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Red emitting Y2O3:Eu
3+ nanophosphors with >80%

down conversion efficiency†

A. P. Jadhav,ab A. U. Pawar,a U. Palc and Y. S. Kang*a

Obtaining nanophosphors of a controlled size and shape with a high quantum efficiency is the current

challenge for display and imaging technologies. Although the surface state induced luminescence

quenching in nanophosphors may be compensated to some extent by incorporating activators like rare-

earth ions, or by exploiting their quantum size effect, obtaining nanophosphors with quantum

efficiencies as high as their bulk counterparts remains elusive. In the present article, we report on the

synthesis of uniform Eu-doped Y2O3 nanoparticles, with an average size of 20–53 nm and a down

conversion efficiency as high as 85%, using a simple chemical precipitation technique. Along with size

control, the effects of Eu3+ content on their emission behaviors have been discussed. We believe the

low-cost synthesis process of these nanoparticles will greatly enhance their application potential in

optical display and bio-imaging technologies.
A Introduction

Transition-metal oxides are well known high luminescent
emitters in the visible spectral region.1,2 High thermal and
chemical stabilities, optical transparency in infra-red, and
biocompatibility make these materials suitable for applications
in at panel displays, optical ampliers, and for bio labelling.3,4

For practical applications, nanostructures of these materials are
preferred to their micrometric or sub-micrometric counterparts,
as they offer higher spatial resolution in optical devices such as
displays, immunoassays, and for DNA assay labelling.5,6

Frequently, rare earth (RE) ions such as Eu3+, Tb3+ and Yb3+ are
incorporated into these nanostructures to enhance their emis-
sion efficiency by exploiting their inter-band transitions which
are induced by photo-generated charge carriers (electrons and
holes) in the metal-oxide host lattice; i.e. through the energy
transfer between the RE ions and the host lattice. Apart from the
high stability of the rare-earth ions in the metal-oxide matrices,
they also improve the emission efficiency of the metal oxides.7

However, in the nanostructure form, the emission efficiency of
metal-oxide phosphors is reduced drastically. This reduction
has been associated with several factors including their size,
synthesis temperature, crystallinity and their site-selective
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incorporation of dopant ions.8–10 While the variations in emis-
sion efficiency with each of these parameters have been studied
by several research groups, the outcome has remained contro-
versial.11–13 Nevertheless, in most cases, the emission efficien-
cies of the rare-earth doped transition-metal oxide
nanophosphors appear to be much lower than their bulk
counterparts, and the development of nanophosphors with a
high quantum efficiency (QE) remains a big challenge.

In the present article, we report on the synthesis of mono-
dispersed Eu-doped Y2O3 nanophosphors with a spherical
morphology and an emission efficiency as high as 85%, using a
simple chemical co-precipitation technique. The contributions
of synthesis temperature in controlling the concentration and
site selective incorporation of Eu3+ in the Y2O3 lattice have been
studied.
B Experimental
Materials

Yttrium(III) chloride hexahydrate (YCl3$6H2O, 99.9%, Sigma
Aldrich), europium(III) chloride hexahydrate (EuCl3$6H2O,
Tokyo Chemical Industry Co. Ltd.), sodium carbonate (Na2CO3,
Junsei Chemicals Co. Ltd.), sodium chloride (NaCl, Duksan
Pure Chemicals Co. Ltd.) and oleic acid (C18H34O2, Junsei
Chemicals Co. Ltd) have been used as received without further
purication.
Synthesis

The nanoparticles of Y2O3:Eu
3+ were synthesized by a chemical

co-precipitation technique which utilizes oleic acid as a
surfactant and NaCl as a neutral electrolyte.14 To study the
effects of synthesis temperature on the size and optical
This journal is © The Royal Society of Chemistry 2014
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properties of the europium doped Y2O3 nanoparticles, the
reactions were carried out by varying the synthesis temperature
between 25 and 100 �C. The pH of the reaction solutions
was adjusted to 7 at the respective reaction temperatures. For
the reactions at higher temperatures, we used a condenser
assembly to maintain a constant reaction temperature
throughout the synthesis process. Aer cooling the solution to
room temperature, the precipitate was separated by centri-
fuging (10 000 rpm, 10 min at 23 �C), washed several times with
deionized water, and dried at 120 �C for 6 h in air. The dried
samples were then air annealed at 800 �C for 1 h in a muffle
furnace.
Characterizations

Structural and morphological analyses of the samples were
performed using a Rigaku X-ray diffractometer (Cu Ka, l ¼
1.54056 Å) and a JEOL, JEM-2100F transmission electron
microscope operating at 200 keV, respectively. The samples for
observation were prepared by dispersing a small amount of
each sample in cyclohexane, spreading a drop of them over
carbon coated copper grids and then drying them under a UV
lamp. The surface composition and chemical state of the
constituting elements of the samples were studied using a
Thermo VG Scientic (England), Multitab 2000 X-ray photo-
electron spectrometer. The diffuse reectance of the samples
was studied using a JASCO V660 spectrophotometer. Room
temperature photoluminescence (PL) emission of the powder
samples was measured using a Hitachi F-7000 uorescence
spectrophotometer equipped with a 4 60 integrating sphere,
and the 265 nm emission of a xenon lamp was used as the
excitation source.
C Results and discussion

Crystalline Y2O3 has a cubic bixbyite structure with an Ia3 space
group,15,16 containing 16 formula units in each primitive cell. Of
the 32 six-fold coordinated cations in its primitive cell, 8 are
centrosymmetric with C3i symmetry and 24 are non-centro-
symmetric with C2 symmetry (Fig. 1).17 The point symmetry S6,
C3i has an inversion center and a smaller crystal eld, which
doesn’t allow for electron–dipole transitions in the absence of
lattice distortion (either thermal or due to impurity incorpora-
tion). The C2 sites however, are non-centrosymmetric i.e. they
have no center of inversion, allowing for electron–dipole tran-
sitions, and therefore, they are predominantly responsible
for the luminescent emissions when occupied by transition
metal ions.18–20 The cubic phase of yttrium oxide shows the
presence of Y3+ in two different environments (C2 or S6) sur-
rounded by six oxygen atoms. The isomorphic substitution of
europium ions in the Y2O3 will usually occupy these symmetry
sites (low symmetry C2 and high symmetry S6) to form energy
level structures as represented in Fig. 1. The number of C2 sites
is about three times higher than the number of S6 sites in the
Y2O3 crystal. Ranson et al. and Buijs et al. have shown the
existence of different energy transfer channels between the Eu3+

ions occupying different crystallographic sites in the yttrium
This journal is © The Royal Society of Chemistry 2014
oxide. Among these energy transfer channels the path length of
channel (3) is long enough to affect the uorescent evolution of
5D0 (C2).21,22 The presence of Eu3+ ions at the S6 site mostly
results in a slower emission due to the lower probability of
electronic transition from that site.23,24 The generation of non-
radiative relaxations can result in the lowering of the total
emission efficiency. Due to the same reason, when doped with
Eu, most of the incorporated Eu3+ ions occupy the C2 sites of the
Y2O3 lattice, favoring the 5D0 / 7F2 interband transitions.
However, when incorporating the ions at a higher concentra-
tion, a part of the Eu3+ ions can occupy the C3i sites, causing a
reduction in the luminescence efficiency.25

Incorporation of rare earth dopant ions into the Y2O3

nanostructures strongly depends on their synthesis tempera-
ture; a higher synthesis temperature aids incorporation. Fig. 2
shows that the synthesized Y2O3:Eu

3+ nanoparticles have a
quasi-spherical morphology with a smooth surface and that
their average size increases with synthesis temperature. A
higher synthesis temperature also helps to form perfect crys-
talline structures of the cubic phase of the Y2O3; this can be
observed from the X-ray diffraction (XRD) patterns of the heat
treated Y2O3:Eu

3+ nanophosphors (Fig. 3).
Fig. 3 shows the XRD patterns of the Y2O3:Eu

3+ samples
prepared at different reaction temperatures and air-annealed at
800 �C for 1 h. All the samples revealed well resolved diffraction
peaks corresponding to the body centered cubic structure
(space group Ia3) of Y2O3 (JCPDS # 83-0927). Although there was
no noticeable change in the peak positions, the intensity of the
most prominent peak (222) increased slightly up to 75 �C, and
then decreased. The (321) peak which appeared in the sample
prepared at 25 �C, disappeared for the samples prepared at
higher temperatures. The disappearance of this peak is prob-
ably associated with the reorientation of the crystal planes in
the nanocrystals. The absence of any additional peaks related to
Eu, or its oxide, in the XRD spectra of the samples indicates
effective incorporation of the activator into the host lattice. The
lattice constant ‘a’ of the samples was calculated using the
equation 1/d2 ¼ (h2 + k2 + l2)/a2, and the resulting values of
10.614 � 0.002 Å and 10.614 � 0.001 Å, for the samples
prepared at 25 �C and at higher temperatures (50–100 �C),
respectively, were very close to the standard value for the cubic
bixbyite Y2O3 (a ¼ 10.608 Å; JCPDS 83-0927). The average grain
sizes of the Y2O3:Eu

3+ samples synthesized at different reaction
temperatures were calculated using the Scherrer formula and
presented in Table 1. It can be noted that, neither the diffraction
peaks (Fig. 3) nor the average grain size vary in a regular manner
with the increase in synthesis temperature. On increasing the
synthesis temperature, the Eu3+ ions of a higher quantity can be
incorporated into the nanoparticles (Table 1), resulting in a
decrease in their room temperature PL emissions (Fig. 4).

Table 1 presents the data obtained from X-ray photoelectron
spectroscopy (XPS), XRD, TEM and QE measurements. It was
observed that by increasing the reaction temperature, a higher
amount of Eu3+ ions could be incorporated into the Y2O3 nano-
particles, (see Table 1 and ESI†) without hindering their growth
and crystallinity. However, their room temperature PL emissions
decreased with the increase in synthesis temperature (Fig. 4).
J. Mater. Chem. C, 2014, 2, 496–500 | 497
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Fig. 1 The cubic bixbyite structure of Y2O3 with both C2 and C3i symmetry sites and 5D0 / 7FJ (J ¼ 0, 1, 2) transitions in the Y2O3:Eu
3+.

Fig. 2 Typical transmission electron microscopy (TEM) images of the
Y2O3:Eu

3+ nanoparticles synthesized at (A) 25, (B) 50, (C) 75, and (D)
100 �C after annealing at 800 �C for 1 h. The insets represent the
respective HRTEM images, with the lattice plane matching the
diffraction pattern of Y2O3.

Fig. 3 XRD patterns of Y2O3:Eu
3+ nanoparticles synthesized at (A) 25,

(B) 50, (C) 75 and (D) 100 �C after calcination treatment at 800 �C for 1
h. The XRD patterns were compared with a standard JCPDS card (83-
0927) of yttrium oxide.

Table 1 Surface composition, particle size, and PL estimated QE
values of Y2O3:Eu

3+ nanoparticles synthesized at different reaction
temperatures

Reaction temperature
�C

XPS composition
(atom %)

Ave. particle/
crystallite
size (nm)

%QEY O Eu TEM XRD

25 15.52 84.15 0.23 28.53 25.50 85.49
50 35.38 63.14 1.47 39.50 23.50 36.92
75 36.36 62.16 1.48 51.00 28.50 27.66
100 36.56 61.87 1.58 53.00 21.00 24.40
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The room temperature PL spectra of all the samples revealed
the characteristic emission bands associated with Eu3+ ions,
i.e. the 5D0 /

7FJ (J ¼ 0, 1, 2) interband transitions associated
with the spin forbidden f–f transition (Fig. 4). The prominent
emission at 612 nm is associated with the 5D0 /

7F2 transition
and the relatively weak emissions at around 581.6 nm are due to
the 5D0 / 7F0 transition. While the weaker emissions which
appear at around 587.8, 593.4 and 599.6 nm correspond to the
5D0 / 7F1 transitions, the emission at around 631.2 nm
498 | J. Mater. Chem. C, 2014, 2, 496–500
corresponds to the 5D0 / 7F2 transition. The 5D0 / 7F1 tran-
sition is known as the parity allowed magnetic dipole transition
(DJ ¼ 1) and its intensity usually remains independent of the
host crystal. In the case of the 5D0 / 7F1 electric dipole
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Room temperature PL spectra of the Y2O3:Eu
3+ nanoparticles

synthesized at 25, 50, 75 and 100 �C. All the samples were air annealed
at 800 �C for 1 h. The 265 nm emission of a xenon lamp was used for
the excitation.
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transition (DJ ¼ 2) which is highly affected by the local envi-
ronment around Eu3+, the emission intensity depends on the
symmetry of the crystal eld around the europium ions.26 The
nanoparticles synthesized at RT manifest the highest emission
intensity. The emission intensity of the nanoparticles reduced
to about 41, 36 and 23% when they were synthesized at 50, 75
and 100 �C, respectively. Incorporation of Eu3+ ions in higher
concentrations (for the samples synthesized at higher temper-
atures) generated nonradiative defect centers (killer or
quencher ions) in the host lattice, quenching their luminescent
emissions either through the loss of energy due to cross-relax-
ation, excitation migration between the activators (Eu3+), or
through the enhanced nonradiative recombination of the
photo-generated charge carriers (electrons and holes). On the
other hand, the XPS results presented in Table 1 indicate that
apart from a lower % of Eu3+ ions, the sample synthesized at RT
(25 �C) contains high Y vacancy sites in its crystalline lattice,
which favors Eu3+ ion incorporation at the non-centrosym-
metric C2 sites.

Considering the % reectance of the powder samples at an
excitation wavelength of 265 nm, the QE of the nanophosphors
was calculated as:

%QE ¼ Number of emitted photons

Number of excited photons
� 100

where the number of emitted photons is considered to be
proportional to the integrated intensity of the PL emission, and
the number of absorbed photons is considered to be propor-
tional to the intensity of the excitation radiation (aer reec-
tance correction). For the estimation of QEs, the excitation and
emission intensities for each sample were measured carefully at
least 3 times using a commercial Hitachi F-7000 uorescence
spectrophotometer equipped with a 4 60 integrating sphere.
From Table 1, we can see that the estimated QE value decreases
gradually with an increase in synthesis temperature. However,
the nanophosphors synthesized at RT revealed a QE of about
85%, which is much greater than the reported QE value (�78%)
for pure Y2O3:Eu

3+ at the nanometer size range.27
This journal is © The Royal Society of Chemistry 2014
Apart from the Eu3+ concentration, the QE of the Y2O3:Eu
3+

nanophosphor also appears to be strongly dependent on the
particle size and crystallinity of the nanophosphor. Goldburt
et al. have reported an increase of the QE value for the Y2O3:Tb

3+

nanophosphors when their particle size decreased from 10 to
4 nm, obeying an inverse proportional relationship to the
square of the particle size.28 However, Dijken et al. have reported
an opposite trend.29 In fact, reports on the QE values of the
Y2O3:Eu

3+ nanocrystals have been inconsistent, which is mainly
due to the differences in the synthesis techniques used. Nano-
crystals synthesized by different methods manifest different
structures, morphologies, and surface characteristics. Schme-
chel et al. have reported that the QE of 5D0 emissions in a
commercial bulk Y2O3:Eu

3+ sample (92%), with an average grain
size of about 5 mm, reduces to less than 10% when the grain size
reduces to between 5–10 nm.30 A reduction in the QE value by
about 30% has also been reported by Dhanraj et al. for their sol–
gel thermolysis grown nanocrystals.31 In contrast, Wakeeld
et al. have reported an increase in QE for their Y2O3:Eu

3+

nanocrystals with a size range of 70–100 nm.32 However, their
estimated QE value for commercial bulk Y2O3:Eu

3+ was far
below that of the QE values reported by other authors.33

The reduction of PL intensity for our Y2O3:Eu
3+ nano-

particles synthesized at higher reaction temperatures is mainly
due to the increase in the Eu : Y ratio (see Table 1). As
mentioned earlier, there are only two possible sites for the Eu3+

ions to occupy in the Y2O3 lattice, i.e. either at the centrosym-
metric C3i sites or at the non-centrosymmetric C2 sites.20

Although the Eu3+ ions can occupy both the lattice and the
interstitial sites of the crystalline host, due to the similar ionic
radius of Y and Eu (104 and 108.7 pm, respectively) most of the
Eu3+ ions are able to occupy the lattice sites and replace the Y
ions without affecting the lattice parameter of the host
considerably, as we can see from their HRTEM images (see
Fig. 2). However, for the incorporation of the Eu3+ dopant at a
high concentration, aer ling up the limited C2 sites available
they are either incorporated at the centrosymmetric C3i sites or
at the interstitial sites, where they behave as luminescence
quenching centers in the Y2O3 particles and facilitate the
transfer of energy from radiative centers to nonradiative
centers. From Table 1, we can see that the nanoparticles
synthesized at RT are highly luminescent, with QE values as
high as 85%. The QE value of the nanoparticles reduces to about
37, 27 and 24% for reaction temperatures of 50, 75 and 100 �C,
respectively.

Taking into account all the aspects discussed above, this
report indicates that the higher PL emission in the samples
synthesized at RT can be attributed to its high yttrium (Y)
vacancy centres, which favour the incorporation of Eu3+ ions at
the lattice sites. While the smooth non-faceted surface reduces
surface scattering (due to a lower diffuse reectance), the high Y
vacancy sites in the nanocrystals synthesized at RT facilitate
the accommodation of dopant ions and therefore enhance
the transfer of the absorbed energy to the Eu3+ ions.34,35 On the
other hand, high temperature thermal annealing helps to
eliminate undesired contaminants from the particle surface. It
must be noted (from XPS spectra of the samples shown in
J. Mater. Chem. C, 2014, 2, 496–500 | 499
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Fig. S1 of ESI†) that the sample synthesized at RT has the lowest
carbon content.
D Conclusions

Using a simple chemical co-precipitation technique, Y2O3:Eu
3+

nanoparticles with an average size of 13–28 nm and a down
conversion efficiency as high as 85% were synthesized. A highly
Y decient Y2O3 crystal lattice accommodates Eu3+ ions well at
the vacancy sites even at a concentration as low as 0.23 atom%,
resulting in drastically enhanced emission efficiency. While a
higher synthesis temperature helps to grow larger nanoparticles
with a higher Eu3+ ion content, higher radiation scattering from
their faceted surface and the positioning of the incorporated
Eu3+ ions at the electric–dipole transition prohibited C3i sites,
reduces their emission efficiency. The well dispersed nano-
phosphors of uniform size which are synthesized at room
temperature using this simple and low-cost process may be very
attractive for applications in display technologies.
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