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A B S T R A C T   

A calcium aluminum silicate (Ca2Al2SiO7) phosphor doped with different concentrations of cerium has been 
prepared by a solid-state reaction method. From X-ray diffraction (XRD) data and using the Rietveld refinement 
method, the phase, structure, and average crystalline size have been determined. Luminescence emissions have 
been investigated by optically stimulated luminescence (OSL) and thermoluminescence (TL) methods. TL studies 
reveal a broad peak centered at 220 ◦C with an emission band at 410 nm. The TL intensity of a sample doped with 
0.1 mol% Ce proved to be 115 times stronger than that of an undoped sample. Electron paramagnetic resonance 
(EPR) has been utilized to detect the defect centers responsible for the TL process in Ce-doped Ca2Al2SiO7 
phosphor. The observed EPR spectrum results from a superposition of three defect centers. Center I with a g-value 
of 2.0090 is assigned to an O− ion and exhibits hyperfine interaction with a nearby nucleus with spin 3/2. This 
center relates to the TL peak at 220 ◦C. Center II with an isotropic g-value of 2.0073 is also ascribed to an O− ion 
and correlates with the dominant 220 ◦C TL peak. Center III has a g-value of 2.0076 and is identified as an F+

center (singly-ionized oxygen vacancy).   

1. Introduction 

Luminescent materials, both natural and synthetic, are widely used 
in radiation dosimetry [1,2]. The luminescent intensity is proportional 
to the amount of energy absorbed, i.e., the dose of radiation to which the 
material has been exposed. Dose measurements can be performed by 
optically stimulated luminescence (OSL) and thermoluminescence (TL) 
techniques and with various materials. The defect centers created by 
ionizing radiation are responsible for both OSL and TL [3,4]. 

Calcium aluminum silicate (Ca2Al2SiO7) is a material that displays 
high thermal and chemical stability, and is amenable to the incorpora
tion of dopants, such as rare earths. This material has several 

applications, including the preparation of photonic sources in lasers 
[5–8], light-emitting diodes [9], luminescent phosphors, and scintilla
tors [10–18]. In addition, it can be used in piezoelectric sensors [19], 
and in cements for use in dentistry [20]. 

The use of this type of material in the preparation of light-emitting 
sources is associated with the formation of defects in its crystalline 
structure through the insertion of dopants. Simondi-Teisseire et al. [5] 
and Lejus et al. [6] showed that single crystals of calcium aluminum 
silicate doped with Er3+, Yb3+, or Nd3+ have wide emission ranges and 
are useful for the preparation of light emitters with applications in laser 
materials. On the other hand, this material shows emission in the 
red-light region when it is doped with Eu3+ [7,14]. Jiao and Wang [9] 
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showed that it is possible to use this material to obtain white-light 
emitters when combined with Ce3+ and Tb3+. Yamaga et al. [11] re
ported phosphorescence properties when Ca and Al silicate is doped 
with Ce3+. Wang et al. [10] showed that crystalline systems of Ca and Al 
silicate doped with Ce3+ and Mn2+ exhibit long-live luminescence 
property. 

Recently, Son et al. [8] synthesized pure Ca2Al2SiO7 crystals doped 
with rare-earth ions (Ce3+, Sm3+, Dy3+, Eu3+, Tb3+) for optical appli
cations by a solid-state reaction method. They observed that the Ce3+

-doped sample exhibited a wide emission range, while the samples 
doped with Dy3+, Tb3+, Sm3+, or Eu3+ showed narrow emission lines, 
characterized by transitions in the 4f electron configuration. 

Tiwari et al. [15,16] synthesized Ce3+ -doped Ca2Al2SiO7 samples by 
an assisted combustion method, and then studied their mechanolumi
nescence, thermoluminescence and photoluminescence properties. They 
showed this Ce3+ -doped material to be quite promising for thermolu
minescence UV dosimetry applications. According to Tiwari et al. [15, 
16], Ca2Al2SiO7 exhibits a longer duration of light emission at high 
initial intensity due to a higher probability of release of trapped charge 
carriers. 

Sharma et al. [17] synthesized CaSrAl2SiO7 doped with different 
concentrations of Dy3+ by a solid-state reaction method. When excited 
at 350 nm, these samples showed intense emission bands in the blue and 
yellow regions. The combination of these two bands gives rise to white 
light. In addition, these authors studied the TL properties of the mate
rials when exposed to UV light irradiation. The TL intensity increased 
with irradiation time, with characteristic peaks due to Dy3+ with light 
emission at 480 and 580 nm. These results suggested that the sample 
may be useful in UV dosimetry applications. 

Kodama et al. [21] produced single crystals of Ca2Al2SiO7 doped 
with Ce3+ using the Czocharlski technique. They showed that this ma
terial has a long light emission and can be used in solid-state laser ma
terials. In addition, electrons can recombine with thermally stable hole 
centers due to Ce3+, leading to energy emission in the UV region. 

In recent years, a variety of natural and synthetic silicates have been 
investigated to elucidate the role of defects formed with γ-irradiation, as 
well as the role of dopants in TL emission processes [22–27]. 

Electron paramagnetic resonance (EPR) is one of the most sensitive 
and informative techniques used for the detection and identification of 
ionizing-radiation-induced defects formed in the crystal lattice of a 
material. The results obtained by this technique can be correlated with 
those obtained by other experimental techniques, such as TL. As a result, 
it is possible to identify defect centers and establish their role in TL light 
emission. 

In the present study, the OSL, TL and EPR properties of Ce3+ -doped 
calcium aluminum silicate synthesized by the solid-state reaction 
method have been investigated. Thermoluminescence detected after 
γ-irradiation in combination with EPR has allowed determination of the 
defect centers involved during TL emission of this phosphor. 

2. Materials and methods 

Pure Ca2Al2SiO7 as well as samples doped with Ce3+ ions (Ce3+ =

0.10, 0.25, 0.50, 0.75, 1.00, and 2.00 mol%) were prepared by a solid- 
state synthesis method. All the chemicals were of analytical grade with 
99.9% purity. For the synthesis SiO2, Al2O3, CaCO3, and CeO2 precursors 
were used, and H3BO3 was added as a flux. Precursors in the appropriate 
stoichiometric ratio were mixed and homogenized in a mill using 
alumina spheres for 4 h. The crushed samples were then transferred to 
alumina crucibles and heated in air at 1400 ◦C for 5 h in a Nabertherm 
furnace. They were then allowed to cool slowly in the furnace. There
after, the samples were again crushed and subjected to heat treatment at 
1300 ◦C for 2 h. Finally, each sample was crushed for X-ray diffraction 
(XRD), OSL, TL and EPR measurements. 

The structures of the as-prepared samples were analyzed by powder 
XRD using a Rigaku MiniFlex 600 diffractometer operating at 40 kV and 

15 mA, employing Cu-Kα-radiation. The XRD measurements were made 
over the Bragg angle range 15◦ ≤ 2θ ≤ 60◦ with a step size of 0.005◦ and 
a scan rate of 0.6 s at room temperature. 

For TL measurements, powder samples were exposed to γ-rays from a 
60Co source for various exposures (1–100 Gy) at room temperature. The 
dose rate for γ-ray irradiation was 0.64 kGy/h. TL glow curves were 
recorded on a Harshaw TLD reader for light detection by taking 4.0 ±
0.1 mg of sample each time. They were recorded under nitrogen atmo
sphere at a heating rate of 4 ◦C/s. Each point in the glow curve repre
sents an average of five readings. 

OSL measurements were performed with a Risø TL/OSL automated 
reader, model DA-20 equipped with a 90Sr/90Y β-source with a dose rate 
of 0.081 Gy/s. For OSL measurements, the samples were stimulated in 
continuous-wave (CW) mode using 470 nm light at 80 mW/cm2, and the 
OSL light was detected for 40 s at 120 ◦C in the UV region using a 7.5 mm 
Hoya U-340 optical filter. All OSL measurements were performed using 
a single aliquot of the same mass. TL emission spectra were measured by 
connecting a monochromator to the Risø TL/OSL automated reader. 

EPR measurements were carried out using a Freiberg Instruments 
MiniScope EPR spectrometer Model 5500 with a microwave frequency 
of 9.42 GHz. EPR spectra were obtained at room temperature (25 ◦C). 
The samples were irradiated with a γ-dose of 10–500 Gy before 
recording their EPR spectra. Recording parameters were a central field 
of 337 mT, a modulation amplitude of 0.2 mT, a modulation frequency 
of 100 kHz, and a microwave power of 20 mW. EPR intensity was 
measured by peak-to-peak amplitude. A standard sample of 2,2- 
diphenyl-1-picrylhydrazyl (DPPH) was used to calibrate the g-factor of 
the signal. Powder samples irradiated at room temperature with 60Co 
γ-radiation were placed in quartz capillary tubes, which were in turn 
placed inside the EPR cavity, using a mass of 150.0 ± 0.1 mg. EPR 
spectra of the irradiated samples were also recorded at different 
annealing temperatures in the range 50–280 ◦C. 

3. Results and discussion 

Fig. 1a shows the XRD spectra of the undoped Ca2Al2SiO7 and the 

Fig. 1. (a) XRD patterns of phosphor Ca2Al2SiO7 doped with x mol% Ce (x =
0.00, 0.10, 0.25, 0.50, 0.75, 1.00, and 2.00) along with the standard spectrum 
(shown as vertical green lines). (b) Enlarged view of the XRD spectra in the 
region 31.2◦–32◦. 
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Ce3+-doped Ca2Al2SiO7 phosphor. The sharp and strong peaks indicate 
high crystallinity of the samples. The observed diffraction peaks are 
related to the tetragonal phase of Ca2Al2SiO7 crystal and are consistent 
with the JCPDS (Joint Committee on Powder Diffraction Standards) card 
No. 35–0755. No other peaks are observed in the diffractograms besides 
those corresponding to the Ca2Al2SiO7 pattern, which reveals the purity 
of the crystalline structure of the synthesized materials. Fig. 1b illus
trates the shifting of the main peak towards higher 2θ values, the circles 
representing the peak center. The diffraction peaks were shifted towards 
higher 2θ values with the increase in Ce -concentration, except for the 
sample doped with 0.50 mol% Ce. 

To study the effect of dopant concentration on the lattice parameters 
of the host, the XRD data were submitted to Rietveld refinement. The 
function profile used in the Rietveld refinement was a pseudo-Voigt 
function, with contributions from Gaussian and Lorentzian functions. 
The Rietveld refinement of the Ca2Al2SiO7 sample is shown in Fig. 2. All 
observed peaks satisfy the reflection conditions, suggesting the forma
tion of a single phase with no impurities and the observed peaks can be 
indexed to the corresponding data. The Ca2Al2SiO7 phosphors were 
crystallized in the tetragonal crystal system of space group P421m (113). 
To calculate the average crystalline size and the lattice strain, the Wil
liamson–Hall (W–H) plot method was used [28]. 

Equation (1) shows the W–H equation: 

Bhkl cos θ=
Kλ
D

+ 4ε sin θ (1)  

where, Bhkl is the width (full-width at half-maximum) of the X-ray 
diffraction peak in radians and θ is the Bragg angle. Bhkl = Bobs − Binst , 
where Bobs is the experimental peak broadening of a sample pattern, Binst 
is the instrumental peak broadening computed from a standard pattern 
of Si. ε is the lattice strain induced in a powder due to crystal imper
fections and distortions. K is a numerical factor frequently referred to as 
the crystalline -shape factor (set to 0.9), and λ is the wavelength of the X- 
rays (1.541 Å). A plot is drawn with 4 sin θ along the x-axis and Bhkl cos θ 
along the y-axis. The data points are fitted using a linear model, where 
the slope represents the lattice strain (ε) and the independent term 

allows estimation of the average crystalline size (D). Fig. 3 shows the 
behavior of the average crystalline size of the Ca2Al2SiO7 phosphor as a 
function of dopant concentration. The crystalline sizes are in the 
micrometer domain, except for the sample with 0.10 mol% Ce dopant, 
for which it is 561.28 nm, and this is the sample with the highest TL 
intensity. Fig. 3 presents the lattice strains for all samples; their values 
are less than 0.14% throughout, confirming high crystallinity in each 
case. The lattice strain increases consistently for dopant concentrations 
up to 0.50% above which its value begins to decrease. Refinement pa
rameters, lattice parameters, and cell volumes are presented in Table 1. 
The goodness-of-fit is less than 5% in all cases, indicating very good 
consistency between the calculated profile and the experimental data. 

To study the TL properties of the Ce-doped Ca2Al2SiO7 samples, one 
aliquot of each sample was irradiated with γ-rays from a 60Co source 
with a dose of 20 Gy. Fig. 4 shows the TL curves of all samples. The TL 
glow curves for the samples show a broad peak centered between 190 ◦C 
and 220 ◦C. Saraswathi et al. [29] observed a similar TL peak for a Dy3+

-doped Ca2Al2SiO7 sample irradiated with γ-rays of the order of kGy. For 
our material, the shapes of the glow curves remained the same for all 
Ce3+ concentrations. However, the peak position was seen to shift at 
higher temperatures with increasing Ce concentration; up to 0.25 mol%, 
but remained in the same position at 220 ◦C. The triangles represent the 
center of each TL peak, and the observed behavior suggests an increase 
in the peak intensity at 220 ◦C with decreasing dopant concentration. 
Furthermore, the TL intensity decays with increasing Ce3+ concentra
tion (see the inset in Fig. 4). This behavior of TL sensitivity loss with 
increasing dopant concentration indicates the destruction of lumines
cent centers responsible for the emission at the TL peak centered at 
220 ◦C. 

Among the glow curves shown in Fig. 4, of greatest interest are those 
of the samples doped with 0.10 and 0.25 mol% Ce because they reflect a 
higher sensitivity; the TL intensity of the sample doped with 0.10 mol% 
Ce is 115 times stronger than that of the undoped sample, highlighting 
its possible application in dosimetry. On the basis of this observation, 
the sample doped with 0.10 mol% Ce was selected for further studies. 

Fig. 5 shows the TL emission curves of the 0.10 mol% Ce -doped 
Ca2Al2SiO7 sample exposed to γ-rays over the dose range of 1–100 Gy. 
This sample exhibits a broad glow peak centered at 220 ◦C along with a 
shoulder-peak at 350 ◦C. The intensity of the peak at 220 ◦C increases 
linearly with the γ-irradiation dose (see the inset in Fig. 5). This linear 
behavior of TL intensity with dose for the sample doped with 0.10 mol% 

Fig. 2. Rietveld refinement results of the XRD pattern of the Ce-doped 
Ca2Al2SiO7 phosphor, including the experimental (black balls) and calculated 
(pink line) intensities, as well as differences in intensities between the experi
mental and calculated data (blue line). 

Fig. 3. Average crystalline size and lattice strain in percentage of the Ca2Al2

SiO7 phosphors as a function of Ce3+ concentration. 
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Ce is very useful for dosimetric applications. Further studies on the main 
TL dosimetric properties of this material are under way. 

To evaluate the sensitivity of Ce-doped Ca2Al2SiO7, we used an LiF: 
Mg,Ti (TLD-100) sample (manufactured by Harshaw Bicron) as a com
parison standard. Prior to the TL reading, both samples were irradiated 
with a γ-ray source with a dose of 1 Gy. Fig. 6 shows a comparative plot 
of the TL intensities between the Ce-doped Ca2Al2SiO7 and TLD-100 
samples. It can be seen that the Ce-doped Ca2Al2SiO7 sample had a TL 
sensitivity 1.2 times higher than that of TLD-100. 

The TL emission spectrum was also recorded for the Ca2Al2SiO7 
sample doped with 0.10 mol% Ce and is shown in Fig. 7. A band was 
found in range 300–500 nm, with the peak centered at around 410 nm. 
This result shows that one recombination center is involved during the 
TL emission. The TL spectrum features two peaks, one at around 100 ◦C 
and the other at 220 ◦C. The peak at 100 ◦C is present due to the fact that 
the TL spectrum was recorded immediately after irradiation. 

The TL characterization of the Ca2Al2SiO7 phosphor requires 
knowledge of the kinetic parameters, such as the activation energies of 
the traps involved in the TL emission, frequency factor (s), and the ki
netic order (b) associated with the overlapping glow peaks that give rise 

to the broad peak centered at 220 ◦C. The parameters contained in the 
complex experimental glow curve of the Ca2Al2SiO7 sample can be 
found by Tm-TSTOP [3,30] and deconvolution methods [31,32]. 

The Tm-TSTOP method is used to evaluate the number of peaks, their 
positions, and their kinetic order [30,33]. A Tm-TSTOP graph has a 
plateau pattern, in which each plateau corresponds to the presence of an 
individual TL peak [34]. Fig. 8 presents the dependence of Tm on TSTOP 
for the Ce-doped Ca2Al2SiO7 sample. In this Tm-TSTOP curve, we can 
delineate two regions corresponding to two TL peaks. The first and 

Table 1 
Ce concentration, lattice parameters and volume of Ca2Al2SiO7 phosphors from 
Rietveld refinement are presented. The goodness of fit (GOF) of the refinement 
are also shown.  

Ce concentration mol% 
Ce 

GOF Lattice parameters Volume 

χ2 a and b 
(Å) 

c (Å) α, β and γ 
(◦) 

(Å3) 

0 2.68 7.6744 5.0618 90 298.13 
0.10 3.15 7.6747 5.0618 90 298.15 
0.25 3.09 7.6729 5.0607 90 297.94 
0.50 2.42 7.6759 5.0632 90 298.32 
0.75 4.24 7.6756 5.0627 90 298.27 
1.00 3.10 7.6745 5.0618 90 298.13 
2.00 4.21 7.6759 5.0628 90 298.30  

Fig. 4. TL glow curve from irradiated Ca2Al2SiO7 phosphor (γ-dose: 20 Gy) 
with increasing Ce3+ concentration. The inset shows the intensity of the 220 ◦C 
TL peak with increasing Ce3+ concentration in the Ca2Al2SiO7 phosphor. The 
triangles represent the center of each TL peak. 

Fig. 5. TL glow curves of Ce-doped Ca2Al2SiO7 phosphor irradiated with 
γ-radiation doses of 1 Gy up to 100 Gy. Inset: intensity variation of the TL peak 
at 220 ◦C as a function of γ-radiation dose; the dashed lines (black) indi
cate linearity. 

Fig. 6. Comparison of the TL sensitivities of Ca2Al2SiO7 and LiF:Mg,Ti (TLD- 
100) samples after 1 Gy γ-irradiation. 
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second regions corresponding to the first and second TL peaks, respec
tively, show a gradual growth in Tm. This behavior of the Tm-TSTOP 
curve, together with the result in Fig. 5, indicates that each TL peak is 
probably a superposition of more than one TL peak with first-order ki
netics. Moreover, it is known from the literature that such behavior of 
the Tm-TSTOP curve may be caused by the presence of several over
lapping TL peaks that obey a certain energy distribution of the 

continuous traps [30]. From this preliminary analysis, we assume that 
both TL peaks are due to a distribution of continuous traps with 
first-order kinetics. After preliminary analysis to establish that each TL 
peak was indeed constituted by a continuous distribution of energy 
traps, deconvolution of the glow curve was performed using a linear 
combination of two functions related to the FOK (first-order kinetics) 
approach, with continuous trap contributions conforming to a Gaussian 
distribution. The inset in Fig. 8 shows the deconvolution of the glow 
curve into two TL peaks using first-order kinetic trap distributions for 
each TL peak in the region between 50 and 350 ◦C. The above analysis 
shows that the broad TL glow curve of the Ca2Al2SiO7 phosphor sample 
is composed of two TL peaks centered at 120 and 220 ◦C. A successful 
deconvolution process is guaranteed by minimizing the figure of merit 
(FOM) [35] value. As can be seen from the low FOM value of = 0.39%, 
the curve deconvolution analysis process was very accurate. The kinetic 
parameters obtained by the deconvolution method for each peak are 
shown in Table 2. 

Fig. 9 shows the continuous-wave OSL (CW-OSL) curves of Ca2Al2

SiO7 phosphor with different Ce concentrations (0.10, 0.25, 0.50, 1.00 
and 2.00 mol%). For OSL measurements, all samples of equal mass in 
powder form were first irradiated in situ with a 90Sr/90Y β-source with a 
dose of 4.01 Gy. OSL intensities were determined using the first point of 
the OSL signal. The samples doped with 0.10 and 0.25 mol% Ce were 
found to be more sensitive, as shown in the inset of Fig. 9. Therefore, the 
subsequent OSL study was centered on this material. Meanwhile, the 
pure Ca2Al2SiO7 material (undoped with Ce) showed negligible OSL 
signals, implying that Ce doping introduces the defects or luminescent 
centers necessary for its OSL emission. Unlike TL, the OSL response 
shows an increase with increasing Ce dopant concentration up to 0.25 
mol%. For concentrations above this value, the OSL response gradually 
decreases. 

Despite showing a lower sensitivity in its OSL response compared to 
its TL response, a study of the OSL intensity behavior as a function of 
dose was performed for the 0.10 mol% doped Ca2Al2SiO7 material. For 
this purpose, aliquots of approximately the same powder mass were 
irradiated with β-doses in the range from 0.41 to 16.2 Gy. The OSL decay 
curves of the Ce-doped Ca2Al2SiO7 phosphor for various absorbed doses 
are shown in Fig. 10. The OSL intensity is seen to increase with 
increasing β-dose. The behavior of the OSL signal with respect to dose is 
seen to be slightly linear in the applied dose range (see the inset in 
Fig. 10). This result implies that the synthesized material may have 
potential application in dosimetry, but a detailed study is necessary to 
confirm its applicability in dosimetry by analysis of its dosimetric 
characteristics. 

The room-temperature EPR spectra of γ-irradiated Ce-doped 
Ca2Al2SiO7 phosphor at different γ-doses from 10 Gy to 500 Gy are 
shown in Fig. 11. The inset shows the variation in the intensity of center 
I with γ-dose. The spectrum consists four dominant lines that result from 
interaction of the electron spin with a spin 3/2 nucleus. Thermal 
annealing experiments reveal an overlap of two groups of four lines in 
the spectrum, which result from two distinct defect centers. These two 
centers are labeled in Fig. 11. EPR spectral simulations indicate the 
presence of an additional single line which is also labeled in Fig. 11 as 
center III. The center III line is overlapped by the relatively high- 
intensity center I and II lines. Center I, with four-line hyperfine split
ting, is characterized by a g-value of 2.0090, and the hyperfine splitting 
is estimated to be 10.5 G. 

Fig. 7. TL spectra of Ce-doped Ca2Al2SiO7 phosphor after β-irradiation.  

Fig. 8. Dependence of peak maximum temperature (Tm) on preheating tem
perature (TSTOP). The temperature range regions corresponding to the two TL 
peaks are indicated. The inset shows that a good fit between the experimental 
glow curve (open circles in black) and the simulated glow curve (full line in 
pink) can be achieved by assuming the presence of two peaks. 

Table 2 
Details of maximum temperature (TM), activation energy (E), distribution width 
(σ), frequency factors (s) of TL peaks of Ca2Al2SiO7 phosphor obtained by 
deconvolution method. FOM = 039%.  

Peak TM (◦C) E (eV) σ (eV) s (s− 1) 

1 127 0.937 0.055 1.72⋅1011 

2 225 1.106 0.13 3.19⋅1010  
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Ca2Al2SiO7 is a typical melilite compound crystallizing in the 
tetragonal crystal system with space group P421m. The cations (Ca2+, 
Al3+, and Si4+) are localized at three types of site. The Ca2+ ion occupies 
an eightfold coordinated site known as a Thomson cube (TC) site, and a 
regular tetrahedral site (T1) is fully occupied by half of the Al3+ ions [36, 
37]. Further, Si4+ and the other half of the Al3+ ions are statistically 
distributed over a very distorted tetrahedral site (T2). Thomson cubes 

and tetrahedra are alternately stacked along the z-axis and the sheets are 
linked by Ca2+ ions. 

The Ca2+ ion has an ionic radius of 1.12 Å in eightfold coordination 
[38]. The ionic radius of Al3+ ion in a fourfold coordination is 0.39 Å. 
The Si4+ ion, which resides in a tetrahedral coordination, has an ionic 
radius of 0.26 Å. The Ce3+ ion has an ionic radius of 1.14 Å in an 
eightfold coordination. As four-coordinated Al3+ and Si4+ are relatively 
small compared to a Ce3+ ion, the dopant Ce3+ tends to preferentially 
occupy the Ca2+ sites (see Fig. 12). 

In a perfect lattice of Ca2Al2SiO7, Ca2+, Al3+, and Si4+ would be 
expected to be located in their respective sites. However, anti-site 
cation-exchange is likely to occur in Ca2Al2SiO7, whereby Si4+ ions 
partially replace Ca or Al sites. These replacements, termed cation- 
exchange disorder, give rise to point defects in crystals, whereby cat
ions exchange positions. Kuklja [39] has predicted the occurrence of 
such defects based on theoretical calculations. This prediction is sup
ported by X-ray diffraction [40] and X-ray absorption fine structure 
studies by Dong et al. [41]. The effects of such disorder on luminescence 
properties have been demonstrated in a study of Cr3+ ion in an AB2O4 
spinel host lattice [42]. 

Anti-site formation due to interchange of ions gives rise to several 
trapping sites for electron and holes upon irradiation. Therefore, several 
defect centers are likely to be formed in a system such as Ca2Al2SiO7, the 
most probable of which are an F+ center (an electron trapped at an anion 
vacancy) and an O− ion (a positive hole localized on an O− ion adjacent 
to a cation vacancy). Trapping of an electron at an anion vacancy can be 
induced by γ-irradiation, leading to the formation of an F+ center. 
Studies by Yuan et al. [43] have shown that anion vacancies can be 
formed more easily in a lattice with cation disorder as compared to a 
perfect lattice. On the other hand, cation vacancies can trap holes to 
form O− ions [44]. 

The oxygen p-orbital in an O− ion contains the unpaired spin and a 
cation vacancy located adjacent to the O− ion stabilizes the hole through 
electrostatic attraction. A positive g-shift results from a hole trapped in 
an oxygen pz orbital. Center I is characterized by a g-value of 2.0089 and 
displays a positive g-shift. As this g-shift is rather large, center I is 
tentatively identified as an O− ion formed by hole trapping at an O2− ion 

Fig. 9. OSL decay curve of Ca2Al2SiO7 phosphor (after irradiating to 4.05 Gy 
and stimulated with blue light) with different Ce3+ concentrations. Inset: Ce3+- 
concentration dependence of OSL intensity. 

Fig. 10. OSL decay curves (under blue-light stimulation) of Ce-doped Ca2Al2

SiO7 phosphor in powder irradiated with different β-radiation doses of 0.41 Gy 
up to 16.2 Gy. Inset: OSL intensity behavior as a function of β-radiation dose, 
the dashed lines (black) indicate linearity. 

Fig. 11. Room temperature EPR spectra of irradiated Ce-doped Ca2Al2SiO7 
phosphor for different γ-doses. Line labeled as center I is due to an O− ion. 
Center II line is also assigned to an O− ion and center III is attributed as an F+

center. The inset shows the intensity variation of the center I line with γ-dose. 
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adjacent to a cation vacancy. Center I displays an isotropic g-value. 
However, O− ions are generally characterized by an axial g-tensor, with 
the perpendicular component greater than the free-spin value (ge =

2.0023) and the parallel component close to ge [45]. There are also cases 
in which the O− ion exhibits a rhombic g-tensor. In anatase nano
particles, Misra et al. [46] observed a rhombic g-tensor with principal 
values of gx = 2.0, gy = 2.01 and gz = 2.03. On the other hand, there are 
studies in which O− displays an isotropic g-value. An example concerns 
MgAl2O4, whereby X-ray irradiation resulted in a center with a g-value 
of 2.011 and an optical absorption band at 3.4 eV [47]. Ibarra et al. [47] 
concluded, based on optical absorption studies, that the center in 
MgAl2O4 is a hole-trapped cation vacancy (V-type center). Indeed, the 
assignment of center I as an O− ion in the present study is mainly based 
on the observations of Ibarra et al. [47]. 

The stability of center I was measured by a pulse-thermal annealing 
method. After heating the sample to a given temperature, it was main
tained at that temperature for 3 min. It was then cooled to room tem
perature for EPR measurements. Fig. 13 shows the thermal annealing 
behavior of center I. It is observed that this center becomes unstable at 

about 120 ◦C and decays in the temperature region 120–280 ◦C. This 
decay indicates that center I is related to the TL peak at 220 ◦C. 

The EPR lines labeled as center II in Fig. 11 are due to a distinct 
center with an isotropic g-factor of 2.0073. This center displays hyper
fine lines due to an interaction with a spin I = 3/2 nucleus, and the 
hyperfine splitting is 7.8 Gauss. Based on the reasons mentioned above 
for the assignment of center I, center II is also ascribed to an O− ion. The 
four lines may have arisen due to an interaction with a 23Na nucleus 
present in the system as an impurity ion. The thermal annealing 
behavior of this center is shown in Fig. 13. The intensity of the EPR lines 
starts to reduce at about 170 ◦C and the center decays in the temperature 
range 170–280 ◦C. Center II also appears to correlate with the TL peak at 
220 ◦C. 

A careful examination of the EPR spectrum around magnetic field 
3375 Gauss (Fig. 11) indicates an EPR line that is overlapped by the 
dominant lines of centers I and II. An EPR spectral simulation has been 
carried out to unravel the presence of this line. The observed spectrum 
for Ce-doped Ca2Al2SiO7 was simulated using the parameters derived 
from the experimental spectrum. The center I spectrum was simulated 
using parameters of g = 2.0090 and A = 10.5 Gauss, and the linewidth of 
the individual hyperfine line was taken to be 2.6 Gauss. For center II, the 
parameters g = 2.0073 and A = 7.8 Gauss, along with a linewidth of 2.9 
Gauss, were considered for each individual line of the four-line spec
trum. These simulated spectra are shown in Fig. 14. The correlation 
between the simulated and experimental spectra appears to be reason
ably good. Center III parameters derived from this simulation are g =
2.0076 with a linewidth of 2.8 Gauss. 

It was mentioned earlier that one of the probable centers that can 
form in Ce-doped Ca2Al2SiO7 is the F+ center (an electron trapped at an 
anion vacancy) as a result of the presence of cation disorder. An F center 
was first observed in neutron-irradiated LiF [48]. A very broad line 
(linewidth ca. 100 Gauss), unusual for a defect center, was observed 
with a g-value of 2.008. The linewidth of the F center here, however, is 
quite small. In MgO [49], the center displays its inherent linewidth of 
about 1 Gauss. The ions present in a lattice, the natural abundance, the 
magnetic moments of the nuclei, and the degree of delocalization of the 
unpaired spins determine the experimentally observed linewidth. 

The extent of delocalization of the unpaired electron depends on the 
host lattice. For example, in alkali metal halides, relatively large line
widths are observed as the unpaired electron interacts with several al
kali metal and halide ions from successive neighboring shells. In LiCl, 
the observed linewidth is 58 Gauss [50], whereas in KCl, it is about 20 
Gauss [50]. In systems such as BaO [51] and HgI2–2HgO [52], the 
observed linewidths are 35 Gauss and 10 Gauss, respectively. Electrons 
trapped at anion vacancies have also been observed in oxide systems. It 
is observed that F+ centers display g-values close to the free-electron 

Fig. 12. (a) The tetragonal crystal structure of Ca2Al2SiO7 projected on to the (001) plane, showing the positions of the Ca, Al, Si, and O atoms. (b) A view of the 
environments of the Ca, Al, Si, and O atoms. A Ce3+ ion substitutes the Ca2+ ion and an F+ center forms at an anion vacancy. 

Fig. 13. Thermal annealing behavior of center I and center II in Ce -doped 
Ca2Al2SiO7 phosphor. 
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value (2.0023) and a g-shift that may be positive or negative. Center III 
observed in the Ce-doped Ca2Al2SiO7 phosphor is characterized by a 
relatively small g-shift and the linewidth is not large. Based on these 
observations and consideration of the likely defects that may be formed 
in a system such as Ce-doped Ca2Al2SiO7, center III is tentatively 
assigned as an F+ center. It proved difficult to follow the center III EPR 
line during thermal annealing experiments as the line was barely seen. 
Thus, it was not possible to associate this center with the observed TL 
peaks. 

Studies were carried out to observe the effect of increasing Ce3+ ion 
concentration on the EPR spectrum as well as the TL glow curve. The 
results of these experiments are shown in Fig. 15 and Fig. 4. It can be 
seen that the intensities of the EPR signals associated with centers I and 
II decreased with increasing Ce3+ ion concentration in the lattice (see 
Fig. 15). The Ce3+ ion dopant was observed to have the same effect on 
the 220 ◦C TL glow peak, that is, decreasing TL intensity with increasing 
dopant concentration (inset of Fig. 4). The measured EPR and TL in
tensities are displayed in Fig. 16. The results are in accordance with the 
hypothesis that centers I and II correlate with the 220 ◦C TL peak, such 
that a decrease in TL intensity would be expected with decreasing center 
I and II concentrations in the lattice. As the trivalent Ce3+ ion concen
tration is increased in Ca2Al2SiO7, there will be excess positive charge in 
the lattice. Charge neutrality requirements necessitate the creation of 
cation vacancies or an increase in the amount of negative ions in the 
lattice. O− ions (centers I and II) are formed by hole capture by O2− ions 
and their formation reduces the negative charge. This formation is 
restrained by excessive positive charge in the lattice due to a high 
concentration of Ce3+ ions. It is speculated that this results in a reduction 
in the amount of O− ions with increasing Ce3+ ion in Ca2Al2SiO7 (see 
Fig. 16). 

4. Conclusions 

The XRD results indicate that in all of the samples, the Ce dopant 
concentration does not change the tetragonal phase of the Ca2Al2SiO7. 
The average crystalline sizes are in the micrometer domain and vary 
with the concentration of the Ce dopant. The minimum value is 561.28 

nm for 0.10 mol% Ce, which corresponds to the sample with the highest 
TL intensity. In all samples, the lattice strains are less than 5%, which 
implies that they have a high proportion of crystallinity. TL studies 
revealed a broad peak centered at 220 ◦C with a TL emission band at 
410 nm. The activation energy (E), frequency factor (s), and kinetic 
order have been estimated using Tm-TSTOP and deconvolution methods. 
From detailed TL and OSL studies of the Ce-doped Ca2Al2SiO7, the 
sample doped with 0.10 mol% Ce proved to be most sensitive. Specif
ically, its TL and OSL responses are approximately 115 and 16.25 times 
higher, respectively, than those of undoped Ca2Al2SiO7. The TL and OSL 
intensities of the synthesized Ca2Al2SiO7 samples increased with 
increasing radiation dose. The TL and OSL dose-response curves are 

Fig. 14. Simulated and experimental EPR spectra of Ce -doped Ca2Al2SiO7 
phosphor. Spectra marked 1, 2, and 3 are the simulated spectra of centers I, II, 
and III, respectively. The combined simulated spectrum of the three centers is 
labeled as “simulated”. 

Fig. 15. EPR spectrum of irradiated Ce-doped Ca2Al2SiO7 phosphor (γ-dose: 5 
kGy) with increasing Ce3+ -dopant ion. 

Fig. 16. Effect of increasing Ce3+ concentration on the EPR signal intensity of 
centers I and II and the intensity of the 220 ◦C TL peak for the Ca2Al2

SiO7 phosphor. 
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linear in the dose ranges of 1–50 Gy and 0.41–16.2 Gy, respectively, 
suggesting that this phosphor is suitable for radiation dosimetry appli
cations using the TL and OSL techniques. Three defect centers have been 
identified in γ-irradiated Ce-doped Ca2Al2SiO7 phosphor. These centers 
are tentatively assigned to O− ions and an F+ center. The two O− ions 
correlate with the dominant 220 ◦C TL peak. As there is considerable 
overlap, no specific TL role could be assigned to the F+ center. 
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[31] G. Kitis, J.M. Gómez-Ros, W.N. Tuyn, Thermoluminescence glow-curve 
deconvolution functions for first, second and general orders of kinetics, J. Phys. D 
Appl. Phys. 31 (1998) 2636–2641, https://doi.org/10.1088/0022-3727/31/19/ 
037. 
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