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A B S T R A C T   

This work features the synthesis and characterization of Al2O3 phosphors doped with different concentrations of 
barium. The samples are produced by a modified sol-gel route, with glucose used as a chelating agent. The 
luminescent response of the phosphors is also evaluated through their thermoluminescence (TL) and optically 
stimulated luminescence (OSL). These optical properties are characterized with pellets obtained from the 
addition of Teflon to the phosphors. Through the TL analysis carried out with a heating rate of 10 ◦C/s, the 
samples reveal two intense TL glow peaks with different glow curve shapes when varying the dopant concen-
tration of all the samples. By means of the TL emission curves of the pellets, activation energies associated with 
the transfer processes of the materials are determined. The phosphors present typical exponential OSL decay 
curves with a predominance of fast and medium components, indicating that the traps have a high photoioni-
zation cross section for blue light-emitting diodes.   

1. Introduction 

Aluminum oxide (Al2O3) is a well-known material that exhibits 
interesting luminescent properties, such as radioluminescence (Erfurt 
et al., 2000), thermally stimulated luminescence (TL) (Akselrod et al., 
1993) and optically stimulated luminescence (OSL) (Akselrod et al., 
1993). Furthermore, Al2O3 also has excellent mechanical, electrical, 
thermal and optical properties and is chemically and thermally stable. 
Benefitting from these properties and its low effective atomic number 
that is close to soft tissue, Al2O3 has become one of the most used 
dosimeter materials for individual monitoring (Kato et al., 2018). Recent 
investigations have shown that dosimetric properties are also observed 
in Al2O3 when it is doped with Cr (Ahmed et al., 2018), Si (Mehta and 
Sengupta, 1976), Ti (Mehta and Sengupta, 1976), Mg (Osvay and Biró, 
1980) and Y (Osvay and Biró, 1980). 

Among such dopants, carbon-doped aluminum oxide (Al2O3:C) is 
one of the most well-known and efficient materials for TL and OSL do-
simeters and is available as a commercial product (TLD-500) (Yukihara 
and McKeever, 2008). In Al2O3, the C dopant contributes to enhancing 
the generation of defects, such as F and F+, which act as emission centers 

and are responsible for the very high luminescence sensitivity of this 
material (McKeever et al., 1999). Apart from these investigations, 
several studies on this material doped with Ba ions have also been re-
ported. It is expected that Ba contributes to the modification of the Al2O3 
structure in order to increase the number of defects in its structure and to 
improve its luminescence. 

Different routes, such as crystal growth techniques, combustion 
synthesis (Barros et al., 2008), electrochemical routes (Azevedo et al., 
2006), sonochemical preparation (Gedanken et al., 2000), solvent 
evaporation (Azorín et al., 2002), electrochemical routes (Azevedo 
et al., 2004) and sol-gel routes, have been used to produce Al2O3. Among 
these routes, sol-gel is a good route due to its simplicity and efficiency. 
The conventional sol-gel route uses alkoxides for the precursor hydro-
lyzation and condensation. However, this method has been recently 
modified by the use of different chelating agents (Andrade et al., 2016; 
Bezerra et al., 2017; da Costa Cunha et al., 2014; Laokul et al., 2011). 
The sol-gel route assisted by glucose, for example, has been used in order 
to produce different inorganic compounds with excellent efficiency in 
the production of different inorganic compounds (Hora et al., 2016; Liu 
and Xu, 2011; Carvalho et al., 2019; Silva et al., 2020). 
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The present work focuses on the effects of varying the Ba dopant 
concentrations on the OSL and TL properties of Al2O3:Ba oxides through 
a systematic investigation designed to meet the requirements of a new 
alternative route to prepare doped alumina materials for dosimetric 
applications. The samples are produced by the modified sol-gel route 
using glucose (Carvalho et al., 2019; Hora et al., 2016). A complete 
dosimetric characterization is currently under investigation and will be 
reported in the near future. 

2. Materials and methods 

Al2O3 samples doped with different concentrations of Ba ions (x =
0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07 or 0.08) were prepared by the 
modified sol-gel route using glucose as a chelating agent. Aluminum 
nitrate (Al(NO3)3.9H2O), barium nitrate (Ba(NO3)3) and glucose were 
used as starting materials. Initially, the starting materials, in appropriate 
amounts, were mixed in distilled water. The excess water of the mixture 
was evaporated on a hot plate until a gelatinous mixture (xerogel) was 
formed. The xerogel was then annealed at 1000 ◦C for 2 h. After this 
annealing, with the resulting white powder, pellets with a 6 mm diam-
eter, 1 mm thickness and 40 mg mass were produced. In order to 
improve the physical resistance of the pellets, 50% polytetrafluoro-
ethylene (Teflon) in mass was added to the phosphor and then subjected 
to a uniaxial pressure of 100 kgf by 10 s. 

The phase composition of the prepared samples was analyzed by X- 
ray diffraction (XRD, Advance 8, Bruker) with Cu radiation of λ =
1.54056 Å operating at 40 kV and 40 mA. The XRD analyses showed that 
the structure of the produced samples corresponds to ICSD 73725 
reference number and that the Ba dopant does not contribute to any 
phase change of Al2O3. 

To investigate the optical properties, TL and OSL analyses were 
performed using a Risø TL/OSL reader (Risø National Laboratory, 
Denmark) with a Hoya U-340 filter immediately after the irradiations. 
The samples were irradiated with a90Sr/90Y beta source at a dose rate of 
81.6 mGy/s of the Risø TL/OSL reader. TL emission curves were ob-
tained using a heating rate of 10 ◦C/s to a maximum temperature of 
400 ◦C. 

For the OSL measurements, the continuous-wave stimulation of blue 
light-emitting diodes (LEDs) with a peak emission at 470 nm was 
employed. The signal was collected over 40 s. All the results in this work 
represent the average of at least three different measurements with the 
aim of minimizing the uncertainties and ensure the mean batch response 
of all dosimeters. 

3. Results and discussion 

Fig. 1 presents the results from XRD for the pure and Ba-doped Al2O3 
samples. The diffraction patterns present peaks and relative intensities 
in agreement with their JCPSD 00-042-1468 reference number. It is 
noteworthy that the Ba dopant does not contribute to any phase change 
of Al2O3. These results suggest that the use of glucose as a chelating 
agent results in excellent efficiency for the production of Al2O3. Based on 
the peak width, the crystallite sizes (D) of all the samples were calcu-
lated using the Scherrer equation. 

Fig. 2 shows the TL glow curves of the Ba-doped samples measured 
after irradiation with an absorbed dose of 1 Gy. A difference between the 
glow curve shapes of all the samples can be noted and each shows 
several TL peaks. Among the samples, the 2 mol.% Ba-doped sample 
exhibited the highest TL intensity, with each sample exhibiting a 
different TL intensity. These results suggest that different Ba dopant 
concentrations generated different additional trap centers. Table 1 
shows the TL parameters obtained from employing the general kinetic 
order fitting described by Chen and Mckeever (1997) and Barrera et al. 
(2019) to determine the kinetic order (b) and activation energy (E) 
parameters for the two main peaks of the TL emission curves. The 
method based on numerical computation used some parameters, such as 

the temperature of maximum intensity (Tm) and the maximum intensity 
of each TL peak (Im), fixed in the equation by employing OriginLab 8.0 
software. 

Glow peaks 1 and 2 may be attributed to the VOH
− and V2− centers, 

respectively (Kawano et al., 2019). Peak 2 basically agrees well with 
sol-gel α-Al2O3 polycrystalline samples (Ferreira and Santos, 2015). 
Compared with these reports, our samples showed additional glow 
peaks. The shift in the glow peak position can be attributed to the dif-
ference in the structure caused by the Ba dopant concentration. The Ba 
dopant substitution in the Al2O3 lattice replacing the Al3+ ion contrib-
utes to the creation of additional defects that induce extra traps. For 
dosimetric applications, a dosimetric peak should be a single peak at 
200–300 ◦C (McKeever, 2011). Although the thermoluminescent glow 
curves of the phosphors produced in this work do not present a single 
peak, the overlapping of the second and third TL peaks results in an 
emission that can be considered as a main dosimetric peak. 

In order to identify the highest TL response to the dose of Al2O3 
doped with different Ba concentrations, the TL dose response for each 
concentration was measured as the integrated area under the glow curve 
(Fig. 3). 

Fig. 4 shows the OSL curves with an integration time of 40 s in 
continuous mode for the samples produced and irradiated with 1 Gy. 

Fig. 1. XRD of Ba-doped Al2O3 samples produced by modified sol-gel route.  

Fig. 2. TL glow curves of Ba-doped Al2O3 phosphors irradiated with 1 
Gy (90Sr+90Y). 
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The results show that the OSL intensity varied considerably from sample 
to sample, as observed in the TL analyses, and that all the OSL emissions 
present a typical exponential decay, proving that the traps are emptied 
during the optical stimulation. Therefore, it may be presumed that the 
OSL response from these samples is easily stimulated at 470 nm, which 
indicates that the traps have a high photoionization cross section for 
blue LEDs. It is noteworthy that these samples present a fast decay rate, 
which results from the direct recombination between the electrons and 
holes in the luminescent centers (Silva et al., 2020). 

The decay behaviors of the experimental OSL curves can be 
approximated by three first-order exponential decay functions that were 
obtained by fitting using the following equation: 

IOSL =A1e
− t
τ1 + A2e

− t
τ2 + A3e

− t
τ3  

where IOSL is the total OSL intensity, A1, A2 and A3 are constant co-
efficients and τ1, τ2 and τ3 are the decay constants related to the 
different sets of traps (Valença et al., 2018; Silva et al., 2020). The fitted 
parameters are listed in Table 2. 

The samples present the greatest values for A1 and A2, confirming the 
predominance of OSL decay curves with a fast and a medium compo-
nent. These OSL emissions, characterized by a fast-initial decay, 

followed by a slower decay, are evidence of the contribution of trapping 
centers with different photoionization cross sections (Daniel et al., 
2016). The prevalent slow component is minimal, and the greatest fit 
resulted in A3 = 0.29 and a lifetime of τ3 = 16.7 s for the OSL response of 
the analyzed samples. 

The total integrated areas of the OSL curves are shown in Fig. 5. 
These values are closely related to the TL response. It is possible to note 
that the OSL response shows the highest intensity for the 0.02% Ba- 
doped Al2O3 and that this result is similar to the one observed for the 
TL signal. 

4. Conclusions 

Ba-doped Al2O3 samples containing various Ba dopant concentra-
tions were prepared by a modified sol-gel method. The viability of the 
sol-gel route using glucose as a chelating agent was confirmed. For the 
eight different samples produced, it was observed that the glow curves 
consist of peaks with different TL intensities, which are related to the 
different ratios of Ba as a dopant, which generate additional trapping 

Table 1 
Maximum glow peak temperature (Tm), maximum intensity (Im), kinetic order 
(b) and activation energy (E) of each sample irradiated with 1 Gy (90Sr+90Y).  

0.01% Ba Peak 1 Peak 2 

Tm (◦K) 447.25 ± 2.71 521.37 ± 0.947 
Im (a.u.) 359.17 ± 3.84 1015.41 ± 5.97 
Kinetic order (b) 1.01 ± 0.03 1.23 ± 0.10 
E (eV) 0.80 ± 0.10 1.01 ± 0.03 

0.02% Ba Peak 1 Peak 2 

Tm (◦K) 430.85 ± 0.28 505.09 ± 10.09 
Im (a.u.) 460.39 ± 10.66 1732.47 ± 7.52 
Kinetic order (b) 1.36 ± 0.05 1.77 ± 0.09 
E (eV) 0.90 ± 0.06 1.36 ± 0.05 

0.03% Ba Peak 1 Peak 2 

Tm (◦K) 523.23 ± 0.18 538.75 ± 6.89 
Im (a.u.) 966.02 ± 6.11 196.21 ± 5.44 
Kinetic order (b) 1.26 ± 0.03 1.033 ± 0.11 
E (eV) 1.62 ± 0.02 0.24 ± 0.01 

0.04% Ba Peak 1 Peak 2 

Tm (◦K) 427.34 ± 1.39 509.20 ± 0.030 
Im (a.u.) 93.69 ± 2.53 756.98 ± 10.14 
Kinetic order (b) 1.398 ± 0.57 1.683 ± 0.068 
E (eV) 0.14 ± 0.065 1.615 ± 0.411 

0.05% Ba Peak 1 Peak 2 

Tm (◦K) 445.16 ± 6.14 527.04 ± 0.30 
Im (a.u.) 85.10 ± 2.84 375.49 ± 2 .17 
Kinetic order (b) 1.378 ± 0.09 1.4672 ± 0.05 
E (eV) 0.146 ± 0.03 1.5640 ± 0.03 

0.06% Ba Peak 1 Peak 2 

Tm (◦K) 524.16 ± 0.09 555.02 ± 0.28 
Im (a.u.) 730.87 ± 0.61 591.12 ± 0.16 
Kinetic order (b) 1.41 ± 0.55 1.09 ± 0.17 
E (eV) 1.29 ± 0.16 0.95 ± 0.19 

0.07% Ba Peak 1 Peak 2 

Tm (◦K) 523.9 ± 3.04 579.3 ± 3.69 
Im (a.u.) 1239.63 ± 3.45 153.6 ± 3.65 
Kinetic order (b) 1.59 ± 0.09 1.115 ± 0.46 
E (eV) 1.51 ± 0.03 0.179 ± 0.01 

0.08% Ba Peak 1 Peak 2 

Tm (◦K) 513 ± 0.16 587.5 ± 4.59 
Im (a.u.) 159.2 ± 1.85 186.1 ± 4.18 
Kinetic order (b) 1.72 ± 0.06 1.04 ± 0.06 
E (eV) 1.42 ± 0.08 0.23 ± 0.09  

Fig. 3. TL dose response (integrated area) of Al2O3 samples doped with 
different Ba concentrations and irradiated with 1 Gy (90Sr+90Y). 

Fig. 4. Typical OSL emission of Ba-doped Al2O3 samples irradiated with 1 
Gy (90Sr+90Y). 
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centers. In the case of the OSL response, the phosphors presented a 
typical exponential decay curve and through the parameters of the 
exponential fitted curves, the predominance of fast and medium com-
ponents was confirmed. For the TL glow curves, the phosphors presented 
OSL emissions with different intensities, which are dependent on the Ba 
concentrations. These characteristics indicate that these materials pre-
sent potential use as TL and OSL dosimeters. 
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