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Abstract Although Eu3? ion-doped Y2O3 has been

extensively used as red phosphors, their color rendering

needs to be improved for high-quality illumination and

displaying. Here, we show that the emission spectra of

Y2O3:Eu3? red phosphors can be broadened by the doping

of Nd3? ion so that the color rendering capability of

Y2O3:Eu3? was remarkably enhanced. Y2O3:Eu3? and Y2O3:

Eu3?,Nd3? colloidal spheres were synthesized by wet

chemical procedure and high-temperature treatment. The

fluorescence measurement under the 254 and 380 nm

ultraviolet excitation indicates that the 612 nm red emis-

sion peak of Eu3? can be splitted into two ones by the

doping of Nd3? ion, of which the full width at half maxi-

mum (FWHM) is broadened from 4.2 nm to 9.6 nm. By

varying the concentration of Nd3? ion, it was determined

that the optimal doping concentration of Nd3? ion is of

3 mol% for realizing the strongest emission intensity. The

further increase of Nd3? ion exceeding 3 mol% would lead

to a concentration quenching phenomenon. The analysis

based on XRD spectra and the simplified energy diagram

suggested that the doped Nd3? ion not only monitored the

growth dynamics, but also took an efficient energy transfer

and a cross relaxation process to generate intense emission

from Eu3? ion in both of C2 and S6 sites, instead of pref-

erable one type of Eu3? site (C2 or S6) in the Nd3? undoped

sample.

Introduction

Lanthanide Eu3? ion has been extensively used as emitter

and doped into various host materials to generate red light

(*611 nm) by the 4fn electric dipolar transition of
5D0–7F2. Among these Eu3? ion activated red light mate-

rials, Y2O3:Eu3? is one of the most important, since the

host material Y2O3 has high thermal stability, low phonon

energy and luminescence quenching rate, and similar

physical and chemical properties to the doped Eu3? ions

[1–5]. Therefore, Y2O3:Eu3? has been widely synthesized

and applied as red phosphors in the fields of fluorescent

lighting, cathode ray tube, field emission display (FED),

and plasma display panels (PDP) [1–8].

Although phosphors-based lighting and displaying

devices have been widely applied in our daily life, the

luminescence spectra of most of these devices just covered

a portion of the overall visible light, which is some dif-

ferent from the sunshine that covers the whole visible light

range (380–780 nm). Therefore, these artificial lighting

sources have worse color recover capability for indoor

lighting or displaying [9]. Enlarging the luminescence

spectra range of phosphors covered in visible light (close to

sunshine) is considered to be an ultimate aim for the

application of illumination. In ever synthesized cubic

Y2O3:Eu3?, just a sharp emission band centered at 611 nm

from the electric dipolar transition of 5D0–7F2 was gener-

ated with the full width at half maximum (FWHM) of

*7 nm. Although, the FWHM of 5D0–7F2 of Eu3? tran-

sition in monoclinic Y2O3 phase is much broader than that

in cubic Y2O3 phase [10]. Unfortunately, the monoclinic

Y2O3 phase has worse stability than cubic one, and its

produce needs generally specific synthesis conditions, for

instance, high pressure and special apparatus [10]. There-

fore, it will be valuable to develop a novel method for
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realizing the broad-band red light emission of Eu3? in the

stable Y2O3 cubic phase. In this study, we show that the red

emission band of Y2O3:Eu3? under UV excitation can be

efficiently broadened by doping Nd3? ion. Meanwhile, the

obvious splitting of the emission bands of Eu3? ion has

also been observed by doping Nd3? ion. The analysis based

on the microstructure detection, fluorescent spectra and

simplified energy level diagram indicates that the energy

transfer between Eu3?/Nd3? pairs and the variation of

crystal field environment of Eu3? induced by doping Nd3?

ion responded for the splitting and broadening of the

emission bands of Eu3? ions in cubic phase Y2O3.

Experimental

Samples with the composition of Table 1 were synthesized

as follows: rare earth (RE) oxides Y2O3, Eu2O3, and Nd2O3

were dissolved with HNO3 to produce RE nitrate. The

RE(NO3)3 were re-dispersed in distilled water and

stirred for 30 min at room temperature. Subsequently, the

RE(NO3)3 aqueous solution was heated to 60 �C with

continuous stirring, and the urea was added. Then, the

mixed solution was stirred for 3 h at temperature of 65 �C.

Finally, the prepared solution was transferred into a 50 mL

autoclave, sealed, and reacted at the temperature of 110 �C

for 24 h. After the reaction finished, the products were

collected, washed with distilled water and ethanol, and

calcined at the temperature of 750 �C for 2 h. For further

analysis, part of the as prepared samples was annealed at

the temperature of 1000 �C for 2 h. The sample without the

doping of Nd3? was synthesized with the same procedure.

Scanning electron microscopy (SEM) images were recor-

ded using a FE-SEM JEOL JSM-6700F microscope. X-ray

diffraction (XRD) data were recorded on a D/max-3c X-ray

diffractometer system with graphite monochromatized Cu

Ka irradiation (k = 0.15418 nm). Fluorescence spectra

were measured with a Jobin–Yvon U1000 spectropho-

tometer under the excitation of a 254 or 380 nm UV lamp.

Excitation spectra were recorded at room temperature

using a Hitachi F-4500 spectrophotometer.

Results and discussion

Yttrium oxide has two types of crystal lattice structures,

i.e., Cubic and monoclinic [10]. It is well-known that the

cubic phase Y2O3 has higher chemical and physical sta-

bility than the monoclinic one. Figure 1 shows the XRD

spectra of (a) Y2O3:Eu3? and (b) Y2O3:Eu3?,3 mol%Nd3?.

It is quite clear that the XRD peaks of both Y2O3:Eu3? and

Y2O3:Eu3?,3 mol%Nd3? can be easily assigned to the

cubic Y2O3 phase (JCPDS card no. 65-3178). It is noted

that the peaks of XRD spectra of Y2O3:Eu3?,3 mol%Nd3?

is obviously wider than that of Y2O3:Eu3?, which implies

the difference of particle size between them. According to

the previous reports, it can be inferred that the doping Nd3?

ion may play a role of crystallizing agents to monitor the

nuclear and growth process. In most cases, homogeneous

nucleation of solid phases requires a high activation energy

barrier and therefore heteronucleation will favorably occur.

The doping of Nd3? ion has just supplied such an energy

barrier that would promote energetically the heteronucle-

ation of Y2O3. The crystal particle size of Y2O3:Eu3? and

Y2O3:Eu3?,3 mol%Nd3? can be estimated by Scherrers

equation [11]:

D ¼ 0:89k
2b cos h

where D represents the crystallite size, k is the wavelength

of Cu Ka irradiation; and b is the corrected half width of

the diffraction peak. The calculated crystal particle sizes

are equal to 52 nm for Y2O3:Eu3? and 38 nm for Y2O3:

Eu3?,Nd3?, respectively, demonstrating the higher nucle-

ation speed and shorter growth time of Y2O3:Eu3?,Nd3?

crystal particles in comparison to Y2O3:Eu3?.

Urea co-precipitation method has been successfully used

to produce oxide micro and nano spheres, rods, and sheets

with desired size and aspect ratio. Figure 2 shows the SEM

image of Y2O3:Eu3?,Nd3? with spherical morphology. The

image with higher magnification in the insert of Fig. 2

presents the rather smooth surface of these particles.

Yttrium oxide has two types of crystal lattice sites, i.e.,

C2 and S6, which show different optical properties due to a

fact that they have distinct charge compassation and local

environmental symmetries [12]. From ever reported results,

it can be concluded that the doped fluorescence emitters,

such as rare earth ion Eu3?, in cubic Y2O3 not only have

different fluorescence intensity, but also different fluores-

cence spectra shape from each other. Therefore, it is clear

that the fluorescence spectra shape of Y2O3:Eu3? is

remarkably depended on the crystal field environment of

Eu3? sites. Up to now, much effort has been taken focusing

Table 1 The initial composition with molar ratio, the annealing

temperature and time, and the excitation wavelength

Sample Y3? Eu3? Nd3? Annealing

(�C/2 h)

Excitation

(nm)

1 97 3 0 750 254

2 97 3 0.5 750 254

3 97 3 1 750 254

4 97 3 2 750 254

5 97 3 3 750; 1000 254; 380

6 97 3 5 750 254

7 97 3 7 750 254
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on the synthesis of rare earth doped Y2O3 micro- and nano-

particles with various morphologies, size, and optical

properties, for instance, high-temperature solid state reac-

tion, sol–gel techniques, homogeneous precipitation,

microemulsion, thermal hydrolysis, combustion synthesis,

chemical vapor synthesis, spray pyrolysis, and flame spray

pyrolysis [12–18]. For these synthesis methods, it is com-

monly regarded that the reaction time, temperature, and

concentration of raw composition have remarkable influ-

ence on the phase structure of the produced Y2O3. In this

study, it was found that the doping of Nd3? ion into

Y2O3:Eu3? affects obviously the crystal field environment

of Eu3? sites and the distribution probability of Eu3? in C2

and S6 sites, and further monitors their fluorescence

properties.

Fluorescence spectra of Y2O3:Eu3? and Y2O3:Eu3?,

3 mol%Nd3? calcined for 750 �C/2 h were measured

under the 254 nm UV excitation and shown in Fig. 3a.

From the fluorescence spectra of Y2O3:Eu3?, it was

observed that red emission centered at 612 nm and yellow

emission centered at 592 nm dominate the fluorescent

spectra, which can be easily assigned to 4f-electronic

transitions of Eu3? ions, i.e., 5D0–7F2 electric dipolar

transition and 5D0–7F1 magnetic dipolar transition,

respectively [19–21]. Interestingly, the fluorescent spectra

of Y2O3:Eu3?,3 mol%Nd3? is obviously different from

those of Y2O3:Eu3?: first, the 5D0–7F2 emission peak has a

red shift of 2 nm; second, a new peak centered at 621 nm

arises; lastly, the band width of the red emission was

greatly broadened. Based on energy level gap values and

reported fluorescence spectra of Nd3? ion, it excludes the

Fig. 1 XRD spectra of a Y2O3:Eu3? and b Y2O3:Eu3?,3 mol%Nd3?

Fig. 2 SEM images of cubic Y2O3:Eu3?. The inset shows the sphere

morphology of a single particle
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Fig. 3 Fluorescence spectra measured under the 254 nm UV exci-

tation of a Y2O3:Eu3? and Y2O3:Eu3?, 3 mol%Nd3? calcined for

750 �C/2 h. b Y2O3:Eu3? and Y2O3:Eu3?, 3 mol%Nd3? calcined for

750 and 1000 �C/2 h
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contribution of Nd3? ion to the 621 nm emission peak.

Then, it can only be ascribed to the emission of Eu3? ion.

Actually, it can be properly addressed if the influence of

Nd3? ion on the crystal field environment of Eu3? sites is

taken into accounts. As mentioned above, the emission of

Eu3? ion is highly dependent on the local crystal envi-

ronment of Eu3? sites, for instance, symmetry, and coor-

dination. In most cases, the more the type of site

symmetries is, the broader the emission band of the doped

emitters is. There exist two types of crystallographic sites

in cubic Y2O3, S6, and C2. Although we did not determine

which site symmetry mainly contributing to the 614 nm

emission peak, it is undoubted that the emission intensity

from C2 site is much higher or lower than that from S6 site

in Y2O3:Eu3?, instead of equally to each other. Differen-

tially, after the doping of Nd3? ion, the distribution of Eu3?

ion in C2 and S6 sites were accordingly tuned so that the

emission intensity from C2 site is almost equal to that from

S6 site in Y2O3:Eu, 3 mol%Nd3?. As a result, it was

observed from Fig. 3a that the emission peak of 5D0–7F2

transition of Eu3? in Y2O3:Eu3?,3 mol%Nd3? splits into

two sub-peaks, of which the width (9.6 nm) is much

broader than that (4.2 nm) in Y2O3:Eu3?.

In order to investigate the influence of heat treatment on

the fluorescence properties, Y2O3:Eu3?,Nd3? and Y2O3:

Eu3? were both annealed at temperature 1000 �C for 2 h,

of which fluorescence spectra were measured and shown

in Fig. 3b. In comparison to the fluorescence spectra in

Fig. 3a, the 621 nm splitting peak of Y2O3:Eu3?,

3 mol%Nd3? was slightly lowered relatively to the 614 nm

one. It should be noted that the crystallinity of

Y2O3:Eu3?,3 mol%Nd3? was improved by the heat treat-

ment, which would lower the influence of Nd3? ion on the

crystal field of Eu3? sites. Then, it is not difficult to

inferred that the remarkable fluorescent spectra variation of

Y2O3:Eu3?,Nd3? is induced by the lowered influence of

Nd3? ion on the crystal field of Eu3? sites.

The above crystal structure analysis based on XRD

spectra has demonstrated that the doping of Nd3? monitors

the nucleation and growth process to affect the crystal

structure of the produced samples. Whether this influence

is linearly dependent on the Nd3? content? Figure 4 shows

that the fluorescent intensity aspect ratio (FIAR) of 621–

614 nm Gaussi component increases firstly with increasing

Nd3? content, but, decreases as the concentration of Nd3?

ions exceeding 3 mol%. For this case, it can be suggested

that Nd3? ion plays a role of nucleating agent for the

nucleation of Y2O3 nanocrystals and subsequently con-

trolling the growth of nucleus to produce favorably the
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Fig. 5 Fluorescence spectra measured under the 380 nm UV

excitation of a Y2O3:Eu3? and Y2O3:Eu3?, 3 mol%Nd3? calcined

for 750 �C/2 h. b Y2O3:Eu3? and Y2O3:Eu3?, 3 mol%Nd3? calcined

for 750 and 1000 �C/2 h
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equal distribution of Eu3? ion in C2 and S6 sites in the

Y2O3 crystal lattices. However, Nd3? ion might prevent the

growth of nucleus and destroy this equilibrium distribution

as its concentration is higher than a threshold (*3 mol%

for the case of this study). Consequently, the FIAR of

621–614 nm Gaussi component decreases with further

increasing Nd3? content higher than 3 mol%.

For revealing further the fluorescence properties,

Y2O3:Eu3? and Y2O3:Eu3?,Nd3? were excited with longer

wavelength UV light (380 nm) and shown in Fig. 5.

Interestingly, no emission peak was obviously observed for

as prepared Y2O3:Eu3? and Y2O3:Eu3?,3 mol%Nd3?

(Fig. 5a), implying their inefficient excitation properties by

this long-wavelength UV light. Differentially, the similar

fluorescence spectra with those under 254 nm excitation

were observed for the annealed Y2O3:Eu3? and Y2O3:

Eu3?,3 mol%Nd3? (Fig. 5b), which could be ascribed to

better crystallinity of the annealed samples resulting in

more efficient photoluminescence.

Based on the simplified energy level diagram of Eu3?

and Nd3? in Fig. 6, the influence of Nd3? ion on the

excitation and emission process of Eu3? can be properly

suggested as follows: as previously described [22], the UV

excitation photons were firstly absorbed by the Eu3?–O2-

charge transfer (CT) bands, and then relaxed and

transferred the energy to the neighbor Eu3? ions for the

transition of ground state to higher excited one of Eu3? ion

[22]. Generally, only part of the electrons depopulates the

ground state to emit light, while the other part takes a

multi-phonon relaxation process. For the case of this study,

it is suggested that the doping of Nd3? ion has resulted in a

cross relaxation of 5D0 ? 4I15/2 ? 7F1 ? 2D3/2 for tem-

porary energy reserving so that the efficient emitting

electrons of 5D0 level was relatively improved. Moreover,

the Nd3? ion may absorb the energy from the Eu3?–O2-

CT bands to undergo an efficient energy transfer (ET)

process of 4G9/2 ? 7F0 ? 4I9/2 ? 5D1 to supply the 5D1

energy level of Eu3? ions. As a result, the efficiency from
5D0 ? 7F2 transition was remarkably enhanced which

resulted in strong emission in both of site C2 and S6.

Conclusion

In conclusion, Y2O3 Y2O3:Eu3? and Y2O3:Eu3?,Nd3? col-

loidal spheres were successfully produced by combining the

wet chemical procedure and high temperature treatment.

XRD spectra analysis indicates that the doping of Nd3? ion

monitors the growth dynamics of cubic Y2O3 phase so that

the size of the Eu3? and Nd3?-doped Y2O3 crystal particles

is smaller than that of only Eu3? doped one. The fluores-

cence spectra were measured under the 254 and 380 nm

ultraviolet excitation that the 612 nm red emission peak of

Eu3? was splitted into two ones after the doping of Nd3? ion,

of which FWHM is broadened from 4.2 to 9.6 nm. By

varying the concentration of Nd3? ion, it was determined

that the optimal doping concentration of Nd3? ion is of

3 mol% for realizing the strongest emission intensity. As the

content of Nd3? ion exceeding 3 mol%, the concentration

quenching phenomenon will occur to eliminate the emission

from Eu3? ions. The analysis based on XRD spectra and the

simplified energy diagram suggested that the doped Nd3?

ion not only monitored the growth dynamics, but also took

an efficient energy transfer of 4G9/2 ? 7F0 ? 4I9/2 ? 5D1

and a cross relaxation process of 5D0 ? 4I15/2 ? 7F1

? 2D3/2 to generate intense emission from Eu3? ion in both

of C2 and S6 sites, instead of preferable one type of Eu3? site

(C2 or S6) in the Nd3? undoped sample.
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