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 Nd-doped GdVO4 single crystals were synthesized and their photoluminescence and 
scintillation properties were evaluated. The Nd-doped samples showed scintillation due to the 
4f–4f transitions of Nd3+ with peaks at around 900, 1060, and 1320 nm. In addition, we evaluated 
the relationship between the scintillation signal intensity and the X-ray exposure dose rate for 
dosimetric application. All the Nd-doped samples demonstrated high sensitivity with a dynamic 
range from 0.006 to 60 Gy/h.

1. Introduction

 Scintillators are functional materials that convert absorbed radiation energy into thousands of 
low-energy photons and emit UV, visible, and near-infrared (NIR) light immediately.(1) The 
range of applications of scintillators is very wide, for example, security,(2) medical imaging,(3) 
cosmic ray detection,(4) and environmental monitoring.(5) Various performances are required for 
scintillating materials such as high light yield, fast decay, high effective atomic number, low 
afterglow level, and chemical stability. However, there are no perfect materials satisfying all 
these requirements. Thus, suitable scintillators are selected according to their purpose, and many 
scintillator materials have been developed with different chemical compositions such as 
crystals,(6,7) ceramics,(8) glasses,(9,10) plastics,(11,12) and organic–inorganic compounds.(13) 
 Because scintillators are usually used in combination with photomultiplier tubes (PMTs), 
which have sensitivity in the UV-visible range, scintillators emitting UV-visible light have been 
developed. On the other hand, in recent years, scintillators emitting NIR photons have attracted 
much attention since NIR photons have unique characteristics. NIR photons (700–1500 nm) 
have a high penetration power into the human body without causing damage,(14–16) and 
scintillators emitting NIR photons are promising for use in radiation-based bioimaging 
applications.(17) Moreover, scintillators emitting NIR photons are considered to work effectively 
in a high-dose environment. In general, the combination of a scintillator and optical fiber has 
been used for monitoring high radiation doses. However, optical fibers are damaged by high 
radiation doses, resulting in strong absorption of UV and visible photons.(17) Moreover, 
Cherenkov radiation appears in the UV–blue range in a high-dose environment such as a nuclear 
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reactor.(18,19) If scintillator materials emitting UV–blue light are used in the above situation, the 
Cherenkov radiation will overlap with scintillation signals, leading to incorrect radiation 
measurements. However, scintillators emitting NIR photons would be advantageous in such a 
measurement configuration because the NIR scintillation signal can be easily separated from the 
noise generated by Cherenkov radiation  and less radiation damage will occur in the NIR range. 
Motivated by the above ideas, we have studied scintillating materials emitting NIR photons 
(700–1650 nm) including fluorides, sesquioxides, oxide garnets, and oxide perovskites.(20–23) 
 To expand the investigation on NIR-emitting scintillators, we synthesized Nd-doped GdVO4 
single crystals by the floating zone (FZ) method and evaluated their photoluminescence (PL) 
and scintillation properties in this study. Nd-doped GdVO4 single crystals were studied because 
the vanadates are well-known phosphor and laser materials,(24–27) and the scintillation properties 
of Nd-doped YVO4 have already been studied.(28) However, to our knowledge, there have been 
no studies on the NIR scintillation properties of Nd-doped GdVO4.

2. Materials and Methods

 Gd2O3 (4N), V2O5 (4N), and Nd2O3 (4N) were prepared as raw material powders to synthesize 
a series of Nd-doped GdVO4 samples. The nominal concentrations of Nd were 0.1, 0.3, 1.0, 3.0, 
and 10 mol%, and the Gd3+ site was substituted with Nd3+. A non-doped sample was also 
prepared for comparison. After mixing the powders, a cylindrical rubber balloon was filled with 
the powder mixture, and then the balloon was formed into a rod shape by hydrostatic pressure. 
To obtain a ceramic rod, the shaped rod was sintered at 1100 °C for 8 h in air. The obtained 
ceramic rod was grown into a single crystal in an FZ furnace (Canon Machinery FZD0192). 
During the growth, the rotation rate was 20 rpm and the pull-down rate was 2.5–5.0 mm/h.
 To obtain the crystal structure, powder X-ray crystallography was performed using an X-ray 
diffractometer (Miniflex 600, Rigaku). A microfocus X-ray tube was used, where the target 
material was Cu. During the measurement, the X-ray tube voltage was set to 40 kV and the 
current was 15 mA.
 A PL excitation and emission contour map (PL map) was obtained and the PL quantum yield 
(QY) was measured using a Quantaurus-QY device (C11347, Hamamatsu). The contour map 
ranges for the PL excitation and emission were 250–800 and 300–950 nm, respectively, and the 
measurement interval for the excitation wavelength was 10 nm. The PL decay time profile was 
obtained using a Quantaurus-τ device (C11367, Hamamatsu). Here, we selected 575–625 and 900 
nm as the excitation and monitoring wavelengths, respectively.
 The scintillation spectra of the single-crystal samples were obtained using an X-ray generator 
(XRB80N100/CB, Spellman) and a spectrometer (Andor DU492A, which covered the range of 
650–1650 nm). The setup of this measurement system was reported previously.(29) The 
scintillation decay time profile was obtained using an afterglow characterization system.(30) The 
PMT used in this system covered the spectral range from 400 to 900 nm. The voltage applied to 
the pulse X-ray source was 40 kV. The obtained decay time curves of both the PL and scintillation 
were approximated by least-squares fitting with an exponential decay function. 
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 To evaluate the suitability of the samples for use as detectors, the relationship between the 
scintillation signal intensity and the X-ray exposure dose rate from 0.006 to 60 Gy/h in the NIR 
range was determined using the measurement system shown in Fig. 1. The X-ray tube was 
supplied with a 40 kV bias voltage and several different tube currents (5.2, 0.52, and 0.052 mA) 
to change the X-ray exposure dose rate. The InGaAs PIN photodiode (Hamamatsu Photonics, 
G12180-250A) used in this system covered the spectral range from 950 to 1700 nm. The NIR 
photons emitted from the sample were guided to the InGaAs PIN photodiode through an optical 
fiber (Thorlabs, FP600ERT) with 5 m length and 600 μm core diameter. The PIN photodiode 
was mounted on a heat dissipator (Hamamatsu Photonics, A3179) and was cooled to 253 K using 
a temperature controller (Hamamatsu Photonics, C1103) to reduce thermal noise. The electric 
signals from the PIN photodiode were measured using an ammeter (Keysight, B2985A).

3. Results and Discussion

 After the crystal growth, crystal rods of typically 4 mm diameter and 20 mm length were 
obtained, which were broken into pieces for characterization. Figure 2 shows all the samples 
used in this study (from left to right, non-doped, 0.1, 0.3, 1.0, 3.0, and 10 mol%). The samples 
changed from colorless to purple with increasing Nd concentration.

Fig. 1. (Color online) Schematic drawing of scintillation signal measurement system.

Fig. 2. (Color online) Photograph of GdVO4 samples doped with different concentrations of Nd.
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 Figure 3 shows diffuse transmittance spectra of GdVO4 doped with different concentrations 
of Nd. The diffuse transmittance of all the samples was 30–60% for wavelengths longer than 
350 nm. and the Nd-doped samples showed some absorption lines due to 4f–4f transitions of 
Nd3+.(31) 
 Figure 4(a) shows powder X-ray diffraction (XRD) patterns of all the samples, with the 
diffraction pattern of GdVO4 (Inorganic Crystal Structure Database #015607) also shown for 
comparison. Since the diffraction patterns of all the samples were in good agreement with the 
reference pattern, we confirmed that all the samples had the zircon-type structure, which 
belongs to the I41/amd space group of a tetragonal crystal system. The enlarged diffraction 
patterns are shown in Fig. 4(b). The diffraction peaks around 25° shift to smaller angles as the 
Nd/Gd ratio increases, which is due to the increase in the lattice constant. 
 Figure 5 shows PL maps of the (a) non-doped sample and (b) 0.1 mol% Nd-doped sample. The 
other Nd-doped samples also exhibited the same emission features. The PL map of the non-

Fig. 4. (Color online) (a) Powder XRD patterns of GdVO4 crystals doped with different concentrations of Nd and 
(b) enlarged view of patterns in the range from 24 to 26°. 

Fig. 3. (Color online) Diffuse transmittance spectra of GdVO4 doped with different concentrations of Nd.
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doped sample showed emission around 400–500 nm due to the transition from triplet states of 
VO4

3-.(32,33) As shown in Fig. 4(b), strong emission was confirmed around 900 nm owing to the 
4f–4f transitions of Nd3+.(34,35) The QY values of the Nd-doped samples were calculated by 
integrating the signal intensity from 800 to 950 nm in order to focus on the NIR emission. The 
QY values of the 0.1, 0.3 1.0, 3.0, and 10 mol% Nd-doped samples were found to be 27.2, 20.9, 
23.3, 3.3, and 0.7% with typical errors of ±2%, respectively. The QY value was much lower for 
the 3.0 mol% Nd-doped sample than for the 1.0 mol% Nd-doped sample. Thus, concentration 
quenching may have arisen at a Nd concentration of around 3.0 mol%.
 PL decay curves of the Nd-doped samples are shown in Fig. 6. Here, the excitation and 
monitoring wavelengths were 575–625 and 810 nm, respectively. All the decay curves followed 
single-component simple exponential decay. For the 0.1–1.0 mol% Nd-doped samples, the PL 
decay times were around 100 μs. These decay times are typical for the 4f–4f transitions of Nd3+ 

Fig. 5. (Color online) PL maps of (a) non-doped and (b) 0.1 mol% Nd-doped samples. The horizontal and vertical 
axes indicate the emission and excitation wavelengths, respectively.

Fig. 6. (Color online) PL decay curves of Nd-doped samples. The excitation and monitoring wavelengths were 
575–625 and 810 nm, respectively.
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and agree with previously reported values.(36) In contrast, the decay times of the 3.0 and 10 
mol% Nd-doped samples were lower. This is considered to be due to concentration quenching of 
samples, and this tendency was consistent with the QY values.
 Figure 7 shows the X-ray-induced scintillation spectra of all the samples in the NIR range 
with the intensity normalized. All the Nd-doped samples exhibited three emission peaks at 
around 900, 1060, and 1320 nm. The intensity of the emission peak around 1060 nm was the 
highest, and this emission is commonly used in laser applications.(37) These emissions were due 
to the electronic transitions of Nd3+ 4F3/2→4I9/2 (900 nm), 4F3/2→4I11/2 (1060 nm), and 
4F3/2→4I13/2 (1320 nm).(32,38,39)

 The X-ray-induced scintillation decay time profiles of the Nd-doped samples are illustrated in 
Fig. 8. To determine the decay time constants, the decay curves of all the Nd-doped samples 
were approximated by the sum of two exponential decay functions. The first decay component 
was regarded to be a tail due to the instrumental response (~1.8 μs), and the second decay 
component was considered to be the signal from the sample. The decay times of the 0.1–1.0 
mol% Nd-doped samples were typical values for the 4f–4f transitions of Nd3+,(40,41) and the 3.0 
and 10 mol% Nd-doped samples had very short decay times. These tendencies were similar to 
those of the PL. For these reasons, the origin of the emission of scintillation was ascribed to the 
4f–4f transitions of Nd3+, and it was concluded that the 3.0 and 10 mol% Nd-doped samples 
suffered from concentration quenching.
 To evaluate the suitability of the samples for use as detectors, the relationship between the 
average scintillation signal intensity from 960 to 1700 nm and the X-ray exposure dose rate was 
evaluated in the dose rate range from 0.006 to 60 Gy/h. The obtained results are shown in Fig. 9. 
All the Nd-doped samples exhibited high sensitivity in the dynamic range from 0.006 to 60 
Gy/h.

Fig. 8. (Color online) X-ray-induced scintillation 
decay curves of Nd-doped samples.

Fig. 7. (Color online) X-ray induced scintillation 
properties of all samples in the NIR range. The 
intensities are normalized.
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4. Conclusions

 A series of GdVO4 single crystals doped with different concentrations of Nd were synthesized 
by the FZ method, and their PL and scintillation properties were evaluated. According to its PL 
map, the non-doped sample exhibited emission around 400–500 nm due to the transition from 
the triplet state of VO4

3−, and all Nd-doped samples showed emissions around 900 nm due to the 
4f–4f transitions of Nd3+. The PL decay curves of the Nd-doped samples could be approximated 
by a single exponential decay function. The X-ray-induced scintillation spectra of all the Nd-
doped samples exhibited emission peaks at around 900, 1060, and 1320 nm. To evaluate the 
potential of the doped single crystals for dosimetric applications, the relationship between the 
scintillation signal intensity and the X-ray exposure dose rate was evaluated from 0.006 to 60 
Gy/h in the NIR range, and the Nd-doped samples exhibited high sensitivity from 0.006 to 60 
Gy/h.
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