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Ce*T /Er®*T /Bi*t triply-doped yttrium aluminum garnet (YAG) is synthesized using co-precipitation
method. The Bi** concentration-dependent near-infrared (NIR) emission behavior is systemically in-
vestigated. The NIR emission of Er3" ions at 1531 nm is enhanced threefold by the addition of 7 mol%
Bi**. Bi**doping results in the formation of exciton in YAG and the variation in the local environment of
the doped rare-earth ions. The enhancement in NIR luminescence is ascribed to the combined effects of the
sensitization of exciton—Ce3" —Er3" and the Bi** doping-induced adjustment of the local environment

for Ce3t and Er®** ions.
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Near-infrared (NIR) Er®Temission at approximately 1530
nm on its 4113/2 —>4I15/2 transition has attracted at-
tention because of its important applications in fiber
amplifiers, solid-state lasers, telecommunications, re-
mote sensing, molecular-based imaging, etc.!'=?. How-
ever, Er3T ions in inorganic matrice show no strong
absorption bands in the visible and NIR spectral ranges
because of the nature of the 4f forbidden transitions.
Thus, co-doping the matrix with corresponding sensitiz-
ers is necessary to enhance the absorption efficiency of
Er®t ions. Good sensitizers for Er3* ions in different
matrices include Cr3t, Yb®t, and Ce3t ions, which
have broad and strong absorption bands in the visible
and NIR spectral ranges as well as channels of efficient
nonradiative transfer of the electron excitation energy
to Er®t acceptor ionsl®. Ce®* ions are advantageous
over the other donors because the dipole allows intra
configuration of 4f —5d transitions of Ce3t, which are
involved in the absorption and energy transfer processes,
and the strengths of such transitions exceed those of
parity forbidden intra configuration transitions by sev-
eral orders of magnitudel”). Meanwhile, the branching
ratio of 4111/2 —>4113/2 transition of Er®t can also be
improved via the cross-relaxation process 2Fj /Q(Ce3+)
+4111/2 (EI'3+) —>2F7/2(Ce3+) +4113/2 (EI'3+). The energy
transfer between the Cet and Er37 ions efficiently in-
creases the population of I 5 /2 level and consequently

further enhances the 1530-nm emission!!). The effects of
Ce3t doping on NIR Er®temission in yttrium aluminum
garnet (YAG) have been investigated®~ . The 1540-nm
emission of Er** in YAG is enhanced by approximately
1000x after the introduction of Ce3+[H,

The NIR emission of Er3* ions may be further
enhanced by improving the absorption of Ce3t in
Ce3t /Er®t co-doped materials, of which sensitization
is still a feasible approach. Enhancing the NIR emis-
sion of Er3t is possible if the Ce3* can be sensitized
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by other suitable sensitizer ions. Bi*t is a good sensi-
tizer to improve the luminous efficiency of several rare-
earth ions!'>'3]. Red emission of Eut can be remark-
ably improved by Bi3* sensitization under ultraviolet
excitation!'*=16 " Several studies have also reported on
the visible emission (477 nm) of Bi**-doped YAG caused
by the excitons localized near Bi** ions!'"!8]. The emis-
sion bands of Bi3" doping-induced excitons are strongly
overlapped with the 4 f-5d absorption bands of Ce?* ions
with peak at 459 nm, thereby resulting in the efficient
energy transfer from excitons to Ce?t ions in the YAG
matrix!9,

In this letter, Ce3* /Er3*/Bi3* triply-doped YAG was
prepared using a co-precipitation method. The effect of
Bi?**t co-doping on NIR emissions was systemically inves-
tigated.

Cet /Er®t /Bi*t-doped ~ YAG  (Y(2.79-2)Al5012:
0.06Ce3*, 0.15Er*+, 2Bi3* (x = 0, 0.02, 0.07, 0.11)) was
prepared using co-precipitation method followed by heat
treatment. Al(NOg)ggHQO, Y013-6H207 EI‘Clg-GHQO,
Bi(NO3)3-6H20, and Ce(NO3)3-6H20 aqueous solutions
were dissolved in properly deionized water according to
the designed mole ratio of the sample; the dissolved aque-
ous solution was marked as solution A. The NH;HCO3
aqueous solution was marked as solution B, the mole
ratio of which to cations in solution A is 3:1. The con-
centrations of solutions A and B were 0.2 mol/L. Pre-
cipitates were then obtained by slowly dropping solution
A into solution B under constant stirring using a glass
rod. The precipitates were filtered and washed thrice
with distilled water. After drying at 100 °C for 24 h, the
precipitates were pre-sintered at 400 °C for 2 h and then
sintered at 1500 °C for 6 h.

The structure of the samples were identified by X-ray
diffraction (XRD) on a Bruker D8 advance equipment
using Cu tube with Ko radiation of 0.15406 nm in the
260 range of 20°-80°. The microstructure was analyzed
using a JSM-6610 scanning electron microscope (SEM).
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The excitation and emission spectra excited by a 469-nm
laser were recorded using a FLS-920 spectrofluorimeter
(Edinburgh Instruments, UK). All experiments were per-
formed at room temperature.

The XRD patterns of YAG and YAG:Ce3* /Er3* /xBi*+
(z =0, 0.02, 0.07, 0.11) are shown in Fig. 1. All XRD
peaks of the samples are consistent with the standard
values for the highly crystalline YAG (JCPDS No.79-
1891). The results suggest that the structure of YAG
ceramics is not altered by the presence of Ce3t, Er3+,
and Bi*T. The Bi?t ion is completely embedded into
the crystal lattice of YAG by replacing the lattice site
of the Y3t ion. The cell parameters of the samples are
calculated using the XRD data (inset of Fig. 1). Slight
differences are found in the cell parameters among the
samples with different concentrations of Bi*+ because of
the small differences in the ionic radii between the Bi*
and Y3t ions.

The microstructure of the samples with different Bi3+
concentrations is shown in Fig. 2. For the sample with-
out Bi*t doping, sphere-like particles with an average
size of 2 um are observed. When 2 mol% Bi** ions are
introduced, most of the sphere-like particles agglomerate
and form stick-shaped particles. Agglomeration also in-
creases with further increase in Bi®* concentration. This
phenomenon indicates that the introduction of Bi** ions
reduce the eutectic melting point, thereby promoting the
aggregation of particles and crystal growth.
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Fig. 1. XRD patterns of YAG, and YAG:0.06Ce*t /0.15Er*T /
zBi*T (z = 0, 0.02, 0.07, 0.11). Inset shows the Bi*'-
concentration dependence of unit cell parameters of the
YAG:0.06Ce*" /0.15Er*T /2Bi*T sample (z = 0, 0.02, 0.07,
0.11).

Fig. 2. Scanning electron micrographs of YAG: Ce* /Er®t/

zBi*T with (a) = = 0, (b) 0.02, (c) 0.07, and (d) 0.11.
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Fig. 3. Excitation spectra of YAG:0.06Ce*" /0.15Er*T /2zBi*T
(z =0, 0.02, 0.07, 0.11) under 1531-nm monitoring.
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Fig. 4. (a) NIR luminescence spectra of YAG: 0.06Ce**/
0.15Er®* /zBi** (x = 0, 0.02, 0.07, 0.11) under 469 nm ex-
citation. (b) Bi*T-concentration dependence of NIR emission
intensity under 469 nm excitation.

The monitored excitation spectra of YAG:
0.06Ce3* /0.15Er3t /2Bi*T (z = 0, 0.02, 0.07, 0.11) in
the 1531-nm emission of Er** are shown in Fig. 3.
Each curve consists of a strong band centered at 469
nm and three relatively weaker peaks at 344, 380, and
525 nm. The different curves were compared, and the
results show that the excitation intensity increases grad-
ually with increasing concentration of Bi** ions from 0
to 7 mol%, and the excitation intensity decreases when
the concentration reaches 11 mol%. The obtained NIR
region luminescence spectra of YAG:Ce3t/Er®t /zBi3*
(x = 0, 0.02, 0.07, 0.11) under 469-nm excitation are
shown in Fig. 4(a). NIR emission intensities versus
Bi3T concentration is plotted in Fig. 4(b). The lumi-
nescence intensity of YAG doped with Er3* and Ce3*
ions at 1.5 pum increases gradually with an increase in
Bi®*t ion concentration from 0 to 7 mol%. However, the
luminescence intensity starts to decrease when the con-
centration of Bi** exceeds 7 mol%. A threefold increase
in NIR luminescence is observed under 469-nm excita-
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tion of YAG:Ce?" /Er3* /aBi®* (z = 0.07) compared with
YAG:Ce3T /Er3T.

The schematic energy levels with luminescence mech-
anism of Bi*t, Ce3t, and Er3* ions are shown in Fig.
5. In Ce?t /Er3* co-doped YAG, excitation of Er** oc-
curs mainly via energy transfer from the Ce3*—5d to
the *Fy )5 state of Er®" when pumped under 469-nm
laser. After excitation of the Ce3* — 5d state, the elec-
trons either relax radiatively to the 4f ground state,
thereby producing broad band luminescence in the vis-
ible range, or transfer to the *F, level of Er3+[%6),
Electrons at *F; /2 level of Er37 ions experience fast non-
radiative decay to the I3 s2 level and then decay to
the ground state, thereby emitting at 1531 nm. More-
over, the 1531 nm emission is further enhanced via the
cross-relaxation process *F o (Ce®) +4 I o (Er®T) —2
Fry9(Ce3t) +4 I13/9(Er®T). After doping the Bi** ion,
exciton localized around Bi*t ion is formed. Emis-
sion bands related to the exciton emission in YAG:Bi**+
strongly overlaps with the 4f-5d? absorption bands of
Ce*t ions peaked at 469 nm!'!. Therefore, the energy
transfer from excitons to Ce3*t results in enhanced ab-
sorption of Ce3*. Correspondingly, the NIR emission of
Er®t is further improved.

To verify the sensitization caused by the Bi**-induced
exciton, the excitation spectra of YAG:Ce3*/Er3*t and
YAG:Ce3T /Er3T /Bi3T monitored at 590 nm were mea-
sured (Fig. 6). An increase in excitation intensity is
observed for the YAG:Ce3t/Er3t/Bi**. No emission
at 590 nm is found in YAG:Er?* in terms of the en-
ergy level of Er3T ions. However, 590 nm locates within
the range of broad emission band of Ce®*. Therefore,
the increased excitation intensity monitored at 590 nm
for the YAG:Ce3*t /Er3t /Bi*t sample demonstrates the
effective energy transfer from excitons to Ce3* ions.

To explore further the mechanism underlying the en-
hancement of the NIR luminescence, structural varia-
tions induced by Bi3T ions are also detected using Eu3+
as probe. The emission spectra of YAG:Eu?" (2 mol%)
and YAG:Eu** (2 mol%) co-doped with 2 mol% Bi3*
ions under 398-nm excitation are shown in Fig. 7. The
emission spectrum mainly consists of a sharp peak at
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Fig. 5. Schematic energy level diagram of Bi**, Ce®*", and

Er®t ions with transitions and energy transfers that occur in
YAG:Ce® /Er3t /Bit.
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Fig. 6. Excitation spectra of YAG:Ce®*'/Er*T/Bi*T and
YAG:Ce*" /Er®*T monitored at 590 nm.
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Fig. 7. Emission spectra of YAG:Eu®**(2 mol%) and
YAG:Eu*T(2 mol%) co-doped with 2 mol% Bi*T ions under
398-nm excitation.

approximately 590 nm along with a weak peak at approx-
imately 612 nm. The peak at approximately 590 nm is
characteristic of ° Dy —7F; transition and that at approx-
imately 612 nm is characteristic of > Dy —F, transition
of Eu?* ions.

The °Dy —7F, transition of Eut ion is the hyper-
sensitive electronic dipole transition, which is markedly
affected by the coordination environment, whereas the
Dy —T"F, transition is the magnetic dipole transi-
tion, which is much less sensitive to the coordination
environment!?°=23]. The magnetic dipole transition is
maintained even at low-symmetry environment. There-
fore, the relative intensity ratio R, which is defined as
I(°Dy —"Fy)/I(°Dy —"F), reflects the local environ-
ment of Eu?* ion in lattice.

The carefully calculated values for R are given in Ta-
ble 1. The values of R in YAG:Eu?t/Bi3t are 1.14
and 1.25, respectively. These results suggest that Bi3*
ion decreases the local symmetry of luminescence cen-
ters in lattice and enhances the electronic dipole tran-
sition intensity. In the triply doped YAG, the local
environment of the active Er3* and Ce3* ions changes in
the visible range. Moreover, the increased electronic
dipole transition probability caused by Bi*t doping
also enhances the efficiency of energy transfer between
Ce?t and Er3" ions, which includes the process (1)
5d1(Ce®t) + Hy59(Ert) —2Fy5(Ce®t) +* Fyjp(Er®t)
as well as the cross-relaxation process (2) 2Fy /5(Ce 1)+
4111 2(Er3t) —2F; ;5(Ce3t) +4 I15/2(Er®T). Both the in-
creased Er3* and Ce3" absorption and enhanced energy
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Table 1. R Value of Eu®' in Eu®"-doped YAG and
Eu®"/Bi®" Co-doped YAG under 398-nm Excitation

Bi** Ton Doping Concentration R=1I(°Dy —" F»)/

(mol%) I°Dy —" F1)
0 1.14
2 1.25

transfer between Ce3T and Er®*t ions are beneficial to
the NIR emission of Er3*.

Thus, two factors might enhance the NIR luminescence
intensity with the introduction of Bi3T ions. First, the
sensitization of excitons to Ce3t ions can improve the
excitation efficiency because of the good spectral over-
lap between the fluorescence bands of excitons and the
absorption bands of the acceptor Ce3t ions in the YAG
matrix. Second, the change in the local environment of
the active ions Er3* and Ce3* ions induced by Bi** dop-
ing enhances the absorption of Er3* and Ce3* ions in
the visible range and increases the efficiency of energy
transfer between Ce3T and Er3*t ions. The combination
of these two aspects enhances the NIR emission origi-
nating from the *Iy5/5 —* I15/5 transition of Er3*. This
phenomenon proves that Bi®* ion is a good sensitizer and
lattice modifier for YAG:Ce3*t /Er3* NIR phosphor.

In conclusion, we synthesize pure-phase YAG:Er3*/
Ce3t /Bi*t using co-precipitation method. Strong NIR
emissions of Er3* ions at approximately 1531 nm are ob-
served under 469-nm excitation. A threefold increase in
NIR luminescence is observed because of the addition of
Bi** ions. This phenomenon is due to the sensitization of
Bi*t doping-induced excitons to Ce3* ions and the vari-
ation in the local environment of the Ce3t and Er3* ions
in YAG matrix. The results show that the Bi** ions can
act as sensitizer and lattice modifier for YAG:Ce?" /Er3+
to improve its NIR emission.
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