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Abstract The present paper reports the synthesis, photoluminescence (PL), and
thermoluminescence (TL) studies of Eu’"-doped yttrium oxide (Y,O3) phosphor
using inorganic materials like Y,03, flux calcium fluoride, and europium oxide. The
sample was prepared by the modified solid state reaction method, which is the most
suitable for large-scale production. The prepared phosphor sample was characterized
using powder X-ray diffraction, field emission gun scanning electron microscopy,
high resolution transmission electron microscopy, Fourier transform infrared spec-
troscopy , PL, TL, and Commission Internationale de I’Eclairage techniques. The PL
emission was observed in the range 417-632 nm ranges all visible regions for the
Y05 phosphor doped with Eu**. Excitation spectrum found at 254 nm. Sharp intense
peaks found around 467, 534, 594, 612, and 632 nm with high intensity. From the
XRD data, using the Scherer’s formula, the calculated average crystallite size of Eu®*-
doped Y,0j3 phosphor is around 45 nm. TL study was carried out for the phosphor with
UV irradiation. The present phosphor can act as single host for white light emission in
display devices.
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Introduction

Rare earth sesquioxides (RE,O3) have been of great scientific and technological
interest for many years because of their attractive physical and chemical properties.
Actually, they are excellent host materials for lasers, with high thermal stability [1-3].
Yttrium oxide (Y,03), for example, is an interesting host material for high power laser
applications with a very high melting point of ~2,430 °C, a cubic structure of the
space group Ia3, and a lattice constant of 10.6041 A [4, 5]. Numerous studies have
been carried out on the synthesis and properties of rare earth-doped Y,03 [6-9]. Y,03
seems to be an ideal matrix as it is a chemically very stable, high band gap (5.6 eV),
transparent host with a low phonon energy ( ~430-550 cm ™), etc. [10]. Beside this,
the ionic radius of Y>7 is almost similar to the other trivalent RE ions (RE‘”), and so,
by Shannon effective ionic radius theory [11], it can be easily and effectively doped
with RE*" ions. The RE** ions attach at a suitable site in the matrix and interact with
the field of host lattice giving rise to a characteristic strong, sharp, and Stark splitted
visible emission bands of RE** ions. Y,05:Eu®" phosphor emits red emissions and
has excellent chemical stability. This phosphor is the only existing red phosphor used
in three-band fluorescent lamps (FL). The luminescence property of the phosphors is
very much dependent on the synthesis route that has been adopted. Y,03:Eu phosphor
has been synthesized by conventional solid-state synthesis [12].

Y,0; is known as a very important material owing to its chemical and physical
unique property, which has been used and also shows versatile potential applications
in broad fields, such as transparent ceramics [13], catalysts [14], sensors [15], and
biological labels [16]. In particular, Y,O3- and Y,05-doped transparent ceramics are
outstanding opto functional materials and have been widely studied as promising
materials for laser ceramics [17, 18] and scintillation ceramics [19]. As is well
known, morphology and size of nano- or micro-scale materials have great influence
on their properties [20] as well as reactivity when preparing bulk materials such as
transparent ceramics. Therefore, it is very important to synthesize powder materials
with controllable morphology so as to control the reaction procedure and production
quality of the bulk material. During the last several decades, various methods have
been attempted to the morphology-controllable fabrications of Y,03- or Y,03-
doped materials with certain size and shape to improve its properties and then to
explore its multifunctional applications [21-28].

The rare-earth ions show abundant emission colors based on their 4f~4f or Sd—
4f transitions. Eu" shows red/orange emission, while Y,05:Eu®" phosphor shows a
red emission and has excellent chemical stability. This phosphor is the only existing
red/green phosphor used in three-band FL. For Y,05:Eu nanoparticles, the intensity of
>D, emission of Eu’" ions from the C3i site (S6) is significantly less compared to the
emission of Eu®* ions in the C, site for these samples [29]. The Eu—O charge transfer
band (CTB) resulting from an electron transfer from the ligand 02_(2p) orbit to the
empty states of the 4/° configuration (Eu*"—O?" transition) and the energy transfer
efficiency between the Y,05 host and Eu’ ' ions were investigated by Kelley et al. [30].

Y,05:Eu’* phosphor exhibits red emissions and has excellent chemical stability.
This phosphor is the only existing red phosphor used in three-band FL [9]. Y,05:Eu’™
has attracted a great deal of interest for use as red phosphor in FL, high-resolution
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projection TVs, protection devices, and low voltage displays such as cathode ray
tubes, plasma display panels, and field emission displays [31, 32]. Recent studies on
different luminescent nanomaterials have shown a potential application in dosimetry
of ionizing radiations for the measurement of high doses using the TL technique [33].
Y,0; doped with trivalent rare earth ions is a well-known material for display and
lamp applications. And such materials may be investigated for their potential
application as TL dosimeters or scintillating detectors [34].

In this paper, the solid state reaction method was used to synthesize Y,O5:Eu’"
phosphor. It is suitable for large-scale production. Samples were characterized by
different techniques such as XRD, field emission gun scanning electron microscopy
(FEGSEM), high resolution transmission electron microscopy (HRTEM), Fourier
transform infrared spectroscopy (FTIR), PL, and TL studies. The effect of Eu*"
concentration on PL and TL studies are also interpreted.

Experimental

Preparation of Y,03 with europium (0.1-2.5 mol%) consists of heating stoichiom-
etric amounts of reactant mixture in an alumina crucible fired in air at 1,300 °C for
4 h in a muffle furnace. Every heating is followed by intermediate grinding using an
agate mortar and pestle. The Eu-activated Y,05; phosphor was prepared via a high
temperature solid state method. The starting materials were as follows: Y,0s3,
europium oxide (Eu,03) and CaF, (as a flux) in molar ratio were used to prepare the
phosphor [35].

The sample was characterized using photoluminescence (PL), thermoluminescence
(TL), XRD, FEGSEM, and HRTEM. The XRD measurements were carried out using a
Bruker D8 Advance X-ray diffractometer. The X-rays were produced using a sealed
tube and the wavelength of X-ray was 0.154 nm (Cu Ka). The X-rays were detected
using a fast counting detector based on silicon strip technology (Bruker Lynx Eye
detector). Observation of particle morphology was investigated by FEGSEM (JEOL
JSM-6360). FTIR spectra were recorded using a 3000 Hyperion Microscope with Vertex
80 FTIR System; Bruker, Germany). The PL emission and excitation spectra were
recorded at room temperature by use of a Shimadzu RF-5301 PC spectrofluoropho-
tometer. The excitation source was a xenon lamp. Thermally stimulated luminescence
glow curves were recorded at room temperature by using TLD reader 11009 supplied by
Nucleonix, Hyderabad. The obtained phosphor under the TL examination was given UV
radiation using a 254-nm UV source [35-39].

Results and discussion

Figure 1 shows the X-ray powder diffraction (XRD) pattern of Y,Os:Eu’™
(0.5-2.5 mol% of Eu) phosphor. From the XRD patterns, the peak indexed revealed
the pure cubic phase of Y,0s. The XRD pattern of Y,O5:Eu’" crystals indicates 10
diffraction intense peaks of cubic structure at 20 = 20.76, 29.25, 33.96, 36.08, 43.65,
48.63, 53.43, 57.85, 64.66, and 78.83 corresponding to (211), (222), (400), (420),
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(322), (440), (611), (622), (444), and (662), respectively (Fig. 1). They are in good
accordance with JCPDS Card No. 88-1040. This indicated that there is no impurity
phase among all the phosphor samples. From these experimental results, we can
conclude that Eu>" ions have been introduced into the Y,Oj lattice, and did not cause
any change in the cubic structure. It was revealed that the introduction of Eu** ions did
not influence the crystal structure of the phosphor matrix. No phase changes were
observed when we added different concentrations of Eu®" (0.5-2.5 mol% of Eu). No
effect of flux (CaF,) was found in XRD pattern.

The phosphor particles should have a spherical shape and high luminescence
efficiency for successful applications. Indeed, phosphor particles with a spherical
shape minimize light scattering on their surfaces and, therefore, improve the efficiency
of light emissions and the brightness of such phosphors [40, 41]. To show the evolution
particle morphology and size of synthesized Y,O5:Eu’" powders, we display in
Fig. 2a, b the FEGSEM photographs at two different resolutions. It shows good
connectivity with grain size and particle morphology. Here, the solid state method
reflects some defects and crack formations in the sample. FEGSEM images represent
compact distribution between grains.

Figure 3 shows representative TEM images of Y,03 phosphor doped with 1.5 % of
Eu’", ions prepared using the solid state reaction method at 1,300 °C for 4 h. Particles
are evidently clustered/aggregated with sizes in the range of 70-90 nm for the
1,300 °C heated sample. The sample has nearly uniform particle size distributions.
Selected diffraction patterns showed both dots as well as concentric circles, suggesting
the aggregated but nano-crystalline nature of the samples. Average crystallite size
observed from XRD pattern (Fig. 1) is found to be smaller compared to that observed
from TEM images. This is understandable as the line width of the XRD peak is a
measure of the coherent regions present in a particle, whereas TEM images give actual
sizes of the particles. From the selected area, the diffraction pattern (SAED) is in good
agreement with the XRD pattern.

The phase formation and purity of the products were further confirmed by FTIR
spectroscopy, and results are shown in Fig. 4. The strong absorption peak 564 cm ™'
is ascribed to the stretching vibration of the Y-O bond [42]. The absorption peak at
3,423 cm ™! is due to the O-H stretching vibration of H,O [43]. This is typical of
most nanomaterials, since their high specific areas results in significant adsorption
of atmospheric water vapor. Like the powder X-ray diffraction (PXRD) results
discussed earlier, FT-IR studies further confirm the formation of pure Y,O3 product
with no other major impurities or secondary phases [44].

Figure 5 shows the excitation (a) and emission (b) spectra of Y203:Eu3 * phosphor
sintered at 1,300 °C by the solid state reaction method. The excitation spectra (Fig. 5a)
consist of a broad band extending from 200 to 300 nm and some sharp lines in the
longer wavelength regions. The former is due to part of the CTB of Eu**—0*" bond,
and the latter is from the f—f transitions within the 4/° electron of Eu® . Upon excitation
into the CTB at 254 nm, we obtained the emission spectra.

The emission spectra of Y,O5:Eu®" phosphor contain a series of sharp lines in the
regions of 400-650 nm, as shown in Fig. 5b. The lines belong to transitions between
the energy levels of the 4/° configuration of Eu®" ion [45]. In addition, we can see that
there are main emission lines at 582, 594, 615, and 632 nm due to the 5D0—7F1,
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Fig. 1 XRD pattern of Y,03:Eu (0.5-2.5 mol%)

Fig. 2 a, b FEGSEM micrographs of prepared phosphors (Y,Os:Eu*" 1.5 mol%)

>Dg~"F,, and °Dy~'F; transitions, respectively. The peaks from Dy to 'F, (electric—
dipole transition) are stronger than those from *Dy—'F, to *Do—'F5 (magnetic—dipole
transition). It is known that the *Do—'F, transition of Eu>" belongs to hypersensitive
transitions, which is strongly influenced by the crystal field outside its surroundings.
When Eu®" is located at a low-symmetry local site (without an inversion center), this
emission transition is often dominated in their emission spectra. Therefore, the Eu’™t
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Fig. 3 a HRTEM image of prepared phosphor (Y,O3:Eu 1.5 mol%), b SAED image of prepared
phosphor
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Fig. 4 FTIR spectra of prepared phosphor (Y,05:Eu 1.5 mol%)

ions then occupy on-inversion symmetric Y7 sites [46]. It is well known that Y05 is a
cubic lattice. There are two Y>7 sites in cubic Y,05: 75 % of these sites are non-centro
symmetric with C; symmetry and the remaining 25 % are centro symmetric having Sg
symmetry [47,48]. When the Eu’* ion is located at a low-symmetry local site without
an inversion center, this forced-electric dipole transition is often dominant in the
emission spectrum. So the strongest SDo-'F, transition (615 nm) and nearly all of
other features in the spectrum are due to the Eu*" on the C, site.

@ Springer



Effect of europium concentration on photoluminescence 4733

(@ |
90 245nm
80
:‘E 70
= |
S 60
.e ]
S 50
> |
2 40 361nm
o ]
E 30_
20
10
LN DL I EL N LR I LA NN B B R
200 220 240 260 280 300 320 340 360 380 400
Wavelenghth (nm)
(b)noo—
] [—01%Eu 594r6r:5”m
1000 | 0.2% Eu rﬂ
900 |——05%Eu
{ |——1%Eu
8004 |——1.5% Eu
- i 2% Eu 60
700
§ —2.5% Eu 534nm
> 632nm
@
C
Q
£
0 T T \'/L%

T T T T T T
400 450 500 550 600 650
Wavelength (nm)

Fig. 5 a Excitation spectra of Y,05:Eu>" doped for 400 nm excitation, b PL study of Y,03:Eu*"-doped
phosphor with variation of Eu** concentration 254 nm

Figure 5b shows the curve of PL intensity of Y,05:Eu’", which varies with Eu®"
mol% (0.1-2.5 %). This picture demonstrates that the best doping value of Eu" is
1.5 %. The emission band centered at 467 nm is attributed to recombination of a
delocalized electron close to the conduction band with a single charged state of
surface oxygen vacancy [49]. The emission band at 534 nm can be attributed to self-
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trapped excitation luminescence [50]. Other weak emission peaks at 500, 511, 534,
and 541 nm are due to different kinds of oxygen vacancies.

Variation in TL intensity with different UV exposures is recorded and shown in
Fig. 6a, b, with the variation of different concentrations of Eu** ion (0.1-2.5 mol%).
The peak heights are used for measuring the TL intensities. In Y,03, TL intensity
increases with Eu®" concentration up to 1 mol%, after which it decreases. Possibly,
after 1 mol% of Eu*" concentration, quenching occurs and trap levels are destroyed.
This trend is generally due to competition between radiative and nonradiative centers,
or between different kinds of trapping centers. In the present study, UV exposure is
used for creation of defects, and the observed TL glow peaks is mainly attributed to
surface defects, since UV radiation cannot penetrate deep into the material [51]. The
sublinear increase in TL intensity with UV exposure can be explained on the basis of
Horowitz’s track interaction model (TIM) [52, 53]. At low exposure times, the
recombination of various trapping/luminescent centers (TCs/LCs) occurs entirely
within the tracks. Electrons escaping the tracks are intercepted by the non-radiative
competitive centers (CC) in the intermediate region.

The TL signal, therefore, linearly increases with the irradiation and is simply
proportional to the UV dose (the exposure time) Fig. 7.

TL characterization of the phosphor requires extraction of information regarding
trapping parameters such as activation energy (E) of traps, and order of kinetics (b)
associated with the glow peaks. Here, E is a measure of energy required to eject an
electron from the defect center to the conduction band, while “s” is the rate of electron
ejection. The order of kinetics “b” is a measure of the probability that a free electron
gets re-trapped. This re-trapping effect increases with density of empty traps. For
estimation of trapping parameters (s and E), the following empirical formulae are used
to estimate trapping parameters using the Chen’s peak shape method [54]:

KgT?>
E, = c1< Ba m) — b,(2T,), (1)

where kg is Boltzmann constant, and Ty, is peak temperature. The constants C,, and
b, were also calculated by the Chen’s equation.

Frequency factor (s)

Once E and b are known, the frequency factor (s) can be evaluated:

PE E 0
= exp(—) (1+(b—1)4
s= P () (-4
_ 2kTy

where f3 is the linear heating rate, b the order of kinetics and 4, = =

Order of kinetics

To determine the order of kinetics (b), the form factor or symmetry factor is
determined using the following expression:
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Fig. 6 a TL glow curve of Eu-doped Y,0; with the variation of Eu concentration (5 min UV exposure),
b TL glow curve of Eu-doped Y,0; with the variation of Eu concentration (10 min UV exposure)

_T2_Tm
T, T,

This involves calculation of 7} and T5., which are the temperatures corresponding to
half of the maximum intensities on either side of the glow peak maximum temperature
(T,). The nature of the kinetics can be found by the form factor. Theoretically, the
value of the geometrical form factor (u,) is close to 0.42 for first-order kinetics, and
value is 0.52 for second-order kinetics.

The estimated kinetic parameters for Y>Os:Eu*" phosphors are given in Tables 1
and 2, respectively.

Hg
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Fig. 7 TL glow curve of Y,05:Eu (1 mol%) with the variation of UV exposure time

Table 1 Shape factors (u), activation energy (E), and frequency factor (s) for UV-irradiated Y,0O3:Eu-
doped phosphor for 5 min UV

Eu concentration T, T T, T 0 [0} uw=9dlw Activation Frequency
in mol% energy (E) factor (s)
0.1 82 135 174 53 39 92 0.42 0.39 5 x 10°
0.2 82 120 170 38 50 88 0.56 0.53 9 x 107
0.5 82 135 174 53 39 92 0.42 0.39 5 x 10°
1 93 135 189 42 54 96 0.56 0.52 3 x 107
1.5 82 135 174 53 39 92 0.42 0.39 5 x 10°
2 87 128 175 41 47 88 0.53 0.51 5 x 107
2.5 82 135 174 53 39 92 0.42 0.39 5 x 10°

CIE coordinates

The results indicate that Y,05:Eu’™" (1.5 %) phosphors can be selected as a potential
candidate for light-emitting diode (LED) applications as well as for FL. and compact FL.
(CFL) (Ex. 254).However, the relative intensity of the emission bands which provide the
fundamental color balance for white-light emission was achieved with the 0.5 mol%
sample with the spectrum (Fig. 5b) providing the Commission Internationale de
I’Eclairage (CIE) 1931 chromaticity coordinates much closer to the equal-energy white
light (Fig. 8). If one increases the activator concentration even further, the emission
intensity starts to decrease owing to concentration quenching, which is due to the
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Table 2 Shape factors (u), activation energy (E) and frequency factor (s) for UV-irradiated Y,03:Eu-
doped phosphor for 10 min UV

Eu concentration T, T T, T o %) U= dlw Activation Frequency
in mol% energy (E) factor (s)
0.1 95 131 175 36 44 80 055 0.59 3 % 108
0.2 93 128 182 35 54 89  0.60 0.61 8 x 10
0.5 90 128 179 38 51 89  0.57 0.56 1 x 108
1 89 128 194 39 66 105 0.62 0.56 1 x 108
1.5 90 128 176 38 48 86  0.55 0.55 1 x 108
2 90 128 178 38 50 88  0.56 0.56 2 x 108
2.5 92 128 177 36 49 85 0.57 0.59 3 x 108

CIE 1931 Coordinate
for Y,05:Eu*

WHITE LIGHT
BOUNDATY

Fig. 8 CIE coordinates depicted on 1,931 chart of Eu (0.2-2 %)-doped Y,O3 phosphor

increase in the ion—ion interaction provoked by the shorter distance between interacting
activators as the concentration increases. The fluorescence light spectral profile as a
function of the activator concentration was examined and the results indicated that the
chromaticity coordinates of the overall emission light changed, resulting in different
colors of the overall emission light for different concentrations, as can be observed.

Conclusion

Y,05:Eu’*-doped phosphor synthesized by the solid state reaction method. XRD
pattern confirms that the synthesized sample shows a cubic structure. The crystallite
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size was found to be in the range of 70-90 nm. XRD studies confirm that the phosphors
are in single phase and nano-crystallites. FEGSEM images show the formation of
nano-spheres. It can be seen that the particles have a compact distribution and
spherical shape. The PL emission was observed in the range 417-632 nm for all visible
regions for the Y05 phosphor doped with Eu**. The excitation spectrum was found at
254 nm. Sharp intense peaks were found around 467, 534, 594, 612, and 632 nm with
high intensity. The present phosphor can act as a single host for white light emission in
display devices. The results indicate that Y,O5:Eu" (1.5 %) phosphors can be
selected as potential candidates for LED application as well as for FL. and CFL (Ex.
254).

The TL kinetic parameters are also calculated using the glow curve shape
method. The results indicate that the TL glow curves of samples follow a second-
order kinetic model. The observed PL is due to oxygen deficiencies in the Y,03,
while the observed TL characteristics (e.g., supra-linearity in the intensity variation
with dosage) is understood using TIM. Corresponding activation energy was found
in between 0.39 and 0.61 eV and the frequency factor is 5 x 10°-8 x 10%~".
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