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ABSTRACT

The forward and backward energy transfer processes in Strontium Barium Niobate glass-ceramics
double doped with Yb®>* and Er** ions have been studied. In these samples the rare earth ions are
incorporated into the nanocrystals with an average size of 50 nm. Using laser excitation at 950 nm is
possible to excite selectively the Yb>* jons and detect emission due to these ions (at 1040 nm) or
combined with the Er** ions (at 980 nm). In previous works, the energy transfer processes between
these ions in different matrices have been analyzed in order to improve the emission at 1550 nm, but
these analyses are restricted to fast migration processes among ions. In this fast migration regimen the
results are valid only for larger concentrations. However, in this work the dynamics of these transfer
processes has been carried out using a general method called “transfer function model”. The
parameters which characterize these processes have been obtained and it has been possible to explain
the important increase of the emission at 1550 nm due to the co-doping with Yb®* ions. This analysis is

valid for any range of doping concentrations.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Strontium Barium Niobate (SBN) is a fascinating family of
ferroelectric mixed crystals with a great number of potential
applications in photonics, such as optical data storage, switching
and optical computing, due to its excellent electro-optics, acusto-
optics, piezoelectric and non-linear coefficients [1-4]. During its
growth, it can be easily doped with rare earth and transition
metal ions, improving its potential technological application.
Doping with Ce3* or Cr** has been demonstrated to increase
its photorefractive properties [5], and with Nd>* ions leads to
self-frequency converted diode-pumped tunable lasers emitting
coherent radiation in the near infrared and simultaneously in
visible regions of the spectra [6]. However, the growth of the SBN
crystals is normally expensive and difficult [7]. Therefore, alter-
native methods to obtain this matrix are interesting for the
scientific community.

In a recent work, our research group presented SBN glass
ceramic samples obtained from a thermal treatment of precursor
glass in a simple and “industrialization suitable” method. The SBN
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glass ceramics were doped with Er* ions and produced an
enhancement of the up-conversion luminescence at 800 nm
excitation, due to the incorporation of these ions into the SBN
nanocrystals [8].

In order to extend the knowledge and the application per-
spective of this material, it has been studied the optical properties
under excitation at 975 nm in Er*>* single doped samples and in
Er’*-Yb3* codoped samples. Er** jons have a relatively low
absorption cross-section for the transitions in the near-infrared
(NIR) region around 1000 nm. On the other hand, Yb®>* ions
exhibit a much larger absorption cross-section in this region and
thus, co-doping with Yb®>* ijons has demonstrated to be a
successful alternative for the up-conversion process [9,10] or to
increase the emission at 1550 nm coming from Er>* ions [11].

In fact, there is a large spectral overlap between the 2F5/2—>2F7,2
(Yb**) transition and the *I;5; 1112 (Er**) absorption bands,
which results in an efficient energy transfer. The efficiency of this
process is limited by the back energy transfer from the various
excited levels of the Er¥* to Yb>* ions. The dynamic of these
forward and backward processes needs to be well understood in
order to optimize the efficiency of the up-conversion systems or
the emission at 1550 nm.

This work, presents the dynamics of the transfer and back-
transfer process among Yb** (®Fs;z) and Er** (*l;;)2) ions in
codoped SBN glass ceramic samples, after selective excitation of
each ion. This dynamics has been analyzed using the fluorescence
“transfer function model” [12,13] and in this sense has been
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possible to explain the increase of the emission at 1550 nm and to
simulate its dependence with the concentration of Er’* or
Yb3+ jons.

2. Experimental

The precursor glasses were fabricated by the standard melt
quenching method with the following composition: RE;03-SrO-
BaO-Nb,05-B,05 (where RE=Er** or Yb3*). The glass ceramic
samples were obtained by thermal treatment of this precursor
glass at 620 °C for 2 h and were formed by glassy and crystalline
phase of SBN nanocrystals with a medium size of 50 nm [8].

Absorption spectra were measured by a Perkin-Elmer 9 UV-
vis—-NIR spectrophotometer. The optical excitation of the glass
ceramic samples were developed by an optical parametric oscil-
lator (OPO) tuned to requested wavelengths with 5 ns pulses and
by continuous wave diode lasers at 800 and 950 nm. The detec-
tion equipment was a TRIAX-180 monochromator with 0.5 or
1 nm resolution in the VIS or the NIR range, respectively. An
extended PMT or an InGaAs detector was used at the output of the
monochromator to detect the emission. For time resolved experi-
ments the signal was registered by a digital oscilloscope TEK-
TRONIX-2430A. All experiments were carried out at room
temperature.

3. Theoretical review

When the interaction between luminescent ions is not impor-

tant, the decay of the luminescence can be fitted to a single
exponential. However when ion concentration is large enough,
energy transfer could appear and the decay curves become non-
exponential. If we consider interaction between donors (initially
excited ions) and acceptors (traps for the energy), then the
expression derived by Inokuti and Hirayama [14] can describe
the decay curves, i.e.
Kp(t) =1(0) exp { 43—” Call (1 - %) () r)3/5} 1)
where 15 is the intrinsic lifetime of the luminescent ions, S=6,
8 or 10 depending on the interaction character (dipole-dipole,
dipole-quadrupole or quadrupole-quadrupole), Cy4 is the acceptor
concentration, I" Euler's gamma function and C§, is the donor-
acceptor energy transfer parameter.

If we also consider energy transfer among donors (energy
migration), the following generalized expression of the Yokota
and Tanimoto model [15] could be used:

2\ $-3/5-2
e (D)o (M)

(2]

Kp(t) =1(0)exp {

“1p 3 S 1+b1X
2)
where the coefficients a;, a; and b, are given in Table 1 and
S)1-2/S $1-2/S
X =D[C /5t 3)
Table 1
Coefficients aq, a, and b, of Eq. (2).
S Coefficients
a; a by
6 10.866 15.500 8.743
8 17.072 35.860 13.882
10 24.524 67.909 20.290

where D is the diffusion parameter which characterizes the
transfer between the donors.

Moreover, if the backtransfer processes from the acceptor
to the donors under flash excitation are considered, the
“transfer function” model could be used to study the kinetics of
the forward and backward energy processes [12,13]. Therefore,
the fluorescence for donors I(t) and acceptors G(t) could be
expressed by

Ity=L"1 V(D[(SJrr,;1 WKp++T7HKa—(s+T15 )+ rgl)f(Df(A]*lJ
“4)

Gty =11 [0k, ~(s+75)IKa| 5)

where f and L~! are the direct and inverse Laplace transform of
flt) and 7p and 14 are the intrinsic lifetimes of donor and acceptor
ions, respectively. Functions Kp(t) and Kx(t) indicate the dynamics
of donors and acceptors (in single doped samples) under flash
excitation. Therefore, Kp(t) can be expressed by Eq. (1) or (2) and
in similar way for Kj(t).

4. Experimental results and discussion
4.1. Single doped samples

Generally, Er** ions have a low absorption coefficient at
975 nm corresponding to the 4115/24)‘1]1]/2 transition. For this
reason, Er’* doped matrix are usually codoped with Yb>* ions in
order to improve the absorption at this wavelength. As can be
seen in Fig. 1, Yb>*: 2F;;; > ?Fs); transition overlaps with Er®~:
4115/2 —>4I“/2 transition. The absorption is about five times larger
in Yb*>* than in Er** samples with similar dopant concentrations.

Eq. (2) has been used to analyze the luminescence decays
obtained in single doped samples with Er>* or Yb®* ions. As can
be seen in Fig. 2 the decay curve of Yb>* ions from the 2F5,2 level
can be fitted to a single exponential. However, the decay of Er®+
ions from the “l;;, level fits well to Eq. (2) assuming S=6
(dipole-dipole) and negligible diffusion coefficient D among these
ions. In this situation the dynamics for the Er’* ions is well
described by the following equation:

t 4n
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Fig. 1. Absorption spectra obtained in a glass ceramics sample single doped with
2.5 mol% of Er** (dashed line) and in a sample single doped with 1 mol% of Yb>+
(solid line). The inset shows the energy level diagram of Er** and Yb>* ions.



2448 L.L. Martin et al. / Journal of Luminescence 131 (2011) 2446-2450

where the Cy4 is the concentration of Er** ijons and Ceggr is the
cross relaxation parameter for the Er’* ions and its value
obtained from the fit is included in Table 2. These results indicate
that the Er>* ions in single doped samples have an important
probability of cross relaxation process probably due to the
following transfer channel

4111/2, 4115/2—> 4[13/2. 4[13/2

This energy transfer process is no resonant and therefore
matrix phonons should be involved in the process.

4.2. Energy transfer processes in codoped samples

The Yb** and Er®* ions in SBN have two resonant levels at
about 975 nm as it is shown in the inset of Fig. 1. Therefore, when
codoped samples are excited at 800 nm the effects of transfer
processes can be observed. At this excitation wavelength, the
Er3+ ions are excited to the 419/2 level and immediately relax by
multiphonon de-excitation to the “l;;;, level. In single Er**
samples, the emission from this level to the ground state can
be observed at 975 nm (see Fig. 3). However, in codoped samples,
additional shoulders appear in this emission due to the ?Fs;—
2F,, transition at 975 nm coming from Yb®* ions (see Fig. 3). This
result indicates that the transfer processes from Er**:%lg, to
Yb3*:2Fs,, levels are appreciable.

Respect to the emission at 1550 nm coming from the Er3+
ions, as was mentioned in the introduction, codoped samples with
Er** and Yb?* ions could improve this emission when they are
excited around 975 nm. This result can be seen in Fig. 4, where a
spectacular increase of the emission at 1550 nm is obtained in the

Yb™ 1 mol%

Intensity (arb. units)
o

0.01
0.000

0.001 0.002

Time (s)
Fig. 2. Decay curves obtained from the °Fs; level of Yb*>* ions and “I,1, level of

Er®*ions in single doped samples. The solid lines correspond to the fits indicated
in the text.

codoped samples respect to the single Er** doped sample. This is
explained due to the increase of the absorption at the excitation
wavelength associated to the Yb®™ ions (see Fig. 1).

The result shown in Fig. 4 depends of the respective absorption
of the ions at the excitation wavelength and the transfer and
backtransfer processes between the Er’* and Yb®* ions. The
knowledge of these processes is fundamental in order to improve

Intensity (arb. units)

900 950 1000 1050 1100
Wavelength (nm)
Fig. 3. Emission spectra obtained under excitation at 800 nm in (a) 2.5 mol%

Er’*-1mol% Yb*>* codoped sample and (b) 2.5 mol% Er** single doped sample
(dashed line) and 1 mol% Yb3* single doped sample (solid line).
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Fig. 4. Emission spectra obtained in a 2.5 mol% Er*>* single doped sample (dashed
line) and in a 2.5 mol% Er**-1mol% Yb®>* codoped sample (solid line) under
excitation at 950 nm with a diode laser.

Table 2

Parameters used in the fits for a glass ceramics sample codoped with 2.5 mol% of Er** and 1 mol% of Yb**.
Er3+
Ca (at/cm®) oa (cm?) T4 (*li12) (ms) 73 (*liz2) (ms) Cerer (cm®s 1) Wiy (s77) Cap (cm®s~1)
9.0 x 10%° 8.84x10°% 0.62 1.84 1.19x 1073 1507 <0.01x10738
Yb3+
Cp (at/em?) op (cm?) p (*Fsp2) (ms) Cpa (cm®s™1)
3.6 x 10%° 2.48 x 10721 0.51 36x10 %
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optical amplifiers in the 1550 nm region. Therefore, measure-
ments of luminescence decays were carried out in codoped
samples in order to analyze the dynamics of transfer and back-
transfer processes. The dynamics of Yb®* ions (considered as
donors) could be described by Eq. (2) where the Cp, is the energy
transfer parameter from Yb®>* ions (donors) to Er** ions
(acceptors).

Respect to the dynamics of Er** ions, Eq. (6) obtained from
Er** single doped samples has been generalized in order to take
into account the Er** —»Yb>* transfer processes. In the previous
fits obtained with this equation, it was shown that the diffusion
processes among Er** ions into the level *l;;, are negligible and
the predominant interaction is dipole-dipole. Therefore, the
dynamics for these ions in the codoped samples could be
described by Eq. (2) for the donors and Eq. (7) for the acceptors

Ka(t) =1Ia(0)exp | — % - 4; (CavT(Cerert) >+ Cov/T(Cap )/ | (7)

where the C,p is the energy transfer parameter from Er’* ions
(acceptor) to Yb3* ions (donor).

Codoped samples have been excited at 950 nm in order to
excite only the Yb3* ions. As can be seen in Fig. 1, at 950 nm the
absorption coefficient is negligible for Er>* ions respect to Yb>+
ions. Therefore, temporal decay curves have been obtained excit-
ing at this wavelength and detecting not in the same wave-
lengths. When the emission is obtained at 1040 nm, the emission
of Er3* is negligible (see Fig. 3), and the experimental decay curve
is shown in Fig. 5. This decay is perfectly fitted by Eq. (4) and
using Egs. (2) and (7). The values for Cps and Csp given in Table 2
were obtained from these fits. As it is shown, the value for the
backtransfer parameter is negligible indicating that when the
Yb3* jons are excited, there is an efficient transfer to Er>* ions
due to the high value of the Cp, parameter but the backtransfer
process is not important. This result is very important because
indicates that the Yb>* ions can be used to excite efficiently the
Er*™* ions.

When the decay curves are obtained exciting at 950 nm and
detecting at 976 nm, some Er>* emission contribution is expected
at this wavelength. However, as can be seen in Fig. 5 both curves
are very similar, indicating that the contribution to the emission
of Er** ions at 976 nm is nearly negligible. This result indicates
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Fig. 5. Decay curves obtained in a 2.5 mol% Er**-1 mol% Yb®>* codoped sample
exciting at 950 nm and detecting at 976 nm (red line) or 1040 nm (black line). The
inset shows the difference of the decay curves multiplied by a factor 100. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

that there is a negligible backtransfer process from Er** to Yb>™*
ions when the Yb3* ions are excited directly.

5. Improving the emission at 1.5 pm

In order to explain the important increase observed in Fig. 4,
the following model based in rate equations for this process have
been proposed:

dA 1
d_t3 =040 Ca— [— + WCREr:| As+WrY, ®)
TA
dy: 1
th =opp Cp— |:5 +WT:| Y, 9
dA 1
T; =— L—} Ay +[W3j +2 Weggr]As (10)
2

In these equations, the populations of the Er>* and Yb®™* levels
are denoted as follows: Er®*:*l13, is Ay, Er®*:li;, is As and
Yb3*:%F5, is Y as indicated in the inset of Fig. 1. The absorption
cross sections of Er** ions and Yb®>* ions are ¢, and op,
respectively, and the incident pumping flux is ¢. The terms 1,
and t, indicate, respectively, the lifetimes of the A, and A3 levels
and the term 7p is the lifetime of Y,. W3, is the spontaneous
emission probability between As; and A,. The Wr parameter
corresponds to the probability for the Yb** —Er** transfer
process and the Wcgg parameter is the probability for the cross
relaxation processes between Er>* jons. In these equations have
been neglected the backtransfer processes from Er>* to Yb>* ions
according to the results obtained in the previous section.

In other works the analysis of the populations of the Er**-
Yb3+ system has been made in similar way to our work but using
constant values for the energy transfer parameters obtained from
the decays curves [16]. These values are valid only when the rapid
migration regimen has been reached and they are considered
independent of the concentration. However, in the rates Eqs. (8-
10) the transfer probabilities can be calculated as function of the
concentration using the energy transfer parameters obtained in
the previous section and presented in Table 1. Therefore, the
transfer probability Wr can be calculated from Ref. [14]

Nr

Wr=—"— 11
"= -1 an
where 77 is the transfer efficiency and, as was previously men-
tioned, this energy transfer Yb>* —Er** has a dipole-dipole
character. Therefore, it could be obtained by Ref. [14]

Ny = VT X exp(x?)[1—erf(x)] (12)

where erf(x) is the error function and x is given by
2n
x= VTG Chy)? (13)

where Cp, is the donor-acceptor energy transfer obtained from
the fits to the temporal decay curves and it is given in Table 2. In
similar way to these previous calculations the value for the Wcgg,
could be obtained using the values given in Table 2.

Under stationary regimen these equations can be solved and
the population for the A, level is given by

W33+ 2Weggr Wr
—= = |04Cy+0pCp———
A/t +Werer | AT PP (A tp) + Wr

Therefore, it is possible to estimate the dependence of the
intensity of the emission at 1550 nm (proportional to the popula-
tion A,) with the concentration of Er’*. Fig. 6 shows the
calculated dependences obtained in Er** single doped sample
and in a Yb>*-Er** codoped sample. As can be seen, for a

A2 =120 (14)
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Fig. 6. Calculated emission intensity at 1.5 um emission as function of Er®~
concentration for single doped glass ceramic sample (dashed line) and codoped
sample with Er** and 1 mol% of Yb3*.

concentration of 2.5mol% of Er®* it is estimated an increase
about a factor 12 for the intensity when the sample is codoped
with Yb3* ions. This estimation is in good agreement with the
results shown in Fig. 4. Moreover, this model could be used in
order to explain similar experimental results obtained in different
matrix codoped with Er>+-Yb®* ions [17,18]. As was previously
mentioned, other works analyze the population of the 4113/2 using
rate equations based in constant rates [16,19]. However, this
treatment is valid only for the fast migration regimen between
ions and only is valid for concentration larger than 4 or 5 mol%
with Yb>* ions. As example, in fluoroindate glasses doped with
Yb3+ ions the transfer processes have been analyzed as function
of the concentration, and for the maximum concentration of
2.25mol% of Yb>* has not been reached the fast migration
regimen [20]. However, for laser or amplification experiments
the optimum concentration usually is about 1 mol% and for this
low doping concentration the fast migration regimen has not
been reached among the optically active ions. Therefore, the
treatment that the authors have carried out in this work let to
analyze the population dynamics for any range of ion
concentration.

6. Conclusions

In this work a general treatment has been used in order to
analyze the transfer processes between the Er** and Yb>* ions

and the emission at 1.5 pm coming from Er®* ions. The experi-
mental results have been obtained with Yb3>*+-Er®+ ions, which
reside into SBN nanocrystals in a glass ceramics sample. The
processes of forward and backward energy transfer processes
have been analyzed using the “transfer function model” for the
codoped samples and using the generalized Yokota-Tanimoto
model for the dynamics of single doped samples. When the Yb3+
ions are directly excited there is an efficient transfer to Er>* jons
due to the high value of the energy transfer donor-acceptor
parameter but the backtransfer process is negligible. The simula-
tion of the population levels could be obtained for any range of
concentrations and it is not limited to the fast migration regimen.
Therefore, the results can explain the experimental increase of the
intensity dependence for the emission at 1.5 pm when the sample
is codoped with Yb>* jons.
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