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	 Nd-doped LuVO4 single crystals were synthesized by the floating zone method and their 
optical properties including scintillation were evaluated. The synthesized Nd-doped LuVO4 
samples had a LuVO4 single phase. The 1.0% Nd-doped LuVO4 had the highest 
photoluminescence (PL) quantum yield (87%) of all the samples in the NIR range. The Nd-
doped LuVO4 samples showed scintillation peaks around 900, 1060, and 1320 nm due to the 
electronic transition of Nd3+. Moreover, there was a strong correlation between the scintillation 
signal intensity and the X-ray exposure dose rate in the wavelength  range from 900 to 1600 nm, 
and all the samples showed good linearity with a dynamic range from 0.006 to 60 Gy/h.

1.	 Introduction

	 A scintillator is a fluorescent material that converts the absorbed energy of radiation into a 
large number of UV–NIR photons.(1) The range of applications of scintillators is very wide, 
including the fields of medicine,(2) high-energy physics,(3) environmental monitoring,(4) and 
security.(5) Although scintillators require various characteristics depending on the application, 
for example, high light yield, fast decay time, high atomic number, and chemical stability,(6,7) no 
perfect scintillators that satisfy all these requirements have been found. Thus, appropriate 
scintillators are selected according to the purpose, and various types of scintillators have been 
developed, such as liquid,(8,9) plastic,(10,11) inorganic/organic,(12,13) glass,(14,15) ceramic,(16,17) and 
single-crystal scintillators.(18,19)

	 Recently, scintillators emitting NIR photons have attracted considerable interest because of 
their unique properties. For example, since the optical transmission window of biological tissues 
of 700–1200 nm allows deeper light penetration, lower autofluorescence, and reduced light 
scattering,(20–23) NIR photons are more suitable for biomedical applications. Possible biomedical 
applications are real-time monitoring of the irradiation field during radiation therapies and their 
combined use with photoimmunotherapy. In such applications, a very small scintillator emitting 
NIR photons is expected to be embedded in a patients body.
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	 Moreover, scintillators emitting NIR photons are expected to be an effective tool for high-
dose monitoring. In high-dose environments, Cherenkov photons often appear and overlap with 
the scintillation signal, which is in the UV–blue range.(24,25) However, scintillators emitting NIR 
photons can be used because NIR photons are easily separated from Cherenkov photons.
	 Although scintillators emitting NIR photons have advantages over those emitting UV–VIS 
photons, there have been few studies of NIR-emitting scintillators. This is because conventional 
photodetectors are sensitive to UV and visible photons. Thus, studies have generally been on 
scintillators emitting UV or visible photons, and there remains much room for the study of 
scintillators emitting NIR photons.
	 Recently, our group has overcome this issue by using InGaAs-based photodetectors sensitive 
to wavelengths in the NIR range; thus, we have been studying NIR-emitting scintillators.(26–33) 
In particular, vanadate crystals tend to exhibit high scintillation efficiency in the NIR range. In 
this study, we prepared Nd-doped LuVO4 single crystals by the floating zone (FZ) method and 
evaluated their photoluminescence (PL) and X-ray-induced scintillation properties. The effective 
atomic number Zeff of LuVO4 is 62.3, comparable to that of conventional scintillators such as 
GSO(34) and LuAG.(35) Moreover, LuVO4 is a well-known phosphor and laser material,(36,37) and 
the scintillation properties of non-doped LuVO4 have already been studied.(38) However, to our 
knowledge, Nd-doped LuVO4 has not been evaluated as an NIR scintillator.

2.	 Materials and Methods

	 Nd-doped LuVO4 single crystals were synthesized as follows. Powders of Lu2O3 (5N, Nippon 
Yttrium), V2O5 (4N, High Purity Chemical), and Nd2O3 (4N, Rare Metallic) were mixed in a 
stoichiometric ratio. Here, the Nd concentrations were 0, 0.1, 0.3, 1.0, 3.0, and 10%, where Nd3+ 
replaced Lu3+. The mixture was calcined at 800 °C for 12 h in air and the calcined mixture was 
ground for the preparation of ceramic rods. A rubber tube was filled with the ground powder 
using an infundibulum, then the tube was shaped into a rod by hydrostatic pressure. The pressed 
rod was sintered at 1100 °C for 8 h in air. The obtained rod was grown into a single crystal by the 
FZ method using a process described in previous studies.(39,40) Powder X-ray crystallography of 
the sample was performed using an X-ray diffractometer (Miniflex 600, Rigaku) in the 2θ range 
of 5–90°.
	 To investigate the optical properties of the single crystals, we evaluated the diffuse 
transmittance spectra using a UV–VIS–NIR spectrophotometer (SolidSpec-3700, SHIMADZU) 
in the spectral range from 200 to 900 nm with 1 nm steps. The PL excitation/emission contour 
spectrum (PL map) and PL quantum yield (QY) were evaluated using a Quantaurus-QYplus 
spectrometer (C13534, Hamamatsu). The excitation and emission wavelength ranges for the PL 
map were 250–800 and 300–1600 nm, respectively. PL decay time profiles were obtained using 
a Quantaurus-τ spectrometer (C11367, Hamamatsu), where the excitation and monitoring 
wavelengths were 575–625 nm and 810 nm, respectively.
	 Scintillation spectra were measured with an X-ray generator (XRB80N100/CB, Spellman) 
and spectrometers (Andor DU-420-BU2 CCD and Andor DU492A CCD with spectral 
sensitivities of 200–700 nm and 700–1600 nm, respectively). The setup of this measurement 
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system was reported previously.(41,42) Scintillation decay time profiles were measured with an 
LED, an X-ray tube (N-5084), and a photomultiplier tube (PMT) (Hamamatsu, H7421-50). The 
setups of these measurements were reported in a previous study.(43) In addition, to determine the 
detector properties of the Nd-doped LuVO4 samples, the relationship between the scintillation 
signal intensity and X-ray exposure dose rate was measured by applying our original setup.(26,27) 
The samples were broken into pieces and used for this measurement. The size of each sample 
was about 5 × 5 × 3 mm3. The prepared samples were covered with sealing tape to detect the 
scintillation light effectively and were fixed to an optical fiber using black tape.

3.	 Results and Discussion

	 The obtained crystal samples had 4 mm diameter and 15 mm length, and the samples were 
broken into pieces for each measurement. A photograph of the samples is shown in Fig. 1. The 
1.0, 3.0, and 10% Nd-doped LuVO4 samples were purple, which is considered to be due to the 
presence of Nd3+. 
	 The powder XRD patterns of all the samples and LuVO4 as reference data (Powder 
Diffraction File #9013518) are shown in Fig. 2(a), and enlarged diffraction patterns from 24.5 to 

Fig. 1.	 (Color online) Photograph of the samples.

Fig. 2.	 (Color online) (a) Powder XRD patterns of LuVO4 samples and (b) enlarged figure in the range from 24.5 to 
26.5°.
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26.5º are shown in Fig. 2(b). The diffraction patterns of all the samples were coincident with the 
reference data, and the crystal structure of the samples was confirmed to be the zircon-type 
structure, which belongs to the I41/amd space group of a tetragonal crystal system. As shown in 
Fig. 2(b), the diffraction peaks shifted to smaller angles with increasing Nd/Lu ratio. The ionic 
radius of Nd is 1.109 Å and that of Lu is 0.977 Å. Our result is consistent with the fact that when 
the lattice constant decreases, the diffraction peaks shift to smaller angles.
	 Figure 3 shows the diffuse transmittance spectra of all the samples in the wavelength range of 
200–850 nm. The transmittance of all the samples was 20–70% for wavelengths longer than 
about 350 nm. The Nd-doped samples showed absorption peaks due to the 4f-4f transition of 
Nd3+.
	 Figure 4 shows PL maps of the (a) non-doped sample and (b) 0.1% Nd-doped sample. The 
other Nd-doped samples also exhibited the same emission features. The PL map of the non-
doped sample showed emission around 400–600 nm due to the transition from triplet states of 
VO4

3−.(44,45) As shown in Fig. 4(b), emissions around 900, 1060, and 1320 nm due to the 4f-4f 
transitions of Nd3+ were observed.(46–48) The QY values of Nd-doped LuVO4 were calculated 
from 800 to 1500 nm and the selected excitation wavelength was 590 nm. The QY values of the 
0.1, 0.3, 1.0, 3.0, and 10% Nd-doped samples were 80.3, 86.3, 87.0, 53.1, and 20.5%, respectively; 
the QY values of the 0.3 and 1.0% Nd-doped samples were higher than those of the other Nd-
doped samples.
	 The PL decay time profiles of the Nd-doped LuVO4 samples were measured from the 
obtained PL map, and the result is shown in Fig. 5. Here, the excitation and monitoring 
wavelengths were 575–625 nm and 800 nm, respectively. Each obtained PL decay curve 
indicated the simple exponential decay of a single component. The PL decay time constants of 
the 0.1–10% Nd-doped samples were 11.5–88.5 μs, which are typical values for emission from 
4f–4f transitions of Nd3+ and agree with the values reported in past studies.(49,50) On the other 
hand, the 3.0 and 10% Nd-doped samples have very short decay time constants. This finding 
suggests that these samples suffered from concentration quenching.

Fig. 3.	 (Color online) Diffuse transmittance spectra of all the samples.
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	 Figure 6 shows X-ray-induced scintillation spectra of the samples measured in the (a) UV–
VIS and (b) NIR ranges. In the UV–VIS range, the non-doped, 0.1%, and 0.3% Nd-doped 
samples showed emission around 400–500 nm due to the transition from triplet states of VO4

3−. 
The spectra of the 0.1 and 0.3% Nd-doped samples showed absorption bands about 520 and 

Fig. 4.	 (Color online) PL maps of (a) non-doped LuVO4 sample and (b) 0.1% Nd-doped LuVO4 as a representative 
Nd-doped sample. The vertical and horizontal axes show the excitation wavelength and emission wavelength, 
respectively. 

Fig. 5.	 (Color online) PL decay curves of Nd-doped LuVO4 samples.

(a)

(b)
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600 nm, corresponding to the observed diffuse transmittance of the samples. In the NIR range, 
all the Nd-doped samples exhibited emissions due to the electronic transitions of Nd3+ 
4F3/2→4I9/2 (910 nm), 4F3/2→4I11/2 (1060 nm), and 4F3/2→4I3/2 (1320 nm).(51,52) Moreover, the Nd-
doped samples did not exhibit emission due to the 4f-4f transition of Nd3+ in the UV–VIS range. 
For example, in a past study, it was reported that Nd-doped GdVO4 exhibits energy transfer from 
VO4

3− ions to the 4F3/2 level.(53) The radiative transitions from the 4F3/2 levels to the 4I9/2, 4I11/2, 
and 4I13/2 energy levels of Nd3+ ions generate the 900, 1060, and 1320 nm NIR emissions, 
respectively. Since LuVO4 is similar to GdVO4, the Nd-doped LuVO4 samples are expected to 
emit light in the NIR range with high efficiency.
	 Figure 7 shows X-ray-induced scintillation decay time profiles of the Nd-doped LuVO4 
samples. The decay curves of all the Nd-doped samples were approximated as a sum of two 
exponential decay functions, and the faster decay components were considered to correspond to 
the tail of the instrumental response (1.3–5.9 μs) in this time range. The slower decay components 

Fig. 6.	 (Color online) Scintillation spectra of all the LuVO4 samples in (a) UV–VIS and (b) NIR ranges.

Fig. 7.	 (Color online) Scintillation decay curve of Nd-doped LuVO4 samples.

(a) (b)
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were considered to be due to the 4f–4f transitions of Nd3+ because they were typical values for 
the 4f-4f transitions of Nd3+ reported in past studies.(27,54) The slower components of the 3.0 and 
10% Nd-doped samples were shorter than those of the other Nd-doped samples, similarly to in 
the PL decay time profiles.
	 To determine the dosimetric detector properties of the samples, we evaluated the correlation 
between the scintillation signal intensity and the exposure dose rate of X-rays, and the obtained 
results are shown in Fig. 8. Here, the scintillation wavelength was 900 to 1700 nm and the dose 
rate range was from 0.006 to 60 Gy/h. All the Nd-doped samples indicated high sensitivity in the 
dynamic range from 0.006 to 60 Gy/h. This result is comparable to those of Nd-doped GdVO4, 
which had the highest sensitivity to low dose rates among the past studies.

4.	 Conclusion

	 We prepared Nd-doped LuVO4 single crystals. All the Nd-doped samples showed emissions 
around 900, 1060, and 1320 nm according to the PL map and X-ray-induced scintillation spectra 
owing to the 4f–4f transitions of Nd3+ ions. The PL decay times of the Nd-doped samples were 
11.5–88.5 μs and the scintillation decay times of the Nd-doped samples were 9.1–79.1 μs. The 
relationship between the scintillation signal intensity and the exposure dose rate of X-rays was 
estimated from 0.006 to 60 Gy/h in the NIR range, and all the Nd-doped samples exhibited good 
linearity from 0.006 to 60 Gy/h.
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