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Abstract Bag gSr(,TiO3 (BST) thick films co-doped with
Yb*" and Ho’" were fabricated by the screen printing
techniques on alumina substrates. The structure and mor-
phology of the BST thick films were studied by XRD and
SEM, respectively. After sintered at 1240 °C for 100 min
the BST thick films are polycrystalline with a perovskite
structure. The upconversion luminescence properties of the
RE-doped BST thick films under 800 nm excitation at
room temperature were investigated. The upconversion
emission bands centered at 470 and 534 nm corresponding
to °F; — °I and °F, — °Ig transition, respectively were
observed, and the upconversion mechanisms were dis-
cussed. The dependence of the upconversion emission
intensity upon the Ho>" ions concentration was also
examined; the emission intensity reaches a maximum value
in the sample with 2 mol% Yb>" and 0.250 mol% Ho>"
ions. All the results show that the BST thick films co-doped
with Yb®>" and Ho’" may have potential use for photo-
electric devices.

Introduction

Recently, the interest in upconversion emission in RE-doped
materials has been greatly increased because of the search
for all solid-state compact laser devices operating in the
visible region and the availability of powerful nearinfrared
laser diodes. The potential applications include detection of
infrared radiation by converting infrared signals into the
visible light and upconversion lasers [1-4].
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In order to investigate new upconversion materials with
high luminescence efficiency, hosts with low phonon
energies are required. The advantage of sulfide- and chlo-
ride-based hosts over the most extensively studied fluoride
compounds is the lower phonon energy that leads to a
significant reduction of the multiphonon relaxation rates.
This allows an increased lifetime of some excited levels
that can relax radiatively or can store energy for further
upconversion, cross relaxation, or energy-transfer pro-
cesses [5-9]. Unfortunately, one drawback of sulfide and
chloride systems is that these materials usually present
poor mechanical properties, moisture sensitivity, and are
difficult to synthesize. Compared to the materials above,
rare earth doped barium strontium titanates have been
studied as a promising host because of its perfect electronic
and electro-optic properties, strong mechanical properties,
and easy incorporation of rare earth ions [10, 11].

Yb** sensitized upconversion energy transfer is espe-
cially attractive, because Yb>* and Ho’" upconversion
energy transfer is relatively simple compared to upcon-
version involving other rare-earth ions. In the previous
reports, Yb>" and Ho®" co-doped materials have been
extensively investigated in a variety of glasses and crystals
[12—-17]. But there are few articles about the upconversion
emission of Yb®>" and Ho>" co-doped BST thick films. In
this work, we investigated the influence of Yb>" and Ho> ™
on the microstructure of Bag gSry,TiO5 (BST) thick films,
and the upconversion luminescence of RE—co-doped BST
thick films was measured and discussed as well.

Experiment procedure

The RE-doped BST powders were prepared by the con-
ventional solid phase method using barium carbonate
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(BaCOs, 99.9%), strontium carbonate (SrCOs, 99.9%),
titanium dioxide (TiO,, 99.9%), ytterbium oxide (Yb,O,
99.99%) and holmium oxide (Ho,O3, 99.99%) as starting
materials. The BST thick film paste was prepared by
mixing the BST powders (70 wt%) with organic vehicle(30
wt%). The prepared thick film pastes were then screen
printed onto a 96% alumina substrate. Then, the printed
patterns were kept at 450 °C for 30 min to remove the
organic solvents and then annealed at 1240 °C for 100 min
in oxygen atmosphere for crystallization. A set of samples
with 2 mol% Yb>" and varying Ho>" concentrations of
0.100, 0.125, 0.250, 0.400, and 1.000 mol% were prepared.

The film crystal structures were examined using X-ray
diffraction (XRD, Rigakn D/Max-IIIC) with Cu Ka radia-
tion (A = 1.5406 A) at 35kV, 25 mA and a scanning
speed of 6°/min. Surface morphology of Yb** and Ho*
co-doped BST thick films was analyzed by scanning
electron microscope (NOVA Nano 400). Upconversion
luminescence spectra of the films were measured by fluo-
rospectrophotometer (Hitachi RF-540) under 800 nm
excitations from a laser diode. All the measurements were
carried out at room temperature.

Results and discussions

Figure 1a shows the XRD patterns of BST thick films with
various Ho>" concentrations which were deposited on
alumina substrates and sintered at 1240 °C. All BST thick
films are polycrystalline with a perovskite structure. For
further discussion, the (200) peaks of five samples are
chosen to investigate the influence of Yb®>" and Ho’"
co-doping on the structures of the BST films. It can be seen
from Fig. Ib that when the Ho>" concentrations are
increased from 0.100 to 0.250 mol%, the (200) peaks shift

toward higher diffraction angles, but when the Ho>" con-
centrations are increased from 0.250 to 1.000 mol%, the
peaks shift toward low diffraction angle slightly. It indi-
cates that the lattice parameters decrease as Ho ' con-
centrations are increased from 0.100 to 0.250 mol%, but
slightly increase when Ho’" concentrations are increased
from 0.250 up to 1.000 mol%. The reason is that Yb** and
Ho>" ions can substitute A site and/or B site ions in ABOs
structure. The ionic radiuses of Yb**, Ho*t, Ba’®*, Sr2t,
and Ti*" are 0.99, 0.98, 1.35, 1.13, and 0.68 A, respec-
tively. When the Ho>" concentrations are increased from
0.100 to 0.250 mol%, Yb>" ions and Ho>* ions mainly
substitute A site (Ba®", Sr*™") ions. It leads to decrease of
the lattice parameter. But when Ho’" concentrations
increase from 0.250 mol% to 1.000 mol%, Yb3** ions and
Ho" ions substitute both A site (Ba>", Sr*") ions and B
site (Ti*") ions in the BST structure, so the lattice
parameter increase [18]. On the other hand, the presence of
oxygen vacancies owing to the ions substitution also
increases the lattice parameter of the thick films. The defect
equations are following [19].

R,0; — 2R} + 2Vy' 4+ 30§ + 3Vy (1)
R,03 — 2Ry + 2V, 430§ + 3Vey (2)

where R represents a 3+ rare-earth cation, O represents a
2— oxygen anion, R} represents a 1— rare-earth anion
arising from a rare-earth cation substituting a A site (Ba’",
Sr?*) ion, Vg represents a 4— B site (Ti*") vacancy, OF
represents a oxygen atom, and V§' represents a 2+ oxygen
vacancy. Therefore, the increase of lattice parameter with
Ho " concentrations increase from 0.250 to 1.000 mol%
may be related to the variation of the concentration of
oxygen vacancies [20].

The surface morphologies of the Yb*' and Ho*" co-
doped BST thick films were evaluated using SEM, as
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Fig. 2 SEM images of the BST thick films co-doped with 2 mol% Yb** and different Ho®" concentrations

shown in Fig. 2a—f. It can be seen that all the BST thick
films were uniform. Nevertheless, the Yb>" and Ho>" co-
doping leads to noticeable changes on the surface mor-
phology. Seeing from the Fig. 2a—e, the average grain size
increase with the increases of Ho’" concentrations from
0.100 to 0.250 mol%. Then the grain size decreases when
the Ho®" concentrations are further increased. The reason
is that the growth of grains is restrained by superfluously
doped ions in grain boundary. The 2 mol% Yb>" and
0.250 mol% Ho>" co-doped BST film has the largest grain
size and density among the samples. The average grain size
is about 0.2-0.3 um and the thickness of the films is
approximately 10 pm (see Fig. 2f).

Upconversion luminescence spectra of BST thick films
were measured under the excitation laser photon wave-
length (800 nm) at room temperature, as shown in Fig. 3.
The band corresponding to the blue emission coming from
the °F; — °Ig transition is situated between 460 and
500 nm with a maximum at 470 nm. Another strong band
corresponding to green luminescence coming from
5F, — °lg transition is situated between 520 and 545 nm
with maximum at 534 nm. Under 800 nm excitation, three
possible approaches can populate °F; manifold and pro-
duce upconversion blue emissions at 470 nm (see Fig. 4).
() Excited state absorption (ESA): after a first excitation to
the 515 level, a second photon is absorbed by the same ion,
exciting it to the °F, state (see Eqgs. 3 and 4); (II) Energy

—=— Ho: 0.100 mol%
—e— Ho: 0.125 mol%
—4— Ho: 0.250 mol%
—v— Ho: 0.400 mol%
—+— Ho: 1.000 mol%

normanized intensity

450 500 550 600 650
wavelength (nm)

Fig. 3 PL spectra of BST thick films co-doped with Yb*>" and Ho’*,
excitation wavelength 800 nm

transfer (ET): an excited ion relaxes from 2Fs,, state to the
ground state “F5,, nonradiatively and transfer the energy to
another neighboring one, promoting the latter to the °F;
state from the °Is level (see Egs. 5, 6, and 7); (II) Energy
transfer (ET): two excited ions relax from *Fs), state to the
ground state “F5, nonradiatively and transfers the energy
to other neighboring ones, promoting the latters from
5Ig to 515 and then to the 5F1 state (see Egs. 8, 9, and 10)
[21, 22].
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Fig. 4 Schematic diagram of ESA (I) and ET (II, III) approaches for
the blue upconversion emissions under 800 nm excitation
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9)
’I5(Ho™) + *Fs5(Yb™) — ?Fy5(Yb™) + °F (Ho™)
(10)
Two possible approaches can populate the °F; manifold
and produce upconversion green emissions at 534 nm (see
Fig. 5): (IV) Cross relaxation (CR): two same excited ions
relax from °Fs state to the state °I, nonradiatively and
transfer the energy to another neighboring one, promoting
the latter to °F, state (see Eqgs. 11 and 12); (V) Energy
transfer (ET):an excited ion populated by processes (IV) is

excited to the °F4 from I, by absorbing a photon (see
Eq. 13) [23, 24].

251g(Ho**) + 2photon — 2315 (Ho>*) (11)
2°I5(Ho™") — *F4(Ho*") + °I; (Ho*") (12)
°1;(Ho>*) + photon — °I,(Ho>") (13)

As can be seen from the Fig. 6, the emission intensity
increases as Ho>" concentrations increase from 0.100 to
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Fig. 5 Schematic diagram of CR (IV) and ET (V) approaches for the
green upconversion emissions under 800 nm
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Fig. 6 The plot of intensities against Ho*" ion concentrations for
blue emission at 470 nm and green emission at 534 nm

0.250 mol%, and the intensity reaches a maximum value
with 2mol% Yb’* and 0.250 mol% Ho>" ions
concentration. Then the emission intensity decreases with
the increase of Ho>" concentrations from 0.250 up to
1.000 mol%. The reason for this phenomenon may be that
the ion pairs or clusters are formed after the Ho>* doping
concentrations are above 0.250 mol%. In this case, the
Ho*"—Ho* or Yb>™—Ho’" distances are too small in the
BST lattice which may cause fluorescence quenching. The

energy transfer probability for electric multipolar
interactions can be generally written as [25]
_ (R/R)’
Ts

where Ry is the critical transfer distance for which excita-
tion transfer and spontaneous deactivation of the sensitizer
(Yb*™) have equal probability, Tg is the actual lifetime of
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the sensitizer excited state, including multiphonon radia-
tive decay, S is a positive integer depending on the inter-
actions between dipoles, and R is the distance between two
ions. It indicates that the value of Pgs will increase when
the value of R decreases. Hence, the decrease of emission
intensity is mainly because of the decrease of the distance
of Ho**—Ho’ ™.

Conclusions

Yb*" and Ho®* co-doped BST thick films were fabricated
by the screen printing technique on alumina substrates.
XRD revealed that all the BST thick films are polycrys-
talline with a perovskite structure, while SEM showed a
crack-free uniform microstructure of the BST thick films.
The 2 mol% Yb>" and 0.250 mol% Ho’* co-doped BST
thick film has the largest grain size and density. The
average grain size is about 0.2-0.3 um and the thickness of
the films is approximately 10 um. Under 800 nm excita-
tion, the upconversion blue and green emissions were
observed. The band corresponding to the blue emission
coming from the °F, — 5] transition is situated between
460 and 500 nm with a maximum at 470 nm. The band
corresponding to green luminescence coming from
5F, — I transition is situated between 520 and 545 nm
with a maximum at 534 nm. The upconversion lumines-
cence intensity reaches a maximum value in the sample
with 2 mol% Yb>" and 0.250 mol% Ho®* ions concen-
tration. The luminescence intensity decreases when the
Ho*" doping concentration increases from 0.250 to
1.000 mol%. The reason is the presence of Ho " clusters
for the heavy doping concentration, which diminishes the
emission intensity. All the results show that the BST thick
films co-doped with Yb*" and Ho’™ have very good
luminescence properties, and show potential applications in
blue or green photonic devices.
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