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Abstract 
KCaPO4 doped with different concentrations of Sm was synthesised by a 
high-temperature solid-state method, and the crystal structure, morphology, 
TL and OSL properties of Sm-doped KCaPO4 were systematically investigated 
by X-ray diffraction (XRD), scanning electron microscopy (SEM), thermolu-
minescence (TL), and optically stimulated luminescence (OSL) techniques. 
The results show that 0.3 mol% Sm-doped KCaPO4 annealed at 1073 K for 1 
h has the highest TL intensity, and thus is expected to be a candidate material 
for thermoluminescence dosimetry applications. 
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1. Introduction 

Radiation dosimeters are pivotal for safeguarding public safety and environ-
mental well-being. In medical contexts, precise dosimetry is indispensable for 
effective radiation therapy, whereas in nuclear industries and environmental 
surveillance, they serve to monitor and regulate radiation levels, shielding work-
ers and communities from excessive exposure risks [1]-[3]. Technological 
progress has fueled the quest for dosimeters with heightened sensitivity and de-
pendability, driving research into novel radiation detection materials and tech-
nologies [4]. 

Optically Stimulated Luminescence (OSL) and Thermoluminescence (TL) 
technologies harness the energy storage capacity of materials upon radiation 
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exposure [5]. Upon stimulation by light or heat, these materials emit stored 
energy, generating a detectable light signal. OSL technology excels due to its 
straightforward reading process and reusability, while TL technology boasts high 
sensitivity to low radiation doses [6]. These advancements have not only heigh-
tened sensitivity and precision in radiation detection but also broadened their 
utility across diverse domains including medical dosimetry, environmental radi-
ation monitoring, and personal dose tracking [7] [8]. 

Phosphate materials, renowned for their stellar luminescent properties and 
chemical stability, hold immense promise in radiation dosimetry [9]. Their lu-
minescent attributes render them prime candidates for TL and OSL dosimetry 
applications [10]. Ongoing research on phosphate materials aims at amplifying 
their luminescent efficiency and stability while broadening their responsiveness 
to diverse radiation types. Substantial strides have been achieved in recent years 
towards augmenting the luminescent properties of these materials and optimiz-
ing their efficacy in dosimetry applications [11] [12]. 

Rare-earth doped phosphate materials, owing to their distinctive electronic 
structures and luminescent properties, have emerged as a focal point in radiation 
dosimeter research. Incorporating rare-earth elements like Europium (Eu), Dy-
sprosium (Dy), and Thulium (Tm) can notably enhance the luminescent inten-
sity and stability of phosphate materials [13]. These doped materials exhibit su-
perior traits in TL and OSL performance, including heightened sensitivity, an 
extended linear response range, and enhanced environmental stability [14]. 
Consequently, rare-earth doped phosphate materials are viewed as a promising 
avenue for developing a new generation of efficient and stable radiation dosime-
ters [15]-[17]. In our recent study, we observed that the thermal release intensity 
of LiMgPO4: Dy samples synthesized via the sol-gel method surpassed those 
synthesized through the high-temperature solid phase method, albeit with little 
variance in optical release performance [18]. 

KCaPO4, as a phosphate matrix, garners attention for its commendable chem-
ical stability and appropriate luminescent properties [19]-[22]. Doping with Sa-
marium (Sm) significantly heightens the luminescent performance of KCaPO4, 
rendering it a promising contender in TL and OSL dosimetry applications. Sm 
doping not only amplifies the luminescent efficiency of KCaPO4 but also bolsters 
its responsiveness to environmental radiation, positioning KCaPO4:Sm as a focal 
point in radiation dosimeter research [23]. The current research status and fu-
ture trajectories for KCaPO4:Sm suggest its expansive application potential in 
radiation dosimetry. Its exceptional thermoluminescent and optically stimulated 
luminescent properties underscore its prospective value in medical dosimetry 
and environmental radiation monitoring. 

This study’s significance lies in delivering an initial evaluation of KCaPO4:Sm 
as a material for radiation dosimetry, furnishing invaluable insights for crafting a 
new breed of efficient and stable radiation dosimeters. With radiation dosimeter 
technology evolving continuously, future research will delve deeper into novel 
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materials and technologies to fulfill heightened performance demands across an 
expanded array of application scenarios. 

2. Materials and Methods 

2.1. High-Temperature Solid-State Method 

In this study, KCaPO4 doped with varying concentrations of Sm (0.3, 0.5, 0.7, 
and 0.9 mol%) was synthesized via the high-temperature solid-state method. 
Stoichiometric amounts of CaCO3 (99.8%), KH2PO4 (99.8%), and SmNO·6H2O 
(99.9%) as the dopant (omitted for the synthesis of undoped KCaPO4) were 
weighed and mixed. The raw materials underwent grinding in an agate mortar 
for 40 minutes before being placed in an alumina crucible and heated in a 
box-type resistance furnace at 550˚C for 2.5 hours. Following natural cooling to 
room temperature, the sample underwent further grinding, followed by heat 
treatment at 900˚C for 5 hours. Finally, after natural cooling to room tempera-
ture and subsequent grinding, a white powder was obtained. 

2.2. Methods of Characterization 

The crystal structure of the samples was characterized using a German BRUKER 
D8-ADVANCE advanced X-ray diffractometer (XRD). The instrument operated 
with Cu Kα radiation (λ = 1.54 Å) at 40 kV and 40 mA, employing a scanning 
rate of 5˚/min and covering a scanning range of 10 - 80˚. 

The morphology and EDX spectra of KCaPO4 doped with 0.3 mol% Sm were 
examined using the HITACHI SU8010 field-emission scanning electron micro-
scope (SEM). 

The ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS) of the sam-
ples were recorded using a PerkinElmer Lambda 650 s UV-Vis spectrophotome-
ter. White BaSiO4 powder served as the reference, with the scanning wavelength 
range set from 200 to 800 nm. 

The excitation and emission spectra of the samples were measured using a 
HITACHI F-4600 fluorescence spectrophotometer. The slit width was set at 5 
nm, and the photomultiplier tube voltage was set to 500 V. 

Thermoluminescence (TL) glow curves of the samples were recorded using an 
LTTL-3DS multifunctional defect fluorescence spectrometer. Powder samples of 
0.15 g were pressed into the form of discs with a diameter of 9 mm, The samples 
underwent X-ray irradiation at a cumulative dose. TL measurements were con-
ducted over a temperature range from room temperature to approximately 
800K, employing a heating rate of 3 K/s. 

The optically stimulated luminescence (OSL) glow curves of the samples were 
measured using an SL08 type luminescence meter. The samples underwent ir-
radiation with a β-source at a cumulative dose of 1 Gy. The excitation source 
utilized a blue LED with a wavelength of 470 nm, operating in CW-BOS mode. 
OSL signals were recorded at room temperature for 300 s, with data points rec-
orded every 0.5 s. 
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3. Results and Discussion 
3.1. XRD 

Figure 1(a) depicts the XRD patterns of KCaPO₄ doped with varying concentra-
tions of Sm, synthesized using the high-temperature solid-state method. The 
synthesized KCaPO₄:Sm manifests a single-phase hexagonal structure, with the 
space group P-3 m1 (164). All peak values correspond to the Powder Diffraction 
Standard card number 33-1002 of the Joint Committee on Powder Diffraction 
Standards, indicating KCaPO4 as the predominant crystal phase in all samples, 
with no other crystal phases present. In Figure 1(b), the XRD local magnifica-
tion reveals a notable peak shift at 32.4˚ outward as the dopant ion Sm increases 
within the KCaPO4 structure. This shift may stem from differences in ionic radii 
of the host ions, where the smaller ionic radii of the rare earths induce a reduc-
tion in the cell volume, consequently leading to a shift towards higher diffraction 
angles. Nonetheless, this shift has had minimal impact on sample purity and has 
not altered the crystal structure. 

3.2. Surface Morphology 

Figure 2 displays SEM images of KCaPO4:Sm 0.3 mol% powder, revealing a 
composition comprising hexagonal structures and irregular particles with some 
agglomeration. The energy dispersive X-ray (EDX) spectroscopy of KCaPO4:Sm 
0.3 mol% (Figure 3) confirms the presence of all elements in the composition, 
namely K, Ca, P, and O, at the appropriate weight ratio. Additionally, the pres-
ence of the dopant Sm is evidenced by a corresponding peak in the spectrum. 

3.3. UV-Vis DRS 

The UV-visible DRS spectra of KCaPO4 measured at different Sm concentra-
tions, as depicted in Figure 4(a), demonstrate a 1.5-fold increase in reflectance 
in the doped samples, exhibiting distinct broad peaks near 252 nm and 402 nm,  

 

 
(a)                                             (b) 

Figure 1. X-ray diffraction patterns of Sm doped polycrystalline KCaPO4 with different dopant concentrations. 
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Figure 2. SEM mages of KCaPO4:Sm0.3mol%. 
 

 

Figure 3. EDX spectrum of KCaPO4:Sm0.3mol% and the amount of concentrations in relation to weight% of different 
elements present in the samples. 

 

 
(a)                                                 (b) 

Figure 4. (a) UV-Vis DRS spectra of KCaPO4 with different concentrations of dopant Sm; (b) curve of [F(R)hυ]2 vs. 
hυ of KCaPO4. 

 
indicative of interband transitions [24]. A minor blue shift within this broad 
peak was noted as the doping concentration varied. Figure 4(b) illustrates the 
conversion of undoped KCaPO4 UV-visible DRS spectral data into a pseu-
do-absorption spectrum F(R) using the Kubelka-Munk function, followed by es-
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timating the optical bandgap of the sample using the Tauc formula [25]. The re-
lationship between [F(R)hυ]2 and the photon energy hυ unveiled an optical 
bandgap value of 3.65 eV for KCaPO4. 

3.4. Photoluminescence (PL) 

Figure 5 displays the excitation and emission spectra of KCaPO4 at different 
dopant Sm concentrations. The excitation spectrum of KCaPO4:Sm reveals mul-
tiple excitation bands, with the strongest emission peak observed at 402 nm, at-
tributed to the 6H5/2→ 4F7/2 transition of Sm (corresponding to the peak at 402 nm 
in the UV-Vis DRS spectrum) [26]. Upon excitation at 402 nm, the emission 
spectra of KCaPO4:Sm exhibit peaks at 568 nm, 602 nm, and 650 nm, with the 
most prominent peak occurring at 602 nm. These peaks correspond to the 4G5/2→ 
6HJ/2 (J = 5, 7, 9) transitions of Sm [27]. The presence of Sm in the main material 
is evidenced by these sharp peaks. 

 

 

Figure 5. Excitation spectrum and emission spectrum of 
KCaPO4 with different concentrations of dopant Sm. 

3.5. TL Curves of KCaPO4:Sm 

The effect of annealing temperature. The effect of annealing temperature on 
TL was investigated, with TL measurements depicted in Figure 6(a). After cu-
mulative irradiation with X-rays of 10 Gy, It’s evident from the figure that the 
material demonstrates maximum TL intensity in the sample annealed at 1073 K. 
Conversely, in Figure 6(b), the TL intensity diminishes at 1173 K. The diffusion 
of ambient oxygen at high temperatures may be the main reason for quenching 
during high-temperature annealing [28]. 

Effect of annealing time. The effect of annealing time on TL was investi-
gated, with TL measurements depicted in Figure 7(a). After cumulative irradia-
tion with X-rays of 10 Gy, As shown in the figure, the material demonstrates 
maximum TL intensity in the sample after annealing for 1 hour. Conversely, in 
Figure 7(b), the TL intensity decreases after 1.5 hours. The diffusion of ambient 
oxygen at high temperatures may be the main reason for quenching during 
high-temperature annealing. 
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(a)                                                 (b) 

Figure 6. (a) TL curves of KCaPO4 with different annealing temperatures; (b) Relationship between annealing tem-
perature and TL peak intensity for KCaPO4:Sm. 

 

 

(a)                                                 (b) 

Figure 7. (a) TL curves of KCaPO4 with different annealing times; (b) Relationship between annealing time and TL 
peak intensity for KCaPO4:Sm. 

 
Effect of doping concentration on TL. Figure 8(a) illustrates the thermo-

luminescence glow curves of KCaPO4 doped with varying concentrations of Sm. 
After cumulative irradiation with X-rays of 10 Gy, Within the 0 to 500˚C range, 
the undoped sample exhibits three luminescence peaks, with the most intense 
peak at 144.88˚C, and additional peaks at 213.94˚C and 418.69˚C. Conversely, 
KCaPO4 doped with different concentrations of Sm (0.3, 0.5, 0.7, and 0.9 mol%) 
predominantly displays a single luminescence peak, located in the 350-450˚C 
range, with peak temperatures at 423.44˚C, 408.4˚C, 419˚C, and 413.88˚C, re-
spectively. Sm doping induces alterations in the thermoluminescence intensity 
of KCaPO4 in the high-temperature region, accompanied by a general shift of 
low-temperature peak positions towards the high-temperature region. Notably, 
the pyrorelease intensity in the high-temperature area increases by 2.4 times af-
ter Sm doping. Figure 8(b) illustrates how the TL peak intensities of these sam-
ples vary with dopant concentrations, highlighting that the sample with a dopant 
concentration of 0.3 mol% exhibits maximum TL peak intensity. 
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(a)                                                 (b) 

Figure 8. (a) TL curves of KCaPO4 with different concentrations of dopant Sm; (b) Dopant concentration of KCa-
PO4:Sm in terms of the TL peak intensity. 

 

Figure 9 presents a comparison of the TL curves under 10 Gy X-ray irradia-
tion between KCaPO4:Sm doped with a concentration of 0.3 mol% and the stan-
dard sample (Al2O3:C). The sample exhibits maximum TL intensity around 730 
K, within a broad emission peak spanning approximately 650 K to 750 K. This 
broad emission peak is attributed to the continuous distribution of electron traps 
within the material bandgap. Such traps within the lattice arise from defects na-
turally occurring during material formation or intentionally introduced by dop-
ing with the rare earth element Sm. 

 

 

Figure 9. Comparison between TL glow curves of KCaPO4:Sm0.3 
mol% and Al2O3:C irradiated by 10 Gy dose of gamma rays. 

 

The position, shape, and intensity of the thermoluminescence glow curve re-
flect the characteristics of the material’s energy level traps [29]. Hence, by ana-
lyzing the thermoluminescence glow curve, various kinetic parameters can be 
estimated, including trap depth E, frequency factor s, kinetic order b, and release 
time t. A Gaussian fit was applied to the thermoluminescence glow curve of the 
0.3 mol% Sm-doped sample, as depicted in Figure 10. Using Chen’s empirical 

https://doi.org/10.4236/msa.2024.157011


M. Muhetaier et al. 
 

 

DOI: 10.4236/msa.2024.157011 163 Materials Sciences and Applications 
 

formula along with the peak shape method, the kinetic parameters of the fitted 
curve were estimated, including the peak temperature Tm and the half-maximum 
temperatures on the lower temperature side T1 and on the higher temperature 
side T2. Firstly the geometrical factor denoted by μg is [30]: 

( ) ( )2 2 1g mT T T Tµ = − −                       (1) 

The trap depth E was calculated using Equation (2) 

3E E E Eτ δ ω= + +                         (2) 

( )2 2m mE c kT b kTσ σ σσ= −                     (3) 

, ,σ τ δ ω=  

( )1.51 3.0 0.42gcτ µ= + −                     (4) 

( )0.976 7.3 0.42gcδ µ= + −                    (5) 

( )2.52 10.2 0.42gcω µ= + −                    (6) 

1 2 2 1; ;m mT T T T T Tτ δ ω= − = − = −  

( )1.58 4.2 0.42gbτ µ= + −  

0; 1b bδ ω= =  

2 mkT E∆ =                          (7) 

( ) ( )2 1 1mE kT
mE kT se bβ = + ∆ −                   (8) 

The resulting kinetic parameters are presented in Table 1. The frequency fac-
tor indicates the number of attempts per second made by trapped electrons to 
escape the trap, which, in conjunction with temperature and trap depth, deter-
mines the stability of the trap. The release time suggests a relatively long average 
lifetime for the trap. Smaller frequency factor values and longer mean lifetimes 
of larger traps indicate increased trap stability [31]. With a kinetic order of 1.5, 
the thermoluminescence glow curve of the sample primarily follows a first-order 
kinetic equation. 

 

 

Figure 10. TL deconvolution curve of KCaPO4:Sm0.3mol%. 
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Table 1. Kinetic parameter values for the KCaPO4:Sm0.3mol% deconvoluted peak. 

Peak Tm (˚C) μg E (eV) S (Hz) t (s) b 

1 418.69 0.48 1.02 2.7 × 10−6 9.43 1.5 

 

 
(a)                                               (b) 

Figure 11. (a) OSL curves of KCaPO4 with different concentrations of dopant Sm; (b) Dopant concentration of 
KCaPO4:Sm in terms of the OSL peak intensity. 

3.6. OSL Curves of KCaPO4:Sm 

Figure 11(a) presents the Optically Stimulated Luminescence (OSL) curves of 
KCaPO4 doped with different concentrations of Sm. The results indicate that the 
OSL intensity of the pure sample is stronger than that of the doped samples, and 
as shown in the inset, the decay rate of the pure sample is slower. Figure 11(b) 
illustrates the relationship between the luminescence intensity in the first second 
and the doping concentration, revealing a decrease in OSL intensity with in-
creasing doping concentration [28]. This decrease in intensity could be attri-
buted to concentration-quenching effects. The OSL intensity of the pure sample 
is 150 times greater than that of the doped samples. 

4. Conclusion 

In this study, different concentrations of Sm-doped KCaPO4 samples were suc-
cessfully synthesized by the high-temperature solid-state method, and the lumi-
nescence properties of the samples were comprehensively compared under dif-
ferent doping concentrations and annealing conditions. XRD patterns showed 
that the crystal structure remained unchanged with the introduction of the rare 
earth elements, confirming that all the samples retained the KCaPO4 phase. 
Scanning electron microscopy images of 0.3 mol% Sm-doped KCaPO4 revealed a 
combination of hexagonal structure and irregular particles with some agglome-
rations. EDX spectra confirmed the proper weight ratio of K, Ca, P, O, and Sm, 
indicating the successful doping of Sm into the crystal lattice. Thermal thermo-
luminescence curve analysis demonstrated that Sm doping significantly altered 
the thermoluminescence intensity in the high-temperature region. The thermo-
luminescence intensity of 0.3 mol% Sm-doped KCaPO4 increased by 2.4 times in 
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the high-temperature region compared to the undoped sample. Deconvolution 
of the peaks’ dynamic parameters revealed a smaller frequency factor and a larg-
er average trap lifetime, indicating enhanced stability of the traps. Consequently, 
the material is predominantly controlled by a first-order kinetic equation. Com-
parison of the optically stimulated luminescence curves for different Sm doping 
concentrations showed that undoped KCaPO4 exhibited excellent optically sti-
mulated luminescence performance, while luminescent performance weakened 
after Sm doping. In summary, 0.3 mol% Sm-doped KCaPO4 demonstrated out-
standing thermoluminescent properties and holds promise as a candidate ma-
terial for thermoluminescent dosimetry applications. 
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