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f KCl:Sm3+ nanophosphor as
a new OSL dosimetric material achieved through
charge transfer between the defect states

Mini Agarwal,a S. K. Garg,b K. Asokan,b D. Kanjilalb and Pratik Kumar*a

Since precise control of nanoscale features is in high demand, it is being exploited to develop and improve

OSL dosimetric materials, where striking improvement might also be expected in lanthanide-doped metal

halides. The major challenge in the development of a nanophosphor lies in avoiding the aggregation of

a dopant element in host materials, which has long prevented an in-depth exploration for the same

purpose. This study focuses on the synthesis and characterization of Sm-doped KCl nanophosphors to

develop a novel accession to investigate the highly sensitive trivalent Sm-doped KCl phosphor. Herein,

we were able to overcome the aggregation phenomena and we showed that Sm-doped KCl with 0.45

mol% of Sm, which is the optimised dopant concentration, exhibits the high-intensity luminescence

performance under blue light stimulation for the gamma doses in the range from 100 mGy to 1000 Gy.

This sensitivity is attributed to the uniform nanospheres encapsulated in KCl along with the predominant

existence of a trivalent (Sm3+) state, where these conditions can introduce additional defects centres.

The presence of these additional defect centres was confirmed by photoluminescence studies, plausibly

supporting the charge transfer due to the optical energy between these states, leading to high sensitivity.

To establish KCl:Sm as a good OSL dosimetric materials (DM), we investigated fading, reusability, and

reproducibility and compared these with those of commercial DM compounds such as Al2O3:C and

BeO. Overall, Sm-doped KCl is non-toxic, cost-effective, robust, and a promising candidate for reusable

dosimetry.
1. Introduction

The optically stimulated luminescence (OSL) technique-based
medical dosimetry is attracting signicant attention compared
to thermoluminescence (TL) technique due to the advantages
such as cost-effectiveness, fast to read, and easy to handle.
Optically excited materials emit a signicant amount of lumi-
nescence without producing adverse effects such as complete
photoionization of defects; hence, the guard detector is avail-
able for many readings without destroying the signal.1 The OSL
signal originates from the recombination centres/luminescence
centres existing deep in the forbidden band gap, where elec-
trons combine with holes at neutral and charged vacancies/
colour centres F and F+, respectively.2 This is an outcome of
illumination on the pre-irradiated detector material, which
excites the electrons from moderate defect centres to the
conduction band; therefore, the whole process largely depends
on the electronic structure of the material in association with
electron and hole defect centres at various energy depths.3 Some
of the radiation-generated holes become trapped at the
New Delhi-110 029, India. E-mail:
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recombination centres known as F+ centres (F + h+/ F+). When
the phosphor is optically stimulated by blue LEDs light of
470 nm, electrons depopulate from the electron trap centres
and through the conduction band recombine with holes at the
F+ trap centres, resulting in radiative luminescence of 420 nm
(F+ + e� / F* + hn420 nm).4

In the continuous search of better OSL materials to over-
come the issues such as fading, low efficiency, compromised
reusability, imperfect reproducibility, high-cost, high effective
atomic number, tissue in-equivalency etc., a few OSL phosphors
have been reported. These include oxides, halides, silicates,
ammonium salts, sulphates, and aluminates.5 These phosphors
were prepared by the introduction of a foreign dopant in the
host matrix with its (dopant) precise concentration, where
better control of the luminescence properties was achieved by
exploiting its nanoscale features, which was quite difficult due
to the agglomerative nature of the dopant.6 However, these
phosphors suffer from one or more drawbacks that make these
less favourable for dosimetric applications. The best known and
commercially available OSL materials Al2O3:C and BeO are used
as personal dosimeters despite the complexities in their
synthesis process.7 For example, accurate carbon doping
without aggregation in alumina under a reducing atmosphere
of graphite at very high temperature is a demanding
This journal is © The Royal Society of Chemistry 2017
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condition.5,8 Other near tissue-equivalent materials such as
aluminates and silicates have been found to suffer from the
limitations of high fading of about 80% within a month and are
highly hygroscopic in nature.9 Compared to commercial
Al2O3:C, a much lower sensitivity was achieved for LiAlO2:Cu,P
and MgO:Tb.10 Ammonium salts and Fluorosilicates such as
NH4Br and (NH4)2SiF6 have also been reported to suffer from
the higher fading of more than 80% within 10 hours. Fluorides
such as NaMgF3:Ce and KMgF3:Ce,Eu despite having good OSL
sensitivity of about 7–8 times than that of commercial Al2O3:C
could not be adopted for personal dosimetry due to high self-
dose and fading.5 Hence, there is enough scope and motiva-
tion to develop suitable personal OSL dosimetric material.

Recently, halides have emerged as potential OSL materials
for two-dimensional (2D) imaging in medical diagnostics,
radiation therapy, and a routine check of dosimetric parame-
ters.11 These materials show a great storing efficiency and
reusability, which are desirable properties in radiation
therapy.12 BaFBrI:Eu and CsBr storage phosphor plates were
designed for diagnostic radiology in the dose range of mGy–
mGy. However, these materials have a high Zeff (49) and show
undesirable strong photon energy dependence.13 KBr:Eu and
KCl:Eu do not show any photon energy dependence and also
exhibit less fading in the dark at room temperature.14 On the
other hand, the low-cost halide material KCl, which is abun-
dantly found in nature, has a lower effective atomic number
than that of other storage phosphors such as BaFBr, KBr, etc.,
making it more suitable for radiation dosimetry.11 Moreover,
the lattice of KCl (highly ionic material) is face-centred cubic
and exhibits a high melting point (770 �C), which allow for its
use under extreme temperature conditions. Most of the prop-
erties of KCl, such as a wide band gap (�8.5 eV) are profoundly
inuenced by the coulomb interactions, which makes it suit-
able to generate defect centers in the forbidden band gap by
introducing foreign dopant atoms. Note that Sm (lanthanide)
as a dopant in insulators/inorganic compounds offer high
luminescence efficiency due to narrow emission bands and
insufficient absorption in ultraviolet (UV-A) regions. Lantha-
nide ion (especially Sm)-doped phosphors have shown
important and substantial optical and chemical properties on
the nanoscale level,15 associated with more than one oxidation
state; for instance, Kusaba et al. reported the direct excitation
of lanthanides ions via charge transfer 4f / 5d, which is
responsible for inducing the photoreduction of Sm3+ to Sm2+.16

Therefore, we expected that Sm as a dopant may improve the
fading in halide-based materials achieved via a high-
temperature solid state synthesis method that leads to ther-
modynamically stable materials such as oxides, halides etc.6b

For instance, in the present work we observed that KCl:Sm
nanophosphor can measure the doses from 100 mGy to 750 Gy
with a linear response and with the estimated minimum
detectable dose � 6.8 mGy due to the incorporation of trivalent
Sm3+. The present investigation focused on the solid state
synthesis of Sm-doped KCl nanophosphors with better OSL
dosimetric properties and the systematic series of investiga-
tion indicated KCl:Sm as a new OSL dosimetric phosphor in
this rst report.
This journal is © The Royal Society of Chemistry 2017
2. Material and methods
2.1 Material synthesis

Sm-doped nanocrystalline KCl was synthesised by a solid state
reaction at a high temperature of 200 �C for 3 hours with high-
quality precursors KCl (M/S Merck, AR grade, 99.95% pure) and
SmCl2$6H2O (M/S Alfa Aesar, 99.5% pure).17 During the
synthesis, KCl was mixed with various concentrations of dopant
precursor Sm such as 0.15, 0.25, 0.45, and 0.50 mol% to
investigate the role of the Sm concentration for OSL applica-
tions. A nely ground homogenous mixture of prepared powder
was subjected to a thermal treatment at 353–363 K for 3 hours to
obtain ne nanophosphor. In addition, the mixture was then
annealed (thermally) in a muffle furnace at various tempera-
tures for 2 hours (from 950 to 1050 K) at the heating rate of 15 �C
per minute. In situ cooling of the mixture up to 573 K was
achieved by keeping it in the furnace for about 20 minutes aer
switching off the furnace as per the suggestion prescribed by
other workers.18 Aer this, the powder was taken out from the
furnace and was kept on an alumina plate at room temperature.
The powder and pellet form of the same mixture was used for
further studies.
2.2 Characterization

High-resolution transmission electron microscopy (HRTEM)
was performed on the newly synthesised KCl:Sm using TECNAI
G2 HR-TEM, 200 kV, FEI Company, Holland. To examine the
elemental composition and oxidation states of the prepared
phosphor, X-ray photoelectron spectroscopy (XPS) was per-
formed using an Omicron Nanotechnology, Oxford Instru-
ments, Mistral USC at the ultra-high vacuum of 5 � 10�10 bar. A
monochromatized excitation source with X-ray photon energy
(Al Ka: 1486.7 eV) was used with an analyser pass energy of 50 eV
at the high-resolution scan (HR) at 20 eV. Photoluminescence
(PL) measurements were carried in the wavelength range of
200–950 nm (for both excitation and emission, separate
monochromator) using a xenon ash lamp. The light signal was
detected by a photon counting system with a red sensitive
photomultiplier tube with the wavelength accuracy of �0.1 nm
at 200–950 nm. All spectra were obtained with the limiting
resolution of less than 1.5 nm using a solid state uorescence
spectrometer. X-ray diffractometer (XRD, D8 advance, Bruker,
Germany) was employed with the monochromatic Cu-Ka radi-
ation at the scan rate of 1.0 s per step at room temperature for
the range of 2q ¼ 20–80� with a step size of 0.01�.

Continuous-wave optically stimulated luminescence (CW-
OSL) decay curves were obtained using a RISO TL/OSL reader
(model TL/OSL-DA-20 from M/S DTU Denmark) at room
temperature. The RISO reader was armed with blue LEDs, green
LEDs, and IR LEDs (NICHIA type NSPB-500AS) for stimulation;
blue LEDs (for detail study) with stimulation at the wavelength
of 470 nm (FWHM¼ 20 nm) and a power output of�4.8 cd at 20
mA were used. In this equipment, blue LEDs were arranged in 4
clusters with 7 individuals LEDs each, which deliver a total
power of 80 mW cm�2 at the sample position. To achieve the
best detection of OSL signal, a combination of lters such as
RSC Adv., 2017, 7, 13836–13845 | 13837
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green long pass lter (GG-420 with 3 mm thickness) in front of
blue LED cluster and UV transmitting broadband (Hoya U-340)
detection lter were used.19 Low and high dose irradiation of
the OSL phosphor was carried out using a RISO in situ beta
irradiation source (90Sr/90Y) at the xed dose rate of 3 mGy s�1

and an external gamma source (137Cs) at the dose rate of 11.7
cGy s�1. The OSL decay curves of an 8 mg luminescence phos-
phor were obtained just aer irradiation to avoid the fading
issue.

3. Results and discussions

To completely understand the present proposed material
KCl:Sm, synthesised by the high-temperature solid-state
synthesis method, as an OSL dosimetry material, we divided
the present section into two parts: (1) structural and morpho-
logical characterization and (2) OSL measurement, followed by
discussion.

3.1 Structural characterization

The XRD patterns of KCl (pristine) and KCl:Sm shown in Fig. 1
evidence that these compounds are crystalline in nature with
a face-centred cubic KCl structure and exhibit peaks at 2q ¼
28.34�, 40.5�, 50.18�, 58.6�, 66.36�, and 73.72� that were indexed
to (200), (220), (222), (400), (420), and (422), respectively.20 All
peaks in KCl:Sm (0.45 mol%) are similar to those of the pristine
material, indicating a similar structure to that of KCl. While the
intensities of peaks (200) and (400) were reduced, the peaks at
(220), (222), (420), and (422) showed an increase in intensities
with Sm doping, implying the improvement in crystallinity in
one direction (220) at the cost of the other (200). A close
inspection of the data revealed a small shi of (�2q ¼ �0.6) in
all the peak positions of KCl:Sm with respect to those of pristine
KCl, implying that the generation of stress in KCl:Sm may be
due to the presence of Sm in the KCl matrix. In this study, Sm
doping at low concentrations in KCl did not alter the crystal-
linity [data not shown]. Moreover, the average grain size corre-
sponding to the (200) peak was estimated, which was
approximately 20–60 nm, using the Debye–Scherrer formula:

D ¼ 0.9l/b cos q (1)

where D is the average grain size of the crystallites, l is the
incident wavelength of Cu-Ka radiation, b is the diffracted full-
Fig. 1 X-ray diffraction patterns of pristine KCl & (0.45 mol%)
samarium-doped KCl.

13838 | RSC Adv., 2017, 7, 13836–13845
width at half maximum (radians) caused by the crystallites, and
q is the Bragg angle. Thus, XRD results conrmed that KCl:Sm is
crystalline with a face-centred cubic KCl structure.

TEM images along with selective-area diffraction (SAD)
pattern as a function of the dopant concentration before and
aer irradiation are shown in Fig. 2. The average particle size
was found in the range of 90–190 nm for pristine KCl [Fig. 2(a)],
KCl:Sm (0.15 mol%) [Fig. 2(b)], and KCl:Sm (0.25 mol%) [image
not shown]. Further increase in the dopant concentration to
0.45 mol% resulted in an average isolated particle size of 20–
60 nm with a variation in particle shape (spherical and cubic),
as shown in Fig. 2(c). A further slight increment in the dopant
concentration (e.g. 0.50 mol%, Fig. 2(d)) resulted in a connect-
ing and irregular particles with an average particle size of
approx. 80–100 nm. Thus, KCl:Sm (0.45 mol%) shows better
isolated and sub 100 nm particles of KCl:Sm than that at other
Sm concentration, which is considered as an optimum system
for nano-based applications. This direct observation of the
particle size was found to be consistent with the XRD data,
conrming the nanoparticle grain size of KCl:Sm. Moreover, the
presence of Sm in the KCl matrix was conrmed by EDS analysis
[data not shown herein].

Fig. 3(a) shows the photoluminescence (PL) excitation
spectra of pure KCl and KCl:Sm (0.45 mol%) in the UV-vis
region at room temperature. The PL intensities of KCl and
KCl:Sm, excited at the wavelength of 200–320 nm, were found in
the comparable range. Aer the inclusion of Sm ion in KCl,
a peak at 265 nm was observed for pure KCl, which was absent
for KCl:Sm; however, a narrow peak at 257.2 nm and a broad
peak in the range of 267–280 nm was observed for KCl:Sm. This
phenomenon may be associated with the direct charge transfer
(bound exciton), which indicates the presence of Sm3+ that is
induced due to the photoreduction of Sm2+ to Sm3+.16,21 Size
dispersion in KCl:Sm may lead to broadening of PL peak and
being able to modify optical properties of luminescent centres,
help to obtain higher PL intensities. Whereas, the observed red
shi in the peak position (emergence of a new peak at 257.2 nm)
indicates the nano aspect, which is in well accordance with the
TEM results.22

The PL emission spectrum of KCl (used in our study and
shown in Fig. 3(b)) exhibits a small peak at 329 nm instead at
�140 nm for pure KCl and it can be associated with the impu-
rities already present in the used KCl.23 Aer incorporating Sm
in the KCl matrix, the resulting material KCl:Sm shows many
other peaks at various positions in their emission spectra apart
from the peak at 328 nm. The PL emission spectrum of KCl:Sm
aer excitation at the wavelength of 266 nm (corresponding to
6H5/2 /

4I9/2 transition) shows a series of emission peaks at the
wavelength of 295–580 nm. All these emission peaks resulting
from the transitions of an electron from the energy level 4D5/2 to
various ground levels, such as 6H5/2,

6H7/2,
6H9/2,

6F5/2,
6F7/2,

6F9/
2, and

6F11/2, were expected.24 At rst instance, it appeared that
the Sm-doped KCl has created some more active defects at
various positions inside the band gap of KCl, whichmay work as
trap centres for free hole/electron. This has been evidenced in
ref. 25, where Sm deeply diffuses into the host lattice of KCl and
causes signicant changes in the band edge of the PL
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 TEM image of KCl powder (a) pristine KCl, (b) KCl with 0.15mol% of Sm, (c) 0.45mol% of Sm, (d) 0.50mol% of Sm, (e) optimized Sm-doped
KCl (0.45 mol%) after irradiation with 500 Gy of gamma photons, and (f) SAD pattern of (e).
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measurements. Based on the PL experimental data and avail-
able theoretical studies,24,26 a proposed model of the energy
band diagram for KCl:Sm is schematically summarised in
Fig. 3(c), where the above mentioned various transitions are
shown in the energy level diagram.

For better understanding of our KCl:Sm surface elemental
analysis, we employed XPS where the survey scan of KCl:Sm
shows the presence of peaks in XPS spectrum that were found to
be associated with Sm-3d, Cl-2p [2p1/2-at 198.7 and 2p3/2-at
198.9 eV], Cl-1s [at 284.6 eV], C-1s, O-1s, and K-2s [at 377.2 eV],
as shown in Fig. 4(a). With the help of a deconvolution process,
we examined the effects of the various elemental concentra-
tions, as shown in Fig. 4(b) where the Sm-3d peak was decon-
voluted. Deconvolution of the Sm-3d spectrumwas complex due
to the presence of mixed oxidation states Sm3+ and Sm2+ as well
as due to the multiple 3d-splitting on the nanoscale. The spin–
orbit doublet Sm3+ 3d5/2,3/2 with the binding energy (BE) of
1083.7 and 1108.3 eV and Sm2+ 3d5/2,3/2 with the BE of 1081.1
and 1105.2 eV can be clearly observed from the spectra and
reveal the presence of both oxidation states of Sm.27 Moreover,
in the deconvolution process, we found additional peaks at
1074.8 eV for Sm2+ and other broader peak at 1110.5 eV in the
Sm 3d XPS spectra, which can be assigned to the Sm Auger
peak,28 which generally appears in the presence of metal oxide.
In our study, we expected two types of metal bondings: (1) single
metal bonding (Sm–O–Sm) and (2) mixed metal bonding (Sm–

O–K), where single metal bonding allow multiple oxidation
states and mixed metal oxides prefer the formation of Sm3+.29

This different types of metal bondings were further conrmed
in the O-1s spectrum of KCl:Sm nanophosphor, as shown in
Fig. 5(c), where the peaks at 530.5 eV and 526.7 eV (aer de-
convolution) were found to be associated with Sm–O–K bond
and Sm–O–Sm bond, respectively.30 The asymmetry in the O-1s
peak in Fig. 4(c) reveals O2� ions association with all the
compositional ions K+, Cl�, Sm2+, and Sm3+, which could be
advantageous to the energy transfer mechanism.30
This journal is © The Royal Society of Chemistry 2017
3.2 OSL measurements

The crystal structure, luminescent, and dosimetric properties of
the material depend on the preparation methods. Fig. 5 shows
the parametric curves of KCl and KCl:Sm (0.45 mol%) under
various experimental parameters of the OSL system. Two stim-
ulation sources of OSL, namely blue and green LEDs, for the
xed dose 0.1 Gy were used. Fig. 5(a) shows that the maximum
intensity of the CW-OSL decay curves was obtained for a blue
stimulation source, which is approximately two times higher
than that of green light under the same experimental condi-
tions. Another advantage of using blue light for stimulation lies
in its large photoionization cross-section,31 which is reected in
the rapid decay of the CW-OSL signal. Therefore, we chose blue
light for further OSL studies. Fig. 5(b) shows the CW-OSL decay
curve as a function of Sm concentration at the xed dose of 1 Gy
of gamma rays. The maximum intensity of the KCl:Sm nano-
phosphor was found at 0.45 mol% at the optimal annealing
temperature of 710 �C. Moreover, the intensity increased with
the increasing Sm concentration from 0.15 to 0.45 mol% fol-
lowed by a decrease at higher dopant concentrations (0.50
mol%) [Fig. 5(c)]. This behaviour could be due to either thermal
quenching or conglomeration of particles at a higher concen-
tration of Sm, resulting in saturation of luminescence/
recombination centres.3a We found that its CW-OSL signal
was very intense at 9 � 106 compared to that of other lantha-
nides such as KCl:Dy and KCl:Tb (both at 0.45 mol%) syn-
thesised in our lab, which showed a CW-OSL intensity of 2.85 �
105 and 2.5 � 105, respectively. Thus, the observed behaviour of
the OSL intensity as a function of Sm concentration reveals the
optimised concentration of 0.45 mol%. In connection with the
material structural properties, this optimised percentage of Sm
can be associated with the particle size of KCl systems, which
have been observed as well-isolated nanoparticle of KCl:Sm
[Fig. 2(c)]. In the same line, the reduction in the OSL intensity
for KCl:Sm (0.50 mol%) could be associated with the observed
RSC Adv., 2017, 7, 13836–13845 | 13839
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Fig. 3 PL (a) excitation and (b) emission spectra of KCl & KCl:Sm
(optimised dopant conc. of 0.45 mol%) and (c) schematic energy level
diagram of Sm3+ in the KCl host matrix.

Fig. 4 XPS spectra of KCl:Sm (0.45 mol%) (a) survey scan, (b) decon-
volution-to 3d3/2 and 3d5/2 and (c) to O-1s of KCl:Sm.
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agglomeration of particles found at 0.50 mol% Sm in Fig. 2(d).6a

Therefore, this study excludes the possibility of thermal
quenching, which is also capable of bringing a reduction in
the OSL intensity. Further, TEM studies suggested that the
percentage of Sm in KCl could affect the particle size of KCl on
the nanoscale. To investigate the irradiation-induced change on
the shape and size of the particle, a 500 Gy gamma photon-
induced KCl:Sm (0.45 mol%) was investigated by TEM, as
shown in Fig. 2(e). From Fig. 2(e), we found that the radiation
brings a drastic change in the particle size but maintains the
shape (spherical) and homogeneity. It shows a large density of
particle size in the range of 20–50 nm (sub 50 nm) homoge-
neously distributed between the other particle size range 90–
13840 | RSC Adv., 2017, 7, 13836–13845
180 nm. Thus, irradiation was found to be an assistive process
to grow particles at one site at the cost of another site.
Irradiation-induced annealing is capable of changing the crys-
talline nature and may lead to a change in sensitivity, as shown
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Parametric curves: CW-OSL decay curves of KCl:Sm after
irradiation from Cs137-sourced gamma ray for 0.1 Gy of 0.45 mol% Sm
dopant at two different OSL simulation wavelength (1) blue light:
470 nm (black sphere) and (2) green light: 510 nm (red square), (b)
different dopant concentration of Sm (0.15, 0.25, 0.45, & 0.50 mol%)
along with pristine KCl at blue OSL stimulation light for 1 Gy, and (c)
plot of the obtained maximum intensity from plot (b) as a function of
Sm concentration. Further OSL curve of KCl:Sm (0.45%) at 0.1 Gy dose
has been fitted with exponentially decay in two component (1) fast and
(2) slow shown in (a) corresponding to blue light stimulation.
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in Fig. 2(f) [a SAD pattern of Fig. 2(e)]. Various ring patterns in
the SAD image (as observed in Fig. 1) shows the polycrystalline
nature of gamma-irradiated samples and further reveals that
the polycrystalline nature of non-irradiated KCl:Sm remains
unchanged at high doses. Thus, the divulge homogeneous,
regular, and sub-50 nm polycrystalline particles were found to
bring signicant improvement in the photoluminescence
properties of the investigated phosphor.32

To calculate the decay rate, the CW-OSL decay curve was
tted with two components (minimum) for the best t, where
the rst component describes the steeper part while the second
component explains the less steep part of the observed CW-OSL
decay curve. These are also known as a fast and slow compo-
nent. This decay rate was obtained from Fig. 5 by tting eqn (2)
and (3). The CW-OSL decay curve stimulated by the blue LED
light can be shown from the following equations:

IOSL(blue) ¼ A1e
�x/s1 + I01 (2)

where I01 ¼ 40 936.43923, A1 ¼ 443 269.09834, s1 ¼ 0.01744, [for
the fast component]

IOSL(blue) ¼ A2e
�x/s2 + I02 (3)

where I02 ¼ 367.14957, A2 ¼ 55 482.60896, s2 ¼ 0.13011, [for the
slow component].

With these values of decay constants, the photoionization
cross-section (s) was calculated as follows:33

s ¼ 1

j
� s (4)
This journal is © The Royal Society of Chemistry 2017
where the photon ux (j) and decay constant (s) are required
for calculating s and j depend on the wavelength and intensity
of the stimulation light used. s was calculated to be 0.42 �
10�15 cm2 and 0.32 � 10�16 cm2 for fast and slow components,
respectively, at the blue wavelength value (470 nm) and
intensity of 80 mW cm�2. This more than 10 times difference
in s value at the fast and slow part of CW-OSL is one of the
factors to bring the difference in their respective CW-OSL
intensities. Therefore, it can be concluded that for the
higher value of s, a high number of electrons are released from
defects, leading to a recombination process and contributing
to the intensity. However, these calculated and experimental
data do not indicate the nature of the defect centres that are
responsible for the OSL processes.10 However, PL analysis has
improved the understanding of the defect centres in KCl:Sm,
where we analysed the presence of many energy levels within
the forbidden band gap of KCl. Thus, the observed lumines-
cence effect occurs due to an excess of defects centres such as
anion vacancies called F-centres.34

To investigate the dose response of the optimised phosphor
KCl:Sm (0.45 mol%), the samples were irradiated with various
doses of gamma photons (137Cs source in the dose ranges from
100 mGy to 1 kGy) and beta source (90Sr/90Y in the doses from 3
mGy to 5 Gy). The corresponding CW-OSL curves are shown in
Fig. 6(a) and (b) for gamma and beta irradiation, respectively.
The shape and decay rate of gamma and beta-irradiated OSL
curves are slightly different and probably show their different
ways of interaction [Fig. 6(a) and (b)]. The OSL intensity
increased with the increasing gamma irradiation in the dose
range from 10 cGy to 500 Gy and then decreased with dose
beyond 500 Gy [Fig. 6(c)]. The observed saturation in intensity at
high doses depicted in Fig. 6(c) could be due to the saturation of
luminescence or reduction in the recombination centres.35 In
this analysis, a linear t in the dose range up to 500 Gy revealed
a linear correlation coefficient (r ¼ 0.978). Fig. 6(d) indicates
that the KCl:Sm nanophosphor may be a good sensitive mate-
rial for radiation dosimetry.13 The dose response for beta irra-
diation also yielded a linear correlation coefficient r ¼ 0.91 for
doses up to 3 Gy [Fig. 6(b)]. The OSL signal was found to be
linear in the dose range of 100 mGy to 750 Gy, and aer this
range, the signal started to saturate. The minimum detectable
dose (MDD) of the prepared phosphor was estimated to be �6.8
mGy using the standard method.36

A comparison of the experimental OSL phosphor KCl:Sm
with the commercially available OSL material a-Al2O3:C and
BeO was carried out, as shown in Fig. 7. The intensity of KCl:Sm
is around one-third of that of Al2O3:C and BeO at the xed dose
of 1 Gy of 137Cs gamma photons. Although fading is one of the
important characteristics of dosimetry that can be affected by
the dopant concentration, the type of dopant, and energy of
ionising radiation,5 we depicted fading of KCl:Sm nano-
phosphor at one test dose of 0.5 Gy of gamma photons (Fig. 8).
For the same fading issue, the samples were stored in the dark
at room temperature aer irradiation for a period of 50 days and
the CW-OSL decay response curve was obtained at a certain gap
of time (in days), as shown in Fig. 8(b). For clarity, only three
curves are shown: just aer the irradiation, 5 days aer
RSC Adv., 2017, 7, 13836–13845 | 13841
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Fig. 6 CW-OSL decay curves of KCl:Sm (0.45mol%) irradiated from (a)
Cs137-sourced gamma photons at different doses, (b) 90Sr/90Yr
sourced b-rays at different doses in the range of 0.03–3 Gy, [inset
shows the dose response of (b)], (c) dose response of (a) in the dose
range of 0.12–1000 Gy, and (d) zoomed linear part of (c).

Fig. 7 CW-OSL comparison curves of KCl:Sm with commercially
available Al2O3:C (Landauer Inc., USA) and BeO (Thermalox® 995,
Materiaon Inc., USA) irradiated at 1 Gy of gamma photons (137Cs).

Fig. 8 The fading curve of KCl:Sm (0.45 mol%) (a) up to test 50 days
and (b) CW-OSL curve as a function of storage days up to 12 days
[higher days not shown to maintain clarity].

13842 | RSC Adv., 2017, 7, 13836–13845
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irradiation, and 12 days aer irradiation. A nominal reduction
of 7–8% in normalised intensity was found for the rst 12 days
aer irradiation [Fig. 8(a)], which may be due to the presence of
shallow traps. A 20% decrease in the intensity was observed in
50 days aer irradiation [Fig. 8(a)]. The nominal fading of 7–8%
in 12 days in our OSL phosphor KCl:Sm indicates that it may be
used in patient radiation dosimetry in radiotherapy and radi-
ology. Reusability is the important property of a dosimetric
material that indicates its efficiency over repeated use (irradia-
tion–reading–bleaching cycle). The CW-OSL decay curve of
gamma-irradiated KCl:Sm nanophosphors with the test dose of
0.5 Gy was obtained followed by in situ bleaching for 20 minutes
to quench all electrons in the defect centres. This was again
irradiated with the same dose of 0.5 Gy and its CW-OSL inten-
sity was obtained. This was repeated and this read-out cycle was
performed at least 7–8 times at the same sample with keeping
the test dose at 0.5 Gy. Fig. 9(a) shows the variation of about 6–
7% in the signal over repeated use. This study demonstrates
that the KCl:Sm nanophosphor also possesses good reusability.
For practical applications, dosimetric materials should also
have the property of reproducibility. KCl:Sm was synthesised
three times terming them batch each time. Eight-nine aliquots
of KCl:Sm powder (8 mg) from all three batches were exposed to
the test dose of 0.5 Gy. The CW-OSL signals were obtained for
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 (a) Reusability of KCl:Sm (0.45 mol%) that is irradiated with 0.5
Gy from gamma-sourced 137Cs and (b) reproducibility with different
batches of KCl:Sm (0.45 mol%) under the test dose of 0.5 Gy.
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10 seconds. The OSL reading of irradiated KCl:Sm nano-
phosphor was found to be reproducible [Fig. 9(b)] with the
observed variation of 4–5% across the batches.

Then, in the light of our both performed experimental
analysis (1) structural and (2) OSL, we presented a model
(depicted in Fig. 10) to understand the possible mechanism of
the OSL properties of KCl:Sm. We understood the full OSL
mechanism in three parts: part (1) excitation, (2) capture
process, and (3) recombination process, which comes in
sequences one aer another. The unirradiated sample whose
absorbed dose measurement is our aim, is brought subjected to
excitation process by allowing energetic irradiation. As a result,
photoionization takes place, in which the valence band (VB)
electron of KCl moves into the conduction band (CB) of KCl,
and generates the delocalized/free charge carriers (e� and h+) in
the VB and CB, respectively. Some of the energy levels of Sm3+

may exist within the both the bands (VB and CB) of KCl. The
energy levels that lie within the VB release an electron to the VB
of KCl and behave like a hole defect centre. At the same time,
the Sm3+ energy levels inside the CB can capture the free e�

from the CB and make a bound state of e� and h+ within Sm3+

energy levels, which is known as an exciton. Aer this excitation
Fig. 10 A simple model for OSL mechanism: a schematic of nano-
phosphor KCl:Sm OSL processes.

This journal is © The Royal Society of Chemistry 2017
process, the capture process starts where the energy level at
nearest below the CB receives some e� via a non-radiative
process, which is known as electron trapping and occur
through the following process:37

Sm3+ + e� (free electron capturing) / Sm2+ (bound state). (5)

The Sm3+ energy levels at nearest above the VB release an e�

to VB, which work as hole centres through a process known as
hole trapping that occurs through the following process:38

Smn + h+ / Smn+1. (6)

This capturing process contributes to obtaining a stronger
OSL signal, where the capturing process increases with the
introduction of a larger number of energy levels near both the
bands. The same was achieved in this case by doping Sm ions
into the nano KCl matrix. This has been conrmed in our PL
studies. In the last process, namely recombination process, this
nanophosphor was brought to optical stimulation, where light
of wavelength 470 nm, also known as stimulation light source,
released the trapped electron from the e� trap centres to free the
e� in the CB. These free e�will undergo a transition from the CB
to various Sm3+ hole trap centres and release the OSL signal
through the following process:39

(Smn+ + h+) + e� / Smn+ + hn (light emission at 420 nm) (7)

This emission spectrum of KCl:Sm shows the transition in
the range from 330 to 580 nm, mainly due to the Sm3+ oxidation
state.
4. Conclusion

In this synthesis process, we successfully established an easy
process through which we overcame the barrier of dopant
agglomeration in the host lattice using a certain dopant
concentration (0.45 mol%) and we came close to developing the
nanophosphor materials for dosimetric applications. Moreover,
according to our comprehensive OSL studies, properties such as
dynamic linear dose response, low fading, high reproducibility,
and reusability, which endorse our synthesis materials for OSL
applications, show good sensitivity up to 80% compared to
those of commercial OSL compounds. This rst ever report [to
the best of our knowledge] on KCl:Sm3+ (0.45 mol%) nano-
phosphor, we have found well isolated polycrystalline nano-
phosphor KCl:Sm in the mixed oxidation state of Sm3+. Herein,
Sm3+ works as an important dopant to increase the OSL signal
by introducing various energy levels within the band gap of KCl
and near to VB and CB, which further improves the e� and h+

capturing process. Based on the above mentioned facts, the
proposed model enlightens the OSL behaviour of KCl:Sm3+

material. Thus, overall, this study opens a new approach for 2D
medical imaging and high radiation dosimetry. In future,
this phosphor may be used in space dosimetry and real-time
dosimetry.
RSC Adv., 2017, 7, 13836–13845 | 13843
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