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Red-emitting scintillator nanoparticles based on Eu-doped Gd;Al;Ga,0,, were developed.
Nanoparticles of 100-300 nm size were successfully obtained. The photoluminescence (PL) and
X-ray-induced radioluminescence spectra had sharp peaks in the wavelength region of 590-820
nm, which are attributed to the 4f-4f transitions of Eu®* ions. The Eu concentration dependence
of the emission properties was investigated. The PL quantum yield was the highest (98.4%) for
the Eu concentration of 5% with respect to (Gd + Eu). Judged from the high PL quantum yield
and radioluminescence in the red wavelength region, the development of the red-emitting
nanoparticle scintillators was successful.

1. Introduction

Scintillators are luminescent materials that can be used for real-time radiation detection.
They are combined with photon detectors such as photomultiplier tubes or photodiodes to form
scintillation detectors. Scintillators are categorized as organic! or inorganic®> with some
exceptions being organic—inorganic hybrid compounds having a low-dimensional structure®-2)
or organic—inorganic composites.(!13 Organic scintillators have relatively low scintillation
light yields and fast decay, whereas inorganic scintillators have high scintillation light yields and
slow decay in general. Among inorganic scintillators, there are oxide-(143% and halide-
based®!3?) single crystalline scintillators. Oxide-based single crystalline scintillators have
lower scintillation light yields than halide-based ones, whereas the chemical stability of oxide
scintillators is superior to that of halide scintillators.

In addition to the applications of radiation detection, the use of scintillators in biological
bodies or cells, i.e., in vivo applications, has been expanding recently.“%*) For example, it has
been reported that the behavior of a mouse was successfully controlled by X-ray irradiation from
outside the body of the mouse.? In this study, scintillator microparticles were coupled with
photoreceptor molecules and neurons, and the scintillation from the microparticles induced by
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X-rays was used as the light source within the living body. For this application, we have
developed Ce-doped Gd;Al;Ga,0,, (GAGG) nanoparticle scintillators.*?) The developed
nanoparticles were successfully applied for remotely activating light-sensitive proteins in
biological tissue.4)

In this study, we aim to develop nanoparticle scintillators exhibiting scintillation in the red
wavelength region to be used for photoreceptor molecules having absorption wavelength in the
red region. Similarly to a previous study,*? GAGG was chosen as the host compound because of
its high density and effective atomic number, which results in efficient X-ray stopping. Eu** ions
were chosen as luminescent centers to realize red emission via the 4f-4f transitions of Eu®* ions.

2. Materials and Methods

L(+)-tartaric acid (99.5%, Fujifilm Wako Pure Chemical), Gd(NOs);"6H,0 (99.99%, Sigma-
Aldrich), Al(NO3);"9H,0 (99.9%, Fujifilm Wako Pure Chemical), Ga(NO3);nH,O (99.999%,
Kojundo Chemical Laboratory), and Eu(NO;);-6H,0 (99.9%, Sigma Aldrich) were used as raw
materials without further purification. The number of hydrated water molecules, n, of
Ga(NO3);nH,0 was estimated by inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis.

Eu-doped GAGG nanoparticles were synthesized according to procedures described in
previous papers.(*3#) Tartaric acid was dissolved in distilled water at 0.6 M. Subsequently, metal
nitrates were dissolved in the solution at the stoichiometric ratio [(Gd + Eu):Al:Ga=3:3:2] with
the total metal concentration of 0.3 M. The solution was stirred for 24 h at room temperature and
for 2 h at 80 °C in a beaker covered with Al foil. Subsequently, the Al foil was removed, and the
beaker was placed in an oil bath at 80 °C to obtain a dry gel. Finally, the dry gel was calcined at
1300 °C for 6 h to obtain nanoparticles.

The X-ray diffraction (XRD) patterns of the nanoparticles were obtained using a
diffractometer (RINT-2000, Rigaku) equipped with a Cu target operated at 40 kV and 20 mA to
investigate the lattice structure of the nanoparticles. The morphology of the nanoparticles was
investigated by transmission electron microscopy (TEM; JEM-2100F, JEOL). Photoluminescence
(PL) excitation—emission contour maps were obtained and absolute PL quantum yields (QYs)
were estimated using a PL QY measurement instrument (C11347, Hamamatsu). X-ray-induced
radioluminescence (XRL) spectra were obtained using an X-ray generator (SA-HFM3, Rigaku)
operated at 40 kV and 40 mA as the excitation source. The scintillation photons from the samples
were delivered to a CCD detector equipped with a monochromator (QE-Pro, Ocean Optics) via
an optical fiber.

3. Results and Discussion

The XRD patterns of the Eu-doped GAGG nanoparticles with different Eu concentrations are
shown in Fig. 1. The reference diffraction patterns of Gd;Al,Ga;0,,,49) B-Ga,05,47) and
GdA1O;*®) are also presented. Note that Eu 100 mol% corresponds to Eu;Al;Ga,0;,
composition. All the diffraction patterns are consistent with that of the Gd;Al,Ga;0,, reference
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Fig. 1. (Color online) XRD patterns of nanoparticles with (Gd + Eu):Al:Ga=3:3:2 with different Eu concentrations

with respect to (Gd + Eu) and reference patterns of Gd;A;,Ga30,,,49 B-Ga,05,47) and GdA10,.4%)

except for the Eu 100 mol% sample, whose diffraction pattern is mostly consistent with that of
the Gd;Al,Ga;0,, reference with small diffraction peaks at 30.14 and 33.60°, which may be
attributed to the B-Ga,O; phase. This result indicates that the nanoparticles of different Eu
concentrations were in GAGG single phase except for the Eu 100 mol% sample, which is mostly
composed of the GAGG phase. The secondary B-Ga,O; phase observed for the Eu 100 mol%
sample is not attributable to the stoichiometry of the metal species in the raw materials. In our

previous work on Ce-doped GAGG, -Ga,05 was also found as a minor phase, and the intensity
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of the diffraction peak at 30.4°, which is attributed to the B-Ga,O; phase, increased with the
duration of stirring at room temperature.®") The minor B-Ga,O5 phase observed for the Eu 100
mol% sample may be attributable to the Ga-rich domain formed during stirring at room
temperature, which results in the B-Ga,O; phase. No other crystalline phases, such as the
GdAIO; perovskite phase, which is sometimes observed in rare-earth garnet, were observed in
the XRD patterns. This result is consistent with that in a previous paper on Eu-doped GAGG
single crystals grown by a floating zone melting method:*% single-phase crystals were
successfully obtained for Eu concentrations up to 15 mol%. This result is also reasonable from
the viewpoint of similar ionic radii of Gd*" (0.1053 nm) and Eu** (0.1066 nm) ions in their
8-coordinate site.?)

The TEM image of an Eu-doped GAGG nanoparticle with a Eu concentration of 5 mol% is
shown in Fig. 2. The TEM image of the nanoparticle shown in Fig. 2 is a typical one. The size is
50-300 nm. The nanoparticles typically have a spheroid shape. The shape and size of the
nanoparticles are similar to those of Ce-doped GAGG nanoparticles.*)

The PL excitation—emission maps of undoped and Eu-doped GAGG nanoparticles with a Eu
concentration of 5 mol% are shown in Fig. 3. The excitation—emission maps of the nanoparticles
with other Eu concentrations are similar. A weak emission band at ~800 nm is observed in both
samples with excitation at ~270 nm. The peak and excitation wavelengths are similar to those of
previous papers on Fe-doped®) and nominally undoped®? Y;Al;0;, (YAG). On the basis of this
similarity, the emission band at around 790 nm is attributed to Fe impurity. The explanation in
the paragraph of the PL excitation—emission map is revised. In the Eu-doped sample, we
observed excitation peaks at around 260, 320, 390, 460, and 530 nm. Among them, the broad
excitation peak at around 260 nm can be attributed to charge-transfer excitation from O to
Eu?", similarly to the case of Eu**-doped YAG powder.5? The excitation peak at 320 nm can be
attributed to the ’F, — Lg transition of Eu’" ions, similarly to the case of Eu’"-doped YAG
nanoparticles.®* The excitation peaks at around 390, 460, and 530 nm are attributed to the

Fig.2. TEM image of Eu-doped GAGG nanoparticle with Eu concentration of 5 mol%.



Sensors and Materials, Vol. 37, No. 2 (2025) 543

300
350
400
450
500

550

300

Excitation wavelength (nm)

350
400 4
450

500

550

200 300 400 500 600 700 800 900

Emission wavelength (nm)

Fig. 3. (Color online) Excitation-emission maps of (a) undoped and (b) Eu-doped GAGG nanoparticles with Eu
concentration of 5 mol%.

"Fy — 3Lg, 'Fy — °D,, and "F, — 3D, electronic transitions of Eu3", respectively.®> Sharp
emission bands of the Eu-doped sample were observed at around 590, 610, 630, 650, 690, and
710 nm. They are attributed to °Dy — "F,, Dy — "F5, "Dy — 'F,, Dy — 'F3, °Dy — "F,, and
D, — ’F, transitions, respectively.0%3 The PL QYs of the samples with excitation at 250 nm
are summarized in Table 1. The highest PL QY was obtained at the Eu concentration of 5 mol%.
The PL QY increased with Eu concentration up to 5 mol% possibly because part of the excitation
light at 250 nm was absorbed by the Cr’" impurity ions. In fact, a nominally pure sample
(without Eu dopant) had a PL QY of 35.9%. The lower PL QYs at Eu concentrations higher than
5 mol% are attributed to concentration quenching. The Eu concentration dependence of the PL
QY in this study is similar to that of Eu-doped GAGG single crystals in a previous study, where
the PL QY of 100% was achieved for Eu concentrations of 5 and 10 mol%.5?

The XRL spectrum of Eu-doped GAGG nanoparticles with a Eu concentration of 5 mol% is
shown in Fig. 4. Similar XRL spectra were observed for other Eu-doped nanoparticles. The
spectrum had dominant peaks at 590 and 710 nm and a small peak at 810 nm with shoulders at
610, 630, 650, 690, and 730 nm. Except for the small peak at 820 nm and the shoulder at 740 nm,
the peaks and shoulders are attributed to the same electronic transitions as those of the PL
spectrum. The shoulder at 730 nm and the small peak at 820 nm are attributed to D, — "Fs and
Dy — ’Fg, respectively.®® Judged from the XRL spectrum, we succeeded in the development of
red-emitting scintillator nanoparticles.

From the viewpoint of estimating the scintillation light yield, the measurement of the pulse
height spectra is effective. For this measurement, the long emission lifetime expected from the
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Table 1
PL QY of samples.
Eu concentration (mol% to (Gd + Eu)) 0.1 1 3 5 10 50 100
PL QY (%) 45.8 76.2 84.3 98.4 80.0 55.2 14.3
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Fig. 4. XRL spectrum of Eu-doped GAGG nanoparticles with Eu concentration of 5 mol%.

4f-4f transition of Eu’" ions in the nanoparticles is an issue, although a measurement system for
the pulse height spectra of the scintillators having a slow scintillation decay has recently been
developed to estimate the scintillation light yields of such scintillators.5®) Another issue is that
the samples are in nanoparticle powder form. Owing to these issues, it is difficult to obtain a
clear full-energy peak in the pulse height spectra of the samples. According to a previous
report,®”) the scintillation light yield is proportional to the product of the energy transfer
efficiency from the host to the luminescent centers and the QY of the PL of the luminescent
centers. If we assume that the energy transfer efficiency does not change with Eu concentration
at 3—10 mol%, 5 mol% is also optimum for the scintillation. This consideration is in line with the
results of Eu-doped GAGG single crystals having the highest scintillation light yield at 5 mol%
doping.*”) Because the light collection efficiencies may be different for the different samples
because of the incomplete light collection during the measurements, the quantitative estimation
of the scintillation light yield based on the XRL intensity was difficult. Taking into account this
difficulty, the scintillation light yields of the Eu-doped GAGG nanoparticles are roughly
estimated to be comparable to those of Ce-doped GAGG nanoparticles.

4. Conclusions

We have developed scintillator nanoparticles based on Eu-doped GAGG. The nanoparticles
were synthesized by a sol-gel method using tartaric acid. The size of the nanoparticles was less
than 300 nm. Emission in the red wavelength region was successfully obtained in the PL and
XRL. The PL QY of as high as 98.4% was obtained with the Eu concentration of 5 mol%. On the
basis of these results, we have succeeded in the development of red-emitting scintillator
nanoparticles.
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