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	 Scintillators emitting near-infrared (NIR) photons have unique characteristics and have been 
attracting attention recently.  For example, scintillators emitting NIR photons are expected to be 
effective tools for radiation dose monitoring in high-dose environments.  In this study, YAlO3 
samples doped with various rare-earth ions (Er3+, Ho3+, Pr3+, and Tm3+) were synthesized by 
the floating zone method and their scintillation properties from the UV to NIR range were 
evaluated.  Regarding their scintillation detection property, the Er3+-doped sample indicated an 
approximately linear proportional relationship from 1 mGy to 10 Gy.

1.	 Introduction

	 Inorganic scintillators are fluorescent materials that rapidly convert ionizing radiation to 
several thousands of low-energy photons.(1)  They have been used widely in various fields such 
as medical imaging,(2) security,(3) environmental monitoring,(4) and high-energy physics.(5)  
Most of the recently developed inorganic scintillators consist of a host material and an emission 
center.  The host material affects the absorption of ionizing radiation, and the emission center 
emits scintillation photons.  Generally, rare-earth (RE) ions with a bright emission due to 5d–4f 
transitions are selected as an emission center in inorganic scintillators.(6–10)  On the other hand, 
RE ions with an emission due to 4f–4f transitions have also been studied(11,12) for phosphor 
applications.  For example, Nd3+ and Yb3+ are commonly used in a near-infrared (NIR) laser 
material.(13–15)  In recent years, scintillators emitting NIR photons have attracted considerable 
attention because of their unique characteristics.  NIR photons have a high penetration power 
into the human body without fatal damage.(16,17)  Since the optical window is from 700 to 
1200 nm for the human body, NIR-emitting scintillators can be used for radiation-based 
bioimaging applications.(18)  Furthermore, scintillators emitting NIR photons are expected to 
be effective tools for radiation dose monitoring in high-dose environments.  In general, high-
dose environments such as a nuclear reactor generate Cherenkov radiation, which has very high 
intensity and is observed in the UV–blue range.  If scintillator materials emitting UV–blue light 



1374	 Sensors and Materials, Vol. 32, No. 4 (2020)

are used in high-dose environments, the Cherenkov radiation overlaps with scintillation signals 
and causes incorrect radiation measurements.  In such cases, NIR-emitting scintillators work 
advantageously because NIR signals are easily distinguished from the Cherenkov noise.(19)

	 Recently, we have studied scintillators emitting NIR photons (600–1650 nm) such as 
f luorides,(19) sesquioxides,(20) oxide garnets,(21) and oxide perovskites.(22,23)  For these 
scintillators, Nd3+ and Yb3+ are used as NIR emission centers.  On the other hand, some RE 
ions, other than Nd3+ and Yb3+, show luminescence in the NIR range.(24,25)  Above all, Er3+, 
Ho3+, Pr3+, and Tm3+ show luminescence in the 700–1200 nm range, which corresponds to 
the optical window of the human body.  In this work, YAlO3 samples doped with 1% each of 
Er3+, Ho3+, Pr3+, and Tm3+ were synthesized and evaluated for their photoluminescence (PL) 
and scintillation properties.  To the best of our knowledge, there have been no studies on NIR 
scintillation properties of YAlO3 samples doped with 1% each of Er3+, Ho3+, Pr3+, and Tm3+.

2.	 Materials and Methods

	 YAlO3 samples doped with 1% each of Er3+, Ho3+, Pr3+, and Tm3+ were synthesized by the 
optical floating zone (FZ) method.(26,27)  The concentrations of REs added were with respect 
to that of Y.  The raw material powders used were Y2O3, Al2O3, Er2O3, Ho2O3, Pr2O3, and 
Tm2O3.  They were mixed to the compositions shown above.  After mixing, the powders were 
formed into rods by applying hydrostatic pressure.  After the shaping process, the rods of all 
the compositions were sintered at 1200 °C for 8 h in air to obtain ceramic rods.  The FZ furnace 
used in this study was FZD0192, Canon Machinery.  During crystal growth, the rotation rate 
was 20 rpm, and the pull-down rate was modulated within the range of 2.5–5.0 mm/h in order 
to stabilize the molten zone.
	 The PL excitation/emission contour spectrum (PL map) and PL quantum yield (QY) 
were measured using a Quantaurus-QY (C11347, Hamamatsu).  The excitation and emission 
wavelengths ranges for the PL map were 250-800 and 300–950 nm, respectively.  The 
measurement interval for excitation wavelengths was 10 nm.  The absolute QY was calculated 
as QY = Nemit/Nabsorb, where Nemit and Nabsorb are the numbers of emitted and absorbed 
photons, respectively.  PL decay time profiles were evaluated using a Quantaurus-τ (C11367, 
Hamamatsu), and the excitation and monitoring wavelengths were selected on the basis of the 
obtained PL map.
	 As a scintillation property, X-ray-induced scintillation spectra were measured by applying 
our original setup.(9)  The excitation source was an X-ray generator (XRB80N100/CB, 
Spellman) equipped with a conventional X-ray tube having a W anode target and a Be window, 
supplied with a bias voltage of 60 kV and a tube current of 1.0 mA.  The emission spectra were 
measured using the following two different spectrometers to cover a wide spectral range from 
UV to NIR: Andor DU-420-BU2 for 180–700 nm and Andor DU492A for 650–1650 nm.  These 
CCD-based detectors were coupled with a monochromator, Shamrock 163.  Each spectrometer 
was placed off the irradiation axis, and the scintillation light was guided into the spectrometer 
through a 2 m optical fiber to prevent the direct exposure of the CCD to X-rays.  In addition, as 
a detector property, we measured the relationship between the integrated scintillation intensity 
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and the X-ray exposure doses in the NIR wavelength range from 1 mGy to 10 Gy by controlling 
the tube current and irradiation time.  Moreover, scintillation decay time profiles were measured 
using an afterglow characterization system equipped with a pulse X-ray tube.(28)  The system 
enabled us to perform measurements by time-correlated single-photon counting (TCSPC).  The 
PMT used in this measurement covered the spectral range from 400 to 900 nm.  The voltage 
applied to the pulse X-ray source was 30 kV, and the system offered a timing resolution of ~1 ns 
in the shortest time range.  For both the PL and scintillation decay time profiles, the decay time 
constant was deduced by least squares fitting with an exponential decay function.

3.	 Results and Discussion

	 The typical dimensions of as-synthesized rods were 4 mm in diameter and 15–20 mm 
in length.  For characterization, the grown crystal rods were cut into small pieces.  Figure 1 
shows a photograph of the synthesized YAlO3 samples doped with 1% REs.  All samples look 
translucent with many small cracks.  Moreover, the 1% Ho3+-doped sample looks white, the 1% 
Pr3+-doped sample looks green, and the 1% Er3+- and Tm3+-doped samples look colorless.
	 Figure 2 shows powder X-ray diffraction (XRD) patterns of YAlO3 samples doped with 1% 
REs.  The XRD pattern of YAlO3 (JCPDS #87-1290) is also shown for comparison.  All the 
samples seem to have a perovskite single phase, which belongs to the Pm3m space group of a 
cubic crystal system.
	 The PL maps of all the samples are shown in Fig. 3.  The strong emissions of the 1% Er3+-
doped sample were observed at around 550 nm (4S3/2→4I15/2 ) and 850 nm (4S3/2→4I13/2).(29,30)  
The 1% Ho3+-doped sample showed strong emissions of around 550 nm (5F4,5S2→5I8) and 
750 nm (5S2→5I7).(29,31)  The 1% Pr3+-doped sample showed the strong emissions of around 
500 nm (3P0→3H4), 610 nm (1D2→3H4), and 750 nm (3P0→3F4).(32,33)  The 1% Tm3+-doped 
sample indicated strong emissions of around 450 nm (1D2→3F4) and 800 nm (3H4→3H6).(34,35)  

Fig. 1.	 (Color online) Photograph of YAlO3 samples 
doped with 1% REs.

Fig. 2.	 (Color online) Powder XRD patterns of 
synthesized YAlO3 samples doped with 1% REs.
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Here, QY values of all the samples were calculated by the integration of signal intensity in the 
range from 200 to 700 nm and 700 to 950 nm in order to divide the UV–VIS emission from the 
NIR emission, and the obtained results are summarized in Table 1.  Among all the samples, the 
1% Pr3+-doped sample showed the highest QY in the UV–VIS range, and the 1% Tm3+-doped 
sample showed the highest QY in the NIR range.
	 Figure 4 shows the PL decay curves of all the samples.  Here, the monitoring wavelengths 
were around 840 nm (Er3+), 760 nm (Ho3+), 720 nm (Pr3+), and 800 nm (Tm3+), and the 
excitation wavelengths were 460–510 nm.  The obtained curves of all the samples was 
approximated by a single exponential decay function.  For all the samples, the PL decay time 
constants of 4f–4f transitions of Er3+, Ho3+, Pr3+, and Tm3+ were 108, 33, 15, and 432 μs, 
respectively.  These decay times agreed with those previously reported.(32,36–38) 
	 Figure 5 shows X-ray-induced scintillation spectra measured in the (a) UV–VIS and (b) NIR 
ranges.  All the samples showed emission lines due to the 4f–4f transitions of RE ions.  The 
observed dominant emissions by the RE ions were as follows: emissions by Er3+ were identified 
as the electronic transitions of 2H9/2→4I15/2 (400 nm), 4F5/2→4I15/2 (470 nm), 4S3/2→4I15/2 
(550 nm), 4S3/2→4I13/2 (830 nm), 4I11/2→4I15/2 (1000 nm), and 4I13/2→4I15/2 (1550 nm);(39,40) 

Table 1
QY values of YAlO3 samples doped with 1% RE in the ranges of (a) 200–700 and (b) 700–950 nm.
Sample QY (Em. 200–700 nm) QY (Em. 700–950 nm)
YAlO3:Er3+ 13.8 % 6.6%
YAlO3:Ho3+ 6.3% 3.8%
YAlO3:Pr3+ 20.3% 8.4%
YAlO3:Tm3+ 13.9% 22.1%

Fig. 3.	 (Color online) PL maps of synthesized YAlO3 samples doped with 1.0% (a) Er3+, (b) Ho3+, (c) Pr3+, and (d) 
Tm3+. The horizontal and vertical axes show emission and excitation wavelengths, respectively.
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emissions by Ho3+ were identified as the electronic transitions of 3D3→5I6 (410 nm), 5F4,5S2→5I8 
(550 nm), 5S2→5I7 (780 nm), 5F5→5I7 (1010 nm), and 5I6→5I8 (1200 nm);(24,31) emissions by 
Pr3+ were identified as the electronic transitions of 3P0→3H4 (500 nm), 3P0→3H6 (610 nm), 
3P0→3F4 (780 nm), 3P0→1G4 (960 nm), and 1D2→1G4 (1500 nm);(24,32,41)  emissions by Tm3+ 
were identified as the electronic transitions of 1D2→3H6 (350 nm), 1D2→3F4 (460 nm), 3H4→3H6 
(800 nm), and 3H4→3F4 (1400 nm).(34,42)  Furthermore, the 1% Pr3+-doped sample showed other 
emissions from 1000 to 1300 nm.  These emissions could not be identified as the Pr3+ 4f–4f 
transitions.  Here, we considered that these emissions were diffraction light from 500 to 650 nm.
	 As a detector property, the relationship between the integration value from 640 to 1620 nm 
and the X-ray exposure dose was evaluated as shown in Fig. 6.  The obtained dynamic ranges 
of Er3+-, Tm3+-, and Ho3+-doped samples were 1–10000, 10–10000, and 10–10000 mGy, 
respectively.  
	 Figure 7 shows X-ray-induced scintillation decay time profiles.  The decay curves of the 1% 
Ho3+-doped sample were approximated by a single exponential decay function, and the decay 

Fig. 5.	 (Color online) X-ray-induced scintillation spectra of YAlO3 samples doped with REs in the (a) UV-VIS and (b) 
NIR ranges.

Fig. 4.	 (Color online) PL decay curves of synthesized YAlO3 samples doped with 1% (a) Er3+, (b) Ho3+, (c) Pr3+, and (d) 
Tm3+. The excitation wavelengths were 460–510 nm.

(a) (b)
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time was found to be similar to the PL decay time.  Thus, the origin of the observed emission 
was identified as the 4f–4f transition of Ho3+.  The other decay curves of all the samples were 
approximated by the sum of two exponential decay functions.  In the 1% Er3+- and 1% Tm3+-
doped samples, the longer decay times were similar to the PL decay time.  Therefore, the 
slower-decay components were due to the 4f–4f electronic transitions of RE ions (Er3+ and 
Tm3+).  From the result of the instrumental response function, the faster-decay component of 
the 1% Er3+-doped sample was considered to be due to lattice defects, and that of the 1% Tm3+-
doped sample to be due to the instrumental response.  On the other hand, in the 1% Pr3+-doped 
sample, the faster-decay component was similar to the PL decay time component.  Thus, the 
shorter decay time of the 1% Pr3+-doped sample could be due to the 4f–4f transition of Pr3+.  
The longer decay time is considered to be caused by the emission due to lattice defects.

Fig. 7.	 (Color online) X-ray-induced scintillation decay curves of synthesized YAlO3 samples doped with 1% (a) 
Er3+, (b) Ho3+, (c) Pr3+, and (d) Tm3+.

Fig. 6.	 (Color online) Relationship between integrated value from 640 to 1620 nm and X-ray exposure dose from 
1 mGy to 10 Gy in NIR wavelength range of YAlO3 samples doped with 1% REs.
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4.	 Conclusions

	 We evaluated the PL and scintillation properties of YAlO3 samples doped with 1% REs such 
as Pr, Ho, Er, and Tm.  In the PL map, all the samples showed strong emissions due to the 4f–4f 
transitions of RE ions, and the 1% Tm3+-doped sample showed the highest QY in the NIR range.  
The PL decay curves of all the samples could be approximated by a single exponential decay 
function, and the scintillation decay curves could be approximated by one or two exponential 
decay functions.  Regarding their scintillation detection property, the 1% Er3+-doped sample 
indicated a proportional relationship from 1 to 10000 mGy.
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