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Abstract
In this work, Ce- and Li-doped CaF2 phosphor (CaF2:Ce,Li) was synthesized by the combustion technique. Structural and 
morphological analysis of the synthesized material has been carried out by X-ray diffraction (XRD) and scanning electron 
microscopy (SEM), respectively. The XRD pattern reveals the formation of a pure phase of the CaF2 crystal with a crystal-
lite size of 717 nm. The luminescence properties were investigated by the thermoluminescence (TL) technique. The effect 
of sintering temperature on the TL glow curve of the pellets has been investigated for different temperatures (450, 500, 525, 
550, and 575 °C). Pellets sintered at 525 °C and 550 °C presented higher sensitivity in their TL responses for gamma and 
UV irradiation, respectively. Samples irradiated with gamma radiation show two intense TL peaks centered at 172 °C and 
275 °C. On the other hand, samples irradiated with UV radiation show two peaks centered at 195 and 280 °C. The intensity 
of the TL peaks increases with gamma radiation dose and UV irradiation time. The kinetic parameters of the glow curve 
peaks were determined through the combined analysis of the results obtained by the Tm-Tstop and deconvolution methods.

Keywords  CaF2 phosphor · Thermoluminescence · Gamma irradiation · UV irradiation

1  Introduction

Exposure to ionizing and non-ionizing radiation (UV radia-
tion) from natural sources (natural radioactive isotopes) as 
well as artificial sources used in various applications such 
as medical diagnostics, radiotherapy procedures, electricity 
generation (nuclear power plants), and applications in indus-
try and research centers has increased considerably over the 
years. Therefore, it is important to predict or limit the effect 

of radiation on living organisms, since ionizing radiation can 
cause the breaking of chemical bonds and the production of 
free radicals, among others.

These physical processes can, in turn, cause biological 
effects, including an increased risk of cancer development, 
cell death, tissue damage, and failure of vital organs, and 
consequently can lead to the death of the individual due to 
overexposure to radiation [1].

Paradoxically, the effects of radiation ionizing and non-
ionizing radiation can also be beneficial, for example, 
radiation-induced cell death within a cancerous tumor is 
the basis for radiation therapy. Other applications of radia-
tion are imaging in radiodiagnostics, radiation treatment for 
sterilization, food irradiation, polymer modification, etc. 
[1]. Therefore, different authors have been researching new 
materials for applications in ionizing radiation dosimetry 
with increasingly sensitive, stable, reproducible, and above 
all, precise responses.

Among radiation meters, solid-state passive lumines-
cent dosimeters are the most widely used. These dosimeters 
measure the dose through the absorption of ionizing radia-
tion energy and then emit this energy in the form of light. 
The quantification of the emitted light is performed based 
on thermoluminescence (TL) phenomena.
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The mechanism that TL dosimeters use to quantify radia-
tion is the deposition of ionizing radiation energy, which is 
directly related to the structural composition of the dosi-
metric material. The crystalline structure and defect cent-
ers responsible for the TL property of a material can be 
controlled by the proper choice of chemical reagents and 
synthesis route, so it is important to know the relationship 
between the chemical reagents and the preparation method.

Recent studies show that calcium fluoride (CaF2) 
doped with rare earths and transition metals (CaF2:Dy; 
CaF2:Ce,Nd; CaF2:Mn; CaF2:Cu; CaF2:Dy,Pb,Na; and 
CaF2:Tm) [2–8], either divalent or trivalent, has important 
luminescent characteristics and important applications. 
These materials present high chemical stability, resistance 
to irradiation, and good emission in the visible region. Fur-
thermore, it is known that CaF2 is very sensitive to beta 
radiation [9–11], X rays [12], UV radiation [13], gamma 
radiation [14], and low energy ion [15]. On the other hand, 
natural calcium fluoride (CaF2), also called fluorite, is one 
of the most abundant natural materials and is often present in 
the ceramic and jewelry industries. This natural material was 
extensively investigated by Okuno [16], Umesido et al. [17], 
and Sunta et al. [18] for radiation dosimetry applications.

As we can see, the CaF2 crystal was synthesized using 
different techniques and doped with different rare earths and 
transition metals to improve its luminescence properties. 
Despite the interesting luminescence properties of Ce-doped 
CaF2 [19] and Ce- and Dy-doped CaF2 [20], the study of Ce- 
and Li-doped CaF2 has not yet been carried out. Therefore, 
in this work, we synthesized Ce- and Li-doped CaF2 crystal 
to study its TL response to gamma and UV radiation.

2 � Materials and Methods

Calcium fluorite doped with 0.3 mol% Ce and 0.6 mol% Li 
(CaF2:Ce,Li) was synthesized by the combustion method. In 
a beaker with 5 ml of distilled water, stoichiometric amounts 
of calcium nitrate tetrahydrate (Ca(NO2)3)∙4H2O as an oxi-
dant and ammonium fluoride (NH4F) as a fluorine source 
for the formation of the CaF2 structure is dissolved. In this 
same solution, cerium nitrate (Ce(NO3)3∙6H2O) and lithium 
oxide (Li2O) were added as dopant sources. To produce the 
combustion reaction, we added urea (CO(NH2)2). The mix-
ture of the reagents dissolved in distilled water was homog-
enized with a magnetic stirrer at an assisted temperature 
of 50 °C for 30 min. The beaker is then placed in a muffle 
furnace maintained at 550 ± 10 °C. The reaction mixture 
undergoes thermal dehydration and ignites at one point with 
the release of gaseous products such as nitrogen and carbon 
oxides. The combustion propagates throughout the reaction 
mixture. After the combustion process, the crucible and the 

synthesized sample were removed from the furnace for rapid 
cooling. This synthesized sample was sieved to select grains 
smaller than 0.075 mm in diameter for structural and mor-
phological analysis and pellet production.

To identify the crystalline structure of the synthesized sam-
ple, a Rigaku MiniFlex 600 powder diffractometer at 40 kV 
voltage and 15 mA with Cu Kα-radiation was used. The XRD 
measurements were taken at the interval of Bragg angle 2θ 
(20° ≤ 2θ ≤ 80°) with 0.005° step size and speed of 4°/min at 
room temperature. The identification of crystalline phases was 
performed with Panalytical X’Pert HighScore Plus software.

The morphology analysis of the synthesized phosphor 
particles was observed by scanning electron microscopy 
(SEM) using a Jeol microscope model JSM-IT700HR.

The particle size was calculated from the full-width half maxi-
mum (FWHM) of the intense peak using Scherer’s formula [21].

where D is the particle size, β is FWHM (full-width half 
maximum), λ is the wavelength of the X-ray source, and θ is 
the diffraction angle.

To evaluate the TL response of CaF2:Ce,Li, 6 mm diameter 
and 1 mm thick pellets were produced from the fine powder of 
the synthesized phosphorus by pressing in a stainless steel mold 
at a pressure of 11 ton/cm2 at room temperature, followed by a 
sintering process. To evaluate the effect of sintering tempera-
ture on the phosphorus TL response, five groups of previously 
compacted CaF2:Ce,Li phosphors were subjected to different 
sintering temperatures (450, 500, 525, 550, and 575 °C) for 2 h.

The TL glow curve was recorded using a Harshaw model  
3500 TL reader in the temperature range of 50 to 400 °C 
with a heating rate of 4 °C/s. Each point in the glow curve 
represents an average of five readings.

The 3D TL emission spectrum was obtained using an 
automated Risø TL/OSL reader, model DA-20. For the 
detection of TL light at different wavelengths, a mono-
chromator was coupled in front of the photomultiplier tube 
(PMT) of the Risø TL/OSL reader. The scanning was per-
formed from 250 to 650 nm, with a step of 20 nm.

For gamma irradiation of pellets with doses between 1 
and 25 Gy, a 60Co Picker source, model Gammatron, with 
an exposure rate of 0.69 Gy/s was used. This source uses 
an electronic timer system to control the irradiation time. 
For the determination of the irradiation dose, the follow-
ing parameters are considered: irradiation distance, decay 
correction factor, and dose rate. For the irradiation process, 
the pellets are placed in acrylic matrices and wrapped in 
aluminum foil in order to have an electronic equilibrium and 
avoid the effects of visible light on the luminescence of the 
material. The samples were irradiated at a distance of 10 cm, 
aligned with the source axis for homogeneous irradiation.

(1)D =

0.9 ⋅ �

� ⋅ cos�
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The pellets were subjected to ultraviolet (UV) irradia-
tion using a 75W XENON ORIEL UV lamp, model 6237. 
The lamp is located in a dark chamber with a mobile sup-
port that allows for varying the distance from the sample 
to the source. The irradiations have been performed at a 
constant distance of 14 cm between the sample and the 
UV light source for time intervals of 5 to 40 s, during 
which the pellet is placed symmetrically under the UV 
light source (circular symmetry), ensuring that the entire 
pellet receives the UV light uniformly. Considering that 
the penetration of UV light in the sample is superficial, the 
thermoluminescent reading is performed on the same side 
that the irradiation of the pellet was performed.

3 � Results and Discussion

The powder XRD pattern of phosphor CaF2 doped with 
0.3 mol% Ce and 0.6 mol% Li is shown in Fig. 1 along 
with its CaF2 standard file. All the diffraction peaks of the 
synthesized phosphor agree with the ICDD (International 

Centre for Diffraction Data) standard file no. 77–2245, 
demonstrating that the synthesized sample has a centered 
cubic phase and space group Fm3m. Therefore, this analysis 
confirms that the introduction of Ce and Li ions does not 
interfere with the crystal structure of CaF2.

To study the effect of dopant concentration on the lat-
tice 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 con-
tributions from Gaussian and Lorentzian functions. The 
Rietveld refinement of the CaF2:Ce,Li phosphor is shown 
in Fig. 1. Table 1 shows the Rietveld refinement param-
eters, lattice parameters, volume, and crystallite size of the 
synthesized phosphor.

The SEM image of the CaF2:Ce,Li sample annealed 
at 550 °C for 2 h is shown in Fig. 2. This image shows the 
CaF2:Ce,Li crystallites have an irregular shape and contain 
some agglomerations of crystallites forming spherical-shaped 
grains, resulting in larger crystallite sizes, which is in agree-
ment with the XRD results. It was observed that the crystallites 
are not uniform in shape and size. The non-uniform distribu-
tion in shape and size of phosphor may be due to the synthesis 
temperature during the combustion process.

It is known that the temperature of annealing on samples 
of CaF2:Mn, CaF2:Tm, and CaF2:Dy is responsible for the 
TL sensibility [22].

The efficiency, sensitivity, and dose storage capacity 
of a new phosphor depend on the structural defect centers 
grown during the synthesis of the material, and these cent-
ers are highly dependent on the type of thermal annealing 
performed after synthesis. In general, with additional ther-
mal annealing after synthesis, more defects are produced or 
unstable centers are stabilized, which favors the formation 
of electron levels or traps responsible for the absorption of 
the radiation dose. In addition, the production of sensitive 
dosimeters in the form of pellets by sintering is necessary 
to find a suitable temperature to obtain sensitive dosime-
ters with good mechanical resistance for handling. For this 
purpose, CaF2:Ce,Li phosphor pellets sintered at different 
temperatures (450, 525, 550, 575, and 600 °C) for 2 h were 
produced. Figure 3 shows the TL glow curves of CaF2:Ce,Li 
pellets sintered at different temperatures and exposed to 
gamma rays at a dose of 3 Gy. Among all, the pellet sintered 
at 550 °C showed more intense glow peaks. Therefore, the 
CaF2:Ce,Li phosphor sintered at 550 °C for 2 h was chosen 
as the optimized phosphor for further TL studies.

Fig. 1   XRD diffractogram of Ce- and Li-doped CaF2 phosphor. 
Experimental (blue open circle), calculated (red solid line), pattern 
(the brown vertical lines are the Bragg positions), and residual (black 
solid line)

Table 1   Rietveld refinement parameters, lattice parameters, volume, and crystalline size of Ce- and Li-doped CaF2 phosphor

Sample Refinement parameters Lattice parameters Volume Crystalline size

Rp Rwp χ2 a, b, and c (Å) α, β, and γ (°) (Å3) (nm)

CaF2:Ce,Li 12.13 17.13 6.22 5.4653 90 163.24 717.23
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Figure 4 shows the TL glow curve for CaF2:Ce,Li pel-
lets sintered at 550 °C for 2 h and irradiated with different 
doses of gamma radiation from 1 to 25 Gy. Initially, the 
glow curve shows overlapping peaks, giving rise to two TL 
peaks centered at 172 and 275 °C. It is observed that the 
intensity of the TL peak increases with an increasing dose 

of at least up to 25 Gy, with no change in the position of 
the maximum temperature for both peaks. This result evi-
dences that possibly both CaF2:Ce,Li TL peaks obey first-
order kinetics (FOK). The inset of Fig. 4 shows the behavior 

Fig. 2   SEM image of 
CaF2:Ce,Li phosphor annealed 
at 550 °C for 2 hours

Fig. 3   Effect of sintering temperatures on the TL response of 
CaF2:Ce,Li pellets (gamma dose = 3 Gy)

Fig. 4   TL glow curves of the CaF2:Ce,Li pellet irradiated at different 
gamma-ray doses from 1 to 25 Gy. The inset of the figure shows the 
behavior of TL intensity as a function of gamma dose for both peaks. 
The dashed line represents the linear behavior
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of TL intensity as a function of gamma dose for CaF2:Ce,Li 
phosphor. It is observed in the figure that the dose–response 
shows a linear behavior in the gamma dose region studied.

Recently, Rivera-García et al. [19] studied Ce-doped 
CaF2 phosphor and found that the TL glow curve shows  
an intense peak around 150 °C and an extremely low-
intensity peak at 300 °C. On the other hand, Muñoz et al. 
[23] observed only one intense peak around 123 °C for the 
Tm-doped CaF2 sample. Already in our material doped 
with Ce and Li, in addition to observing the presence of 
low-temperature peaks similar to the result of Rivera-
García et al. [19], we observed the presence of an intense 
peak at a temperature around 275  °C. Therefore, the  
presence of the TL peak at 275  °C in the CaF2:Ce,Li  
phosphor is possibly due to the doping with lithium, 
since the only difference between the analyzed sample of 
Rivera-Garcia et al. [19] and the sample analyzed in this 
work is the doping with Li.

The Tm-Tstop [24] and computed glow curve deconvo-
lution (CGCD) [25] methods were used in combination to 
determine the kinetic parameters of the overlapping peaks 
in the CaF2:Ce,Li phosphor glow curve.

The Tm-Tstop method proposed by McKeever [24] 
allows for finding the most prominent glow curve peaks. 
This method generally analyzes glow curves with overlap-
ping peaks, such as CaF2:Ce,Li phosphor. Through the tech-
nique, it is possible to obtain information about the order of 
kinetics and the differences between peaks corresponding to 
discrete electron traps or those corresponding to a continu-
ous distribution of electron traps [25]. Figure 5 shows the 
behavior of the results obtained from a Tm-Tstop experi-
ment for the Tstop temperature between 50 and 300 °C with 
10 °C steps.

The invariance of peak position with gamma radiation 
dose observed in Fig. 4 indicates that the TL glow curve of 
phosphor CaF2:Ce,Li is formed by the overlapping of peaks 
with first-order kinetics, except for the TL peak satellite at 
about 105 °C, which is unstable at room temperature.

From Fig. 5, we can identify four regions: (i) for the 
region between 50 and 70 °C, a slight increase in Tm is 
observed, and due to the instability of possible peaks in this 
region with room temperature, it is not possible to obtain 
information on the order of kinetics and the distribution (dis-
crete or continuous) of the electron traps; (ii) the second 
region between 80 to 140 °C presents a slight growth in 
Tm, and this result indicates the presence of a peak of first-
order kinetics of energy levels with continuous distribution; 
(iii) the third region between 150 to 200 °C shows a slight 
increase in Tm, indicating first-order kinetics with electron 
traps of continuous distribution; and (iv) the fourth region 
between 230 to 300 °C shows an accentuated growth of Tm, 
which indicates a first-order peak of electron traps with con-
tinuous distribution.

Using the preliminary Tm-Tstop results, the deconvolu-
tion of the TL glow curve was performed using the com-
puterized glow curve deconvolution (CGCD) method [25]. 
Figure 6 shows the deconvolution of the TL glow curve of 
CaF2:Ce,Li phosphors exposed to 60Co gamma rays with 
doses of 3, 7, and 13 Gy. The kinetic parameters, such as 
activation energy, kinetic order, and frequency factor of 
each TL peak, were determined using this method. As seen 
in this figure, the glow curve contains five overlapping 
peaks at temperatures of 108, 141, 165, 270, and 317 °C. 
The FOM value [26] with values less than 3.49 shows a 
good fit to the experimental glow curve. The kinetic param-
eters for each TL peak of this irradiated material exposed to  
gamma doses of 3, 7, and 13 Gy are shown in Tables 2 and 3.

The 3D TL emission spectrum of CaF2:Ce,Li phosphor is 
shown in Fig. 7. The X coordinate shown in the figure cor-
responds to the temperature; the Y coordinate corresponds to 
the TL light emission wavelength, and Z is the TL intensity. 
The 3D TL emission spectrum can be useful for identifying 
the types of emission centers and understanding the charge 
transfer mechanisms that give rise to TL light; moreover, they 
can provide new information for TL material characterization.

As shown in Fig.  7, the 3D TL emission spectrum of 
CaF2:Ce,Li phosphor shows the temperature of two peaks cen-
tered at 172 and 275 °C and TL peak satellites at 105 and 340 °C. 
Also, the 3D TL spectrum shows a TL light emission band with a 
wavelength between 320 and 460 nm centered at 380 nm, which 
corresponds to the recombination transitions of the released elec-
trons coming from the electron levels or traps. Therefore, we can 
affirm that there are possibly several electron traps and a single 
recombination center that participate during TL light emission.

Fig. 5   Variation of maximum peak temperature (Tm) versus Tstop
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The effect of UV radiation on CaF2:Ce,Li pellets syn-
thesized at different temperatures was also investigated to 
obtain the best response in their TL glow curve. From Fig. 8, 
we can observe that, in general, the intensity of the glow 
curves decreases with increasing sintering temperature. 
Despite observing a more intense TL response for a heat 
treatment of 450 °C, the pellets sintered at 525 °C present 
two peaks centered at 195 and 280 °C, the second peak being 
more intense. Therefore, we proceeded to study the effect of 
UV exposure time on these samples.

The effect of UV exposure time on the TL glow curve 
of the sintered pellets at 525 °C for 2 h was studied. The 
TL glow curve was recorded using a UV exposure time of 
5 to 90 s, recording the glow curves with a heating rate 
of 4 °C/s (Fig. 9). It was observed that the TL intensity 
of both TL peaks increased with increasing UV exposure 
time up to 90 s. The UV exposure time does not affect the 
position of the second peak. However, the position of the 
first peak undergoes a slight shift at high temperatures 
for exposure times above 30 s. In the inset of Fig. 9, it is 
observed that the TL intensity of both peaks grows sub-
linearly with UV exposure time.

For both types of radiation (gamma and UV), the TL 
glow curve of CaF2:Ce,Li presents completely dislocated 
peaks, except for the peak at about 275 °C. The low-
temperature peak is more intense in the sample irradi-
ated with UV light. In addition, the peaks induced by 
UV light are broader, possibly due to the superposition 
of several TL peaks. These changes in peak positions 
and TL intensities are observed due to variations in the 

Fig. 6   Deconvoluted TL glow curves of Ce- and Li-doped CaF2 phos-
phor irradiated with gamma doses of 3, 7, and 13 Gy
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population of electrons trapped in trapping centers. With 
UV light irradiation, there is higher electron trapping in 
shallow traps (lower temperature peaks), and with gamma 

irradiation, the TL peak at 275 °C increases relative to 
the other peaks, representing higher electron trapping 
in deep traps. A similar behavior was observed by de 
la Rosa-Cruz et al. [27] in a sample of zirconium oxide 
doped with rare earths.

Table 3   Details of activation energy (E), maximum temperature (T), distribution width (σ), and frequency factors (s) of the TL peaks 4 and 5 of 
the CaF2:Ce,Li phosphor obtained by the deconvolution method of the glow curves for different doses. Bottom: the average

Dose FOM Peak 4: FOK—continuous Peak 5: FOK—continuous

(Gy) (%) E (eV) σ (eV T (°C) s (s−1) E (eV) σ (eV T (°C) s (s−1)

3 3.49 1.08 0.0087 268.57 1.99 × 109 1.31 0.031 316.99 2.54 × 1010

7 3.27 1.08 0.0087 269.01 1.80 × 109 1.33 0.031 317.27 4.15 × 109

13 3.07 1.08 0.0087 270.02 1.86 × 109 1.31 0.031 316.97 2.54 × 1010

Average 1.08 (3) 0.009 (2) 269.2 (6) 1.89 (6) × 109 1.32 (8) 0.03 (1) 317.08 (3) 3.08 (6) × 1010

Fig. 7   3D TL emission spectrum of CaF2:Ce,Li phosphor. The sam-
ple was exposed to 10 Gy gamma radiation at room temperature

Fig. 8   CaF2 pellets sintering to different temperatures and irradiated 
with a UV source for 20 seconds
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4 � Conclusions

In conclusion, Ce- and Li-doped CaF2 phosphor has been 
successfully produced using the combustion synthesis 
route. A structural study of the CaF2:Ce,Li phosphor by 
XRD shows a centered cubic phase structure and Fm3m 
space group with a crystallite size of 717 nm. SEM images 
also confirmed this crystallite size. Pellets sintered at 
550 °C show the best TL response when exposed to gamma 
radiation, with two peaks centered at 172 and 275 °C. On 
the other hand, pellets sintered at 525 °C presented a good 
TL response for UV radiation, with two main peaks cen-
tered at 195 and 280 °C. The TL intensity of the peaks 
centered at 172 and 275 °C grows linearly with increasing 
gamma radiation doses between 1 and 25 Gy. However, the 
behavior of TL intensity with UV exposure time is sublin-
ear. Combined analysis using the Tm-Tstop and deconvo-
lution methods showed that the glow curve exhibits five 
TL peaks. The TL emission spectrum showed the presence 
of a recombination center emitting TL light with a wave-
length of 380 nm.
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