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ANNOTATION 
 
Persistent luminescence or afterglow or long-lasting phosphorescence is 

a luminescence characterised by the emission of radiation lasting from a few 
seconds to several days after the excitation source is turned off. Most of the 
persistent luminescence materials have emission in the visible part of the 
spectrum, especially in green. Despite great potential in applications, there is a 
lack of research on red and near infra-red emitting persistent luminescence 
materials. Therefore, this work is dedicated to the synthesis and analysis of 
novel red and near infra-red emitting persistent phosphors MgGeO3: Cr3+ and 
Mg2Si1-xGexO4: Mn (x = 0.0 – 1.0). In addition, the possibility of improving the 
persistent luminescence properties of already known and recognised persistent 
luminescence material MgGeO3: Mn2+ through the synthesis in a reducing 
atmosphere has been studied. 

All materials have been synthesised by the solid state synthesis method 
and investigated using X-ray diffraction, optical spectroscopy, electron 
paramagnetic resonance and thermally stimulated luminescence. 

It is concluded that all three materials are excellent persistent phosphors, 
and the samples with the optimal doping level and host composition exhibit a 
detectable afterglow well over 10 hours after switching off the excitation 
source. 

This work focuses on the trap properties and their impact on the 
persistent luminescence mechanism. It is concluded that there are several 
discrete trap levels in the case of MgGeO3: Mn2+, and the synthesis atmosphere 
does not significantly impact the nature of the shallow traps responsible for 
room temperature persistent luminescence. In the case of MgGeO3: Cr3+, a 
continuous trap distribution is present. In Mg2Si1-xGexO4: Mn materials, the 
presence of both types of traps, discrete and continuous, were detected. The 
Mg2Si1-xGexO4: Mn stands out with the rarely reported feature of different Mn 
luminescence centres responsible for photoluminescence and for persistent 
luminescence. 

Summarising the results, conclusions are drawn about the mechanisms 
of persistent luminescence and trap properties of MgGeO3: Mn2+, MgGeO3: 
Cr3+ and Mg2Si1-xGexO4: Mn materials and their potential applications. 

 
 
 
Keywords: Persistent luminescence; transition metals; germanates; traps; 
thermally stimulated luminescence; electron paramagnetic resonance.  
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INTRODUCTION 
Motivation 

Persistent luminescence (PersL) is a luminescence characterised by the 
emission of radiation from few seconds to several days after the excitation 
source has been switched off. PersL materials are used mainly for 
technologically trivial applications, such as luminescent paints, safety signs and 
decorations. At the same time, research and development of novel PersL 
materials and their application in medicine, military technology, anti-
counterfeiting, etc., are underway. 

Currently, most of the well-developed materials emit light in the visible 
(VIS) part of the spectrum, especially green, which is not optimal or usable for 
several applications, such as night vision surveillance, biomedical imaging, 
etc., where red and near infra-red (NIR) emission would be necessary. Still, 
there is relatively less research on materials with emission bands in the red and 
NIR regions. Additionally, these materials rarely are as efficient in the sense of 
intensity and longevity as their counterparts emitting green and blue light. 
Besides, it should be noted that most of the used PersL phosphors currently 
employ rare-earth (RE) element ions as activators. RE elements are relatively 
expensive; thus, their use increases overall production costs for PersL 
phosphors. Therefore, the common tendency in the development of a new 
generation of PersL materials is to avoid RE elements by substituting them with 
elements from the other groups, primary transition metals (TM). 

For red and NIR emission, manganese and chromium ions are 
commonly suggested. As TM ions, manganese and chromium are strongly 
affected by the crystal field surrounding them and, when introduced into a 
properly chosen matrix, can provide red afterglow in the case of Mn2+ and NIR 
afterglow in the case of Cr3+. On the other hand, germanate materials have 
attached widespread attention due to the high density of trapping levels, and 
there are many reports on excellent Mn2+ and Cr3+ activated germanate 
persistent luminescence materials; therefore, the aim of this work was set as 
follows. 

 
The aim and main tasks of the work 

The aim of this work is to design new and improve already 
established transition metal doped red and near infra-red persistent 
luminescence materials. 

 
To achieve this goal, the following tasks were set: 
► Synthesis of Mn2+ and Cr3+ activated germanate materials using solid 

state synthesis method; 
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► Characterisation of material structure using X-ray diffraction (XRD) 
and electron paramagnetic resonance (EPR) methods; 

► Characterisation of the spectroscopic properties of prepared materials 
using optical spectroscopy methods such as photoluminescence (PL) 
spectra, decay kinetics, photoluminescence excitation (PLE) spectra, 
PersL spectra and kinetics measurements; 

► Analysis of defects in the synthesised materials, including 
characterisation of the charge carrier trap properties: depth, 
distribution, density and stability, and identification of corresponding 
defects using thermally stimulated luminescence (TSL) and EPR 
experimental methods. 
 

Contributions of the Author 
Most of the samples have been synthesised by the Author. The Author 

measured all the PL and PLE spectra and kinetics at room temperature (RT), 
PersL spectra and kinetics, TSL glow curves and XRD patterns. The Author 
has performed all data analysis, calculations, and visualisation and is the 
corresponding author of all scientific publications directly related to the thesis. 

MSc Aija Kalnina has assisted with the synthesis of the samples. PhD 
Guna Krieke has performed low-temperature decay kinetic measurements. 
Dr.phys. Andris Antuzevics has carried out all EPR measurements and their 
preliminary analysis. 

 
Scientific novelty 

Within the framework of the dissertation, new, previously not reported, 
red and NIR PersL phosphors MgGeO3: Cr3+ and Mg2Si1-xGexO4: Mn (x = 0.0 - 
1.0) have been successfully synthesised and analysed. An interpretation of the 
luminescence mechanisms in them has been provided. In addition, the 
possibility of improving the PersL properties of already known and recognised 
PersL material MgGeO3: Mn2+ has been studied. To obtain optimal 
luminescence properties of these materials, methods such as finding the optimal 
concentration of activators, synthesis in different atmospheres, and 
modification of the host material composition have been used. 

Most of the results presented in this work have been published in peer-
reviewed scientific journals indexed in the international scientific database 
SCOPUS, as well as presented at international and local scientific conferences. 
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1. THEORETICAL BACKGROUND 
 
1.1. Persistent luminescence  

It is accepted that the PersL process involves three key steps: 1) 
ionisation, 2) trapping, and 3) detrapping. The first step of the PersL process 
consists of electron excitation and delocalisation. Normally, an electron at an 
excited state is still attached to its parent ion; it is localised. However, if 
sufficient energy is provided, the electron can reach the conduction band (CB), 
becoming mobile and delocalised. For oxide-based phosphors, there are three 
typical electron delocalisation mechanisms. The first is a straightforward band-
to-band transition if the absorbed energy E ≥ Eg where Eg is band gap energy. 
The other two are so-called charge transfer (CT) transitions. In Fig. 1.1. CT1 
stands for CT from oxygen ion in the valence band (VB) to activator ion 
creating charge transfer band (CTB). If CTB is close enough to CB, some 
electrons may cross over to CB. Further, CT2 stands for CT from the ground 
state of the activator ion to the CB; therefore, photo-oxidation of the activator 
ions occurs. In all three cases, if an electron is transferred to the CB, a hole is 
left behind. Delocalised charge carriers can move throughout the crystal; 
however, at some point, the localisation of charge carriers at appropriate defect 
sites will occur. In other words – electrons will be trapped by electron traps, 
and hole traps will trap holes. 

 

 
 

Fig. 1.1. Schematic diagram of the mechanism of PersL (● – electrons, ○ – 
holes). 
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After charge carriers have been trapped for some time, detrapping and 
consequent charge carrier recombination at the recombination centre occurs. 
There are two liberation possibilities – thermal promotion to CB or quantum 
tunnelling to the recombination centre. Additional competitive process – 
retrapping may occur. Retrapping is a process where the escaped charge 
carriers are recaptured before they reach recombination centres. 

In general, decay of PersL intensity I in time t can be characterised with 
expression Eq. (1.1) where γ and 𝑙𝑙 are fitting parameters, 𝑙𝑙 usually is between 1 
and 2; however, values as low as 0.5 has been reported [1,2]. When the 
tunnelling from an electron trap into a random distribution of recombination 
centres occurs, 𝑙𝑙 = 1 or close to 1 [3,4]. 

 

𝐼𝐼(𝑡𝑡) =
𝐼𝐼0

(1 + 𝛾𝛾𝑡𝑡)𝑙𝑙
 (1.1) 

 
1.2. Point defects in crystals 

The point defects expected in a real crystal can be divided into the 
following groups: vacancies – anion or cation is removed from its site and not 
replaced; interstitial – an ion, intrinsic or extrinsic, occupies an interstitial site 
that is normally empty; antisite – an ion on a site normally occupied by a 
different element which exists in the material; substitutional defects – an ion is 
substituted by an extrinsic ion and aggregate forms of the defects mentioned 
above [5]. 

Another subclass of defects is so-called colour centres, which are point 
defects or point defect aggregates associated with trapped electrons or holes. A 
typical example of a colour centre is F-centre. Here the presence of anion 
vacancy creates a localised positive charge since the negative ion which 
normally occupies the site is missing. If a free electron moves through the 
crystal, it will be attracted by the Coulomb force to the localised positive 
charge and can be trapped in the vacancy creating the F-centre. Analogous, a 
cation vacancy may be involved in a hole trapping; the system, in this case, is 
called the V-centre. Specifically, in oxides, by V-type centre, a hole trapped by 
oxygen and stabilised by a neighbouring cation vacancy is understood. There 
are several other colour centre types, such as M-centre (two neighbouring F-
centres), Vk-centre (one hole shared by two adjacent anions), etc. Altogether it 
can be assumed that F-type centres serve as electron traps and V-type centres as 
hole traps. 

In crystallography, if the dopant concentration extends 1%, it may be 
referred to as a solid solution rather than a doped material. However, most 
authors in the field of luminescence use term solid solution when describing a 
family of materials with a range of compositions and a single crystal structure. 
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A well-known example is NaCl – KCl solid solutions. NaCl and KCl have the 
same cubic crystal structure, and it is possible to make a pure compound with 
any ratio of Na+ to K+. Simply put, a solid solution is a crystalline phase with 
variable composition [6]. 

 
1.3. Properties of the transition metal ions 

The TM elements are characterised by a partially filled d subshell and 
the ability to produce cations with an incomplete d subshell. As dopants in 
optical materials, mostly 3d elements are used [7]. 

Spectroscopically active orbitals in TM ions are also valence orbitals, 
leading to high environmental sensitivity. Consequently, different hosts will 
provide different optical properties of TM ion activators [8]. Namely, when the 
ion is a part of a crystal, the effect of the crystal field must be considered since 
it causes splitting and bending of the free ion energy levels. To determine the 
positions of energy levels of the TM ions in the crystal field, the Tanabe-
Sugano diagrams for different dn electron configurations are used [9]. 
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2. LITERATURE REVIEW 
 
2.1. Overview of persistent luminescence materials 

There was no significant scientific interest in the PersL phenomenon 
until the 1990s. However, since then, the number of publications on the topic 
has rapidly grown. 

The common host materials for PersL phosphors are oxides, silicates, 
aluminates, nitrides, germanates, gallates, etc. As dopants, typically, RE 
elements (e.g., Ce3+, Eu2+, Eu3+, Tb3+, Nd3+, Pr3+, Ho3+ Sm3+, Tm3+, Yb3+, Dy3+), 
TM ions (e.g., Cr3+, Mn4+, Mn2+, Ni2+, Fe3+, Ti3+) or post-transition group ions 
(e.g., Bi3+, Pb2+), are used. 

There are established PersL phosphors for each of the primary colours, 
with the representative ones including Y2O2S: Eu3+, Mg2+, Ti4+ (red) [10], 
SrAl2O4:Eu2+, Dy3+ (green) [11] and CaAl2O4:Eu2+, Nd3+ (blue) [12]. However, 
compared to the blue and green emitting PersL materials, there are far fewer 
reports on red phosphors, with most of them still at the research and 
development stage, with unsatisfactory luminescence lifetime, intensity and 
other properties necessary for practical applications [13]. 

In addition to VIS emitting PersL phosphors, “invisible” UV and NIR 
emitters are also in demand. Because of their promising applications in 
biomedicine, interest in NIR PersL phosphors has rapidly increased over the 
last ten years. In turn, materials demonstrating long afterglow in UV are much 
less common, and publications on them have emerged in the last few years.  

Right now, the best-known applications of PersL phosphors are 
somewhat trivial: “glow-in-the-dark” toys, luminous paints for decorations and 
watches, etc. Probably the most important and recognised commercialised 
application is safety signs in buildings and aeroplanes that persist to glow in the 
case of a complete lack of power [14]. In addition to these, a wide variety of 
other potential applications, such as bioimaging [15], road markings [16], 
fingerprint detection [17], and anti-counterfeiting [18], among others, have 
been suggested throughout the years. 

There are several aspects to keep in mind when designing PersL 
phosphor. Firstly, choosing an optimal host and activator combination with 
desirable absorption and emission, suitable band gap, and appropriate traps is 
necessary. Secondly, an appropriate synthesis method and conditions must be 
chosen. In the case of solid state synthesis, a synthesis atmosphere may play a 
significant role, especially when working with oxygen rich hosts where oxygen 
vacancies typically serve as trapping centres, since synthesis in the reducing 
atmosphere or vacuum promotes their formation [19,20]. Lastly, there are 
several different routes to enhance the PersL properties of already known 
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materials. The commonly mentioned are co-doping, band gap engineering and 
persistent energy transfer. 

 
2.2. Activators and hosts in this work 

2.2.1. Persistent luminescence of Mn activated materials 
 
Manganese is one of the most promising activators for red-emitting 

phosphors [21]. The Mn4+ ions tend to occupy highly symmetrical octahedral 
sites with relatively strong local crystal field and generates deep red emission 
with sharp peaks, typically in the 620 – 720 nm range [22]. On the other hand, 
Mn2+ may occupy both octahedral and tetrahedral sites, and the same 4T1(4G) 
→ 6A1(6S) transition of Mn2+ can result in a widely different emission colour 
depending on molecular geometries in the material. The colour of Mn2+ 
emission in a strong field environment, such as an octahedral configuration, is 
red or even NIR [14]. In contrast, green emission appears in a weak field 
typically expected with a tetrahedral configuration. In all cases, broad 
featureless luminescence bands appear [23]. 

 

2.2.2. Persistent luminescence of Cr3+ activated materials  
 
Cr3+ ions typically show intense luminescence ranging from 650 to 

1200 nm, making Cr3+ the ideal luminescent centre for most red and NIR 
emitting materials [24]. If Cr3+ is in strong crystal field conditions, mainly spin 
forbidden 2E(2G) → 4A2(4F) transition occurs, resulting in relatively narrow 
luminescence bands. On the other hand, when Cr3+ is in weak crystal field 
conditions, broadband luminescence is expected due to the spin allowed 4T2(4F) 
→ 4A2(4F) transition. If an intermediate crystal field is present, there is thermal 
equilibrium between the 2E(2G) and 4T2(4F) states and both narrow and 
broadband emissions of Cr3+ luminescence are observed [25]. 

 

2.2.3. MgGeO3-based luminescent materials 
 
The structure of MgGeO3 is an analogue to Pbca enstatite. It consists of 

a three-dimensional network of [GeO4] tetrahedrons and two kinds of [MgO6] 
octahedrons: slightly distorted [Mg(I)O6] and more distorted [Mg(II)O6], which 
share joint edges. The schematic crystal structure and its basic units are 
presented in Fig. 2.1.  

The first report on MgGeO3 as a possible host for PersL phosphor was 
published in 2003 by Iwasaki et al. [26]. They discussed Mn doped MgGeO3, 
Mg2GeO4 and Mg4GeO6. It was concluded that of the three, MgGeO3:Mn2+ has 
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the best PersL properties. The red afterglow ≈ 600 – 750 nm with a maximum 
of 680 nm was observed for at least an hour. Since then, this publication has 
given a base for various research projects about MgGeO3: Mn2+ PersL materials 
[27,28]. 

Recently there have been reports on MgGeO3: Mn2+ based materials that 
could be used for bioimaging and optical information storage applications. 
Possibly the most intriguing research comes from Zhang et al. 2020 publication 
[29], where they have designed PersL nanoparticles of MgGeO3: Mn2+, Yb3+, 
Li+ with emission in the first and second biological windows that can be 
effectively used to realise long-term targeted imaging of inflammatory. 

 

 
 

Fig. 2.1. Crystal structure of the MgGeO3 material and polyhedron of Mg2+ and 
Ge4+. 

 

2.2.4. Mg2GeO4 and Mg2SiO4-based luminescent materials 
 
The crystal structure of the Mg2SiO4 and Mg2GeO4 compounds is 

illustrated in Fig. 2.2. There are three types of polyhedrons present in each 
structure: [GeO4] or [SiO4] tetrahedrons and two distinct [MgO6] octahedrons. 
The two different cation octahedra form alternating chains parallel to the c axis. 
One of the octahedra is more distorted [30].  

Just as MgGeO3, Mg2GeO4 was first considered a possible host for 
PersL phosphor by Iwasaki et al. [26]. The material was doped by manganese, 
and Mn2+ characteristic PersL bands were observed. Nevertheless, up to now, 
there is only one other report on Mg2GeO4 based PersL phosphor [31]. 

On the other hand, Mg2SiO4 phosphors have drawn wide interest from 
the scientific community since the 1990s. However, almost all the publications 
concentrate on PL instead of PersL. The only report on PersL of Mn2+ doped 
Mg2SiO4 is the 2008 publication by Lin et al., where they report on a long-
lasting red phosphor: Mg2SiO4: Dy3+, Mn2+ [32]. They observed two 
overlapping broad emission bands with maxima around 645 and 723 nm, which 



13 
 

were attributed to the transitions of Mn2+ ions substituting two non-equivalent 
Mg2+ sites. 

 

 
 

Fig. 2.2. Crystal structure of Mg2SiO4 and Mg2GeO4 and polyhedron of Mg2+, 
Si4+ and Ge4+. 
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3. EXPERIMENTAL 
 
3.1. Synthesis and structure analysis of the samples 

MgGeO3: Mn2+, MgGeO3: Cr3+ and Mg2(Si1-xGex)O4: Mn samples were 
synthesised by a solid state synthesis method. During the synthesis, 
stoichiometric amounts of chemical compounds (MgCO3·Mg(OH)2·3H2O, 
GeO2, SiO2, MnO2, Cr2O3) were weighted and milled in a marble mortar, 
transferred into a corundum crucible, and annealed: 

 
► at 1250 °C for 2 h in either ambient or reducing (flux of N2-H2 

mixture, 5% H2) atmosphere to obtain polycrystalline MgGeO3 
materials doped with Mn2+; 

► at 1250 °C for 2 h in an ambient atmosphere to obtain polycrystalline 
MgGeO3 materials doped with Cr3+; 

► at 1450 °C for 2 h in an ambient atmosphere to obtain polycrystalline 
Mg2(Si1-xGex)O4 materials doped with Mn. 
 

A heating and cooling rate of 5 °C/min has been applied. After the 
synthesis, the samples were ground. For heat treatment, a high-temperature 
furnace Carbolite HTF18 was used. 

The phase composition of prepared samples was studied with the 
powder XRD method. To obtain XRD patterns – the X-ray diffractometer 
Rigaku MiniFlex 600 was used. Positions of the XRD peaks were compared to 
the International Centre for Diffraction Data (ICDD) Powder Diffraction File 
(PDF) databases to identify the phase composition of the sample [33]. 
Additionally, the phase purity of synthesised materials was confirmed using 
Rietveld refinement performed using Profex software [34]. 

 
3.2. Analysis of the optical properties 

To excite PL and PersL spectra in NIR and VIS spectral regions, a Nd: 
YAG Q-switched laser NT342/3UV (pulse duration – 4 ns) from Ekspla 
(wavelength tuneable from 210 nm to 2300 nm) was used as an excitation 
source. The spectra were recorded with either the Andor DU-490-A CCD 
camera in the case of NIR PL or the Andor iSTAR DH-734 CCD camera in the 
case of VIS PL. CCD cameras were coupled to Andor SR-303i-B 
monochromator/spectrometer. 

To obtain PLE spectra, a Photoluminescence Spectrometer FLS1000 
from Edinburgh Instruments was used. The excitation source of the system is a 
450 W continuous xenon arc lamp. The PMT with spectral coverage from 200 
nm to ≈ 870 nm was used for signal detection. 
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The isothermal PersL decay kinetics were measured using Lexsyg 
research fully automated TSL/OSL reader from Freiberg Instruments GmbH 
coupled with PMT Hamamatsu R13456 at 25 °C. As the irradiation source, a 
Q-switched short-pulsed UV laser DTL-389QT (wavelength 263 nm) from the 
Laser-compact Group was used. 

All luminescence and excitation spectra measurements were corrected 
for the spectral sensitivity of the equipment. 

 
3.3. Thermally stimulated luminescence 

The TSL measurements were performed using previously mentioned 
Lexsyg research TSL/OSL reader. As the irradiation sources, a Q-switched 
short-pulsed UV laser DTL-389QT (wavelength 263 nm) from Laser-compact 
Group or X-ray tube VF-50 J/S, (40 kV, 0,5 mA, W-anode) were used. 

A basic TSL glow curve may be used for the primary analysis of the trap 
properties. Firstly, the number of glow peaks represents the number of distinct 
traps in the material. Secondly, the position and intensity of each peak 
correspond to the trap depth and density of trapped charge carriers, respectively 
[35]. By applying more advanced measurement and analysis techniques, it is 
possible to evaluate the trap nature: whether there are discrete trapping sites or 
continuous distribution, as well as trap depth values, frequency factors, etc. 

 

3.3.1. Evaluation of trap nature 
 
Tmax – Tstop, sometimes called partial thermal cleaning analysis, is a 

widely used experimental method for determining the number of glow peaks 
and their maximum temperature, which typically correlates with trap depth. 
Additionally, this method gives information about the nature of traps [36]. The 
basis of Tmax – Tstop is preheating previously irradiated sample to chosen 
tenperature Tstop, thereby thermally cleaning the glow curve up to that 
temperature. Following, the sample is cooled down to RT, and a TSL glow 
curve, as usual, is measured. The entire process, including irradiation, is 
repeated multiple times, each time, Tstop is increased by a few degrees. For each 
residual glow curve, the temperature corresponding to the first local maximum 
Tmax is determined, and a plot of the Tmax versus Tstop is made. If there is a 
single trapping site in the material, a straight line with a slope of 0 is expected. 
If the number of trapping sites is more than one, but they can be viewed as 
discrete traps, a “staircase” structure with each plateau region indicating the 
presence of an individual peak will appear. Finally, if the number of traps is 
high and they can be considered rather distributed than discrete, a straight line 
with a slope close to 1 is expected [37]. 
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The method developed by Van den Eeckhout et al. [38] can be used to 
estimate trap depth density distribution. The premise of this method is a 
calculation of the difference between the integrated intensity of two 
consecutive TSL glow curves from the Tmax – Tstop experiment. Since integrated 
intensity is directly related to the total number of filled traps after the sample 
has been heated to the Tstop, the difference between the integrated intensities is 
a measure of the number of filled traps between the measurements. From this, 
the density of traps at different preheating temperatures can be acquired. 
 

3.3.2. Evaluation of trap depth 
 
For the evaluation of trap depths, two methods were used. First of which 

is various heating rate method [39]. It evaluates the shift of the glow peak 
position depending on the heating rate. From each measured glow curve, Tmax 
of all glow peaks are noted. Using different heating rates β and Eq. (3.1), one 
can obtain trap depth Ea for each peak. 

 
𝛽𝛽𝐸𝐸𝑎𝑎

𝑘𝑘𝐵𝐵𝑇𝑇𝑚𝑚𝑎𝑎𝑚𝑚2 = 𝑠𝑠 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 �
𝐸𝐸𝑎𝑎

𝑘𝑘𝐵𝐵𝑇𝑇𝑚𝑚𝑎𝑎𝑚𝑚
�. (3.1) 

 
Here kB is the Boltzmann constant. The plot of � 1

kBTmax
�  versus ln �Tmax

2

β
� 

should give a straight line with slope Ea. 
The second is the Initial Rise Analysis (IRA). This method is based on 

analysing the initial low-temperature side of the TSL peak. It is assumed that 
the initial rise of the glow peak will follow the Arrhenius equation [40]: 

 
𝐼𝐼(𝑇𝑇) = C ∙ exp �− 𝐸𝐸𝑎𝑎

𝑘𝑘𝐵𝐵𝑇𝑇
�, (3.2) 

 
where I(T) – intensity as a function of temperature, C – a constant and T is a 
temperature. According to Eq. (3.2), if ln(I) is plotted as a function of 1

kBT
, a 

straight line with a slope -Ea is obtained to represent the initial rise part of the 
glow peak. 
 
3.4. Electron paramagnetic resonance 

EPR spectra were measured with a Bruker ELEXSYS-II E500 CW-EPR 
spectrometer operated in the X (9.836 GHz) and Q (33.91 GHz) microwave 
frequency bands. The spectra acquisition parameters were: 10 mW microwave 
power and 0.2 mT magnetic field modulation amplitude. Stepwise sample 
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annealing was performed in a custom-built furnace in the air. For irradiation, an 
X-ray tube Spellman (40 kV, 20 mA, W anode) or a pulsed solid-state laser 
NT342/3UV from Ekspla was used. For EPR spectra simulations, the EasySpin 
software [41] was used. 

EPR spectroscopy is based on the quantum physics notions of magnetic 
moment and spin of an electron. When an external magnetic field is applied, 
spin aligns either to or opposite the direction of the magnetic field, and the 
splitting of the electron spin sublevels occurs. This effect is referred to as the 
electron Zeeman splitting [42]. Energy difference hυ between splitted levels 
can be expressed by the following equation: 

 
ℎ𝜈𝜈 = 𝑔𝑔𝜇𝜇𝐵𝐵𝐵𝐵 (3.3) 

 
where h – Planck’s constant, υ – frequency of absorbed electromagnetic 
radiation, μB is a constant – the Bohr magneton, B – the strength of the applied 
magnetic field and g is the spectroscopic splitting factor, also called g-factor. g 
factor for free electron ge is 2.0023 but varies significantly for paramagnetic 
ions in the solid state material. 

In real crystal systems, in addition to interaction with the external 
magnetic field, other interactions may play a role in EPR spectra as well: 

 
► electron-electron interaction in systems with multiple unpaired 

electrons appears in spectra as a “fine” structure; 
► nucleus-electron interaction appears in spectra as a “hyperfine” 

structure; 
► other interactions, such as the nuclear Zeeman interaction of the 

nuclear spins with the external magnetic field [43]. 
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4. RESULTS AND DISCUSSION 
 
4.1. Impact of synthesis atmosphere on MgGeO3:Mn2+ 

MgGeO3: 0.1 mol% Mn2+ samples were synthesised in an ambient or a 
reducing atmosphere. Obtained samples will be denominated as aMGO and 
rMGO for ambient and reducing atmosphere synthesised materials, 
respectively. 

XRD measurements confirmed that both samples can be characterised 
with a single-phase orthorhombic MgGeO3 structure, corresponding to the PDF 
00-034–0281. This suggests that manganese ions are well incorporated in the 
MgGeO3 lattice. Based on the ionic radii, Mn2+ most likely occupies the Mg2+ 
sites. 

Fig. 4.1. shows PLE (λem = 680 nm) and PL (λex = 263 nm) spectra for 
both samples. Due to the relatively weak intensity of Mn2+ intra-atomic 
transition related excitation bands, the 340 – 450 nm spectral region of PLE is 
magnified. All observed excitation bands are in good accordance with multiple 
previous studies [27,44]. 

 

 
 

Fig. 4.1. The PLE (λem = 680 nm) spectra with magnified 340 – 450 nm part 
and PL (λex = 263 nm) spectra of aMGO and rMGO. 

 
For both samples, a strong red PL band between 600 – 800 nm with a 

maximum at 680 nm was observed when excited with UV. This band 
corresponds to Mn2+ optical transition from the excited state 4T1(4G) to the 
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ground state 6A1(6S) [45]. The synthesis in the reducing atmosphere slightly 
enhances the intensity of PL. 

The excitation with UV leads to the creation of Mn2+ PersL in both 
samples. After irradiation with 263 nm for 3 min, PersL can be observed for 
more than 10 hours. The decay curves of PersL are shown in Fig. 4.2. For the 
first three hours rMGO sample have higher PersL intensity than the aMGO 
sample; after that, there is no significant difference. The decay profiles, when 
plotted in double-logarithmic plot, cannot be fitted with a single line; however, 
multiple linear parts with different slopes are visible for each curve. It is 
reasonable to expect complex decaying behaviours if various traps are involved 
in the generation of PersL. Therefore, decay profiles of the PersL of aMGO and 
rMGO samples indicate the presence of multiple types of traps. 

 

 
 

Fig. 4.2. The afterglow decay curves of the aMGO and rMGO samples. 
Irradiated for 3 min with 263 nm 

 
To analyse the properties of the traps, TSL measurements were carried 

out, and the obtained glow curves are presented in Fig. 4.3. (a). Each glow 
curve consists of multiple peaks, with the most prominent glow peak around 
125 °C. While in both cases glow peaks appear at the same temperature ranges, 
the synthesis in a reducing atmosphere promotes the relative intensity of glow 
peaks at lower temperatures indicating an increased relative density of shallow 
traps. 

To determine a precise number of glow peaks, their maximum 
temperature and obtain information about the nature of traps, the Tmax – Tstop 
experimental method was applied. The obtained Tmax – Tstop plots are shown in 
Fig. 4.3. (b,c). In the case of aMGO, there are five discrete traps in the 
temperature range from RT to 300 °C. Moreover, there are no substantial shifts 
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in Tmax values which are approximately 53; 72; 122; 182; 276 °C, with 
changing Tstop. In the case of rMGO, the first four traps have slightly higher 
Tmax values. However, they still are discrete traps by their nature. A significant 
difference between Tmax – Tstop plots of aMGO and rMGO samples appear in 
the high-temperature range where Tstop > 200 °C. The “staircase” shaped 
pattern in rMGO disappears, and data points can be easily fitted with a straight 
line. This strongly suggests that synthesis in a reducing atmosphere induces the 
appearance of a group of closely overlapping glow peaks related to continuous 
trap distribution [46]. 

 

 
 

Fig. 4.3. (a) TSL glow curves of aMGO and rMGO samples irradiated with 263 
nm; heating rate 1 °C/s. Tmax – Tstop plots for aMGO (b) and rMGO (c) samples. 
 

Since it was shown in Ref. [47] that there are no significant differences 
in PL, PersL spectra and the glow peak positions between X-ray and UV 
irradiated samples, for convenience, further analysis was made for X-ray 
irradiated samples. 

To evaluate Ea, the varying heating rate method was employed. Using 
different heating rates (0.25; 0.50; 1.00; 2.00; 4.00 °C/s) and Eq. (3.1), trap 
depths corresponding to each peak were obtained. Fig. 4.4. shows sets of 5 
points relevant to the specific glow peaks for both samples. Obtained trap depth 
values for aMGO sample are as follows: 0.60 ± 0.01 eV; 0.75 ± 0.02 eV; 0.91 ± 
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0.01 eV; 1.30 ± 0.04 eV; 1.55 ± 0.04 eV. And for the rMGO sample: 0.58 ± 
0.02 eV; 0.73 ± 0.01 eV; 0.91 ± 0.02 eV; 1.30 ± 0.06 eV. Due to low signal 
intensity and interfering black-body radiation, the reliable activation energy 
range of continuously distributed traps in the high temperature end of glow 
curves of the rMGO sample could not be determined. However, this value is 
expected in the range around the activation energy corresponding to the deep 
trap of aMGO. 

 

 
 

Fig. 4.4. Heating rate plots of rMGO and aMGO samples. The glow peaks have 
been labelled as Peak 1 to Peak 5 from the lowest to the highest Tmax. 

 
It has been reported that effective thermal promotion of electrons from 

traps to CB and, thus, excellent PersL performance at RT would be expected if 
the trap depths are up to 0.8 eV [48]. In the case of aMGO and rMGO, the first 
two trap depths fall into this range, and the energy of the most populated trap is 
0.91 eV, which is quite close, leading to the long PersL of the material. The 
most significant difference in traps between aMGO and rMGO samples is 
observed in the case of deep traps, which give almost no contribution to PersL 
at RT. 

EPR investigations before and after irradiation with X-rays were 
performed. The results for the rMGO sample are presented in Fig. 4.5. (a). 
After irradiation, a change in Mn2+ spectrum shape at 351 mT (g = 1.998). A 
mathematical spectra subtraction for the samples after and before irradiation 
reveals an additional component. The “Subtraction” signal was monitored for 8 
h after irradiation. A negative shift from the free-electron g value suggests that 
the signal could belong to an F-type centre [49]. A likely candidate is an F+ 
centre – one electron trapped in an oxygen vacancy. The characteristic decay 
time suggests a correlation between the observed EPR signal and the afterglow 
of the sample (Fig. 4.5.(b)). In a double-logarithmic representation, the EPR 
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signal change and the afterglow decay curve for the rMGO sample can be 
approximated as straight lines with similar slopes, which strongly indicates that 
the g = 1.998 EPR signal and decay of PersL are interrelated. The signal is 
unstable at RT; however, a complete recovery of the EPR spectrum to its initial 
form was observed only after annealing at 200 °C. Therefore, the experimental 
results suggest that the observed paramagnetic centre plays a role in thermally 
stimulated processes from RT up to 200 °C and could be associated with the 
first four glow peaks in the TSL glow curve. 

 

 
 

Fig. 4.5. (a) EPR spectra of rMGO sample before and after X-ray irradiation, 
(b) a comparison of g = 1.998 EPR signal decay and PersL decay curve after 

rMGO irradiation with X-rays. 
 
4.2. NIR emission of MgGeO3: Cr3+ 

In pursuit of designing a novel broadband NIR PersL phosphor, a series 
of MgGeO3: Cr3+ samples with varying concentrations of Cr3+ was synthesised. 
Obtained samples will be denominated as MGO, and concentration will be 
indicated with x where x = 0.10, 0.25, 0.50, 0.75, 1.00, 2.00 and 4.00 mol%. 

XRD measurements confirmed that all samples can be characterised 
with a single-phase orthorhombic MgGeO3 structure, corresponding to the PDF 
00-034-0281. No disagreement in the XRD patterns for different doping 
concentrations was detected, suggesting that Cr3+ fully incorporates into the 
lattice of MgGeO3 without any significant changes in the host matrix.  

PLE and PL emission spectra are shown in Fig. 4.6. The excitation band 
at around 215 nm is assigned to the VB → CB transition of the host material, 
which is consistent with previously discussed aMGO and rMGO samples. The 
other three bands are attributed to the well-documented spin-allowed transitions 
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of Cr3+: 4A2(4F) → 4T2(4F) in the case of 650 nm; 4A2(4F) → 4T1(4F) in the case 
of 453 nm and 4A2(4F) → 4T1(4P) in the case of 290 nm [50,51].  

All samples exhibit a broadband emission in the NIR spectral region 
(around 700 – 1200 nm) when excited with UV radiation. It consists of multiple 
sub-bands, with the two most prominent bands having maxima at wavelengths 
around 790 nm and 980 nm. The origin of sub-bands is attributed to multiple 
non-equivalent positions for Cr3+ in the matrix. 

 

 
 

Fig. 4.6. (a) PLE spectra of the MGO samples monitored at 800 nm and (b) PL 
spectra excited with 263 nm. 

 
After cessation of the UV excitation, an afterglow of the Cr3+ NIR 

luminescence band is easily detectable for more than 16 h. The PersL decay 
curves are shown in Fig. 4.7. The best PersL properties were detected for the 
sample doped with 0.25 mol% Cr3+. PersL decay generally follows Eq. (1.1) 
and, in a double-logarithmic scale, appears as straight lines with slopes of -𝑙𝑙. If 
the 𝑙𝑙  value is close to 1, the mechanism of PersL is likely governed by 
tunnelling. In the case of MGO samples, regardless of the dopant concentration, 
the principal parts of the decay profiles are easily fitted with Eq. (1.1), with 𝑙𝑙 
values oscillating between 0.95 and 1.03. 

Detrapping through tunnelling does not require additional thermal 
energy; thereby, PersL should emerge in low-temperature conditions. As shown 
in the inset of Fig. 4.7., MGO maintains its PersL phosphor properties at 150 K 
and even at 10 K temperatures. 

To investigate the trap properties of the MGO materials, TSL and EPR 
measurements were performed. TSL glow curves of the MGO samples after 
irradiation with 263 nm are shown in Fig. 4.8.(a). 
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Fig. 4.7. The afterglow decay curves of the MGO samples after irradiation with 
263 nm at RT for 10 min. Inset: the afterglow decay curves of the x = 0.25 

mol% sample after irradiation with 263 nm at 10 K and 150 K. 
 

There is no significant change in the structure and peak positions of the 
glow curves; however, the intensity of the peaks varies a lot. The sample doped 
with 0.25 mol% Cr3+ show the most significant potential, which is supported by 
the PersL decay measurements (Fig. 4.7.). 

An extensive analysis of the x = 0.25 mol% Cr3+ sample was conducted 
to determine the nature of trap centres and depth. First, the Tmax – Tstop method 
was applied. The Tmax – Tstop plot is demonstrated in Fig. 4.8.(b) as grey 
squares. Up to Tstop = 100 – 120 °C, the Tmax value is around 125 °C. The most 
likely explanation is that when Tstop is below a threshold value, the relatively 
deep traps present in MGO material are not significantly affected; thus, the 
peak of the glow curve does not change its position. When Tstop > 120 °C, Tmax 
values increase linearly, suggesting continuously distributed or closely 
overlapping trapping levels. 

The Tmax – Tstop measurements were used to determine the activation 
energy Ea as well. For this purpose, the IRA was used. The determined Ea 
values are shown as the orange circles in Fig. 4.8. (b). Ea was found to be 
constant: 0.95 ± 0.05 eV. Similar results have been reported previously [52], 
and it has been suggested that in the case of a continuous trap distribution, IRA 
may predominantly give the Ea value of the shallower traps. Thus, it is 
concluded that relatively deep, closely overlapping trapping levels exist in the 
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MGO material. Analysing Tmax – Tstop glow curves, the trap density distribution 
of MGO material was found, it follows a Gaussian profile Fig. 4.8. (c). 

 

 
 

Fig. 4.8. (a) TSL glow curves of the MGO samples after irradiation with 263 
nm; (b) Tmax – Tstop plot and Ea values; (c) the calculated trap density 

distribution. 
 

EPR measurements before and after exposure to UV radiation were 
conducted; the results are shown in Fig. 4.9. (a). Complex EPR signals in 342 – 
361 mT emerge after the irradiation. 

EPR spectra simulations were performed to determine the UV-generated 
paramagnetic centres. The experimental spectrum was determined to be a 
superposition of signals of two S = ½ systems labelled “V-type” and “F-type”. 
Here S is electron spin operator. The parameters used in simulations suggest 
the creation of single hole (V-type) and electron (F-type) centres in MGO. In 
oxide hosts, holes are commonly trapped on oxygen ions, forming S = ½ O− 
centres. The detected centre in MGO exhibits a hyperfine structure likely linked 
to the 27Al and 55Mn isotopes. Both could be present as trace impurities from 
the precursors. From the detection of the hyperfine structure, it can be 
concluded that the holes are captured on oxygen ions with the respective 
impurity ions nearby. Common electron traps in oxides are oxygen vacancies. 
A single electron trapped at a vacant oxygen site, i.e., the F+ centre is the most 
straightforward S = ½ F-type centre. 
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Fig. 4.9. (a) EPR spectra of the x = 0.10 mol% Cr3+ sample before and after 
UV irradiation; (b) EPR signal intensity decay compared to PersL decay 

kinetics. 
 

At RT, the gradual decay of both paramagnetic centres is observed. 
Obtained results overlayed with PersL decay kinetics of the same sample are 
shown in Fig. 4.9. (b). The analysis demonstrates that the decay rate of the 
paramagnetic centres is correlated with PersL kinetics. Therefore, the 
experimental evidence strongly suggests that the detected V-type and F-type 
centres in MGO play a crucial role in the mechanism of PersL. 

 

 
 

Fig. 4.10. A schematic diagram of the PersL mechanism in the MGO material. 
 
Based on the results above, the primary mechanism of PersL in MGO is 

proposed in Fig. 4.10. Firstly, electrons are excited directly to the CB under 
UV irradiation, leaving holes in the VB. Charge carriers move through the 
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bands until they are captured by the traps. While the oxygen vacancies serve as 
the electron traps: 𝑉𝑉𝑂𝑂•• + 𝑒𝑒− → 𝑉𝑉𝑂𝑂• or 𝑉𝑉𝑂𝑂•• + 2𝑒𝑒− → 𝑉𝑉𝑂𝑂×, the holes are trapped on 
oxygen ions and form O−  centres:  𝑂𝑂2− + ℎ+ → 𝑂𝑂− . When irradiation is 
stopped, charge carriers escape the traps by athermal tunnelling to Cr3+ ions. 
Finally, recombination at the Cr3+ ions occurs, resulting in long broadband NIR 
PersL. 

 
4.3. Red emission of Mg2Si1-xGexO4: Mn 

Here a design of manganese doped Mg2Si1-xGexO4 (x = 0.0 - 1.0) solid 
solutions are discussed in detail. A doping concentration of Mn is set at 0.1 
mol%, and Mg2Si1-xGexO4: 0.1 mol% Mn (x = 0.0; 0.1; 0.2; 0.3; 0.4; 0.5; 0.6; 
0.7; 0.8; 0.9; 1.0) materials will be denominated as MSGO with x values 
indicated where applicable. 

 

 
 

Fig. 4.11. (a) XRD patterns of selected MSGO samples and theoretical 
positions of Mg2SiO4 (PDF 01-084-1402) and Mg2GeO4 (PDF 00-036-1479); 

(b,c,d) dependence of the lattice parameters on x value. 
 

Selected XRD patterns and standard cards PDF 01-084-1402 
corresponding to orthorhombic Mg2SiO4 and PDF 00-036-1479 corresponding 
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to orthorhombic Mg2GeO4 are shown in Fig. 4.11.(a). The peak positions of the 
analysed samples matched well with the PDF patterns, and no additional phases 
could be identified, indicating the formation of Mg2Si1-xGexO4 solid solutions. 
The positions of the XRD peaks gradually shift to smaller angle values with the 
increase of Ge4+ content in the samples since relatively smaller Si4+ ions are 
replaced with larger Ge4+ ions, and subsequently, the interplanar distances 
increase. Fig. 4.11.(b,c,d) shows the dependence of the lattice parameters on 
the x value. 

According to the ionic radii and the valence, Mn2+ ions most likely 
occupy both Mg2+ sites. Likewise, one could expect that Mn4+ ions would 
substitute Ge4+ ions. However, it has been demonstrated that Mn4+ ions strongly 
prefer an octahedral environment [53]. Thus, the most likely positions of Mn4+ 
in the lattice are [MgO6] octahedrons, where significant charge compensation 
would be necessary. Therefore, only a low concentration of Mn4+ is expected in 
MSGO samples. 

 

 
 

Fig. 4.12. PLE (λem = 610, 660, 740 nm) spectra and PL (λex = 205, 240, 320, 
540 nm) spectra of the x = 0.1 sample. 

 
The luminescence measurements of MSGO reveal the coexistence of 

Mn2+ and Mn4+ in most of the samples. Selected PL and PLE spectra of the x = 
0.1 sample are shown in Fig. 4.12. By varying the excitation wavelength, it is 
possible to observe three distinct PL bands: a sharp Mn4+ band with a 
maximum at 660 nm as a result of the 2E(2G) → 4A2(4F) optical transition and 
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two broad Mn2+ bands with maxima at 637 and 730 nm corresponding to 
4T1(4G) → 6A1(6S) optical transition of Mn2+ in two non-equivalent Mg2+ sites 
[54]. Excitation at 320 nm coincides with the spin-allowed Mn4+ intra-atomic 
transition from the ground state to 4T1(4F) level; therefore, efficient Mn4+ PL 
even at minuscule doping concentration is not surprising. 

When the sample is excited with 205 nm, corresponding to the VB → 
CB transition, a broadband PL emission matches a sum of both Mn2+ bands 
emerge. The same spectral features characterise the PersL spectra. All  PLE 
bands, including CTBs and inter-atomic bands of Mn2+ and Mn4+ ions, 
correspond to previous reports on similar materials [32,55]. 

 

 
 

Fig. 4.13. (a) PersL spectra of the MSGO samples a few minutes after cessation 
of irradiation with 263 nm and (b) the afterglow decay curves of the same 

samples after irradiation for 3 min with 263 nm. 
 

After removal of the 263 nm excitation, regardless of composition, all 
samples can be characterised with Mn2+ PersL (Fig.4.13.(a)). No detectable 
Mn4+ related PersL can be observed, thus, confirming the notion of low Mn4+ 
concentration in samples. 

Based on the decay curves (Fig.4.13.(b)), it was concluded that the most 
perspective red PersL phosphor is the x = 0.9 sample. Afterglow could be 
easily detected for more than 16 h if samples were irradiated with a 263 nm. 
Most of the samples cannot be fitted with a single line, indicating the 
complexity of the PersL process with the involvement of multiple trap centres. 
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In addition, decay profiles do not follow the “-1” line; thus, although tunnelling 
cannot be entirely ruled out, it is doubtful that it plays a significant role in the 
RT PersL processes of MSGO materials. Even more, the coinciding of PersL 
spectra and PL spectra when excited with 205 nm strongly suggests that the 
PersL mechanism is based on thermal detrapping, i.e., trapped electrons are 
thermally promoted to CB before reaching the recombination centre. 

 

 
 

Fig. 4.14. (a) TSL glow curves of the MSGO samples after irradiation with 263 
nm; (b) Tmax – Tstop plot; (c) Ea – Tstop plot. 

 
To study the trap properties of the MSGO materials, TSL glow curves 

were measured after irradiation with 263 nm. Selected glow curves are 
presented in Fig. 4.14.(a). Multiple semi-overlapping glow peaks were detected 
throughout all measured temperature region; however, TSL glow curves can be 
roughly divided into four regions: P1 (25 – 90 °C), P2 (90 – 150 °C), P3 (150 – 
210 °C) and P4 (210 – 300 °C). MSGO x = 0.9 sample has the highest intensity 
of shallow traps represented by peaks P1 and P2. This result is expected since 
this sample has been determined to be the best PersL phosphor of the set. 
Further examination was carried out for the x = 0.9 sample. The Tmax – Tstop 
experimental technique and IRA were applied. The Tmax – Tstop plot is shown in 
Fig. 4.14. (b). Four distinct parts of the plot can be identified. By applying 
IRA, the trap depths Ea of the traps were determined (Fig. 4.14. (c)). The trap 
depth values corresponding to P1, P2 and P4 fluctuate around constant value 
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for each peak: Ea(P1) = 0.87 ± 0.01 eV, Ea(P2) = 0.99 ± 0.01 eV and Ea(P4) = 
1.84 ± 0.01 eV. Thus, P1, P2 and P4 represent discrete trapping sites. Between 
P2 and P4 lies a relatively low-intensity glow curve region P3. The activation 
energy of the P3 increases with each increased Tstop and changes continuously 
from around 1.1 eV to 1.8 eV. 

EPR spectroscopy analysis of UV-generated paramagnetic centres in the 
MSGO x = 0.9 sample is provided in Fig. 4.15.(a). The most notable features 
which emerge after the irradiation are a broad signal centred at ≈ 348 mT (g = 
2.02) and a better-resolved signal at ≈ 352 mT (g = 1.99). EPR spectra 
simulations were carried out for more precise characterisation. The identified 
EPR signals in MSGO can likely be associated with single trapped hole O− and 
single trapped electron F+ centres [56]. 

 

 
 

Fig. 4.15. (a) EPR spectra of undoped MSGO x = 0.9 sample after UV 
irradiation and subsequent annealing (trace impurity signals marked by the 

asterisks); (b) the decay of paramagnetic centres as a function of sample 
annealing temperature. 

 
As evident from Fig. 4.15.(b), the identified paramagnetic centres 

exhibit distinct annealing kinetics. The F-type centre decays rapidly in the 50 – 
100 °C range. For the V-type centre, the annealing process can be divided into 
two stages: the first is correlated with the decay of the F-type centre, whereas 
the second extends up to 200 °C. Therefore, it can be concluded that the V-type 
centre has more than one complementary electron centre to recombine with. 
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Based on the obtained results, the primary mechanism of PersL in 
MSGO samples is proposed in Fig. 4.16. Under 263 nm irradiation, 
simultaneously, both Mn2+-O2- and Mn4+-O2- CTBs are excited. Due to the 
close distance between the bottom of CB and CTBs, some electrons from CTBs 
can be delocalized to the CB of the host via photoionization. From CB 
electrons are captured and trapped by the electron traps. At the same time, 
holes left in the VB will be trapped by hole traps. Once irradiation ceases, the 
trapped charge carriers can be released to the CB and VB by phonon assistance 
and transferred through the host to Mn2+, where recombination takes place, 
resulting in red broadband PersL. 

 

 
 

Fig. 4.16. A schematic diagram of the PersL mechanism in the MSGO material. 
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CONCLUSIONS 
 
In conclusion, a novel broadband NIR PersL phosphor MgGeO3, doped 

with various concentrations of Cr3+ and Mg2Si1-xGexO4: Mn, (x = 0.0 – 1.0) 
solid solutions doped with 0.1 mol% Mn were successfully synthesised by the 
solid state reaction. For both sets of samples, the optimal composition was 
determined. Additionally, MgGeO3 material doped with 0.1 mol% Mn2+ was 
successfully synthesised by the solid state reaction in the reducing atmosphere 
for the first time. 

For MgGeO3: Mn2+ samples, regardless of the synthesis atmosphere, a 
strong red Mn2+ (4T1(4G) → 6A1(6S)) PL and PersL band with the maximum 
wavelength at 680 nm was observed. Synthesis in a reducing atmosphere 
slightly increases the luminescence intensity. After irradiation with 263 nm for 
10 min, PersL was observed to last for at least 10 h for both samples. However, 
for the first few hours, the intensity of in reducing atmosphere synthesised 
sample is higher than that of in air synthesised sample. The observed PersL is a 
complex process involving multiple traps and is correlated with the decay of a 
g = 1.998 EPR signal, which appears after irradiation with X-rays.  

TSL experiments determined that within the measured region sample 
synthesised in the air has five discrete traps with activation energies between 
0.60 and 1.55 eV. In the case of the sample synthesised in reducing 
atmosphere, the first four traps have the same activation energies as the traps of 
the sample synthesised in air. Significant changes occur around the deepest trap 
energy range, where the synthesis in the reducing atmosphere promotes the 
appearance of closely overlapping trap levels. Additionally, the difference in 
the synthesis atmosphere impacts the distribution of filled traps in the material: 
synthesis in reducing atmosphere promotes an increase of shallow traps, thus, 
providing better PersL signal intensity. 

In the case of MgGeO3: Cr3+ samples, the broadband NIR PL and PersL 
attributed to the 4T2(4F) → 4A2(4F) optical transition of Cr3+ ions were 
observed. For the best performing sample with 0.25 mol% Cr3+, the PersL 
signal was detected for more than 16 h after irradiation with 263 nm for 10 min.  

Analysis of the TSL and EPR measurements has revealed that the main 
trap centres responsible for PersL are intrinsic by nature and can be categorised 
into two types: oxygen vacancies that serve as electron traps and oxygen ions 
that serve as hole traps. The traps in the material are deep and closely 
overlapping with Ea ≥ 0.9 eV, and the trap density distribution closely follows 
the Gaussian profile. It was demonstrated that the primary detrapping 
mechanism in MgGeO3: Cr3+ is athermal tunnelling directly to the 
luminescence centres. Therefore, the MgGeO3: Cr3+ material is a promising 
NIR persistent phosphor not only at room and higher temperatures but also at 
low-temperature conditions, which may be beneficial for applications in 
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advanced fields such as anti-counterfeiting, night-vision surveillance, etc. 
Additionally, since the emission of MgGeO3: Cr3+ covers the first and partially 
second biological windows, where low scattering and absorption of light 
guarantee deeper tissue penetration, a great potential for numerous biological 
applications for this material is evident. 

Studies of Mg2Si1-xGexO4: Mn, (x = 0.0 – 1.0) solid solutions revealed 
that excitation with UV leads to appearance of red PL band with a maximum at 
660 nm that originates from the 2E(2G) → 4A2(4F) optical transition of Mn4+ 
ions. PersL can be induced in all the samples with the 263 nm excitation 
source. PersL emission consists of two broad bands with maxima at around 637 
nm and 730 nm corresponding to 4T1(4G) → 6A1(6S) optical transitions of Mn2+ 
ions in two non-equivalent Mg2+ positions. The mixed valence of Mn ions 
present in the material and consequent dissimilar spectral features of PL and 
PersL spectra make the Mg2Si1-xGexO4: Mn materials a desirable candidate for 
advanced multimode anti-counterfeiting applications. 

The best PersL phosphor of the series is Mg2Si0.1Ge0.9O4: Mn, for which 
red afterglow can be easily detectable for more than 16 hours after irradiation 
with 263 nm for 3 min. 

The TSL analysis revealed a complex system of traps present in the 
material. Three distinct trap centres with trap depth values of 0.87 eV, 0.99 eV 
and 1.84 eV and a continuous distribution of closely overlapping trap levels 
with trap depth values around 1.1 – 1.8 eV were identified. The EPR analysis 
indicated the presence of two distinct paramagnetic centres associated with 
single trapped hole O− and single trapped electron F+ centres. 

Optical measurements strongly suggest that PersL in Mg2Si1-xGexO4: Mn 
samples is realised through the classical “trap centre → CB → luminescence 
centre” model. 
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THESIS 
 
 
► Synthesis of MgGeO3: Mn2+ in reducing atmosphere not only 

improves the intensity of the afterglow signal by increasing the 
concentration of the shallow trapping centres, but also leads to the 
creation of continuous distribution of deep trapping centres in the 
material. 

 

► Under the influence of UV radiation, deep, oxygen-related trapping 
centres are formed in MgGeO3: Cr3+ material. Charge carriers from the 
from the trapping centres are transferred mainly by athermal 
tunnelling to the luminescence centre. 

 

► The photoluminescence spectrum of Mg2Si1-xGexO4: Mn material, is 
dominated by characteristic signal of Mn4+ while the persistent 
luminescence spectrum is dominated by that of Mn2+, which is 
explained by vastly different concentration and excitation efficiency of 
Mn2+ and Mn4+ ions in the material. 
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