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A series of K(Eu,Ca;_)PO, (x = 0.001, 0.003, 0.01, and 0.03) phosphors were synthesized by
the conventional solid-state reaction. To evaluate the phase purity of the as-prepared materials,
X-ray diffraction (XRD) patterns were obtained. Additionally, the photoluminescence (PL)
excitation/emission spectra, PL decay curves, and thermally stimulated luminescence (TSL)
glow curves were studied. The PL spectrum of each specimen showed only characteristic
emissions attributed to Eu®*, whereas additional broad emission attributed to Eu’?" appeared
after X-ray irradiation. This is clear evidence of radio-photoluminescence (RPL) since new
luminescence centers were generated by X-ray irradiation. The RPL emission was pronounced
in the 0.1% Eu-doped specimen and decreased with increasing Eu concentration.

1. Introduction

Phosphors have a very wide range of applications including lighting, displays, and sensors
that use stress luminescence. Several types of phosphors are used in radiation detection
applications.("* Some phosphors have the function of accumulating carriers, and their emission
is used in luminescence-type dosimeters. Furthermore, there are two types of such dosimeters,
classified by the way in which carriers are stimulated: thermally stimulated luminescence (TSL)
dosimeters use thermal stimulation®7) and optically stimulated luminescence (OSL) dosimeters
utilize optical stimulation.®:?) These two types of dosimeters have been widely used for personal
dose monitoring. In addition, glass dosimeters using radio-photoluminescence (RPL) are
practically used.!1? In the RPL phenomenon, new luminescence centers are generated via
interactions with ionizing radiation.(!!~!3) Therefore, RPL can be easily measured by a
photoluminescence (PL) technique. Practical RPL dosimeters have some advantages over
conventional TSL and OSL dosimeters: RPL dosimeters show almost no fading and can be read
repeatedly. Although RPL materials have some advantages over current materials, the number of
materials that exhibit RPL is still limited, and there is much room for material research.

Recently, KCaPO, doped with rare earths have been attracting attention as new phosphors for
radiation measurement.14!5) In particular, it has been reported that Eu-doped KCaPO,
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(Eu:KCaPOy,) can contain doped Eu luminescent centers in both the divalent and trivalent states
depending on the preparation conditions.('®) This suggests that Eu:zKCaPO, is potentially an RPL
material. In this paper, we report on Eu:KCaPO, ceramics as new RPL materials.

2. Materials and Methods
2.1 Sample preparation

Ceramic specimens of K(Eu,Ca;_)PO, (x = 0.001, 0.003, 0.01, and 0.03) were synthesized by
the conventional solid-state reaction as follows. K,CO; (4N), CaCO; (4N), NH,H,PO, (2N), and
Eu,05; (5N) powders were used as the starting materials. These powders were homogeneously
mixed in the stoichiometric ratio. The mixture was calcined using an electric furnace (FTV-
1700G, Full-Tech Furnace Co., Ltd.) at 650 °C for 6 h in air. Next, the product was ground and
then molded into pellets by applying a uniaxial pressure of 20 MPa for 20 min using a Mini-Lab-
Press (Labnect Co., Ltd.). The compressed powder pellets were then sintered in the furnace at
1100 °C for 4 h in air to obtain solid ceramic specimens.

2.2 Evaluation methods

The crystalline structure of the obtained ceramic specimens was confirmed by X-ray
diffraction (XRD) measurement using a diffractometer (Miniflex 600, Rigaku). PL and RPL
spectra were obtained using our lab-constructed setup. A xenon lamp (LAX-C100, Asahi
Spectra) and an optical band-pass filter (RR0340, Asahi Spectra) were used to obtain a 340 nm
excitation light. The PL and RPL emission spectra were obtained with an optical short-cut filter
(LU0400, Asahi Spectra) and fiber-coupled lens, which guided the light to a CCD-based
spectrometer (QEPro, Ocean Optics). In order to measure the RPL, X-rays with different doses
were irradiated to the specimens using an X-ray generator (XRBOP&N200X4550, Spellman),
and then the emission spectra were obtained using the same optics as for the PL. A
spectrofluorometer (FP8600, JASCO) was used to obtain the PL and RPL excitation spectra.

The PL lifetime was obtained by decay curve measurements conducted using a Quantaurus-
Tau spectrometer (C11367-04, Hamamatsu). A TL-2000 (Nanogray) TSL measuring device was
used to measure TSL properties after the specimens were irradiated with X-rays.!” The
measurements were performed in the temperature range of 50—490 °C and the heating rate was
1 °Css.

3. Results and Discussion

Calcium potassium orthophosphate is a polymorphic crystal known to exist in three forms:
a-KCaPO,, f-KCaPO,, and KCaPO,.®1% The XRD patterns of all the specimens and the
standard Powder Diffraction Files (PDFs) of KCaPO, (No. 33-1002) and f-KCaPO, (No. 03-
0618) are shown in Fig. 1. The patterns in (a) show the entire measurement range and the patterns
in (b) show enlargements of the peaks around 30-33°. The peaks of KCaPO, and f-KCaPO,
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Fig. 1.  (Color online) XRD patterns of each specimen (a) within the range of 20—90° and (b) at low angles.

were found to coexist in the XRD patterns of all the Eu-doped specimens. When Eu:KCaPOy, is
synthesized in an inert gas, no hetero-phase or peak shift occurs.(!920) Our results suggest that
p-KCaPO, appears if Eu:KCaPO, is synthesized in air. Furthermore, each diffraction peak
shifted to the low-angle side with increasing Eu concentration in the specimen. It is considered
that this peak shift was caused by the substitution of Eu ions at the Ca sites and the expansion of
the crystal lattice by the Eu ions.

Figure 2 compares the PL spectra of all Eu-doped specimens measured before and after X-ray
irradiation (10 Gy). The excitation wavelength was 340 + 20 nm. The PL spectra of the 0.1, 0.3,
and 1.0% Eu-doped specimens showed significant differences before and after X-ray irradiation.
These spectral changes were more pronounced in the specimens with lower Eu concentrations
and were negligible in the 3.0% Eu-doped specimen. Next, we discuss the obtained spectra. Only
sharp line emissions were observed in the wavelength region of 350—500 nm. These emission
features are typical for the 4f-4f transitions of Eu**. On the other hand, an additional broad
emission appeared with a peak around 490 nm once the material was irradiated. It is noteworthy
that new luminescent centers were generated by the irradiation. These results clearly demonstrate
that Eu:KCaPO, exhibits RPL upon X-ray irradiation.

The origin of the RPL was next investigated. Figure 3(a) shows the PL excitation spectra of
all specimens around the peak emission at 610 nm. The excitation spectra corresponding to the
emission at 610 nm consists of a broad excitation band in the range of 200-300 nm and discrete
sharp peaks in the range of 300-500 nm. The broad excitation band in the range of 200-300 nm
is attributed to the charge transfer (CT) transition from the filled 2p shell of O? to the partially
filled 4f shell of Eu’".®D In the range of 350 to 500 nm, all specimens exhibited intra-
configurational 4/-4f transitions of Eu*": 299 nm ("Fy—Hy), 319 nm ("Fy—H;), 362 nm ("F—
°Dy), 369-378 nm ("F,—Gy), 381 nm ("Fy—Ly), 415 nm ("F,—D;), and 465 nm ("F;—D,).?) The
excitation spectral intensity attributed to the 4f-4f transitions of each Eu’" monotonically
increased with increasing Eu concentration in the specimens. Figure 3(b) shows the PL excitation
spectra of all specimens around the peak at 490 nm after irradiation with 10 Gy of X-rays. The
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Fig. 2. (Color online) PL spectra of the (a) 0.1, (b) 0.3, (c) 1.0, and (d) 3.0% Eu-doped specimens measured
before and after X-ray irradiation (10 Gy). The excitation wavelength was 340 = 20 nm.
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Fig. 3. (Color online) Excitation spectra of all specimens obtained at (a) 610 nm before X-ray irradiation
and (b) 490 nm after X-ray irradiation.

obtained excitation spectra showed concentration dependence; the most pronounced excitation
band was observed in the 0.1% Eu-doped specimen with the lowest Eu concentration, and the

spectral intensity decreased with increasing Eu concentration.
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Figure 4 shows PL decay features of the (a) line emissions peaking at 610 nm and (b) broad
emission peaking at 490 nm, and the obtained PL lifetime constants are summarized in Table 1.
The excitation wavelengths were 265 and 340 nm, respectively. Both the decay curves can be
approximated well by the single exponential function

1) = Aexp(—%), 1)

where [ and 4 are the luminescence intensities at times ¢ and 0, respectively, and 7 is the
luminescence lifetime. The PL lifetime was obtained as 2.34-2.72 ms for the 610 nm emission
and 750—625 ns for the 490 nm emission. The PL lifetime of the line emission peaking at 610 nm
is reasonable for the 4/-4f transition of the Eu®' ion, which is known to be several
milliseconds.?!-?? Furthermore, the PL lifetime increases with increasing Eu concentration in
the specimens. On the other hand, the PL lifetime of the broad emissions peaking at 490 nm was
a few microseconds in all specimens.(1%29 The results are in good agreement with the values
attributed to the 4/95d'-4f" transition of Eu?*, suggesting that the broad emission induced by
X-ray irradiation is due to the Eu®". In contrast to the PL lifetime of the 610 nm emission, the PL
lifetime of the 490 nm emission decreases with increasing Eu concentration in the specimens.
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Fig. 4. PL decay curves measured by monitoring the emissions at (a) 610 nm before X-ray irradiation and
(b) 490 nm after X-ray irradiation. The excitation wavelength for each emission was (a) 265 nm and (b) 340
nm.

Table 1
PL lifetimes of the Eu:KCaPOy4 specimens. The excitation wavelengths corresponding to 610 and 490 nm emissions
were 265 and 340 nm, respectively. The excitation light was cut off from the light source by an optical filter.

Specimen PL lifetime (ms)/610 nm emission PL lifetime (ns)/490 nm emission
0.1% Eu 2.34 750
0.3% Eu 2.40 712
1.0% Eu 2.45 627

3.0% Eu 2.72 625
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The relationship between the X-ray dose and the corresponding PL intensity measured for
Eu?* and Eu?" is shown for each Eu-doped specimen in Fig. 5. These results illustrate that with
increasing X-ray dose, the PL intensity of Eu’" decreased and the intensity of Eu?" increased in
all the specimens. Focusing on the dynamic range for each specimen, we can see that as the Eu
concentration in the specimens increased, the dose threshold at which Eu®' is generated
increased. The RPL in this specimen is due to the valence change from Eu®' to Eu?", and it is
assumed that the Eu?* ions in the KCaPO, capture electrons generated by X-rays to form Eu?".
In order for Eu?" not to recapture holes, there must be stable hole-trapping centers in the host
material whose trapping probability must be high. In view of this, it is considered that the hole-
trapping probability was high and there were many trapping centers in the 0.1% Eu-doped
specimen, whose number decreased with increasing Eu concentration. The results of TSL glow
curve measurements performed to verify these hypotheses are next given.

The TSL glow curve represents the luminescence intensity as a function of temperature
while heating at a constant rate. Prior to the measurement, the specimens were irradiated with
X-rays. The obtained glow curves are shown in Fig. 6. The 0.1% Eu-doped specimen showed
pronounced TSL in the range of 80-300 °C, but the intensity markedly decreased with increasing
Eu concentration, with almost no TSL observed for the 1.0 and 3.0% Eu-doped specimens. In the
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Fig. 5. (Color online) PL intensities of Eu?* and Eu?" in all specimens as a function of irradiated X-ray
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Fig. 6. (Color online) TSL glow curves of all the specimens after X-ray irradiation.

range of 300—490 °C, no significant differences in the glow curve shape were observed among
the specimens with different Eu concentrations. As one of the reasons for the high luminescence
intensity in the TSL glow curve, it is considered that the total number of trapped electrons or
holes in the specimens was large. In this case, the stability of Eu?>" depends on the probability
that Eu®" captures an electron and then captures a hole. Therefore, the higher the number of
holes captured, the greater the stability of Eu?". In other words, RPL is most likely to occur in
the 0.1% Eu-doped specimen, which contains the most trapping centers, and least likely to occur
in the 3.0% Eu-doped specimen.

4. Conclusions

K(Eu,Ca;_)PO, (x = 0.001, 0.003, 0.01, and 0.03) ceramics were synthesized by the
conventional solid-state reaction. Peaks of KCaPO, and f-KCaPO, were found to coexist in the
XRD patterns of all the Eu-doped specimens. The PL spectrum of each specimen showed only
characteristic emissions attributed to the 4/-4f transition of Eu’', whereas additional broad
emission attributed to the 5d-4f transition of Eu®' appeared after X-ray irradiation. RPL
emission was pronounced in the 0.1% Eu-doped specimen and decreased with increasing Eu
concentration. From the analysis of the TSL glow curves, it was found that the number of RPL-
producing centers was correlated with the number of hole-trapping centers in the specimen.
Elucidation of the mechanism in more detail will require analysis of, for example, the
coordination structure.
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