¢!

www.ceramics-silikaty.cz

Ceramics-Silikaty 62 (4), 411-417 (2018)

doi: 10.13168/cs.2018.0038

LANTHANIDE-DOPED Y,0,—-THE PHOTOLUMINESCENT AND
RADIOLUMINESCENT PROPERTIES OF SOL-GEL PREPARED
SAMPLES

*K. RUBESOVA*, T. THOR*, V. JAKES*, D. MIKOLASOVA*, J. MAIXNER** O. JANKOVSKY*,
J.CAJZL*, L. NADHERNY*, A. BEITLEROVA*** M. NIKL***

*Department of Inorganic Chemistry, University of Chemistry and Technology, Technicka 5, Prague 6, 166 28, Czech Republic
**Central Laboratories, University of Chemistry and Technology, Technicka 5, Prague 6, 166 28, Czech Republic
***Institute of Physics, the Academy of Sciences of the Czech Republic, Cukrovarnicka 10, 162 00, Prague 8, Czech Republic

*E-mail: rubesovk@vscht.cz

Submitted July 20, 2018; accepted August 24, 2018

Keywords: Yttrium oxide, Europium, Dysprosium, Terbium, Praseodymium, Sol-gel, XRD, Photoluminescence,

Radioluminescence

Rare earth-metals sesquioxides (including Y,0;) represent a group of materials with extraordinary properties applicable
in various technologies. However, one of the special properties — high melting temperature — hinders the wide application
of monocrystalline materials. Therefore, it is still important to test other synthesis methods even for relatively well-known
materials and even in the form of bulk ceramics. Here, we present the series of lanthanide-doped Y,O; (Ev’*, Pr*, Dy**
and Th*" being the dopants) prepared by a Pechini-based method. We demonstrate that this method produces single-phase
material with luminescence properties comparable to those of single crystals as proved by the photoluminescence and
radioluminescence excited by UV light and X-rays, respectively.

INTRODUCTION

Sesquioxides of A,O; stoichiometry are among the
most studied materials with a broad range of applications
[1-4]. In particular, the sesquioxides of Y, Sc and lantha-
nide metals (together called rare-earth (RE) metals
sesquioxides) have been studied for their optical or cata-
lysing properties [5]. Apart from their wide use in the
coloration of glasses and ceramics, these sesquioxides
have been applied either as phosphors in sensors, display
screens and fluorescent lamps, or as matrices in solid
state lasers [6, 7].

The stability and durability of the RE sesqui-
oxides are related to their high melting temperature,
mostly exceeding 2400°C. Due to their high density
and effective atomic number, some sesquioxides have
high stopping power for high-energy radiation which
makes them adepts for use as scintillation detectors. For
scintillation use, sesquioxides can be used un-doped as
intrinsic scintillators based on self-trapped excitons (e.g.
Lu,0;) or ligand-to-metal charge transfer (e.g. Y,0O;and
Sc,0;) [8]. However, doping with a luminescent activator
enables sesquioxides to act as either scintillators with
activator-dependent tuneable emission or luminophores
in LED technology.

Because of similarities in ionic radii with RE ions
and its general chemical and radiation stability, Y,O,
presents a suitable host for doping with RE-elements
without influencing its crystal structure [9-14]. Yttrium
oxide (Y,0;) exhibits predominantly body-centred cubic
structure; however, other Y,O; phases have been also
reported under different external conditions [15, 16].
Because only the cubic phase is optically isotropic, other
Y,0; phases are usually of no importance for optics
studies. In the cubic Y,0,, there are two different cationic
sites occupied by Y** (or RE*") cations having either C,
or C;; (S4) local symmetries. The inversion symmetry of
the latter site leads to significantly lower cross sections
for ions implemented on this site compared to those on
C, sites, therefore optical properties of doped Y,0; are
dominated by dopant ions on C, sites. The both crys-
tallographic sites are adopted by dopants randomly;
nevertheless, works describing the occupation of a par-
ticular site have been published too [17-19].

However, the high melting temperature of Y,O;
(2410°C [15]) limits its production in the form of
single crystals. Highly transparent polycrystalline Y,O,
samples can be synthetized by vacuum or spark-plasma
sintering [20, 21]. Pure or RE-doped Y,0; nanopowders
have been synthetized by e.g. co-precipitation [22],
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the decomposition of an yttrium complex [23] and a
combustion synthesis [24]. Thin films were deposited
by physical vapour deposition [25] or a sol-gel method
[26]. However, to our best knowledge, not all variations
of RE-doped Y,O; were prepared by the sol-gel method
specifically and even less were studied in the form of
thin films. Sol-gel methods are a versatile and effective
alternative when the goal is to test new materials of
varying compositions. Also since it is not possible to
prepare thin films from a melt, these high-quality thin
films could find a great use in applications such as X-ray
imaging.

Here, we present the sol-gel preparation (a method
based on the Pechini method) of Eu’’, Pr’’, Dy*" and
Tb*" doped Y,0; in the form of bulk ceramics. All these
materials were studied in terms of their scintillating
and photoluminescent properties. The microstructure of
the prepared samples is demonstrated by images from
scanning electron microscopy. To the best of our know-
ledge, the sol-gel preparation of dysprosium-doped
Y,0; is presented here for the first time and the radiolu-
minescence behaviour of Tb*" or Dy** doped Y,O; has
not been published as well.

EXPERIMENTAL

Bulk samples preparation

Yttrium oxide (Crytur Turnov; 99.99 % (REO)) was
first dissolved in HNO; (Penta; 65 %) in a molar ratio of
1 mol Y : 3.5 mol HNO,. Before use, concentrated HNO,
was diluted with water (1:2). The mixture was stirred
at 60°C until a clear solution was obtained. Individual
dopants in the form of an acetate salt, i.c. RE(CH;COO),
~ RE(ac); (RE = Eu, Dy, Pr, Tb), were added to the
Y(NO,), solution. RE** concentration was 5 at. % for all
of the dopants used, except for Pr’* which was prepared
in 0.15 at. % concentration. Eu(ac),, Dy(ac), and Pr(ac),
were supplied from Strem Chemicals, while Tb(ac),
was supplied from Alfa Aesar (all being of 99.9 %
(REO) purity). Because all acetates were in the form of
undefined hydrates, they were dehydrated before use (the
temperature of dehydration was based on literature data
[27-30] and confirmed by our own STA measurement
not presented here). After acetates were dissolved, citric
acid (CA; Lach:ner; anhydrous; p.a.) was added to the
solution with additional water to achieve a saturated
solution of CA. The molar ratio of metal cations:CA was
1:4. Ethylene glycol (EG; Penta; 99 %) was added to the
solution with a molar ratio of of 1:16 (metal cations:EG).
The resulting solution was stirred at 80°C until water
was evaporated. Temperature was further increased to
initiate polycondensation leading up to gelation. As-
prepared gel was dried at 250°C in air for two hours.
Dried xerogel was then subjected to a series of thermal
treatments — 500°C/2 hours, 900°C/2 hours and the last
one at 1000°C for 4 hours. Before the last heat treatment
step, samples were uniaxially pressed into pellets.

Characterization methods

X-ray powder diffraction (XRD) data were collec-
ted at room temperature with AXS D2 Phaser (Bruker)
powder diffractometer with parafocusing Bragg-Brenta-
no geometry using CoK, radiation. Data evaluation
was performed in the HighScore Plus software package
(PANalytical). Scanning electron microscopy (SEM)
was performed using Lyra3 GMU FIB-SEM equipment
(Tescan). SEM pictures were taken in a secondary elec-
trons mode after the samples were coated with 5 nm of
gold.

The steady-state photoluminescence properties of
the prepared samples were measured on a Fluorolog®-3
Extreme spectrometer (HORIBA Jobin Yvon) using the
FluorEssence™ 3 software. The excitation and emis-
sion spectra were collected at room temperature with
the range depending on a sample (generally, in a range
of 250 - 800 nm) with an increment of 1nm and 0.5 nm,
respectively. A photomultiplier tube (PMT) with ther-
moelectric cooling and a Ce:InGaAs photocathode
(model number R955, detection range 185 - 900 nm)
were used. Sample excitation was performed using
a 450 W xenon continuous-wave (CW) lamp. To select
various wavelengths, a double-diffraction-grating mo-
nochromator at the entrance and a single-diffraction-
grating monochromator at the exit were used. The
photoluminescence spectra were collected in a reflec-
tive arrangement with the sample being tilted at angle
of approx. 60°. The photoluminescence radiation was
collected at the front-facing exit. For the spectra eva-
luation, all of the measured luminescence spectra were
transformed to the base level and, after subtraction of the
background, normalised with the help of the reference
sample (a single crystal of Ce:YAG).

The radioluminescence spectra were measured at
room temperature. The custom made a 5000M fluores-
cence spectrometer (Horiba Jobin Yvon) with a TBX-04
photon counting detector (IBH Scotland) was used in all
measurements. The samples were excited by an X-ray
(40 kV, 15 mA) tube (SeifertGmbh). All spectra were
corrected for the spectral distortions due to the setup.
Spectral resolution used in the radioluminescence spectra
measurements was 8 nm.

RESULTS AND DISCUSSION

The bulk samples were doped by four selected do-
pants in concentration based on the results published
previously — 5 at. % for Eu**, Dy*", Tb*" and or 0.15 at. %
for Pr** (Pr’* ions are very sensitive to non-radiative tran-
sitions and charge transfer from Pr** to O%). The phase
composition was evaluated by XRD — all prepared
samples were single phase and matched the bixbyite-
type Y,O; phase pattern (space group la-3). The change
in the lattice parameter with Y substitution was refined
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after the XRD patterns were fitted using the Pawley
profile function. The systematic increase of the lattice
parameter a (Tab. 1) from 10.6040 A (un-doped Y,O,
phase, PDF 00-041-1105) correlates with the increase
of dopants’ ionic radii [31]. The increase in the case of
Pr**: Y,0; is not so high because of different concentra-
tion of Pr (only 0.15 at. % in comparison with 5 at. %
for other dopants). The representative diffraction pattern
(Eu:Y,0; sample) indexed according to PDF 00-041-
1105 is shown in Figure 1.

The microstructure of prepared polycrystalline
samples is demonstrated in SEM images (Figure 2) that
were taken from a fracture face. It is visible that conglo-
merates are sintered from round particles with a size in a
range of 50 - 150 nm.

The RE-doped Y,0; is potentially applicable as
a luminophore in the green-yellow-orange-red spectral
range. Due to its high melting temperature, it would be
more likely used only in a polycrystalline form. Therefore,
it is crucial to ensure homogeneous distribution of
dopants without concentration segregation on grain
boundaries that could cause concentration quenching.
The luminescence properties of prepared samples were
tested — the excitation and emission spectra for all samples
are shown in Figure 2. Because of the second harmonic

generation, the spectra measurement was interrupted in
different intervals that are stated in particular figures. The
excitation spectra were measured for the most intense
emission wavelength published in literature, whereas
the emission spectra were excited using those maxima
obtained from the excitation spectra.

The excitation of the Dy**:Y,0; sample was tested
for an emission wavelength of 573 nm (Figure 2a).
The spectrum consisted of particular transitions from
the °H,5, ground state level (charge transfer excitation
pla-ced at around 220 nm was not measured because
of instrumental limitation). The emission spectrum was
then excited using the most intense wavelength measu-
red — 348 nm. The structure of the spectrum indicates
that Dy*" ions occupied rather the C, inversion-less
crystal position connected with a hypersensitive electric
dipole (ED) transition from the “F, level to the °H,;;,
level with a maximum of 573 nm [24, 32]. Less sensiti-
ve transitions *Fo,, — °H,s, and “F,, — °H,,, are placed
in an interval of 475 - 495 nm and at around 665 nm,
respectively.

In the excitation spectrum of the Tb*':Y,0,
sample (Figure 2b), a spin-allowed 4f-5d transition was
dominating as a band with two local maxima at 265 and
302 nm, the second of which was chosen as an excitation

Table 1. The ionic radii of Y** and doped ions (for a coordination number of 6); the unit cell parameter of un-doped Y,0; and the

refined unit cell parameters of doped RE**:Y,0;.

Y,0; Dy**: Y,0, Tb*": Y,0; Eu’": Y,0, Pr’*: Y,0;
ionic radius CN = 6 r(Y*) =0.90 A r(Dy3+) =091 A r(Tb“) =0.92A r(EuH) =095 A r(PrH) =0.99 A
lattice parameter (A) 10.6040 10.6063(6) 10.6103(2) 10.6240(4) 10.6059(1)
N
N
5
8
P
‘B
c
2
£ =)
3
o
S N
R
N
8 t gogmé & %ogo; ;gﬂoﬁ(\l Ngroﬂmggmgm
I N I N 0 <+ o S0 OYY SR« HDISNYNT ™ (5 0w
M S G5 TEa 68 W NIt TSN SN U
T T T T T T T T T T T T T T T T T R T T T T T T T T T T T T T T T R T T T T T T T T T T T T T e e T
10 20 30 40 50 60 70 80 90 100
28 (°)
E Foerer— * !

Figure 1. The XRD pattern of sample Eu:Y,0; indexed according to PDF 00-041-1105. The difference plot of the Pawley profile

fit is also shown.
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¢) Eu**

d) Pr*

Figure 2. SEM images of prepared polycrystalline samples. The magnification of images is approx. 110 000 x; the precise scale is

given in individual images: a) Dy*', b) Tb*', ¢) Eu*", d) Pr*".

wavelength. The emission of Tb** ions exhibited four
finely splitbands corresponding to the ’D,— 'F ,transitions
(J=3,4,5 and 6). The most intense band in an interval of
538-557 nm with a local maximum of 543 nm belongs
to the D, — F, transition and is considered to be of
mixed electric dipole (ED) and magnetic dipole (MD)
nature [32]. The less intense bands are placed around
local maxima of 486, 583 and 622 nm.

In the excitation spectrum of the Eu*":Y,0; sample
(Figure 3c), a spin-allowed charge transfer transition
from 2p orbitals (O%) to 4f orbitals (Eu®") was present.
Also f-f transitions from the 'F, ground level are spread

over an interval of 318 - 538 nm. For the emission
spectrum measurement, the excitation via the charge
transfer (259 nm) was chosen. The emis-sion spectrum
is composed of individual *D,—'F, (J = 0, 1, 2, 3, 4)
transitions. The most intense one — with a ma-ximum
of 612 nm — belongs to a hypersensitive electric dipole
(ED) transition from the °D, level to the 'F, level [12].
The excitation of the Pr'*:Y,0, sample was tested
for an emission wavelength of 634 nm (Figure 2d). Two
absorptions can be recognized — the most intense one
belonging to a spin allowed 4f-5d transition of Pr** ions
with a maximum of 277 nm and less intense one of f-f
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excitation from the *H, ground state to excited states
(in an interval 0f 450 - 500 nm). In the emission spectrum,
two transitions can be identified. The transition from the
'D, excited level to the *H, ground state with several
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Figure 3. Excitation and emission spectra (blue and red lines, respectively) of: a) Dy, b) Tb*, ¢) Eu*’, d) Pr*" doped Y,O,

polycrystalline samples.
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Figure 4. Radioluminescence spectra of Y,0, polycrystalline samples doped with: a) Dy*", b) Tb*". (Continue on next page)
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Figure 4. Radioluminescence spectra of Y,0, polycrystalline samples doped with: ¢) Eu**, d) Pr**.

the measured photoluminescence spectra of all doped
Y,0; samples exhibiting narrow and finely separated
emissions bands confirmed good crystallinity with
cations having regular crystal vicinity.

Because of crystal structure stability, isotropic be-
haviour, wide band gap and other properties, Y,0; is
suitable matrix not only for lasers or luminophores
but also for scintillation use (e.g. for X-ray detection).
Radioluminescence spectra excited by X-ray measured
at room temperature are presented in Figure 4. The gene-
ral structure of the emission spectra is very similar to
those of photoluminescence emission, including the
positions of local maxima. The emission bands are not
so well separated (this effect is caused by the lower
spectral resolution of an instrumental setting); however,
the measured spectra verify that the used synthesis
method and chosen dopant concentrations are suitable
for the application in X-ray detection field. The
polycrystalline nature of samples did not negatively
influence the complicated multi-step mechanism of
scintillation and did not suppress the light output.

CONCLUSION

We present the sol-gel preparation of lanthanide-
doped Y,O; applicable either as a luminophore or a
scintillation material. Dy**, Tb*, Eu*" and Pr’*'doped
bulk samples were synthetized using a Pechini-based
sol-gel method. Using XRD, we evaluated single phase
composition of the prepared samples and the change
of unit cell parameter with the doping was determined.
The optical properties of the doped Y,O; were evalua-
ted by photoluminescence and radioluminescence mea-
surement. The photoluminescence spectra were excited
with a wavelength first evaluated by excitation spectra
measurement. Observed emission spectra proved good
samples crystallinity with cations having regular crys-
tal vicinity what was demonstrated by narrow and finely

separated emission bands. Also radioluminescence
spectra excited by X-ray showed that prepared ceramics
is applicable as a scintillator in a yellow-orange-red
spectral range. The used sol-gel method is suitable for
the production of bulk sesquioxides that have a melting
temperature so high that the preparation of monocrys-
talline samples is complicated.
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