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rties, Judd–Ofelt calculations,
and near infrared to visible photon up-conversion
in Er3+/Yb3+ doped BaTiO3 phosphors under
excitation at 1500 nm

M. Vega,*ab P. Alemany,c I. R. Martind and J. Llanos*b

The structural and up-conversion properties of BaTiO3 phosphors doped with Er3+/Yb3+ have been studied.

All phases were synthesized using the sol–gel process and characterized by X-ray powder diffraction

(PXRD), Raman spectroscopy, optical absorption spectroscopy (Judd–Ofelt theory), and scanning

electron microscopy (SEM). Photoluminescence (PL) and time-resolved luminescence measures were

employed to monitor the photon upconversion (UC) process in the synthetized phosphors. The results

of PXRD show that all synthesized phases crystallize in a perovskite structure, where rare earth ions

replace both Ba2+ and Ti4+ cations. Raman spectra confirm the coexistence of both cubic and tetragonal

phases. Photon UC was studied under excitation at 1500 nm. The emission spectrum shows a strong

emission at 975 nm (4I11/2 / 4I15/2) and a weak emission at 660 nm (4F9/2 / 4I15/2). To unravel the

mechanism of photon UC, the dependence of the emission intensity on the pump power of the incident

laser was also measured. Furthermore, the decay curves for the 975 nm emission upon excitation at

1500 and 800 nm were also recorded. These results of our study point towards a GSA/ESA type

mechanism for photon UC in this material.
1. Introduction

The conversion of sunlight directly into electricity using
photovoltaic devices is one of the most attractive options for
renewable energy generation, mainly due to the zero emission
of polluting gases as well as the permanent resource availability
over wide geographical areas. Most of the commercial solar
panels use semiconductor materials such as silicon and their
efficiency is largely determined by the magnitude of the band
gap.1 The overall efficiency is, however, limited by many
different factors, including among them spectral losses.
Although photons with energies above the band gap are also
absorbed, they relax the excess energy as heat (thermalization).
On the other hand, photons with energies below the band gap
are not absorbed at all and do not contribute to the generation
of electricity (transmission).1,2 For this reason, photon conver-
sion arises as an attractive option to reduce spectral losses
and increase the efficiency of solar cells.3–6 Among photon
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conversion phenomena, upconversion (UC) can transform
photons from the infrared region of the solar spectrum into
photons in the visible region, a process that may increase the
efficiency of solar energy harvesting by reducing transmission
losses.3–7

UC consists in the successive absorption of two or more long
wavelength (IR) photons and the subsequent emission of
a photon with a shorter wavelength (Vis).8,9 The conversion
process requires the participation of a luminescent material
having multiple energy levels with the appropriate energy
spacing. In this respect, lanthanide ions offer interesting
features for UC materials, since the energy levels within the 4f
shell range from the near infrared to the ultraviolet part of the
electromagnetic spectrum. Among lanthanide ions, Pr3+, Nd3+,
Dy3+, Ho3+, Er3+ and Tm3+ have been investigated as activators
for upconversion materials in solar cells.10,11

In optical materials doped with one single type of activator
ion, one of the important parameters affecting the UC process is
the absorption cross section of the rare earth ions. Since many
activator ions exhibit low absorption, upconverting materials
doped with just one type of activator ion, show relatively low
efficiencies.7,8,12 To increase the overall efficiency of the UC
process, sensitizer ions with sufficient absorption in the
infrared region, are oen included as co-dopants. Due to its
range of absorption in the near infrared region (900–1100 nm)
corresponding to the 2F5/2–

2F7/2 transition, Yb
3+ is usually used
RSC Adv., 2017, 7, 10529–10538 | 10529
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as a sensitizer ion. Furthermore, the 2F5/2–
2F7/2 transition for

Yb3+ coincides with f–f transitions of several lanthanide ions
(Er3+, Tm3+ and Ho3+) used in UC materials, facilitating an
efficient energy transfer from the sensitizer Yb3+ ions to the
activator ions.10,12

On the other hand, uorides due to their low phonon ener-
gies9,13 have been found to be among the most efficient matrices
for UC materials. However, do to toxicity problems and their
poor chemical, thermal and mechanical stability, application of
uorides in technological devices has had a limited success.14 In
comparison with uorides, oxides exhibit larger phonon ener-
gies, but excellent chemical, thermal and mechanical stabili-
ties. An interesting oxide in this respect is barium titanate
(BaTiO3). Its relatively low phonon energy (around 700 cm�1)
together with a good insulating behavior and excellent physical
and chemical stabilities make it an excellent candidate for the
development of new upconversion phosphors.15

In all these systems, Ln3+ ions due to their ionic size are
expected to occupy the A2+ sites in the ABO3 lattice and, there-
fore, the excess positive charge must be compensated. However,
it is also possible to replace some of the B4+ ions by Ln3+,
keeping the overall charge neutrality. In a previous paper16 we
reported on the effects of Eu3+ substitution on the luminescent
and magnetic properties of BaTiO3. We observed that at low
concentrations the rare earth cations replace the Ti4+ sites,
whereas both sites, Ba2+ and Ti4+, are replaced when the
concentration of lanthanide cations is increased.

In the present paper, we report on the synthesis of BaTiO3

based phosphor, codoped with Er3+ and Yb3+ via the sol–gel
process and the measurement of its IR to visible up-conversion
luminescent properties recorded under a 1500 nm excitation.
2. Experimental
2.1. Synthesis

Parent reagents, tetrabutyl titanate (TBT) (97%), erbium nitrate
(99.9%), ytterbium nitrate (99.9%), and barium acetate ($99%)
were purchased from Aldrich Chemical Co. and used as
received. In a typical procedure, a solution of the stoichiometric
amount of Ba(CH3COO)2 in 20 mL of acetic acid was aggregated
drop-wise to a solution of 2 mL of TBT diluted using 8 mL of
acetylacetone. This mixture was heated to 323 K on a hot plate
for 2 h under continuous stirring to form the titania sol.
Following this, a solution of the respective amounts of
Er(NO3)3$5H2O and Yb(NO3)3$5H2O in 5 mL of deionized water
were added to the titania sol and heated to 373 K on a hot plate
for 24 h to form a brown powder corresponding to the dry
barium erbium–ytterbium titanate. Finally, the product ob-
tained was ground in an agate mortar, placed in an alumina
boat and annealed for 2 h at 1273 K in a muffle furnace. All
synthetic processes were carried out in air.
2.2. Characterization

To check the phase purity, powder X-ray diffraction (PXRD) data
were collected using a Bruker D8 Advance diffractometer tted
with a graphite monochromator using CuKa radiation (l ¼
10530 | RSC Adv., 2017, 7, 10529–10538
1.54057�A) in the range 10� # 2q# 60�, operated at 40 kV and 30
mA. Raman spectra were collected using a Renishaw research
Ramanscope 1000 spectrometer equipped with a Peltier-cooled
CCD detector and with Leica microscopes. An excitation line
of 785 nm was used and did not reveal any signicant disper-
sion. SEM images were obtained using a TESCAN VEGA 3
microscope.

The optical absorption spectrum was measured by using a
Agilent Cary 5000 UV-Vis-NIR spectrophotometer. The samples
were compressed in order to prepare pellets with a diameter of
6 mm and a thickness about 0.24 mm.

Upconversion spectra were recorded by exciting samples
using a commercial 1500 nm laser (Alcatel 1933 SMG) with
a maximum power of 80 mW. The laser was focused on the
samples using a lens with a 30 mm focal length. The emitted
light was focused on the entrance slit of a CCD spectrograph
(Andor Shamrock 303i) using a lens with a focal length of
50 mm.

Luminescence decay curves were obtained by exciting
samples using a 10 ns pulsed optical parametric oscillator laser
(EKSPLA/NT342/3/UVE). The emission was focused on the
entrance of a spectrograph coupled to a photomultiplier (R928
Hamamatsu in the Vis range or 5509-73 Hamamatsu for the NIR
range) connected to a digital storage oscilloscope (Tektronix
2430).

3. Results and discussion
3.1. X-Ray diffraction

The powder diffraction patterns contain sharp and well-dened
peaks, indicating good crystallinity for all samples. However,
minor shis in the peak positions were observed when the Er3+

and Yb3+ cations were incorporated into the host BaTiO3 matrix.
Comparing the d-values with the standard patterns (JCPDS 075-
0462),17 all reections in the diffractograms can be indexed in
the cubic perovskite-type structure of BaTiO3, as shown in Fig. 1.
As the concentration of dopant ions increases, the crystal
structure is maintained. However, at high dopant concentra-
tions (BaTiO3:Er

3+ 9%–Yb3+ 10%) the appearance of minority
phases related to either precursor materials (BaCO3) or
a secondary phase (Er2Ti2O7) can be observed.

Incorporation of Ln3+ ions in the structure can occur in both
cationic sites (Ba2+ and Ti4+), depending on the ionic radius of
the rare earth. Tsur et al.18 have reported that for BaTiO3, Ba

2+

ions are being replaced by ions with ionic radii $ 0.94 �A,
whereas the Ti4+ ions are being replaced by rare earth ions with
ionic radius # 0.87 �A. Meanwhile, ions with ionic radii in the
range between these values can replace both sites. The ionic
radii of Ba2+ and Ti4+ are 1.42 and 0.61 �A, respectively, while
those of Er3+ and Yb3+ are 0.89 and 0.87 �A, respectively.19

Therefore, according to Tsur et al. the Er3+ cation should be able
to replace both sites indistinctly, while Yb3+ ions would replace
only the Ti4+ ones.18

The effect of substitution on the cell volume can be seen in
Fig. 2. In general, one can observe that, at low concentrations of
both dopants, the cell volume does not show a systematic
variation. This is due to random distribution of Er3+ ions in the
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD patterns of the BaTiO3 doped with different contents of Er3+ and Yb3+ ions.
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cationic sites. Moreover, at high concentrations of both dopants
a progressive decrease in unit cell volume is observed. Since the
Yb3+ ions only replace Ti4+ ions, at high concentrations of Yb3+

these sites are mostly occupied. For this reason, as the Er3+ ion
concentration increases in codoped samples, these ions occupy
mostly Ba2+ sites, causing a steady decline in the volume of the
unit cell. The values of lattice constants and volume of the unit
cell for various dopings are summarized in Table 1.
3.2. Raman spectroscopy

While XRD shows only the presence of the cubic phase, it is
known that in BaTiO3 cubic and tetragonal perovskite phases
Fig. 2 Variation of the unit-cell volume as a function of the Er3+ and
Yb3+ contents.

This journal is © The Royal Society of Chemistry 2017
may coexist.20 A way of conrming the presence of the tetrag-
onal phase is to visualize small differences in the local
symmetry of the crystal lattice. In the cubic phase Ti4+ ions
occupy the center of octahedra formed by six neighboring O2�

ions, resulting in a local Oh symmetry. In the tetragonal phase,
one of these O2� ions is, however, slightly displaced in the
direction of the c axis, resulting in a local C4v symmetry,
a difference that can be easily monitored by means of Raman
spectroscopy.

Raman spectra for three different samples of BaTiO3:Er
3+/

Yb3+ phosphors with varying contents in Er3+/Yb3+ ions are
shown in Fig. 3. In them, the ve characteristic bands of the
BaTiO3 phase, which have been widely reported in literature,20–26

can be observed: a sharp peak at 304 cm�1 [B1, E (TO + LO)] and
broad bands at about 181 cm�1 [A1 (TO), E (LO)], 255 cm�1 [A1
(TO2)], 515 cm�1 [A1, E (TO)], and 719 cm�1 [A1, E (LO)]. The
sharpness of the peak around 304 cm�1, which is characteristic
of the tetragonal BaTiO3 phase, is reduced its and becomes
indistinct when the tetragonal phase is not dominant.25 As it
Table 1 Calculated cell parameters of BaTiO3:Er
3+�Yb3+

Sample a (�A) V (�A3)

BaTiO3:Er
3+ 1%–Yb3+ 1% 4.012(9) 64.57

BaTiO3:Er
3+ 1%–Yb3+ 5% 4.013(8) 64.62

BaTiO3:Er
3+ 1%–Yb3+ 10% 4.021(7) 65.02

BaTiO3:Er
3+ 5%–Yb3+ 1% 4.009(12) 64.47

BaTiO3:Er
3+ 5%–Yb3+ 5% 4.015(5) 64.72

BaTiO3:Er
3+ 5%–Yb3+ 10% 4.016(9) 64.78

BaTiO3:Er
3+ 9%–Yb3+ 1% 4.013(1) 64.62

BaTiO3:Er
3+ 9%–Yb3+ 5% 4.015(9) 64.73

BaTiO3:Er
3+ 9%–Yb3+ 10% 4.014(4) 64.67

RSC Adv., 2017, 7, 10529–10538 | 10531
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Fig. 3 Raman spectra for bare BaTiO3 and BaTiO3 doped with
different concentrations of Er3+ and Yb3+ ions.
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can be seen in Fig. 3, this is, however, not the case in our
samples, conrming the presence of the tetragonal case. In the
recorded spectra, the bands at 255 and 515 cm�1 did not show
signicant changes, while the intensity of those at 181, 304, and
719 cm�1 increases clearly with the concentration of dopant
ions. The band at 718 cm�1, which can be ascribed to the
presence of defects in the BaTiO3 lattice is clearly indicative that
the formation of the tetragonal phase improves by incorpora-
tion of the rare earth cations into the host structure.23 The
observed changes in the Raman spectra corroborate thus the
coexistence of both, the cubic and tetragonal phases in the
analyzed samples.
3.3. Scanning electronic microscopy

SEM images for BaTiO3:Er
3+ 5%–Yb3+ 1% are shown in Fig. 4.

The image on the le was generated by secondary electrons (SE)
while that on the right by backscattering electrons (BSE). The
formation of agglomerates of micron size without a dened
Fig. 4 SEM micrography for a BaTiO3:Er
3+ 5%–Yb3+ 1% sample. Right: B

10532 | RSC Adv., 2017, 7, 10529–10538
morphology is mainly appreciated in these gures. It is also
possible to observe the presence of smaller particles both
between grains and on the surface of these. From the BSE image
it can be deduced that the sample is homogeneous in compo-
sition, which was corroborated by energy dispersive X-ray (EDX)
analysis. No large morphological changes between samples as
the concentration of the dopant ions is varied were observed.
3.4. Optical absorption and Judd–Ofelt analysis

Judd–Ofelt (JO) theory to describe the intensity of f–f transitions
in rare-earth ions27,28 has become a centerpiece of rare-earth
spectroscopy and nowadays it is being considered a funda-
mental stage in the characterization of luminescent mate-
rials.29–31 The great appeal of JO theory is that it allows the
prediction oscillator strengths in absorption and luminescence,
luminescence branching ratios, and excited-state radiative life-
times just by using only three empirical parameters, U(l) (l ¼ 2,
4, 6), that may be easily determined by tting calculated
intensities to those obtained from an absorption spectrum with
known absolute absorption cross sections.31 Unfortunately the
application of JO theory to powder samples is not straightfor-
ward and for this reason, quantitative studies for micro- or
nanostructured optical materials in the literature are still
scarce. To solve these inconveniences an alternative method
based on the use of relative optical absorption spectra and the
subsequent calibration of oscillator strengths through the use
of a radiative lifetime has been devised.32–34

From the theoretical point of view, the oscillator strength fcal
associated to an f–f optical transition is given by

fcal

�
J/J 0

�
¼ 8p2mc

3hlmð2J þ 1Þn2
(
nðn2 þ 2Þ2

9
Sed þ n3Smd

)
(1)

where J and J0 indicate the initial and nal manifolds, m is the
electron mass, c the speed of light, h Planck's constant, lm the
barycenter wavelength for the J / J0 absorption band, n the
refractive index at lm and Sed and Smd are the so-called the
electric-dipole and magnetic-dipole line strengths, respectively.
ackscattering and Left: secondary electrons.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Absorption spectrum for BaTiO3:Er
3+ 9%–Yb3+ 1% sample.
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In the JO theory the electric-dipole line strength Sed is expressed
in terms of the three JO intensity parameters Ul (l ¼ 2, 4, 6):

Sed

�
J/J 0

�
¼

X
l¼2;4;6

Ul

���f N ½SL�J����U ðlÞ����f N ½S0L0�J 0���2 (2)

where the terms in brackets are doubly reducedmatrix elements
for intermediate coupling that have been tabulated in the
literature for specic cases, but because in f–f transitions in
rare-earth ions the electric dipole transitions arise from a small
crystal eld perturbation, the matrix elements are not highly
dependent on the host material and the matrix elements
calculated by Carnall et al.35 for trivalent lanthanides in aqueous
solution or LaF3 are oen used in a JO analysis.

Most of the intensities of 4fN–4fN optical transitions have
electric-dipole character, although some of them also present
magnetic dipole character. For these, Smd can be expressed in
terms of the intermediate coupling coefficients associated to
the fN[SL]J and fN[S0L0]J0 states as well as the matrix elements of
the (L + 2S) operator between these states and Smd can be thus
readily calculated, using for instance, the RELIC program31 or
using tabulated values calculated for the same transition in
other host matrices.

In a standard JO analysis the three intensity parameters Ul

(l ¼ 2, 4, 6) are being determined by tting the experimental
oscillator strengths fexp to the calculated ones, fcalc, where the
experimental oscillator strengths have been extracted from an
optical absorption spectrum using

fexp

�
J/J 0

�
¼ 2mc

afhNTlm
2

ð
band

aðlÞdl (3)

where af is the ne-structure constant, NT the concentration of
emitting ions and a(l) ¼ 2.3 � O.D./d represents the absorption
coefficient at wavelength l, where d is the sample thickness and
O.D. the corresponding optical density.

Besides general problems related to the determination of
oscillator strengths from optical absorption spectra (base line
corrections, separation of overlapping bands, determination of the
band barycenters, etc.) when trying to apply the standard procedure
to powder samples one encounters the problems that both the
active ion concentration and sample thickness are not straight-
forward quantities to be quantied accurately. An alternative
procedure,34 that has also been employed to perform a JO analysis
using absorbances derived from adiffuse reection spectrum33 is to
follow a two step procedure, performing rst a relative JO analysis
using the absorption spectrum in terms of optical densities and in
a second step, to calibrate the relative JO intensity parameters by
using the measured lifetime for a pure radiative transition.

In this procedure, the relative purely electric-dipole line
strength

Srel
ed

�
J/J 0

�
¼ 9n

ðn2 þ 2Þ2
CJO

lm

ð
band

O:D:ðlÞdl (4)

is rst obtained from themeasured absorption spectrum, where
CJO is a proportionality coefficient relating the relative and
absolute line strength values. Fitting of these Sreled(J / J0) values
to eqn (2) yields then a set of relative JO intensity parameters,
Urel
l , which are proportional to the absolute ones
This journal is © The Royal Society of Chemistry 2017
Ul ¼ CJOU
rel
l (5)

The proportionality constant CJO is aerwards determined
through the comparison of the calculated and measured life-
times of a selected predominantly radiative transition. For such
a transition, the total transition probability, which is inversely
proportional to the lifetime is given by

AT ¼ Aed + Amd ¼ srad
�1 z sexp

�1 (6)

where the electric dipole component Aed is related to the cor-
responding line strength by

Aed

�
J 0/J

�
¼ 64p4e2

3hlm
3ð2J þ 1Þ

nðn2 þ 2Þ2
9

Sed

�
J/J 0

�
(7)

where e is the electron charge.
To determine the proportionality constant CJO one has thus

to subtract rst the magnetic dipole contribution (calculated
using data tabulated in ref. 36) from the total transition prob-
ability to obtain the electric dipole probability. Then CJO can be
simply obtained by combining eqn (2) and (5).

Themeasured absorption spectrum for a BaTiO3:9% Er3+/1%
Yb3+ sample is shown in Fig. 5. The areas below the peaks have
been obtained from this spectrum by numerical integration
aer correction for the baseline. In the 400–1600 nm range, the
refraction index for the BaTiO3 host37 can be satisfactorily
described by Cauchy's equation

n ¼ Bþ C

l2
(8)

with B ¼ 2.24 and C ¼ 67 123.4 nm2 yielding values between
2.66 and 2.27 for wavelengths in the range from 400 to 1600 nm.
The measured lifetime for the 4I13/2 level is found to be sexp ¼
4.61 ms, and the corresponding spontaneous emission proba-
bility AT ¼ 216.9 s�1.

According to Carnall et al.36 themagnetic dipole contribution
to the oscillator strength for the 4I15/2 / 4I13/2 transition is
given by fmd ¼ n � 30.82. Since at the wavelength for this
RSC Adv., 2017, 7, 10529–10538 | 10533
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Table 3 Spontaneous emission probabilities, radiative lifetimes, and
branching ratios calculated for Er3+ in BaTiO3:9% Er3+/1% Yb3+ using
the JO intensity parameters U2 ¼ 1.3 � 10�20, U4 ¼ 0.9 � 10�20, and
U6 ¼ 0.4 � 10�20 cm2

Transition
l

(nm)
Aed
(s�1)

Amd

(s�1)
srad
(ms)

bJ0/J

(%)

4I13/2 /
4I15/2 1537 107 117 3898 100

4I11/2 /
4I13/2 2754 28 32 4115 25

4
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transition the refractive index of pure BaTiO3 is 2.26, we can
estimate an oscillator strength due to magnetic dipole fmd ¼ 70
� 10�8 for our sample. Using eqn (9)

f
�
J/J 0

�
¼ mclm

2

8p2e2n2

�
2J 0 þ 1

�
ð2J þ 1Þ A

�
J 0/J

�
(9)

with J ¼ 15/2 and J0 ¼ 13/2 and the experimental value AT ¼
216.9 s�1 for the total spontaneous emission probability we get
a total oscillator strength fexp ¼ 134 � 10�8. By subtracting the
magnetic dipole contribution from this value we nally arrive to
fed¼ 64� 10�8 for the electric dipole contribution. These values
have been used to calibrate the relative experimental Er3+ line
strengths obtained from the spectrum by numerical integration
of the areas below the different peaks. The calibrated values are
given in the fexp column in Table 2.

Judd–Ofelt intensity parameters Ul (l ¼ 2, 4, 6) can be
extracted from the experimental data by tting the fexp values in
Table 2 to a set of fcalc values obtained from eqn (2) using the
RELIC program.31 For this purpose, we have used the crystal
eld and spin–orbit coupling parameters for Er3+ in aqueous
solution given by Carnall in ref. 35: F(2) ¼ 440.8, F(4) ¼ 66.8,
F(6) ¼ 7.3, and z ¼ 2380, all in units of cm�1. The resulting JO
intensity parameters are U2 ¼ 1.3 � 10�20, U4 ¼ 0.9 � 10�20,
and U6 ¼ 0.4 � 10�20 cm2. Using these parameters and eqn (2)
we can estimate the oscillator strengths, fcalc, given in Table 2.
The associated absolute RMS value is 3.6 � 10�7.

TheUl parameters found for Er3+ in BaTiO3:9% Er3+/1% Yb3+

are in the range found for Er3+ in other mixed crystalline
oxides.29 Since the intensity of f–f transitions arises from the
admixture of odd-parity crystal-eld components their JO
intensity parameters should depend on the type and symmetry
of the ligands in a given material, although as noted by Hehlen
et al.31 it is difficult to establish clear correlations because the
inuence of the coordinating environment on the well-shielded
4f electrons is quite small. Besides this, comparison ofUl values
reported in the literature is also hindered by the use of different
procedures in their calculation, such as tting the intensity
parameters using optimized wavefunctions for the given mate-
rial vs. using tabulated data obtained for another material, the
types of transitions included in the t, and the numerical
details used in the tting procedure. An additional difficulty in
Table 2 Experimental and calculated emission intensities for Er3+ f–f
transitions in BaTiO3:9% Er3+/1% Yb3+. All transitions are from the
ground state (4I15/2) to the levels indicated in the first column of the
table

Level l (nm) frel (%) fexp (10�8) fcalc (10
�8)

4I13/2 1524 11.2 64 + 70a 78 + 75a
4I9/2 794 2.7 32 36
4F9/2 653 18.3 218 194
4S3/2 545 6.5 78 27
2H11/2 521 39.9 475 472
4F7/2 488 15.9 189 139
4F5/2 452 4.3 51 33
4F3/2 444 1.1 14 19

a Magnetic dipole contribution.

10534 | RSC Adv., 2017, 7, 10529–10538
correlating JO parameters with structural features arises from
the additivity of JO Ul values29 since in the presence of several
non-equivalent sites in the host matrix one obtains an average
value for each Ul parameter. In general, U2 has been found to
scale with the degree of covalency between the rare earth cation
and the coordinating ligands.29,31,38 The small value found here
is in concordance with those found for oxides with a strong
ionic character. The U4 and U6 parameters have been found to
decrease with increasing rigidity of the matrix.39 According to
this trend, the small values found here would be associated with
the high rigidity of BaTiO3, similar to that of other mixed
crystalline oxides.

The calculated line strengths fcalc obtained from the tted JO
intensity parameters have been used to calculate spontaneous
emission probabilities via eqn (7). The most relevant results are
summarized in Table 3 where radiative lifetimes

srad
�1 ¼

X
J

A
�
J 0/J

�
(10)

and branching ratios

bJ0/J ¼ sradA(J0 / J) (11)

have also been included.
3.5. Upconversion emission

UC spectra of the co-doped samples with different concentra-
tions of Er3+ and Yb3+ are shown in Fig. 6. All spectra were ob-
tained by exciting at 1500 nm. The emission spectra of
BaTiO3:Er

3+–Yb3+ phosphors show emission bands at 975 nm
I15/2 975 183 — 75
4I9/2 /

4I11/2 4545 2 4 2498 1
4I13/2 1715 61 — 15
4I15/2 811 334 — 84
4I9/2 /

4I9/2 3387 5 12 318 1
4I11/2 1940 90 24 4
4I13/2 1138 150 — 5
4I15/2 660 2859 — 90
4S3/2 /

4F9/2 3052 1 — 430 0
4I9/2 1605 117 — 5
4I11/2 1186 54 — 2
4I13/2 829 642 — 28
4I15/2 538 1510 — 65
2H11/2 /

4S3/2 12 755 0 0 91 0
4F9/2 2463 33 1 0
4I9/2 1426 141 11 1
4I11/2 1085 142 806 9
4I13/2 779 212 257 4
4I15/2 517 9366 0 86

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Up-conversion spectra (excitation at 1500 nm) for BaTiO3

based phosphors as a function of Er3+ and Yb3+ contents.

Fig. 7 Relative intensity of up-conversion emission as a function of
Er3+ and Yb3+ ion concentrations using lexc. ¼ 1500 nm.
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and 660 nm, which correspond to the electronic 4I11/2 /
4I15/2

and 4F9/2 / 4I15/2 transitions of the Er3+ ion, respectively.
Moreover, at 975 nm the 2F5/2 /

2F7/2 transition corresponding
to Yb3+ ions is also present.

Comparing the intensity of the 975 nm band in the emission
spectra for samples with different rare earth ion content (Fig. 7)
it can be seen that in all cases, the sample doped with Er3+ at 5%
that presents a maximal emission, being BaTiO3:Er

3+ 5%–Yb3+
This journal is © The Royal Society of Chemistry 2017
1% the composition yielding the highest photon UC (Fig. 6a). It
is also observed that as the concentration of Yb3+ ion increases,
the emission intensity decreases. This observation can be
explained considering an increase of energy transfer and non-
radiative processes that compete with luminescence as the
concentration of sensitizer Yb3+ ions is increased.

As it is clearly visible in Fig. 6, the most intense emission
corresponds to the 975 nm band, which corresponds precisely
to the most interesting emission for applications in solar cells
since it corresponds to the absorption band of silicon. Inclusion
of BaTiO3:Er

3+–Yb3+ phosphors in these cells could then
contribute to increase their photocurrent by harvesting also
photons with a wavelength of 1500 nm.

To study themechanism behind photonUC in BaTiO3:Er
3+–Yb3+

we have also studied the dependence of the intensity for the
emissions at 975 and 660 nm as a function of the pump power
of the incident laser. It is well-known that the upconversion
intensity is directly related to the intensity of the infrared
excitation by the following expression:

IUC f IIR
n (12)

where n is the number of photons involved in the upconversion
process.40,41 In Fig. 8, the dependence of the logarithm of UC
emission intensities for the 975 and 660 nm bands versus
logarithm of the pumping power of the laser are shown. Fitting
of the logarithmic curves according to eqn (12) the slopes, n,
obtained for the BaTiO3:Er

3+ 5%–Yb3+ 1% sample were 1.8
for the IR emission and 2.3 for the red one, indicating that
the number of required photons in each case is 2 and 3,
respectively.

The discrepancy between the actual values of the slope (1.8
and 2.3) and the number of photons involved in the process (2
and 3) is due to the known effect that the slope of the curve is
gradually decreasing as the laser power increases, a phenomenon
described by Pollnau et al.42 as a saturation in the upconversion
process at high power. According to this interpretation, a high
pump power would increase the competition between the linear
RSC Adv., 2017, 7, 10529–10538 | 10535
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Fig. 8 Logarithm of the up-conversion emission intensity (excitation
at 1500 nm) as a function of the logarithmic pump power of the
excitation source.

Fig. 10 Emission spectra for BaTiO3:Er
3+ 5% and BaTiO3:Er

3+ 5%–Yb3+

1% exciting at 800 nm.
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decay and upconversion for the depletion of the intermediate
excited states, resulting in a signicantly reduced slope.

The dynamics of the 975 nm emission was studied by
measuring the corresponding decay curves. Fig. 9 shows the
decay curves for excitation at 1500 and 800 nm. In both cases,
a rapid rise time is observed aer excitation with the laser, fol-
lowed by a rapid decline. This behavior is indicative of a GSA/ESA
mechanism for the UC process in which aer excitation by
a pulsed laser at 1500 nm, the Er3+ ion is immediately excited to
the 4I13/2 level by absorbing a photon and aerwards to the 4I9/2
level by absorbing a second 1500 nm photon. In this process, the
population of the 4I9/2 level increases rapidly as a result of
successive two-photon absorption, similar to what would be
observed if this level is excited directly. Therefore, as it can be
seen in Fig. 9, there is an immediate rise time aer pulse exci-
tation at 1500 nm, conrming the proposed upconversion
mechanism. Subsequently a non-radiative relaxation to the 4I11/2
Fig. 9 Temporal evolution of the UC emission at 980 nm under pulse
excitation at 1500 and 800 nm.

10536 | RSC Adv., 2017, 7, 10529–10538
level takes place, from where the emission of a photon of wave-
length 975 nm leads to the fundamental 4I15/2 state. In the same
way, absorption of a third photon contributes to an increase in
the population of the 4S3/2 level. Due to the small energy gap, Er3+

ions in the 4S3/2 state relax very quickly through a non-radiative
process to the 4F9/2 levels from where they relax radiatively to
the 4I15/2 ground state emitting a red photon (660 nm). Moreover,
from the 4I11/2 level of the Er3+ ions, Yb3+ ions may be excited by
resonant energy transfer processes. As observed in Fig. 10, the
emission band by exciting at 800 nm of co-doped BaTiO3:Er

3+–

Yb3+ is broader than the emission band of doped BaTiO3:Er
3+. It

is due to the presence of the Er3+:4I11/2 /
4I15/2 and Yb3+:2F5/2 /

4F7/2 transitions in the codoped sample, conrming the energy
transfer from the Er3+ to the Yb3+ ions.

As can be seen ion Fig. 6, the UC emission intensity decreases
with increasing Yb3+ ion concentration. A possible explanation
for this result is the excitation of Yb3+ ions from 4I11/2 level of Er

3+

(see Fig. 10) followed by a nal transfer to traps in the matrix.43

The complete diagram for the proposed photon UC mechanism
is shown in Fig. 11.
Fig. 11 Energy level diagram for the Er3+ and Yb3+ ions, indicating the
suggested upconversion mechanisms taking place upon 1500 nm
laser excitation.

This journal is © The Royal Society of Chemistry 2017
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4. Conclusions

Er3+/Yb3+ doped BaTiO3 phosphors were synthesized through
a sol–gel method and their photon upconversion behavior was
studied by excitation at 1500 nm. The results of PXRDmeasures
show the existence of solid solutions for all phases in which the
Er3+ and Yb3+ cations replace both the Ba2+ and Ti4+ sites.
Raman spectroscopy corroborates the coexistence of the cubic
and the tetragonal phases.

Our analysis of the optical properties of the new phosphors
shows that their upconversion emission spectra are domi-
nated by the emission at 975 nm (4I11/2 / 4I15/2), which has
a potential use to increase the efficiency of Si solar cells by
reducing transmission losses. The best UC behavior was
observed for samples with a BaTiO3:Er

3+ 5%–Yb3+ 1%
composition. A detailed analysis shows that the emission at
975 nm is the result of a successive two-photon absorption of
1500 nm radiation. Finally, the decay curves of the emission at
975 nm by exciting at 1500 nm and 800 nm are in good
agreement with a GSA/ESA mechanism for photon upconver-
sion in these materials.
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