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Yb3+ /Dy3t co-doped AlaO3 nanopowders have been prepared by the non-aqueous sol-gel method and their up-

conversion photoluminescence spectra are measured under excitation by 980-nm semiconductor laser. The results show

that there are comparatively abundant spectra of up-conversion emissions centered at 378, 408, 527 and 543, and 663

nm, corresponding to 4G9/2 — 6H13/2, 4G9/2 — 6H11/2, 4115/2 — 6H13/2, and 4F9/2 — GHH/Q transitions of Dy3™,

respectively. Two-photon and three-photon processes are involved in ultraviolet, violet, green, and red up-conversion

emissions. The energy transition between Yb3® and Dy3t is discussed.
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1. Introduction

During the last decade, the materials doped by
rare-earth (RE) ions have been investigated widely
because of their comprehensive applications in dis-
play devices, high-density optical data reading and
storage, optical temperature sensor, and so on.[1=5]
In particular, much effort has been focused on the
trivalent dysprosium which is utilized potentially in
the fields of lasers and solid white LED owing to its
abundant energy levels.l%~8] However, the host materi-
als doped with Dy®* ions reported in most literatures
are crystal or glassy matrix, and the heat treatment
is performed at relatively high temperatures.[=1! Re-
cently, the sol—gel technology has been frequently used
to prepare optical materials because it allows the in-
corporation of trivalent RE ions inside host mate-
rials at room temperature.'2=14 The extensive re-
search of photoluminescence (PL) properties of RE
ions (such as Er3* ions) indicates that Al,O3 is ap-
propriate to be the host matrix,>!6 and the non-

aqueous sol-gel method is more suitable for prepar-
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ing Dy®t-doped nanopowders in a wide concentra-

('] Though the down-conversion of Dy3*

tion range.
ions have been investigated previously, the discussion
about up-conversion of Dy>* ions is still an interesting
work. In this work, a series of samples of Yb3* /Dy3*
co-doped Al;O3 nanopowders have been prepared by
the non-aqueous sol-gel method. The aim of co-doped
sensitizer Yb3 is to enhance PL intensities because of
its large absorption cross section at 980 nm.['%19 The
up-conversion PL spectra of the nanopowders, which
are pumped by a 980-nm semiconductor laser, are
measured. The results show that there are compara-
tively abundant strong spectra of up-conversion emis-
sions centered at 378, 408, 527 (or 543), and 663 nm,
corresponding to *Ggjs — ®Hig/o, *Gojo — SHyy)o,
“Ti5/2 — ®Hyz)2, and *Fg)s — 9Hyy o transitions of
Dy3*, respectively. The mechanism of up-conversion
is discussed, and the two-photon and three-photon
processes are involved in ultraviolet, violet, green and

red up-conversion emissions.
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2. Experimental details

The xYb3t-0.1 mol% Dy** (z = 0.3, 0.5, and
0.9 mol%) and 0.9 mol% Yb3T—yDy3* (y = 0.1,
0.3, and 0.5 mol%) co-doped Al;O3 nanopowders
have been prepared using the non-aqueous sol-gel
method by the hydrolysis and polycondensation of
aluminum isopropoxide [Al(OC3Hz)3] from pure alu-
minum (99.99%) and isopropanol (Pr!OH).

First, the chelating agent acetylacetone (AcAc) is
dripped slowly into the Al(OC3Hz)s and PrfOH so-
lution with a molar ratio of 1:2 for Al(OC3H7)3 and
AcAc. The solution is agitated for 1 h and held still
for 1 hour at room temperature. The AcAc is used
to slow down the hydrolysis speed of A1(OC3H7)3 and
improve the stability of AloOg sol. Then, the hydrol-
ysis of the modified precursor is performed with stoi-
chiometric quantities of water under a PriOH environ-
ment. The molar ratio between HoO and A1(OC3Hy)3
is 0.85:1. The concentration of Al(OC3Hz)3 in the sol
is adjusted to be 30 g- 17! with PrfOH. The resulting
solution is agitated for 3 h. At the same time, some
concentrated nitric acid (HNOg3) is added until the
pH value is adjusted to be about 3.0, forming a clear,
slightly yellow, and very stable Al,O3 sol. The rare-
earth ions Dy3t and Yb3t are imported by adding
Dy(NO3)3-5H20 and Yb(HO3)3-5H2O with different
concentrations. Further strong agitation is required to
last for 16 h at room temperature. The xerogels are
obtained after drying the Yb3* /Dy3* co-doped Al,O3
solution at 373 K for 8 h to remove the solvent. The
xerogels are heated to 823 K and kept for 1 h, and
cooled to room temperature naturally. Finally, the
samples of the Yb3* /Dy3* co-doped Al,O3 sintered
are milled into powder, and annealed at 1273 K for

2 h in the air environment.

Fig. 1. TEM micrograph of a Yb?’Jr/Nd3+ co-doped
Al30O3 nanoparticle annealed at 1273 K.

Figure 1 shows the transmission electron mi-
croscopy (TEM) micrograph of the Yb3*+/Nd3*+ co-
doped Al;O3 nanoparticles annealed at 1273 K. It
can be seen that the average nanoparticle size of
Yb3+ /Nd3* co-doped Al;O3 is about 60 nm, ranging
from 40 to 80 nm.

3. Results and discussion

The photoluminescence spectra of Yb3t/Dy3+
co-doped Al; O3 nanopowders are measured under the
excitation of a 980-nm semiconductor laser, as shown
in Fig. 2. It can be shown that there are abundant
up-conversion emissions centered at 378, 408, 527 and
543, and 663 nm, corresponding to the transitions of
4G'9/2 — 61‘113/27 4G9/2 — 6H11/2, 4115/2 - 61‘113/27
and *Fg/5 — SHyyoin Dy®" ions. The intensity at
green/red band is obviously higher than that from
Yb3T /Er3T co-doped borosilicate glass at the same
band, and is close to that of Yb3* /Er3+ co-doped oxy—
fluoride glass. Especially, the ultraviolet emissions at
378 and 408 nm have never been reported in glassy
materials previously.
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Fig. 2. PL spectrum of 0.9Yb3+-0.3Dy3* (in mol%) co-
doped Al203 powders under 980-nm excitation.

Figure 3 shows the relationship between the pho-
toluminescence intensity and the concentration of
Yb3T as well as Dy?*. It can be seen that the PL
intensity becomes stronger with the increase of Yb3+
concentration, and gets stronger first with the increase
of Dy3T concentration, then becomes weaker. This is
mainly because that energy is transferred from Yb3+
to Dy*t, and the energy transition becomes more ac-
tive with the increase of Yb3* concentration, result-
ing in the enhancement of the PL intensity. However,
the PL intensity starts to descend because the dis-
tances among Dy®* ions are reduced, and the cross
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relaxation happens when the Dy3* concentration in-
creases to some extent, leading to the concentration
quenching of Dy3*. The composite 0.3Dy>+-0.9Yb3+
(in mol%) is an ideal selection. The inset presents the
relationship between the PL intensity and the ther-
mal annealing temperature. The relation curve shows
a bell shape, and 1273 K is the optimum temperature.
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Fig. 3. Relation between PL intensity and the concentra-
tion of zDy3tyYb3+.

The spectral shapes do not change with increas-
ing power. Figures 4 and 5 shows the the peak in-
tensities (Ipeax) of ultraviolet, visible, red, and green
up-conversion emissions centered at 378, 408, 527, 543,
and 663 nm of Yb3*+ /Dy?* co-doped Al,O3 powder as
functions of the pump power. The up-conversion emis-
sion intensity (Iyp) is proportional to the n-th power

of the pump power (Ppump),m’m ie.,

Ty x P

pump’

where n is the number of photons required to pop-
ulate the up-conversion emission states. The exper-
imental data of up-conversion emission intensity are
fitted into straight lines with a slope of n.
be seen from Fig. 4 that the slopes are about 3 for
both the ultraviolet and violet up-conversion emis-
sions centered at about 378 and 408 nm, indicating
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Fig. 4. Peak intensity of the ultraviolet and violet up-
conversion emissions as a function of the pump power.

that the three-photon process is involved in the up-
conversion emission mechanism for the Yb3*/Dy3*
co-doped Al,O3 powders. Analogously, the values in
Fig. 5 are 2.05, 2.63, and 2.13 for the visible green and
red up-conversion emissions centered at about 527,
543, and 663 nm, meaning that two-photon processes
are involved.
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Fig. 5. Dependence of peak intensity of the green and red
up-conversion emissions on the pump power.

The diagram of the up-conversion mechanism
involved in Yb3*+/Dy?t co-doped Al,O3 powder is
shown in Fig. 6. The ultraviolet up-conversion emis-
sions at 378 and 408 nm are ascribed to the transi-
tions of Dy** from *Gg s to ®°Hy3/5 and from “Gg s to
5Hy, /2. Populations at the 1Gq /2 level are assembled
mainly through the ground-state absorption (GSA),
the energy transfer (ET) between Yb3T and Dy3™, the
excited state absorption (ESA), and the non-radiative
decay from high levels to low levels. The detailed pro-
cesses are listed as follows:

GSA: (Dy**) ®Hys /o + hv — (Dy**) °Hs s,

ET 1: (Dy**) ®Hyspot+ (YB*F) *F5/0 — (Dy**)
%Hs /o 4 (YD) *F7 ),

ESA: (Dy3t) 6H5/2 + hv — (Dy3T) 4F9/2,

ET 2. (Dy*") ®Hsj + (YB*F) *F5/p — (Dy**)
“Foo + (YD) 2F7 )5 |

ESA: (Dy**) “Fg3 + hv — (Dy*t) *Myz,s,

ET 3: (Dy**) *Foja + (YD*F) *F5/5 — (Dy**)
4M17/2 + (Yb31) 2F7/2.

Then, the Dy®* ions at *M; 75 level relax to *Gg /5
level. Three-photon process is involved in the discus-
sion.

The red up-conversion photoluminescence at
663 nm comes from the transition 4F9/2 — 6H11/2
of Dy3*, and the way how particles accumulate to en-
ergy level 4Fg /2 s given as follows:

GSA: (Dy**) %Hys5/3 4+ hv — (Dy**t) OHs s,

ET 1: (Dy**") ®Hys/e + (YD*F) ?F5/5 — (Dy*")
%Hs /o 4+ (YD) 2F7),

ESA: (Dy3*") 6H5/2 + hv — (Dy*1) 4F9/27
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ET 2: (Dy**) ®Hs/o + (YD*F) ?F5/5 — (Dy*")
Fosp + (YD) 2Fr/.

Obviously, this is two-photon process.

The green up-conversion emissions at 527 and
543 nm come from 1,5 2 and its Starks energy split.
As for Al;O3 matrix, the maximum phonon energy is
about 870 cm ™!, and the energy level interval between
4115/2 and 4F9/2 is about 850 nm~!. Thus, particles
are excited to the 4115/2 energy level from 6H5/2 in the
following ways:

ESA: (Dy**) SHs/5 + hv+ a phonon — (Dy?™)
115)2,

ET 2: (Dy**") Hj/5 4+ (Yb*) 2F5/5 + a phonon
— (Dy**) Ly5/0 4+ (YD) 2F7)s.
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Fig. 6. Energy level diagram of Yb3t /Dy3* co-doped
Al203 powders excited by a 980-nm laser beam.

4. Conclusion

Yb3* /Dy3* co-doped AlyO3 nanopowders have
been prepared by non-aqueous sol-gel method and
detailed technique is introduced. The photolumi-
nescence characteristics of the samples are measured
under the excitation of a 980-nm semiconductor
laser. There are comparatively abundant strong up-
conversion emissions centered at 378, 408, 527 and
543, and 663 nm, respectively, corresponding to the
transitions of Dy*" ions: *Gg/o — ®Hig)e, *Ggjo —
%Hy1)9, 152 — SHygo and “Fgjs — ®Hiy)o, and
some emissions have never been reported in glassy
materials previously. It is also known that PL inten-
sities become weak because the energy is transferred

from Dy3T to Yb3* and the concentration quench of
Dy3* occurs when the concentration of Dy3T exceeds
0.3 mol%. The power spectra of the Yb3*+/Dy3* co-
doped Al,O3 nanopowders are measured to help ana-
lyze the up-conversion mechanism. The three-photon
and two-photon processes are found to contribute to
ultraviolet, violet, green, and red up-conversion emis-

sions.
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