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A B S T R A C T   

The objective of this work is to evaluate the optically stimulated luminescence (OSL) lifetimes of different 
polycrystalline CaB6O10:Ln, Agx (Ln = Gd, Tb and Ce; x: % molar concentration) compounds. For the determi
nation of the luminescence lifetimes, time-tagged time-resolved (TTTR) data of the OSL under pulsed stimulation 
were analyzed. In addition, OSL emission spectra of the samples were recorded to correlate the emission bands 
with the estimated lifetimes. Whereas single Ce-doped compound presented a fast dominant component (τ < 0.41 
μs, ~63% of the signal), single Gd-doped compound exhibited a slow dominant component (τ = 2.3 ms, ~67% of 
the signal). All Ag-codoped compounds (except for the Ce–Ag-codoped compound) presented a common domi
nant component with a ~43 μs lifetime, which is ascribed to a broad emission centered at ~330 nm. Both 
lifetimes and OSL emission spectra for the Gd-Ag-codoped compounds suggest that two luminescent centers 
compete for the radiative recombinations, confirming previous reported results. The relative Gd and Ag molar 
concentrations also had a strong influence in the estimated luminescence lifetimes of the slow component, 
probably due to the introduction of shallow trapping centers by silver doping. Furthermore, the temperature 
dependence of the common luminescence in Ag-codoped compounds appeared to be in agreement with the Mott- 
Seitz model for luminescence quenching. This work provides a better understanding of the physical processes and 
dynamics behind the radiative recombinations linked to OSL in borate compounds.   

1. Introduction 

Within the recombination processes responsible for the luminescence 
phenomenon, one of the physical parameters of main interest is the 
luminescence lifetime, which informs how fast the luminescence emis
sion takes place after stimulation. The main factor governing the 
magnitude of the lifetime is the selection rules associated with the 
relaxation transition responsible for the emission of the luminescent 
center. Other factors such as the emission wavelength (for a given 
transition), temperature, luminescent center concentration and presence 
of shallow trapping centers may also influence the luminescence life
times [1–3]. In regard to the optically stimulated luminescence (OSL), 
which is the light emission of a previously irradiated material after light 
stimulation, two other factors may also influence the magnitude of the 

luminescence lifetime: the time needed to evict an electron from a trap 
and the time the electron takes to transition from the trap to the 
recombination center [4,5]. For a more in deep treatment on the prin
ciples of OSL lifetimes, one may consider the references hereinafter [4, 
6–10]. 

One of the methods to determine the OSL lifetimes is based on time- 
tagged time-resolved (TTTR, or time-tagging) data of OSL under pulsed 
stimulation (POSL). POSL in general is a useful technique, since it allows 
for time-resolved discrimination of the decay components and the 
elimination of undesirable components. Consequently, a higher signal- 
to-noise ratio can be achieved compared to continuous wave OSL [7]. 
In a TTTR-POSL experiment, the samples are stimulated with light 
pulses and the detected photons are time-stamped with respect to the 
light pulses [7,11–14]. The data allows for the calculation of the 
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so-called photon arrival time distributions (PATDs), which is the dis
tribution of detected photons as a function of arrival time since the 
beginning of the stimulation pulse [15]. From the PATDs, the lifetime 
components of the OSL signal following a stimulation pulse can be 
determined. More details about this approach and similar techniques 
can be found in previous reports [7,13,15,16]. 

Lifetime measurements not only can help to identify the luminescent 
centers present in a material, but can also reveal the presence of shallow 
trapping centers associated with thermoluminescence (TL) peaks below 
room temperature, having lifetimes in the order of microseconds to 
seconds at room temperature [7]. These shallow trapping centers may 
temporarily capture the released charges under optical stimulation, 
releasing them with a delay, which is characteristic of their trapping 
center lifetimes at room temperature. This effect may introduce addi
tional lifetime components in the PATDs. 

When analyzed at different temperatures, lifetime measurements can 
also be used to evaluate the thermal quenching of the luminescence, 
which is a decrease in luminescence efficiency with temperature. 
Considering the Mott-Seitz model of thermal quenching, in which the 
reduction in luminescence efficiency is caused by competing non- 
radiative relaxation routes whose probability increases with tempera
ture [3], the temperature dependence of lifetime can be expressed as τ =
τ0/(1 + τ0ν exp(− E/kT)), where ν and E represent the frequency factor 
and activation energy (energy-gap between ground and excited states to 
have non-radiative processes preferable) of the luminescent center, 
respectively. Additional information about thermal quenching of lumi
nescence can be found elsewhere [6,17,18]. 

Lanthanide-doping has proven to be useful for the development of 
luminescent materials for a wide-range of applications, including LEDs, 
lasers, scintillators, storage and X-ray phosphors applications [1,19–23]. 
This is due to the possibility of selecting wavelength emission and 
luminescence lifetimes, along with a relatively easy prediction of their 
energy levels in the host. OSL dosimetry has benefited from lanthanide 
doping as well. Several lanthanide-doped materials for OSL dosimetry 
applications can be found in the literature, including oxides, borates, 
aluminates, halides and sulphates [24–27]. In the case of OSL materials, 
it is important to determine whether the lanthanides act as recombina
tion or as trapping centers, particularly in the presence of co-dopants 
[28]. 

Borate compounds typically present a defect created by oxygen va
cancies, which act as electron trapping centers [29–31], as well as, a 
boron-oxygen hole center (BOHC), which is created by an oxygen that 
bridges a BO3 and a BO4 or two BO4 groups [32–34]. These defects may 
have a special role on TL/OSL mechanisms of borate-based compounds. 

In this context, a boron-based material, i.e., CaB6O10 (hereinafter 
referred to as CBO), has revealed some interesting properties. For 
instance, Ce, Li-codoped CBO was shown to have a wide linear dynamic 
range (2 mGy - 300 Gy) and two luminescence lifetimes of 70 ns and 143 
ns, which are suitable for 2D dose mapping applications [35]. 
Lanthanide-doping in CBO structure is suitable since the ionic radius of 
the seven coordinated calcium ions (1.06 Å) is comparable to that of 
most Ln3+ ions [36], which then facilitates incorporation by ion sub
stitution in the lattice. In addition, the combination of Gd and Ag as 
dopants led to the development of a high sensitive OSL phosphor 
(minimum detectable dose = 40 μGy), with silver showing a special role 
on the luminescence enhancement of the phosphor [37]. Nevertheless, 
the role of lanthanide dopants in the TL/OSL of this material has not 
been systematically investigated. In particular, for further material 
development it would be helpful to understand the recombination pro
cesses in lanthanide-doped CBO and the influence of co-dopants. 

The main objective of the present study is to evaluate the OSL life
times of lanthanide- (Gd, Ce or Tb) and silver-doped CBO compounds. 
Other Ln-doped CBO (Pr, Nd, Sm, Eu, Dy, Ho, Er, Tm and Yb) were 
previously investigated, but these compounds did not show significant 
OSL. Silver as dopant was demonstrated to enhance the luminescent 
response (intensity) of several phosphors, including that of Gd-doped 

CBO [37–39]. The use of different combination of dopants is desir
able, since they may introduce new energy levels in the band gap of the 
host, including trapping and recombination centers, as well as incor
poration of charge compensators in the crystal. A correlation of the 
luminescence lifetimes with the OSL emission bands is presented. Also 
this work provides insights into the role of silver on the luminescence of 
the phosphors involved. At last, the thermal quenching of the decay 
components associated with the main luminescence emission bands is 
presented, providing insights about the coupling between the lumines
cent centers and the surroundings in the lattice. 

2. Materials and methods 

2.1. Material synthesis 

All polycrystalline compounds used in this work were synthesized by 
solid state reaction. This method consists of mixing proper amounts of 
starting precursors and then exposing the mixture to high temperatures. 
Calcium carbonate (CaCO3) and boric acid (H3BO3) were the precursors 
used for the growth of the host compound. For the lanthanides and silver 
doping, suitable amounts of lanthanide and silver nitrates were added to 
the starting mixture. Then, the resultant compound was placed in a 
muffle furnace and the temperature was increased up to 800 ◦C, fol
lowed by a plateau for 3 h. Table 1 presents all chemicals used for the 
syntheses of doped CBO, as well as the molar concentrations of the 
dopants used. Specifically for the Gd-Ag-codoped compounds, three 
different combinations of molar concentrations were used, i.e., Gd0.1%- 
Ag2%, Gd1%-Ag1% and Gd2%-Ag0.2%, represented in the text by Gd–Ag(1), 
Gd–Ag(2), Gd–Ag(3), respectively. It is worth mentioning that the per
centages used for the dopants correspond to the relative amount of ni
trate dopant used per amount of CaCO3. A more detailed description of 
the synthesis procedure, including the amounts of the starting pre
cursors used can be found in a previous work [37]. X-ray diffractograms 
for samples produced using the same method were also presented in this 
previous work. For the different combination of dopants used, with 
similar amounts of those reported here, the presented data showed that 
the expected phase for the CBO host was achieved. 

2.2. OSL emission spectra acquisition 

The OSL emission spectra were recorded with a Fluorolog 3 spectro
fluorometer (FL3-22, Horiba Scientific) equipped with a double-grating 
monochromator at both excitation and emission positions. For excita
tion and light detection, a 450 W Xe lamp and a photomultiplier tube 
(R928, Hamamatsu) were used. For recording the spectra, the excitation 
was fixed at 430 nm and the detection range set between 270 and 400 nm. 
All entrance and exit slits of both excitation and detection was set as 5 nm. 
A longpass GG400 filter (Schott AG) was used on the excitation to avoid 
stimulation and detection of second-harmonic components. All spectra 
acquisitions were recorded using an increment of 1 nm per 0.1 s. Several 
sweeps had been carried out until the irradiation-induced signal was 
depleted significantly. All spectra were corrected by the detector system 
responsivity. 

Prior to OSL measurements, the samples were irradiated using an 
Isovolt titan source model E− 160 M2 (maximum energy and current of 
160 kV and 10 mA, respectively) with a 0.8 mm beryllium window and a 
2 mm aluminum filter. A dose of ~100 Gy was used to ensure a 
reasonable signal-to-noise ratio in the spectra. The dose reported here is 
air kerma measured using a calibrated ionization chamber. 

2.3. TTTR-POSL readout 

TTTR-POSL measurements were carried out using a Risø TL/OSL 
reader (TL/OSL-DA-20, DTU Nutech) equipped with a time counter 
board (TimeHarp 260 NANO, PicoQuant). The TimeHarp board with a 
0.25 ns base resolution and a deadtime < 2 ns enables recording indi

L.V.S. França et al.                                                                                                                                                                                                                             



Journal of Luminescence 248 (2022) 118809

3

vidual photon events on its 32,768 channels. Details about the inte
gration of a photon counting system with the Risø reader and signal data 
acquisition can be found in a previous report [15]. 

For each compound, 5 mg of powder uniformly dispersed on steel 
cups was used. For stimulation of the samples, LEDs with peak wave
length at 470 nm and 72 mW/cm2 irradiance (SMBB series, Ushio 
Europe B.V.) were used. As reported in a previous work, these LEDs 
present nominal rise and fall times of 133 ns and 474 ns, respectively, 
which restricts data acquisition to the microsecond timescale [16]. The 
luminescence was detected using a photomultiplier tube (9107QB, ET 
Enterprises) with two U-340 filters (2.5 mm and 5 mm thickness, Hoya) 
in front of it. In addition, a combination of the 5 mm thick U-340 with a 
313 nm or a 330 nm narrow-band filters (both hard coated, OD 4.0, 10 
nm FWHM, Edmund Optics) was used for some studies with a 
Gd-Ag-codoped compound. 

Prior to TTTR-POSL measurements, the samples were irradiated with 
a90Sr/90Y beta source (~37 mGy/s, calibrated in 60Co air kerma using 
Al2O3:C thin detectors) attached to the Risø reader. Unless otherwise 
specified, a dose of ~37 mGy was used. During the sequence of mea
surements, all samples were heated up to 500 ◦C before irradiation to 
ensure depletion of previous trapped charges. For the study of the 
temperature dependence of the lifetimes, TTTR-POSL measurements 
were carried out at different temperatures (room temperature and 50 ◦C 
up to 150 ◦C, in 25 ◦C step). An additional preheating at 200 ◦C in the 
Risø reader was carried out in between the irradiation and the TTTR- 
POSL measurements to empty the shallow traps and prevent over
lapping of the OSL with TL. 

For all compounds, three pulse periods in the TTTR-POSL measure
ments were used, i.e., 100 μs, 1000 μs and 10000 μs, with a pulse width 
of 10% relative to the pulse period and bin widths of 0.512 μs, 4.096 μs 
and 32.768 μs, respectively. For the Ce-doped compounds, which pre
sented a very fast decay component, the bin widths used were 0.128 μs, 
1.024 μs and 16.384 μs, respectively. All TTTR-POSL measurements 
were carried out over 120 s and the PATDs were reconstructed by 
integrating the photon arrival times over the aforementioned period. For 
the study of the dependence of lifetimes with temperature, specific 
acquisition parameters were chosen, as reported on the captions of the 
corresponding figures. 

2.4. PATDs analysis 

PATDs were analyzed either individually or using a global fitting of 
the data for different pulse widths, with the lifetimes shared among 
different datasets. For the lifetime estimations, both rise and decay parts 
of the PATDs were taken into consideration, i.e., the recombination rates 
during the stimulation period (saturating exponential) and the recom
bination rates after the stimulation (exponential decay). The fitting was 
performed based on the equations described in a previous report [16], 
which allow for the presence of multiple non-interacting recombination 

centers; see also Chithambo [7]. The integral of both rise and decay parts 
corresponds to the total luminescence during the pulse period. For 
practical purposes, the two main parameters taken into account were the 
estimated lifetimes and the pre-exponential factors (Si), which are pro
portional to the intensity of the PATD individual components [16]. 

The instrumental background (including LED related effects) was 
measured for all samples and different pulse widths. The most signifi
cant backgrounds were for the Gd- and Tb-doped compounds, which 
corresponded to 2.5% (1000 μs pulse width) and 3.9% (100 μs pulse 
width) of the overall signal, respectively. For the other compounds, that 
showed to be lower than 1%. Therefore, the instrumental background 
was neglected in all analyses performed. As a result, the constant 
luminescence which appears as an offset in some of the PATDs is mostly 
associated with luminescence components with lifetimes much longer 
than the timescales in consideration. 

In the reported results, the number in parentheses following the 
lifetimes is the numerical value of standard uncertainty referred to the 
corresponding last digits of the quoted result [40]. The different lifetime 
components for each compound are assigned as τ1, τ2 and τ3, with the 
condition τ1 < τ2 < τ3. Only the most representative results are shown in 
the main text. The complementary data are presented in the Supple
mentary Materials. 

3. Results 

3.1. OSL emission spectra 

In order to make a correlation with the luminescence lifetimes, the 
OSL emission spectra for the different compounds were previously 
collected. For singly-doped compounds, the OSL emission spectra pro
vided clear results only for Gd- and Ag-doped samples. The Gd-doped 
compound exhibited a sharp emission centered at 311 nm (Fig. 1a), 
which is attributed to the 6PJ → 8S7/2 transitions of Gd3+ centers [41]. 
The Ag-doped compound showed a broad emission at 295 nm (Fig. 1b), 
probably associated to 4d95s → 4d10 transitions of Ag+ luminescent 
centers. This emission is similar to that of isolated Ag+ ions in Ag-doped 
SrB4O7 [42]. 

For the other singly-doped compounds, the results were less 
conclusive. Ce-doped compound showed a strong phosphorescence after 
irradiation (room temperature emission followed by X-rays excitation, 
which takes place without light stimulation), with peaks at ~330 nm 
and ~360 nm likely due to 5d → 4f transitions of Ce3+ centers (see 
Fig. S1). However, this emission could not be distinguished from the OSL 
emission. In addition, the OSL emission from Tb-doped compound could 
not be observed even using a higher prior dose (~500 Gy). 

For the Gd-Ag-coped samples, the OSL emission spectra showed two 
distinct emissions: the sharp Gd3+ emission and a broad emission 
centered at ~330 nm (Fig. 2). The ~330 nm-band intensity relative to 
the Gd3+ emission decreased with the relative Gd/Ag increase in the 

Table 1 
Chemicals used in the syntheses of the samples. The codoped compounds are presented with a hyphen in between the dopants used. The Gd-Ag* represents the 
compounds with three different combinations of Gd and Ag molar concentrations: Gd0.1%-Ag2%, Gd1%-Ag1% and Gd2%-Ag0.2%. The percentages used for the dopants 
correspond to the relative amount of dopant nitrate used per amount of CaCO3.  

Precursors Compounds 

Calcium carbonate (CaCO3, ACS, 99.0% min., Sigma-Aldrich) All compounds 

Boric acid (H3BO3, 
BioReagent, 99.5%, Sigma-Aldrich) Gd1%, Tb1%, Ag0.1%, Gd-Ag* 
ACS, 99.5%, Sigma-Aldrich) Ce0.5%, Ce0.5%-Ag0.5%, Tb0.5%-Ag0.5% 

Gadolinium nitrate (Gd(NO3)3⋅6H2O, 99.9%, Sigma-Aldrich) Gd1%, Gd-Ag* 

Terbium nitrate (Tb(NO3)3 
⋅xH2O, 99.9%, Alfa-Aesar) Tb1% 

⋅5H2O, 99.9%, Sigma-Aldrich) Tb0.5%-Ag0.5% 

Cerium nitrate (CeNO3)3⋅6H2O, 99.9%, Alfa-Aesar) Ce0.5%, Ce0.5%-Ag0.5% 

Silver nitrate (AgNO3, 
99.8%, Cennabras) Ag0.1%, Gd-Ag* 
99.9999%, Sigma-Aldrich) Ce0.5%-Ag0.5%, Tb0.5%-Ag0.5%  
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molar concentration, i.e. from sample Gd–Ag(1) to sample Gd–Ag(3) 
(Fig. 2a–c). The Tb–Ag-codoped compound also exhibited a broad and 
intense emission band centered at 330 nm (Fig. 3), similar to that one 
seen in the Gd-Ag-codoped compounds. These results suggest that the 
330 nm emission is associated with Ag-doping, even though this emis
sion is shifted compared to that observed in the single Ag-doped com
pound (295 nm). Although the reason for this shift is not clear, the 
luminescence lifetimes of these compounds suggest that the different 
emission bands are associated with the same luminescent center, as later 
presented in this report. 

The OSL emission spectra of single Gd- and Ag-doped as well as of the 
Gd–Ag(3)-codoped compounds were previously reported [37]. In that 
work, however, the spectra were recorded with a different detection 
system at different conditions and were not corrected for the detector 
system responsivity, which may account for the differences in compar
ison with the present work results. 

The OSL emission spectra for the Ce–Ag-codoped compound were 
recorded as well. However, as for the Ce-doped compound, the sample 
exhibited a strong phosphorescence (see Fig. S1), which could not be 
discriminated from the OSL. These results suggest that Ce-doping is 
responsible for the introduction of shallow trapping centers in the CBO 
host compound. 

3.2. Luminescence lifetimes of singly-doped compounds 

The PATDs from Gd-doped compound revealed two main compo
nents, with estimated lifetimes τ1 = 4.3(2) μs (Fig. 4a) and τ2 = 2.263 
(20) ms (Fig. 4b). The latter accounts for almost 67% of the total signal 

Fig. 1. OSL emission spectra of a) Gd- and b) Ag-doped compounds. Several 
spectra in a row were collected to show the depletion of the OSL, with the order 
indicated by the graph legends. Only the first spectra and the last one are 
shown. The spectra were background subtracted, considering the last acquisi
tion as the background. 

Fig. 2. OSL emission spectra for the Gd-Ag-codoped compounds. a) Gd–Ag(1); 
b) Gd–Ag(2) and c) Gd–Ag(3). The same acquisition parameters and corrections 
of the OSL emission spectra for the single-doped compounds apply. 

Fig. 3. OSL emission spectra for the Tb–Ag-codoped compound. The same 
acquisition parameters and corrections of the OSL emission spectra for the 
single-doped compounds apply. 
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(Fig. 4b). The ~2.3 ms lifetime is in agreement with the expected life
times for the forbidden transition 6PJ → 8S7/2 of Gd3+, as reported for 
Gd-doped borate glasses [43,44] and, therefore, we attribute it to Gd3+

centers. The analysis with the intermediate pulse width (100 μs) did not 
present additional components, but only showed the two components 
with either a poor resolution (fast component) or in a limited timescale 
(slow component) (see Fig. S2). The source of the fast component is 
unclear. 

The Tb-doped compound exhibited two closely overlapped compo
nents with lifetimes of 4.1(1) μs and 40.1(30) μs (Fig. 5). Most of the 
signal, however, is due to a slow component, which appears as a con
stant component. Its lifetime could not be estimated even using a 1000 
μs pulse width (Fig. S2). Given that the minor UV emission associated 
with Tb3+ centers is typically associated with lifetimes of the order of 
415–970 μs (for Tb molar concentration of 1%) [45,46], we attribute the 
lifetime components in the Tb-doped compound to unidentified lumi
nescence centers. Tb3+ emissions in the blue and green regions (main 
emission at 545 nm) of typical Tb3+ centers are not considered here., 
since the detection window used in the measurements is restricted to the 
UV. 

Ce-doped compound exhibited two components, with estimated 
lifetimes of τ1 = 0.41(1) μs and τ2 = 23(7) μs (Fig. 6), with the faster 
component contributing to 63.4% of the OSL signal. Typical lifetimes 
associated with 5d → 4f transitions of Ce3+ are in the tens of nanosecond 
timescale, as reported for different compounds [47,48]. Considering 

that the lifetime of the Ce3+ emission cannot be determined with the 
present equipment, the observed main lifetime is likely associated with 
the LED rise and fall times. Minor components with lifetimes ranging 
from 98 μs to 2.2 ms could also be observed (Fig. S2). These secondary 
components, including the 23 μs lifetime component, may be associated 
with shallow trapping centers, as suggested by the phosphorescence 
measurements. Nevertheless, the dominance of the Ce3+ emission (faster 
component) is clearly demonstrated as seen in Fig. 6. Although the fast 
component lifetime could not be accurately estimated, this compound 
can be further investigated in view of 2D OSL dosimetry applications, 
since these require fast luminescent centers as Ce3+ emission. Currently 
there is no commercial available OSL system for 2D dosimetry and 
recent attempts using MgB4O7-based films have shown some limitations, 
i.e., significant fading and OSL sensitivity changes [49]. 

The PATDs for the Ag-doped compound (Fig. 7) revealed compo
nents with lifetimes τ1 = 5.0(2) μs and τ2 = 38.9(9) μs, but these 
contributed only 6.5% (τ1) and 14.7% (τ2) to the overall signal (based on 
the 1000 μs pulse period, Fig. 7b), respectively. Most of the OSL is 
associated with a long luminescence lifetime component (78.8%) which 
appears as a constant in the PATDs. A component with a lifetime of τ3 =

2.9(5) ms was also observed (Fig. 7c). This slow component as well as 
the dominant constant component are probably associated with shallow 
trapping centers introduced by Ag- doping. The TL curves (emission 
starting at 60 ◦C) of Ag-doped CBO reported in a previous work support 
this interpretation [37]. 

The ~39 μs component in Ag-doped compound is likely due to the 
presence of Ag+ ions. Ag+ luminescent centers in Ag-doped SrB4O7 

Fig. 4. PATDs fitting for the Gd-doped compound using two pulse widths: a) 10 
μs and b) 1000 μs. When the 1000 μs pulse width was used, the fast component 
was forced to be that one found with the 10 μs pulse width. The insets show the 
residuals from the exponential fitting and the blue star indicates that the y-axis 
was adjusted for better visualization of the overall residuals. Both individual 
components are y-shifted for better comparison with the fitted curves (solid 
black lines). 

Fig. 5. PATDs fitting for the Tb-doped compound using two pulse widths: a) 10 
μs and b) 100 μs. A biphasic exponential fitting was carried out with the life
times shared among the two pulse period datasets. For details about the insets 
and representation of the individual components, refer to the caption of Fig. 4. 
Dose used ~185 mGy. 
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crystals, which are responsible for a 290 nm emission, were found to be 
associated with an 11 μs lifetime [42]. Furthermore, Ag+ ions in 
Ag-doped alkali halides were shown to be responsible for an emission 
with lifetime in the microsecond range, with a 34 μs lifetime at room 
temperature [50,51]. In Ag-doped aluminophosphate glasses, Ag+ ions 
were also shown to be associated with decay components within the 
same timescale (1.3 μs and 11.7 μs lifetimes) [52]. The minor compo
nent with τ1 = 5.0 μs reported in the present work could not be 
identified. 

3.3. Luminescence lifetimes of codoped compounds 

The Gd-Ag-codoped compounds exhibited two main lifetime com
ponents, with τ2 varying between 41.0(3) μs and 44.6(2) μs and τ3 
varying between 2.79(4) ms and 5.1(2) ms, depending on the relative 
Gd/Ag dopant concentration (Gd/Ag ratio increases from left to right, 
Fig. 8). τ2 values are similar to that of Ag-doped compound (39 μs), 
attributed to Ag+ ions. Although τ3 of the Gd–Ag(3)-codoped compound 
(2.8 ms) is similar to the 2.3 ms component of the Gd-doped compound, 
τ3 of Gd–Ag(1)-codoped compound was considerably higher (5.1 ms, 
with substantial constant luminescence). This seems to be related to 

additional slower components as Ag amount increases, which can be 
caused by the introduction of shallow trapping centers. Energy transfer 
between the Gd and Ag ions is excluded, because τ3 decreases with the 
increase in the Gd/Ag concentration, when the opposite would be ex
pected [43]. A faster component (τ1 ~1.8–6.1 μs lifetimes) was also 
observed, but its contribution to the PATDs compared to τ2 was negli
gible (Fig. S3). 

A test was carried out to evaluate the reproducibility of the measured 
PATDs using different aliquots of the Gd–Ag(3)-codoped compound. The 
results from the three different aliquots did not present significant 
changes in the luminescence lifetimes or in their relative contributions 
to the PATDs. Excluding the constant component, the relative contri
bution to the PATDs for the fast and slow components were 56.1, 56.3, 
57.4% and 43.9, 43.7, 42.6%, respectively (see Fig. S4). 

For the Tb–Ag-doped compound, the PATDs showed a well defined 
component with a 42.8(7) μs lifetime (Fig. 9a), similar to the component 
in the Ag-doped and Gd-Ag-codoped compounds. This result supports 
the association of the ~43 μs component with the Ag+ emission. Sec
ondary components were also observed, but these components played a 
minor role compared to the 43 μs component (Fig. S5). 

The Ce–Ag-codoped compound exhibited two main components, one 
with τ1 = 0.59(1) μs and another one with τ2 = 38.2(5) μs (Fig. 9b and c). 
By similarities with the singly-doped compounds, the faster component 
τ1 is probably due to Ce3+ emission, whereas τ2 with the Ag+ emission. 
As discussed for the Ce-doped sample, however, the estimated value of 
τ1 is likely associated with the LED rise and fall times. A component with 
a τ3 = 1.27(8) ms lifetime was also observed, but that was negligible 
compared to the other two (see Fig. S5). 

Table 2 summarizes all the OSL emission band peaks as well as the 
estimated lifetimes along with their relative contribution (main com
ponents) to the PATDs for the compounds investigated. The table also 
shows the relative contribution of the constant components, which are 
probably associated with slower components. 

3.4. Wavelength discrimination of the decay components for the Gd-Ag- 
codoped compound 

The previous results suggest that, in CBO, the Gd3+ emission (311 
nm) is associated with a lifetime of ~2.8 ms, whereas the Ag+ emission 
(~330 nm) is associated with a lifetime of ~43 μs. In order to confirm 
these identifications, PATDs for the Gd–Ag(3)-codoped compound were 
obtained using interference optical filters that transmit or block the 
Gd3+ emission at 311 nm (IF313 or IF330, respectively). The broad 
emission band centered at ~330 nm, associated with Ag+ centers, 
should be detected with both filters. The Gd–Ag(3) compound was 

Fig. 6. PATD fitting for the Ce-doped compound when a 10 μs pulse width was 
used. For details about the insets and representation of the individual compo
nents, refer to the caption of Fig. 4. Dose used ~185 mGy. 

Fig. 7. PATDs fitting for the Ag-doped compound using three pulse widths: a) 10 μs; b) 100 μs and c) 1000 μs. A biphasic exponential fitting was carried out with the 
lifetimes shared among 100 μs and 1000 μs pulse period datasets. For the 10000 μs pulse period, a fitting was carried out individually and only the slower component 
is discriminated in the graph. For details about the insets and representation of the individual components, refer to the caption of Fig. 4. Dose used ~185 mGy. 
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selected among the other Gd-Ag-codoped compounds since it showed to 
be less influenced by additional slower components (lifetime closer to 
that of Gd-doped compound - 2.3 ms). 

As expected, using the IF330 filter (which blocks the Gd3+ emission) 
the component with a millisecond lifetime is completely eliminated 
from the PATD (Fig. 10) and only a 43.1(4) μs lifetime component is 
observed. Conversely, using the IF313 filter (which transmits the Gd3+

emission and blocks part of the Ag+ emission) the main PATD main 
component presented a lifetime of 2.651(28) ms. Therefore, these results 
confirm the original identifications. 

3.5. Luminescence lifetimes as a function of temperature 

The luminescence thermal quenching of the compounds was inves
tigated for Gd- and Tb-doped, as well as for Gd-Ag- and Tb–Ag-codoped 
compounds considering both lifetimes and integrals under the PATDs. 

For the Ce-doped compounds, these measurements were not performed, 
since the main component lifetime could not be estimated at room 
temperature. 

For the Gd-doped compound, the 2.3 ms component corresponds to 
6PJ →8S7/2 forbidden transitions of Gd3+ and, therefore, thermal 
quenching is expected to be negligible (weak coupling between ground 
and excited states). Indeed, the experimental lifetimes at room tem
perature and 150 ◦C were the same, but an anomalous increase was 
observed at intermediate temperatures (Fig. 11). This effect is probably 
caused by the influence of shallow trapping centers, as observed with 
Al2O3:C samples [3]. The overall luminescence (PATD area) decreased 
less than 10% over the same temperature range. For the Tb-doped 
compound, thermal quenching of the main decay component was 
analyzed as well. Although the origin of this component could not be 
elucidated, the results exhibited a strong thermal quenching over the 
temperature range analyzed (Fig. S6). 

Fig. 8. PATDs fitting of the Gd-Ag-codoped compounds using two pulse widths (100 μs and 1000 μs). a) and d) Gd–Ag(1); b) and e) Gd–Ag(2); c) and f) Gd–Ag(3). 
For a better estimation of the lifetimes, a biphasic exponential fitting was carried out individually for each PATD. For details about the insets and representation of 
the individual components, refer to the caption of Fig. 4. For the 10000 μs pulse period, the y-axis was scaled up for better discrimination of the slower individ
ual components. 

Fig. 9. PATDs fitting of two different samples: a) Tb–Ag-codoped compound using a 100 μs pulse width; b) and c) Ce–Ag-codoped compound using two different 
pulse widths (10 μs and 100 μs). The fitting for the Ce-doped compound was performed individually for each timescale. For details about the insets and representation 
of the individual components, refer to the caption of Fig. 4. 
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Thermal quenching for the luminescence of Ag-codoped compounds 
was also investigated. That was performed focusing on the common ~43 
μs lifetime component of Gd-Ag- and Tb–Ag-codoped compounds. All 
samples presented similar behavior with significant thermal quenching 
in the temperature range analyzed (Fig. 12). That suggests that the 
common luminescent center characterized by a 43 μs lifetime is strongly 
affected by the lattice. The different combinations of dopants do not 

seem to have a significant influence on the thermal quenching of the 
common luminescence, which followed the equation for the Mott-Seitz 
model with similar fitting parameters. In addition, Fig. S7 shows the 
thermal quenching considering the overall luminescence, which showed 
to be in a good agreement with the temperature dependence of the 
lifetimes for the Ag-codoped compounds. Ag+ emission is known to have 
strong thermal quenching up to room temperature [42,50]. Even though 
the temperature range used in the present study is higher compared to 
that of the reported works, the significant thermal quenching of Ag+

emission is supported. 

4. Conclusions 

The results support the association of the 311 nm emission charac
teristic of Gd3+ centers and the ~2.3 ms luminescence lifetime in the Gd- 
doped compounds. The negligible thermal quenching confirms the weak 
coupling between ground and excited states. The narrow emission and 
long luminescence lifetimes make Gd-doped compounds of interest for 
dosimetry applications, because the Gd3+ emission can be easily isolated 

Table 2 
OSL emissions and the estimated lifetimes for each combination of dopants. Unless specified by the footnotes, each lifetime was estimated considering a biphasic 
exponential fitting and based on different pulse widths: τ1 (10 μs), τ2 (100 μs) and τ3 (1000 μs). The relative contributions (Ri) to the PATDs were calculated by using the 
estimated lifetimes and the pre-exponential factors (Si) for a specific pulse width (for italic and bold Ri, the pulse widths used were 10 and 100 μs, respectively. For the 
others, a 1000 μs pulse width was used). Ry0 corresponds to the relative contribution from the constant component (y0). For the Gd-Ag- and Tb–Ag-codoped com
pounds, the minor contribution from the fast components (see Supplementary Materials) was not taken into account.  

Dopants OSL emissions (nm) Lifetimes (μs)   

τ1 R1 τ2 R2 τ3(x103) R3 Ry0 

Gd 310 4.3(2)a 6.7% 2263(20)b 66.9% – – 26.4% 
Tb – 4.1(1)c 28.8% 40.1(30)c 10.2% – – 61.1% 
Ce – <0.41(1) 63.4% 23.5(69) 3.5% 2.2(2)d – 33.1% 
Ag 295 5.0(2)c 6.5% 38.9(9)c 14.7% 2.9(5) – 78.8% 

Gd–Ag(1) 311, 325 1.8(1) – 44.6(2) 65.9% 5.1(2) 12.1% 22.0% 
Gd–Ag(2) 311, 330 4(1) – 42.5(2) 67.7% 3.6(2) 20.4% 11.9% 
Gd–Ag(3) 311, 340 6.1(8) – 41.0(3) 48.5% 2.79(4) 39.4% 12.1% 

Tb–Ag 332 4.0(7) – 42.8(2)a 83.7% 30(9) 16.3% – 
Ce–Ag – <0.59(1) 60.8% 38.2(5) 35.1% 1.27(8) – 4.1%  

a Lifetime estimation using a single component. 
b Lifetime estimation using a 1000 μs pulse width. 
c Lifetime estimation using a global fitting among two datasets (10 and 100 μs pulse widths). 
d Lifetime estimation of the slower component in a three-component exponential fitting. 

Fig. 10. PATDs for the Gd–Ag(3)-codoped compound collected with the 
narrow-band filters (IF313 and IF330) with two different pulse widths: a) 100 
μs and b) 1000 μs. The insets correspond to the fitting residuals of the PATDs 
obtained with the different filters. 

Fig. 11. Lifetimes and PATDs as a function of temperature for the Gd-doped 
compound. The lifetimes were obtained using a single-component exponential 
fitting for each temperature and the error bars represent their uncertainties. The 
PATDs are expressed as the integral under the fitted curves. The data was 
recorded using a 10000 μs pulse period (pulse width: 1000 μs). To export the 
data, a 32.768 μs bin width was used. 
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either using optical filters or time-resolved measurements (e.g. POSL). 
Ce-doping successfully introduced a fast component with lifetime 

faster than the LED rise and fall times (< 500 ns), but the simultaneous 
introduction of shallow trapping centers and a resultant strong phos
phorescence did not allow for the OSL emission spectra to be collected. 
Nevertheless the OSL lifetime is consistent with Ce3+ emission. Materials 
with fast luminescence lifetimes such as Ce-doped CBO can be useful in 
laser-scanning imaging for 2D OSL dosimetry. Nevertheless, one must 
investigate a new synthesis method or introduce a codopant that could 
lead to a more stable trapping center while minimizing the role of 
shallow trapping centers. 

For the Ag-doped compounds, a broad emission centered at 295 nm 
in singly-doped compounds and at ~330 nm in co-doped compounds, 
associated with a lifetime in the 39–45 μs range, was observed, which is 
probably associated with Ag+ ions. The wavelength difference between 
these bands may be related to the influence of the host or other defects 
introduced by co-doping on the Ag+ emission. The thermal quenching of 
the 43 μs lifetime component in the Ag-codoped compounds supports 
this interpretation, showing a strong influence of the lattice in the 
luminescent emission. The lifetime of the Ag-doped samples is inter
mediate between that of Ce- and Gd-doped samples, being of potential 
interest for both laser-scanning imaging and applications using POSL. In 
addition, Ag+ seems to compete with other recombination centers (e.g. 
Gd3+ or Ce3+). Therefore, Ag-codoping seems to improve the lumines
cence in CBO by providing an additional recombination route. 

Although the exact lifetime estimations can be influenced by factors 
such as the relative intensity of the emission bands and the presence of 
shallow trapping centers, the results demonstrate the value of TTTR- 
POSL measurements combined with a systematic study of doped and 
co-doped compounds, which gives insights about the recombination 
mechanisms in OSL materials. The information on CBO presented here 
should be useful for future developments of this material. 
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