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Molecular Homogeneity in Erbium-Doped Sol-Gel
Waveguide Amplifiers

Athanasios Laliotis, Eric M. Yeatman, Munir M. Ahmad, and Weibin Huang

Abstract—High net gain levels have recently been reported in
silica-on-silicon waveguide amplifiers, using the sol-gel method of
glass deposition. Spectroscopic measurements indicate that high
inversion levels are achieved at high erbium concentrations, sug-
gesting a high uniformity in the erbium distribution. Here we show
that high inversion and low scattering losses are only achieved in
sol-gel waveguides which have had restricted heat treatment and
that both degrade upon additional annealing. Evolution of scat-
tering loss spectra are presented, and these are included in a model
of the ytterbium-sensitized waveguide amplifiers to show that the
gain reduction with heat treatment is not wholly due to pump and
signal excess losses, but also to changes in the spectroscopic prop-
erties of the erbium ions. In particular, the formation of clusters
in which inversion is rapidly quenched is indicated. Thus, we show
that the superior performance of the sol-gel method for rare-earth
doping of silica waveguides, for amplifier and laser applications,
results from its ability to form homogenous molecular structures
which are meta-stable and which consequently cannot be formed in
glasses that require high-temperature consolidation or annealing.

Index Terms—Erbium, integrated optics, optical waveguide
components, sol-gel, waveguide amplifiers.

1. INTRODUCTION

RBIUM-DOPED fiber amplifiers (EDFAs) have achieved

very wide deployment in optical communication systems.
However, their size and cost continue to restrict their adoption
in some important applications. Size is a particular concern, for
example, where large numbers of amplifiers would be useful in
a confined space, such as around switches in network nodes. In-
tegrated optic waveguides in erbium-doped glass films or mono-
liths can replace the fiber gain block of an EDFA, leading to er-
bium-doped waveguide amplifiers (EDWAS). This approach can
give a significant size advantage if both small waveguide bend
radii, and a higher erbium doping level, can be achieved than
what is possible with silica fiber. Cost advantages may also be
attained, particularly if the EDWA format is used to reach higher
levels of integration and thus to reduce packaging and assembly
costs and part count.

The sol-gel method of glass deposition provides a route
to high-performance EDWAs in silica-on-silicon. This paper
presents evidence that this is due to the creation of a meta-stable
molecular structure, containing erbium ions in high concen-
tration, and that this structure deteriorates with further heat
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treatment. Furthermore, the results indicate that such a
meta-stable structure can be achieved while still excluding
porosity, OH, and organic groups to a sufficient degree to
obtain high amplifier performance and stability. This evidence
is supported by fluorescence decay measurements, as well as
by amplifier modeling.

II. FORMATS FOR EDWAS

The potential for EDWAs has long been recognized, and
devices have been demonstrated using a variety of materials
systems and fabrication techniques. EDWAs based on ion
exchange waveguides in erbium-doped phosphate glass mono-
liths are perhaps the most advanced [1]. Glass waveguides on
silicon substrates, however, offer important advantages in terms
of integration possibilities compared to ion exchange guides.
The silica-on-silicon system in particular is well established
for passive devices such as arrayed waveguide gratings and
splitters and provides large wafer sizes, good mechanical
properties, well-developed processes, and excellent physical
and chemical robustness. Furthermore, the silicon optical bench
provides v-grooves for passive single-mode fiber alignment,
as well as alignment features and good heatsink properties for
optoelectronic die attach.

Silicate glasses have the major disadvantage, however,
that the solubility of rare earths in silica is low [2]. Thus,
although erbium doped silica waveguide amplifiers have been
reported, these have required relatively long waveguides [3].
Consequently, most reported EDWAs have employed other
glass types, for example using deposited phosphate [4] and
soda-lime [5] waveguides. There are, however, drawbacks to
these glass types as well, such as low chemical and thermal
stability, lack of suitability of refractive indices, or the need
for deposition techniques, such as physical vapor deposition,
with their own disadvantages, such as low deposition rate.
Therefore, a system that gives high gain levels per unit length,
in silica-based waveguides on silicon, remains a very attractive
prospect for EDWA implementation.

For photonic devices based on silicate glasses on silicon, two
deposition methods have been dominant: flame hydrolysis de-
position (FHD), and plasma-enhanced chemical vapor deposi-
tion (PECVD). EDWAs have been reported based on both FHD
[3] and PECVD [6]. For the former, high levels of phosphorous
co-doping were required, and Er>* concentrations were limited
to under 0.5 wt.% [7]. It is well known that high erbium con-
centrations tend to reduce the lifetime of the metastable *I;5 /2
energy level, and thus the attainable gain for a given pumping
level [8]. When Er®* ions are sufficiently close to interact (say
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within ~1.5-2 nm), cooperative upconversion may take place
in which one ion decays to the ground state by transferring its
energy to the other, raising it to the *I /2 excited state. While the
ion proximities inevitably increase with concentration, the effect
can be much more severe if erbium-rich phases separate from
the host glass. Such erbium-rich regions are generally referred
to as clusters. Most efforts to overcome this difficulty have fo-
cused on adding additional dopants to encourage the Er** ions
to adopt, and retain, well-distributed sites. The sol-gel process,
however, offers an alternative approach.

The sol-gel technique has been extensively studied as an al-
ternative glass deposition method for photonics [9]. Typically, in
this method, metallorganic precursors such as tetra-ethyl-ortho-
silicate (TEOS) in an alcohol solution are mixed with catalyzed
water and undergo hydrolysis and condensation reactions. A
viscous suspension of oxide particles on a nanometer scale is
formed which can be spun unto a substrate, whereupon the sol-
vent evaporates rapidly. This increases the particle concentra-
tion, and thus the reaction rates, causing the sol to cross-link
into a stiff “gel.” Further heat treatment is then needed to drive
off remaining solvent, to remove residual organic groups, and
to collapse the pores. A high degree of shrinkage is involved,
and the resulting stress usually limits maximum film thickness;
however, cracking can be prevented by an iterative process in
which a number of thin layers are deposited and annealed [10].
Based on this approach, buried channel waveguides have been
developed with low loss, and passive components such as split-
ters have been demonstrated [11].

Sol-gel is attractive for active waveguide fabrication partially
because of the ease with which dopants can be added. Metal-
alkoxides are commercially available for a wide variety of metal
species, including erbium and other rare earths as well as de-
sirable co-dopants such as aluminum, and although these com-
pounds may have widely differing solubilities and reaction rates,
a process can often be developed by which they may be com-
bined in a homogeneous sol. Dopants can also often be added as
inorganic salts. In principle, the molecular structure formed in
the gel may be quite different from that obtained in melt glasses,
since the chemical reactions occur at low temperature, and dif-
fusion within the solid phase is very limited. Furthermore, al-
though the solid thus formed requires heat treatment to remove
pores, these pores are on a nanometer scale and so can be col-
lapsed without allowing significant restructuring of the glass by
diffusion. Consequently, a fundamental possibility arises: that
sol-gel may allow the fabrication of a stable inorganic glass, ho-
mogeneous at a molecular scale, which is inaccessible by other
techniques. High-concentration doping of Er in silica is then a
possible application.

Rare-earth doping of sol-gel monoliths and films has been
studied by a number of groups, e.g., [12]-[14]. Relative gain in
sol-gel based Er-doped waveguides was first achieved by the use
of a strip loaded format [15], but high coupling and background
propagation losses prevented net fiber-to-fiber gain from being
reached. Relative gain was also achieved in Er-doped hybrid in-
organic—organic sol-gel waveguides, by minimizing OH content
[16]. More recently, we have fabricated erbium-doped buried
channel waveguide devices. These buried channel sol-gel guides
showed low background loss levels of about 0.1 dB/cm, with
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high Er,O3 doping levels of 0.25 mol%. This system was the
first to achieve net fiber—fiber gain in a sol-gel based Er-doped
waveguide amplifier, this net gain being 5.75 dB in a 5-cm-long
waveguide [17]. Per unit length, this we believe is the highest
reported in the silica-on-silicon format.

It has generally been assumed that the ability of Er-doped
sol-gel films to sustain high inversion at high doping levels re-
sults from a lower level of erbium clustering and that this in turn
results from the formation of a uniform molecular structure in
the gel which is retained in the final glass. However, previous
studies have not clearly demonstrated this cause. Direct physical
measurement of the clusters in thin films is very challenging.
One method that has been investigated is extended X-ray ab-
sorption fine structure (EXAFS) [18], allowing the neighboring
atoms to Er ions to be determined. The first coordination shell
was found to consist of 6-7 oxygen atoms, and Er ions were
also not detected in the second nearest neighbor (SNN) po-
sitions, even for the highest Er concentrations (1.75 mol%).
This suggests that at least pure erbium oxide phases were not
formed. However, the accuracy of EXAFS for SNNGs is limited,
and little information can be obtained for more distant neigh-
bors, although cooperative relaxation effects can be strong at
ranges of several atomic distances. In this study, we have eval-
vated the uniformity of erbium distribution using fluorescence
measurements and thus demonstrate that a uniform structure is
achieved which is meta-stable by showing that further heat treat-
ment induces formation of erbium rich regions.

III. DEVICE PROCESSING

Devices were fabricated as in [17], with only the active
guiding layer made by sol-gel. The buffer layer was formed
by steam oxidation of the silicon substrate, over which the
Er-doped layer was deposited. This layer was alumino-phos-
phosilicate glass doped with erbium and ytterbium; the
phosphorous reduces the process temperatures and helps
exclude residual OH groups (which quench the gain), while
ytterbium increases pump absorption and transfers energy to
the erbium. The silicon precursor was TEOS. Both of the rare
earths, and the aluminum, were added to the sol as salts. The
active layer composition was in the molar ratio

SIOQ ZP205 A1203 2EI‘203 Yb203 =87:10:2.5:0.25:0.25

which corresponds to Er and Yb concentrations of 1.2 wt.% (or
~ 102 jons/cm®) each. The sol was catalyzed with HCI, and
the water-to-TEOS ratio R was 2.

The sol-gel active layer was consolidated after deposition for
1 h at 1000 °C in air, and was approximately 4.5 pum thick
after this step. This consolidation step is typically carried out for
sol-gel as well as other deposition techniques, in order to remove
residual porosity. Such porosity can lead to instability of the op-
tical and physical properties by allowing the ingress of water and
other contaminants, increasing scattering losses in the wave-
guide, and increasing sidewall roughness of the etched guiding
ridges. The choice of temperature and time for this annealing
step is a compromise between the need to remove the porosity
and the need to avoid crystallization or phase separation. In [19],
extensive measurements of the structure of sol-gel silica films,
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Fig. 1.

as a function of annealing temperature and synthesis parame-
ters, were reported. It was found that annealing at 800 °C for 30
min was sufficient to remove porosity accessible to water, but
1000 °C was required to stabilize refractive index; both of these
conclusions are independent of the molar ratio of water to sil-
icon in the sol. Therefore, we chose the latter temperature, with
the time extended to 1 h to allow for any slowing of consolida-
tion rate by the dopants. Following consolidation, grazing angle
X-ray diffraction was carried out to determine whether any crys-
tallization had taken place; no measurable peaks were observed.

Straight waveguide ridges of widths from 3 to 6 um were
then formed by reactive ion etching through the complete active
layer thickness. In contrast to previous passive buried channel
devices, reflow of these ridges was not performed. A cladding
layer was then formed in boro-phosphosilicate glass deposited
by PECVD. The index difference was about 1%. Finally, indi-
vidual dies were cleaved from the wafer for testing.

Both aluminum and phosphorous are known to improve the
homogeneous dispersion of rare earth ions in silicate glasses.
Although the mechanisms are not well understood, a solvation
shell model is frequently cited [20]. Aluminum co-doping has
been the most studied, and recent thermodynamical analysis
[21] has suggested that there is a critical value of aluminum to
rare-earth ion ratio R, required to avoid aggregation, which de-
pends on the rare earth concentration and moreover on the an-
nealing temperature and time exposure. According to these ob-
servations, and the consolidation temperatures and erbium con-
centrations in this case, the required R, should be 810, similar
to the Al:Er ratio used. Appropriate ratios when Yb and phos-
phorous are included are less clear. In any case, the analysis of
[21] suggests that the resulting structure should be stable with
further annealing at the given temperature, which is not what
we find.

In order to examine the thermodynamic stability of the
composition, we further annealed the guides at 1000 °C in
1-h steps, for five consecutive cycles, after each of which the
performance was remeasured. This annealing was conducted
in air in a conventional furnace, following removal of coupling
oil and other contaminants in solvent reflux. Since the layers

Absorbtion spectra of sol-gel EDWA for six consecutive annealing stages.

are already fully consolidated, and the temperature of this
additional annealing is well below the reflow temperature, no
dimensional changes were expected. This was confirmed by
scanning electron microscopy of waveguide cross-sections,
and by coupling loss measurements as described below. We
designate 1" as the total annealing time at 1000 °C, including
the initial 1-h consolidation.

IV. SPECTROSCOPIC MEASUREMENTS

Optical characterization measurements were repeated for
core widths w ffof 3, 4, 5, and 6 pum. All the amplifiers had
an active layer height of about 4.5 ym and were 2 cm long.
The measurements consisted of insertion loss, absorption and
emission spectra, and fluorescence lifetime. All four waveguide
widths displayed similar behavior.

A. Insertion Loss Measurements

The absorption spectra of the amplifiers were measured
after each annealing cycle, using an Agilent spectrometer
86 142B and its internal light-emitting diode source, emitting
from 1450 to 1650 nm. The results are shown in Fig. 1 for
w = 5 pm. The spectral shape remains substantially unchanged
as annealing progresses, as does the magnitude of the Er
absorption peak. This suggests that the core composition has
remained unchanged, that no significant diffusion of erbium or
other ions into the cladding has taken place, and that there is no
significant variation of the refractive index of the core. From
these measurements we can extract the background propagation
losses; we assess these at the 1620-nm wavelength in order to
minimize the effects of the erbium I3,5 band absorption, while
staying close to the signal wavelength. The results are shown
in Fig. 2 for two waveguide widths, indicating the consistency
of the results obtained.

To establish the fact that the induced heat treatment had not
changed the waveguide shape or refractive index, the coupling
loss was measured for the 7' =6 h sample. This was done by
measuring the absorption spectrum using single-mode fiber
(SMF) at device input and output and again using a multimode
fiber (MMF) from the output to the spectrometer, assuming
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Fig. 2. Amplifier insertion loss at 1620 nm versus annealing time for waveguide widths of 5 y#m (solid line) and 4 z#m (dashed line).

TABLE 1
PROPAGATION LOSSES (dB/cm) FROM MEASUREMENTS AT 1300 AND 1620 nm
SIGNAL WAVELENGTHS AND EXTRAPOLATED AT 1000 nm

Wavelength 1000nm 1300nm 1620nm
Thour 0.9 1.1 0.15
2hours 1.95 0.35 0.275
3hours 3.9 1.25 0.55
4hours 5.5 1.75 0.775
Shours 7.5 2.40 1.05
6hours 9.6 3 1.35

negligible coupling loss from the device to the MMF. The
difference gives a single device-SMF coupling loss. The results
show that the coupling losses of the amplifier to SMF were of
the order of 0.1-0.2 dB per facet. Similar results were obtained
by using the cut back method in [17]. Waveguide propagation
losses were measured at 1620 and 1300 nm, well outside
the erbium absorption bands, by subtracting coupling loss
(determined as above) from overall insertion loss. The results
are shown in Table I. The wavelength variation of loss fits well
to a Rayleigh model (i.e., proportional to A~%), so excess loss
figures at the pump wavelength were extrapolated accordingly.
It is not possible to separate the various factors contributing to
excess propagation loss; however, erbium-rich nano-clusters of
higher refractive index than the host glass could act as small
scattering spheres, and such a mechanism should follow a
Rayleigh loss profile.

B. Internal Gain Measurements

At every annealing step, both the spontaneous emission
spectra and the gain spectra of the waveguides were also
recorded. For this purpose, we used a pump laser diode of
maximum power (into the waveguides) 180 mW and the signal
diode as above in the case of gain. A consistent drop in net

gain with annealing time was observed, as illustrated in Fig. 3.
To interpret these results more clearly, the internal gain was
calculated (i.e., the effect of background losses was subtracted),
since the excess losses contribute a substantial drop in the
overall spectrum, a phenomenon which needs to be separated
from the actual population inversion of the erbium ions. Both
of those parameters can be seen as a function of anneal time
in Fig. 4. Although the net gain has shown a consistent drop,
the internal gain presents a temporary plateau in the third and
fourth steps of the process. The interpretation of these results
is complicated, partially because the excess losses at the pump
wavelength become severe for the longest anneal times. For a
better understanding of the experimental results, therefore, we
have employed waveguide modeling.

V. AMPLIFIER MODELING

Waveguide amplifier modeling has been extensively studied
over a number of years. Although EDWAs operate under the
same principles as EDFAs, there are a number of problems
arising from the high levels of erbium concentration which
make it much more difficult to model the behavior of the
former. One of the first studies on the subject was done by di
Pasquale and Zoboli [22] using the finite element approach for
simulating the mode profiles of a waveguide, combined with the
solution of the amplifier propagation equations. This first study
included only the effects of erbium up-conversion, but was
developed over the years to include more complex phenomena,
such as ytterbium sensitization and excited state absorption
[23]-[26], by many authors. More recently, the method of lines
as a beam propagation method was used successfully for this
application [27]. The effects of erbium clustering have so far
been mainly modeled by the ion-pair method [28]-[32] which
assumes that a fraction of the ions act as pairs with an effective
lifetime much lower than that for the single ions. This model
has also been extended to include the effects of a larger number
of ions (e.g., ion triplets).

Creating a suitable model to include the heavily annealed
cases requires modeling of the nature of clusters and the asso-
ciated physical mechanisms that cause the rapid de-excitation
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Fig. 4. Amplifier net (dashed line) and internal gain (solid line) versus annealing time at 1535 nm.
observed, and, since little physical information is obtainable, es- dNs = WisN; — Wi N3 — & . &
timates and assumptions must be made. Although the ion pair dt T32  T31
. . . . N
model is w.ell e.stabhshed apd has given good results in some + 2 ok, N2 — C,, N1 Ng
cases [30], in this case the high propagation losses reached sug- T4l
gest that the clusters reach a considerable size. We have there- dNy Ny 2 2
. . . —:_—+K2N2+K3N3
fore chosen to apply a homogeneous model, since this approxi- dt T41
mation will provide insight into the interpretation of the exper- dNs Ng
imental results. dt WesNe — Wse N5 + Tos + CupN1Ne
The rate equations used in the model are given below, with dNg Ng
; ; —— =Ws6N5 — WesNg — — — Cup N1 Ne. (1)
levels N1, No, N3, and Ny representing the populations of the dt Tos P

erbium ion ground (*Iy5/,), metastable (*I;3/5), and excited
(*Ig/2, *F7/2) states, respectively, and N5 and N the popula-
tions of the ytterbium ion ground (*F5/,), and excited (*F7/5)
states, respectively, given as follows:

dN-
d—tl =Wi2Ny — Wo1 Ny + Wi3Ns — W31 Ny
N- N.
+ =2+ 2 4 KyN} + K3N3 — Oy N1 Ng
T2 T3
dN: N N.
—2 =WiaNy — Wy Ny — =2 + =2 — 2K, N3
dt T21  T32

The constants W;;, 7;; represent the transition rates and life-
times, respectively, between levels ¢ and 7, whereas K5 and K3
are the cooperative up-conversion constants from levels 73,5
and Iy /5. The ytterbium sensitization is described through levels
5 and 6, and C\, is the erbium—ytterbium interaction constant.

In this case, we used the method of lines to propagate both
pump and signal fields. The details of this method are given in
[27]. Here we state the basic principles: 1) the lateral direction
(z axis) of the amplifier is discretised in lines of uniform refrac-
tive index; 2) the amplifier is excited with both signal and pump
fields at its input end; and 3) at each line we solve the above set
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Fig. 5. Gain versus pump power for each annealing step. The dashed curves show the expected homogeneous case degradation, whereas the solid curves show

the experimentally measured results. (a)-(f) 7' = 1-6 h, respectively.

of rate equations and calculate the profile of the complex refrac-
tive index through

oo =) - i (M

(Na(z,2)*0c(N)

—N1($7Z)*Ja()\)> + asignal) (2)
where 7 is the real refractive index of the material, o, and o,
are the emission and absorption cross sections, respectively, and
Oisignal 18 the background loss coefficient at the signal wave-
length. In (2) the z axis corresponds to the direction of propa-

gation. Then: 4) we propagate both pump and signal for a short
distance and 5) steps 3) and 4) are repeated.

A. Results and Discussion

The amplifier parameter values used are given in Table II.
Most have been measured directly from our samples, but for a
few we have relied upon previously reported values. The ytter-
bium lifetime ¢4 and the ¢4, t32, and 3 values are reported in [25]
and [26]. For the erbium—erbium ion interactions, experimen-
tally reported [26], [33] values of the cooperative up-conversion
constant K range from 0.5 — 0.8 x 10~° ym3 /s, and the ytter-
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TABLE 1II
COEFFICIENTS USED FOR THE NUMERICAL MODELING

As= 1535nm t31= 2x10sec
A, = 980nm Ko=K;3=0.5x10"pum’/sec
T, = 8msec Cyp=0.5x 10’4pm3/sec

T3~ 1x107sec o= 3.7X10"3um2

T4= 1x107sec 61 =3.7x10um>

T¢= lmsec 613:631:2.58X10'13um2

bium-sensitized luminescence constant follows according to the
Dexter theory [26] to be about C'p, = 0.5 x 10~¢ um?’/s. Based
on the experimental data reported above, which correspond to
a homogeneous case, gain versus pump power was modeled.
The result is shown in Fig. 5(a) for the least annealed sample
measured. It can be seen that the fit between experimental and
modeled results is not very close, suggesting that even in the
original (T = 1 h) samples the material structure is not fully
homogeneous and thus that some further process optimization is
possible. In Fig. 5(b)—(f), the simulated gain versus pump power
is compared to measured results for the higher annealing times.
For the first steps, the fit becomes worse, i.e., the measured gain
drops more rapidly than the modeling predicts. Since the ad-
justment to the model is to increase the background propaga-
tion losses at signal and pump wavelengths, these loss increases
are thus shown not to account fully for the change of character-
istics with annealing, i.e., that the fluorescence behavior of the
rare-earth ions is also altered. Fig. 5 indicates that, at 2-3 h of
heat treatment, the difference between experimental and simu-
lated curves is at a maximum. A possible interpretation is that
changes in the erbium ion local environment, e.g., through phase
separation, take place primarily until that point, after which the
fraction of erbium ions in clustered phases stops increasing. The
further decreasing of gain is then due mainly to the increase of
the background propagation losses.

In order to test the validity of this interpretation, homoge-
neous least-square fits of the experimental curves were obtained
by varying the K» and C\,;, parameters. After obtaining a fit for
each anneal time, the drop of internal gain that would be ex-
pected from further increases in propagation losses was mod-
eled. In Fig. 6, the results are plotted. Beyond the fourth hour of
annealing, the curves converge, showing that background loss
increases can account well for the alteration in fluorescence
properties beyond this point. This supports the proposition that,
for the earlier annealing stages, the erbium environment is al-
tering. In Fig. 2, it can also be seen that the increase in propaga-
tion losses with annealing time becomes approximately linear
after the first three hours.

The values of the erbium up-conversion constant Ks which
correspond to the best homogeneous fits are plotted in Fig. 7, as
a function of annealing time. This fitting, of course, overlooks
the fact that this constant would be expected to take different
values inside and outside any erbium clustered phase. After the
third hour, the value stabilizes, again suggesting an attained sta-
bility of erbium local environment at this point.

3 T T T T
! | | 3hours
| | -& 2hours
2.5 e R e = a1+ 1
| -©- Homogeneous
—+- Experimental

-
(&)]

Internal Gain (dB)
o
o =

0 02 04 06 08 1 12z 14 16
Scattering Losses (dB/cm) x 10

Fig. 6. Modeled dependence of gain on scattering loss at signal wavelength,
for K> and C,,,, from the literature (homogeneous case) and fitted values for
T =1-, 2-, and 3-h measurements, and measured results (dashed line).

A possible mechanism is now needed to account for the fur-
ther increase in propagation losses for the final stages of an-
nealing. It has been suggested by various researchers that er-
bium-rich clusters after extensive heat treatment follow Ostwald
ripening dynamics. This means that the clusters tend to reduce
in density while increasing in mean size. From [34] and [35],
the relation for Ostwald ripening is

d o Dt3 3)

where d is the cluster diameter, D is a diffusion constant depen-
dent on temperature, and ¢ is the annealing time.

The dependence of propagation losses on the size and refrac-
tive index of micro-clusters can be modeled as

no 2 1
Loss(dB/cm) = g—;l\z 822
m )y

In this model, clusters are assumed to be spheres of radius d
and of a refractive index ns, while the refractive index of the
rest of the core is n; and (3 is the fractional volume occupied by
the clusters.

If we assume that the clusters have a common composition
and structure, as suggested in [21], then ns and nq should re-
main approximately constant. If we further assume that, after
the first three hours of annealing, the fractional cluster volume
[ reaches an equilibrium, then according to (4) the scattering
losses of the waveguide will increase in the third power of the
cluster diameter. By combining (3) and (4), we then obtain a
scattering loss that is linearly increasing with annealing time,
which agrees with the results in Fig. 2.

108. )

VI. AMPLIFIER FLUORESCENCE DECAY

It has been suggested [33] that the amplifier fluorescence
decay follows an almost quadratic drop in the first few millisec-
onds (—C*N2), followed by a linear drop (—N3/t2) which is
purely dependent on the lifetime of the meta-stable level (o).
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Fig. 7.

In our case, there are clear deviations from this behavior, sug-
gesting two different types of erbium population in the ampli-
fier. There is evidence of a very fast decay process, typically
attributed to erbium clustering [36]; however, in our case, this
phenomenon was evident with levels of pump power as low as
45 mW, in contrast to a few watts usually required for such
measurements. A possible explanation is that the presence of
ytterbium ions inside the clustered phases can lead to reason-
able levels of erbium inversion and thus reduce the detrimental
effects of clustering on the amplifier’s performance.

Lifetime measurements were performed by mechanically
chopping the pump light, after which about 45 mW could be
coupled into the amplifying guides. To increase the degree of
inversion at this level, a sample of about 1 cm in length was
measured. Ideally, the decay of erbium fluorescence in the
homogeneous case is predicted by solving the rate equations
(1) in the nonsteady sta