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A B S T R A C T   

The objective of this study was to investigate the properties of BioGlass, with and without doping with europium 
and silver, with a specific focus on its potential application in thermoluminescent (TL) and optically stimulated 
luminescent (OSL) dosimetry. The structural and optical characteristics of the samples were also analyzed using 
techniques such as X-ray diffraction (XRD), optical absorption (OA), and fluorescence spectroscopy (FL). An XRD 
analysis confirmed the amorphous phase of the BioGlass. OA and FL spectra were obtained at room temperature, 
and characteristic bands of dopant ions were observed which confirmed the incorporation of the Eu3+ ions and 
silver nanoparticles Ag(NP) ion into the BioGlass. The OSL decay curves exhibited a characteristic exponential 
behavior, with a notable presence of fast and medium decay components; this suggests that the charge traps 
within the BioGlass samples possess a high photoionization cross section when exposed to blue LEDs, which are 
commonly used as the light source in OSL readers. Different TL glow peaks with varying shapes of the glow curve 
were observed when the dopant, the co-dopant, and the concentration of silver were altered in the samples. The 
TL kinetic parameters were determined, such as the order value, activation energy, and frequency factor, and the 
OSL parameters for the compound were also analyzed, including an exponential fit to the curves. Based on these 
initial results, we conclude that BioGlass has the potential for use in radiation dosimetry.   

1. Introduction 

In recent decades, significant attention has been paid to the use of 
synthetic inorganic amorphous biomaterials, and particularly Bio
Glasses, due to their extensive range of applications in various techno
logical fields. These materials have found uses in osteoconductive 
applications, including restorative materials, bone grafts, implant 
coatings, and tissue engineering scaffolds (Farooq et al., 2019). More
over, in some groups of BioGlasses, silver doping can be used to enhance 
the antibacterial effects (Kwakye-Awuah et al., 2008). The different 
types of BioGlass proposed in the literature have been critically exam
ined, discussed, and compared, and for a more comprehensive review, 
the reader is referred to (Baino and Vitale-Brovarone, 2011). 

Scientific investigation of rare earth (RE) activated luminescence 
materials has intensified recently, largely due to their excellent 

luminescent properties, which enable the application of these materials 
in many technological fields such as conversion materials for solar cells, 
fiber amplifiers, solid-state lasers, radiation detectors, photoelectric 
devices, and optical data storage. Of the numerous RE ions, Eu and Tb 
ions are often chosen for incorporation into materials of interest for 
luminescent dosimetry, as they give characteristic emission lines when 
excited with ionizing radiation (Ziya Halefoglu et al., 2019; Halefoglu 
et al., 2020; Portakal Ucar et al., 2020; Sarikci et al., 2023; Silva et al., 
2021, 2022). The incorporation of silver as a co-dopant has also 
attracted considerable attention, as this metal improves the luminescent 
properties of CaSO4:Eu and CaSO4:Tb (Silva et al., 2020; Junot et al., 
2014, 2019). Silver is able to generate structure defects more satisfac
torily when incorporated as co-dopant, possibly through acting as an 
energy transfer ion (Silva et al., 2021). 

The use of BioGlass in the body, especially in hard tissues, requires a 
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significant degree of care when undertaking radiological procedures. 
The effects of radiation and its interaction with tissue directly impact the 
body’s tissues during both treatment and diagnostic procedures, and this 
has raised concerns regarding potential clinical outcomes (Tekin et al., 
2021). Recent studies also have proposed the application of thermolu
minescent (TL) and optically stimulated luminescent (OSL) dosimetry as 
alternative experimental techniques to evaluate the different responses 
of BioGlass to ionizing radiation (Polymeris et al., 2011, 2017; Kumar 
et al., 2021). These techniques involve acquiring emission signals from 
BioGlass samples, and can provide valuable information about the dose 
of radiation absorbed by the material. 

When exposed to ionizing radiation, the energy absorbed by a 
luminescent material causes trapping of electrons or holes in the 
bandgap between the valence band and the conduction band. In the case 
of crystalline materials, crystal lattice defects facilitate the trapping of 
free electrons and holes in metastable states. During the luminescent 
reading process, an external stimulus such as heat (TL) or light (OSL) is 
applied to the material, thereby promoting the detrapping and recom
bination of electrons and holes. This recombination process leads to the 
emission of light, which is known as luminescence. The thermal or op
tical luminescence of amorphous materials such as glasses can also be 
interpreted based on this bandgap model (Polymeris et al., 2017; 
Bradley et al., 2020). 

The amount of light emitted during heating of the material can be 
measured, and is directly related to the number of trapped electric 
charges, which depends on the exposure of the material to radiation. It 
then becomes possible to establish a correlation between the absorbed 
dose and the intensity of the TL/OSL signal exhibited by the material 
(Halefoglu et al., 2020). Through the use of TL and OSL techniques, we 
aim to assess the potential of modified biomaterials for radiation 
dosimetry applications. We believe that by addressing this research gap, 
our study can contribute to the development of new biomaterials that 
are suitable for dosimetric applications. 

In this work, we investigated the optical, structural and dosimetric 
properties of a BioGlass, with and without doping with europium ions 
and silver nanoparticles. TL and OSL techniques were applied to assess 
the potential of the new materials for use in radiation dosimetry. Since 
no existing work could be found on the use of BioGlass doped with 
europium and silver nanoparticles in radiation dosimetry using the TL or 
OSL techniques, we aimed to evaluate these approaches and to develop a 
new biomaterial that was suitable for dosimetric applications. 

2. Materials and methods 

Samples of BioGlass undoped and doped with 2 wt% of europium 
(Eu) and co-doped with 0.50 and 0.25 of silver (Ag) ions were synthe
sized using a patented methodology (no. BR1020230000622). The 
structural properties of the samples were analyzed using X-ray diffrac
tion (XRD) with a Shimadzu XRD 6000 instrument, employing Cu-Kα 
radiation (λ = 1.5406 Å). XRD patterns were produced over the range 
10◦–100◦ (2θ), with a step size of 0.02◦. Optical absorption (OA) spectra 
were recorded using a Shimadzu UV-VIS-NIR -3600 spectrometer with 
resolution ±1 nm. The fluorescence (FL) spectra were recorded using a 
Spex Fluorolog-3 Spectrofluorometer (Jobin Yvon Inc., Edison, NJ, USA) 
with a 450 W Xe light source. All of the characterizations were per
formed at room temperature. 

For the TL and OSL measurements, samples were produced in pow
der form, and were weighed and pressed using a stainless steel die. A 
compressive force of ~100 kgf was applied for a period of 10 s to pro
duce pellets 6 mm in diameter and 1 mm in thickness, with an 
approximate weight of 30 mg. After the pressing process, the pellets 
were sintered at 600 ◦C for 1 h. The TL/OSL signals of the samples were 
measured using a Risø TL/OSL DA-20 automatic reader. To ensure ac
curate measurements, background subtraction was performed to elimi
nate any undesired signals that were unrelated to the luminescent 
response of the samples to the radiation dose. 

BioGlass pellets were irradiated using a beta source, which was 
connected to the Risø system at a dose rate of 81.6 mGy/s. During the 
TL/OSL measurements, a Hoya U-340 filter with a wavelength range of 
(340 ± 40) nm was used in the reader. To obtain the OSL readings, 
samples were exposed to blue LEDs emitting light at a wavelength of 
470 nm. All measurements were conducted in continuous wave mode. 
The experimental OSL decay curves were characterized by three expo
nential decay functions, which were derived by fitting the data using 
Equation (1): 

IOSL =A1e− t/τ1 + A2e− t/τ2 + A3e− t/τ3 (1)  

where IOSL is the total OSL intensity; A1, A2, and A3 are constant co
efficients related to the decay components: fast (A1), medium (A2), and 
slow (A3); and τ1, τ2, and τ3 are decay constants which reflect the 
probability of trapped electrons escaping to the conduction band over 
time, under optical stimulation, in different trap sets (Barve et al., 2015; 
Valença et al., 2018). 

The TL glow curves for the samples were recorded at a heating rate of 
10 ◦C/s. Deconvolution of the glow curves and determination of TL ki
netic parameters were performed using OriginLab 8.0 software 

Fig. 1. X-ray diffraction results for BioGlass, with and without doping with 
europium and silver (0.25 and 0.50) ions. 

Fig. 2. Optical absorption spectra for BioGlass, with and without doping with 
europium and silver (0.25 and 0.50) ions. 
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(OriginLab Co., USA). The TL curve was analyzed by fitting using the 
equation proposed by Chen and McKeever (1997) for the general kinetic 
order, which allowed us to determine the kinetic order (b), activation 
energy (E), and frequency factor (s) parameters of the TL peaks. 
Following each TL/OSL measurement, the pellets underwent annealing 
at 400 ◦C for 1 h in a programmable oven before being reused. 

3. Results and discussion 

3.1. Structural properties 

The XRD patterns for the BioGlass with and without doping with 
europium and silver (0.25 and 0.50) ions are shown in Fig. 1. The dif
fractograms showed a broad diffraction band characteristic of amor
phous samples, and no evidence of secondary phases or impurities was 
detected, indicating that the Eu3+ and Ag ions were completely dis
solved in the BioGlass without inducing significant changes. 

3.2. Optical absorption and fluorescence spectroscopy studies 

Fig. 2 shows the UV–Vis–NIR OA spectra for undoped BioGlass and 
BioGlass doped with europium and silver (0.25 and 0.50) ions, which 
were recorded at room temperature over the wavelength range 300–800 
nm. For all samples, the OA spectra showed an absorption band below 
400 nm, which is characteristic of insulating materials (in this case 
BioGlass). In the doped samples, however, a redshift was observed due 
to the absorption of europium ions (7F0→5D4 transitions) (Shwetha and 
Eraiah, 2018) and in those co-doped with silver, a plasmonic band was 
observed around 419 nm, which is characteristic of silver nanoparticles. 

Complementary information was provided by a fluorescence emis
sion study of the samples. Fig. 3 presents the emission spectra for the 
BioGlass with and without doping, excited at 360 and 470 nm. The 
characteristic transitions of Eu3+ ions in the range 570–720 nm were 
assigned for all bands. The five peaks in Fig. 3(b) can be attributed to the 
5D0 → 7F0, 5D0 → 7F1, 5D0 → 7F2,5D0 → 7F3 and 5D0→ 7F4 transitions 
(Nardi et al., 2015; Yang et al., 2012). 

The less intense peaks at ~385, 410, 536 and 550 nm are ascribed to 
the intra-configurational 4f-4f transitions of the Eu3+ ions in this host 
lattice. The four peaks in Fig. 3(a) can be related to the 7F0 → 5L6, 7F0 → 
5D3, 7F0 → 5D1 and 7F2 → 5D1 transitions (Yang et al., 2012; Carnall 
et al., 1989). Furthermore, the samples co-doped with silver showed 
fluorescence spectra that were significantly modified in the range 
420–570 nm. The broad band observed in Ag-doped samples near 500 
nm is due to the surface plasmon resonance in the Ag nanoparticles 

incorporated into the BioGlass (Le et al., 2022). The incorporation of 
silver dopants into the BioGlass material leads to an improvement in the 
material’s fluorescence behavior, particularly in this range of wave
lengths. These results suggest that the introduction of silver nano
particles affects the emission properties of the material, potentially 
resulting in an improvement in luminescence. 

The composition and phase of the doped and undoped BioGlass ob
tained from the XRD analysis show that there is no apparent difference 
after doping with Eu3+ or the addition of Ag nanoparticles, despite 
confirmation of the incorporation of europium and silver into the matrix 
via optical characterization. 

3.3. OSL results 

The typical exponential decay curves in Fig. 4 represent the OSL 
signals from the BioGlass, with and without doping with europium and 
silver (0.25 and 0.50) ions, after 10 Gy of beta irradiation. In this 
analysis, the samples were stimulated with blue light for a duration of 
40 s. As the traps are emptied, the OSL signal exhibits an exponential 
decrease. This suggests that the OSL response of these samples is highly 
susceptible to stimulation at 470 nm, indicating that the traps have a 
high photoionization cross section for blue LEDs. Consequently, these 

Fig. 3. Fluorescence emission spectra for BioGlass, with and without doping with europium and silver (0.25 and 0.50) ions, under excitation at (a) 360 nm and (b) 
470 nm. 

Fig. 4. Typical OSL emission from undoped and doped BioGlass irradiated with 
10 Gy (90Sr+90Y). 
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findings indicate significant potential for the use of these samples in OSL 
dosimetry applications. 

The incorporation of europium into the BioGlass resulted in a 
reduction of the OSL intensity of the samples; in contrast, there was a 

noticeable increase in the intensity of the OSL response of the samples 
co-doped with silver at a concentration of 0.50 mol%. 

Co-doping has been shown to be effective in resolving the charge 
imbalance caused by the incorporation of europium into BioGlass 
structures. Previous studies have demonstrated that co-doping with al
kali metal ions and transition metals can significantly improve the 
luminescence efficiency of these materials, possibly by acting as charge 
compensators and facilitating the incorporation of lanthanide dopants 
into their structures (Yukihara et al., 2014; Altunal et al., 2021; Dor
enbos, 2017). 

The OSL decay curves for the samples were well fitted by a triple 
exponential decay, as described in Equation (1). The exponential fitting 
of the OSL decay curves in Fig. 5 gave constant coefficients and decay 
constants, which are presented in Table 1. The samples had higher 
values for A1 and A2 than for A3, thus confirming the predominance of 
OSL decay curves with fast and medium components. The highest values 
of A1 and A2 were seen for undoped BioGlass, followed by the BioGlass: 
Eu, BioGlass:Eu0.25Ag and BioGlass:Eu0.50Ag samples, respectively. 
The significance of the slow component was minimal, since the highest 
value of A3 was only 0.107 for the OSL response of the samples analyzed 
here. The decay constants (lifetimes) of the components for each sample 
are also shown in Table 1. 

The curve-fitting equation with three components was applied based 
on its ability to provide an accurate description of the decay model, as 
evidenced by an adjusted R-squared value of higher than 0.9975. In 
comparison, the decay model with two components was considered an 
imprecise estimate. It is important to note that the curve-fitting 
approach based on three exponential decays is an approximation, and 
represents mathematical consistency rather than definitive evidence of 
distinct physical mechanisms (Altunal et al., 2018). To gain a deeper 
understanding of the traps and transitions involved in OSL development, 
further studies focusing on the numerical solutions of the charge 

Fig. 5. Experimental and fitted OSL decay curves for undoped BioGlass, BioGlass:Eu, BioGlass:Eu0.25Ag and BioGlass:Eu0.50Ag samples.  

Table 1 
OSL parameters obtained from an exponential fit of the curves for the 
compound.  

Type of 
sample 

CW-OSL 
component 

Coefficient Ai Decay 
constant ti 
(s) 

Exponential 
fit 

BioGlass Fast 2.021 ± 0.031 
(A1) 

0.147 ±
0.002 (t1) 

R2: 0.9998 

Medium 0.482 ± 0.007 
(A2) 

0.964 ±
0.017 (t2) 

Slow 0.08 ± 0.002 
(A3) 

5.932 ±
0.089 (t3) 

BioGlass:Eu Fast 1.442 ± 0.012 
(A1) 

0.191 ±
0.003 (t1) 

R2: 0.9998 

Medium 0.5045 ±
0.008 (A2) 

0.999 ±
0.011 (t2) 

Slow 0.079 ± 0.002 
(A3) 

6.087 ±
0.118 (t3) 

BioGlass: 
Eu0.25Ag 

Fast 0.8642 ±
0.008 (A1) 

0.276 ±
0.005 (t1) 

R2: 0.9997 

Medium 0.435 ± 0.006 
(A2) 

1.591 ±
0.029(t2) 

Slow 0.198 ± 0.002 
(A3) 

10.394 ±
0.085 (t3) 

BioGlass: 
Eu0.50Ag 

Fast 0.816 ± 0.006 
(A1) 

0.409 ±
0.042(t1) 

R2: 0.9999 

Medium 0.476 ± 0.007 
(A2) 

1.546 ±
0.018 (t2) 

Slow 0.080 ± 0.001 
(A3) 

8.939 ±
0.1027 (t3)  
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trafficking equations are required (Altunal et al., 2022). However, the 
values of the parameters associated with OSL emission, which is char
acterized by an initial fast decay followed by a slower decay, provide 
evidence for the involvement of trapping centers with varying photo
ionization cross-sections (Daniel et al., 2016). 

3.4. TL results 

In this section, the TL glow curves for the BioGlasses produced are 
analyzed. The samples were previously irradiated with an absorbed dose 
of 10 Gy of beta radiation. Fig. 6 shows the TL glow curves obtained for 
undoped BioGlass, BioGlass:Eu, BioGlass:Eu0.25Ag and BioGlass: 
Eu0.50Ag samples after irradiation. The TL from undoped bioglass 

shows three peaks at approximately 132 ◦C, 206 ◦C and 255 ◦C, and a 
peak shoulder can also be observed at approximately 300 ◦C. 

The TL glow curves for the Eu-doped samples show a main peak at 
approximately 125 ◦C, which results from the overlapping of two intense 
peaks at around 119 ◦C and 137 ◦C. The samples co-doped with silver 
contain more peaks than the europium-doped samples. The Ag co- 
doping of the BioGlass:Eu glass-ceramic changes in the TL emission 
can be associated with the addition of recombination centers located at 
deeper levels, as similar behavior was reported by Silva et al. (2020) for 
CaSO4 samples doped with silver in the form of silver oxide (Ag2O) and 
silver nanoparticle (Ag(NP)). 

The addition of silver as a co-dopant in the BioGlass:Eu matrix in
duces a shift in the TL peaks at 200 ◦C and 300 ◦C to higher 

Fig. 6. TL glow curve deconvolution for samples of undoped BioGlass, BioGlass:Eu, BioGlass:Eu0.25Ag and BioGlass:Eu0.50Ag.  

Table 2 
Parameters of the TL glow curves for undoped BioGlass, BioGlass:Eu, BioGlass:Eu0.25Ag and BioGlass:Eu0.50Ag samples (determined using the general kinetic order 
equation described by Chen and McKeever (1997)).  

Type of sample  Tm (K) Im (arb. units) b (kinetic order) E (eV) S (s− 1) 

BioGlass Peak 1 405.99 ± 0.51 10663.28 ± 11.92 1.59 ± 0.01 0.74 ± 0.01 2.3 × 1010 

Peak 2 479.81 ± 0.62 14207.32 ± 18.88 1.68 ± 0.02 1.09 ± 0.01 4.0 × 1012 

Peak 3 528.77 ± 0.26 10207.11 ± 14.31 1.70 ± 0.01 1.75 ± 0.01 9.3 × 1017 

Peak 4 602.74 ± 0.09 12697.26 ± 16.19 1.46 ± 0.01 0.38 ± 0.01 4.5 × 103 

BioGlass:Eu Peak 1 392.18 ± 0.23 3744.16 ± 10.11 1.69 ± 0.01 0.96 ± 0.01 4.1 × 1013 

Peak 2 409.97 ± 0.19 3165.00 ± 6.06 1.47 ± 0.01 0.52 ± 0.02 2.3 × 107 

BioGlass:Eu0.25Ag Peak 1 412.48 ± 0.11 664.30 ± 1.98 1.68 ± 0.02 0.89 ± 0.01 1.2 × 1012 

Peak 2 465.07 ± 0.08 336.19 ± 1.94 1.84 ± 0.04 1.34 ± 0.02 6.3 × 1015 

Peak 3 479.81 ± 0.53 442.88 ± 0.51 1.11 ± 0.01 0.31 ± 0.01 7.6 × 103 

BioGlass:Eu0.50Ag Peak 1 416.94 ± 0.17 337.49 ± 0.66 1.66 ± 0.01 0.98 ± 0.01 1.2 × 1013 

Peak 2 456.54 ± 0.13 155.84 ± 0.78 1.84 ± 0.04 1.84 ± 0.02 5.6 × 1021 

Peak 3 492.70 ± 0.19 126.58 ± 0.56 1.76 ± 0.03 0.94 ± 0.01 4.8 × 1010 

Peak 4 595.54 ± 0.41 98.82 ± 0.15 1.94 ± 0.06 0.19 ± 0.05 4.6 × 103  
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temperatures, which may lead to a greater interest in the use of BioGlass: 
Eu, Ag in TL dosimetry. 

Table 2 shows the TL parameters for the bioglass obtained from a 
general kinetic order fitting, as described by Chen and McKeever (1997). 
The peak temperatures (Tm), maximum peak intensities (Im), kinetic 
order values (b), activation energies (E), and frequency factors (s) were 
determined using OriginLab 8.0 software. In numerous TL applications, 
a clear knowledge of these physical parameters is crucial (Tamrakar 
et al., 2015). 

From Table 2, we can observe a temperature variation in the first 
peak between 392 and 416 K. The trapping centers are located between 
1.59 and 1.69 eV for the group of samples evaluated here. The second TL 
peaks for the undoped BioGlass, BioGlass:Eu, BioGlass:Eu0.25Ag and 
BioGlass:Eu0.50Ag samples are located at 479.81 ± 0.62, 409.97 ±
0.19, 465.07 ± 0.08 and 456.54 ± 0.13 K, respectively. Trapping cen
ters located between 0.52 and 1.84 eV were revealed. The third TL peaks 
for the bioglass samples are located at temperatures of 528.77 ± 0.26, 
479.81 ± 0.53 and 492.70 ± 0.19 K, respectively, and the trapping 
centers are located between 0.31 and 1.75 eV. 

The fourth TL peaks for the BioGlass and BioGlass:Eu0.50Ag samples 
showed very broad bands, suggesting the presence of trapping centers 
with low activation energies (0.19 and 0.38 eV). The incorporation of 
silver as a co-dopant in the BioGlass:Eu matrix introduced at least three 
overlapping peaks within the TL glow curve, which suggests the for
mation of a continuum of closely located energy states. 

All the deconvolved TL peaks presented kinetic orders of between 
one and two, indicating the existence of a general kinetic order in the TL 
process. The frequency factors for the trap centers involved in the TL 
emission were also determined. 

The BioGlass:Eu0.25Ag and BioGlass:Eu0.50Ag samples showed TL 
intensities on the same order of magnitude, but the TL sensitivity of the 
BioGlass samples was nine times higher than that of the BioGlass:Eu 
samples, and 30 times higher than the TL sensitivity of the samples co- 
doped with silver nanoparticles. 

4. Conclusion 

Although there is an extensive body of literature on the various 
properties of several types of BioGlasses, recent studies have proposed 
the use of TL and OSL dosimetry as alternative experimental techniques 
for determining the effective differences between the responses of Bio
Glasses. In this study, the specific luminescence of undoped and doped 
BioGlass was analyzed using the TL and OSL techniques, and structural 
and optical characterizations were carried out. An XRD analysis 
confirmed the amorphous nature of both undoped and doped BioGlass, 
and the OA and fluorescence results confirmed the presence of Eu3+ and 
Ag ions in the BioGlass. The samples showed a typical OSL exponential 
signal decay, with a predominance of fast and medium components, 
implying that the charge traps have a high photoionization cross section 
for blue LEDs. A determination of the trap depth parameters (Tm, Im, b, 
E and s) for the TL glow peaks of the different samples provided the 
missing data needed to understand the energies associated with the 
capture centers formed in the glass that give rise to the TL signal. For 
silver co-doped BioGlass, the charge traps are located deeper, with 
higher activation energies and peak temperatures, which could (at least 
in theory) reduce the peak signal fading over time. These materials have 
characteristics that suggest potential for use in TL and OSL dosimeters. A 
thorough dosimetric characterization is currently under way, and will be 
published in the near future. Based on these initial results, we conclude 
that BioGlass shows potential for use in radiation dosimetry. 
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