of all TSL curves were carried out using the first order decay appro-
ximation assuming that the VB top and CB bottom have a flat structure. This 
approximation supposes that free charge carriers more likely form excitons, 
than are recaptured by traps. An elementary peak in such approximation is 
described by equation (1): 
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where n(0) – the traps concentration, ω0 – the frequency factor, EA – the acti-
vation energy, T(t) – the sample temperature, T'(t) – the heating rate [17]. In all 
experiments the heating rate was constant T'(t)=10 K/min.  

This approximation does not take into account interactions between different 
types of traps. A profile of TSL peak can be satisfactorily fitted by only one set 
of parameters including the activation energy of traps EA. 
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5. RESULTS AND DISCUSSION 

5.1. Vanadate solid solutions  
In this section the detailed study of the luminescent and structural properties of 
the LuxY1-xVO4 solid solutions, both undoped and doped with Eu3+ ions, 
depending on the synthesis conditions and the relative concentration of substi-
tutional cations, is presented. In particular, the main attention was focused on 
the study of the energy transfer processes from the host to the intrinsic and im-
purity luminescence centers.  
 
 

5.1.1. XRD study of LuxY1-xVO4 solid solutions 

The crystal structure and phase composition after every step of the annealing 
procedure were controlled by the XRD method (section 4.2.1) in order to opti-
mize the temperature and time of calcination of the samples. As a result, certain 
changes in the positions and shapes of the XRD lines were detected. The XRD 
lines shift towards increasing 2θ angle with the increase of Lu3+ concentration in 
the LuxY1-xVO4:Eu3+ samples. The shift of XRD lines can be explained by a 
decrease of the unit cell size with gradual substitution of Y3+ (ionic radius  
1.019 Å) with smaller Lu3+ (ionic radius 0.977 Å). The gradual shift of the  
X-ray diffraction line in the range of 2θ = ~25 with increase of the x value is 
clearly observed in fig. 1. The decrease of intensity and the broadening of this 
diffraction peak was registered and it was the most pronounced feature for the 
crystal with x = 0.5. After first calcination at 1000 ºC the XRD line 
demonstrates a doublet structure for the intermediate x values (fig. 1a). The 
non-elementary structure of XRD line indicates an irregular distribution of the 
substitutional cations Y and Lu. As a result, agglomerations of the yttrium or 
lutetium vanadate in different areas of a crystallite are formed. 

After further annealing steps the distribution of the substitutional cations be-
comes more homogeneous. The XRD line becomes a singlet, narrower and 
more symmetrical (fig. 1b). Nevertheless, certain broadening of this line is ob-
served for the solid solutions in comparison to their constituents. This effect can 
be associated with a distortion of the unit cell due to the difference of ionic radii 
of Lu3+ and Y3+, which forms the local irregular deformations in the crystal 
lattice. 

Using original experimental XRD data, the calculations of the lattice 
constants a and c for LuxY1-xVO4 were carried out. Additionally, the lattice 
constants were calculated using the empirical model presented in ref [24]. The 
change of a and c follows the Vegards’ law and can be fitted to the linear 
function. All calculated values are in good agreement with the experimental 
ones (see table 1).  
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Table 1. Lattice parameters (all in Å) of the LuxY1-xVO4 solid solutions derived from 
the experimental XRD data and calculated using the empirical model [24]. 

 Experiment, XRD Empirical model 
Sample a c a c 
YVO4 7.107 6.303 7.1118 6.2911 
YVO4:Eu 7.116 6.299 7.1128 6.2918 
Lu0.1Y0.9VO4 7.080 6.283 7.1023 6.2853 
Lu0.1Y0.9VO4:Eu 7.116 6.287 7.1032 6.2860 
Lu0.3Y0.7VO4 7.080 6.282 7.0830 6.2737 
Lu0.3Y0.7VO4:Eu 7.080 6.293 7.0841 6.2744 
Lu0.5Y0.5VO4 7.062 6.269 7.0638 6.2621 
Lu0.5Y0.5VO4:Eu 7.062 6.280 7.0649 6.2977 
Lu0.7Y0.3VO4 7.045 6.244 7.0447 6.2504 
Lu0.7Y0.3VO4:Eu 7.036 6.248 7.0457 6.2511 
Lu0.9Y0.1VO4 7.018 6.246 7.0255 6.2388 
Lu0.9Y0.1VO4:Eu 7.036 6.237 7.0265 6.2395 
LuVO4 7.027 6.231 7.0159 6.2330 
LuVO4:Eu 7.028 6.242 7.0179 6.2343 

 
 
5.1.2. Luminescence origin and its intensity dependence on  

x in vanadate solid solutions 

The luminescence spectra of LuхY1-хVO4, both undoped and doped with Eu3+ 

under X-ray excitation are presented in fig. 2 and fig. 3. The peaks at around 
460 nm are associated with the intrinsic emission of the vanadates and origi-
nates from the self-trapped excitons (STE) emission [25-27] or charge-transfer 
transitions within the (VO4)3- complexes [28-29]. The luminescence band gra-
dually shifts to longer wavelengths from 450 nm in YVO4 up to 470 nm in 
LuVO4 (fig.2). The substitutional cations do not form the emission centers, 
however, they change the value of crystal field that influences the position of 
energy levels of (VO4)3- emission centers.  

 
 

Figure 1. The X-ray diffraction pattern of LuxY1-xVO4:Eu3+ in the range of 2θ = ~25 
after annealing at 1000 oC (a) and at 1000 oC, 1000 oC, 1200 oC (b). 

24.9 25.0 25.1 25.2 25.3 25.4 25.5 25.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
a

In
te

ns
ity

, a
.u

.

x=0
 x=0.1
 x=0.3
 x=0.5
 x=0.7
 x=0.9
 x=1 

 2

24.9 25.0 25.1 25.2 25.3 25.4 25.5 25.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 

b

2

In
te

ns
ity

, a
.u

.

2



20 

In the LuхY1-хVO4:Eu3+ only the dopant emission is observed at 300 K, which 
originates from 4f-4f intraconfigurational transitions in Eu3+ ions, while the 
intrinsic emission is completely quenched [27]. At lower temperatures both 
intrinsic and dopant emissions were observed (fig. 3b).  
 

 
 

Figure 2. The luminescence spectra of the undoped LuxY1-xVO4 for х = 0 (1),  
х = 0.5 (2) and х = 1 (3) under X-ray excitation at Т = 300 K. 

 

 
 

Figure 3. The luminescence spectra of the undoped (1) and doped with Eu3+ (2) 
Lu0.5Y0.5VO4 under X-ray excitation at Т = 300 K (a) and 85 K (b). 
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The intensity of X-ray excited luminescence was studied after each step of the 
annealing procedure (fig. 4). The increase of the luminescence intensity was ob-
served for all sets of the solid solutions obtained after each subsequent an-
nealing. The intensity increase after each annealing could be associated with the 
enhancement of the solid solutions crystallinity that was confirmed by the XRD 
data (section 5.1.1) and with the increase of the particles size that was observed 
by SEM (see publication I). After the third step of annealing (1000 oC, 1000 oC, 
1200 oC) the maximal luminescence intensity was observed for the undoped 
LuxY1-xVO4 with х = 0.7 and for the LuxY1-xVO4:Eu3+ with х = 0.3 and х = 0.7 
(fig. 4b).  

 

Figure 4. The dependence of relative intensity of X-ray excited luminescence on the x 
value in LuxY1-xVO4, undoped (a) and doped with Eu3+ (b), after subsequent annealing 
at 1000 oC (squares), at 1000 oC, 1000 oC (circles), and at 1000 oC, 1000 oC, 1200 oC 
(stars), T = 300 K. In each point the intensity was obtained by integrating the spectrum 
in the region 350-730 nm for LuxY1-xVO4 and 500-750 nm for LuxY1-xVO4:Eu3+. 
 
 

5.1.3. Temperature dependence of vanadates luminescence 

The analysis of temperature dependence of the luminescence intensity under both 
X-ray and photo- excitation of the undoped LuxY1-xVO4 shows that the intrinsic 
emission is substantially quenched at 300 K (fig. 5). The quenching temperature 
of luminescence depends on the x value, herewith the samples with intermediate x 
value have a higher quenching temperature. The inset of fig. 5a shows the depen-
dence of quenching temperature on the x value, where the quenching temperature 
is determined by the decrease of intensity by factor of 2 relatively to that at  
85 K. Thus, the maximum luminescence intensity of LuxY1-xVO4 with x = 0.7 at 
300 K is associated with the higher luminescence quenching temperature for 
this sample.  

It is worth noting that the intrinsic emission of LuxY1-xVO4:Eu3+ is comple-
tely quenched at 300 K, in comparison to the undoped vanadates. It is due to 
efficient energy transfer from the host to the dopant emission centers. More-
over, the effect of temperature quenching does not influence the Eu3+ lumine-
scence intensity at 300 K. 
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The temperature dependence of intrinsic and dopant emission in the  
LuxY1-xVO4:Eu3+ solid solutions are shown in fig. 6. The dependencies have an 
antibate behavior at T = 80-200 K that indicates the competing process of 
energy relaxation between the STE and Eu3+ emission centers. At low tempe-
ratures the localization of excited charge carriers at VO4

3- groups is most prob-
able that reduces the probability of their migration to the Eu3+ ions. It can be 
due to a self-trapping of one type of charge carriers (presumably, holes) at 
VO4

3- groups that prevents the energy transfer to the dopant ions. With the in-
crease of temperature the energy of lattice vibrations becomes sufficient for the 
thermal release of self-trapped charge carriers. It allows their migration to long 
distances and increases the probability of their capture by the dopant. The 
release of charge carriers from traps usually is followed by an appearance of 
TSL peaks. Indeed, for the vanadate solid solutions several TSL peaks were 
detected in the temperature range 100-200 K (fig.7). 

 
 

 
 

Figure 5. The temperature dependence of luminescence intensity under X-ray (a) and 
photo- (b) excitation (Eex = 4.1 eV) of the undoped LuxY1-xVO4 solid solutions. The 
inset shows the dependence of quenching temperature on x value.  

 

 
Figure 6. The temperature dependence of STE (a) and Eu3+ emission (b) in  
LuxY1-xVO4:Eu3+ under X-ray excitation. 
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5.1.4. Thermally stimulated luminescence of  
vanadate solid solutions 

The influence of x value in LuxY1-xVO4 on their structural defects was studied 
using the TSL method. The TSL curves of undoped LuxY1-xVO4 are shown in 
fig. 7. The curves consist of several overlapping peaks in the temperature range 
80-230 K. The peaks at 110 K (1), 160 K (2), and 180 K (3) were detected in all 
samples. With the increase of x value the shape of curves slightly changes that 
is caused by the redistribution of the intensity of TSL peaks. However, the 
peaks do not shift with x value. 

The luminescence spectra of the TSL peaks of LuxY1-xVO4:Eu3+ consist of 
both STE emission and Eu3+ emission as in the case of steady luminescence. 
The TSL curves measured in the emission band of STE and Eu3+ are presented 
in fig. 8a and b, respectively. The structure of the curves is similar to that of the 
undoped vanadates. The main difference is the appearance of the additional 
peak at 245 K.  
 
 

 
Figure 7. The TSL curves of the undoped LuxY1-xVO4 solid solutions measured in the 
emission band of STE. 
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Figure 8. The TSL curves of the LuxY1-xVO4:Eu3+ solid solutions measured in the emis-
sion band of STE (a) and Eu3+ emission (b). 
 
 
Even slight changes in the activation energy of traps (a few tens of meV) can be 
detected by the shift of TSL peak position. The changes of traps depth usually 
allow to trace the bandgap modification associated with the shift of the CB 
bottom or the VB top (see more details in section 5.2.4 and publication II). 
However, in the vanadates solid solutions, both undoped and doped with Eu3+, 
the position of TSL peaks 1-3 does not change. This result indicates the absence 
of the bandgap modification. Moreover, it correlates with the absence of the 
shift of fundamental absorption edge with change of the x value deduced from 
the analysis of luminescence excitation spectra (see section 5.1.5). However, the 
assumption of absence of the bandgap modification contradicts to the following 
results. The STE emission band shifts with the x value change (see section 
5.1.2). The Raman spectra analysis also shows a gradual increase of the fre-
quencies of the internal modes of VO4

3- complexes with the increase of the x 
value (see publication I). It is worth noting that the CB bottom and VB top are 
formed mainly by the electronic states of the VO4

3- complex, and the changes of 
the states of this complex produce strong impact on the energy structure of the 
whole matrix. Therefore, in both cases the observed modifications indicate the 
crystal field strength change and its influence on the VO4

3- complexes and, as 
result, on the band structure of vanadates solid solutions. 

To avoid the contradiction between the obtained results we suppose that the 
most intensive TSL peaks 1-3 correspond to a release of one type of charge 
carriers from the traps (electron or hole traps). An exception is the TSL peak at 
120-130 K, which is clearly observed only for low values of x (x = 0; 0.1; 0.3; 
0.5). Its maximum shifts to higher temperatures with the increase of x value. 
Therefore, this peak corresponds to the release of another type of charge carriers 
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in comparison to other TSL peaks and indicates the modification of the band-
gap. In the case of vanadates we cannot definitely ascribe the type of traps (hole 
or electron), because the europium ion is not a stable electron trapping center in 
the vanadates [31]. 

The weak influence of the x value on the bandgap modification may be due 
to the fact that the VB top is formed mainly by the O 2p states, and CB bottom – 
by the V 3d states. The change of Lu/Y ratio results in the modification of den-
sity of electronic states in the depth of CB and VB and does not considerably 
influence the formation of the bandgap value [30]. 

 
 

5.1.5. Luminescence excitation spectra of  
vanadate solid solutions 

The luminescence excitation spectra of undoped LuxY1-xVO4 are presented in 
fig. 9. The luminescence is excited starting from the fundamental absorption 
edge that is characteristic of the intrinsic emission. The onset of the excitation 
spectra at 3.5-3.6 eV allows to estimate the bandgap value of the LuxY1-xVO4 
solid solutions. The obtained value of Eg is in good agreement with the literature 
data [30, 32-33]. It is worth noting that there is no noticeable shift of the onset 
with the x value that indicates a slight change of the bandgap, if any. 

The excitation spectra of LuxY1-xVO4 and LuxY1-xVO4:Eu3+ were normalized 
to unity in the first excitation peak at 3.8 eV, which is associated with the direct 
creation of excitons. At higher energies the luminescence excitation occurs as a 
result of the creation of separated electron-hole pairs, which may be bound into 
excitons after the thermalization and migration stages of energy relaxation. The 
luminescence intensity in the excitation spectra depends on the x value in this 
energy range and it increases for the intermediate x values. It demonstrates that 
the efficiency of energy transfer from the host to the emission centers (STE or 
Eu3+) increases at intermediate x values. It is maximal for х = 0.3, 0.7, and 0.5, 
i.e. for the samples, which demonstrate maximal luminescence intensity under 
X-ray excitation (fig.4) and, therefore, can be connected with the enhancement 
of the energy transfer efficiency to the emission centers. The origin of the effect 
can be explained by the limitation of charge carriers free path in the solid 
solution (see introduction, ref [16, 18], and publication I). As a result, a pro-
bability of their capture by the same Eu3+ ions increases. It is worth noting that 
while in case of the undoped vanadates this effect plays a minor role, in the Eu3+ 
doped samples it is the main effect, which determines the formation of lumine-
scence intensity dependence on the x value.  
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Figure 9. The photoluminescence excitation spectra of LuxY1-xVO4 (a), λem=450 nm and 
LuxY1-xVO4:Eu3+ (b), λem=615 nm, T=300 K. 
 

 
5.2. Phosphate solid solutions 

In this section a detailed study of the luminescence properties of the LuxY1-xPO4 
solid solutions, both undoped and doped with Ce3+ or Eu3+ ions is presented. All 
samples have the same crystal phase of xenotime, I41/amd space group. It 
allows to exclude the impact of the several crystal phases on the energy transfer 
processes in crystals (as it will be shown below, for the borates the presence of 
additional phase considerably influence the energy transfer). Another feature of 
the studied phosphates is the absence of intrinsic emission at temperatures down 
to 5 K. 

 
5.2.1. Luminescence properties of undoped LuxY1-xPO4 

The luminescence spectra of undoped YPO4, Lu0.5Y0.5PO4, and LuPO4 are 
presented in fig. 10. At least two overlapping luminescence bands peaking at 
365 nm and 415 nm were observed under excitation at Eex.=11 eV. The shape 
and position of the emission bands in YPO4 and Lu0.5Y0.5PO4 coincide, while for 
LuPO4 the redistribution of the intensity of these bands was detected.  
 

 
 

Figure 10. The luminescence spectra of YPO4, Lu0.5Y0.5PO4 and LuPO4, Eex.=11 eV, Т=7 K. 
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Under selective excitation by Eex = 11 eV, 7.8 eV, and 6 eV up to three 
luminescence bands were detected in UV- and blue spectral range (fig. 11, 
inset). The excitation spectra of these luminescence bands significantly vary 
that is connected with a different origin of the emission centers. Nevertheless, 
the common feature of these spectra is a rapid drop of the intensity at  
Eex ~ 9 eV. This energy corresponds to the fundamental absorption edge 
because the bandgap in the studied phosphates is 8.8-9.2 eV [34-36]. Under 
excitation in the energy region below the fundamental absorption edge only the 
emission centers related to the defects of crystal structure can be excited in the 
undoped phosphates. An intrinsic emission is usually excited starting from the 
fundamental absorption edge. In the case of YPO4, Lu0.5Y0.5PO4, and LuPO4 the 
intrinsic emission with characteristic excitation spectrum was not observed 
down to the low temperature limit of measurements T = 5 K. 
 
 

Figure 11. The luminescence excitation spectra of YPO4 at λem.= 480 nm (curve 1), 
λem.= 325 nm (сurve 2), and λem.= 250 nm (curve 3). The inset shows the luminescence 
spectra of YPO4:Ce3+ at Eex=15.5 eV (curve 4) and YPO4 at Eex = 6 eV (curve 5), 11 eV 
(curve 6), and 7.8 eV (curve 7) Т = 7 K.  

 
 

Time-resolved luminescence excitation spectra 
The time-resolved luminescence excitation spectra of the undoped phosphates 
are presented in fig. 12, inset. Such approach allowed to separate the “fast” and 
“slow” processes, which are responsible for the energy transfer to the defect 
related luminescence centers. The “fast” component of the excitation spectrum 
exhibits a complex structure in the transparency region of phosphate. The 
position of excitation bands is similar to those in the excitation spectra of the 
Ce3+ doped phosphates that indicates the contamination of nominally undoped 
sample by the Ce3+ impurities. The photoluminescence of LuxY1-xPO4:Се3+ con-
sists of doublet in the range 310-390 nm (fig.11, inset), which overlaps with the 
luminescence spectrum of undoped phosphates.  

The high-energy edge of broad excitation band with maximum at ~ 8 eV 
shifts by ~ 0.5 eV to high-energy region with the increase of x value (fig.12). 
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Such a shift follows the fundamental absorption edge and indicates the increase 
of the bandgap value from YPO4 to LuPO4. 
 

Figure 12. The luminescence excitation spectra of YPO4, Lu0.5Y0.5PO4, and LuPO4 at 
λem = 450 nm, Т = 7 K. The inset shows the integrated (curve 1), slow (curve 2), and 
fast (curve 3) components of the time-resolved excitation spectra of Lu0.5Y0.5PO4 at  
λem.= 325 nm and excitation spectrum of YPO4:Се3+ (curve 4) at λem. = 365 nm, Т=7 К. 
The “slow” processes were recorded in the time windows from 80 to 100 ns, the “fast” – 
from 5 to 20 ns. 
 
 

5.2.2. Luminescence properties of LuxY1-xPO4:Ce3+  

The photoluminescence spectrum of LuxY1-xPO4:Ce3+ at 300 K has a doublet 
structure with maxima at 330 and 355 nm, which are caused by the intercon-
figurational radiative transitions 5d - 4f (7F5/2,7/2) of the Ce3+ ions (fig. 13). The 
observed shift of the luminescence bands toward longer wavelength region with 
the increase of x value is associated with an increase of the crystal field strength 
due to the decrease of the lattice constants (see publication II). Under X-ray 
excitation an additional broad band was detected at 80 K, which is attributed to 
the emission of the host defects.  
 
Temperature dependence of luminescence 
The temperature dependence of X-ray excited luminescence of the LuPO4:Ce3+ 
and YPO4:Ce3+ samples in the range from 90 to 420 K are presented in fig. 14. 
The dependence of YPO4:Ce3+ demonstrates a plateau in the ranges 90-165 K 
and 210-330 K. The intensity increases by 20 % with the temperature increase 
from 165 to 210 K and decreases at T > 300 K that is connected with intracenter 
quenching with in Ce3+. The quenching of the defect emission in YPO4:Ce3+ 
starts already from 100 K and at 300 K it is almost quenched. The thermal 
stability of the emission of the defects of LuPO4:Ce3+ and YPO4:Ce3+ differs, 
however in both cases the region of quenching does not correlate to the region 
of intensity rise of Ce3+ emission. Therefore, the processes of energy transfer 
from the host to these emission centers do not compete with each other. The 
observed rise of intensity for Ce3+ doped phosphates in the range 165-210 K 
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coincides with the position of TSL peaks (see section 5.2.4) and is connected 
with the thermal release of the charge carriers from the traps. 

The relative luminescence intensity of Ce3+ doped solid solutions was 
studied (fig. 13, inset). For samples with х = 0.1 the most intensive emission 
was detected under UV- excitation, and the least intensive emission was ob-
served for the solid solution with х = 0.5 under both UV- and X-ray excitations. 

 

 
 
Luminescence decay kinetics 
The luminescence decay kinetics of LuхY1-хPO4:Се3+ under VUV energy exci-
tation (Eex.= 15.5 eV) are presented in fig. 15. The decay kinetics curves of 
LuРO4:Ce3+ and YPO4:Ce3+ have a single exponential shape whereas the mixed 
phosphates are fitted by two exponential functions (see table 2). The decay time 

 

 
 

Figure 13. The luminescence spectra of LuРO4:Ce3+ (1) and YРO4:Ce3+ (2) under X-ray 
excitation, Т=80 К. The inset shows the relative luminescence intensity of  
LuxY1-xРO4:Ce3+ under UV (Eex. = 5 eV) and X-ray excitation, T=300 K. 
 
 

 
 

Figure 14. The temperature dependence of the Ce3+ (1,2) and defect (3,4) emission of 
YPO4:Ce3+ (1,3) and LuРO4:Ce3+ (2,4) under X-ray excitation.  
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τ2 = 17-25 ns is a characteristic time for the decay of Ce3+ emission which is 
peaking in the UV spectral region (320-360 nm in the case of the studied mixed 
phosphates). Presence of additional faster component in the decay with  
τ1 = 5-11 ns is not characteristic for the 5d-4f radiative transitions of the Ce3+ 
ion. It can be connected with the partial quenching of Ce3+ emission. This 
conclusion is supported by the decrease of Ce3+ emission intensity in mixed 
phosphates with intermediate x values (fig.13, inset). The fastest decay times 
were detected for the intermediate value of x = 0.5. The acceleration of decay is 
also attributed to the quenching process because this sample demonstrates the 
lowest intensity of luminescence under both VUV and X-ray excitation.  
 
 

 
 

Figure 15. The decay kinetics of Ce3+ emission for the LuхY1-хPO4:Се3+ under VUV 
excitation (Eex = 15.5 eV), Т=300 К. 
 
 
Table 2. The fitting parameters of the luminescence decay kinetics for  
the  LuхY1-хPO4:Се3+ under VUV excitation (Eex = 15.5 eV). The fit was performed by a 
function = + ∗  for x = 0, x = 1, and = + ∗ + ∗  for  
x = 0.5, x = 0.9 (τ1, τ2  are the luminescence decay times in ns, A1, A2 – amplitudes, y0 – 
is the level of the contribution of slow components to the luminescence decay kinetics). 
 

x value τ1 A1 τ2 A2 y0 
0 - - 25.1 3.1 0.09 

0.5 4.3 211.5 18.9 3.4 0.04 
0.9 4.9 56.6 22.8 3.04 0.03 
1 – – 20 3.9 0.06 

 
 
Luminescence excitation spectra 
The time-resolved excitation spectra of LuхY1-хРO4:Ce3+ are shown in fig. 16. 
The spectra consist of five luminescence bands in the energy range from 3.5 to 
6.5 eV, which are attributed to the 4f-5d transitions of the Се3+ ions. With the 
increase of x value the bands gradually shift to lower energies that is associated 
with a decrease of the lattice constants. At higher excitation energies the broad 
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peak with maximum at 8 eV is observed in excitation spectra measured in both 
fast and slow time windows. The peak is due to the photoionization of Ce3+ 
centers when the hole remains at Ce ion while the electron is excited into the 
conduction band. The process results in the delay of the recombination on Ce3+. 
The gradual increase of intensity starting from the fundamental absorption edge 
at ~ 9 eV is detected. In this region the excitation of Ce3+ doped phosphates can 
be realized via two channels. The first one follows the scheme (I): (e+h –  
«ex» – Ce3+(*) – Ce3+ + hν), the second one follows the scheme (II): Ce3++ h – 
Ce4+ + e – Ce3+(*) – Ce3+ + hν [17]. In the first case an electron and a hole  
create an exciton, which is captured by the luminescence center with sub- 
sequent emission of the luminescence quantum. In the second case the Ce3+  
ions are excited by consecutive capture of a hole and then of an electron. The  
exciton peak was not detected on the fundamental absorption edge in  
the LuхY1-хPO4:Се3+. Therefore, the energy transfer to Ce3+ is realized by the 
scheme (II).  
 

 

Figure 16. The time-resolved luminescence excitation spectra of LuPO4:Ce3+ (a) and 
YPO4:Ce3+ (b) measured in the integrated mode (1) and fast (2) and slow (3) time 
windows, λem = 365 nm (a), Т=7 K. 
 
 
The time-resolved spectroscopy allows to separate the fast and slow processes 
in the energy transfer from the host to the Ce3+ ions. The intracenter excitation 
of the Ce3+ ions and excitation via excitons are referred to the fast ones. The 
slow process is referred to the excitation of the Ce3+ ions by the capture of 
electron in case of photoionization of Ce3+ ions or by the consecutive capture of 
separated electron-hole pairs. The latter process reveals itself when the electrons 
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and holes are separated, i.e. above the bandgap. Therefore, the onset of intensity 
increase in the excitation spectrum in slow time windows allows to estimate the 
bandgap value. For the YРO4:Ce3+ the increase of slow component starts from 
8.6-8.7 eV, and this threshold shifts up to 8.8-8.9 eV for LuРO4:Ce3+. This 
estimation confirms the conclusions on the bandgap estimations obtained on the 
basis of the analysis of luminescence excitation spectra of undoped phosphates 
(see section 5.2.1, fig.12). 
 
 

5.2.3. Luminescence properties of LuxY1-xPO4:Eu3+  

The luminescence of LuxY1-xPO4:Eu3+ solid solutions is ascribed to the 4f-4f 
transitions of the Eu3+ ions at 300 K. (fig. 17). At low temperatures an 
additional broad defect-related emission band in the range 300-550 nm was 
detected as well. The most intensive emission of Eu3+ at 300 K was detected for 
samples with х = 0.1 and х = 0.7 (fig. 17, inset). 
 
Temperature dependence of luminescence  
The temperature dependences of the luminescence intensity of LuхY1-хPO4:Eu3+ 
under X-ray excitation are presented in fig. 18. For the defect-related emission 
the temperature quenching is observed starting from 100 K (fig. 18b). The 
intensity decrease of the defect related emission correlates with the increase of 
the Eu3+ emission that indicates the competition in the radiative relaxation 
between these emission centers. The energy transfer to the Eu3+ at higher tem-
perature is more probable then to the defect center. Also according to the 
detected TSL peaks, the traps reveal themselves in the temperature range 150-
450 K (see section 5.2.4 and publication II). The traps create additional energy 
relaxation channels, which influence the temperature dependence of the Eu3+ 
luminescence intensity. With the increase of temperature the charge carriers  
are released from the traps that allows their migration through the crystal lattice 
and increases probability to be captured by the Eu3+ ions. It is the reason  
for the intensity increase of Eu3+ emission in the range 180-450 K.  
The LuxY1-xPO4:Eu3+ solid solutions with х = 0.1 and х = 0.7 demonstrate the 
best thermal stability in the 250-550 K range that correlates with the most 
intensive emission in these samples at room temperature (fig. 17). Therefore, 
the high temperature stability of the Eu3+ emission is associated with a lower 
concentration of traps in these samples.  
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Figure 18. Temperature dependence of the Eu3+ (a) and defect (b) luminescence in the 
LuхY1-хPO4:Eu3+ under X-ray excitation.  
 
 
Luminescence excitation spectra 
The luminescence excitation spectra of LuхY1-хPO4:Eu3+ are presented in fig. 19. 
In the range below 4.5 eV the low-intensity narrow lines attributed to the 4f-4f 
transitions of the Eu3+ ions were observed (fig. 19a). The broad band with a 
maximum at 5.8 eV corresponds to the O-Eu charge transfer transitions. In the 
range below the fundamental absorption edge two distinctive peaks at 8.15 eV 
and 8.75 eV were detected (fig.19b). The first peak is ascribed to the Eu3+ 
intracenter 4f-5d transitions [37], while the second one is observed on the 
fundamental absorption edge and can be attributed to an exciton creation Also 
the position of peak at 8.75 eV coincides with the drop of intensity in the ex-
citation spectrum of defect-related emission band, which is excited in transpa-
rency region of crystal (see fig. 19b and section 5.2.1).  

 
 

Figure 17. Luminescence spectrum of Lu0.7Y0.3РO4:Eu3+ under Eex. = 11.3 eV,  
Т = 300 К. The inset shows the relative luminescence intensity of LuxY1-xPO4:Eu3+ solid 
solutions under X-ray excitation, Т = 300 К. 
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In the region of the interband transitions (Eex. > 9 eV) the energy transfer from the 
host to the Eu3+ ions can be realized either via formation of excitons from the 
separated electron - hole pairs or consecutive capture of the electrons and holes by 
the Eu3+ ions (more details in section 5.2.2). The excitation band detected at the 
fundamental absorption edge (8.6-8.8 eV) is attributed to the energy transfer to 
the Eu3+ centers via direct creation of excitons. Usually the excitonic type of 
energy transfer to emission centers results in the intensity decrease in excitation 
spectra with the energy increase up to the edge of photon multiplication. How-
ever, after the excitonic peak the decrease of luminescence intensity was revealed 
only up to 11 eV and this energy is not sufficient to start the photon multi-
plication. Conversely, at Eex. > 11 eV the increase of intensity is observed that is 
the characteristic to the energy transfer by the scheme (II) (see introduction and 
section 5.2.2.). Therefore, both channels of energy transfer contribute to the 
formation of the excitation spectrum of the LuхY1-хPO4:Eu3+ that is a favorable 
feature for the application in high energy conversion into visible light. 

 
 

It is worth noting that in LuxY1-xPO4:Eu3+ the efficiency of the energy transfer 
from the host to the Eu3+ ions in the energy range of interband transitions in-
creases for intermediate x values (fig.19b, inset). When the excitation spectra 
are normalized to the intensity of the exciton peak at 8.6 eV a more pronounced 
rise of luminescence intensity is observed for the sample with х = 0.5 at  
Eex > 10 eV, thus indicating the enhancement of the energy transfer efficiency to 
the luminescence centers. Such effect in solid solutions is ascribed to the 
limitation of the mean free path of the separated electrons and holes that 
increases the probability of being captured by the same Eu3+ ions. However, in 
the case of LuxY1-xPO4:Eu3+ this effect is less pronounced than the trapping of 
the charge carriers and does not determine the formation of the luminescence 
intensity dependence on the x value (see fig.17, inset and discussion above). 

 
 

Figure 19. The luminescence excitation spectra of LuxY1-xРO4:Eu3+ in the range: 
(а) 2.5-4.0 eV, λem. = 620 nm, х = 0.5 (curve 1), х = 0.3 (curve 2), x = 0.7 (curve 3); 
(b) 4.0-20 eV, х = 0.9, λem. = 420 nm (1), λem = 590 nm (2). The inset shows 
luminescence excitation spectra of LuxY1-xРO4:Eu3+, normalized to energy E = 8.6 eV, 
λem = 590 nm for х = 0.9 (1), х = 0.5 (2), х = 0.3 (3), T = 300 K. 
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5.2.4. Bandgap modification of LuxY1-xPO4:RE3+ (RE =Ce, Eu) 

The analysis of TSL peaks position (fig.20) revealed the effect of the relative 
concentration of Y and Lu cations in LuxY1-xPO4 on the band structure. In the 
phosphate solid solutions doped with Ce3+ ions a gradual shift of the TSL peaks 
with the increase of x values to higher temperature range was detected, that indi-
cates increasing traps depth. The luminescence spectra of all TSL peaks origi-
nated from the Ce3+ emission, and the Ce3+ ions form stable hole traps [38]. 
Therefore, the position of TSL peaks in LuxY1-xPO4:Ce3+ determines a depth of 
electron traps, and the shift of TSL peaks is connected with a move of the CB 
bottom. In the case of the phosphate solid solutions doped with Eu3+ ions the 
gradual shift of the TSL peaks was not observed. The luminescence spectra of TSL 
peaks originated only from the Eu3+ emission. Also the fact that Eu3+ ions in  
LuxY1-xPO4:Eu3+ are stable electron traps [39] allowed to conclude that the observed 
peaks are associated with thermal release of holes. Therefore, the TSL peaks 
position is connected with the VB top. As a result, the study of TSL allowed to 
conclude that the electron states in the CB are shifted to higher energy range with 
increase of the x value. The changes of traps depth (activation energy) in the 
phosphate solid solutions were estimated to be EA ~ 0.2 eV using fitting of the TSL 
curves by the first order decay approximation (more details in section 4.2.8 and 
publication II). Therefore, the bandgap of LuxY1-xPO4 increases by ~ 0.2 eV from 
YPO4 to LuPO4 due to the upward shift of the CB bottom only. The scheme of such 
modification of the band structure in the LuxY1-xPO4 is presented in fig. 21. 

Figure 20. (а) The TSL curves of LuxY1-xPO4:Ce3+ measured after irradiation with  
X-rays. The fitting of the curves is represented by red empty circles. The whole set of the 
elementary peaks used for the fitting is presented for compounds with x = 0 and 1, while 
for other compounds only the dominating peak C is presented for a better visualization; 
(b) The TSL curves of LuxY1-xPO4:Eu3+ detected after irradiation with X-rays. 
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Figure 21. Scheme of the band structure of LuxY1-xPO4, which describes the band shift 
with x value. 

 
 

5.3. Borate solid solutions 
The crystal structure and phase composition of all borates solid solutions were 
studied by the XRD method. It was determined that the lattice constants gra-
dually decrease with the increase of x value. Also the second calcite crystal 
phase for LuxY1-xBO3:Ce3+ with x ≥ 0.5 and for LuxY1-xBO3:Eu3+ with x ≥ 0.75 
were revealed. The percentage of calcite phase in this case is not more than 5%. 
In the undoped Lu0.65Y0.35BO3 the percentage is about 14 %.  

The luminescence properties of the undoped LuBO3, Lu0.65Y0.35BO3, YBO3 
borates in the UV- and VUV- energy ranges under excitation by SR were 
studied. Up to four luminescence bands at 260, 290, 350, 450 nm were detected 
under selective excitation (more details in publication IV). The UV-lumine-
scence at 260 nm was attributed to the emission of STEs, which electron com-
ponent localizes at d-levels of cations. The additional UV-luminescence band at 
290 nm and the luminescence band in the visible range are connected with 
different centers of crystal structure defects. 

The luminescence of LuxY1-xBO3:Eu3+ consists of the set of narrow bands in 
the 575-720 nm range and corresponds to the 5D0-7Fj (j = 0,1,2,3,4) transitions 
of the Eu3+ ions (fig.22). It is worth noting that the shape of luminescence spect-
rum of the samples with two phases depends on the excitation energy. 
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Figure 22. The luminescence spectra of Lu0.75Y0.25BO3:Eu3+ at Eex. = 5.4 eV (1) and  
5.9 eV (2), Т = 300 K. The inset shows the relative luminescence intensity of  
LuxY1-xBO3:Eu3+ at Еex. = 11 eV (a) and X-ray Еex. = 30 keV (b). 
 
 
 

Under interband excitation (Eex > 9 eV) the increase of the Eu3+ luminescence 
intensity in LuxY1-xBO3:Eu3+ was detected (fig.22, inset). One of explanations of 
this effect is an enhancement of the energy transfer efficiency to the luminescence 
centers by the separated electron-hole pairs. It can be explained by the limitation 
of the migration distance between the thermalized genetic electron-hole pairs in 
the solid solutions. (fig.23). However, in the energy region below 8 eV the 
intensity of LuxY1-xBO3:Eu3+ excitation spectra for samples with two crystal 
phases decreases, that indicates a lowered efficiency of the energy transfer from 
the host to the Eu3+ ions. It was concluded that the presence of the second phase is 
the main factor affecting the luminescence intensity in LuxY1-xBO3:Eu3+. 

The luminescence spectra of LuxY1-xBO3:Ce3+ solid solutions are presented 
in fig.24. The emission consists of the doublet with maxima at 380 and 420 nm, 
which are attributed to the 5d-4f transitions of the Ce3+ ions. With the increase 
of the x value the luminescence bands shift to longer wavelengths range due to 
the changes of the crystal field strength experienced by the Ce3+ ions. The Ce3+ 

luminescence intensity gradually decreases with the increase of x value because 
of the CB bottom modification. 

Based on the analysis of TSL curves and the excitation spectra in the region 
of the intracenter Ce3+ excitation (Eex < 8 eV) of the Ce3+ ion, it was shown that 
the width of bandgap decreases with the increase of x value. In this case, the 
position of the excited 5d levels of cerium gradually moves towards the CB 
bottom, which results in a thermal ionization of the Ce3+ ions and decrease of 
the luminescence intensity (more details in publication III). 
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Figure 23. The luminescence excitation spectra of LuxY1-xBO3:Eu3+ in the 4.5-30 eV 
energy range, λem. = 590 nm, T = 300 K for x = 0 (1), 0.25 (2), 0.50 (3), 0.75 (4), and  
1 (5), the excitation spectrum of STEs emission in YBO3 at λem.= 260 nm, T = 10 K (6), 
and the excitation spectrum of Lu0.75Y0.25BO3:Eu3+ at λem. = 610 nm, Т = 300 К (7). The 
inset shows the excitation spectra of LuxY1-xBO3:Eu3+ normalized to E = 8.2 eV. 
 
 

 
Figure 24. The luminescence spectrum of Lu0.5Y0.5BO3:Ce3+ Eex. = 11 eV (1) and  
130 eV (2), T=300 K. The inset shows the relative intensity of LuxY1-xBO3:Ce3+ at  
Еex. = 11 eV (a) and 130 eV (b). 
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SUMMARY  

The main goal of the thesis was to determine the influence of the electronic 
structure, phase composition and the limitation of charge carriers free path on 
the luminescence properties and, in particular, on the processes of energy 
transfer from the host to the luminescence centers of the undoped and doped 
with the Eu3+ or Ce3+ ions solid solutions of LuxY1-xVO4, LuxY1-xPO4, and 
LuxY1-xBO3. The following results were obtained. 
 
1) It was shown that LuxY1-xPO4 and LuxY1-xVO4 are homogeneous, single-

phase, well-structured compounds with the tetragonal space group 
I41/amdZ, the structure type of xenotime. LuxY1-xBO3 crystallize in the 
structural type of vaterite for x < 0.5, while additional calcite phase was 
detected for the solid solutions with x ≥ 0.5 for LuxY1-xBO3:Ce3+ and with  
x ≥ 0.75 for LuxY1-xBO3:Eu3+. The calcite phase content was not more than 
5% in the doped borates. It was shown that the lattice constants of the vana-
dates, phosphates, and borates solid solutions decrease and follow Vegard’s 
law with the increase of x value. 

2) The luminescence band at 440-475 nm in the undoped vanadate LuxY1-xVO4 
is caused by the self-trapped excitons emission. It was shown that the band-
gap value of solid solutions is 3.5-3.6 eV and it negligibly depends on the x 
value, that indicates the formation of the valence band and the conduction 
band by the electronic states of oxyanion complex. The nonlinear depen-
dence of the luminescence intensity in LuxY1-xVO4 at 300 K with a maxi-
mum of x = 0.7 at 300 K was observed. It was shown that the luminescence 
is partially quenched at 300 K. The quenching temperature depends on the x 
value and determines the luminescence intensity of undoped LuxY1-xVO4. 

3) The most intensive emission in LuxY1-xVO4:Eu3+ was detected for х = 0.3 
and х = 0.7 at T=300 К. It was shown that in LuxY1-xVO4:Eu3+ the effi-
ciency of energy transfer from the host to the luminescence centres in-
creases for intermediate x value that is determined by the charge carriers 
free path limitation in the solid solution. 

4) It was shown that the emission bands at 365, 415, and 445 nm in  
LuxY1-xPO4 are related to the luminescence centres formed by crystal 
defects, whereas the intrinsic luminescence of self-trapped excitons was not 
observed down to 5 K.  

5) The bandgap value of LuxY1-xPO4 increases from 8.6-8.7 to 8.8-8.9 eV with 
increase of x value from 0 to 1. The origin of the modification of bandgap 
with x value was studied using the data on the electron and hole traps 
activation energies obtained by the thermally stimulated luminescence 
method. It is shown that the bandgap value increase is due to the upward 
shift of electron states of the conduction band bottom. 
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6) It was shown that the dependence of the 4f-4f Eu3+ luminescence intensity 
in LuxY1-xPO4:Eu3+ on the x value is predominantly defined by competition 
between the Eu3+ luminescence centres and deep traps. 

7) It was shown that the luminescence band at 260 nm of the undoped borates 
can be attributed to the self-trapped excitons, while the bands at 290, 350 
and 450 nm are related to the luminescence centres formed by crystal 
defects. The bandgap of borate solid solutions was estimated as 7.5-7.8 eV.  

8) The luminescence of LuxY1-xBO3:Ce3+ and LuxY1-xBO3:Eu3+ solid solutions 
is connected with the 5d-4f transitions of the Ce3+ and 4f-4f transitions of 
the Eu3+ ions, respectively. The luminescence intensity gradually decreases 
with the increase of x value in LuxY1-xBO3:Ce3+ that is due to the modi-
fication of bandgap and the increase of the probability of the thermal 
ionization of the Ce3+ 5d states. The increase of luminescence intensity for 
the intermediate x values in LuxY1-xBO3:Eu3+ was detected, that is con-
nected with a cumulative effect of the charge carriers free path limitation 
and the adverse influence of calcite phase on the energy transfer from the 
host to the Eu3+ ions in the samples with x ≥ 0.75. 
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SUMMARY IN ESTONIAN 

Energiaülekande protsessid kompleksete  
oksiidide segukristallides 

Käesoleva doktoritöö eesmärgiks oli uurida elektroonstruktuuri, faasikoostisest 
ja laengukandjate vabatee piiratuse mõju luminestsentsomadustele. Erilise tähe-
lepanu all oli energia ülekanne luminestsentstsentritele lisandamata ja Eu3+ või 
Ce3+ ioonidega lisandatud LuxY1-xVO4, LuxY1-xPO4, ja LuxY1-xBO3 segukristal-
lides. Töö raames koguti järgnevad tulemused. 
 
1. Näidati, et LuxY1-xPO4, ja LuxY1-xVO4 on homogeensed ja faasipuhtad ühendid 

ksenotiimi struktuuriga ja kuuluvad tetragonaalsesse ruumirühma I41/amdZ. 
LuxY1-xBO3 kristalliseerub vateriidi struktuuri kui x < 0.5, kusjuures kaltsiidi 
lisafaas leiti kui x ≥ 0.5 ja x ≥ 0.75 vastavalt LuxY1-xBO3:Ce3+ ja  
LuxY1-xBO3:Eu3+ jaoks. Kaltsiidi faasi osakaal oli vähem kui 5% lisandatud 
boraatides. Leiti, et vanadaatide, fosfaatide ja boraatide segukristallides võre-
parameetrid vähenevad ja järgivad Vegardi seadust x väärtuse kasvades. 

2. Luminestsentsi riba 440-475 nm juures lisandamata vanadaadis LuxY1-xVO4 
on põhjustatud iselõksustunud eksitonide rekombinatsioonist. Keelutsooni 
laius segukristallides oli 3.5-3.6 eV ja see sõltus vähesel määral x väärtu-
sest, mis näitab, et valentstsoon ja juhtivustsoon koosnevad oksüanioni 
kompleksi elektroonsetest seisunditest. Täheldati iselõksustunud eksitoni 
luminestsentsi intensiivsuse mittelineaarset sõltuvust x-st, maksimumiga  
x = 0.7 juures, LuxY1-xVO4 segukristallis 300K juures. Näidati, et see lumi-
nestsents on osaliselt kustutatud 300 K juures, kus temperatuurne kustumine 
sõltub x väärtusest. 

3. Kõige tugevamat luminestsentsi intensiivusust registreeriti LuxY1-xVO4:Eu3+ 
segukristalli jaoks x = 0.3 ja x = 0.7 väärtuste korral 300 K juures. Energia 
ülekande efektiivsus maatriksilt luminestsentstsentrile kasvab keskmiste x 
väärtuste jaoks segukristallis LuxY1-xVO4:Eu3+, mis on määratud laengu-
kandjate vabatee piiratusega segukristallides. 

4. Kiirgusribad 365, 415 ja 445 nm juures on seotud defektide luminestsents-
tsentritega segukristallis LuxY1-xPO4, kui samas iselõksustunud eksitoni 
kiirgust ei täheldatud ka 5 K juures. 

5. Keelutsooni laius kasvab väärtustelt 8.6-8.7 eV väärtusteni 8.8-8.9 eV kui x 
väärtus kasvab vahemikus 0 kuni 1. Keelutsooni laiuse muutuse sõltuvust x 
väärtusest uuriti LuxY1-xPO4 segukristallides kasutades aktivatsiooniener-
giaid elektronide ja aukude lõksude jaoks, mis arvutati termostimuleeritud 
luminestsentsi andmetest. Näidati, et keelutsooni laienemine on põhjustatud 
juhtivustsooni elektroonsete seisundite nihkest kõrgematele energiatele. 

6. 4f-4f Eu3+ luminestsentsi intensiivsuse sõltuvus väärtusest x segukristallis 
LuxY1-xPO4:Eu3+ on põhiliselt määratud konkureerivate protsessidega Eu3+ 
luminestsents-tsentrite ja sügavate lõksude vahel. 
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7. Luminestsensi kiirgusriba 250 nm juures seostati iselõksustunud eksitoni-
dega lisandamata boraatides. Kiirgusribad 290, 350 ja 450 nm juures on 
seotud defekti tsentrite luminestsentsiga. Boraatide segukristallide keelu-
tsooni laiuseks hinnati 7.5-7.8 eV. 

8. Luminestsents LuxY1-xBO3:Ce3+ ja LuxY1-xBO3:Eu3+ segukristallides on seo-
tud vastavalt Ce3+ 5d-4f üleminekuga ja Eu3+ 4f-4f üleminekuga. Lumi-
nestsentsi intensiivsus väheneb järk-järgult x väärtuse suurenemisega 
LuxY1-xBO3:Ce3+ segukristallis, mis on seotud keelutsooni muutusega ja 
Ce3+ 5d olekute termilise ionisatsiooni tõenäosuse suurenemisega. Leiti, et 
luminestsentsi intensiivsuse suurenemine keskmiste x väärtuste juures 
LuxY1-xBO3:Eu3+ segukristallides on seotud laengukandjate vaba tee piira-
tuse ja kaltsiidi faasi ebasoodsa mõju koosmõjuga energiaülekandele põhi-
ainelt Eu3+ ioonidele segukristallides, kus x ≥ 0.75. 
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