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Tunable upconversion (UC) multicolor luminescence is observed from YO, ErfT, and Tm®"
tri-doped ferroelectric BaTiO; (BTO) materials. By control of dopant concentrations, the
lanthanide-doped BTO powders are capable of generating various UC spectra and color
tunability. A white-light emission is achieved through an optimal design. Strong UC
luminescence is also observed in the lanthanide-doped BTO thin-films grown on Pt/Ti0,/SiO,/Si
substrate, which can retain well-defined hysteresis loops with a remnant polarization (2P, of
17.8 uC/ecm?®. These findings open the possibility of lanthanide-doped BTO as multifunctional
materials, in which both luminescent and ferroelectric properties co-exist. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4805050]

. INTRODUCTION

Near infrared to visible upconversion (UC) lumines-
cence in lanthanide (Ln*")-doped materials has shown great
applications in light-emitting display, lasers, biological
labeling, and optoelectronic devices.'™ In recent years,
much interest has been focused on multicolor tunability of
UC emission to meet the requirements of these applications.
Owing to their abundant ladder-like energy levels, trivalent
lanthanide ions, such as Er* ", Tm**, Eu®*, and Pr**, have
been extensively studied as activator ions for UC processes.”
Up to now, several trivalent lanthanide-doped UC materials
have demonstrated that the tuning of UC multicolor can
cover the whole visible light region by adjusting relative in-
tensity of three primary colors red-green-blue (RGB).® In
particular, by precise control of the combination and concen-
tration of Ln>" ions, one may obtain efficient and single-
phased white-light emitting phosphors.”® To date, many
researchers have developed several types of UC color-
tunable phosphors based on various host matrices (such as
rare-earth oxides, rare-earth fluorides, alkaline earth metal
fluorides, and so on),9*12 doped with suitable Ln’" ions that
have found vital applications in different fields. However,
there is limited investigation on the UC emission and color
tunability in ferroelectric materials.

Ferroelectric titanates, such as BaTiO; (BTO) with per-
ovskite ABOj structure, have been involved in many impor-
tant technical applications due to their excellent dielectric,
ferroelectric, and electro-optic properties.'*'* These highly
functional perovskite-type oxides are also recognized to be
an important class of host matrices for Ln>" ions due to their
important properties, such as chemical and mechanical sta-
bility, as well as low vibrational frequency which makes
them suitable as UC phosphor host matrices.'>'® In addition,
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BTO based ferroelectric materials have shown large electro-
optic coefficient and high photorefractive sensitivity which
is of great benefit to photonic application.'” We have previ-
ously observed that the temperature dependence of UC emis-
sion in Er’"-doped BTO powders is associated with phase
transitions of BTO host.'® Recently, we have presented an
approach to enhance and modulate UC emission through
applying a relatively low bias voltage to the Ln’"-doped
BTO thin film."” The realization of UC emission in Ln>"-
doped ferroelectric materials provides us an opportunity to
develop a class of “smart” materials with luminescence prop-
erties that change in response to external stimuli including
electric field, mechanical force, temperature, and so on.

In this work, we report the color-tunable UC lumines-
cence of ferroelectric BTO doped with Yb°", Er* ", and/or
Tm>" ions via solid-state reaction method. Tunable UC mul-
ticolor emissions including white color are obtained.
Furthermore, with the exploitation and application of the
thin-film luminescent devices, it becomes more important to
investigate the relative properties of integrated optical sys-
tem compatible with semiconductor wafer. Herein, strong
UC luminescence is observed in Ln®"-doped BTO thin-films
grown on Pt/TiO,/Si0,/Si (Pt-Si) substrates. Meanwhile, the
studies of ferroelectric properties of the thin-film structure
are also presented.

Il. EXPERIMENTAL

Yb**/Er*T/Tm>" tri-doped BTO powders were synthe-
sized by conventional solid-state reaction method. Reagent
grade BaCO;, TiO,, Yb,03, Er,O3, and Tm,O3 powders
were used as raw materials. Yb>*, Er’ T, and Tm>* were sub-
stituted at the Ti*" site; the negative effective charge can be
compensated by oxygen vacancy. Thus, the formula is given
by BaTi; , y ,YbEr,Tm,0; 5 (BTO:xYb’", yEr'*, zTm’",
in which X, y, and z are the doping concentrations in molar
percentage). Based on the above formula, the starting powders

© 2013 AIP Publishing LLC
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were weighted with designed stoichiometric quantities and ball
milled for 24 h, then dried and calcinated at 1100 °C for 8 h in
air to prepare the powders. The resulting powders were pressed
into disk pellets and sintered at 1350 °C for 4 h in air. The as-
prepared target was used for depositing Yb*/Er*™/Tm> " tri-
doped BTO (BTO:Yb/Er/Tm) thin films. The BTO:Yb/Er/Tm
films were grown on (100)-oriented Si wafer with a (111)-ori-
ented Pt buffered layer by pulsed laser deposition (PLD). The
BTO:Yb/Er/Tm films were deposited with the substrate tem-
perature of 680 °C and oxygen pressure of 20 Pa. An ITO layer
as a top transparent electrode was deposited on the BTO:Yb/
Er/Tm film at 250 °C under 2.5 Pa oxygen ambient by PLD.
The crystal structures of the Ln*"-doped BTO powders
and thin films were examined by a Bruker D8 Advance
X-ray diffractometer and a Bruker D8 Discover X-ray dif-
fractometer with Cu Ko radiation, respectively. The surface
morphology of the films was investigated by field-emission
scanning electron microscopy (FE-SEM, JEOL-JSM
6335 F). The photoluminescence (PL) spectra were recorded
using an Edinburgh FLSP920 spectrophotometer under the
excitation of a 980 nm laser diode. The hysteresis curves of
the films were measured by the TF Analyzer 2000 on FE
mode. The ferroelectric loops were recorded using a triangu-
lar wave form at a frequency of 1kHz. All measurements
were carried out at room temperature.

lll. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of BTO:Ln’"
(Ln*" =Yb*", Er" and Tm>") with different combinations
and concentrations. Only the characteristic diffraction peaks of
tetragonal BTO phase without secondary impurity phases can
be observed, suggesting that Yb> ", Er’", and Tm>" ions were
doped efficiently into the BTO host lattice. Our XRD results
are in correlation with JCPDS card No. 89-1428. In addition,
Ln®" ions have larger radii than that of Ti*" ion. As can be
seen in the inset of Fig. 1, when the Ti** ions are substituted
by Ln*" ions, compared with pure BTO, the diffraction peak
(111) of the as-obtained BTO powders show a minor shift
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FIG. 1. XRD patterns of BTO:xYb*", yEr**, zZTm?" powders: (a) pure BTO,
(b) BTO:2%Yb*", 0.2%Tm>"; (c) BTO:2%Yb>*, 0.1%Er*", 0.2%Tm>*; (d)
BTO:5%Yb*", 0.1%Er’", 02%Tm*>"; and (e) BTO:5%Yb>", 0.02%Er’",
0.2%Tm>". The inset shows the enlarged (111) peak.
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towards low diffraction angle. It means that the lattice constant
of Ln*"-doped BTO expands compared with undoped BTO.
These results are consistent with previous studies.'®

Figure 2 displays the UC luminescence spectra of
BTO:Ln’" phosphors doped with (a) 2% Yb>", 0.2%Tm>"; (b)
2%Yb*", 0.1%Er’", and 0.2%Tm’"; (c) 5%Yb*", 0.1%Er",
and 02%Tm""; (d) 5%Yb’ ", 0.02%Er’", 0.2%Tm’", respec-
tively. Figure 2(a) shows the UC emission spectrum of the
BTO:2%Yb>", 0.2%Tm>" sample. The blue emissions cen-
tered at about 464 and 478 nm can be attributed to the 1D2
— 3F4 and 'G, — *Hg transitions of Tm>" ion, respectively.
The red emissions appeared in the region (630—710nm) con-
sists of two bands located at 650 and 695 nm corresponding
to 1G4 — 3F4 and 3F2/3F3 — 3H6 transitions, respectively. To
demonstrate the strong effect of dopant concentrations on
multicolor emission, Er’™ ions were co-doped into the BTO
host lattice. As can be seen in Figure 2(b)), an intense green
emission band located at 523 and 552nm and a minor red
emission band centered at 656 nm are observed, which are
ascribed to 2H1 1 /2/453/2 — 411 5,2 and 4F9/2 — 411 5,2 transitions
of Er’" ion, respectively.

For better understanding of the UC processes, Figure 3
shows the energy level diagrams of the Yb>", Er’", and
Tm>" ions, as well as the proposed UC mechanism under
980 nm laser excitation.'” Since the Yb>" concentration is
very high with respect to that of Er* and Tm>", the most
possible UC processes is the energy transfer occurring from
the Yb> " ions to the Er’ " and Tm>" ions. As can be seen in
Fig. 3, the strong blue emission at 476 nm is clearly a three-
step and three-photon process. High Yb** concentration may
contribute to an increase in energy transfer efficiency
between Yb>" and Tm> ™ ions, resulting in an enhanced blue
emission of the Tm> " ions (Fig. 2(c)). Upon increasing Yb**
concentration, the ratio of green to the red emission also
decreases. The higher Yb>" concentration could enhance the
red UC emission by quenching the 4S3/2 level to the 4113/2
level of Er’™ ion through the so-called energy back-transfer
process, i.e., *S3p (Er'") + ?F7p (YB'T) — 115, (Br*T) +
%Fs)» (Yb* 1) as shown in Fig. 3.%! The Er’" ion at *I;3, level
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FIG. 2. UC emission spectra of BTO:Ln>" phosphors under 980 nm laser ex-
citation. (a) BTO:22%Yb>", 02%Tm’"; (b) BTO:2%Yb>*, 0.1%Er",
0.2%Tm>"; (¢) BTO:5%Yb*", 0.1%Er*", 0.2%Tm>"; and (d) BTO:5%Yb>",
0.02%Er*", 0.2%Tm*".
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FIG. 3. Energy level diagram of Yb*", Er’", and Tm**, as well as the pro-
posed UC mechanisms under 980 nm laser excitation.

subsequently absorbs one photon and jumps to the 4F9/2
level, thus the enhanced population of the 4F9/2 state is of
benefit of the red UC emission. It indicates that the emission
colors can be easily tuned by adjusting the concentration of
Yb*" ion.

Therefore, we have presented a versatile approach to tun-
ing emission colors by control of dopant combinations and
concentrations. Accordingly, a series of Ln’"-doped BTO
with different compositions are synthesized. The chromaticity
coordinates (x, y) of the as-synthesized BTO:Ln*" are sum-
marized in Table I. The variation of UC emission color points
as a function of the doping concentration of Yb>", Er’", and
Tm*" is also illustrated in the 1931 Commission International
de I’Eclairage (CIE) chromaticity diagram, as shown in Fig.
4. From the measured spectra as shown in Fig. 2, the UC
emission colors are significantly changed from blue (Point a
in Fig. 4) to green (Point c in Fig. 4) by adjusting the

0.9
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FIG. 4. CIE chromaticity diagrams for BTO:Ln>" phosphors under 980nm
laser excitation. (a) BTO:2%Yb*t, 0.2%Tm>*; (b) BTO:2%Yb>*, 0.02%Er*+,
02%Tm*"; (¢) BTO2%Yb>", 0.1%Er*", 02%Tm>"; (d) BTO:5%Yb*",
0.1%Er**, 0.2%Tm>"; and (e) BTO:5%Yb>", 0.02%Er**, 0.2%Tm>".
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TABLE I. Chromaticity coordinates (x, y) of the BTO:Ln>" phosphors.

Chromaticity Chromaticity
Samples coordinate (x) coordinate (y)
BTO:2%Yb, 0.2%Tm 0.145 0.140
BTO:2%Yb, 0.02%Er, 0.2%Tm 0.207 0.411
BTO:2%Yb, 0.1%Er, 0.2%Tm 0.273 0.685
BTO:5%Yb, 0.1%Er, 0.2%Tm 0.299 0.592
BTO:5%Yb, 0.2%Er, 0.2%Tm 0.301 0.630
BTO:2.5%YDb, 0.5%Er 0.329 0.652
BTO:5%Yb, 0.02%Er, 0.2%Tm 0.328 0.352

concentrations of the activators (Er’* and Tm>"), when the
concentration of Yb>" ion is fixed. It is known that Yb>" ion
acting as sensitizer has a great influence on the UC emissions.
Compared with the UC spectra in Figures 2(b) and 2(c), the
blue and red emission intensities are strongly enhanced with
increasing Yb*" doping concentration from 2 to 5mol. %.
With the increase of Yb>' ion concentration, it also can be
seen that the intensity ratios of the green to the blue and red
emission decrease markedly, and the chromaticity coordinate
shifts into the green-yellow region (Point d in Fig. 4).
Interestingly, a white UC emission is achieved by controlling
the relative intensity of RGB in BTO:S%Yb3+, 0.0Z%Er”,
0.2%Tm>" (Fig. 2(d)). Its chromaticity coordinate falls near
to the white region (Point e in Fig. 4).

In the above experiments, we have demonstrated that
tunable UC emissions from blue to white in BTO:Ln>" pow-
ders. As mentioned above, BTO can be considered an impor-
tant thin-film integrated photonic host. Compared with bulks
and powders, the utilization of a thin-film structure facilitates
the fabrication and integration of devices.?* Silicon wafers
are widely available in semiconductor industry. Perovskite
oxides grown on the silicon can be integrated as part of
metal-oxide-semiconductor fabrication process.”® The meas-
ured sample consisted a 200-nm-thick ITO electrode and a
600-nm-thick BTO:5%Yb’", 0.1%Er’*, 0.2%Tm’" thin
film deposited on Pt-Si substrate. The XRD pattern of as-
obtained BTO:Yb/Er/Tm thin film on Pt-Si substrate is
shown in Fig. 5. The surface of Pt-Si substrate is smooth and

Si(100)

Pi(111)

Intensity (a.u.)

30 40 5 60 70
20 (degree)

FIG. 5. XRD pattern of BTO:Yb/Er/Tm film grown on Pt-Si substrate. The
inset shows the FE-SEM image of the film.
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FIG. 6. (a) The UC emission spectrum
of BTO:5%Yb*", 0.1%Er*", 0.2%Tm>*
thin film grown on Pt-Si substrate. (b)
The hysteresis loop of the ferroelectric
BTO:Yb/Er/Tm film grown on Pt-Si sub-
strate with ITO top electrode.
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flat (not shown here). It is known that Pt-Si can be widely
utilized as substrate to fabricate ferroelectric thin films. In
the 0-20 scan, the BTO (111) peak was observed at 38.8°,
while the Pt (111) and Si (100) peaks from Pt/Si wafers are
located at 39.9° and 69.1°, respectively. No other peaks were
present. This shows that the Yb*"/Er>"/Tm>" tri-doped BTO
thin film is highly oriented grown on Pt-Si substrate. The
FE-SEM image illustrates the surface morphology of the as-
prepared thin film (inset in Fig. 5). The FE-SEM image con-
firms that BTO:5%Yb*", 0.1%Er’*, 0.2%Tm’" thin film is
well-prepared, with a uniform ~150 nm grain texture.

Figure 6(a) shows the UC emission spectrum of
BTO:5%Yb’*, 0.1%Er’*, 0.2%Tm’" thin film. It indicates
that BTO:Yb/Er/Tm film can also give three typical RGB
emission bands. We may predict that multicolor emissions
can be achieved by controlling the relative intensity of RGB
emissions in the thin-film structure. A well-defined polariza-
tion hysteresis loop measured on BTO:Yb/Er/Tm thin film
grown on Pt-Si substrate is shown in Fig. 6(b). The remanent
polarization (2P,) is determined to be 17.8 uC/cm?. The hys-
teresis loop is shifted in the positive direction. This imprint
effect is probably due to the asymmetric interfacial proper-
ties of the top and bottom electrodes to the BTO film.?* The
measured hysteresis loop confirms the reservation of ferroe-
lectricity from BTO:Yb/Er/Tm thin-film. The experimental
results suggest that the obtained BTO:Yb/Er/Tm thin-film is
potentially promising for various applications as a multifunc-
tional material in which luminescent and ferroelectric prop-
erties co-exist.

IV. CONCLUSION

In conclusion, we have synthesized Yb3+, Er3+, and
Tm> " tri-doped BTO phosphors with various doping concen-
trations via solid-state reaction method. By precise control of
the dopant concentrations, the UC emission colors can be
readily tuned. Yb>" ions as sensitizer have a great influence
on the UC emission spectra and color tuning. An optimal
white-emitting light with color coordinate (x=0.328,
y=0.352) is achieved by adjusting the relative RGB inten-
sities. Strong UC emission was also observed in lanthanide
doped BTO thin films. The obtained luminescent thin film
also retains ferroelectric properties. The results in our study
demonstrate that the potential of lanthanide-doped BTO as a

T T T T T
-100 0 100 200 300

Electric field (kV/cm)

multifunctional material for display, solid-state lighting and
upconversion luminescence biosensor.
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