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 In this study, we synthesized 0.1, 0.5, and 1% Dy-doped Sr3Gd(PO4)3 single crystals using a 
floating zone furnace to evaluate their thermally stimulated luminescence (TSL) properties. In 
the	TSL	glow	curve,	 two	glow	peaks	 appeared	 at	 around	80	 and	110	℃	 in	 all	 the	Dy-doped	
samples. In TSL spectra, all the Dy-doped samples showed emission peaks at 480, 580, 670, and 
760 nm. The emission peaks were typical for the 4f–4f transitions of Dy3+ ions. After exposure 
to 1 Gy of X-ray radiation, the 0.5% Dy-doped sample demonstrated a spatial resolution of 
56.2	μm.

1. Introduction

 Storage-type phosphors, such as dosimetric materials, have the capability to temporarily 
store absorbed radiation energy. Owing to this capability, they are used in imaging plates and 
personal and environmental dosimetry.(1–4) When exposed to radiation, dosimetric materials 
generate numerous electron-hole pairs. Some of them are stored in trapping centers and can later 
be re-excited by external stimulation. Once re-excited, they move to luminescent centers and 
recombine to emit photons.(5) The type of stimulus determines the luminescence process: 
thermally stimulated luminescence (TSL) and optically stimulated luminescence (OSL).(2,6–8) 
High luminescence intensity, low fading, and excellent thermal and chemical stabilities are key 
characteristics required for dosimetric materials. However, no dosimetric materials perfectly 
satisfy all the required characteristics. Thus, the development of new dosimetric materials is 
necessary.
 Sr3Gd(PO4)3 (SGPO) belongs to the group of disordered crystal materials known as 
M3RE(PO4)3 (M: Sr or Ba element; RE: rare-earth elements). The materials have special qualities 
such as high mechanical and chemical stabilities, good optical quality, mild conductivity, and 
ease of obtaining large single crystals for mass manufacturing.(9–14) Rare-earth-doped SGPO has 
gained attention lately because of its possible use as a phosphor. According to the results of 
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experiments, SGPO shows good performance as a phosphor in laser and white LED 
applications.(15,16) Therefore, SGPO would be a suitable candidate for dosimetric materials. 
 Over the past few decades, a variety of dosimetric materials in many material forms have 
been investigated, such as powders, ceramics, glasses, and single crystals.(2,7,8,17–22) In general, 
single crystals are more transparent than ceramics. Therefore, photons are emitted from both the 
inner and outer surfaces of single crystals, and single crystals can exhibit a high luminescence 
intensity. As far as we know, ours is the only study on the TSL properties of SGPO single 
crystals. In our previous paper, nondoped and Tb-doped SGPO single crystals were synthesized, 
and their TSL properties were assessed.(23) Following this previous work, in this study, using the 
floating zone (FZ) method, SGPO single crystals doped with 0.1, 0.5, and 1% Dy were fabricated. 
Since Dy3+ ions are widely used in commercial TSL dosimeters, such as CaF2,(24,25) Dy-doped 
SGPO single crystals could be a candidate for a novel dosimetric material.

2. Materials and Methods

 Different concentrations of Dy (0.1, 0.5, and 1% in relation to Gd) were doped to the host 
material. SrCO3 (99.99%, Wako Pure Chemical), NH4H2PO4 (99.99%, SIGMA-ALDRICH), 
Dy2O3 (99.99%, Furuuchi Chemical), and Gd2O3 (99.99%, Furuuchi Chemical) were used as raw 
powders. The synthesis method was the same as that for Tb-doped SGPO, and the FZ furnace 
(Crystal Systems Corporation, FZ-T-12000-X-VPO-PC-YH) was used.(26) As the growth 
conditions, a pull-down rate of 10 mm/h and a rotation rate of 20 rpm were used. 
 After the fabrication, some of the prepared single crystals were polished using a polishing 
device (Buehler, MetaServ 250). The polished single crystals were used to evaluate TSL 
properties. The single crystals that were unpolished were used for powder X-ray diffraction 
(XRD) measurements using an X-ray diffractometer (Rigaku, MiniFlex600). 
 The samples were exposed to X-rays from an X-ray generator (Spellman, XRB80N100/CB) 
prior to measurements of TSL glow curves and spectra, and X-ray imaging. The samples were 
heated using a temperature controller/power supply (Sakaguchi E.H Voc, SCR-SHQ-A), and the 
TSL signals were detected with a Si CCD-based spectrometer (Ocean Optics, QE Pro).(27) Each 
sample	was	heated	to	400	℃	at	a	rate	of	1	℃/s	to	obtain	TSL	glow	curves	and	spectra.	For	the	
fading property, the TSL glow curves were measured after keeping the sample for 24 h at room 
temperature.
 The 0.5% Dy-doped sample was exposed to 1 Gy of X-rays through a Pb-based square test 
chart (DIAGNOMATIC, Pro-res RF BarType7) using the X-ray source to evaluate spatial 
resolution.	After	heating	 the	0.5%	Dy-doped	sample	 to	200	℃	using	a	ceramic	hot	plate	 (As	
One, CHO-170AF), a CCD camera (Bitran Corp, BK-54DUV) was used to measure the spatial 
distribution of TSL. Additionally, the spatial resolution of commercial Eu-doped CsBr (Konica 
Minolta) was evaluated as a reference for comparison with 0.5% Dy-doped sample. A radiation 
dose of 1 Gy was delivered to the Eu-doped CsBr utilizing the X-ray generator and the test chart. 
Following the X-ray exposure, the Eu-doped CsBr was stimulated with 690 nm light using a 
xenon lamp (Asahi Spectra, LAX-C100), and OSL was recorded using the CCD camera. 
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3. Results and Discussion

 The appearances and XRD patterns of the Dy-doped samples and the reference data (JCPDS 
29-1301) are shown in Fig. 1. The thickness of all Dy-doped samples was approximately 1 mm. 
Under room light, all samples appeared visibly transparent and colorless. The XRD patterns of 
the prepared crystals matched the reference data, confirming that all the prepared crystals were 
single-phase SGPO. The ionic radii for Sr2+, Gd3+, and Dy3+ are 1.31, 0.97, and 0.92 Å, 
respectively.(15,28,29) Given these values, Dy3+ would likely replace Gd3+ sites owing to their 
similar ionic radii and valence. Additionally, no discernible peak shift would be observed within 
the detection limit of this study owing to the similar ionic radii of Dy3+ and Gd3+.
 Figure 2 depicts the TSL glow curves of Dy-doped samples after the X-ray irradiation of 1 
Gy and the 0.5% Dy-doped sample after the X-ray irradiation of 1 Gy after keeping the sample 
for 24 h under room temperature. The inset shows the curve for the nondoped sample after the 
X-ray irradiation of 1 Gy. The emission intensity of the samples was corrected by their mass. All 
the	Dy-doped	samples	exhibited	two	glow	peaks	at	80	and	110	℃.	In	contrast,	a	single	peak	was	
observed	at	70	℃	in	the	nondoped	sample	in	our	previous	investigation.(23) This result suggests 
that Dy doping creates new trapping centers with different energy levels. The 1% Dy-doped 
sample showed the maximum TSL intensity among the present samples. The TSL intensity 
typically depends on three factors: (i) the number of carriers trapped in trapping centers, (ii) the 
possibility of carriers being released from trapping centers through external thermal stimulation, 
and (iii) the emission efficiency resulting from the recombination of carriers (QY). Therefore, 
although the 5% Dy-doped sample had a higher PL QY than the 1% Dy-doped sample, the 1% 
Dy-doped sample exhibited a higher TSL intensity than the 5% Dy-doped sample because Dy 
doping likely caused a decrease in (i) and/or (ii). On the basis of the fading property, the TSL 
intensity of the 0.5% Dy-doped sample decreased to 55% for the first 24 h. The fading rate of 
this sample was significantly higher than those of some commercial dosimeters.(30) Therefore, 
the Dy-doped samples require improvement of the fading property of TSL.

Fig. 1. (Color online) XRD patterns of Dy-doped 
samples (inset) and reference data (JCPDS 29-1301).

Fig. 2. (Color online) TSL glow curves of undoped 
(inset) and Dy-doped samples. 
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 Since the TSL glow curves are not resolved by wavelengths, it is impossible to identify 
emission centers from them. Wavelength-resolved TSL measurements are required to determine 
emission centers of TSL. Figure 3 displays the TSL spectra of the Dy-doped samples following 1 
Gy	X-ray	irradiation.	For	the	measurements,	all	the	Dy-doped	samples	were	heated	to	80	℃.	The	
emission peaks were observed at 315–760 nm in the Dy-doped samples. The TSL peaks at 315 
and 480–620 nm could result from the 4f–4f transitions of Gd3+ and Dy3+, respectively.(31–35) A 
comparison of all the Dy-doped samples showed that the intensity ratio of the emission of Gd3+ 
to that of Dy3+ changes with the increase in Dy concentration. The reason considered is that as 
the Dy concentration increased, the probability of energy transfer from Gd to Dy increased.(36) 

Figure 4 shows the TSL intensity profile perpendicular to the line pattern (6.30 and 8.90 LP/mm) 
along with the X-ray image of the 0.5% Dy-doped sample. X-ray images were obtained 
immediately after the X-ray irradiation of 1 Gy. Five peaks were observed in the intensity profile 
at the 6.30 and 8.90 LP/mm sections. However, no peaks were detected in the intensity profile at 
sections with spatial resolution higher than 8.90 LP/mm. Therefore, it was concluded that the 
0.5% Dy-doped sample had a spatial resolution of 8.90 LP/mm. The five peaks of 8.90 LP/mm 
sections appeared a little noisy. The reason would be cracks in the sample. The inset of Fig. 4 
shows the OSL intensity profile perpendicular to the line pattern (1.25 and 1.80 LP/mm) along 
with the X-ray image of Eu-doped CsBr. In the intensity profile at the 1.25 and 1.80 LP/mm 
sections, five peaks were observed. However, no peaks were detected in sections with spatial 
resolutions higher than 1.80 LP/mm. The results suggest that the Eu-doped CsBr had a 1.80 LP/
mm spatial resolution. The line widths on each X-ray test chart were 1.25, 1.80, 6.30, and 8.90 
LP/mm	(400,	278,	79.4,	and	56.2	μm,	respectively).	A	comparison	between	the	Eu-doped	CsBr	
and the 0.5% Dy-doped sample confirmed that the 0.5% Dy-doped sample exhibited a superior 
spatial resolution when evaluated using commercially available machines. The reason why Dy-
doped samples exhibited high spatial resolutions is that the single crystals allowed luminescence 
to be observed from deep within the samples, which positively contributed to the emission 
intensity. 

Fig. 3. (Color online) TSL spectra of Dy-doped 
samples after 1 Gy X-ray exposure.

Fig. 4. (Color online) X-ray images and intensity 
profiles	 perpendicular	 to	 line	 patterns	 of	 0.5%	 Dy-
doped sample and Eu-doped CsBr.
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4. Conclusions

 The FZ method was used to grow Dy-doped SGPO single crystals. As indicated by powder 
XRD patterns, all the prepared samples were single-phase SGPO. The emission peaks at 480–
760 nm attributed to Dy3+ 4f–4f transitions were observed in TSL spectra. All the samples 
displayed	 TSL	 glow	 peaks	 at	 80	 and	 110	 ℃.	 Furthermore,	 the	 0.5%	 Dy-doped	 sample	
demonstrated	a	56.2	μm	spatial	resolution	when	exposed	to	1	Gy	of	X-ray	radiation.	
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