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ABSTRACT: The influence of energy migration and energy-transfer upconver-
sion (ETU) among neighboring Er3+ ions on luminescence decay and steady-state
population densities in Al2O3:Er

3+ thin films is investigated by means of
photoluminescence decay measurements under quasi-CW excitation. The
experimental results are analyzed by several models. As expected from the basic
physical assumptions made by these models, only Zubenko’s microscopic model
provides good agreement with the experimental data, while other donor−acceptor
treatments found in the literature are unsuccessful and the macroscopic rate-
equation approach provides meaningful results only when misinterpreting the
intrinsic lifetime as a free fit parameter. Furthermore, a fast quenching process
induced by, e.g., active ion pairs and clusters, undesired impurities, or host material
defects such as voids, that is not revealed by any particular signature in the
luminescence decay curves because of negligible emission by the quenched ions
under quasi-CW excitation, is verified by pump-absorption experiments. This quenching process strongly affects device
performance as an amplifier. Since Zubenko’s microscopic model treats all ions equally, it is unable to describe a second,
spectroscopically distinct class of ions involving a fast quenching process. The model is extended to take into account the fraction
of quenched ions. This approach finally leads to excellent agreement between the luminescence-decay, pump-absorption, and
small-signal-gain experiments within the frame of a single theoretical description.

I. INTRODUCTION

Energy-transfer upconversion (ETU), often assisted by energy
migration, has a significant impact on the amplifier or laser
performance of a number of rare-earth-ion-doped compounds
by depleting the population of the long-lived upper state of the
corresponding luminescence transition, thereby diminishing the
available optical gain.1−10 ETU can also be exploited to deplete
the lower laser level11−14 or generate upconversion lumines-
cence and lasing.15−19 Different models of macroscopic or
microscopic nature have been developed to understand the
underlying physical mechanisms and predict practical device
performance. While the macroscopic rate-equation treatment
introduced by Grant20 is often believed to provide erroneous
results because of an incorrect treatment of the specific
influence of energy migration on ETU, the microscopic models
developed by Burshteın̂,21 Zusman,22 and Zubenko et al.,23 the
latter combining the previous works by Zusman and Burshteın̂
with that by Grant, explicitly take this effect into account.
Nevertheless, even these models may be considered imperfect,
because they treat all ions equally, thereby neglecting the locally
different active environment of individual ions.
In this work, we illustrate the breakdown of Zubenko’s model

in the presence of a second, spectroscopically distinct class of
ions, which in our experimental example is established by a fast
quenching process that arises due to, e.g., ion pairs and clusters

or the presence of impurities or defects within the host material
and affects only a fraction of the ions.
We focus on the first excited level 4I13/2 of Er3+ and use

amorphous Al2O3:Er
3+ as the example, but with appropriate

adjustments our approach can be generally applied to other
rare-earth ions and optical materials as well. In Section II, we
summarize the most important energy-transfer models found in
the literature from the last 60 years and adapt Zubenko’s
microscopic23 as well as Grant’s macroscopic20 treatment to the
case of Al2O3:Er

3+. Then we show in Section III that results
calculated from Zubenko’s analytical equation provide good
accuracy when interpreting decay curves of luminescence from
the Er3+ 4I13/2 level measured under quasi-CW excitation. When
applying a commonly accepted misinterpretation of Bernoulli’s
equation, also Grant’s model provides reasonably good fits and
especially provides values of the macroscopic ETU parameter
that are very similar to the values derived from Zubenko’s
comprehensive model, whereas previous donor−acceptor
models fail to reproduce the experimental results.
However, the attempt in Section IV to interpret simple

pump-absorption and small-signal-gain experiments24,25 with
the values of the ETU parameter obtained from Zubenko’s
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