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a  b  s  t  r  a  c  t

This  report  presents  a fabrication  result  of nearly  uniform-shaped  color-tunable  Y2O3 submicron  particles
codoped  with  Eu and  Tm  ions.  The  resulted  particles  were  characterized  by  X-ray diffraction,  field  emis-
sion  scanning  electron  microscope  and  field  emission  transmission  electron  microscope,  whereas  their
optical properties  were  monitored  by  photoluminescence  spectroscopy.  The  room  temperature  lumi-
vailable online xxx
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oping

nescence  emission  of  synthesized  particles  was  investigated  in  detail.  It  was  shown  that  Eu3+ and  Tm3+

codoped  Y2O3 submicron  particles  exhibits  red  luminescence  (612  nm)  under  255  nm  excitation,  while
the  emission  color  of  the  same particles  can  be  tuned  to blue  (459  nm)  under  320  nm  excitation.  Different
concentrations  of  Eu3+ and  Tm3+ were  induced  into  the  Y2O3 lattice  and  the  luminescence  quenching  was
observed  at  high  dopant  concentrations.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Light is an important component of life. Excitement around
he nanofabrication and manipulation of fluorescent materials for
pplications in life sciences is increasing gradually. Although vari-
us fluorescent materials, such as organic dyes and quantum dots
QD), are used widely in life science, they are limited in applications
ue to the broad spectral features, decomposition, short lifetimes,
hoto-bleaching and potential toxicity. From this point of view,
are-earth (RE) codoped nanoparticles (NPs) with desirable prop-
rties has attracted considerable interest for chemistry, materials
cience and potential applications in biotechnology. Lanthanide-
oped nanoparticles have been recognized as a new promising class
f fluorescent materials due to the unique luminescence proper-
ies, narrow line-width emission bands, high quantum yields and
hotostability [1].

The efficiency of RE-doped nanoparticles for frequency con-
ersion is often influenced by the dopant concentration or crystal
tructure of the host because it changes the phonon frequency
2,3]. The similarity in chemical properties and ionic radius, high

elting point (2400 ◦C) and low cut-off phonon energy (380 cm−1)
ake Y2O3 a very promising host material for efficient luminescent

edia. Different RE-doped Y2O3 NPs have been studied extensively

or their unique optical and electronic properties [4–7]. On the
ther hand, the synthesis methods of RE-doped Y2O3 particles still

∗ Corresponding authors. Tel.: +82 55 350 5845; fax: +82 55 353 5844.
E-mail addresses: hkkim@pusan.ac.kr (H.-K. Kim), yhwang@pusan.ac.kr

Y.-H. Hwang).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2012.01.148
require hazardous and toxic reagents. Moreover, the final product
is inhomogeneous in size and shape. Non-aggregated phosphor
nanoparticles with a spherical morphology were reported to
improve the optical performance due to the high packing density
and reduction of light scattering [8,9,11]. Therefore, it is very
important to design processes that minimize the use and gener-
ation of hazardous substances, as well as allow the fabrication of
small particles with fine luminescence properties, good crystalline
structure and controllable uniform shapes.

Particles with color-tunable emission can be obtained by a com-
bination of some lanthanide ions in the host material. Such a
color-tunable nano-phosphorus can find potential applications in
display and security printing areas. In our previous report, yttria
submicron particles codoped with Eu and Tb activators shows
very interesting red-to-green color-tunable luminescent proper-
ties [9] depending on the excitation wavelengths. The Eu3+ dopant
is known as red activator for many host materials [9],  while a Tm3+

has many 4f–4f transitions in blue wavelength region [10]. There-
fore, Y2O3 host material codoped with Eu and Tm ions can also show
interesting luminescence properties depending on the excitation
wavelength. In the present study, easily reproducible, low cost urea
homogeneous precipitation method was used to fabricate nearly
spherical shaped Eu3+ and Tm3+ codoped Y2O3 particles. Lumines-
cence color emission of Eu3+ and Tm3+ codoped Y2O3 particles can
be tuned precisely by switching the excitation wavelength and is
dependent on the dopant ions concentration, which is a parameter

easily controlled during fabrication. To the best of author’s knowl-
edge, the optical properties of Y2O3 host material codoped with
Tm3+ and Eu3+ has not been reported so far, motivating the authors
to pursue the present work.

dx.doi.org/10.1016/j.jallcom.2012.01.148
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hkkim@pusan.ac.kr
mailto:yhwang@pusan.ac.kr
dx.doi.org/10.1016/j.jallcom.2012.01.148
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.  Experimental

.1. Chemical synthesis

Analytical grade yttrium oxide Y2O3 (99.9%), europium oxide Eu2O3 (99.9%),
hulium oxide Tm2O3 (99.9%), nitric acid HNO3 (70%) and urea (99–100.5%) were
urchased from Sigma–Aldrich and used without a further purification.

Uniform-shaped sub-micron Eu3+ and Tm3+ codoped Y2O3 particles were syn-
hesized according to our previous reports [9,11].  In a typical synthesis, yttrium
xide and appropriate amount of rare-earth oxides with a stoichiometric mol ratio
Y/RE = 100 − x/x, where x = 1%Eu–1%Tm; 2%Eu–1%Tm; 3%Eu–1%Tm; 1%Eu–2%Tm;
%Eu–2%Tm and 3%Eu–2%Tm (a total of 0.001 mol  for each sample)) were diluted
ith nitric acid and vigorously stirred until the solution became colorless. Then the

olutions were dried at 70 ◦C for 1 day to remove the excess nitric acid therein.
fter cooling down to room temperature, each sample of dried rare-earth salts
ere mixed with 40 ml of deionized water, 0.5 g of urea and vigorously stirred for

0  min  to form a clear solution. Sealed beakers with freshly prepared solutions were
hen placed into an electrical furnace and heated up to 90 ◦C for 1.5 h. The resulting
olloidal solutions were centrifuged at 5000 rpm for 30 min. The precipitates were
ashed 3 times with ethanol and DI water and dried at 70 ◦C for 24 h under vacuum.
ried precipitates were then calcinated in air at 1000 ◦C for 1 h to produce oxide
articles.

.2.  Physical characterization

The structure of the prepared powders was investigated via X-ray diffrac-
ion (XRD) using a Bruker D8 Discover diffractometer with Cu K� radiation
� = 0.15405 nm)  within a 2� scan range of 20–60◦ . The morphologies of the parti-
les were characterized via field-emission scanning-electron microscopy (FESEM,
itachi S-4700) and field-emission transmission electron microscopy (FETEM,

EOL JEM-2100F). Elemental analysis was carried out by using energy dispersive
-ray spectroscopy (EDX; Horiba, 6853-H). The PL measurements were per-

ormed with a Hitachi F-7000 spectrophotometer equipped with a 150 W Xenon
amp  as an excitation source. All the measurements were performed at room
emperature.

. Results and discussion

.1. Synthesis, morphology and crystal structure

In the present study, the urea homogeneous precipitation route
as utilized to prepare uniform Eu3+ and Tm3+ codoped Y2O3
articles. Aqueous solutions of urea are relatively stable under
ormal conditions. At moderately elevated temperatures, urea
ecomposes by releasing NH3 and carbonate ions, which cause the
ubsequent hydrolysis of metals ions present in solution. Since the
ate of urea decomposition can be controlled carefully, it is pos-
ible to establish conditions that would result in the formation of
articles with a uniform size distribution.

An overview synthesis scheme of particles is given through the
ollowing reaction steps:

E(NO3)3·nH2O + CO(NH2)2 → RE(OH)CO3·nH2O + NH3

E(OH)CO3·nH2O → RE2O3 + CO2 + H2O

here RE corresponds to Y, Eu, and Tm.
The collected particles were calcinated at 1000 ◦C, dispersed in

thanol and sonicated for the TEM observations. For a compar-
tive study of the physical and optical properties, samples with
ifferent concentrations of RE codoped ions in Y2O3 host lattice
ere synthesized and characterized. Fig. 1 shows that the XRD

atterns of synthesized particles belongs to a cubic phase Y2O3
tructure (space group Ia3 (206)) with lattice constant a = 1.05 nm)
9,11,12]. No additional peaks of other phases have been found,
ndicating the formation of a purely Y2O3 cubic phase. It can also

able 1
alculated mean crystallite sizes of Eu3+ and Tm3+ codoped Y2O3 particles.

1Tm/1Eu 1Tm/2Eu 1Tm/3Eu 

47.61 ± 0.09 47.82 ± 0.11 47.97 ± 0.10 
Fig. 1. The X-ray diffraction patterns of Y2O3 particles codoped with different con-
centrations of Eu3+ and Tm3+.

be seen that the diffraction peaks of the samples are very sharp
and strong, revealing that the final product with high crystallinity
can be synthesized by this method. It is very important for phos-
phors because high crystallinity generally means fewer traps and
stronger luminescence [9,11].  The well-known Debye–Scherrer’s
equation was  used to calculate the mean crystallite sizes of samples.
Table 1 lists the calculated mean crystallite sizes of synthesized
samples. It is known that the emission intensity of phosphor mate-
rials depends on the size of the crystallites, i.e., the higher the
crystallite size the higher the luminescence intensity. As it will be
shown later, the slightly increasing tendency of crystallites can be
attributed to the effect of the increased dopant concentration in
host material [9],  since the luminescence quenching was  observed
at high dopant concentrations. Fig. 2(a and b) shows the FESEM
images of the Y2O3:1%Eu3+–1%Tm3+ particles. One can see that par-
ticles with sizes of about 150 nm for Y2O3:1%Eu3+–1%Tm3+ could
be obtained by aging the corresponding RE nitrates solutions for
1.5 h. Doping with different concentrations of Eu and Tm content
has almost no effect on the structure and morphology of the final
product and the rest of the samples were spherical and similar
in sizes (not shown). High resolution FESEM image showed that
the Y2O3:1%Eu3+–1%Tm3+ particles actually consist of small crys-
tallites, ∼50–60 nm in size, which is almost consistent with that
estimated by Debye–Scherrer’s equation from the XRD patterns.
FETEM image of the Y2O3:1%Eu3+–1%Tm3+ single particle in Fig. 2(c)
confirmed that the samples consist of smaller crystallites associ-
ated with each other. HRFETEM showed lattice fringes of 0.305 nm
for Y2O3:1%Eu3+–1%Tm3+ in Fig. 2 (d), which was assigned to the
{2 2 2} crystal plane of the Y2O3 bcc phase [9–12]. The continu-
ous diffraction rings of Y2O3:1%Eu3+–1%Tm3+ in the selective area
electron diffraction (SAED) pattern further indicated the crystalline

nature of the samples (Fig. 2(e)) [13]. Energy-dispersive X-ray (EDX)
spectroscopy of the selected areas revealed the presence of RE ions
in the Y2O3 host (Fig. 2(f)).

2Tm/1Eu 2Tm/2Eu 2Tm/3Eu

47.79 ± 0.14 48.03 ± 0.16 48.28 ± 0.07
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ig. 2. (a) Low magnification and (b) high magnification FESEM images of Y2O3:1
ar  = 40 nm), (d) HRFETEM image of Y2O3:1%Eu3+–1%Tm3+ crystal fringes (scale bar

.2. Luminescence properties

The concentration of RE ions in the host material is one of the
mportant factors that should be considered during the develop-

ent of RE-doped phosphor materials. To determine the optimum
E ions doping concentration in the host material, the obtained
esults were plotted as concentration dependence graphs versus
he most intense luminescence peak under a given excitation.
ig. 3(a) shows predominantly red luminescence emission due to
D0 → 7Fj (where j = 0, 1, 2 and 3) Eu3+ ion emission transitions in

2O3:Eu3+–Tm3+ systems under 255 nm excitation. On the other
and, a weak blue 1G4 → 3H6 transition in Y2O3:Eu3+–Tm3+ was
lso detectable. A close examination of the most intense character-
stic peak at 612 nm assigned to a 5D0 → 7F2 transition showed that
1%Tm3+ particles, (c) FETEM image of Y2O3:1%Eu3+–1%Tm3+ single particle (scale
), (e) SAED image and (f) EDX spectra of the Y2O3:1%Eu3+–1%Tm3+ particles.

the intensity increased with increasing Eu content and reached a
maximum when the concentration was  2 mol.% and then decreased
at higher concentrations in Y2O3:1Tm3+–xEu3+ samples (Fig. 3(b)).
In contrast to the Y2O3:1Tm3+–xEu3+ samples, the luminescence
intensity of Y2O3:2Tm3+–xEu3+ particles showed the downward
trend under the same 255 nm excitation (Fig. 3(b)). The emit-
ting color of Y2O3:Eu3+–Tm3+ systems can be tuned to blue under
320 nm excitation, which is due to the 1G4 → 3H6 and 1D2 → 3F4
transitions within the Tm ions, however, weak red characteris-
tic 5D0 → 7Fj transitions of Eu3+ were also observed as shown in

Fig. 4(a). One can see that in contrast to Eu ions, Tm ions were found
to be concentration-sensitive to the presence of Eu codoped ions.
Hence, their corresponding most intense peaks (459 nm for Tm3+)
decreased significantly with increasing of any (Eu or Tm) dopant
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Fig. 3. (a) PL emission spectra of Y2O3 particles codoped with different concentra-
tions of Eu3+ and Tm3+ upon 255 nm excitation. (b) The integrated emission intensity
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Fig. 4. (a) PL emission spectra of Y2O3 particles codoped with different concentra-

excitations respectively. Inset digital images show the eye-visible
red and blue emissions from Y2O3:1%Eu3+–1%Tb3+ particles upon
different excitation wavelengths. The light output manipulation of
phosphor material can be useful in many practical applications,
f 612 nm peaks of Y2O3 particles codoped with different concentrations of Eu and
m ions.

ons concentration in the host (Fig. 4(b)). This highlights the effect
f concentration quenching on the luminescence properties in
his host. The most reasonable explanation for this concentration-
uenching behavior is cross-relaxation between RE-ions because a
igher dopant concentration leads to a decrease in the average dis-
ance between dopant ions, and to the formation of dopant pairs or
lusters in some cases. This then promotes an interaction between
ons, energy migration, and non-radiative cross-relaxation pro-
esses to the ground state [9,11],  which finally results in quenching
f the luminescence intensity.

The excitation spectra of Y2O3:1%Eu3+–1%Tm3+ shown in Fig. 5.
t is well known that upon excitation into charge-transfer-band CTB
f the Eu–O at 255 nm the emission spectrum exhibits several group
f emission lines, which are ascribed to the 5D0 → 7Fj (where j = 0,
, 2 and 3) transitions of Eu3+ (Fig. 3(a)) [9]. Fig. 6 represented the
chematic energy level diagram and the observed luminescence
ransitions in the Y2O3:Eu3+–Tm3+ systems. The existence of broad
and in the range of 275–385 nm which is related to Tm–O charge
ransfer [14] (Fig. 5), shows that the some energy transfers also to
m ions, therefore weak blue 1G4 → 3H6 transition within the Tm
ons also detectable. The direct excitation of Tm–O charge transfer
and at 320 nm give rise to 1G4 → 3H6 and 1D2 → 3F4 transitions
ithin the Tm ions with feeble energy transfer from Tm to Eu ions.
herefore, it can be concluded that the energy transfer between the
odoped Tm3+ and Eu3+ is not sufficient in contrast to previously
eported Tb3+ → Eu3+ energy transfer in Y2O3 [9,15].
tions of Eu3+ and Tm3+ upon 320 nm excitation. (b) The integrated emission intensity
of 543 nm peak of Y2O3 particles codoped with different concentrations of Eu and
Tm ions.

Fig. 7 shows the emission spectra of Y2O3:1%Eu3+–1%Tm3+ (par-
ticles with lower dopant concentrations) upon 255 and 320 nm
Fig. 5. The excitation spectra of the Y2O3:1%Eu3+–1%Tm3+ phosphor particles.
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Fig. 6. Schematic diagram illustrating the Tm3+/Eu3+ energy band structure and Stokes transitions between the levels.
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ig. 7. PL emission of Y2O3:1%Eu3+–1%Tm3+ particles upon excitation at 255 and 32

or example in solid state illumination, security-printing area, and
ther related areas.

. Conclusion

In summary, nearly spherical Y2O3 sub-micron particles
odoped with Eu/Tm ions were synthesized via cost-effective and
ser-friendly urea homogeneous precipitation. A combination of

u/Tm ions in a single yttrium oxide host material allows to manip-
late the luminescence color output in phosphor material upon
xcitation of different wavelengths. In Eu3+ and Tm3+ codoped
ttria particles, Tm ions are found to be concentration-sensitive
Inset shows digital photographs of eye-visible red and blue luminescence emission.

and corresponding blue luminescence peak was quenched signifi-
cantly with increasing of codoped rare-earth ions concentration in
the host. Fine color-tunable luminescence emission may find many
potential applications, including display panels, security printing,
solid-state illumination, etc.
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