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Evidence of formation of tightly bound rare-earth clusters in chalcogenide glasses
and their evolution with glass composition
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We present spectroscopic evidence for the formation of tightly bound Nd3* clusters in chalcogenide glasses
in which Nd** ions are so close that no appreciable fluorescence is observed. According to a theoretical
calculation using the rate-equation modeling and comparison with experimental results, this type of cluster
contributes as the main source of energy transfer among Nd3* ions in Ga-free glasses, resulting in the strong
fluorescence quenching. It is proposed that the total volume of such Nd3* clusters sharply decreases with Ga
doping, while the spatial distance among Nd** ions in clusters remains close enough for there to be no
detectable fluorescence from these clustered Nd>* ions. Such clusters are then completely dissolved in glasses

once a critical Ga concentration is reached.
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Cluster formation of rare-earth (RE) ions in glasses or
crystals has been of great research interest due to its signifi-
cant influence on the performance of optical-amplifier or la-
ser devices.! In RE-doped oxide glasses, various experimen-
tal techniques have been employed to probe the formation of
such clusters, using, e.g., nuclear magnetic resonance
(NMR),? electron paramagnetic resonance (EPR),? and neu-
tron diffraction.* Moreover, spectroscopic measurements in-
tended to obtain information about the RE distribution from
their fluorescence have also been performed, applying the
fluorescence line-narrowing (FLN) technique,® fluorescence-
decay analysis,® and the phenomenon of cooperative lumi-
nescence of Yb®* ions.” The majority of researches men-
tioned above is, however, focused on RE clustering in silica-
based oxide glasses due to their technological importance in
optical-telecommunication systems.! In spite of such exten-
sive work on this topic, knowledge of actual atomic struc-
tures is, however, still limited.

Although similar RE-cluster formation in chalcogenide
glasses is strongly suspected, information as to the RE-
cluster formation is even less than in oxide glasses since only
a few studies® have been performed to probe RE clustering in
this type of glass. The need for employing chalcogenide
glasses as RE hosts is, however, evident in many applications
due to their crucial advantages over oxides, including low
phonon energies and consequent broad optical-transmission
windows.’ For example, these superior properties enable the
development of optical amplifiers or lasers for the midinfra-
red or far-infrared region with high quantum efficiency.'
More significantly, the high photosensitivity of these
glasses,'! along with the availability of selective chemical
etching,'? provides an elegant tool to fabricate RE-doped
planar waveguide-type optical amplifiers for integrated opti-
cal circuits.

Nevertheless, as for oxide glasses, the performance of
these chalcogenide-glass devices can be strongly degraded
by RE clustering. Recently, we have proposed an atomistic
structural model for rare-earth and Ga codoped chalcogenide
glasses on the basis of the spatial distribution and the corre-
lation of Ga atoms with rare-earth ions.!? Structural informa-
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tion on such RE clusters is, though, still largely unavailable.
In this study, as a prerequisite step for developing such
chalcogenide-based optical devices, we have focused on in-
vestigating RE-cluster formation and annihilation, using
spectroscopic methods together with the rate-equation mod-
eling. Evidence for the formation of tightly bound RE clus-
ters, where fluorescence from rare-earth ions is almost com-
pletely quenched, is shown. A quantitative estimation of the
proportion of rare-earth ions in such clusters will also be
discussed.

Nd** ions were used as probe ions in a site-selective ex-
citation study because of its simple Stark sublevel of the
“F;/, manifold. Eu* ions, which are normally employed for
this type of study, however, were not able to be used since
we have found that most Eu ions are not in a trivalent state,
but presumably in a divalent state, in chalcogenide glasses.
The stoichiometric “GAGS” glass compositions investigated
were Geps sAs(115-,)Ga,Ses7 (0=x=3 in atomic percent)
i.e., for x=0, Gey3sAs;;5S¢s7 1S equivalent to
(GeS,).4(As,S5)]. The concentration of Nd** ions was fixed
at 0.01 at. %. Hereafter, the Ga-free glass with x=0 will be
denoted as Ga0 and a similar notation will be applied for
other Ga-containing glasses. Details of the sample-
fabrication method and the laser experiments are described
elsewhere. !4

Figures 1(a) and 1(b) show near-infrared fluorescence at
12 K due to the 4F3/2—>4IH/2 transition of Nd** ions in Ga0
and Ga0.6 glasses, respectively. These two glass composi-
tions were selected for comparison because it is expected
that most rare-earth ions in the former glass are clustered,
while rare-earth ions in the latter are distributed rather
randomly.'? A series of fluorescence spectra was obtained by
exciting Nd** ions to the inhomogeneously broadened *Fs,
energy level at nearly regular excitation-wavelength intervals
[Fig. 1(d)]. As shown in this figure, the line shape of fluo-
rescence spectra, especially the spectral linewidth, changes
in a rather systematic manner with an increase in excitation
wavelength. According to the Kramers’ rule, the maximum
number of Stark sublevels for the Nd>* I, 12 and 4F3/2 mani-
folds are six and two, respectively. Because of the fast ther-
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FIG. 1. (Color online) FLN spectra at 12 K of 0.01 at. %
Nd3**-doped GAGS glasses with (a) x=0 and (b) x=0.6. The inter-
val between adjacent spectra is 1.5~2 nm, and all fluorescence
intensities were normalized to their peak intensities. (c) FWHMs of
spectra shown in (a) and (b). The results for the glass with x=0.2
are also included. (d) A schematic energy-level diagram for the
excitation and fluorescence processes.

malization within the Stark sublevels, most of the fluores-
cence originates from the lower Stark sublevel of the *Fs,
manifold. Each of the fluorescence spectra shown in Fig. 1
is thus presumably composed of six peaks for Stark transi-
tions to the 4111/2 manifold. It is evident from the peak
shift, together with a peak fit using Gaussian subpeaks,
that subpeaks constituting a broad spectrum become closer
to each other with increasing excitation wavelength within
certain excitation-wavelength regions. To reveal such a nar-
rowing more quantitatively, the full width at half maximum
(FWHM) of each spectrum was monitored as a function of
the excitation wavelength [Fig. 1(c)]. As shown in this
figure, there are two regions where the FWHMSs show
a gradual decrease and an intervening transition region
(~885-890 nm) where the opposite trend, i.e., an increase
in FWHM, is observed. A similar trend is also found for the
Ga0.2 and Ga0.6 glasses, although the overall FWHMs are
smaller than those for the Ga0 glass.

The observed variation in fluorescence with excitation en-
ergy can be properly understood in terms of successive site-
selective excitations of subsets of Nd>* ions, whose local
environments are broadly distributed due to a site-to-site
variation in Nd**-ligand structures. Each fluorescence ob-
served is thus only from Nd** ions that are resonant with the
excitation wavelength (\.,) of the laser source having a nar-
row spectral width. In the case of an energy level composed
of only one Stark component, e.g., the Eu*:°Dy, a series of
site-selective excitations over the absorption band was found
to show generally a monotonic change in FWHM of fluores-
cence spectra due to a FLN effect.!> Accordingly, in our case,
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it seems reasonable to assume that the observed FLN effect
at longer wavelengths is due to excitation to the lower Stark
sublevel while that at shorter wavelengths is due to excita-
tion to the upper sublevel. Therefore, although the fluores-
cence is generated only from the transition of the lower Stark
sublevel of the “F;, manifold, we can attribute the trend
observed in the variation in FWHM to the existence of two
Stark sublevels and their successive excitation.

The observation of the FLN effect is direct evidence that
the measured fluorescence arises mostly from Nd** ions re-
siding at sites relatively well dispersed in the glass matrix.
Otherwise, an inhomogeneous distribution of Nd3* ions, with
a tendency to form clusters, generally leads to fast spectral
diffusion and subsequent simultaneous excitation of Nd**
ions in different local environments, thereby preventing any
FLN effect from being observed.’ It is, however, significant
that a random distribution of Nd** ions inferred from this
FLN result is not consistent with the previous expectation of
a strong tendency of RE clustering in this glass system.®!3
To explain such an abnormal result, we propose a structural
model involving the formation of tightly bound RE clusters,
in which the rare-earth ions are so close that most excited
ions are relaxed to lower states via energy-transfer processes.
In this model, the majority of rare-earth ions, participating in
radiative transitions, is thus loosely bound to—or are far
from—these clusters, thereby manifesting the FLN effect.
This type of RE cluster should thus be differentiated from
RE clusters in which rare-earth ions show appreciable
fluorescence.’ This RE-cluster model is further supported by
a decay curve analysis and fluorescence intensity changes,
details of which will be explained in a latter section.

Neither the experimental nor a theoretical estimation of
the proportion of clustered rare-earth ions in a glass is a
trivial task. In particular, a theoretical estimation requires
some information on the microscopic structures of RE clus-
ters. In the present case, however, the observation of tightly
bound RE clusters gives us a simple route to approximate the
proportion of rare-earth ions in clusters using rate-equation
modeling. First, suppose that all Nd** ions are randomly dis-
tributed in the glass matrix. The fluorescence intensity (1)
from rare-earth ions excited to energy level (i) can be ex-
pressed as I;=hvf3A,n;. Here, hv is the photon energy, B is
the branching ratio of the transition of interest, A, is the
radiative transition rate, and n; is the population density of
ions excited to the ith energy level. Under steady-state and
weak pumping conditions, n; can be written as n;
=0, T, ing, Where ¢ is the flux of the pump photons, o, is
the absorption cross section, 7, is the measured lifetime, and
nnq is the total Nd** dopant concentration.'® The combina-
tion of these two relations, along with 7,,=1/(A,+ Wgy), re-
sults in

1
Ii=h n — . 1
i V¢0'p Ndﬁ( 1+ WET/Ar) (1)
Here, Wgr is the energy-transfer rate from the ith level. It has
been assumed here that the multiphonon relaxation from the
“F,,, level is negligible. Let us now consider the case in
which rare-earth ions partially form tightly bound clusters,
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TABLE 1. Calculated Judd-Ofelt intensity parameters (), 44)
for Nd** ions with different Ga-doping concentrations (x) of GAGS
glasses. The four excited levels used for the Judd-Ofelt analysis are
Fan. ((Ho, *Fsp), (*S30, *Fypa), and (°Gy)a, *Gsjo). Because of the
fundamental glass absorption as well as weak oscillator strengths
for some transitions, only these four absorption bands were used for
the fitting.

Qz Q4 96
X (10720 cm?) (10720 cm?) (10720 cm?)
0 11.9+0.8 8.1+0.8 6.6+0.6
0.6 11.4+0.6 8.6+04 6.4+0.3
1.2 11.5+0.3 8.8+0.3 6.0x0.1

and there is approximately no fluorescence from these clus-
ters. This condition can be simply expressed by replacing nyy
in Eq. (1) by the effective total Nd** concentration defined
by R.qnng. Here, R,y is the proportion of Nd** ions that are
loosely bound to clusters or well dispersed in the glass ma-
trix. The rate Wgr in this model is thus attributed to the
energy transfer among rare-earth ions outside clusters. Physi-
cally, this model describes glasses in which rare-earth ions in
two different groups, i.e., either in tightly bound clusters or
not, are spatially well separated, and thus as an approxima-
tion can be treated independently in the rate-equation mod-
eling.

On the basis of the model presented above, R can be
computed from the measured fluorescence-intensity ratios,
namely, I,/ IGa1 2= Ree/ (1+ Wer/A,). Here, Nd** ions are
assumed to be completely randomly distributed in the Gal.2
glass.!? Accordingly, A, is assumed to be equal to the mea-
sured lifetime for Gal.2 (viz., 80 ws). In addition, it turns
out from the Judd-Ofelt intensity parameters (Table I) that
other parameters, i.e., o, and B, are insensitive to small com-
positional modifications. Fluorescence intensities at 1080
nm, along with Wgr evaluated from 1/7,,—1/7,, are shown
in Fig. 2(b), and the calculated variation of 1—R. is de-
picted in Fig. 2(a). It is evident from this result that most
Nd** ions in the Ga0 glass form clusters—as expected—and
only about 3% of them are rather well dispersed. As the
Ga-doping concentration (x) increases, the proportion of
clustered Nd>* ions, i.e., | =R, decreases sharply, the Nd3*
ions being dissolved almost randomly in the glasses once x
exceeds 0.5 at. %.

Before we discuss the mechanism for such an effective
dissolution of Nd** clusters with small Ga doping, it is in-
structive to rationalize the approximation made above by
pursuing a deeper investigation of tightly bound RE clusters
proposed from the FLN experiment. First, we examined
the time evolution of fluorescence from the *Fs,— *I;;),
transition. Figure 2(c) shows fluorescence-decay curves
measured at 1080 nm for Ga0 and Ga0.6 glasses. The Ga0.6
sample shows a single exponential decay with the average
lifetime (7,) of 80 us defined by 7,,=[I(r)dt/1(0), which
corresponds to the radiative lifetime of the “F5, level. On
the other hand, fluorescence from the Ga0 sample shows
nonexponential decay with an average lifetime of 56 us.
A double-exponential fit was then performed for this decay
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FIG. 2. (Color online) (a) Proportion of Nd** ions in tightly
bound clusters calculated based on Eq. (1) as a function of Ga
content. (b) Parameters of Wgr and fluorescence intensity (Ig,,)
used for the calculation of 1-R.. (c) Normalized decay curves of
fluorescence measured at 1080 nm for Ga0O and Ga0.6 glasses. The
blue dotted line corresponds to the estimated decay curve for the
Ga0 glass, and the red solid line is a fit using a double-exponential
decay model. (d) Measured and computed fluorescence intensities
(see text for details).

curve with a fast decay (7=8us,25%) and a slow one (7
=80 us,75%), and the result is shown in Fig. 2(c). Interest-
ingly, the lifetime of the slowly decaying part is exactly
equal to that for Gal.2, indicating that the latter part of the
decay curve is due to Nd** ions well dispersed in the Ga0
glass. It is noted that in our model, the fast decaying part is
due to the energy transfer among rare-earth ions residing
outside clusters, whose effect is described in Wgr.

Two crucial observations are evident in the decay profile
of the Ga0 glass, namely, that (1) no decaying part, which is
fast enough to explain the fluorescence-intensity changes, is
found, and (2) the proportion of well-dispersed Nd** ions,
exceeding 70% of total Nd** ions, is too large compared to
the weak fluorescence intensity. As will be shown, these two
abnormal results can be eventually understood by our RE-
cluster model. The dotted line in Fig. 2(c) shows the ex-
pected decay curve for the Ga0 sample estimated from Eq.
(1). If all Nd** ions participate in radiative and nonradiative
processes then there should appear a fast decaying part, with
a lifetime shorter than 2 wus, in order to describe the large
fluorescence quenching. The absence of such a fast decaying
part therefore should be associated with Nd** ions which do
not contribute to the measured fluorescence-decay curve. We
also theoretically estimated fluorescence intensities from the
measured average lifetimes, using the relation Ig,./Iga;»
~ T, Gax/ Tm.Gal.2» and the results are shown in Fig. 2(d), with
the measured fluorescence intensities for comparison. It is
clear from this figure that the lifetimes tend to overestimate
the fluorescence intensities, and the difference between the
two becomes larger as the Ga concentration decreases. This
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means that the measured lifetime is not properly reflecting
the population dynamics of Nd** ions as the Ga concentra-
tion decreases. Since all fluorescence-quenching processes,
i.e., energy transfers, should be manifested in the measured
lifetime, the large fluorescence quenching (not revealed from
the measured lifetime) should again involve a group of Nd**
ions which do not participate in the fluorescence process.
The most plausible explanation for these two discrepancies
between measured decay curves and fluorescence intensities
is thus the formation of tightly bound RE clusters in Ga-
deficient glasses, as expected from the FLN experiment.
Now let us discuss the evolution of such RE clusters with
Ga doping. As shown in Fig. 2, most rare-earth ions form
tightly bound clusters without Ga doping (Ga0). Although
the actual shapes and sizes of these clusters are unknown and
such factors are not critical in the following discussion, let us
simply suppose that clusters are dispersed randomly in the
glass matrix with various sizes. Valuable information is then
extracted from Fig. 2(d). As shown in this figure, a consid-
erable difference between computed and measured fluores-
cence intensities exists up to x=0.5 at. % and also no fast
decaying part was found in any decay curves of Ga-doped
glasses (not shown). Interesting insight from this observation
as to the evolution of RE clusters might be that unless more
than a critical concentration (>~ 0.5 at. %) of Ga is incor-
porated, rare-earth ions still form tightly bound clusters with-
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out any noticeable fluorescence. The role of Ga is thus to
reduce the cluster size and/or the number of clusters and then
these clusters are completely dissolved once a certain critical
Ga concentration is reached. The rare-earth ions that are ac-
cordingly detached from such clusters then might reside in
Ga-rich regions, which can provide suitable well-dispersed
sites for rare-earth ions.!? Finally, it is noted that the struc-
tural model presented here might give an insight into other
RE-doped glasses, particularly, RE-doped silica-based
glasses, since we notice several similarities in the observed
phenomena with RE/Al codoping.?3°

In summary, we have demonstrated evidence for the for-
mation of tightly bound RE clusters in which most rare-earth
ions decay nonradiatively via energy transfer and almost
negligible fluorescence from these rare-earth ions is ob-
served. It was found that the total volume of such clusters
then decreases with Ga doping, while the distance among
rare-earth ions in clusters remains close enough to account
for the persistent absence of fluorescence from these clusters.
Once a critical Ga concentration dependent on a relevant RE
concentration is reached then rare-earth ions are likely to be
completely dissolved in glasses without forming clusters.
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