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can use conventional photodetectors to detect the latter 
indirectly [1]. A scintillator is a type of phosphor used in 
radiation measurements, which almost instantly converts 
the incident radiation to light, and thereby allows in-situ 
measurements. In contrast, a storage phosphor is another 
type of phosphor, which can store the incident radiation 
information (incident radiation intensity or the spatial dis-
tribution of radiation). Common applications of storage 
phosphors include radiographic imaging plates and person-
nel dosimeter badges.

Storage phosphors used in radiation measurements today 
may be categorized into three different types, depending 
on the mechanism involved therein. Such mechanisms are 
thermally-stimulated luminescence (TSL) [2], optically-
stimulated luminescence (OSL) [3], and radio-photolumi-
nescence (RPL). In TSL and OSL, electrons and holes are 
generated by the incident radiation, and then they are stably 
and locally captured at trapping centres. Since the amount 
of charges generated depends on the delivered radiation 
dose, this state represents the storage of radiation informa-
tion. Further, these trapped charges can be detrapped by 
external thermal or optical stimulation and then recom-
bine to emit light. The light emission caused by thermal 
(or optical) stimulation refers to TSL (or OSL). In RPL, 
on the other hand, new luminescent centres are generated 
by irradiation; therefore, photoluminescence (PL) inten-
sity observed after the delivery of radiation represents the 
amount of absorbed radiation dose [4]. A distinct advantage 
of RPL over TSL and OSL is that such luminescent centres 
generated by RPL are typically so stable that one can read 
out the signal multiple times without the fading of signal. 
Consequently, we can utilize fluorescent microscopy to 
readout the spatial distribution of absorbed dose with sub-
micrometer image resolution [5, 6]. Despite the high stabil-
ity of the RPL signal, previous studies on some materials 
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and the obtained values are 1.42, 1.55, 1.65, and 1.74 eV.

1  Introduction

In high-energy radiation measurements, phosphors are 
often used to convert incident radiation photons to low 
energy photons (often in the visible spectrum) so that one 
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showed that the RPL signal can be erased by illumination 
with UV exposure or intentionally heating the sample, and 
these materials are reusable with good reproducibility [5, 7, 
8]. Although RPL has desirable advantages over TSL and 
OSL, and potential use of new applications such as high-
density optical memory, there are only a limited number 
of materials known to exhibit RPL simply because RPL is 
a newly recognized phenomenon and there are only a few 
studies. Some selected RPL materials are: LiF [9], Ag-
doped phosphate glasses [10–12], Al2O3:C, Mg [13], and 
Sm-doped crystals, glasses, and glass-ceramics [4, 7, 8, 
14–17].

The aim of present work is to synthesize and character-
ize Sm-doped KBr single crystals for potential radiation 
measurement applications. Previously, we have shown that 
Sm-doped CsBr single crystals show RPL due to inter-
valence conversion of the Sm ion (Sm3+ → Sm2+), caused 
by X-ray irradiation [18]. Since KBr, in general, has simi-
lar material properties, e.g. crystal structure, valence states, 
optical band gap energy etc., we expect KBr to also exhibit 
RPL properties. Moreover, these materials are in a chemi-
cal group of alkali halides which forms cubic salts, and 
they can be fabricated in a microcolumnar plate by simple 
evaporation techniques [19]; the plate consists of micro-
columns of thin alkali halide crystals perpendicular to the 
plane of the plate. The luminescence light generated in the 
crystals is guided along the columns so that a high image 
resolution can be obtained as both scintillator and storage 
phosphor medium.

2 � Experimental procedures

Sm-doped KBr single crystals were synthesized by the 
Bridgman–Stockbarger technique. Reagent grade pow-
ders of SmBr (99.9%) and KBr (99.999%) were mixed 
in stoichiometric ratio. The amount of Sm added was 0.1 
and 0.5  mol% of total mixture. The mixture (4  g) was 
then loaded into a quartz tube (~8 mm in diameter) heated 
in vacuum at ~550  K for 1  day in order to evaporate the 
water content, and eventually the tube was sealed under 
vacuum to make an ampoule. Further, the quartz ampoule 
was loaded to a vertical translation furnace, the pow-
der mixture was melted at 1050  K, and the ampoule was 
slowly translated from the hottest region in the furnace at 
a rate of 1.0–2.0  mm/h in order to grow the crystal. The 
thermal gradient measured was about 1.3  K/mm. After 
the synthesis, the as-grown crystal was cut into disks of 
approximately 10 mm diameter by 1 mm thickness, and the 
surfaces were mechanically polished for optical characteri-
zation measurements.

Optical transmittance was measured using a spectro-
photometer (V-670, JASCO) over the spectral range of 

200–700  nm. The PL emission spectrum was measured 
using a fibre-coupled CCD-based spectrometer (QEPro, 
Ocean Optics) while the sample was excited with UV light 
(340 nm). Here, the excitation light was created by insert-
ing a bandpass filter (ZRR0340, Asahi Spectra) into a light 
beam from a Xenon lamp (LAX-C100, Asahi Spectra). On 
the other hand, PL excitation spectrum was measured using 
a spectrofluorometer (FP8600, JASCO). An X-ray genera-
tor (XRBOP&N200X4550, Spellman) was used to irradiate 
a sample to study the radiation induced effects. The X-ray 
generator was equipped with an ordinary X-ray tube with 
a W anode and Be window. For all the experiments, the 
applied anode voltage was fixed to 40 kVp. The represen-
tation of X-ray dose used throughout this paper is dose in 
air at the surface of sample (it is not the deposited dose). 
TSL glow curve was measured using the following experi-
mental set-up. The sample was placed on a ceramic heater 
in which the temperature was increased as a ramp at a rate 
of 1 °C/s using a Sakaguchi temperature controller (SCR-
SHQ-A). TSL emission from the sample was then collected 
by an optical fibre to guide the light into a CCD-based 
spectrometer (QEPro, Ocean Optics).

3 � Results and discussion

Using the Bridgman technique, we have been able to syn-
thesize single crystals of KBr:Sm. Figure  1 shows the 
transmittance spectra of a typical KBr:0.5%Sm sample as a 
function of X-ray irradiation dose, whereas the inset shows 

Fig. 1   Transmittance spectra of KBr:Sm as a function of irradiation 
dose. The inset is a photograph of KBr:Sm single crystal samples 
before and after being irradiated by X-rays



15982	 J Mater Sci: Mater Electron (2017) 28:15980–15986

1 3

as-prepared and irradiated sample pieces. The as-prepared 
sample is shown on the left-hand side of the inset in Fig. 1. 
The as-prepared sample is colourless and reasonably trans-
parent while the irradiated sample becomes bluish but 
remains transparent. In the transmittance spectra, this col-
our change is seen as the appearance of an absorption band 
around 630 nm, induced by X-ray irradiation. In addition, 
it seems that there is a weak absorption band induced in 
the near UV range. A similar absorption band at 630  nm 
is seen in CsBr due to radiation-induced F− centres by Br 
vacancies [19].

Figure 2 compares the PL spectra of KBr:0.5%Sm meas-
ured before and after X-ray irradiation (10 Gy). The inset 
shows the enlarged spectra in the 500–900  nm region. 
The excitation wavelength is 340 nm. It can be seen that, 
before the X-ray irradiation, there are very strong emission 
bands around 415  nm and weak triplet signatures around 
565, 600, and 650 nm. The origin of the former emission 
could not be clearly identified. It should be pointed out that 
another set of investigations on Eu-doped KBr has also 
shown an emission at the same wavelength in addition to an 
emission band of the Eu2+-ion. Therefore, we think that the 
origin of this emission is strongly related to the host mate-
rial. The set of line emissions at 565, 600, and 650 nm is 
typical for the Sm3+ ion due to the parity forbidden 4f–4f 
transitions. Since the 4f electrons are shielded by the outer 
5d shell, the electronic structure of the 4f electrons is rela-
tively unchanged, regardless of the host material; thus the 
4f–4f transitions are observed at the same wavelengths. The 
irradiated sample, however, shows different luminescence 
features. In addition to the emissions mentioned above, 

an intense and broad emission appears in the near infra-
red region around 730  nm. It should be emphasized that 
KBr:Sm synthesized in this work can be regarded as a new 
material that shows RPL properties since a new lumines-
cent centre was generated by X-ray irradiation.

Figure 3 shows the excitation spectra of the emissions in 
KBr:Sm observed after irradiation. The host-related emis-
sion at 420 nm has mainly two excitation bands around 210 
and 260 nm. The Sm3+ (represented by the 600 nm emis-
sion) can be excited below 250 nm and around 270 nm. The 
former excitation appears as a “tail” and its peak is outside 
the range of our spectrometer. The optical band gap of KBr 
is 7.4–7.8  eV [20–22] which corresponds to wavelengths 
shorter than 170  nm. The 270  nm excitation band may 
be due to energy transfer from the host to Sm3+ ion since 
the excitation band is similar to what is observed for the 
host-related emission. Moreover, the weak excitation lines 
in the 300–450 nm region are due to the typical 4f–4f for-
bidden transitions of Sm3+. The excitation spectrum of the 
720 nm emission (representing Sm2+) is very different from 
those mentioned above; therefore, the origins are also dif-
ferent. The notable feature is the broad excitation band in 
the near UV and blue region. The features of broad band 
excitation in the UV-blue region and broad emission in 
the near infrared region suggest the origin is due to parity 
allowed transitions of the Sm2+ ion. The earlier study [18] 
of CsBr:Sm has also shown similar excitation and emis-
sion features which were attributed to the Sm2+ ion which 
was reduced from Sm3+ by X-ray irradiation. Such reduc-
tion of a valence state is in general explained by capturing 

Fig. 2   PL spectra of Sm-doped KBr single crystal measured before 
and after X-ray irradiation. The excitation wavelength is 340 nm

Fig. 3   Excitation spectra of Sm-doped KBr single crystals for emis-
sions at 420, 600, and 720 nm
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one of X-ray generated electrons by a Sm3+ ion [7, 18, 23]. 
Therefore, based on the observations above and our cur-
rent knowledge, we conclude that the RPL observed in 
KBr:Sm is due to the intervalence conversion of the Sm-
ion (Sm3+ → Sm2+) caused by X-ray irradiation. It is worth 
mentioning here that Sm2+ could also show luminescence 
due to 4f–4f transitions which appear as multiple sharp 
line peaks in the spectrum. In the case of BaCl2:Sm2+, 
both emissions due to the 5d–4f and 4f–4f transitions are 
observed [24]. The reason is because the excited 5d level is 
located reasonably above the 5D0 level (lowest excited level 
of 4f electrons). In CaF2:Sm2+ [17], in contrast, only emis-
sion due to the 5d–4f transitions are observed at room tem-
perature since the lowest 5d level is located at the equiva-
lent level of that of the 5D0 level. In the case of KBr, since 
only 5d–4f transitions are observed, the energy configura-
tion is expected to be similar to that in CaF2.

The top figure in Fig. 4 shows the dose response func-
tions of RPL from 0.1 and 0.5% Sm doped KBr single crys-
tals. The RPL response was defined as follows.

where the former and latter terms are integrated PL 
intensities over 650–750  nm of irradiated and non-irradi-
ated samples, respectively. For the 0.1%Sm-doped sam-
ple, the response increases approximately linearly up 
to 100  mGy followed by a more gradual but monotonic 
increase for larger doses. For the 0.5%Sm-doped sample, 
the response curve consists of two parts as in the first sam-
ple; however, the sensitivity is lower and the linear region 
continues to several hundred milligrays. Therefore, the sen-
sitivity and dynamic range depend on the concentration of 
Sm-ions. In our experiments, the minimum detectable dose 
was ~1 mGy. However, the instrument was not optimized; 
especially the photodetector used was a CCD-spectrometer 
instead of a more sensitive detector such as an APD. Opti-
mizing the reader should increase the sensitivity as a com-
prehensive system, but this beyond the scope of this work.

The RPL response is reproducible as demonstrated in 
the bottom figure in Fig. 4. A sample was irradiated with 
X-rays (1  Gy), and PL was measured to obtain an RPL 
response. Then, the sample was heated at 300 °C for 5 min 
in order to erase the signal. The response value slightly 
deviates for technical difficulties of placing the sample in 
the same position for each measurement after every anneal-
ing process. Detailed experimental data and discussion will 
follow.

Figure  5 compares the TSL glow curve and RPL 
response as a function of annealing temperature. The 
sample used here is 0.5% Sm-doped KBr, and the sample 
was irradiated to approximately 10  Gy of X-rays before 
the measurement. The RPL response was measured at 
room temperature after heat-treatment at a corresponding 

(1)Response = I1(650−750 nm)−I0(650−750 nm)

temperature. On one hand, it is immediately verified that 
the TSL glow curve consists of multiple peaks, which 
implies that multiple charge trapping centres are involved 
here. On the other hand, the RPL response signal decreases 
with increasing heat-treatment temperature. These two sep-
arate experimental data seems to be well-correlated. Espe-
cially the sharp decrease located at around 150 °C and this 
is the temperature that the main TSL glow peak is seen. As 
the heat-treatment temperature increases further, eventually 
the RPL response is completely removed and the TSL sig-
nal is not observed in the high temperature range. Figure 6 

Fig. 4   Dose response functions of RPL in KBr:Sm single crystals 
(top) and demonstration of reproducible RPL response (bottom)
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illustrates a contour plot of the TSL spectrum as a function 
of temperature. To our surprise, it is clearly apparent that 
the luminescent centre observed as TSL is mainly due to 
Sm2+. This indicates that instead of electrons being ther-
mally detrapped from the Sm2+ ion, some holes trapped at 
some centres are first detrapped and then they recombine at 

the Sm2+ centres (showing the Sm2+ emission) followed by 
the reversed reaction of the Sm-ion (Sm2+ → Sm3+).

Charge trapping depths involved in the TSL glow curves 
shown in Figs.  5 and 6 were characterized by isothermal 
decay analyses. This approach can be commonly used to 
extract the information on charge trapping levels [25]. Fig-
ure  7 shows isothermal decay curves of 0.5%Sm-doped 
KBr crystal sample measured at 90, 120, and 150 °C. In 
these measurements, the sample was placed on a ceramic 
heater maintained at the desired temperature, irradiated by 
X-rays until the TSL signal becomes stable with time, and 
the irradiation was stopped to measure the TSL isothermal 
decay. The decay curves were best-fitted by the following 
equation assuming general first order kinetics,

  

where I(t) is the isothermal TSL intensity as a function of 
time t, I

i
 is initial intensity at t = 0, v

i
 is a frequency fac-

tor, E
Ai

 is the activation energy of level i, k is the Boltz-
mann constant, and T  is the sample temperature. Four 
terms (n   =   4) were used in the curve fits and the results 
are summarized in Table 1. The activation energies derived 
for each decay curve for both 0.1 and 0.5%Sm-doped sam-
ples are summarized in Table 1. Since the fitting accuracy 
of the fastest decay components may not be as good as oth-
ers, the corresponding values (shallowest trapping centres) 
are represented with brackets. The analyses showed that 

(2)I(t) =

n
∑

i=0

I
i
exp

[

−v
i
t exp

(

−
E
Ai

kT

)]

Fig. 5   TSL glow curve and RPL response as a function of heat-treat-
ment temperature. The glow curve was measured from room tempera-
ture at a heating rate of 1 °C/s. For RPL measurements, a sample was 
irradiated at room temperature and heat-treated at the corresponding 
temperature for ~5 min, and then PL measurement was conducted at 
room temperature to measure the RPL signal intensity

Fig. 6   Contour plot of TSL spectrum as a function of temperature 
while heating a sample at a rate of 1 °C/s

Fig. 7   Isothermal TSL decay curves of KBr:0.5%Sm single crystal at 
different temperatures. The solid curves are the best fits by Eq.  (2), 
and the dashed lines are exponential components of corresponding 
charge trapping levels
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there are four trapping centres with different activation 
energies involved in TSL, and the activation energies are 
reasonably consistent regardless of the doping concentra-
tion. The derived activation energies are 1.42, 1.55, 1.65, 
and 1.74 eV on average for each trapping level respectively.

Figure  8 illustrates the proposed dynamics involved 
in RPL and TSL of KBr:Sm single crystals based on our 
experimental analyses in this study. First, the Sm3+-ion is 
located in the forbidden energy band of the KBr crystal 
matrix. As a result of interacting with X-rays, electrons and 
holes are generated (1) and some of the electrons are cap-
tured by Sm3+ ions (2) and Sm3+ becomes Sm2+ (3). This 
was observed by PL measurements. The number of Sm2+ 
ions generated increases with increasing irradiation dose 
so the PL emission intensity from Sm2+ ions also increases 
with dose. The conversion implies that the X-ray generated 
holes should be trapped by some centres (deep traps) (4); 

however, the exact energy locations of the traps are cur-
rently unknown. Next, the generated Sm2+ centres can be 
erased by heating the sample. During the heating process, 
holes (not an electron at Sm2+) are first detrapped and then 
recombine with electrons trapped at Sm2+ (5), followed 
by an emission from Sm2+, which then returns back to the 
Sm3+ state (6). This process is interpreted by the fact that 
TSL was only observed as an emission from Sm2+ and 
nothing else. The TSL isothermal decay analyses revealed 
that there are probably four different levels of hole trapping 
centres with the activation energies of: 1.42, 1.55, 1.65, and 
1.74 eV.

4 � Conclusion

We have synthesized KBr single crystals doped with 0.1 
and 0.5% Sm by the Bridgman–Stockbarger technique and 
characterized their RPL and TSL properties. The samples 
show RPL as a response to X-ray irradiation dose due to 
intervalence conversion of the Sm-ion (Sm3+ → Sm2+). 
The X-ray generated luminescence by the Sm2+ ion is 
due to the parity allowed 5d–4f transitions, which appear 
around 730 nm. The RPL response depends on the concen-
tration of Sm: the sensitivity is higher for the lower concen-
tration. The RPL response (or Sm2+ signal) can be erased 
by heat treatment up to 300 °C. TSL analyses revealed 
that some trapped holes are thermally detrapped and then 
recombine with trapped electrons at the Sm2+ sites. There 
are likely to be four different hole trapping centres with 
activation energies of 1.42, 1.55, 1.65, and 1.74  eV. The 
erased Sm-doped KBr crystal can be reused and shows 
reproducible characteristics under further X-ray irradiation, 
which is very encouraging for potential use as a dosimetric 
material.
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