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This work describes the relation between crystallite size and scintillation properties of Eu®*-doped yttrium
oxide. Nanocrystalline Y,03:Eu®>* 1.0 mol% powders were prepared by Pechini method and thermal treated at
700-1100 °C. The thermal treatment temperature has influence on the crystallite sizes of Y,05:Eu®* nano-
crystals and, consequently, on the structural and electronic defects concentration, which contributes to non-
radiative recombination routes in scintillation materials. This relationship between the crystallite sizes and

scintillation properties was investigated by X-ray diffraction and X-ray excited optical luminescence measure-

ments.

1. Introduction

In the two past decades, the preparation and characterization of rare
earth sesquioxide nanoparticles have been the subject of several studies
[1-3]. Referent to bulk materials, nanometric structures may present
different spectroscopic properties, which are tightly bounded to crys-
talline structure and particle morphology [4,5].

Yttrium sesquioxide can be used as a suitable inorganic host for
doping with trivalent lanthanides (Ln®*), since this process is an iso-
valent substitution (Y>*—Ln>"), in which the ionic radii difference is
not pronounced and both elements present similar electronegativities
[6]. Furthermore, trivalent yttrium compounds at room temperature do
not present luminescence (bands or lines) in the visible region of the
electromagnetic spectrum [7].

Rare earths have been used to prepare optical materials and one of
the interest applications is on scintillation field [8,9]. These materials
are applied in radiation detection and nuclear spectroscopy [10],
medical imaging [11] and other properties based on ionizing radiation
detection [12].

In this way, Y,O3 can be used in the preparation of several doped
compounds with different optical properties. Doping with different
trivalent lanthanide cations leads to materials with different lumines-
cent properties: for instance, the Tb®* as a dopant into a Y,03 matrix
results in a green light phosphor [5], while the doping with Yb®* can
produce a luminescence upconversion material [13,14].
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Several methods are applied in order to obtain nanocrystals of Y,03
and Y,03Ln®*, such as microemulsion [15], spray pyrolysis [4],
polymeric precursors [16], aerosol-UV [14], homogeneous precipita-
tion in aqueous [17,18] and non-aqueous solution [3]. Eu®*-doped
Y»,03 compounds are extensively studied and their spectroscopic
properties are related to intraconfigurational 4f® — 4f° transitions of
the Eu®* ions. Specifically, the emission lines at wavelength range from
550 to 800 nm for Y,05:Eu®* materials are assigned to Dy — "F; (J =
0,1,2,3,4) transitions, and these sets of lines can be used as a structural
probe to study the chemical environment around Eu®" ions [7].

In this work, we present studies on yttrium oxide, Y03, doped with
Eu®" 1.0 mol% ions. The influence of the crystallite sizes on the scin-
tillation properties was investigated by X-ray diffraction and X-ray ex-
cited optical luminescence measurements.

2. Experimental section
2.1. Synthesis of Y;03:Eu®" 1.0 mol% particles

Y,03:Eu®* 1.0 mol% was prepared by the Pechini method (poly-
meric precursors method) [19], using Y»O3 and Eu,O3 (Sigma-Aldrich,
99.999%) as starter reagents. All other used reagents were analytical
grade. In this method, Y(NO3); and Eu(NOs3); aqueous solutions at
defined proportions were added in a beaker containing citric acid (CA)
in 1:3 (metal:CA) molar ratio. The pH of the resulting solution was


http://www.sciencedirect.com/science/journal/00222313
https://www.elsevier.com/locate/jlumin
https://doi.org/10.1016/j.jlumin.2018.06.038
https://doi.org/10.1016/j.jlumin.2018.06.038
mailto:davolos@iq.unesp.br
https://doi.org/10.1016/j.jlumin.2018.06.038
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlumin.2018.06.038&domain=pdf

M.d.O. Krauser et al.

adjusted to 5.0 with 0.1 mol .~ NH,OH solution, and this system was
stirred for 1 h. After this period, ethylene glycol (EG) was added to the
solution at a 1:16 (metal:EG) molar ratio, and heated (~100 °C) until
the formation of a yellowish polymeric resin, which was thermally
treated in a tubular furnace with static air atmosphere for 4 h from 700°
to 1100 °C, temperature above the rare earth oxides phase formation,
using polymeric precursors, temperature, that is, about 650 °C [20-23].

2.2. Characterization techniques

The samples were characterized by powder X-ray diffraction (XRD)
using copper K, radiation in a Rigaku Rint 2000/PC diffractometer
operating at 42kV and 120 mA. The data were collected in the 20/6
mode in the 15-60° range with a 0.02/2s propagation step. Particle
shape and size were analyzed in a field emission gun scanning electron
microscope with field emission gun (FEG-SEM) Jeol JSM 7500F oper-
ating at 2kV with a detector of secondary electrons. Fourier transform
infrared spectroscopy (FT-IR) measurements were performed in the
400-4000 cm ™~ wavenumber window, using sample/KBr pellets, in a
Perkin Elmer Spectrum 2000 spectrometer. To evaluate the luminescent
properties, excitation and emission spectra were recorded by photo-
luminescence spectroscopy (PLS), performed in SPEX Fluorolog 2
fluorimeter, with 450 W xenon lamp, double monochromator and
Hammamatsu photomultiplier. The scintillation properties were in-
vestigated by X-ray excited optical luminescence (XEOL) measurements
performed by copper soft X-ray excitation from Rigaku X-ray source and
the light emission was detected with a iDus DV401A-BV CCD camera
coupled to a SHAMROCK 163 spectrometer, Andor Tech [24].

3. Results and discussion
3.1. Structure

The FT-IR spectra, Fig. 1, show peaks of M-O bond below
650 cm~'. Comparing with M-O bond, the relative intensities of
H-O-H bending, C-O symmetrical, ant-symmetrical stretching from
CO; 2 at a 1500 cm ™! and O-H on 3500 cm ™! decrease as a function
of thermal treatment temperature. Residues of these species at 1100 °C
may be related to moisture and surface carbonation.

Fig. 2 shows the XRD results, indicating the formation of crystalline
products, in accord of JCPDS 41-1105 yttrium oxide (Y,O3) pattern.
This rare earth compound belongs to the cubic crystal system with the
Ia-3 space group (No. 206, Z = 16). The Y>* are coordinated by six
oxygens in two different sites, S¢ and C, [25]. Scherrer crystallite sizes
(D) obtained from Eq. (1) were evaluate for all samples using the (222)
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Fig. 1. FT-IR spectra from Y,Os:Eu®>* 1.0 mol% prepared at different tem-
peratures.
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Fig. 2. XRD patterns of Y,05:Eu®* 1.0 mol% prepared at different tempera-
tures.
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where A is the X-ray wavelength (1.5406 A), B is the full width at half
maximum (FWHM), 6,y the Bragg angle of the hkl peak, and K is a
shape constant equal to 0.89.

Crystallite sizes as a function of thermal treatment temperature are
presented in Fig. 3. A nearly linear enlargement of crystallite sizes as a
function of the temperature is found for this system, with crystallite
sizes ranged from 15 to 45 nm. According to the literature [26-29], the
decreasing of crystallite sizes can have raised the quantity of defects,
which is associated with the positive pressure of formation inside the
crystallites. This can contributes to the formation of oxygen vacancies,
along with interstitial species, providing structure mismatches in rela-
tion to ideal single crystal compounds.

Fig. 4 shows FEG-SEM images of Y,Os:Eu®* 1.0 mol% sample
thermal treated at 1100 °C. The FEG-SEM images show micrometrics
particles formed due to the sintering process. These microparticles
(Fig. 4A) are formed by nanoparticles aggregated, that can be dis-
tinguished in Fig. 4B, morphology usually obtained for rare earth oxides
using the Pechini method [20,21].

3.2. Luminescence properties

Excitation and emission spectra of the Y,05:Eu®* 1.0 mol% samples
are shown in the Fig. 5. The excitation spectra do not show changes
with respect to the heat treatment temperature and show charge
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Fig. 3. Crystallite size, calculated using Scherrer equation, of Y,05:Eu®* 1.0
mol% as a function of thermal treatment temperature.
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Fig. 6. Emission spectra of Y,OsEu®* 1.0 mol% prepared at 700-1100 °C
performed under soft X-ray excitation (Cu K,) with voltage of 35kV and current
of 20 mA.

transfer band (CT) below 300 nm and expected f-f transitions for the
ions Eu3+ 7F0—)5D2, 7F0,1—)5D3, 7F0—)5L5, 7F0’1—>5G2,3, 7F0—>5D4 and
7Fo1—"Hs in order of energy. The emission spectral profiles are the
same for all samples. The spectra show the characteristic emission lines
of the Eu®" ions, assigned to >Dy—"F, transitions, with J varying from 0
to 4. In yttrium oxide, Eu®" ions occupy two different symmetry sites,
being one (C5) of low symmetry and other (Sg) of high symmetry [25].
Almost 75% of Eu®™ ions are present at C, sites, resulting in more in-
tense °Do—’F, emission lines than °Dy—’F; [25]. Higher thermal
treatment temperature results in emission intensity increase, because
the gain on crystallinity and the growth the crystallite size can reduced
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Fig. 7. Relation among thermal treatment temperature, crystallite size and
integrated emission intensity from °Do—F, transition of Y,05:Eu®* 1.0 mol%.

nonradiative recombination rates [30].

The X-ray-excited luminescence was registered with soft X-ray ex-
citation (Cu K,) source operating at 35 kV and 20 mA. Fig. 6 shows the
emission spectra from Y,05:Eu®*, which present the emission lines of
Eu®" ion assigned to °Dy—"Fj, with the highest intensity from *Dy—"F,
transition, the same emission profile observed in photoluminescence.
Taking into account that X-ray excitation luminescence measurements
were obtained to minimize package effects and consequently scattered
luminescence intensity variations, the integrated emission intensity
from ®Dy—’F, transition was calculated and compared in a function of
the preparation temperature. The Fig. 7 shows an almost linear
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Fig. 9. Relation among thermal treatment temperature, crystallite size and
>Dy—"F, transition intensity reduction of Y,05:Eu®* 1.0 mol% after 4 h soft X-
ray exposure.

increasing of the integrated emission intensity from Dy—’F, transition
with the preparation temperature and consequently, with the crystallite
sizes. Firstly, considering that increasing the sample thermal treatment
temperature, the crystallite sizes increase and consequently its crys-
tallinity, and secondly, that pair recombination occurs by nonradiative
pathways and that particularly does not directly involve luminescent
centers, this increase of the emission intensity suggests nonradiative
rates decrease as a function of crystallinity.

The Fig. 8 shows the integrated emission intensity from >Dy—"F,
transition as a function of irradiation time up to 240 min of soft X-ray
exposure. During the irradiation on the first 40 min, it is possible to
evidence the formation of defects in the samples, which results in de-
creasing of luminescence because it is generated more nonradiative
routes for the recombination of electron and holes before they can re-
combine radiatively [8,12]. After this first step, the formation of new
defects and the capacity of recombination stay balanced until the end of
measurement. In the more crystalline samples, it is possible to observe
the probability of radiative recombination on the activator centers in-
creases that, in this case, results in the emission of Eu®* ions.

Integrated emission intensity decreasing observed during the mea-
surement was not the same for all samples. Fig. 9 shows the relationship
of the temperature or the crystallite size as a function of the >Dy—"F,
transition intensity decreasing. More crystalline samples, that shows
larger crystallite size, present less emission intensity reduction. The
sample prepared at 1100 °C, which presents 45nm crystallite size,
shows 12% of emission intensity reduction, however the sample treated
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at 700 °C with 15nm crystallite size, shows 34%. Also emission in-
tensity is very sensitive to defects concentration. In this case, higher
thermal treatment temperature results in materials with less defects
concentration on the particles, that probably increases the scintillator
efficiencies.

4. Conclusion

Y,03:Eu®* 1.0 mol% can be easily synthesized by the Pechini
method. The samples present high crystalline phase and aggregates of
nanoparticles with variation of crystallite size from 15 to 45nm, de-
pending on the thermal treatment temperature.

All the samples show the emission from *Dy—"F; (J = 0,1, 2,3 e 4)
transitions of Eu®" ions. The emission intensity presents high de-
pendency of the thermal treatment temperature or crystallite size,
mainly in the scintillation properties when the emission process is
strongly dependent of the number of defects in the material. In the
Y,05:Eu®* 1.0 mol% obtained by Pechini method, the sample prepared
at 1100 °C presents 45 nm crystallite size and exhibits the best scintil-
lation properties.
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