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Luminescent properties of single and co-doped samples of sol-gel polycrystalline BaTiO3 with trivalent
Er’* and Yb®" ions are reported. Under 520 nm pumping, visible radiative emission from 2]-17/2, 453/2 -
4115/2, and 4F9/2 — 4]15/2; and near infrared emission from 453/2 — 4113/2, 4]11/2 — 4115/2 and 4[13/2 - 4]15/2
of Er** and from %Fsj; — %F7); of Yb3* ions were measured. For single Er** doped samples, concentration
quenching was observed from the 453/2 state, whereas emissions in the 1.0 and 1.5 um regions increase
with concentration due to the cross-relaxation mechanism *Ssj, + *l152 — “loj2 + *l13j2. Upon addition of
Yb>* ions quenching is enhanced, as corroborated by the luminescence decay time curves and emission
spectra. This is so because an additional non-radiative energy transfer process from the thermally cou-
pled states (*Hy1 )2, 4S3j2) of Er** to the 2Fy, state of Yb** takes place.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The study of luminescence properties of rare earth elements
hosted in new matrices, such as polycrystalline and nano-struc-
tured materials is very important [1-3]. In particular, besides that
Barium Titanate (BaTiO3) is an interesting example of ferro-electric
material [4-8], it has been studied regarding its luminescent prop-
erties when doped with rare earth elements, such as Er** and Eu®*
[9,10]. Its perovskite structure allows hosting ions of different size
and a large quantity of doping can be accommodated without ma-
jor difficulties [11,12]. Further, different sol-gel routes have been
reported in addition to the traditional mono-crystal methods to
obtain high quality matrices [13-16]. One major advantage in
using the sol-gel technique is to obtain pure nano-scaled powders
in a low temperature procedure. Therefore by using the sol-gel
technique and properties of the perovskite structure one could
dope the BaTiO; with rare earth elements and study the lumines-
cence properties. In particular, when a matrix is doped with triva-
lent Er** green, red and infrared emissions at about 1.0 and 1.5 pm
are obtained. However, when doped together with Yb3* jons some
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new mechanisms are reported and the intensity of those emissions
changes significantly. Such is the case for those ions in Y3Al504;
and Y,03 nanocrystals [17,18], where the red band emission from
Er3* increases its intensity when Yb>* ions are added. The nature of
luminescent properties of new materials doped with rare earth ele-
ments are based on non-radiative energy transfer, cross-relaxation
and up-conversion mechanisms, to name some of them. Further,
one mechanism might overcome to another depending on the dop-
ing concentration, nature of the matrix (mono-crystal or polycrys-
tal obtained through a sol-gel method) and the pumping
wavelength. In this work we have sensitized BaTiO3 through the
sol-gel method with single and co-doped Er** and Yb** ions. All
samples were studied for luminescent properties and pumped at
520 nm wavelength.

2. Experimental

BaTiO3; samples were synthesized through the sol-gel method
and thermally treated at 700 °C in air for 8 h. Sample composition
and concentrations are as follows, four samples are single doped
with Er?* at 0.1, 2.5, 5.0 and 10.0 mol%, respectively, and three
co-doped samples with Yb®" at fixed concentration of 6.0 mol%
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Fig. 1. Absorption spectra of single and co-doped BTO samples at (10%) Er*>* and
(10%) Er’*, (6%) Yb>*.

and Er’* at 2.5, 5.0 and 10.0 mol%. For absorption spectra we use a
Perkin-Elmer lambda-900 spectrophotometer with a diffuse
reflectance integrating sphere. It is important to note that due to
sample polycrystalline nature and use of an integrating sphere,
absorption spectra only show bands were ions absorb light, but it
is not possible to quantify optical density. Luminescence spectra
were obtained by pumping samples with a Spectra Physics Quan-
ta-Ray Nd:YAG-MOPO tunable laser system and luminescence col-
lected at right angle by an optical system and dispersed by an
Acton Research SpectraPro 500i spectrometer with two Hamama-
tsu PMT detectors, R555 and R326 for the visible and NIR regions,
respectively. Signals from PMT detectors were connected to a Stan-
ford Research SR830 lock-in amplifier controlled by a personal
computer. To correct for any laser variation, pumping energy was
monitored through a pyroelectric energy meter from Molectron
and signal fed into the control computer to do proper corrections.
Also care was taken to set samples in the same position by means
of a sample holder mounted in a xyz stage and locked in position to
be confident in emission intensity comparison for all samples. All
measurements were performed at room temperature.
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Fig. 2. Fluorescence spectra of single and co-doped BTO samples excited at 520 nm. (a) Single doped Er**:BTO samples, (b) co-doped Er**,Yb**:BTO samples.
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Fig. 3. Energy level diagram showing the most relevant transitions after 520 nm excitation. (a) Schematic of cross-relaxation mechanisms involved to explain the quenching
of the (2H7,2, 453,2) - 4115/2 transition. (b) Schematic of the non-resonant energy transfer between Er** and Yb>* ions. (c) Schematic of resonant energy transfer and back

transfer between Er** and Yb>* ions.

3. Results and discussion
3.1. Absorption spectra

Single doped samples showed the characteristic bands associ-
ated with trivalent Erbium spectrum in the 450-1600 nm region,
while co-doped samples showed the same Er>* absorption bands,
but the band at about 1.0 ym is modified by the presence of Yb**
ions, as expected, Fig. 1 shows the absorption spectra for samples
with 10.0 mol% of Er** and 6.0 mol% of Yb3*. That is, in this region
the band was broadened due to the addition of those ions. Accord-
ing to the absorption spectrum, we pumped our samples at two
wavelengths, 520 nm and 940 nm, to study fluorescence emissions
and the mechanisms involved.

3.2. Fluorescence emission

Single and co-doped samples pumped at 520 nm show green
emission and are ascribed to 2Hyy2, *S3/2 — “I;5), transition. Never-
theless, for single doped samples there is no change in intensity in
these green bands when Er** concentration was increased form
2.5mol% to 5.0 mol% and a reduction of half the emission at
10 mol% (see Fig. 2a). This concentration quenching can be ex-
plained in terms of the cross-relaxation mechanism [9,19-21]
4S3)2 + M52 — *ojp + “li3j2, Fig. 3a. Because cross-relaxation de-
pends on Er** concentration, the *lo;; and “I;3, levels get more
populated at higher concentration. Since no radiative emission
from the 419/2 is observed, a non-radiative transition to the next
lower level takes place and from there it relaxes radiatively to
the ground level at about 980 nm, i.e. *l;;;, — *I;52 transition.
Therefore, as Er>* concentration increases this transition is stron-
ger and luminescence is more intense as shown in Fig. 2a. Similar
behaviour is observed for 4113,2 — 4115,2 transition at about 1.5 um,
Fig. 2a, when Er** concentration increases from 2.5 to 5.0 mol%, but
a quenching at higher concentration is observed, where additional
mechanism to depopulate level 4113/2 should be present. Also Fig. 2
shows that there is no emission at 800 nm from 419/2 level, but an
intense luminescence recorded at 860 nm, for all samples. This
emission can be ascribed to *S3, — *I13); transition [22], and is also

quenched with Er** concentration. This is expected because *Ssj,
level depopulates by the above mentioned cross-relaxation
mechanism.

Since Er>* concentration is high enough, 2.5, 5.0 and 10.0 mol%,
one may consider that additional processes to the assumed cross-
relaxation mechanism could be taking place. That is, one may ex-
pect to have enough Er** ions at the 4111/2 level such that a direct
energy transfer between two neighbouring excited ions occurs
and one of them be promoted to the “F;/, level and, from there re-
laxes non-radiatively to the *H;;; and “Ss, levels. But this energy
transfer up-conversion process should be weak since quenching
of green and 860 nm emissions predominates as Er>* concentration
increases. A similar process could be expected for two neighbour-
ing Er** ions at *I;3, level. For this case one ion transfers its energy
to the other and then promoted to the “Iyj, level. Again, we cannot
rule out this additional process but its effect should be only present
at higher concentrations, as shown in Fig. 2a, where emission in
the 1500 nm region is quenched for the 10.0 mol% sample.

It is well known that there is a strong non-radiative energy
transfer between Er** and Yb3* ions due to the overlap of the
corresponding absorption and emission spectra [17,23-25]. When
co-doped samples were pumped at 520 nm, the %I, 12 level gets
populated through the assumed cross-relaxation for single doped
samples. It is from this energy level that the non-radiative energy
transfer occurs; populating the Fs; level of Yb** (see Fig. 3b). In
this case the energy transfer is corroborated by the emission
spectra, where a slight broadening of the 1.0 pm emission from
the co-doped samples is observed, when compared to single
doped samples, Fig. 4, due to the ?Fs;; — %Fy, transition. Further,
as the Er** concentration increases in co-doped samples, the
4S3;2 » “lis2 and the “Sz, — “ly3, transitions are quenched as
shown in Fig. 2b, and is observed that the emission of these two
transitions are smaller when compared with the respective single
doped samples, Fig. 4. This extra quenching for co-doped samples
can be explained in terms of another non-radiative energy transfer
from Er** to Yb' ions in close vicinity. In this case an Er** ion
transfers its energy from the thermally coupled levels 2H7,2 and
4S3;, to the ?F;p level of Yb*, through the (*Hy;,*S3p)+
2Fyj5 — %1y + ?Fsp, transition, as shown in Fig. 3b. Therefore, as
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Fig. 4. Effect on Er** fluorescence spectra after addition of 6% Yb>* ions, excited at 520 nm. (a) 2.5% Er**, (b) 5% Er*>* and (c) 10% Er**.

the Er** concentration increases the thermally coupled levels of
Er** are depopulated and the non-radiative energy transfer is more
efficient; thus emissions at about 550 and 860 nm are quenched.
The presence of Yb* is also observed on the *l;;; — *I;5, and
1132 — “I1s)2 transitions, where the emission decrease with Er**
concentration (see Fig. 2b), whereas single doped samples show
the reverse behaviour. This behaviour can be explained based on
the previous results for single doped samples and the presence of
Yb** ions. For single doped samples the “I;3, state is mainly pop-
ulated by the assumed cross-relaxation mechanism through the
1572 — *13)2 transition and the radiative *Ss;; — “I13, transition.
However, for co-doped samples the non-radiative energy transfer,
(*H72,%S3j2) + %F7j2 — *li1j2 + *Fsj2, between Er** and Yb*" over-
comes the Er** cross-relaxation, leaving less population in the
1132 level. In a similar manner, the *I;;, — *I;5; radiative transi-
tion is quenched by the well known non-radiative energy transfer

Table 1
Fluorescence lifetime decays of Er** in single and co-doped BTO samples and cross-
relaxation and energy transfer rates and efficiencies

Er (%) 7o (ps) Tt (1) Wer (10°s7") W (10°s7) MET Ncr
S3/2

2.5 66.1 53.2 3.65 8.70 0.19 0.57
5.0 37.6 59.7 - 20.18 - 0.76
10 18.5 40.1 - 47.52 - 0.88

iz

2.5 346.7 141.4 4.19 1.78 0.59 0.62
5.0 97.2 175.9 - 9.19 - 0.89
10 544.8 144.1 5.1 0.73 0.74 0.40

T3

2.5 1566 1489 0.03 0.46 0.05 0.72
5.0 1032 963 0.07 0.79 0.07 0.81
10 1789 1010 0.43 0.38 0.43 0.67
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Fig. 5. Fluorescence lifetime decay dependence with Er** concentration of the
453/2 — 4115,2 transition of single doped samples excited at 520 nm.

between the “1;;, level of Er** to the ?Fsy, level of Yb*", thus acting
the Yb®* ions as quenching centers [17,26], as shown by the emis-
sion spectra of Fig. 4.

Besides the green emission band, the red transition
“Fgj2 » “I1s, was also measured and it is centered at about
665 nm. This emission is affected neither by the Er** concentra-
tion, Fig. 2, nor by the presence of Yb>" ions, Fig. 4, since its peak
intensity does not change at all. Thus it was assumed that after
pumping at 520 nm, there is a non-radiative transition from
the thermally coupled (*Hyjz, “Ss;2) levels to the *Foj, level of
Er**. A mechanism to populate the “Fgj, level, after a 488 nm
wavelength pumping has been proposed by Cappobianco et al.
[18,27], where a cross-relaxation *F7j, + 1112 — *Fojz + *Foj2 popu-
late the level, which is concentration dependent. But for that
case, however, the green emission does not show quenching
and the red emission increases as Er>* concentration increases.
After pumping our samples at 488 nm, again no change in
intensity of red emission was observed, suggesting that a
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Fig. 6. Effect on Er*" fluorescence lifetime decay of the *S3 ), — *I;5, transition at short times after addition of 6% Yb>" ions excited at 520 nm. (a) 2.5% Er*", (b) 5% Er>* and (c)

Lifetime decay dependence with Er** concentration.
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10% Er**.

non-radiative relaxation form the “F;;; to the (*Hyjz, “Ss3p2) pair
levels takes place and from there to the 4F9/2 level.

3.3. Lifetime decay

The fluorescence spectra have allowed to establish that a cross-
relaxation is responsible for quenching the 453,2 emission of single
doped samples and increasing the emission of *I;1j> and *I;3; lev-
els as Er’*concentration increases. But the behaviour of those lev-
els is reversed with the presence of Yb>* ions, and it is due to an
efficient energy transfer from Er** to Yb®*. The proposed cross-
relaxation and the additional energy transfer mechanism for
co-doped samples are further supported by measurements of Er>*
lifetime decays of *Ssjz, *111/2 and “l;3, levels. From these lifetime
decays measurements it is possible to estimate some rate values
for these two processes from [28]

1 1

Weg=—— — 1
«* 70  Tint ( )
1 1
Wer=— — — )
Tf T0

where Wcg and Wey are the cross-relaxation and energy transfer
rates, respectively; o is the lifetime decay of single doped samples,
tint iS the intrinsic lifetime decay at zero Er®* concentration and ¢ is
the lifetime decay of co-doped samples. Decay curves were mea-
sured for single and co-doped samples and they are non-exponen-
tial, as is expected when energy transfer is present. In this case
the lifetime decay was determined through equation [18]:

- f“ tI(t)dt
Tm = W (3)
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where I(t) is the intensity at time t. The results of lifetime decays
and rates are shown in Table 1, together with the respective
cross-relaxation and energy transfer efficiencies calculated from
equations [28]:

T

”CR:]_?:t 4)
T

nETzlfé. (5)

One can observe a reduction with concentration of the lifetime de-
cay of 453,2 level for single doped samples, Fig. 5, and the monoto-
nously increase of the cross-relaxation rate and efficiency with
concentration, Table 1, thus supporting the proposed cross-relaxa-
tion as the quenching mechanism of the green emission.

Addition of Yb>* ions clearly modify the decay trend of the Er’*
emission, at early times the lifetime decay for co-doped samples is
faster than for single doped samples, Fig. 6a and b, indicating that
not only the Er** cross-relaxation #Sgp +*lysp; — “lojp + iz is
present, but the additional energy transfer mechanism described
above also occurs. This energy transfer is dependent with concen-
tration and a reduction of lifetime decay at higher Er** concentra-
tions is shown, Fig. 6¢c. However, at longer times the co-doped
samples decay slower than single doped samples, Fig. 7, and the
overall decay (), calculated from Eq. (3) are greater, Table 1. This
lengthening of the lifetime decay for co-doped samples can be
attributed to an energy back transfer [29,30] from an Yb** ion in
the “Fs/; to an Er** ion in the *I;1/3, and from there to the S, level,
Fig. 3c. Thus the later level is repopulated and consequently

EINE:|
] 2.5 Er
] 2.5ErYb
0.1 —
0.01 -
1 = T T T T
1\b 5Er
- ] 5 ErYb
= i
-]
g 01
< 3
> ]
2 .
c
S i
E i
0.01 —|
1 -]
0.1 —
0.01 -
T | T | T | T

0.00 0.25

0.50 0.75 1.00

Time [ms]

Fig. 8. Effect on Er®* fluorescence lifetime decay of the “I;;/, — “I;s), transition after 6% Yb** ion addition excited at 520nm. (a) 2.5% Er**, (b) 5% Er** and (c) 10% Er>".
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lengthening its lifetime decay. As a result of this process, the *I; 2
level depopulates and its lifetime decay is lower than the corre-
sponding single doped samples, as shown in Fig. 8 and Table 1.
The discrepancy of the decay for the 5 mol% sample can be due
to the involved competing mechanisms to populate and depopu-
late level %14, 12, Fig. 3¢, since efficiencies for cross-relaxation and
energy transfer are similar, Table 1.

Although energy difference between level 4113/2 of Er®* and the
Fs5)2 of Yb** is of 3.4 x 10° cm™, the *I;3p, is influenced by the
presence of the Yb®* ions, since lifetime decays of co-doped sam-
ples are faster than single doped samples, Fig. 9. But this influence
is small since energy transfer rates and efficiency values are smal-
ler than the corresponding values for cross-relaxation, Table 1. So a
non-resonant energy transfer from the *l;3, of Er** to the “Fs, of
Yb3*, although less probable could be one of the mechanism affect-
ing the “I;5/, luminescence. Another path to depopulate the *I;3,,
could be a non-resonant energy back transfer from the 4F5,2 level

-

of Yb*" to the *I;3), of Er*", taking it to the Er** *Fg, level, but emis-
sion of this level does not change significantly for all samples, sug-
gesting that this mechanism is not responsible for quenching the
4]13/2 level.

For single doped samples quenching of the green band is ex-
plained in terms of a cross-relaxation. Thus it has been shown that
due to this cross-relaxation the 4113,2 and 4111/2 levels increase their
emissions, while green emission diminishes as Er>* concentration
increases. However, when Yb®* ions are present the effect on the
emission from those two Er** levels was reversed; further the
Yb®* emission at 1.0 pm was also diminished. This quenching of
Yb?* luminescence can be explained in terms of the back transfer
mechanism discussed above, but when single doped samples with
Yb?* ions were excited at 940 nm, emission at 500 nm was mea-
sured Fig. 10, suggesting that most probably energy is transferred
to Yb3" ions pairs [31,32]. This might be so because Yb>* concentra-
tion is high and therefore the distance between two given ions
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Fig. 9. Effect on Er®* fluorescence lifetime decay of the “I;3;, — “I;5/, transition after 6% Yb>* ion addition excited at 520 nm. (a) 2.5% Er**, (b) 5% Er** and (c) 10% Er**



260 M.A. Meneses-Nava et al./Optical Materials 31 (2008) 252-260

0.150

—28% Yb*:BTO

0.125 4

0.100 —

0.075

Intensity [Arb. Unit]

0.050 —

0.025 o

0.000 . ;
470 490

T T T
510 530 550 570

A [nm]

Fig. 10. Yb>*-Yb>* pair emission spectrum of single doped BTO sample at 8% con-
centration, excited at 915 nm.

should be shorter than at low concentrations. A similar emission
was reported by Boulon et al. [33,34], for BaTiOs; nanocrystals, even
at 1.0 mol% Yb>" concentration, therefore the Yb>* ions pairs may
act as quenching centers.

4. Conclusion

In this work emission spectra and lifetime decays of single
and co-doped Er** and Yb®" ions in BaTiO; polycrystalline sol-gel
matrix were measured to describe the mechanisms that drive
the fluorescence and the observed quenching. Common to single
and co-doped samples was a cross-relaxation mechanism,
48312+ “lis2 — “loj2 + “l13p2, that quench the green fluorescence and
it was shown that this mechanism depends on Er** concentration.
The enhanced concentration quenching in co-doped samples is
due to energy transfer between neighbouring Er>*-Yb?* ions. For this
case, emission of the *l;3> and “I;1j, levels diminished as Er** con-
centration increases; but this behaviour is reversed for single doped
Er** samples. The lengthening of the lifetime decay of “S3) level, in
co-doped samples, is due to an energy back transfer, which also af-
fects the quenching of the “I;; 12 level. Further, when single doped
Yb** samples were pumped at 940 nm, an emission from Yb>* pairs
was measured at about 500 nm. This process should be present in
co-doped Er**-Yb** samples and contributes to the quenching of
emission at about 1.0 pm.
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