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TWO-PARTICLE PARASITIC EFFECTS
IN RARE-EARTH DOPED WAVEGUIDES
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This paper discusses Er-doped optical waveguides implemented in glass
materials. The emphasis is put on physical limitations posed by concentra-
tion dependent nonlinear effects and on methods for their characterization.
Examples of recently demonstrated, best performance integrated active de-
vices are also given.

PACS numbers: 42.65.-k

Optical fibers and planar waveguides can be made active, i.e. exhibit ampli-
fication, by inserting rare-earth ions in their core. Most of the related research has
been focused on fibers and planar waveguides doped with erbium (Er) because .
they provide gain at the 1.5 µm band, which is of particular interest for telecom-
munication applications. For pumping Er ions one typically uses laser diodes at
980 nm or 1.48 µm, as it is illustrated in Fig. 1.

Planar active waveguides are considered to be an attractive option for realiz-
ing integrated optical devices with gain [1, 2]. A prerequisite for realizing practical
active devices is that a sufficiently large gain can be obtained at reasonable pump-
ing powers. While this can easily be achieved in a few meter long active fibers,
their planar counterparts tend to suffer from low gain efficiencies. Apart from
much higher losses, the main difficulty is that a usable gain must be accumulated
over a much shorter (a few centimeters) length. This. typically requires two or-
ders of magnitude higher Era+ concentrations, at which parasitic energy transfer
between excited Er-ions reduces the gain [3-10]. The mechanism of the parasitic
effect is illustrated in Fig. 2. The excitation energy (1) is transferred (2) from
one excited ion (donor) to the other (acceptor), which typically occurs via electric
dipole—dipole interaction. Consequently the donor relaxes (2) to the ground state
while the acceptor is upconverted to the 4I9/2 state (2). This is usually followed by
two fast, non-radiative relaxation processes (3,4a) down to the metastable level
4l13/2. However, a small fraction of the ions relaxes to the ground level (4b) emit- .
ting photons at 980 nm. As a result only one of the two pump photons absorbed
by the Er ions can be used for amplification at 1.5 µm. The energy of the other
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Fig. 1. Amplification in Er-doped fibers and planar waveguides.

Fig. 2. Two-particle upconversion between Era} ions. Dashed arrows represent non-ra-
diative transitions.

one is lost for phonons or 980 nm fluorescence: The power in the upconverted
fluorescence at 980 nm is proportional to the rate of the upconversion process.

For randomly distributed ions the process is called uniform or homogeneous
upconversion (HUC). It causes gain reduction that can be compensated by in-
creasing pumping power, as it can be seen in Fig. 3a. HUC scales roughly with the
square of the Er concentration and it sets an ultimate limit on the gain efficiency.
Nevertheless, for many applications a sufficient performance can still be achieved
even in a very short (< 1 cm) active device. For clustered ions, however, energy
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Fig. 3. Gain reduction with increasing Er concentration is smaller for larger pump
powers (a). Gain reduction with increasing ratio of clustered Er ions (b).

transfer is several orders of magnitude faster [3], and therefore, the gain reduction
cannot be compensated at any practical levels of pumping powers. All but one
ion in a cluster effectively stay in the ground state, which for a three-level system
implies that the gain from clustered ions is totally quenched. This effect is called
pair induced quenching (PIQ). The reduction of the gain with increasing ratio of
clusters (pairs) is illustrated by Fig. 3b.

Clustering of ions can be minimized by choice of a host material composition
or fabrication parameters. Distinction and quantitative evaluation of the two con-
centration dependent processes is essential for an assessment of applied fabrication
techniques and optimizing design of densely doped devices.

A number of methods that have been developed for optical fibers can be
either directly applied, or modified, to investigate the parasitic effects in planar
waveguides.

This includes the methods based on analysing steady-state [9, 10] or dy-
namic [3, 6, 10] characteristics of upconverted fluorescence, and on measurements
of non-saturable absorption [6, 11, 12]. The recently observed [13] difference in
absorption spectra of clustered and randomly distributed ions may be used as an
additional technique for clustering diagnosis.

One way to check the presence of clusters is to measure steady-state fluo-
rescence at 980 nm and 1.5 µm for increasing pump powers and check if they are
related by the square low. The upconverted fluorescence caused by HUC is pro-
portional to the square of the inverted population N2 while 1.5 pm fluorescence
is directly proportional to N2. Deviations from the quadratic dependence between
the powers at 980 nm and 1.5 µm can be attributed to the effect of clusters (PIQ).
This is illustrated in Fig. 4.

The most direct method for quantitative estimation of the clustering relies on
evaluation of the non-saturable absorption effect. Since only one of the clustered
ions can be effectively inverted, all the others will absorb the pump power no
matter how strong the pumping is. Therefore, the pump transmission can never
reach one in the presence of clusters. The larger is portion of clusters the smaller
are the values of the maximum transmission, as it is shown in Fig. 5.

The clustering problem is related to solubility of rare-earth ions in a host
material. For low solubility a long waveguide path is needed in order to minimize
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Fig. 4. Logarithmic plot of powers in 980 nm and 1.5 pm fluorescence for increasing
pump power. The linear part of the curve corresponds to the quadratic dependence.
Fig. 5. Effect of non-saturable absorption for increasing amount of clusters.

clustering. Although the waveguide can be bent to keep the device area smaller,
as it was demonstrated for Er-doped silica glass [14], such a solution requires a
high refractive index contrast to minimize bending losses, and also limits complex-
ity of integration with passive devices. Therefore, a gain-per-centimeter length is
often used as a relevant figure of merit for planar waveguides. However, the gain
efficiency, i.e. the total gain per mW of a pump power, should not be forgotten in
the assessment of the device performance.

In soda lime glass and phosphate glass Er has a high solubility with a low
degree of clustering. High performance active waveguides have recently been re-
ported in those materials:
4.2 dB/cm gain with 7.2 dB total gain at 40 mW pump power — soda lime [15],
4.1 dB/cm gain, with 4.1 dB total gain at 21 mW pump power — phosphate [16].
By codoping Er-waveguides with ytterbium (Yb) one can benefit from the fact
that Yb ions have a much larger pump absorption cross-section than Er. Provided
energy transfer from Yb to Er ions is very efficient, the pump power can be better
utilized. Moreover, the presence of Yb decreases tendency of Er ions for cluster-
ing. For those reasons one can expect a high gain efficiency in Yb/Er-doped wave-
guides [17, 18]. This is confirmed by the recent demonstrations of high-performance
laser [19], amplifier [20] and an amplifying four-wavelength combiner [21]. A pig-
tailed amplifier module has been realized in an Er/Yb-doped phosphate glass and
successfully, used as a booster amplifier in 10 Gb/s system experiment [22].

In conclusion: concentration dependent parasitic effects, homogeneous up-
conversion and pair induced quenching caused by ion clustering, reduce gain in
densely doped rare-earth devices. HUC that reduces the gain efficiency is unavoid-
able and hence imposes a fundamental limit on the device performance. However,
PIQ that may totally quench the gain can be eliminated or minimized in the

fabrication process. A number of,optical methods have been developed to distinguish
between the two effects.

The recent advances clearly show that planar active waveguides approach
the performance determined by the fundamental limitations, and that integrated
active devices are becoming a realistic option for numerous system applications.
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