
 ORCA – Online Research @
Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/129616/

This is the author’s version of a work that was submitted to / accepted for publication.

Citation for final published version:

Mandlik, Nandkumar T., Rondiya, Sachin R., Dzade, Nelson Y. , Kulkarni, M.S., Sahare, P.D., Bhatt, B.C.
and Dhole, S.D. 2020. Thermoluminescence, photoluminescence and optically stimulated luminescence
characteristics of CaSO4:Eu phosphor: experimental and density functional theory (DFT) investigations.

Journal of Luminescence 221 , 117051. 10.1016/j.jlumin.2020.117051 

Publishers page: http://dx.doi.org/10.1016/j.jlumin.2020.117051 

Please note: 
Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may
not be reflected in this version. For the definitive version of this publication, please refer to the published

source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See 
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made

available in ORCA are retained by the copyright holders.



1 
 

Thermoluminescence, Photoluminescence and Optically Stimulated Luminescence Characteristics 

of CaSO4:Eu Phosphor: An Experimental and Density Functional Theory (DFT) Investigation 

Nandkumar T. Mandlika*, Sachin R. Rondiyab, Nelson Y. Dzadeb, M. S. Kulkarnic, P. D. 

Sahared, B. C. Bhatte , S. D. Dholef 

aDepartment of Physics, Fergusson College, Savitribai Phule Pune University, Pune 411004, Maharashtra, India. 

bThe School of Chemistry, Cardiff University, Cardiff, CF10 3AT, Wales, UK 

cHealth Physics Division, BARC, Mumbai 400085, Maharashtra, India 

dDepartment of Physics and Astrophysics, University of Delhi, Delhi 110007, India. 

eEx-BARC Scientist, B-6, Ameya Cooperative Housing Society, Sector 9-A, Vashi, Navi Mumbai 400703, India. 

fDepartment of Physics, Savitribai Phule Pune University, Pune 411007, Maharashtra, India. 

 

*Corresponding author E-mail: nandkumar.mandlik@fergusson.edu, ntmandlik@gmail.com 

 

Abstract 

The CaSO4:Eu phosphor in nanocrystalline form was obtained by chemical method. The 

sample was annealed at various temperatures and quenched. The structural, electronic and optical 

properties are studied using various experimental techniques. As synthesized CaSO4:Eu particles 

have nanorod shapes with diameter of ~15 nm and length of ~250 nm. After annealing (at around 

900 °C) a significant increase in their size (~2-4 μm) with phase transformation from hexagonal 

to orthorhombic was observed. Thermoluminescence (TL) and optically stimulated luminescence 

(OSL) intensities were found to increase with temperatureup to 900 °C and decrease thereafter 

for 1 Gy of test dose of β-rays from 90Sr-90Yr source. However, the maximum OSL sensitivity 

was found to be more than that of CaSO4:Eu microcrystalline phosphor (prepared by acid 

recrystallization method) contrary to the usually found in the literature but much less than that of 

commercially available α-Al2O3:C phosphor. The activation energy for thermally assisted OSL 

process was found to be 0.0572 ± 0.0028 eV. The dose ranges of TL and OSL response was 

found from 0.04 Gy to 100 Gy and 0.02 Gy to 100 Gy, respectively. The experimental results are 

also correlated with computational calculations based on density functional theory (DFT). The 

crystal structures and electronic structures of both hexagonal and orthorhombic CaSO4 and 

CaSO4:Eu materials show that they are direct bandgap (5.67−5.86 eV) insulators, with Ca2+ 
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substitution by Eu2+ found to introduce donor states in the bandgap near Fermi level and the 

valence band edge of CaSO4 on doping with Eu2+ impurity ions. 

 

1. Introduction 

High-energy radiations, such as, X-rays, γ-rays, β-rays, neutrons, swift heavy ions, etc., 

are hazardous to living beings [1]. High doses of such radiation could cause radiation burns, 

cancer and even death. However, the usage of sources of such radiations cannot be completely 

avoided in day-to-day life as they are used for medical diagnostic purposes, in food processing 

and preservation, for energy generation using nuclear reactors and in scientific research and 

developments. But for taking protective measures for radiation workers and others, it is 

necessary to measure and monitor doses of such radiations. TL is widely used as a tool for 

applications in personnel and environmental dosimetry, medical dosimetry, archaeological and 

geological dating, space dosimetry, etc. [2-4]. It has been found that some thermoluminescence 

dosimeter (TLD) materials may change their thermoluminescence (TL) characteristics on 

annealing at different temperatures and/or on heating and cooling several times during readouts 

for its reuse and could lose their reusability [5]. There is decrease in the efficiency of 

luminescence due to this which is generally termed as thermal quenching [6]. This difficulty can 

be overcome in the advanced technique called optically stimulated luminescence (OSL) where 

there is no need of heating as readouts, annealing, etc. are done by optical meansusually at room 

temperature and emission of OSL is due to recombinations of electron-hole pairs released by 

optical stimulation [7]. Thus, stimulation is performed optically at room temperature and there is 

no need to heat the material, thereby avoiding the problem of thermal quenching. The 

commercially available TL dosimeters are LiF:Mg,Ti (TLD-100), LiF:Mg,Cu,P (TLD-700H), 

CaSO4:Dy (TLD-900), CaF2:Dy (TLD-200), Al2O3:C (TLD-500) [8]. It is, therefore, necessary 

to improve the TL/OSL characteristics of these phosphors or to develop some new ones. 

Since last one decade many researchers have synthesized and studied a range of materials 

as OSL phosphors, such as, NaLi2PO4:Eu [5], MgO:Tb [9], NaMgF3:Eu2+ [10], Y3Al5O12:C [11], 

Al2O3:B [12], LiMgPO4:Tb, B [13], LiAlO2 [14], K2Ca2(SO4)3:Cu [15], Na2SiF6:Cu,P [16], 

NaLi2PO4:Ce3+ [17]. However, no phosphor could find sensitivity comparable to Al2O3:C 

(commercially available α-Al2O3:C of Landauer Inc.). The rare-earth (RE) doped CaSO4 

phosphor continuously receiving significant research interest due to their fundamental 
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characteristics and TL properties for applications in radiation dosimetry [18-27]. The high TL 

sensitivity of CaSO4:RE phosphors makes them attractive candidates for use indosimetry [22]. 

Among them CaSO4:Eu has been investigated mainly for radio-photoluminescence (RPL) 

dosimetry because of its demonstrated TL response to UV radiation in several orders of 

magnitude greater than that of other commonly known materials [28-33]. Previous studies have 

focused on the role of europium and the mechanism of TL in CaSO4:Eu phosphor [28-33]. 

However, detail investigation of the effects of annealing temperatures on the TL and OSL 

response of CaSO4:Eu phosphors not yet been established. 

In the present report, CaSO4:Eu in the nanocrystalline form have been synthesized by 

chemical method and studied its luminescence properties.  CaSO4:Eu have been annealed at 

different temperatures and its luminescence properties are investigated. The TL and OSL 

response of the CaSO4:Eu nanophosphor have been investigated up to 100 Gy and theoretical 

fitting of the OSL decay, curve is done. First-principles Density Functional Theory (DFT) 

calculations have also been performed to gain atomistic insights into the luminescence properties 

of the pure CaSO4 and CaSO4:Eu materials, by predicting the electronic band structures and 

partial density of states (PDOS). They also show good correlations with the experimentally 

observed results. 

 

2. Experimental 

2.1. Synthesis of nanocrystalline and microcrystalline phosphor 

Nanocrystalline CaSO4:Eu phosphor was synthesized by chemical coprecipitation method 

considering the following chemical reaction [33, 34]. More details could be found in our earlier 

papers [33, 34], 

(𝐶𝐻3𝐶𝑂𝑂)2𝐶𝑎 + (𝑁𝐻4)2𝑆𝑂4 + 𝐸𝑢𝐶𝑙2(0.1 𝑚𝑜𝑙%)
𝐸𝑡𝑂𝐻+𝐻2𝑂
→       𝐶𝑎𝑆𝑂4: 𝐸𝑢 ↓ +2𝐶𝐻3𝐶𝑂𝑂𝑁𝐻4 . 

As prepared powder samples (dried at 150 °C) were further annealed and quenched at 400 °C to 

1000 °C for 2 h in air. We have assigned CaSO4:Eu@400, CaSO4:Eu@500, etc. names to these 

samples for further analysis. Here, 400, 500, etc., indicate annealing temperatures in degree 

Celsius (°C). Microcrystalline samples were also prepared by the method suggested 

byYamashita et al. [22, 34]. For synthesis of CaSO4:Eu (0.1 mol %) microcrystalline samples, 

the impurity doping was optimized 0.1 mol % using the EuCl2. The powder obtained in the range 
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from 100 to 200 μm further annealed and quenched at 900 °C for 2 h. This sample named as 

Micro-CaSO4:Eu@900 and used for further comparative studies. 

2.2. Characterizations 

To confirm the formation of the CaSO4:Eu compound, X-ray diffraction pattern was 

studied at room temperature (Fig.1) by using Cu-target (Cu-K= 1.54 Å) on Bruker AXS D8 

Advance X-ray Diffractometer (Bruker AXS, Inc.) and matching with the standard JCPDS data. 

X-ray diffraction analysis confirmed the formation of the CaSO4:Eu compound and the phase 

transitions on annealing at different higher temperatures. The particle size and surface 

morphology of the samples was analyzed with Transmission Electron Microscope (TEM), 

TECHNAI G2 20U–TWIN (FEI, The Netherlands), operated at 200 kVand Scanning Electron 

Microscopy (SEM), JSM-6360A (JEOL–Japan) operated at 20 kV. Photoluminescence (PL) 

excitation and emission spectra were recorded using Horiba FluoroLog Spectrophotometer 

(Horiba Inc., Worldwide). TL, CW-OSL and thermally assisted OSL (TA-OSL) measurements 

were carried out using a Risø TL/OSL-DA-15 reader (Risø National Laboratory, Denmark) 

equipped with blue light-emitting diodes (LEDs) for stimulation (peak emission at 470 nm, ∼ 30 

mW/cm2 at the sample position) and a bi-alkali photomultiplier tube (PMT) for light detection 

(9235QB, ET Enterprises Ltd., Uxbridge, UK). The heating rate for TL measurements were kept 

5 °Cs–1 and irradiations for the OSL and TL measurements were carried out using an inbuilt 

90Sr/90Y beta source [15, 35]. The monochromatic OSL decay curves, for studying OSL spectra, 

were recorded on TL/OSL Research Reader, Model-1008, (Nucleonix, India) using a set of 

narrow-band (band width ±5 nm) filters (Edmund, USA).    

2.3. Computational Details 

The Vienna Ab-initio Simulation Package (VASP) was used for the density functional 

theory (DFT) calculations [36-38], a periodic plane wave DFT code which includes the 

interactions between the core and valence electrons using the Project Augmented Wave (PAW) 

method [39]. The electronic exchange–correlation potential was calculated using the Perdew–

Burke–Ernzerhof (PBE) generalized gradient approximation (GGA) functional [40, 41]. A plane-

wave basis set with a kinetic energy cutoff of 600 eV was tested to be sufficient to converge the 

total energy of the CaSO4:Eu compound to within 10─6eV and the residual Hellman–Feynman 
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forces in the ionic relaxations were converged to within 10─3eV Å─1. The Brillouin zone of 

CaSO4 and CaSO4:Eu supercells were sampled using 5×5×5 and 3×3×3 mesh of Monkhorst-

Packk-points, respectively [42]. The CaSO4 was modelled in the hexagonal and orthorhombic 

phases with 2×2×2 supercells of the primitive unit cells such that the hexagonal phase contains 

144 atoms (24 Ca, 24 S, and 96 O) and orthorhombic phase contains 192 atoms (32 Ca, 32 S, and 

128 O).The replacement of one Ca atom with one Eu atom resulted in the formation of 

CaSO4:Eu with compositions Ca0.96SO4Eu0.04 andCa0.97SO4Eu0.03 for the hexagonal orthorhombic 

phases, respectively. A higherk-points mesh of 7×7×7was used to determine the electronic 

structures (band structure and partial density of states). 

3. Results and discussion 

3.1. Structural properties of CaSO4:Eu 

Fig. 1 shows the XRD spectra of CaSO4:Eu nanophosphor, which confirms that the as-

prepared CaSO4:Eu sample is in hexagonal phase (JCPDS File No. 43-0606) [34, 43], while the 

sample annealed at 900 °C (i.e., CaSO4:Eu@900) is in the orthorhombic phase (JCPDS Card No. 

37-1496) [34]. The standard data of JCPDS File No. 43-0606 and 37-1496 also shown in the 

figure. The average grain size of the as-prepared phosphor (estimated using the Scherrer’s 

formula) was found to be around ~15 nm [15]. The shape and size of these nanoparticles could 

also be seen in TEM/SEM images innanorod shape with 10-20 nm diameter and 200-300 nm 

length (Fig. 2a). It has also been found that they grow larger in size (2 to 4 μm) after annealing at 

around 900 °C (Fig. 2b). Above results supported by the XRD analysis, as the broadening of 

peaks of the annealed sample is reduced on annealing at higher temperature(s). 

 

3.2. TL and OSL characterization 

Fig. 3(a) shows the TL glow curves (heating rate = 5 °Cs-1) and Fig. 3(b) shows the CW-

OSL responseusing blue light (470 nm) stimulation for CaSO4:Eu nanocrystalline samples 

annealed at different temperatures for an absorbed dose of 1 Gy from Sr90/Y90 beta source. The 

TL glow curve has three peaks at 162, 225, 298 °C. A slight change in TL glow curve structure 

and shifting of the TL peaks are observed with increasing annealing temperature. This can be 

attributed to phase change and/or change in the particle size of CaSO4:Eu on annealing up to 
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1000 °C as confirmed by XRD and SEM/TEM images [44]. Due to the change in the crystal 

structure, energy levels within the bandgap are reorganized and there may be a corresponding 

change in the glow peak temperatures. This could prominently be seen by comparing the 

difference in peak temperatures of CaSO4:Eu@400 and CaSO4:Eu@900 samples having TL 

peaks of the former at around 186, 241 and 301 oC while that of the later one at around 167, 225 

and 297 oC, respectively. The changes in glow curve structures could also take place, however, it 

is not found that prominent as could be seen from TL glow curves of CaSO4:Eu@600 and 

CaSO4:Eu@900 samples (if we think that the particles have grown much bigger on annealing at 

900 oC than at 600 oC for 2 h). The environment of the luminescent centers and hence glow 

curve structure could be affected by diffusion of atmospheric oxygen during annealing at much 

higher temperatures [45]. The doped impurity could also coexist in the host as Eu2+ or Eu3+but 

their concentrations may change due to redox reactions on annealing at higher temperatures as 

well as on irradiations. For example, most of the Eu3+ impurity ions have been found to convert 

in to Eu2+ on annealing beyond 925 oC but not much conversion was observed on irradiation to 

γ-rays by Patil et al. [46] in their submicron particles. But conversion from Eu3+ to Eu2+ has 

mostly been observed on annealing at temperatures more than 800 oC. However, in our 

CaSO4:Eu@900 sample we could also found Eu3+ to Eu2+ conversions (discussed below in 

Section 3.7). It would rather have more effect on the intensity(ies) than on the glow curve 

temperature as TL emission bands of these samples (annealed at different temperatures) would 

be in the different spectral ranges due to Eu2+ or Eu3+ ions concentrations (generated on 

annealing and irradiation) measuring different output intensities due to difference in spectral 

response of the optical detector (PMT) used for measuring TL output. The TL and OSL response 

with respect to the annealing temperature is shown in Fig. 3(c). The optimum TL and OSL 

response are obtained for the sample annealed at 900 °C, so further characterizations were 

mostly performed on CaSO4:Eu@900. 

3.3. Comparison of TL/OSL sensitivities 

In Fig. 4 (a), we have provided comparative TL response and the Fig. 4 (b) shows the 

comparison of CW-OSL response of CaSO4:Eu@900, microcrystalline CaSO4:Eu@900 and 

commercially available α-Al2O3:Cphosphor powder (Landauer Inc.). The total TL intensity of 

the CaSO4:Eu@900 is about 1/25th times that of α-Al2O3:C and total TL intensity of Micro-

CaSO4:Eu@900 is about 1/140th times that of α-Al2O3:C. The total OSL intensity of 
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CaSO4:Eu@900 is about 1/29th times that of α-Al2O3:C and total OSL intensity of Micro-

CaSO4:Eu@900 is about 1/3484th times that of α-Al2O3:C. The comparison of TL and OSL 

sensitivities is as shown in Table 1. 

3.4. TL and OSL response curves of CaSO4:Eu@900 

The TL and CW-OSL glow curves of the CaSO4:Eu@900 exposed to Sr90/Y90 beta 

source at the different doses from 0.02 Gy to 100 Gy are shown in Fig. 5(a) and Fig. 5(b), 

respectively. The Dose vs. TL (for 160 and 225 °C peak) and OSL response of CaSO4:Eu@900 

is shown in Fig. 5(c). The background is subtracted from the actual readings. A linear TL 

response is found in the range of 0.04 Gy to 100 Gy and the OSL response is linear from 0.02 Gy 

to 100 Gy. 

3.5. Temperature dependence of OSL 

The OSL intensity was investigated with respect to readout temperature using TA-OSL 

(Thermally Assisted-OSL) technique. In general, the OSL intensity increases with the 

stimulation temperatures and has been reported by various researchers. It was regarded due to the 

effect of readout temperature on the photo-ionization cross-section of OSL active traps. In this 

study, sample was optically stimulated with number of short pulses at low stimulation power. In 

this case TA-OSL intensity expressed by following equation [47-49]: 

   𝐼𝑇𝐴−𝑂𝑆𝐿 = 𝐴𝑒
−
𝐸𝐴
𝑘𝑇       (1) 

where, A is a constant. The thermal assistance energy EA can be calculated from the slope of the 

graph of ln(ITA-OSL) vs 1/kT. In the current studies, the short pulse duration was kept as 0.3 s after 

every 16 °C and TL taken simultaneously up to 330 °C (Fig. 6(a)) [50, 51]. The pulse height of 

the OSL signal vs. temperature was plotted in the Fig. 6(b). Fig. 6(c) shows the Arrhenius plot of 

ln(ITA-OSL) vs 1/kT. The activation energy was obtained at EA= 0.0572 ± 0.0028 eV in theTA-

OSL process.  

3.6. Decay constant and photoionization cross-section 

The CW-OSL decay curve fitted up to third order by the following equations [52]:  

ICW−OSL = A + 𝐼1 exp(−σ1ɸt) + 𝐼2 exp(−σ2ɸt) + 𝐼3 exp(−σ3ɸt) (2) 

ICW−OSL = A + 𝐼1 exp (−
t

τ1
) + 𝐼2 exp (−

t

τ2
) + 𝐼3 exp (−

t

τ3
)  (3) 
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where,σ =
1

ϕτ
 , ICW−OSL is the OSL intensity, 𝐼1, 𝐼2 and 𝐼3 are the initial intensities of the fast, 

medium, and slow decay components of CW-OSL curve, σ1, σ2 and σ3 is the photoionization 

cross-sections; τ1, τ2 and τ3 are the decay constants, and ɸ is stimulating photon intensity 

(photons/cm2/s). Fig. 7 shows the experimentally obtained CW-OSL curve (in black) and 

theoretically fitted exponential decay curve (in pink) for CaSO4:Eu@900 sample (exposed to 1 

Gy dose from Sr90/Y90 beta source). The three components are shown in blue, green and light 

blue. The variation of (Expt.-Fit)/Fit with time is shown in the inset. The experimental data very 

well matches with the fitted curves. The values of σ and τ for all three OSL traps are shown in 

Table 2. 

3.7. PL and OSL spectra 

 Typical PL excitation for CaSO4:Eu (for emissions at wavelengths 385 nm and 616 nm 

for Eu2+ and Eu3+, respectively) and emission spectra by exciting with 320 nm and 253 nm the 

sample again for Eu2+ and Eu3+, respectively) is shown in Fig. 8. There are several peaks at 

around 277, 320, 337, 349 are seen in the excitation spectra of Eu2+ for emission at 385 nm (Fig. 

8, curve b). These excitation bands arise from the transition from 8S7/2 state of 4f7 configuration 

to the states belonging to 4f65d1 configuration. Eu2+ emission is in form of a narrow band around 

385 nm. This emission arises from the lowest band of 4f65d1 configuration to 8S7/2 state of 4f7 

configuration. On excitation by 320 nm, only one prominent peak around 385 nm was observed 

in emission spectra of Eu2+(Fig. 8, curve c). It was difficult to observe very distinct peaks in the 

excitation spectrum of Eu3+ (Fig. 8, curve a) as 308 nm band (the second order of the emission 

616 nm) mixes with the spectrum. However, a shoulder around 253 and 277 nm could be seen. 

The material, therefore, was excited by 253 nm to record the emission spectrum of Eu3+ and 

several emission peaks were observed at around 570, 593, 616, 696, and 700 nm in this spectrum 

(Fig. 8, curve d). These bands are corresponding to transitions 5D0→7F0, 
7F1, 

7F2, 
7F3, 

7F4 levels 

of Eu3+, respectively. The f–f transitions of Eu3+, on the other hand, are forbidden and Eu3+ PL is 

in general weak, unless there is excitation by charge transfer or energy transfer from a sensitizer. 

Exact positions, fine structure and relative intensities of these bands also depend on the local 

environment of Eu3+ ion. In CaSO4, incorporation of Eu3+ must be accompanied by charge 

compensation. Charge compensation and hence the local environment of Eu3+ ion can depend on 

the method of preparation, heat treatments and irradiation, etc. Excitation around 253 nm is 
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corresponding to CT band of Eu3+.  

 The effect of annealing on the Eu2+/Eu3+ concentrations could be seen in emission spectra 

of the samples annealed at different high-temperatures (in the range of 400 -1000 oC). The 

emission spectra excited by 320 nm wavelength are shown in Fig. 9. It could be clearly seen that 

the intensity of the 385 nm peak corresponding to Eu2+ increases till 800 oC and decreases 

thereafter, on the contrary, the emission spectra (excited by 253 nm wavelength) of the Eu3+ 

found to show the reverse trend as shown in Fig. 9 (inset). Above 800 oC, the unusual results 

may be due to decomposition of CaSO4 to CaS or due to diffusion of atmospheric oxygen in the 

matrix. It may also be attributed to change in the Eu3+ environment due to phase change from 

hexagonal to orthorhombic phase around this temperature.  

 The effect of radiation on the concentration of Eu2+/Eu3+ could also be seen in the 

emission spectra of the CaSO4:Eu@900. The emission spectra of unirradiated and irradiated (1 

kGy of gamma-rays from 60Co radioactive source) sample corresponding to Eu2+ is as shown in 

Fig. 10. The same for Eu3+ is also seen in Fig. 10 (inset). The increase in the peak intensity for 

Eu2+ emission peak and the decrease in Eu3+ on irradiation could be seen. These results show that 

redox reactions take place during annealing as well as on irradiation. Such results were observed 

for other samples also but not given here due to paucity of the space.  

 The OSL spectra of theCaSO4:Eu@900 phosphor material was tried on the Nucleonix 

(India) OSL/TL Research Reader (Model TL/OSL 1008) attached with an optical fiber and CCD 

(Linear Silicon CCD array detector type SONY ILX511B 2048 PI) based spectrophotometer 

(Ocean Optics, Model 2000+). However, due to less sensitivity of the CCD and fast decay of the 

OSL, it was not possible to take good OSL spectra. Therefore, a set of very narrow band (±5 nm 

bandwidth) interreference filters was used to record monochromatic OSL decay curves for 

different wavelengths and the maximum intensity of the curves was plotted with wavelengths. A 

typical OSL spectrum of the CaSO4:Eu@900 sample stimulated by blue LED light (~470 nm, 

∼30 mW/cm2 at the sample position) is as shown in Fig. 11. The material was irradiated to 10 

Gy from 90Sr/90Y beta source. The OSL decay curves taken with the filters of different 

wavelengths are also shown in the inset.   

It could be seen in the figure that there are two prominent peaks (bands) appear one 

around 320 nm and another 385 nm. The small band around 470 nm may be due to little intensity 

of LED light after using the Schott GG‐420 filter. The OSL emission bands may be attributed to 

5P7/2→
8S7/2 Eu2+ transitions and are almost similar to the ones observed in photoluminescence 
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(PL) studies. These results are also similar to the results already available in the literature [46, 

53]. As reported earlier [28, 45, 54], in CaSO4:Eu, Eu exists in the divalent as well as the 

trivalent state in the CaSO4 lattice and emits fluorescence on both the valency states. The redox 

reactions in Eu doped CaSO4 phosphor, i.e., conversion of Eu3+↔ E2+ on annealing as well as on 

irradiation are well known [53]. It may be presumed that during the beta-rays irradiation 

electron-hole pairs are generated; the electrons are trapped by anion vacancies and the holes by 

Eu2+, forming F-centers and Eu3+ ions, while part of the F electrons may recombine radiatively 

with Eu3+. Therefore, it can be interpreted that Eu3+ ions are transformed to Eu2+ ions during 

high-temperature treatment in air, and Eu2+ ions are more stable than Eu3+ ions in CaSO4:Eu 

material. However, at very high-temperature (more than 800 oC), CaSO4 is known to decompose 

to CaS [53]. Also, there are some reports that the atmospheric oxygen also may get 

diffused/incorporated inside the materials and make certain changes and/or stop further 

decomposition. Such changes may change the concentration of Eu2+/Eu3+ due to charge 

compensation [53]. This has been clearly seen in the PL emission spectra of the material 

annealed at different temperatures (Fig. 9). It could also be seen that the concentration of Eu2+ 

ions (385 nm emission band on excitation by 320 nm) is low for the sample annealed at 400 oC 

(i.e., CaSO4:Eu@400 sample) and increases with the annealing temperature till 800 oC and 

decreases on annealing at further higher temperatures. It could also be seen that the intensity of 

385 nm peak increases on irradiation (Fig. 10) for the CaSO4:Eu@900 sample. This indicates 

that there is more conversion Eu3+ → Eu2+ and Eu2+ could be more stable than Eu3+. It could also 

be seen that it is not only the doping concentration or its initial oxidation state in CaSO4:Eu 

phosphor that changes its sensitivity but also the temperature at which it has been annealed may 

change its sensitivity due to changes in its crystal structure, morphology, redox reactions, etc. 

[53, 55, 56]. As reported by Tang, et al. [57, 58], TL emission spectra of CaSO4:Eu not only 

consists of emission peaks at 385 nm, which comes from transitions between energy levels of 

Eu2+ but also peaks at around 590, 620 and 700 nm indicating that TL emission also comes also 

comes from the transitions between the energy levels of Eu3+ for the samples annealed at 

different temperatures. They, however, have observed that only 385 nm peak in their OSL 

emission spectra which again could be attributed to Eu2+ states. We also observed the OSL 

emission due to Eu2+ (385 nm) in our CaSO4:Eu@900 sample. This indicates that though the 

kinds of luminescence centers and traps generated on irradiation may be the same but all the 

traps/luminescence centers might not be taking part in OSL process (contrary to the TL 
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processes, where all kinds of traps/luminescence centers are involved) and would depend on the 

stimulation wavelength (energy) that which kind of traps/luminescence centers would be 

stimulated. In our sample it was found that the traps/luminescence centers related to Eu2+ are 

only taking part in the process. 

3.8. Electronic structures 

In order to gain an atomistic insight into the luminescence properties of the CaSO4 and 

CaSO4:Eu materials, we have studied electronic properties using Density Functional Theory on 

the geometry optimized structures of the pure CaSO4 and doped CaSO4:Eu materials considering 

both the hexagonal and orthorhombic phases. A 2×2×2 supercell of the hexagonal (containing 

144 atoms (24 Ca, 24 S, and 96 O)) (Fig. 12 a and d) and orthorhombic (containing 192 atoms 

(32 Ca, 32 S, and 128 O)) (Fig. 13 a and d) crystal structures of CaSO4 was employed to model 

CaSO4:Eu, where one Ca atom was replaced with one Eu atom giving the compositions 

Ca0.96SO4Eu0.04 and Ca0.97SO4Eu0.03, respectively. The fully optimized lattice parameters for the 

2×2×2 supercell of hexagonal CaSO4 are predicted at a= 14.076 Å and c=12.702 Å, compared to 

a= 14.123 Å and c=12.810 Å for CaSO4:Eu. For the orthorhombic phase, the optimized lattice 

parameters for the 2×2×2 supercell are predicted at a = 14.065 Å and c = 12.506 Å, compared to 

a = 14.100 Å and c = 12.5144 Å. The results indicate that Eu doping induces small expansion in 

the lattice, which is consistent with the larger ionic radius of Eu2+ (1.31 Å) than Ca2+ (1.14 Å). 

The electronic band structures and projected density of states for the hexagonal and 

orthorhombic models of CaSO4 and CaSO4:Eu are shown in Fig. 12 and 13, respectively. An 

analysis of the band structure of both phases of pure CaSO4 revealed that both the conduction 

band minimum (CBM) and valence band maximum (VBM) are located at Γ high-symmetry point 

in the Brillouin zone, making CaSO4 a direct band gap insulator with predicted band gap of 5.67 

eV for the hexagonal phase and 5.86 eV for the orthorhombic phase. Compared to the pure 

CaSO4, we observe the introduction of donor states in the bandgap near Fermi level and the 

valence band edge of Eu-doped CaSO4:Eu. Also, both the VBM and CBM shift to lower energy 

levels but the band gaps are essentially preserved. Through the intermediate (donor) states in the 

band gap, electrons in the valence band maxima can be excited by the low energy photons to the 

conduction band minima, which could result in enhanced carrier concentration in CaSO4:Eu. The 

total and partial density of states (PDOS) of CaSO4 and CaSO4:Eu reveal that the top of the 

valence band is mainly composed of O-p orbitals in CaSO4, whereas in CaSO4:Eu, there is an 
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additional contribution from Eu-d orbitals to the O-p orbital to the VBM. The bottom of the 

conduction band is mainly composed of Ca-d orbitals.These results provide atomistic insights 

into the luminescence behavior (especially, changes in glow curve structures and their relative 

intensities) of CaSO4 and CaSO4:Eu, which can mainly be attributed to the charge intransitions 

near the absorption edge from O-p→Ca-d orbitals in CaSO4 and through O-p→Eu-d→Ca-d 

orbitals in CaSO4:Eu. 

 

4. Conclusion 

The facile chemical method used for synthesis of CaSO4:Eu nanophosphor. The 

morphology of as-synthesized CaSO4:Eu shows nanorod shape with a diameter of ~15 nm and 

the length of ~250 nm. At 900 °C annealed CaSO4:Eu observed phase transformation from 

hexagonal to orthorhombic with significant improved particle size. Obvious differences were 

observed in the TL glow curve structure with increasing annealing temperatures, with the 

maximum TL and OSL sensitivity obtained at 900 °C. The CaSO4:Eu phosphor annealed at 900 

oC exhibits a linear TL and OSL response in the range from 0.04 Gy to 100 Gy and 0.02 Gy to 

100 Gy  respectively. The activation energy (EA) for the TA-OSL process was found to be 

0.0572 ± 0.0028 eV. The experimentally obtained CW-OSL curve was theoretically fitted into 

three components having photoionization cross-sections of 5.56 × 10-17, 4.02 × 10-18 and 1.37 × 

10-18 respectively. The results on PL and OSL spectra suggest that both ionic states of the 

impurity (Eu2+ and Eu3+) exist in the CaSO4:Eu phosphor. However, redox reactions take place 

on annealing and irradiation. But Eu2+ state seems to be more stable and the OSL emission 

comes mostly from the energy levels of this state unlike in TL process where emission could be 

attributed to both the ionic states of the impurity. DFT calculation was used to analyze the crystal 

structures and electronic structures of hexagonal and orthorhombic CaSO4 and CaSO4:Eu, 

showing that both materials are direct bandgap (5.67−5.86 eV) insulators, with Ca2+ substitution 

by Eu2+ found to introduce donor states in the bandgap near Fermi level and the valence band 

edge of CaSO4:Eu. These results are useful in understanding the luminescence behavior of these 

materials, which can be attributed mainly to the charge transitions near the absorption edge from 

O-p→Ca-d orbitals in CaSO4 and through O-p→Eu-d→Ca-d orbitals in CaSO4:Eu. 
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Figure Captions: 

 

Fig. 1. X-ray diffraction pattern of CaSO4:Eu nanophosphor (a) as–prepared with hexagonal 

phase, (b) annealed at 900 °C with orthorhombic phase. The standard data of JCPDS File No. 43-

0606 and 37-1496 also shown in the figure. 
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Fig. 2. a) TEM image of as prepared CaSO4:Eu nanophosphor, b) SEM image of CaSO4:Eu 

nanophosphor annealed at 900 °C. 

 

Fig. 3. (a) TL glow curves and (b) CW-OSL curves of CaSO4:Eu nanophosphor annealed for 2 h 

at different temperatures (400 °C to  1000 °C) for an absorbed dose of 1 Gy from Sr90/Y90 beta 

source. (c)  Effect of annealing temperature on the (i) TL response (ii) CW-OSL response of the 

CaSO4:Eu phosphor. 
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Fig. 4. (a) TL glow curves and (b) CW-OSL curves of various phosphors exposed to 1 Gy from 

Sr90/Y90 beta source. (a) Microcrystalline CaSO4:Eu@900, (b) CaSO4:Eu@900, (c) Commercial 

α-Al2O3:C. The ordinate is to be multiplied by the numbers at the curves to get the relative 

intensities. 
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Fig. 5 (a) TL glow curves and (b) CW-OSL curves of CaSO4:Eu@900 phosphor. (c) Dose vs. 

TL and OSL response of CaSO4:Eu@900 phosphor (i) TL response of 160 °C peak (slope of 

fitted line = 0.94) (ii) TL response of 225 °C peak (slope of fitted line = 0.94) (iii) OSL response 

(total OSL intensity vs. dose) (slope of fitted line = 0.985). CaSO4:Eu@900 phosphor exposed to 

Sr90/Y90 beta source at the different doses from 0.02 Gy to 100 Gy. The correlation coefficient 

(R2) of the linear fits for all curves is found to be 0.999. 
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Fig. 6 (a) Thermo-Optical Luminescence (TOL) measurements of CaSO4:Eu@900 phosphor 

obtained with short (0.3 s) and low power illumination (90 % LED power) (for every 16 oC when 

heating at 5 °Cs-1) of a sample previously irradiated to 1 Gy. (b) TA-OSL signal, i.e., the pulse 

height of Fig. 6(a) vs temperature. (c) Arrhenius analysis of the integrated TA-OSL signal from 

Fig. 6(b). The straight-line fit yields the activation energy for the thermally assisted OSL (TA-

OSL) process EA = 0.0572 ± 0.0028 eV.  
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Fig.7. The experimentally obtained CW-OSL curve (in black) and theoretically fitted 

exponential decay curve (in pink) for CaSO4:Eu@900 phosphor (exposed to 1 Gy dose from 

Sr90/Y90 beta source). The three components are shown in blue, green and light blue. The 

variation of (Expt.-Fit)/Fit with time is shown in the inset. 
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Fig. 8. Photoluminescence excitation and emission spectra of CaSO4:Eu@700 phosphor. (a) 

Excitation spectrum for emission at 616 nm (curve a), (b) Excitation spectrum for emission at 

385 nm (curve b), (c) Emission spectrum excited by 320 nm wavelength (curve c), (d) Emission 

spectrum excited by 253 nm wavelength (curve d).   
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Fig. 9. Photoluminescence emission spectra of CaSO4:Eu phosphors (excited by 320 nm 

wavelength) annealed at different temperatures. 

 

 

 

 

 

 

 

 



25 
 

Fig. 10. Photoluminescence emission spectra of CaSO4:Eu phosphor annealed at 900 oC (i.e., 

CaSO4:Eu@900 phosphor and excited by 320 nm). Photoluminescence emission spectra (excited 

by 253 nm wavelength) of CaSO4:Eu@900 phosphor, (a) unirradiated (curve a), (b) irradiated 

for 1 kGy dose (curve b). 
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Fig. 11. OSL emission spectrum of the CaSO4:Eu@900 sample stimulated by blue LED light 

(~470 nm, ∼30 mW/cm2 at the sample position). The OSL intensity (maximum intensity of the 

decay curve) is plotted with the wavelength of the narrow-band interference filters. The material 

was irradiated to 10 Gy from Sr90/Y90 beta source. The OSL decay curves taken with the filters 

of different wavelengths are also shown in the inset for ready reference.  
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Fig. 12. Hexagonal 2×2×2 supercell model of (a) CaSO4 and (d) CaSO4:Eu with one Ca2+ 

substituted by Eu2+. The calculated band structure and projected density of states (PDOS) for 

CaSO4 (b & c) and CaSO4:Eu (e & f). The Fermi energy is the zero of the energy scale. 

 

 

 

 

 

 

 

 

 



28 
 

Fig. 13. Orthorhombic 2×2×2 supercell model of (a) CaSO4 and (d) CaSO4:Eu with one Ca2+ 

substituted by Eu2+. The calculated band structure and projected density of states (PDOS) for 

CaSO4 (b & c) and CaSO4:Eu (e & f). The Fermi energy is the zero of the energy scale. 

 

 

 


