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a b s t r a c t

Ca0.50Sr0.50S:Ce nanophosphors were synthesized via solid state diffusion method. XRD shows a single
cubic phase of Ca0.50Sr0.50S:Ce with an average size of 31 nm. TEM shows rod like structures of diameter
in the range 20–30 nm and having length of several nanometers. The thermoluminescence behavior of
Ca0.50Sr0.50S:Ce nanophosphors have been investigated in the low (0.1–126 Gy) and high dose (1–6 kGy)
range of gamma rays from 60Co source at a heating rate of 10 K/s. The TL glow curves show a main peak
at 382 K with a shoulder at 470 K and a peak of very low intensity at 573 K in low dose region. In high
dose range the peak position of the 382 K peak remains unchanged while the peak at 573 K shifted to
anophosphors
uminescence

554 K and the shoulder at 470 K has turned into a peak at 456 K. The intensities of all the three peaks
have increased while moving from low to high dose region but the rise in the intensities of 554 K and
456 K peaks is so rapid that these overshoot the intensity of 382 K peak in the high dose region. The
effect of different heating rates (5 K/s, 10 K/s and 15 K/s) on the TL glow curve has been investigated for
the samples exposed to a dose of 1 kGy. All the samples with different Sr and Ca concentrations show
different TL glow curves. The PL emission spectrum has a main peak at 496 nm with a shoulder at 551 nm

trans
which may be due to the

. Introduction

Mixed host lattices such as Ca1−xSrxS have remained the topic
f interest since long because they offer scope for new applica-
ions [1,2]. These lattices possess unique properties differing from
heir parent lattices. Their properties can be tuned to any color of
isible spectrum using a variety of dopants. Several authors have
ynthesized and studied the luminescence properties of mixed
ost lattice of Ca and Sr with a wide range of dopants e.g. Sung
t al. have studied the optical properties (PL and PLE spectra) of
a1−xSrxS:Mn [3]. Wang et al. have reported the photolumines-
ence behavior of Sr1−xCaxS synthesized by solvothermal method
4]. Kato et al. have studied preparation and cathodoluminescence
f CaS:Eu and Ca1−xSrxS:Eu phosphors [5]. Haecke et al. have also
eported the influence of source powder preparation on the electro-
uminescence of Ca1−xSrxS:Eu thin films [6]. But the reports on the
hermoluminescence behavior of mixed alkaline earth sulphides
re very scanty. Also it is well known that Ce acts as a very good

opant for alkaline earth sulphide phosphors [7,8]. It gives differ-
nt emission colors in different hosts, making it a versatile doping
aterial.

∗ Corresponding author. Tel.: +91 9466471265.
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ition among 5d–4f levels of Ce in the mixed lattice.
© 2010 Elsevier B.V. All rights reserved.

We have synthesized single phased Ca0.5Sr0.5S:Ce using solid
state diffusion method [9] and investigated its thermolumines-
cence behavior for gamma exposure. The phase characterization
was done by XRD, and TEM was used to study the morphology
of the nanophosphors. Recently, we have reported the thermolu-
minescence behavior of Ce doped CaS nanoparticles exposed to
gamma radiations [10] and in continuation to our previous work
this paper aims at the thermoluminescence study of 60Co-� irra-
diated Ce doped Ca0.5Sr0.5S nanoparticles since the addition of Sr
to the CaS host made us curious to study the changes in the TL
properties caused by this addition.

2. Experimental

We used solid state diffusion method for synthesizing Ca0.5Sr0.5S:Ce. Calcium
sulphate, strontium sulphate, cerium nitrate, sodium thoisulphate, carbon powder
and ethanol were the starting materials. Carbon reduces sulphate to sulphide at
high temperature and cerium acts as an activator. Sodium thoisulphate (15%) acts
as a flux for the reaction. The calculated quantities of calcium sulphate, strontium
sulphate, carbon powder, cerium nitrate (0.2 mol.%) and the flux were taken and
mixed thoroughly with the help of an agate pestle and mortar. The charge was
placed in a clean graphite crucible and a thin layer of carbon powder was spread
over it. This crucible was covered with another similar crucible. The thin layer of the
carbon over the charge created a reducing environment over the charge. This whole

arrangement was placed in a muffle furnace and the charge was fired at 950 ◦C for
2 h. After 2 h the charge was taken out and rapidly crushed while red hot with the
help of a pestle and mortar. The details of the nanoparticle preparation are reported
elsewhere [9].

The samples were characterized by X-ray powder diffraction (XRD) using an
in situ XRD set up (Bruker AXS) having a 3 kW X-rays source. For recording TL,

dx.doi.org/10.1016/j.jallcom.2010.07.225
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. XRD pattern of Ca0.5Sr0.5S:Ce.

amples were irradiated with different doses of 60Co �-rays at room tempera-
ure. Prior to gamma exposure, the samples were annealed at 400 ◦C for 10 min
nd then quenched on a metallic plate at room temperature to erase any resid-
al information. TL glow curves were recorded on a Harshaw TLD reader (Model
500) fitted with 931B photomultiplier tube (PMT) by taking 5 mg of sample each
ime.

. Results and discussion

.1. X-ray diffraction and TEM

Fig. 1 shows the XRD pattern for Ca0.5Sr0.5S:Ce. The XRD patterns
atched perfectly with standard data available in JCPDS (75-0266),

xcept line broadening of the diffraction peaks. No separate phases
f CaS and SrS were observed which shows efficient substitu-
ion of Ca2+ sites by Sr2+ ions. The well-known Debye–Schere’s
11] relation was used to estimate the particles size for Ce doped
a0.5Sr0.5S after correcting for instrumental broadening. The par-
icle size was found to be 31 nm. TEM shows rod like structures
ith an average diameter of 20–30 nm and a length of several
anometers (Fig. 2). The inset in Fig. 2 shows the selected area

iffraction pattern for Ca0.5Sr0.5S:Ce nanoparticles. Three distinct

attice reflections (2 0 0), (2 2 0) and (3 1 1) occur at interplanar
pacing, dhkl of 0.31 nm, 0.20 nm and 0.15 nm respectively. The par-
icles size estimation from TEM and XRD studies were found to be
n close agreement.

ig. 2. TEM image of Ca0.5Sr0.5S:Ce. Inset in the figure shows the SAED pattern of
he nanoparticles.
Fig. 3. TL glow curves of Ca0.5Sr0.5S:Ce at low dose range (0.1–126 Gy) of gamma
rays from 60Co source at a heating rate of 10 K/s.

3.2. Thermoluminescence characteristics

We have investigated the effect of different doses of gamma on
the TL glow curves of Ca0.5Sr0.5S:Ce nanoparticles. The glow curves
show different TL behaviors at the low and relatively higher dose
range. A similar behavior was also observed by Vij et al. for gamma
exposed Ce doped SrS nanostructures [12]. Fig. 3 shows the TL glow
curves of Ca0.5Sr0.5S:Ce at low dose range (0.1–126 Gy) of gamma
rays from 60Co source at a heating rate of 10 K/s. The glow curve
has a main peak at 382 K with a shoulder at 470 K and a peak of
very low intensity at 573 K. With increasing dose the intensity of
both the low and the high temperature peaks increases but the peak
positions remain unchanged.

Fig. 4 shows the variation in TL intensity of the main peak (382 K)
with increasing dose. The TL intensity increases almost linearly
with increasing dose. This linear behavior with the dose is also
important from the dosimeteric point of view and hence this peak
can be used as a dosimeteric peak for this dose range.

TL glow curves for the samples exposed in the range 1–6 kGy
were surprisingly different. Glow curves for high dose regime are
shown in Fig. 5. The TL glow curves comprise of three peaks, a strong

peak around 554 K and two relatively less intense peaks around
456 K and 382 K. There is a variation in the peak positions with
the variation in the dose. Some authors have also reported such
shifts in the TL peak position with ion beam bombardment and

Fig. 4. Variation of TL intensity of the 381 K peak with increasing dose in low dose
region.
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Fig. 5. Glow curves of Ca0.5Sr0.5S:Ce for high dose regime (1–6 kGy).

ttributed this effect to disorganization of the initial energy bands
13,14].

A comparison between the TL glow curves in the low and high
ose range shows that the peak position of the 382 K peak remains
nchanged in both the regions while the peaks at 573 K shifted to
54 K and the shoulder at 470 K has turned into a peak at 456 K

n the high dose range. Besides the variation in the peak positions
he change in the intensities of the peaks is also surprising. In the
ow dose range the peak at 382 K has remained the most intense
eak and the other two peaks were very less intense but on the
ther hand in the high dose range the peak around 554 K is having
he maximum intensity and 382 K peak is the least intense. The
ntensities of all the three peaks have increased while moving from
ow to high dose range but the rise in the intensities of 554 K and
56 K peak is so rapid that these overshoot the intensity of 382 K
eak in the high dose range. Different behaviors in the two dose
anges indicates that high dose of gamma might be forming some
eep traps in the host lattice hence giving a rapid rise to the peak

ntensities at 554 K and 456 K. The intensities of all the three peaks
ncrease up to 4.5 kGy dose in the high dose regime and afterwards
fall is recorded with further increase in the dose. Variation in the

ntensities of the 382 K peak and 554 K peak in the high dose range

s shown in the Fig. 6. It is clear from the figure that intensity of
82 K peak rises gradually while there is a rapid and linear rise in
he intensity of 544 K peak up to 4.5 kGy. This linear behavior over
wide range of dose in nanocrystalline materials can be explained

ig. 6. Variation in the intensities of the 382 K peak and 554 K peak in the high dose
ange.
Fig. 7. Influence of different heating rates on TL glow curve of Ca0.5Sr0.5S:Ce
(exposed to 1 kGy of gamma rays).

on the basis of TIM [15,16] and their high surface to volume ratio.
According to this model, the number of traps generated by the high
energy radiation in a track depends upon the cross-section and the
length of the track inside the matrix. In case of nanomaterials the
length of the track generated by high energy radiation is of the order
of a few tenths of nanomaterials. At low doses there exist a few trap
centers (TC)/luminescent centers (LC). As the dose increases, the
TL intensity increases as still some particles exist that would have
missed while being targeted by the high energy radiation, owing to
the small size of the particles. This gives good linearity over a wide
range of dose. The effect of different heating rates on the TL glow
curve has been investigated for the samples exposed to a dose of
1 kGy which is shown in Fig. 7. We noted that as we increase the
heating rate from 5 K/s to 15 K/s, TL intensities decrease with a shift
in the peak to a higher temperature which is in agreement with
our previous results [10]. This may be assigned to the well-known
thermal quenching of TL due to an increase in heating rates.

Thermoluminescence characteristics of 60Co irradiated
Ca0.25Sr0.75S:Ce and Ca0.75Sr0.25S:Ce have also been investi-
gated. Fig. 8 shows the TL glow curve for Ca1−xSrxS:Ce exposed
to 6 kGy of 60Co gamma rays. All the three glow curves possess
different shapes. For Ca0.25Sr0.75S:Ce, TL glow curve consists of a

low intensity peak at 393 K with a main broad peak at 494 K. The TL
glow curve for Ca0.50Sr0.50S:Ce comprises of a main peak at 566 K
along with two shoulders at 380 K and 492 K. The glow curve for
Ca0.75Sr0.25S:Ce possess a simple shape with a main broad peak at

Fig. 8. TL glow curve for Ca1−xSrxS:Ce exposed to 6 kGy of 60Co gamma rays.
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ig. 9. PL emission spectrum of Ca0.5Sr0.5S:Ce at an excitation wavelength of 450 nm.

36 K and a very low intensity peak at 430 K. Hence the variation
f Ca and Sr contents lead to change in the defect structure of the
ost lattice resulting in a change in the shape of glow curves.

A comparison of TL glow curves of CaS:Ce from our previous
tudy [10] and Ca0.5Sr0.5S:Ce shows that glow curve for CaS:Ce
ave two peaks, one around 400 K and a high temperature peak
t 560 K. With increasing dose the intensities of both the peaks
ncrease but there is a rapid rise in the intensity of the high tem-
erature peak. While Ca0.5Sr0.5S:Ce show three peaks which vary

n intensity and peak positions with increasing dose of gamma. One
eculiar similarity between the two cases is that at low doses the

ow temperature peak is more intense and with increasing dose
he intensity of high temperature peak increases. The addition of
r might have incorporated some new defects in the host lattice.

.3. Photoluminescence characteristics

The PL spectrum of Ca0.5Sr0.5S:Ce nanoparticles have been
ecorded. Fig. 9 shows the emission characteristics of Ca0.5Sr0.5S:Ce
t an excitation wavelength of 450 nm. The emission spectrum con-
ists of a main peak at 496 nm with a shoulder at 551 nm. These
eaks may be attributed to the well-known 5d–4f transitions of Ce.

he 4f ground state of Ce3+ splits to two levels 2F7/2 and 2F5/2 as
result of spin–orbit coupling [17]. The excited state 5d of Ce3+

s sensitive to crystal field and thus splits into a doublet Eg and a
riplet T2g level with T2g at a lower energy. Therefore, the peak at
96 nm and the shoulder at 551 nm may be attributed to the transi-

[
[
[

[
[
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tions from the T2g sublevel of the 5d excited state to 2F5/2 and 2F7/2
of the 4f ground state of Ce3+ [18].

4. Conclusions

Ca0.5Sr0.5S:Ce nanoparticles were synthesized via solid state dif-
fusion method. XRD and TEM were used to study the size and
structure of the nanoparticles. The thermoluminescence behav-
ior of Ca0.50Sr0.50S:Ce nanophosphor has been investigated in the
low (0.1–126 Gy) and high dose (1–6 kGy) regime. The glow curves
show three peaks in both the regimes, but the intensities and the
peak positions vary in the two regions which might be due to the
deep traps formed in the host lattice at high doses. With increas-
ing heating rates the glow peaks shift towards higher temperature
side and their intensities fall due to the phenomenon of thermal
quenching as a result of increase in the heating rate. The shapes of
the TL glow curve for Ca1−xSrxS:Ce (x = 0.25, 0.50, 0.75) exposed to
6 kGy of 60Co gamma rays are different from each other indicating
variation of Ca and Sr contents.
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