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Optimization of rare-earth (RE) doped devices for laser
applications necessitates a combination of precision mate-
rial engineering and advanced performance enhancement
strategies. This study presents a novel investigation, to our
knowledge, into cluster dynamics in Er-doped glass, utilizing
localized CO2 laser heating to simulate the high-temperature
conditions typical of glass fabrication processes. Our find-
ings demonstrate that, by a controlled heat exposure, it is
possible to influence clustering in Er-doped glass. Minimized
clustering leads to a significant improvement in material
properties and ultimately device performance. Specifically,
we achieved up to 25% increase in the radiative lifetime asso-
ciated with the 4I13/2 → 4I15/2 radiative transition by exposing
samples to elevated temperatures for several minutes. This
rapid thermal treatment minimizes dopant mobility in sin-
tered silica glass, thereby reducing cluster formation and
improving the homogeneity of the active medium. These
results provide a feasible pathway for enhancing the perfor-
mance of erbium-based optical devices, including lasers and
signal amplifiers, and underscore the potential of thermal
processing as a versatile tool in photonic material optimiza-
tion.
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Rare-earth (RE)-doped materials exhibit significant potential
across numerous optical applications such as solid-state optical
devices, lasers, nonlinear optics, and optical fibers [1]. Their
unique properties make them particularly valuable in the devel-
opment of fiber lasers and amplifiers offering several advantages
over traditional crystal or gas-based gain materials. RE-doped
fiber lasers and amplifiers are favored for their variability of
different active materials and fiber scaling to gain the desired
high-power scaling and high-quality beams [2]. Commonly, RE-
doped glasses used in fiber devices are made using modified
chemical vapor deposition (MCVD) in combination with solu-
tion doping [3–5]. This multistep procedure that includes silica
soot formation, soaking, drying, and collapsing is inherently

linked to long exposure to high temperatures. To obtain high
gain per waveguide length, it is favorable to attain high doping
concentrations of RE ions [6]. On the one hand, high dop-
ing levels can reduce the length of active waveguides, thereby
minimizing nonlinear effects such as self-phase modulation
and stimulating Raman scattering [7,8]. On the other hand,
high doping levels are challenging to obtain in silica due to
relatively low solubility for RE ions. The latter is typically
mitigated by co-doping with alumina (Al2O3) or phosphorus
oxide (P2O5) [9]. Co-doping with alumina modifies the silica
glass network by forming Al–O–Si bonds that are typically
more accommodating for RE ions. In such compositions, it was
shown that alumina doping prevents the RE ions from clus-
tering that causes a well-documented concentration quenching.
In RE ionic clusters, pump energy can be exchanged between
two RE ions, leading to parasitic upconversion (UC) and cross-
relaxation effects that have detrimental effects on the desired
emission [10–12]. Besides precise control of material com-
position through multi-element doping, processing conditions
i.e., the means of manufacturing, may significantly influence
quenching dynamics. In general, long processing times at ele-
vated temperatures increase dopant mobility, thereby enabling
well-documented, undesired effects such as phase separation,
diffusion, oxidation, and dissociation of elements [13,14]. For
instance, thermal history and fabrication process were shown
to have strong influence when doping with Tm3+, Ho3+, and
Yb3+ [15,16]. On the contrary, erbium doping (Er3+) has shown
limited response to thermal post-processing. This suggests that
the Er3+ clustering must be linked to faster interactions and
thus early stage of manufacturing, which is more challenging
to investigate when traditional, lengthy glassmaking techniques
are used [15,17]. In recent years, RE-doped gain fibers have
been made using few unconventional methods [18–21]. Pri-
marily, laser-based methods enable the reduction of small-scale
fiber fabrication time. This is due to the ability of lasers to
provide rapid, localized, and time-intermittent heating. This con-
trolled heat exposure also facilitates the investigation of early
glass-formation stages, which play a critical role in cluster for-
mation. To unveil dynamics linked to Er3+ cluster formation,
we studied laser-sintered Er3+-doped glass samples. To obtain
the samples, powder mixture matching common concentrations
of Er3+ [18,19] were laser-sintered directly on the end face of
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a multi-mode fiber (MMF). The rapid laser sintering, which
was used to obtain the samples, enables to evaluate early dop-
ing diffusion and ion interactions during glassmaking. In other
words, this way of glass prototyping allows for low-cost pro-
cess optimization without the need for lengthy try-and-error
fiber optimization. This work shows that by careful optimiza-
tion of manufacturing parameters and glass thermal history, it is
possible to enhance the properties of Er3+-doped optical fibers,
although this method can readily be applied to other RE. By
using lasers, glass melting temperatures can be obtained rapidly
with steep heating and cooling rates. For silica, a CO2 laser oper-
ating at λ= 10.6 µm is particularly suitable. At this wavelength,
the beam penetration is only several microns, while the absorp-
tion of the beam leads to the rapid increase of temperature.
Subsequently, the energy is conducted to underlying regions
through heat conduction and radiation. Laser heating is often
leveraged in glass shaping, fiber splicing, or post-processing
[22]. Rapid, laser-aided melting can be also used in glassmak-
ing, i.e., to melt and sinter powders and powder mixtures. Thus,
it offers a feasible way to obtain the desired doping profiles [23].

Figure 1 depicts heat flow simulation (COMSOL Multi-
physics) of a test sample used in this work. It is based on the heat
balance equation in the time-dependent spatial frame, which bal-
ances variations of thermal energy by convection and thermal
dependent emission of silica [24], thermal conduction, and addi-
tional heat sources (here in the form of the incident laser beam).
The model of CO2 laser-based heating was built similarly as
it was described in [25]. For silica, the temperature dependent
absorption coefficient (α(T)) for λ= 10.6 µm was approximated
by Eq. (1), based on the data available in [26]:

α(T) =
4π
λ
(1.82 · 10−2 + 10.1 · 10−5K−1(T − 273.15K)). (1)

In the simulation, the tip of the silica cylinder (diameter of
125 µm) was reaching an equilibrium temperature of approx-
imately 2260 K (sufficient for glass softening). through CO2

laser exposure (normal incidence, λ= 10.6µm, P= 4 W (spot
size= 100µm, Gaussian, as depicted in Fig. 1(a)), with compa-
rable cooling rates, as shown Fig. 1(b). The laser-based approach
provides highly controlled heat exposure to the fiber tip, enabling
the evaluation of glass samples at various stages of processing.

To investigate the dynamics of cluster formation during the
laser-based glass fabrication process, we developed a glass test
sample that incorporated an Er3+ doping level of 0.7 wt%, which
corresponds in its composition to the earlier reported fiber laser
made through laser powder deposition [19]. The samples used
in our experiments were laser-sintered glass hemispheres made
directly on the end face of a commercial multi-mode fiber
(LIEKKI Passive-105/125 DC). The use of MMF as the host
for our glass samples helps with the collection of the excited
emission. The fabrication procedure consisted of a few steps:
First, a nano-powder mixture (see Table 1) was prepared. To
obtain the mixture, the respective nano-powders, were measured
by weight, suspended in methanol, and mixed until homoge-
nous. The obtained suspension was air-dried, and then it was
deposited by dip coating onto a cleaved end face of the MMF.
Subsequently, a focused CO2 laser pulse (λ= 10.6µm, P= 4 W,
t= 0.5 s, M2 < 1.3) was launched at the powder-covered tip of
the fiber. The absorption of the laser beam melted the fiber tip,
sintered the powders, and enabled a gradual diffusion of inter
alia dopants into the glass matrix. The resultant rounded shape
of the sample was determined by its surface tension and typically
had a curvature radius of approximately 60µm.

Fig. 1. Simulation model of laser-based heating: color map (a)
illustrating heat distribution in the fiber during CO2 laser exposure
and (b) temperature profile of the silica fiber tip exposed to 0.5 s
CO2 laser pulse.

Table 1. Powder Mixture Used in Our Experiments

Er2O3 Al2O3 SiO2

Composition 0.7 wt% 5.7 wt% 93.6 wt%
Particle size ≤100 nm 13 nm 15 nm
Purity 99.9% 99.8% 99.8%

Figure 2 depicts the experimental setup used for sample
investigation. To simulate typical temperatures used in any glass-
making processes, the samples were heated to their softening
point using a focused CO2 laser beam (λ= 10.6µm, P= 4 W,
spot size of 120µm). To target the early dynamics of glass-
making, and Er3+ clustering, samples were subjected to elevated
temperatures for intervals ranging from 0.5 s to 128 min (see
Fig. 3(a)). In each interval, the samples were cooled to room
temperature, and the fluorescence lifetime (τ) was probed. Here,
the samples were excited with 976 nm diode laser (power of
3 W, output fiber with a 50 µm and a 0.22 NA) and focused
through two lenses (f1 = 30 mm; f2 = 45 mm). This process was
repeated, making each heating interval represent the total accu-
mulated heating time. During the experiments, the samples
remained stationary, while each laser (CO2 and laser diode, as
shown in Fig. 2) was launched sequentially, ensuring consistent
exposure parameters throughout. The pump power was experi-
mentally optimized for a trade-off between high-energy effects
and obtaining a well-to-be-measured signal, given possible beam
misalignments. The rectangular pump pulses are 0.4 s long with
a switch on and off time of 0.4 ms. The resulting spontaneous
emission (λs = 1550 nm) was monitored through the MMF using
a fiber-coupled fast avalanche photodiode (APD) (bandwidth of
1 GHz) and oscilloscope (bandwidth of 1 GHz).

To filter the emission signal from the pump, a low-pass filter
(Thorlabs FELH1000) was used. The decay of λs was fitted with
an exponential function to estimate τ. It is important to note that
the use of a pump beam with 0.4 ms fall time allows us to probe
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Fig. 2. Schematic of the experimental setup for sample inves-
tigation. The inset shows a typical micrograph of a laser-sintered
Er3+-doped sample.

only emissions with long (ms) lifetimes, which are typically
associated with the ion interactions with the glass network. By
carefully controlling heat exposure and dopant diffusion, we
aim to maximize τ in highly doped samples, enabling a deeper
understanding of the cluster dynamics.

In Fig. 3(a), the normalized τ values (relative to the max-
imum) for several heating intervals are presented. The trend
shows a rapid increase in τ during the first few minutes of heat
exposure, reaching its peak after 2 min of CO2 laser irradia-
tion. This behavior can be attributed to the gradual dissolution
of Er2O3 powder into the aluminosilicate glass network, with
initial low clustering. We have obtained a maximum lifetime
of τ≈ 9.0± 0.2 ms in all investigated samples, which compares
to other reported results in Er-doped fibers [15,19]. Following
the 2 min threshold, the lifetime gradually decreased following
a semi-exponential trend. This illustrates gradual cluster forma-
tion within the laser-sintered glass. It is evident that following
20 min heat exposure, the change is less rapid. This is in-line with
the earlier studies, which showed minimal ion dynamics in the
case of traditionally made fibers [15,16]. To rule out the dynamic
change of hydroxyl (OH−) groups that are known to have a major
impact on obtained lifetimes [3], Raman microscopy analysis
(WITec alpha300 R) was conducted at three stages of sample
processing: post-sintering (0.5 s), 2 min, and 64 min, as indicated
in Fig. 3(c), with corresponding markers in Fig. 3(a). The ratio
between OH− and silica Raman peaks appears to be consistent
throughout the investigated range (±0.1%) (Fig. 3(c), inset). This
suggests consistent OH− content in the samples, which remains
unaffected by laser heating. The spectral emission of the sam-
ple was evaluated in situ after cooling down with a spectrum
analyzer, confirming the amplified spontaneous emission (ASE)
characteristic for Er3+ doping (Fig. 3(b)). The thermal history
had no observable impact on its spectrum. Noteworthy, due to
low ASE strength inherently linked to our low-volume sample,
the spectrum shown in Fig. 3(b) was integrated over a long
time. To gain a deeper understanding into cluster formation, as
well as to underline the role of alumina in the laser-sintered
glass, we prepared laser-sintered samples of pure Er2O3 powder
(ER100). Thus, following the initial sintering, a phase separa-
tion between silica glass and the sintered sample was visible
(see inset in Fig. 4(a)). We observed a gradual lifetime increase
in all heat-exposure intervals. In the first minutes, the lifetime
sees a rapid surge coming from 75% of the maximal lifetime to
95% in a matter of several minutes as shown in Fig. 4(a). After

Fig. 3. (a) Normalized lifetime of laser-sintered glass samples for
different heat-exposure intervals (starting with 0.5 s), (b) normal-
ized emission spectrum of the laser-sintered sample after 0.5 s and
128 min heating, and (c) Raman shift of the laser-sintered samples.
The inset shows the maximum ratio of OH− compared to SiO2.

around 30 min the increase becomes less rapid following the fit
described in Eq. (2):

τ(x) = 15.9 (1 − e−(0.06(x−3.98))0.04
), (2)

where x is the heat exposure in minutes. This can be linked to
gradual diffusion of Er3+ into MMF’s glass network. Figure 4(b)
shows a typically obtained signal at λs for the ER100 sample
and for our laser-sintered alumino-silica samples as comparison.
During pumping, in the pulse envelope of the ER100 sample, we
observed gradually increasing signal strength, but none in the
alumino-silica sample. The origin of this is likely twofold. In the
first contribution, the expedited depopulation of UC levels, such
as 4F7/2, facilitates the population of the 4I13/2 state, contribut-
ing to the gradual increase in fluorescence intensity. The second
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Fig. 4. (a) Normalized and fitted (see Eq. (2)) lifetime of laser-
sintered samples with pure Er2O3 powder (alumino-silica powder
sample in semi-transparent); the inset shows a typical top-view of
the sample with visible phase separation (bright area) and (b) a typ-
ically obtained signal at λs (blue) as well as blackbody contribution
of a carbon-coated fiber with high absorption and no fluorescence
as comparison (black).

contribution can be linked to pump-originated heating. This was
evident as the longer excitation pulses give the system a chance
to reach an equilibrium of temperature, whereas shorter pulses
make the system prone to rapid heating and thus thermal radi-
ation influencing the obtained signal strength (marked with ∆T
in Fig. 4(b)). To quantify the blackbody contribution, we used a
carbon-coated fiber (CCF), which was designed to achieve high
absorption at λp = 980 nm without fluorescence. The CCF was
pumped under the same conditions as the ER100 sample (see
Fig. 4(b) in black), demonstrating a comparable heat rate and
emission. This highlights that thermal radiation is the dominant
factor contributing to the increase of signal strength. Further-
more, the trends depicted in Fig. 4(b) indicate high clustering in
samples without alumina, leading to processes such as parasitic
upconversion (UC). UC results in a loss of excitation energy and
non-radiative relaxation, which heats up the test sample.

In conclusion, we have shown that by controlled heat expo-
sure, it is possible to maximize radiative lifetime, thus mitigating
clustering in the laser-sintered glass. In our test samples, the
maximum lifetime was obtained following approximately 2 min
heating. Although such fabrication time may not be feasible for
full specialty fiber manufacturing, it was shown that the most
rapid performance decreases, i.e., 20% lifetime decrease can be
linked to the first 30 min of high-temperature processing. These

results highlight that rapid laser-based fabrication techniques
may play a pivotal role in fabricating highly doped, high-gain
RE-doped materials, as they enable fast and localized heating
profiles that mitigate ion mobility and parasitic energy transfers.
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