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A B S T R A C T   

The presence of point defects associated with shallow traps has been identified as a limiting factor in the design 
of materials with desirable characteristics for applications such as scintillation and luminescence dosimetry, 
among others. In this context, this study aims to elucidate the dynamics inherent to the charge carriers in systems 
containing multiple traps and one single recombination centre. To unravel this complexity, we employed a 
synergetic approach combining Thermoluminescence (TL) and Optically Stimulated Luminescence (OSL) mea
surements with kinetic models. Specifically, for the Li and Ce co-doped MgB4O7, we verified that the electron 
population trapped in shallower traps exhibits a slower decay rate under optical stimulation compared to deeper 
traps. This behaviour led to a delay in the luminescence emission, as a result of charge re-trapping or even 
competition with other centres. This phenomenon can be attributed to its low photoionization cross-section 
associated with a high re-trapping rate, providing a rationale for these remarks. In addition, we observed that 
the shallow traps have a greater optical than thermal probability of being detrapped, indicating that they were 
not solely detrapped through thermal stimulation. Also, the magnitude of the thermal probability leads us to 
believe that there is an electron population different from zero in the conduction band at t = 0 (before optical 
stimulation). Lastly, this study paves the way for a deeper understanding of charge carrier dynamics in systems of 
multiple traps, improving the performance of existing materials for scintillation and dosimetry.   

1. Introduction 

There is a substantial interest in the phenomenon of optically stim
ulated luminescence (OSL) due to applications such as radiation 
dosimetry [1–3], medical imaging [4,5], nanothermometry [6,7], 
among others. These applications are based on the assumption that 
electrons become trapped in metastable states within the materials 
bandgap as a result of previous exposure to ionising radiation. When the 
material is optically stimulated, these trapped electrons are released into 
the conduction band. Subsequently, they recombine with holes at the 
recombination centres, potentially leading to the emission of light. The 
intensity of the luminescent signal is employed to estimate the absorbed 
dose (usually measured in Gy) that the material was exposed to due to 
ionising radiation. The materials assessed for their potential as radiation 

detectors to perform the quoted estimation (often referred to as ‘do
simeters’) should preferentially exhibit specific characteristics, such as: 
a linear dose-response for a broad dose range, high sensitivity, mea
surement reproducibility, and signal stability over time [8,9]. Usually 
the materials contain more than one set of electron traps – density of 
discrete electron traps per unit volume at a specific depth – which leads 
to the evidence of competing processes with regards to the recombina
tion probability [10,11]. Commonly, theoretical approaches assume 
that in an OSL experiment, electrons are solely released through optical 
stimulation. However, this assumption is not valid in the presence of 
shallow traps. In such cases, the thermal energy associated with the 
ambient temperature is sufficient to release the electrons that are 
localized in the shallow traps [12]. Consequently, in this situation, both 
thermal and optical stimulation occur simultaneously in an 
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experimental OSL analysis. While the impact of shallow traps has been 
previously examined by different groups [13], the intricate nature of the 
phenomenon gives rise to experimental constraints when attempting to 
elucidate the true role of these traps. 

There are numerous effects attributed to shallow traps [12,13]. 
Materials harbouring shallow traps exhibit a gradual decline with 
increasing delay in TL measurements, a phenomenon known as fading. 
This effect is understood as the release of electrons from shallow trap 
levels through, for example, thermally activated processes at room 
temperature [14]. Yukihara et al. proposed that shallow traps are 
associated with the fast OSL components in the initial part of the OSL 
decay curve [15]. However, the non-linear dose dependence of the 
signal, quenching of luminescence, anomalous fading [9], and an in
crease in lifetime [13] can also result from a simple model involving 
empty trapping states [16]. Indeed, only under simplifying assumptions 
does the competition between recombination centres and empty traps 
result in a linear effect. Determining the contribution of each trap to the 
OSL signal is a fundamental question for understanding the kinetics of 
the phenomenon. Therefore, experimental studies investigating changes 
in trapped electron concentrations within each trap during OSL mea
surements are crucial for theoretical models. 

The concentration of trapped electrons before and after an OSL 
measurement was presented by Jain et al. [17] using a coupled 
radio-photoluminescence/OSL system. However, this was applied in a 
feldspar system that presents solely one set of traps. Thermolumines
cence (TL) is ideal for probing the trap depths in materials, as the signal 
is composed of emissions that can be present in only one or more tem
perature intervals, depending on the distribution of trap levels presented 
in the sample. Changes in the relative intensity of the TL glow peaks 
allow us to experimentally extract information on the competition be
tween the recombination centre and empty traps [18]. 

In this context, the main goal of the present work is to contribute to 
the discussion on the dynamic processes in a system with multiple sets of 
electron traps and one recombination centre. For this, we combined TL 
and OSL measurements, coupled with kinetic models, to analyse the 
charge carrier dynamics. An additional term of temperature was incor
porated into the rate equations for OSL, aiming to compare the influence 
of the thermal and optical probability on the electron trapping and 
detrapping mechanism. Lastly, as an example, we have used results 
obtained from MgB4O7:Ce,Li for supporting the presented discussion. 

2. Methodologies 

2.1. Experimental procedure 

2.1.1. Materials synthesis and characterization 
The synthesis of MgB4O7 doped with Ce and Li ions was carried out 

using the solid-state synthesis method. During the material production, 
the following analytical grade reagents were used: MgO (Alphatec, 99% 
purity), H3BO3 (Alphatec, 99.5% purity), CeO2 (Alpha Aesar, 99.5% 
purity), and LiCl (Vetec, 99% purity). 

Stoichiometric amounts of the reagents were homogenized in an 
agate mortar, placed in a porcelain crucible and annealed in a muffle 
furnace. For the annealing process, a heating rate of 10 ◦C/min and a 
maximum temperature of 900 ◦C, kept for 6 h, was used in a process that 
took place under an atmospheric air environment. The furnace was then 
turned off and the materials were submitted to a free and slowly cooling 
process until reaching room temperature (~25 ◦C). The produced ma
terial presented the following nominal concentrations for the dopants: 
MgB4O7:Ce0.33wt%Li0.67wt%. The chosen concentration for the Ce and Li 
was based on publications that discussed the optimal proportion with 
regards to luminescence emission [15,19], which indicated concentra
tions of MgB4O7:Ce0.5wt%Li0.5wt% and MgB4O7:Ce0.3mol%Li10mol% (the 
same as MgB4O7:Ce0.24wt%Li0.39wt%), respectively. 

The structural and thermal properties, using techniques such as X-ray 
diffraction (XRD) and differential thermal analysis (DTA), as well as 

defect analysis of the material, using the atomistic simulation software 
GULP, were adequately reported in a previous study [20]. 

2.1.2. Thermoluminescence and optically stimulated Luminescence 
measurements 

The irradiation procedure of the samples was carried out using a 
90Sr/90Y beta radiation source from the RisØ TL/OSL reader, model DA- 
20, with a dose rate of 84.5 mGy s− 1. The exposure times using the 
quoted beta source were 20 s (1.69 Gy) and 180 s (15.21 Gy). The TL and 
OSL measurements were performed on the same reader. 

The samples were examined in the form of pellets, which were 
approximately 5 mm in diameter, 2 mm thick, and weighed 40 mg. For 
the production of each pellet, the homogenized powder was uniaxially 
pressed at 1 ton force for 1 min. Right after irradiation, the entire batch 
was exposed to blue LED (peak emission at 470 nm; FWHM = 20 nm) for 
0, 1, 3, 5, 10, and 20 s, with each light exposure conducted separately. 
TL measurements were taken from room temperature to 400 ◦C at a 
heating rate of 10 ◦C s− 1 under a N2 atmosphere. After each TL mea
surement the pellets were submitted to an annealing process, which 
involved a heating process up to 450 ◦C for 10 s in order to remove any 
residual signal. The annealing was performed in the reader itself. The 
entire procedure (beta irradiation - blue LED exposure - TL measurement 
- annealing process) was repeated for both 1.69 Gy and 15.21 Gy, which, 
as mentioned before, are related respectively to 20 s and 180 s of 
exposure. 

For the optically stimulated luminescence analysis, after a 20 s beta 
irradiation the signal acquisition was performed using 40 s blue LED 
stimulation in the continuous wave method (CW-OSL). A Hoya U-340 
filter, with transmission band between 290 nm and 390 nm, was used 
between the samples and the photomultiplier tube. The set of blue LEDs 
used to obtain the OSL signal was the same used in the light exposure 
before the TL analysis. 

2.2. TL glow curve deconvolution 

We used the ’tgcd’ computational package in R to estimate the 
activation energies and frequency factor through the deconvolution of 
the experimental TL glow curve of the sample irradiated for 180 s with 
beta radiation [21]. The experimental TL glow curve was deconvoluted 
into five glow peaks using semi-analytical expressions of the one 
trap-one recombination (OTOR) model based on the Wright Omega 
function, assuming R-value = An/Am<1 (where An and Am are the 
electron recapture and recombination probabilities, respectively) 
[21–24]. Based on the OTOR model, an equation for the intensity of a 
single peak is obtained in terms of the Wright Omega function, as 
follows: 
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IM is the maximum TL intensity, TM is temperature (K) at maximum TL 
intensity, k is Boltzmann constant (eV K− 1), E is activation energy (eV), 
T the temperature in K with constant heating rate K s− 1, ω and Ei are the 
wright Omega function and the exponential integral function, 
respectively. 

We have also considered the Figure of Merit (FOM) and Squared 
Pearson Correlation (R2) values as criteria for evaluating the goodness of 
fit of the experimental TL glow curve and the TL glow curve obtained 
from deconvolution [25,26]. 

2.3. Simulation of OSL decay curve in the presence of shallow traps 

The simple theoretical framework used to explain the generation of 
the OSL signal in materials that contain electrons trapped also in shallow 
traps is shown in Fig. 1, which presents the main processes that may 
occur during the optical stimulation of the MgB4O7:Ce,Li at room tem
perature. We considered a simple model with five electron traps, in 
which trapped electrons (n1, n2, …, n5) can be released by thermal and 
optical stimulation, and only one recombination centre. Re-trapping of 
released electrons and recombination (m) are competing processes. We 
chose a model with five traps to simulate the OSL decay curve because 
the deconvolution process revealed that the experimental TL glow curve 
of MgB4O7:Ce,Li was most accurately represented by the combination of 
five distinct peaks, as will be demonstrated in the forthcoming sections. 

The thermal detrapping probability pTi, for trapped electrons to 
escape from traps to the conduction band, is given by Arrhenius law: 

pTi = si e− Ei
kT (i= 1, 2, ..., 5) (1)  

where Ei (eV) is the activation energy of the electron traps (i = 1, 2, 
…,5), si (s− 1) is the frequency factor, k the Boltzmann constant, and T (K) 
the temperature. At room temperature, thermal energy is usually 
insufficient to release electrons in deep traps. However, we have 

introduced a thermal detrapping probability term for all traps for the 
sake of comparison with the optical detrapping probability. In this 
approach, the rate equations that govern the motion of charge carriers 
among the trapping levels, conduction band, and recombination centre, 
are given by Ref. [12]: 

dni

dt
= − nipi − nipTi + ncAi(Ni − ni) (i= 1, 2, ..., 5) (2)  

dnc

dt
=

∑5

i=1
[nipi + nipTi − ncAi(Ni − ni)] − ncmAm (3)  

dm
dt

= − ncmAm (4)  

where Ni (cm− 3) and ni (cm− 3) are the concentrations of total electron 
traps and filled electron traps, respectively. nc (cm− 3) is the concentra
tion of free carriers in the conduction band and m (cm− 3) is the con
centration of the recombination centres. Ai (cm3 s− 1) and Am (cm3 s− 1) 
are the capture probabilities of the electron traps and recombination 
centres, respectively. pi is the detrapping probability due to an optical 
stimulus, which is determined by the product of the photoionization 
cross-section (σ, measured in cm2) and the stimulated photon flux with 
wavelength λ (φ, measured in cm− 2s− 1). The photoionization cross- 
section is obtained by employing the Lima-Batista-Couto model [27] 
for localised states within the bandgap. By following the procedures 
outlined earlier in Ref. [27] and employing Fermi’s golden rule, we 
achieve the following outcome:  

where γ(ω) = 2kℏω/ m*ω0c represents an energy function, with ω and 
ω0 denoting the angular frequencies of the incident electromagnetic 
radiation and the three-dimensional isotropic harmonic oscillator, 
respectively. The electron effective mass is denoted as m*, α is the fine 
structure constant, ℏ is Planck’s reduced constant, c represents the speed 
of light, and k is the wavevector of the electron. Eq. (5) represents the 
probability of a trapped electron being released to the conduction band, 
and after this potentially recombining with a hole at the recombination 
centre, emitting a photon with energy ℏω. 

The intensity of the OSL signal is proportional to the rate of recom
bination between holes and electrons, which can be written as: 

I = ncmAm (6) 

Numerical methods implemented in Python have been used to obtain 
the solution of the presented set of differential equations. 

3. Results and discussion 

3.1. Analysis glow curve and estimate of the kinetic parameters 

The TL glow curve obtained at a heating rate of 10 ◦C s− 1 of the 
MgB4O7:Ce0.33wt%,Li0.67wt% sample irradiated for 180 s with beta radi
ation was analysed using the ’tgcd’ package in R, as proposed by Peng 
et al. [21]. In this study, the TL glow peaks were located by plotting the 
second-order derivative of the experimental TL curve. As depicted in 
Fig. 2, the TL glow curve of MgB4O7:Ce0.33wt%,Li0.67wt% was well 
described by the combination of five peaks. The quality of fit of the 
experimental TL glow curve concerning the TL curve obtained in the 
deconvolution was evaluated by the FOM and R2 values, considering 

Fig. 1. Schematic representation of the trapping and re-trapping mechanism 
involved in the OSL signal of MgB4O7:Ce,Li. ni is the concentration of trapped 
electrons into energy levels within the bandgap, m is the concentration of 
available recombination centres or trapped holes, and Ni is the total concen
tration of electron traps within the bandgap. Ai and Am are the capture prob
abilities of the electron traps and recombination centres, respectively. pi and pTi 
are the detrapping probabilities due to optical or thermal stimulation, 
respectively. 
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that FOM values in the range of 0–2.5% indicate a good fit, in the range 
of 2.5–3.5 the fit is reasonable, and >3.5 the fit is poor. Also, the closer 
the R2 value is to 1, the better the curve fit [26]. We found values of 
FOM = 0.502 % and R2 = 0.999, demonstrating an adequate fit of the TL 
glow curve in the deconvolution procedure. The activation energy and 
frequency factor values for each brightness peak were obtained from the 
expressions used in the ’tgcd’ package. The activation energies for the 
five peaks are 0.8156 eV, 1.2567 eV, 1.2251 eV, 1.4677 eV, and 1.8795 
eV, respectively, while the frequency factors are 2.80 × 109 s− 1, 3.34 ×
1013 s− 1, 1.89 × 1011 s− 1, 6.25 × 1011 s− 1, and 7.99 × 1013 s− 1, 
respectively. 

3.2. Time evolution of TL after optical stimulation 

After exposing the material to the 90Sr/90Y source (dose rate of 84.5 
mGy s− 1), several electrons become trapped in the bandgap of the ma
terial. Two different exposure durations were employed: 20 s and 180 s. 
In both cases, five distinct TL glow peaks, well-separated, have been 
observed around 423, 463, 532, 608 and 667 K. The peak around 423 K 
is associated with shallow traps, the peaks around 463 and 532 K with 
intermediate traps, while the remaining two peaks are attributed to 
deeper traps. 

To get information about the electrons trapped at each specific trap, 
we analysed the changes on the TL glow curve after exposing the sample 
to optical stimulation from blue LEDs (emission peak at 470 nm). This 
procedure enables us to assess the electron concentration at each type of 
trap, as, under a linear heating rate, each TL glow peak correlates with 
the trapped electron population [28]. Consequently, an increase in the 
TL glow peak indicates an augmentation in the trapped electron 
concentration. 

In view of analysing the behaviour of the TL glow curve obtained in 
different situations, we have employed different exposure times to op
tical stimulation, ranging from 0 to 20 s, in order to release electrons 
from the traps. Fig. 3 shows the TL glow curves recorded at t =
0 (without optical stimulation) and after optical stimulation durations of 
t = 1, 3, 5, 10, and 20 s. Relative changes in the intensity of the peaks 
were found, which should be connected to variations in the concentra
tion of electrons trapped at each specific trap (N1, N2, …, N5). The peak 
around 423 K, referring to the shallowest N1 traps, increases around 10 

% in the first second compared to the initial electron population. From 1 
s of optical stimulation, the N1 trapped electron concentration starts to 
slightly decrease, reaching almost 30 % of their population at 20 s. On 
the other hand, there is a significant decrease in the intermediate peaks 
around 463 and 532 K after the first second of optical stimulation. These 
observations clearly demonstrate that electrons trapped in intermediate 
traps (N2 and N3) are effectively released to the conduction band under 
blue light stimulation, with a very low probability of re-trapping. The 
population of electrons in N2 and N3 is practically emptied after 20 s of 
exposure to blue light. The peaks localised around 608 and 667 K, 
attributed to deeper N4 and N5 traps, present a reduction in their pop
ulation of electrons due to optical stimulation, albeit at a slower decay 
rate than intermediate traps. After 20 s of optical stimulation, N4 and N5 
traps maintain a higher electron concentration than the other traps. In 
this stage, the electron population in N4 and N5 traps decreased by 
almost 50 % compared to the initial concentration – comparing the areas 

Fig. 2. Deconvoluted glow peaks for the TL glow curve of the MgB4O7:Ce0.33wt 

%,Li0.67wt% sample using the OTOR model based on the Wright Omega function. 

Fig. 3. TL glow curve of MgB4O7:Ce,Li before and after different durations (1, 
3, 5, 10, and 20 s) of optical stimulation. The sample was exposed for 20 s to 
beta radiation. 

Fig. 4. TL glow curve of Li and Ce ions co-doped MgB4O7 after optical stimu
lation. The sample was exposed for 180 s to beta radiation. 
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below the TL glow curves. 
Fig. 4 shows the TL glow curve of the sample after 180 s of radiation 

exposure. The TL signal is more intense compared to a 20 s exposure, as 
expected. The intermediate peaks around 463 and 532 K decrease by 
more than 50 % with just 1 s of optical stimulation, demonstrating that 
the trapping centres associated with these TL glow peaks only contribute 
to the OSL signal initially. However, the peak related to the shallow 
traps (423 K) again presents a rise in the first second and then starts to 
decrease. Indeed, after 180 s of radiation exposure, more electrons are 
trapped, resulting in a higher probability of charges released from the 
deep traps being captured in the shallow traps (if there is no saturation 
in the fill of the trap). Thus, the detrapping term has a greater influence 
on the kinetic of optically stimulated luminescence. 

The results we found in the TL measurements suggest that the in
termediate and deep traps are mainly responsible for the OSL signal. 
These results are in agreement with Yukihara et al. [15], who did not 
observe in MgB4O7:Ce,Li samples a decrease in the OSL signal for pre
heating temperatures up to ~423 K. Bossin et al. [29] found similar 
results for MgB4O7:Ce,Li; according to the authors, although shallower 
traps between 323 K–423 K do not contribute directly to the OSL signal, 
they could delay the luminescence emission by re-trapping charges or 
acting as competing centres. 

3.3. OSL decay curve and trapping and detrapping parameters 

The kinetic and trapping/detrapping mechanisms involved in the 
OSL decay curve of the MgB4O7:Ce,Li compound can be described by a 
rate law. By using a set of rate equations, as shown in section 2.3, it is 
possible to predict the magnitude of the rate parameters and how they 
can influence the OSL signal decay. In this case, the presented model 
considers five electron traps and one recombination centre in the face of 
the TL measurements. In a general sense, thermal and optical detrapping 
probabilities for shallow, intermediate and deep traps were considered, 
although the magnitude of pT is too small for intermediate/deep traps. 

The rate parameters are determined empirically through experi
mental results of the OSL decay curve and TL glow curve. Among the set 
of rate equations (Eq. 2 to 4), several adjustable parameters can be used 
to describe the charge carrier dynamics in this material. Out of these 
parameters, seven of them – n1, n2, n3, n4, n5, nc, and m represent the 
charge carrier population in each trap and/or conduction band – vary 
with the time while the other remain constant for any time. 

TL measurements present in Figs. 3 and 4 enable us to assess the 
behaviour of the electron concentration in each trap using the set of rate 
equations. The thermal and optical detrapping parameters can be 
theoretically obtained by using the Arrhenius law (for pTi) and the Lima- 
Batista-Couto model (for pi), respectively. pTi depends on the activation 
energy (Ei) and the frequency factor (si), while pi depends on the 
photoionization cross-section and stimulated photon flux. 

To get the detrapping probability rates (pi) by optical stimulation, it 
is necessary to predict the photoionization cross-section (σi) of each trap. 
Additionally, apart from the activation energy, σ also depends on the 
electron effective mass (m*) and phonon frequency (ω0). To the authors’ 
knowledge, there is no information in the literature about m* of 
MgB4O7. As an approximation, we have used the value from the 
Zn4B6O13 compound – borate material closest to MgB4O7 with available 
electron-effective mass data [30]. The phonon frequency (6.9 × 1014 

rad/s) was obtained from the Raman spectrum for MgB4O7 [31], being 
calculated in the same way as presented in Ref. [32]. 

Fig. 5 presents the photoionization cross-section as a function of the 
electromagnetic radiation energy for each trap. The maximum proba
bilities of electron detrapping occur for the energies at 1.104 eV, 1.524 
eV, 1.553 eV, 1.767 eV and 2.192 eV for each trap, respectively. By using 
the same wavelength (λ = 470 nm) employed to measure the OSL decay 
curve, we have obtained the following values for the photoionization 
cross-section of each trap: 7.6 × 10− 19 cm2 (Trap N1), 3.5 × 10− 18 cm2 

(Trap N2), 3.1 × 10− 18 cm2 (Trap N3), 6.9 × 10− 18 cm2 (Trap N4), and 

2.2 × 10− 17 cm2 (Trap N5). Note that the N1 shallow traps present the 
least electron detrapping probability to optical stimulation at 470 nm, as 
already demonstrated by the TL measurements after optical stimulation. 
On the other hand, the deeper traps (N4 and N5) exhibit the highest 
probability although the intermediate traps (N2 and N3) are quickly 
detrapped in a few seconds by optical stimulation, as shown in Figs. 3 
and 4. 

In the face of values for the photoionization cross-section, we have 
calculated the electron detrapping probability due to an optical stim
ulus. With a stimulation wavelength of 470 nm and an experimental 
power density of 72 mW cm− 2, the calculated photon flux reached 1.7 ×
1017 photons per second per cm2. The energy of one photon is given by E 
= hν, h = 6.63 × 1034 W s2 being Planck’s constant and ν the linear 
frequency. For a blue-LED with wavelength λ = 470 nm, the energy 
produced by one photon is predicted to be 4.2 × 10− 19 W s. Thus, the 
photon count per time and area units is given as follows: φ = 1.7 × 1017 

cm− 2 s− 1 (0.072 W cm− 2/4.2 × 10− 19 W s). The electron detrapping 
probabilities (p = σφ) of each trap by optical stimulation are presented 
in Table 1. Note that electrons trapped in the shallowest traps (N1) 
exhibit the lowest probability of being detrapped through optical stim
ulation, as indicated in Table 1. 

By using the theoretical detrapping probability values, it becomes 
possible to empirically estimate the remaining rate parameters more 
reliably. The other kinetic parameters (Ai, Ni, ni, and nc) were acquired 
by fitting the experimental OSL decay curve for MgB4O7:Ce,Li through a 
set of rate equations (Eqs. (2)–(4)), as detailed in section 2.3. Table 1 
presents all the kinetic parameters predicted in this study. 

Fig. 6 shows that the chosen kinetic parameters in this study effec
tively adjusted the simulated OSL decay curve to match the experi
mental data from CW-OSL measurements. Notably, the probabilities of 
electron retrapping (Ai) were found to be higher for deeper and shal
lower traps in comparison to intermediate traps (as shown in Table 1). 
This observation aligns with expectations, considering that the experi
mental TL glow curves indicate that intermediate traps are almost 
emptied after 1 s of optical stimulation (as shown in Figs. 3 and 4). Some 
of the electrons released from intermediate traps migrate to shallower 
traps, as indicated by the increased peak intensity at 423 K in the TL 
glow curves after 1 s of optical stimulation. These findings provide a 
clearer understanding of the kinetics and trapping/detrapping mecha
nisms of the N1 shallow traps, as observed in the TL glow curve after the 
optical stimulation. Instead, it acts to delay luminescence emission by 
re-trapping electrons from the conduction band. 

Fig. 5. Photoionization cross-section (cm2) of the traps as a function of the 
electromagnetic radiation energy (eV) for Li and Ce ions co-doped MgB4O7. E1, 
E2, E3, E4 and E5 are the activation energies of each trap. 
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Moreover, we also assessed the time evolution of the trapped elec
tron population in both N1 and N4 traps that emerge or are released due 
to blue-LED optical stimulation. Fig. 7a–b present the time evolution for 
the first 20 s of optical stimulation. The experimental points were ac
quired by measuring the peak areas at 423 K and 608 K in the TL glow 
curve (Fig. 3 with 20 s of beta irradiation) after successive optical 
stimulation, whereas the simulated data points were generated from the 
rate equations. 

As shown in Fig. 7a and b, the simulated time evolution of the 
trapped electron population in N1 and N4 traps are very close to the 
experimental data. Additionally, n1 increased around 10 % in the first 
second, before starting a downward trend. This behaviour is a conse
quence of the rapid emptying of intermediate traps and their low 
retrapping probability compared to deeper traps. Conversely, the 

intermediate traps exhibited a very low re-trapping (A2/A3), along with 
the highest detrapping probability when compared to the N1 trap, 
providing strong evidence for the rapid emptying of the intermediate 
traps. Meanwhile, the trapped electron population in the N4 traps has 
been steadily decreasing, in a way practically linear, since the onset of 
optical stimulation, with approximately 50 % of these traps being 
emptied within the initial 20 s. Thus, the shallow traps act to delay the 
luminescence emission by electron re-trapping from the conduction 
band released from intermediate traps, and not just as a TL trap. The 
decrease in the trapping electron population in the first 20 s is mainly 
due to the optical detrapping probability, which has a magnitude much 
greater than the thermal probability (pTi ≪ pi) as shown in Table 1. 

3.4. Discussion 

The presence of point defects within the material may result in traps 
of varying depths. The defect clustering created during the synthesis of 
the compound or by impurities is responsible for the formation process 
of these traps and recombination centres. For semiconductors and in
sulators, these traps are filled when the material is irradiated and elec
trons are prompted from the valence band to the conduction band and, 
subsequently, are captured by localised traps in the band gap. However, 
the existence of shallow traps poses a challenge when designing mate
rials for applications in scintillation and ionising radiation dosimetry. 
This is problematic because shallow traps may have a deleterious effect 
by either reducing or delaying the luminescence emission, which is 
undesirable for these applications. 

In some materials with shallow and deep traps, it is possible to 
observe differences in the trap emptying sequence between the TL and 
OSL processes. This difference is related to the participation of phonons 
in the electronic transition [33]. The local vibronic modes and the 
change between the ground and excited states are determined by the 
local crystal potential at the point defect that produces the trap. 
Therefore, electron-phonon coupling is specific to each trap and the 
difference between optical and thermal depths varies from trap to trap 
[33]. Occasionally, a trap identified as shallower in TL may have a 
greater optical depth than a deeper TL trap [33]. 

Table 1 
Kinetic parameters of both OSL and TL processes for the Li and Ce ions co-doped MgB4O7 compound. ni0 represents the trapped electron concentration at t = 0.  

Level Ni (cm− 3) ni0 (cm− 3) Si (s− 1) pTi (s− 1) pi (s− 1) Ai (cm3s− 1) Ei (eV) 

Trap (i = 1) 1.82 × 1014 1.55 × 1014 2.80 × 109 4.63 × 10− 5 0.130 3.10 × 10− 10 0.816 
Trap (i = 2) 1.54 × 1014 1.54 × 1014 3.34 × 1013 1.96 × 10− 8 0.598 1.00 × 10− 13 1.257 
Trap (i = 3) 1.00 × 1015 1.00 × 1015 1.89 × 1011 3.76 × 10− 10 0.538 5.80 × 10− 13 1.225 
Trap (i = 4) 1.54 × 1016 1.53 × 1016 6.25 × 1011 9.89 × 10− 14 1.181 1.40 × 10− 9 1.468 
Trap (i = 5) 5.40 × 1014 5.40 × 1014 7.99 × 1013 1.24 × 10− 18 3.771 1.10 × 10− 9 1.880 
Recombination center (i = m) – – – – – 1.80 × 10− 11 –  

Fig. 6. Experimental (20 s of beta irradiation) and simulated OSL decay curve. 
The simulated decay curve was obtained by solving numerically the rate 
equations, and the rate parameters are presented in Table 1. 

Fig. 7. Time evolution of the trapped electron population in both A) N1 and B) N4 traps that emerge or are released by optical stimulation.  
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Studies involving the MgB4O7 doped with rare earth and alkali 
metals have revealed the existence of shallow traps within the band gap, 
as supported by several works [15,29,34–38]. Specifically, in the case of 
co-doping with Li and Ce ions, the TL glow curve exhibits five distinct 
peaks, with one of them attributable to the presence of shallow traps. TL 
measurements subsequent to the optical stimulation show a quick 
emptying of intermediate traps (N2 and N3) and a slight increase of the 
N1 shallow traps in the first second, whereas the N4 deeper traps start a 
decay tendency practically linear since the first second. 

The predictions of the thermal and optical detrapping probabilities 
using Arrhenius law and the Batista-Lima-Couto model, respectively, 
revealed that N1 shallow traps exhibit a higher thermal detrapping 
probability (pT1) compared to other traps, although with a magnitude 
lower than the optical detrapping probability (p1) – pT1<p1. In this case, 
pT1 is sufficient for electron detrapping from shallow traps before 
initiating the optical stimulus, and provoking a short-term fading of the 
OSL decay curve as shown by Yukihara et al. [15]. Furthermore, this 
electron detrapping at room temperature leads to an electron population 
different from zero in the conduction band for t = 0 s. Using this 
boundary condition is essential to adjust the OSL decay curve. Thus, we 
considered by rate law that nc/n1 = pT1 at t = 0 s (without optical 
stimulation). 

Conversely, when we assessed the optical detrapping probabilities 
obtained by the Batista-Lima-Couto model, it became evident that N1 
shallow traps exhibit a notably lower magnitude compared to interme
diate and deeper traps for an optical stimulation wavelength at 470 nm. 
This finding contrasts with the suggestion of Yukihara et al. [15], 
associating them with the fastest OSL components as a consequence of 
the high photoionization cross-section. Also, the re-trapping rate (A1) 
associated with N1 shallow traps has a higher magnitude than inter
mediate traps leading to a delay in the luminescence emission. 

Among all traps, N1 shallow traps have the lowest decay rate of 
trapped electrons, decreasing less than 30 % of the trapped electron 
population between 1 and 20 s of optical stimulation, because of high re- 
trapping and low photoionization cross-section. Meanwhile, interme
diate traps are practically emptied in this period and N4 traps decrease 
by almost 50 % of the initial value. Our results agree with the results 
reported by Bossin et al. [29] about TL measurements recorded at a 
heating rate of 1 ◦C s− 1 in MgB4O7: Ce0.3mol%, Li10mol% after exposure to 
blue LED (470 nm) for durations ranging from 1 s to 120 s. There, the 
mean peak associated with the deeper traps decrease in the same pro
portion as our TL measurements. For instance, in both the TL results 
presented by us and those by Bossin et al. [29], there is a reduction of 
approximately 30 % in the TL peak associated with the deepest trap (N4) 
after 10 s of optical stimulation with blue light. Also, in both studies, it is 
noticeable that the intermediate peak of the TL measurement is almost 
completely extinguished after only 10 s of optical stimulus. However, 
unlike our findings, in the TL measurements conducted by Bossin et al. 
[29], the peak corresponding to the shallower trap appears to increase 
during a 10 s stimulus and remains constant for up to 120 s. 

This difference in this behaviour may be associated to the fact that 
MgB4O7:Ce0.3mol%,Li10mol% has shallow traps that are either less popu
lated or have a higher probability of re-trapping, in comparison to the 
material produced by us (MgB4O7:Ce0.33wt%,Li0.67wt%). According to 
Yukihara et al. [39], a higher number of empty traps (N–n) corresponds 
to a proportionally greater re-trapping probability, leading to a delay in 
the recombination process. It is noteworthy that the presence of Li in the 
material likely contributes to the existence of these shallow traps. In our 
prior work, we did not observe a TL peak at approximately 423 K in 
samples doped solely with Ce [20]. 

For MgB4O7:Ce, the luminesce signal may be associated with two 
probable defect clustering’s (Ce•MgMg’B or Ce• • •iMg’BO″i), while for 
MgB4O7:Ce,Li, it may be associated with the 2Li ’MgCe• • • iMg’B defect 
clustering. In all cases, the Mg’B defect is present in the host matrix. 
When comparing both possibilities where Ce ions occupy an interstitial 
position, the main distinguishing factor is the presence of a Li 

substitutional defect into Mg site [20]. 
Another crucial aspect is the origin of these point defects. In a prior 

study, we suggested that the mechanism of defect formation originates 
from the decomposition process of magnesium precursors during syn
thesis [20,40]. Guckan et al. [41] developed a luminescence properties 
study of Li and Ce ions co-doped MgO, using a solid-state reaction 
synthesis, and obtained a TL glow curve exhibiting a similar behaviour 
to what is presented here. The TL glow curve of MgO:Li,Ce features five 
peaks in the temperature range of 353–723 K, reinforcing the connection 
between defect clustering and luminescence centres having a common 
origin for these phenomena in both materials. 

4. Conclusion 

In summary, we have used Thermoluminescence (TL) and Optically 
Stimulated Luminescence (OSL) measurements associated to kinetic 
models to shed light on the intricate dynamics of charge carriers within 
materials containing multiple trap and a single recombination centre, 
with a specific focus on Li and Ce co-doped MgB4O7. The new findings 
exhibited here are:  

- The electron populations trapped in shallower traps exhibited a 
slower decay rate under optical stimulation compared to interme
diate and deep traps;  

- The delay in luminescence emission is attributed to charge re- 
trapping or competition with other centres due to the low photo
ionization cross-section and high re-trapping rate of the shallower 
traps;  

- The electron population in the conduction band is different of zero at 
t = 0 (before optical stimulation) due to the magnitude of the ther
mal probability;  

- In the first second of optical stimulation, the intermediate traps are 
the main responsible for the OSL signal because of the high 
photoionization-cross section and very low re-trapping rate;  

- The trapped electron population in the N4 deeper traps decreases 
practically linearly during the time stage, reaching almost 50 % of 
the initial population in the first 20 s. 

Lastly, this study has provided valuable insights to understand the 
dynamics of charge carriers in systems containing multiple traps, of
fering new elements for improving the performance of materials in 
scintillation and dosimetry applications. By understanding the behav
iour of shallow traps and their interactions with charge carriers, it is 
possible to design materials with enhanced characteristics and func
tionality for specific applications. Thus, these findings pave the way for 
future advancements in the development of materials for several 
applications. 
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