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a b s t r a c t

The influences of Bi3+ doping on the optical properties of Er3+:Y2O3 are investigated under UV and IR
excitations. The emission intensity of Er3+ is remarkably enhanced by the introduction of Bi3+ under both
two excitations. The emission enhancement under UV excitation originates from the energy transfer from
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Bi3+ to Er3+, while under IR excitation it can be attributed to the modification of the local crystal field
around the Er3+.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Over the past several decades, considerable works have been
arried out on the rare earth ions doped luminescent materials
egarding their applications in illumination, color displays, and
iomedical imaging [1–3]. Among luminescent rare earth ions, Er3+

s one of the most popular efficient ions, because its excited states
4I11/2) with long lifetimes can be easily populated by 980 nm irradi-
tion [4,5]. As for the host for luminescent materials, most attention
as been paid to oxide ceramics and nanopowders recently [6–8].
2O3 is a promising oxide host material due to its high melting
oint, high chemical stability and low phonon energy. Er3+:Y2O3
as been established as one of the model systems for generat-

ng efficient upconversion radiation under 980 nm laser excitation
4,5].

As the emission of most luminescent materials does not have
nough intensity, it is still a formidable challenge about how to
mprove the emission efficiency of these materials. It is known that

oping of sensitizer ions or breaking of the crystal field symmetry
an lead to the increase in the emission intensity of rare earth ions
9–11]. Bi3+ possesses a broad absorption band centering around
30 nm, and a broad emission band raging from 300 to 700 nm
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[12–14]. The emission band of Bi3+ overlaps with the 4I15/2 → 4F7/2
and 4I15/2 → 2H11/2 transitions of Er3+, so Bi3+ can also be used as
a sensitizer of Er3+ for the radiative energy transfer process. The
broad absorb band of Bi3+ is beneficial to absorb more energy and
enhance Er3+ emission under UV excitation. Moreover, as the radius
of Bi3+ is larger than that of Y3+, substitution of Y3+ with Bi3+ can
modify the symmetry of crystal field in Y2O3, which is in favor of
the enhancement of emission intensity.

In this study, Bi3+ is selected as codopant to enhance the lumi-
nescent efficiency of Er3+. The emission intensity of Er3+ is increased
under both 330 nm and 980 nm excitations. The relevant mecha-
nisms are discussed in detail.

2. Experimental

Y2O3 powders doped with different concentrations of Er3+ and Bi3+ were
prepared by a sol–gel combustion method. High purity Y2O3, Er2O3, Bi2O3 and
C6H8O7·H2O were used as starting materials. First, stoichiometric Y2O3, Er2O3 and
Bi2O3 were dissolved in HNO3. Then C6H8O7·H2O was added to the mixed solution
with the molar ratio of nitrate to citric acid to be 4:1. The resulting solution was
heated at 80 ◦C in order to obtain a gel. Subsequently, the gel was rapidly heated to
200 ◦C and an autocombustion process took place. Finally, the precursor was calcined
at 800 ◦C in air to obtain Er3+ and Bi3+ codoped Y2O3 powders. The XRD patterns of
the powders were recorded by a Rigaku D/max-�B diffractrometer using Cu K˛ radi-

3+
ation (� = 0.15418 nm). The content of Bi was determined by EDS measurement,
and the results show that the Bi3+ is nearly in stoichiometric. The Stokes emission
measurements were performed on Hitachi F-4500 Fluorescence Spectrophotometer
at room temperature. The upconversion emission spectra were measured by a power
controllable 980 diode laser and detected with a lens-coupled monochromator with
an attached photomultiplier.

dx.doi.org/10.1016/j.jallcom.2010.09.100
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http://www.elsevier.com/locate/jallcom
mailto:suiyu@hit.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.09.100


828 M. Yang et al. / Journal of Alloys and Compounds 509 (2011) 827–830

Table 1
The lattice parameter of Y2O3 doped with different contents of Er3+ and Bi3+: (a) Bi3+:Y2O3; (b) Er3+:Y2O3; (c) 1.0 mol% Bi3+ codoped Er3+:Y2O3; (d) 1.5 mol% Bi3+ codoped
Er3+:Y2O3; (e) 2.0 mol% Bi3+ codoped Er3+:Y2O3; (f) 2.5 mol% Bi3+ codoped Er3+:Y2O3; (g) 3.0 mol% Bi3+ codoped Er3+:Y2O3.

Samples a b c

Lattice parameter (Å) 10.606 10.603 10.605
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and Er3+ decreases with Bi3+ doping, and thus the energy transfer
ig. 1. XRD patterns of Y2O3 powders doped with different concentrations of Er3+

nd Bi3+: (a) Bi3+:Y2O3; (b) Er3+:Y2O3; (c) 1.0 mol% Bi3+ codoped Er3+:Y2O3; (d)
.5 mol% Bi3+ codoped Er3+:Y2O3; (e) 2.0 mol% Bi3+ codoped Er3+:Y2O3; (f) 2.5 mol%
i3+ codoped Er3+:Y2O3; (g) 3.0 mol% Bi3+ codoped Er3+:Y2O3.

. Results and discussion

The XRD patterns of Y2O3 doped with different concentrations
f Er3+ and Bi3+ are shown in Fig. 1. The XRD data confirm that all
amples are single phase with cubic structure (JPDS No. 86-1107).
he lattice parameters are listed in Table 1. The results show that
i3+ and Er3+ were successfully doped into Y2O3 host, and with the

ncrease in Bi3+ content, the lattice parameter increases since the
on radius of Bi3+ is larger than that of Y3+. It can also be found
hat the FWHM of the peaks in XRD patterns does not vary with the
ncrease in Bi3+ content, namely, Bi3+ doping does not influence the
rystallinity of Y2O3 which could affect the emission of Er3+.

Fig. 2 shows the emission spectra of 1.0 mol% Er3+:Y2O3
Er3+:Y O ), 1.0 mol% Bi3+:Y O (Bi3+:Y O ) and 1.0 mol% Bi3+
2 3 2 3 2 3
odoped Er3+:Y2O3. The strong emission band of Bi3+ locates at
avelengths from 360 to 630 nm, while the emission peaks of

r3+:Y2O3 are very weak. However, the 1.0 mol% Bi3+ activated
r3+:Y2O3 exhibits sharp peaks due to 2H11/2/4S3/2 → 4I15/2 transi-

ig. 2. Emission spectra of Er3+:Y2O3 (a, excited at 330 nm), Bi3+:Y2O3 (b, excited at
30 nm) and 1.0 mol% Bi3+ codoped Er3+:Y2O3 (c, excited at 330 nm).
d e f g

10.608 10.610 10.615 10.618

tions of Er3+ ions and its emission intensity is about 42 times larger
than that of the sample without Bi3+.

There are two main mechanisms for energy transfer between
sensitizer and activator: (1) radiative transfer through emission of
sensitizer and reabsorption by activator; (2) non-radiative trans-
fer associated with resonance between absorber and emitter [13].
As shown in Fig. 3, the strong excitation band from 300 to 360 nm
is attributed to the 1S0 → 3P1 transition of Bi3+ while the excita-
tion peaks at wavelength longer than 360 nm are ascribed to the
4I15/2 → 4F7/2 and 4I15/2 → 2H11/2 transitions of Er3+ [15,16]. The
emission band of Bi3+ ranging from 360 to 630 nm significantly
overlaps with the excitation spectrum of Er3+ ranging from 360
to 540 nm. Therefore, it can be concluded that in this system Bi3+

is a sensitizer for the luminescence of Er3+ and Bi3+ can transfer
energy to Er3+ through the radiative transfer process. The lumines-
cent intensity of Er3+ is remarkably enhanced by the incorporation
of Bi3+ under 330 nm light excitation, which suggested a very effi-
cient energy transfer from Bi3+ to Er3+.

Fig. 4 shows the emission spectra of Er3+:Y2O3 codoped with
different amounts of Bi3+ (excited at 330 nm). In Fig. 4, the sharp
emission peaks correspond to the 2H11/2/4S3/2 → 4I15/2 transitions
of Er3+. The position of emission peaks dose not vary with the
Bi3+ concentration, but the luminescence intensity changes a lot.
The inset displays the enhancement magnitude of the emission
intensity of Er3+, ranging from 515 to 580 nm, as a function of Bi3+

concentration. As shown in the inset, the intensity of Er3+ consid-
erably increases first, reaches a maximum at the 2.0 mol% Bi3+, and
falls thereafter. The decrease in the emission intensity is caused
by the concentration quenching of Bi3+. The total energy transfer
efficiency depends not only on the probability of energy transfer
from sensitizer to activator, but also on that between the sensitizers
[15,17]. The energy transfer efficiency increases with the decrease
of the distance between the sensitizer and activator (or sensitizer).
In this study, Bi3+ is the sensitizer and Er3+ is the activator. In the
case of the Bi3+ content less than 2 mol%, the distance between Bi3+
efficiency from Bi3+ to Er3+ increases. However, when the con-
centration of Bi3+ exceeds 2.0 mol%, the average distance between
two Bi3+ becomes short. This leads to the efficient energy transfer

Fig. 3. Excitation spectra of Bi3+:Y2O3 (a, monitored at 563 nm), Er3+:Y2O3 (b, mon-
itored at 563 nm).
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ig. 4. Emission spectra of the Bi and Er codoped Y2O3 phosphors (with a fixed
r3+ concentration of 1.0 mol%, excited at 330 nm): (a) 0 mol% Bi3+; (b) 1.0 mol% Bi3+;
c) 1.5 mol% Bi3+; (d) 2.0 mol% Bi3+; (e) 2.5 mol% Bi3+; (f) 3.0 mol% Bi3+, the inset is
he emission intensity of Er3 as a function of the Bi3+ concentration.

etween Bi3+, and the non-radiative process increases gradually,
hich hinders the energy transfer from Bi3+ to Er3+. In a word,

dding an optimal amount of Bi3+ to Er3+:Y2O3 can enhance the
mission intensity of Er3+ through energy transfer from Bi3+ to Er3+,
ut after exceeding the optimum concentration, the energy trans-
er between Bi3+ becomes more efficient which thus results in less
nergy transfer from Bi3+ to Er3+.

As discussed above, an appropriate amount of Bi3+ doping can
nhance emission intensity of Er3+:Y2O3 through the radiative
ransfer process under UV excitation. In addition to UV excita-
ion, the emission intensity of Er3+:Y2O3 under IR excitation can
lso be increased by Bi3+ doping. Fig. 5a displays the upconversion
uminescence spectra of the Er3+/Bi3+ codoped Y2O3 under 980 nm

xcitation. The inset shows the integral intensity of green and red
missions as a function of Bi3+ content. As shown in the inset, both
he green and red emissions increase as the Bi3+ content is below
.5 mol%, however, above that concentration the emission inten-
ity becomes weak. In order to clarify the mechanism of the change

ig. 5. Upconversion emissions of Er3+:Y2O3 powders with different concentrations of Bi
i3+ concentration.
Fig. 6. The pump power dependence of the violet, blue, green and red upconversion
emission intensity of 1.5 mol% Bi3+ codoped Er3+:Y2O3.

in green and red emissions depending on Bi3+ content, we mea-
sure the violet and blue emissions of Er3+/Bi3+ codoped Y2O3 under
excitation at 980 nm as well as the power dependence of violet,
blue, green and red emissions. It is known that this dependence is
expressed as I ∝ nP, where I is the intensity of emission, P is the laser
pump power, and n is the number of phonons needed to produce
the emission [18].

Fig. 5b shows the violet and blue spectra of Er3+/Bi3+ codoped
Y2O3 under excitation at 980 nm. We cannot observe the emis-
sion band of Bi3+ in the upconversion spectra ranging from 350
to 480 nm. Moreover, as shown in Fig. 6, the values of slopes for the
violet, blue, green and red emissions are 2.98, 2.77, 1.99 and 1.71,
respectively. It indicates that both the violet and blue emissions
are 3 phonon processes, and both the green and red emissions are
2 phonon processes. Consequently, the upconversion processes of
Er3+/Bi3+ codoped Y O could be described as Fig. 7. The Er3+ can
2 3
be promoted to the 4I11/2 state through ground state absorption
(GSA) process, and then nonradiative relaxation occurs and popu-
lates the 4I13/2 state. Subsequently, 4I11/2 and 4I13/2 state are further
excited to the 4F7/2 and 4F9/2 state respectively via excited state

3+ under 980 nm excitation. The inset is the emission intensity as a function of the
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ig. 7. Energy level diagram of Er3+ ion as well as the upconversion processes of
he violet, blue, green and red emissions in 1.5 mol% Bi3+ codoped Er3+:Y2O3 under
80 nm excitation.

bsorption (ESA1 and ESA2) or energy transfer upconversion (ETU)
rocesses. After that nonradiative relaxation processes populate
he 2H11/2/4S3/2 and 4F9/2 states, so the green and red emissions are
bserved by the transitions of 2H11/2/4S3/2→4I15/2 and 4F9/2→4I15/2.
he Er3+ ions in the 4S3/2 state are excited to 2G7/2 state by absorb-
ng a third phonon (ESA3), and then nonradiatively relax to 4G11/2,
H9/2 states. From these two states violet and blue emissions are
mitted. As mentioned above, the doping of Bi3+ does not change
he emission process of Er3+, that is to say, there is not energy trans-
er between Bi3+ and Er3+ under 980 nm excitation. Moreover, high
rystallinity could lessen nonradiative relaxation probability and
hen enhance the emission intensity of Er3+. Nevertheless, from the
RD patterns we can conclude that Bi3+ doping does not influence

he crystallinity of Er3+/Bi3+ codoped Y2O3. Therefore, the enhanced
mission of Er3+/Bi3+ codoped Y2O3 originates from neither the
nergy transfer nor the crystallinity. It is well known that the intra-
f electronic transitions of rare earth are parity forbidden according
o the quantum mechanical selection rules. However, the forbid-
ance can be partially broken when the rare earth situates at low
ymmetry sites [10,19]. The radius of Bi3+ (1.03 Å) is larger than
hat of Y3+ (0.90 Å) [20], so the substitution of Bi3+ for Y3+ can mod-
fy the symmetry of the crystal field in the lattice and enhance the
adiative transition rate favoring the enhancement of upconversion
mission intensity. The sensitization of upconversion emission of

3+ 3+ 3+
r on Bi doping suggests that the Bi could effectively modify
he crystal field around Er3+ and the modification of crystal field
epends strongly on the Bi3+ doping content. The optimal doping
ontent of Bi3+ is found to be 1.5 mol%, and the corresponding emis-
ion intensity is 1.5 times larger than that without Bi3+ doping.

[

[
[
[
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When the Bi3+ content exceeds 1.5 mol%, the upconversion emis-
sion becomes weak due to the concentration quenching. For higher
content of Bi3+, Bi3+

n aggregates may be formed [21], which act as
trapping centers and dissipate the absorbed energy nonradiatively
instead of transferring it to the Er3+ activator.

4. Conclusions

The enhancement of the emission in Er3+/Bi3+ codoped Y2O3
under 330 nm and 980 nm results from two different mechanisms.
The remarkably enhanced luminescent intensity under UV excita-
tion originates from the efficient energy transfer from Bi3+ to Er3+,
whereas the enhancement in the upconversion emissions under IR
excitation is attributed to the modification of the local crystal field
around the Er3+. The significant enhancement of emission inten-
sity under both UV and IR excitations suggests that Er3+/Bi3+:Y2O3
could be a promising candidate in the application of optoelectronic
devices.
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