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Abstract. The energy transfer dynamics betweenYb3+ and
Er3+ ions in lithium niobate is investigated after ytterbium-
pulsed excitation at920 nm. The sensitisation of theLiNbO3:
Er3+ system withYb3+ ions does not modify the lifetime of
the 4I13/2 erbium level (1.5-µm emission), whereas it induces
a marked, concentration-dependent change in the lifetime of
the 2F5/2 (Yb3+) and 4S3/2 (Er3+) multiplets (1060-nm and
550-nm emissions, respectively). The results are analysed by
using the rate-equation formalism and cross-relaxation model
for the energy transfer.

PACS: 42.70.Hj; 78.55.-m

The energy transfer fromYb3+ to Er3+ in lithium niobate
(LiNbO3) has been recently studied under cw excitation.
An efficient energy transfer fromYb3+ to Er3+ has been
found and it has been characterised using the rate-equation
formalism in the steady-state approximation. In this way,
under continuous illumination, the comparison of theEr3+
emission intensities at around1.0µm and 1.5µm in sam-
ples co-doped with fixedEr3+ concentration and different
Yb3+ concentrations allows the deterination of the trans-
fer and back-transfer coefficients (C25= 2.4×10−16 cm3 s−1

and C52= 1.8×10−16 cm3 s−1) which quantify the transfer
process [1].

Nevertheless, the transfer process is obviously a dynamic
process, whose temporal behaviour needs also to be described
in order to fully understand the underlying physics and facili-
tate further exploitation of the potentialities of this material in
integrated optic devices [2–4].

In this work, the energy transfer dynamics betweenYb3+
andEr3+ ions in lithium niobate is investigated. The temporal
evolution of the different infrared and visible emissions de-
tected in theLiNbO3:Er3+/Yb3+ system, and the dependence
with the ytterbium concentration have been analysed after se-
lectiveYb3+-pulsed excitation. The rate equation formalism
is now applied in the time-dependent regime and their predic-
tions contrasted with the experimental results.

The results not only show the temporal details of the
Yb3+ to Er3+ energy transfer, including the concentration

dependencies, but also constitute a rigorous test for the rate-
equation formalism and transfer parameters previously ob-
tained under cw conditions.

1 Experimental

Single crystals ofEr3+ and Yb3+ co-dopedLiNbO3 have
been grown by the Czochralski method with automatic
diameter control by crucible weighting system. The starting
materials were congruentLiNbO3 and erbium and ytter-
bium oxides. The crystals have a fixedEr3+ concentration
(0.5 mol.%) and five differentYb3+ concentrations (0.1, 0.5,
1.0, 1.5, and2.0 mol.% in the melt).

Lifetime measurements were obtained at room tempera-
ture, under pulsed excitation around920 nmusing a MOPO.
The fluorescence was analysed through an ARC monochro-
mator model SpectraPro 500-i and then detected synchronous-
ly with a photodetector and recorded by a digital oscilloscope.

For infrared (IR) radiation (1.5µm and1.0µm) a Judson
InGaAs photodiode and amplifier were used. The temporal
resolution of the system was typically ofτres≈ 30µs. For
visible radiation, an EMI-9558QB photomultiplier tube was
used, and the temporal resolution of the system was consid-
erably shortened. In this spectral range it was now limited by
the laser pulse width (10 ns).

Geometry for luminescence collection has been carefully
designed in order to avoid radiation trapping effects in the
temporal evolution of the1.5-µm and1.0-µm erbium and yt-
terbium emissions respectively [5].

2 Results and discussion

2.1 General spectroscopic properties of the
LiNbO3:Er3+/Yb3+ system

The energy transfer betweenYb3+ and Er3+ can be de-
scribed with the help of the energy level diagram sketched
in Fig. 1 and the processes indicated there. The energy over-
lap between the2F5/2 (Yb3+) and 4I11/2 (Er3+) multiplets is
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Fig. 1. Schematic energy level diagram ofLiNbO3:Er3+/Yb3+ showing the
multiplets involved in the energy transfer and up-conversion processes as
well as the principal emissions

the basic fact that allows the efficient resonant transfer be-
tween both ions. Nevertheless, theYb3+ transitions; either
the absorption (associated with the2F5/2→ 2F7/2 transition)
or the emission (associated with the2F7/2→ 2F5/2 transi-
tion), are broader than the correspondingEr3+ transitions. In
this way it is possible to perform selective excitation of the
Yb3+ ions (in the wavelength range900–950 nm) and to de-
tect theYb3+ luminescence (in the range1050–1100 nm).
This possibility has been used to explore the dynamic be-
haviour of theYb3+ to Er3+ energy transfer after pulsed ex-
citation of theYb3+ ions.

After the selective excitation of the2F5/2 (Yb3+) mani-
fold, it may relax radiatively to the2F7/2 ground state, pro-
ducing luminescence in the range920–1100 nm, or transfer
to the 4I11/2 level of Er3+ ions, according to the cross-
relaxation mechanism:2F5/2→ 2F7/2 (Yb3+): 4I15/2→
4I11/2 (Er3+) and characterised by a “transfer coefficient”C25.

From the 4I11/2 erbium multiplet the excitation can be
transferred back to theYb3+ (“transfer coefficient”C52) or
relax within theEr3+ ions. This relaxation produces lumi-
nescence at around1.0µm (associated with the4I11/2→
4I15/2 transition), and at around1.5µm (associated with the
4I13/2→ 4I15/2 transition) after population of the metastable
erbium level via a non-radiative connection. Whereas the
1.5-µm emission can be easily measured the1.0-µm emis-
sion is hidden by the broaderYb3+ emission within similar
wavelength range.

A third process, which involves the transfer of a second
photon fromYb3+ to the 4I11/2 Er3+ excited level (according
to the cross-relaxation mechanism:2F5/2→ 2F7/2 (Yb3+):
4I11/2→ 4F7/2 (Er3+)) generates infrared to visible energy
up-conversion in the erbium ions [1, 6]. In this way the er-
bium ions are excited to the4F7/2 level which relaxes non-
radiatively to the4S3/2 level, from where (green) emission
at around550 nmis observed. This excitation mechanism is
highly efficient in some materials, allowing up-conversion
laser generation [7]. InLiNbO3, the 4S3/2 level has a rela-
tively low quantum efficiency (η= 0.3) [8] and there is a rel-
evant non-radiative relaxation back to the4I11/2. Let us also

remember that according to the spectroscopic properties of
Er3+ in lithium niobate [9, 10], the intermediate (4F9/2 and
4I9/2) Er3+ levels experience a fast non-radiative decay, and
their populations (and contributions to the luminescence) can
be ignored.

Therefore, as summarised in Fig. 1, three luminescent
emissions are observed afterYb3+ excitation: two infrared
emissions, atλem= 1.5µm (Er3+) andλem= 1.0µm (Er3+/
Yb3+), plus a visibleEr3+ emission atλem= 550 nm. These
emissions can be used to study the dynamics of the energy
transfer betweenYb3+ andEr3+.

2.2 Rate equations

According to the standard description ofEr3+/Yb3+ co-doped
materials [11–14], the energy transfer betweenYb3+ and
Er3+ ions can be described by using a rate-equation formal-
ism, which is summarised by the following rate equations:

dN2

dt
= σYbφN1− (A21+WNR

21 )N2−C25N2N3+C52N5N1

−C26N2N5 , (1)
dN4

dt
= (A54+WNR

54 )N5+ A64N6− (A43+WNR
43 )N4 , (2)

dN5

dt
= (A65+WNR

65 )N6+C25N2N3−C52N5N1

−C26N2N5− (A54+ A53+WNR
54 )N5 , (3)

dN6

dt
=C26N2N5− (A65+ A64+ A63+WNR

65 )N6 , (4)

N3+N4+N5+N6 = NEr , (5)

N1+N2 = NYb , (6)

whereNi is the population density of thei th-level, Aij and
WNR

ij the radiative and non-radiative transition probabilities
between thei and j states,σYb is theYb3+ absorption cross
section at the pumping wavelength,φ is the pumping flux, and
finally C25, C52, andC26 are coefficients (in units ofcm3 s−1)
which quantify the energy transfer, the back-transfer and the
up-conversion processes, respectively.

The spectroscopic parameters (transition probabilities)
of Er3+ and Yb3+ in LiNbO3 are reported in the litera-
ture [9, 10], and the transfer and back-transfer coefficients
(C25 andC52) have been previously determined for the sys-
tem LiNbO3:Er3+/Yb3+ from cw experiments (C25 =
2.4×10−16 and C52 = 1.8×10−16 cm3 s−1 [1]). The re-
maining transfer parameter (C26) can be estimated from the
ratio between the electric dipole strengths of the4I11/2→
4F7/2 and 4I11/2→ 4F7/2 transitions [9, 10], and therefore
C26≈ 2C25.

The set of (1)–(6) include in fact all the dynamic in-
formation needed to explore the temporal behaviour of the
Yb3+ to Er3+ energy transfer. In the experimental conditions
used in this work, the excitation is selective to theYb3+ ions
(λexc= 920 nm) and the pump pulse (10 ns) can be considered
instantaneous as compared with the characteristic relaxation
times of the luminescent transitions, as will be shown next.
Therefore these conditions can be easily introduced in the rate
equations and proceed to the numerical integration of (1) to
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(6) to obtain the different populations (Ni ) and the temporal
evolution of the luminescence intensity.

2.3 Temporal evolution

2.3.11.5-µm ( Er3+) emission.Figure 2 shows (in a logarith-
mic scale) the temporal evolution of the luminescence ofEr3+
ions (4I13/2→ 4I15/2 transition), measured at1.53µm, after
pulsed excitation of theYb3+ ions for a sample co-doped with
0.5 mol.%Er3+ and1.0 mol.%Yb3+. As can be observed the
experimental data (open circles) are in excellent agreement
with the predictions from the integration of the rate equations
(continuous line).

After an initial rise, the luminescence reaches a maximum
(tmax≈ 1 ms) and then decays following a single exponential
dependence with a time constant of3.0 ms, independently of
the Yb3+ concentration. This value corresponds to the life-
time observed for this transition in erbium-doped lithium nio-
bate [5], indicating that ytterbium co-doping does not alter the
lifetime of the 4I13/2 erbium level.

As far as the initial rise time (which is also independent
of the ytterbium concentration) is concerned, it has to be re-
lated to the time needed to populate the4I13/2 emitting level
and, as can be seen in Fig. 2, it is precisely predicted by
the rate-equations model. A closer inspection of the possible
physical origin of this rise time shows immediately that there
are two processes involved (see Fig. 1):(i) the energy transfer
(and back-transfer) betweenYb3+ to Er3+ and (ii) the non-
radiative decay from the4I11/2 level to the 4I13/2 level. This
latter process, with a characteristic time given basically by
the 4I11/2 lifetime (τ = 220µs, [9]) is in fact responsible for
the observed rise time, whereas the former (transfer and back-
transfer) is completed in a much shorter time (tens ofµs) as
can be verified from the integration of (1)–(6), shown next.

2.3.21.0-µm ( Yb3+) emission.Figure 3 shows (also in a log-
arithmic scale) the experimental (open symbols) and calcu-

Fig. 2. Temporal evolution (in a logarithmic scale) of the luminescence
of Er3+ ions (4I13/2→ 4I15/2 transition), measured at1.53µm, after
pulsed excitation of theYb3+ ions at920 nm, for a sample co-doped with
0.5 mol.% Er3+ and1.0 mol.% Yb3+ (open circles). The line corresponds
to the predictions from the integration of the rate (1)–(6)

lated (lines) decay of the luminescence at1060 nm, asso-
ciated with the de-excitation of theYb3+ ions, for all the
doping concentrations studied in this work. It should be re-
membered that although the emission from theYb3+ ions
( 2F5/2→ 2F7/2, transition) overlaps with that of theEr3+
ions (4I11/2→ 4I15/2 transition) in a wide wavelength range
(966 nm< λemi < 1029 nm), the Yb3+ emission is broader
(a similar situation was already mentioned in connection with
the absorption) and it is possible to select the appropriate
wavelength range (1050 nm< λemi< 1100 nm) to isolate the
emission from theYb3+ ions.

The lifetime of theYb3+ ions in the co-doped crystals is
strongly reduced from its value inYb3+-doped lithium nio-
bate (τ = 580µs [6]). Now the lifetimes vary from390µs for
the crystals with the higherYb3+ doping level (2.0 mol.%
Yb3+) to 260µs for the less concentrated samples (0.1 mol.%
Yb3+). This lifetime reduction (compared withYb3+-doped
samples) indicates that an additional relaxation channel
has been activated (that is, the energy transfer fromYb3+
to Er3+).

The lines in Fig. 3 represent the predictions of the rate
equations, calculated for the different ytterbium concentra-
tions. It can be observed that there is an excellent accordance
between the experimental data and the predictions from the
model, including the concentration dependence of theYb3+
lifetime. At low Yb3+ concentration the transfer toEr3+ is
very efficient and the lifetime is strongly reduced; whereas in-
creasingYb3+ concentration favours the back-transfer and the
observed lifetime approaches that ofYb3+ ions [1, 6, 15].

It should be noticed also that at shorter times, the rate
equations predict a fast component (tens ofµs) related to the
transfer rate fromYb3+ to Er3+, which is the dominant pro-
cess initially. Unfortunately this fast component has not been
experimentally accessible because it is shorter than the time
response of the infrared detection system (τres≈ 30µs).

2.3.3550-nm ( Er3+) “up-conversion” emission.Figure 4
shows the comparison between the temporal evolution of the
green up-conversion luminescence ofEr3+ ( 4S3/2→ 4I15/2

Fig. 3. Temporal evolution (in a logarithmic scale) of the luminescence of
Yb3+ ions (2F5/2→ 2F7/2 transition), measured at1.06µm for crystals
with different Yb3+ concentration (open symbols). The lines correspond to
the predictions from the integration of the rate (1)–(6)
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transition) obtained in a sample co-doped with1.0 mol.%
of ytterbium (squares) pumped at920 nm (Yb3+ absorp-
tion band) and that obtained in a sample singly doped with
0.5 mol.% of Er3+ (circles) pumped at974 nm ( 4I15/2→
4I11/2 erbium absorption band). As can be observed, the life-
time of the 4S3/2 manifold suffers a substantial increment
from the30µs characteristic ofEr3+ in lithium niobate [9] to
a much slower decay in theEr3+/Yb3+ system. This length-
ening increases with the ytterbium content, and the lifetime
varies from100µs (0.1 mol.% Yb3+) to 210µs in samples
co-doped with2.0 mol.% of ytterbium.

Another difference in the up-converted emission is the
rise time of the luminescence. Whereas in co-doped samples
this initial stage is clearly observed, lasting about100µs, it
is absent in theEr3+ doped samples. This difference indi-
cates that in the singly doped sample (excited to theEr3+
4I11/2 level), with a negligible rise time, the dominant process
that populates the4S3/2 multiplet is the excited state absorp-
tion (ESA) [6, 7, 16], whereas in co-doped crystals, pumped
through theYb3+ absorption, and exhibiting a clear initial
rise time the ESA mechanism is absent (or at least, it is
not the dominant process). In this case, the principal mech-
anism that populates the4S3/2 level is the energy transfer
via the cross-relaxation mechanism:2F5/2→ 2F7/2 (Yb3+) :
4I11/2→ 4F7/2 (Er3+).

Using the estimated value for the up-conversion coef-
ficient (C26= 4.8×10−16 cm3 s−1), the rate equations give
also the population of the4S3/2 level, and then the tem-
poral dependence of the green luminescence. These results
correspond to the continuous line in Fig. 4, which shows
an excellent accordance with the experimental results, either
in the lifetime of the decay as well as in the observed rise
time; which supports the cross-relaxation model for the4S3/2
population.

The lifetime of the4S3/2 Er3+ multiplet, in the co-doped
crystals, exhibits also a clear concentration dependence, in
a similar way to theYb3+ luminescence described in the
preceding section. This is a direct consequence of the fact,
already mentioned above, that the dominant process which
populates the4S3/2 level in co-doped samples is the cross re-

Fig. 4. Temporal evolution of the green up-conversion luminescence ofEr3+
( 4S3/2→ 4I15/2 transition) in a sample singly doped withEr3+ (circles) and
in a sample co-doped withEr3+ andYb3+ (squares). The line corresponds
to the prediction of the rate (1)–(6)

Fig. 5. Experimental (full symbols) and calculated (open symbols) lifetimes
for the different luminescent emissions ofLiNbO3:Er3+/Yb3+ as function
of Yb3+ concentration

laxation from the2F5/2 Yb3+ level (2F5/2→ 2F7/2 (Yb3+):
4I11/2→ 4F7/2 (Er3+)), and therefore the550-nm emission
lifetime follows a concentration dependence parallel to that of
the1060-nmemission.

The concentration dependence of the different emissions
lifetime is summarised in Fig. 5, where the experimental
values (full symbols) are compared with the predictions from
the rate-equation model calculated (open symbols) for several
Yb3+ concentrations and a fixed (0.5 mol.%) erbium concen-
tration. The results are coincident within5%.

3 Conclusion

The dynamic behaviour of the principal luminescent emis-
sions observed inLiNbO3 co-doped withEr3+ andYb3+, at
different doping levels, has been obtained after pulsed ex-
citation. The temporal dependence of the IR transitions is
explained by using the rate-equation formalism and cross-
relaxation model for the energy transfer, using the transfer
parameters previously obtained under cw conditions (C25=
2.4×10−16 cm3 s−1 andC52= 1.8×10−16 cm3 s−1).

The visible luminescence is also explained using the same
formalism and another cross-relaxation mechanism to popu-
late the upperEr3+ levels (up-conversion). The up-conversion
transfer coefficient is given byC26= 4.8×10−16 cm3 s−1.

The sensitisation of theLiNbO3:Er3+ system withYb3+
ions does not modify the lifetime of the4I13/2 erbium
level (1.5-µm emission), whereas it induces a marked,
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concentration-dependent change in the lifetime of the2F5/2
(Yb3+) and 4S3/2 (Er3+) multiplets (1060-nm and 550-nm
emissions, respectively), which is also correctly described
with the model and spectroscopic parameters proposed.
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