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A B S T R A C T   

Er3+-doped fluoroaluminate glasses with different concentrations were prepared by using melt-quenching 
method. Under a 638 nm laser diode pumping, efficient 3.5 μm emission was observed in the 18 mol% Er3+

doped sample, which was ascribed to the Er3+: 4F9/2 → 4I9/2 transition. The fluorescence properties such as 
radiative transition probability, energy level lifetime and branch ratio were predicted by the well-known Judd- 
Ofelt theory, while the emission and absorption cross-sections were calculated using the Füchtbauer-Ladenburg 
and McCumber theories, respectively. Both simulated and experimental results show that Er3+-doped fluo-
roaluminate material is a promising gain medium for 3.5 μm laser applications.   

1. Introduction 

In recent decades, mid-infrared (MIR) lasers have become an 
important research topic because of the multitude of applications of high 
efficiency, high brightness, good stability MIR light sources in military 
counter-measures [1], environmental sensing [2], spectroscopy [3], 
material processing [4] and biomedical applications [5]. On one hand, 
hydroxyl has a major absorption band at 2500-3600 cm− 1, meaning that 
the detection, analysis and processing of water-containing substances 
can be used in medical research, where mid-infrared light is safe for 
handling human tissue and cells. On the other hand, many hydrocarbons 
show fundamental absorption bands in the MIR range, and the spectrum 
region 3–4 μm is particularly useful for spectral analysis because it 
contains the fundamental stretching frequency of the C–H covalent bond 
in many chemical species. Laser sources in the MIR range are widely 
used to the detection of greenhouse gases, such as methane and propane, 
and other compounds common in industrial processes (e.g. formalde-
hyde [3]). In materials rich in C–H bonds, wavelength-resonant polymer 
processing, such as cutting, molding, and welding, is possible [4]. MIR 
light sources could also facilitate the analysis of trace gases in breath 

analysis for disease identification [6], or the development of optical 
countermeasure systems, due to the spectral transmittance features of 
atmosphere [7]. 

The optical material selection is a key factor for obtaining high 
performance light sources. As known to all, there are several kinds of 
glass host materials for constructing light sources including silicate, 
tellurite, fluoride, chalcogenide, and phosphate, just to name a few. The 
host material phonon energy is important for mid-infrared luminescence 
efficiency because high phonon energies would lead to large non- 
radiative transition probability and thus a decrease in the radiative ef-
ficiency. Fluoride glasses have relative low phonon energy (about 580 
cm− 1), compared with other materials such as tellurite (about 750 
cm− 1), germanate (about 900 cm− 1), borate (about 1400 cm− 1), phos-
phate (about 1200 cm− 1) and silicate glasses (about 1100 cm− 1) [8]. 
Among fluoride glasses, fluorozirconate have been widely studied: 
ZBLAN material (ZrF4–BaF2–LaF3–AlF3–NaF) is relatively stable, has a 
wide transmission window as well as low phonon energy, thus was used 
in various lasing devices. 

In the past few years, 3.5 μm fiber lasers have been widely investi-
gated, greatly expanding the laser wavelength range coverage [9–20]. 
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Since the first demonstration of a ~3.5 μm fiber laser in 1992 [9], 
research on ~3.5 μm lasing proceeded slowly until 2014, when 
Henderson-Sapir et al. increased the 3.5 μm laser output power to 260 
mW in a 1 mol% Er3+-doped ZBLAN fiber by using a 976 and 1976 nm 
dual-wavelength pumping [10]. In 2016, by using a fiber Bragg grating 
(FBG) as a feedback device, Fortin et al. obtained Watt-level laser output 
(1.52 W) at 3.44 μm in an Er3+-doped ZBLAN fiber under the pump of a 
dual-wavelength laser (974 and 1976 nm) [11]. In the same year, 
Henderson-Sapir et al. reported a tunable laser with a wavelength 
coverage of 450 nm by using a diffraction grating as tuning element, 
reaching a laser output power at 3.47 μm of 1.45 W [12]. In 2017, Maes 
et al. wrote two FBGs with reflectivities of 90% and 30% on both ends of 
a 1 mol% Er3+-doped ZBLAN fiber respectively, and built a monolithic 
integrated fiber laser cavity, increasing the power output to 5.6 W, the 
highest power in 3–5 μm laser output ever reported [13]. A few months 
later, Qin et al. demonstrated a 3.52–3.68 μm tunable laser output with a 
maximum output power of 0.85 W and a slope efficiency of 25.14% 
[14]. 

Although fluorozirconate glasses have significant advantages 
compared with other materials, their poor resistances to deliquescence 
limit their further development in real applications: water molecules in 
air greatly damage the fluorozirconate glass surface, and long-term 
stability in practical applications require fluorozirconate fibers to be 
coated on the end facet or welded to a section of a different, stable fiber. 
Fluorotellurite [21], fluorogermanate [22], fluorophosphate [23] and 
fluorogallate glasses [24] have been used for MIR luminescence. How-
ever, at present, these materials have not achieved MIR lasing due to 
their relatively high phonon energies and poor transmission spectra. 

Fluoroaluminate glass is a fluoride material with good chemical 
stability and its resistance to deliquescence has been proved [25] in our 
previous reports. Ho3+/Pr3+ co-doped fluoroaluminate glass fibers were 
used to demonstrate a 2.86 μm lasing with 173 mW in a 19 cm long 
home-made fluoroaluminate glass fiber [26], showing that fluo-
roaluminate glass has the potential to become one of the best gain ma-
terials for mid-infrared laser applications. 

In this letter, we report a broad 3.5 μm MIR fluorescence in Er3+- 
doped fluoroaluminate glasses and study its emission properties and its 
suitability for lasing. 

2. Experiments 

The Er3+-doped fluoroaluminate glasses were fabricated by using 
melt-quenching method. The glasses molar composition was 
30AlF3–15BaF2-(20-x)YF3–25PbF2–10MgF2-xErF3 (x = 0.1, 0.2, 0.5, 1, 
2, 4, 6, 8, 10, 12, 14, 16, 18, 20). After weighing, grinding and mixing, 
batches of the dry, high-purity (99.99%) raw materials were packed in 
platinum crucibles and melted in a furnace at 930 ◦C for 60 min in a 
nitrogen-atmosphere glove box. The molten liquids were then poured 
onto a 380 ◦C copper mold which was preheated, then annealed for 3 h 
and cooled down very slowly to 25 ◦C. The fluoroaluminate glass sam-
ples were polished to optical quality, the thickness is 1.85 mm ± 0.01 
mm for the following optical measurements. The absorption and trans-
mission spectra in the range of 250–2500 nm and 2500–10000 nm were 
collected by using a PerkinElmer Lambda 750 spectrophotometer and a 
PerkinElmer FT-IR Spectrometer Frontier, respectively. Fluorescence 
emission spectra were detected by a Zolix Omni-λ300i fluorescence 

Fig. 1. (a) Absorption spectrum (320–1700 nm) of the 1 mol% Er3+-doped fluoroaluminate glass sample. Inset: An enlargement of the pump band. (b) Transmittance 
spectrum (250–10000 nm) of the 1 mol% Er3+-doped fluoroaluminate glass sample. Inset: A photograph of the various fluoroaluminate glass samples with their Er3+

concentration noted in bold. 

Fig. 2. (a) 3.5 μm and (b) 2.7 μm emission spectra of Er3+-doped fluoroaluminate glasses.  
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spectrometer (Detectors: InSb detector cooled by liquid nitrogen for 
>1800 nm; InGaAs detector operating at room temperature for <1800 
nm) under the pump of a home-made 638 nm laser diode. Fluorescence 
decay curves were measured using a Techcomp FLS1000 fluorescence 
spectrometer and a Horizon II Optical Parametric Oscillator. All mea-
surement processes were performed at 25 ◦C and glass samples were 
placed in the same position through a calibration process. 

3. Results and discussion 

Fig. 1 (a) is the absorption spectrum of the 1 mol% Er3+-doped flu-
oroaluminate glass sample. The highlighted absorption peaks represent 
the transitions between the Er3+ ground state and its 12 excited states, 
including 2G9/2, 4G11/2, 2H9/2, 4F3/2, 4F5/2, 4F7/2, 2H11/2, 4S3/2, 4F9/2, 4I9/ 

2, 4I11/2 and 4I13/2. Its luminescence at 3.5 μm requires the population of 
the 4F9/2 energy level (3.5 μm: 4F9/2 → 4I9/2): the inset shows that a 638 
nm is the wavelength near the absorption peak and can be used as pump 
for the Er3+ ions which can also avoid covering the emission spectra at 
λ~670 nm. 

Fig. 1 (b) shows that the highest transmittance of the 

fluoroaluminate glass is ~92% with a wide transmission up to 9 μm, 
much better than that of germanates (~84% with cutoff wavelength at 
5.8 μm) [27] or tellurides (~80%, 6.5 μm) [28,29]. Silicate materials 
have a major drawback for operating in the MIR: their transmittances 
start decreasing at around 3 μm. For these reasons, fluoroaluminate glass 
is a good host for developing MIR light sources. The inset of Fig. 1(b) 
exhibits Er3+ doped glass samples with the same size of 9 mm × 9 mm ×
1.85 mm. 

Due to the excellent transmission window of ZBLAN in the MIR and 
its low phonon energy, Er3+ luminescence in ZBLAN has been widely 
studied with laser applications at ~3.5 and ~2.7 μm [16,30,31]. How-
ever, only rare earth ion concentrations smaller than 10 mol% could be 
achieved in ZBLAN and 8 mol% in fluoroindate glass, limiting the 
pumping efficiency and output power level. Fig. 2 (a) and (b) show the 
MIR emission spectra at 3488 nm and 2736 nm, respectively, when 
pumped by a 638 nm laser diode at 1.0 W with a beam waist of 2 mm. 
For increasing Er3+ concentrations, the luminescence intensities at 3488 
and 2736 nm increase gradually and reach a maximum at 18 mol% Er3+, 
as shown in Fig. 2. The concentration at which quenching occurs is 
shown in the figure with a thin solid line. 

Fig. 3. (a) 670 nm (4F9/2 → 4I15/2), (b) 820 nm (4I9/2 → 4I15/2), (c) 990 nm (4I11/2 → 4I15/2), (d) 1150 nm (4F9/2 → 4I13/2), (e) 1550 nm (4I13/2 → 4I15/2) and (f)1970 
nm (4F9/2 → 4I11/2) emission spectra in fluoroaluminate glasses with different Er3+ doping concentrations. 
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To further investigate Er3+ luminescence in fluoroaluminate glasses, 
the fluorescence spectra of this material at 670 nm, 820 nm, 990 nm, 
1150 nm, 1550 nm and 1970 nm have been recorded, as shown in Fig. 3. 
The concentrations at which quenching occurs are represented by thin 
solid lines. The 670 nm luminescence is observed at relatively low pump 
powers (0.2 W), and its efficiency (I670/I638) decreases for increasing 
638 nm pump powers. The emission at 820 nm is very weak at high (1 
W) pump powers, because the population of the 4I9/2 energy level 
mainly transfers to the 4I11/2 and other energy levels in the form of non- 
radiative relaxation [10,12,15,21,22]. Fig. 3 shows also other fluores-
cence peaks at (c) 990 nm, (d) 1150 nm, (e) 1550 nm and (f) 1970 nm. 
With increasing Er3+ doping concentration, the populations of Er3+ at 
the upper energy levels increase, thus the luminescence intensities are 
enhanced. The quenching concentrations are 14 mol%, 18 mol%, 18 mol 
% and 18 mol%, respectively. 

The fluorescence spectra allow to generate the luminescence mech-
anism of Er3+ in the fluoroaluminate glass, as shown in Fig. 4. Er3+

absorbs the 638 nm pump light to populate the 4F9/2 level, which then 
depopulates with a significant fraction of ions transferring to the ground 
state with emission at 670 nm and to other energy levels such as 4I13/2 
and 4I11/2, emitting light at 1150 nm and 1970 nm. As larger fractions of 
the population move down to other energy levels from the 4F9/2 level, 
part of it transfers to the 4I9/2 level, producing fluorescence at 3.5 μm. 

The population of the 4I9/2 energy level follows these processes:  

1. Transfer directly to the ground state, leading to a weak 820 nm 
luminescence.  

2. Transfer to the 4I11/2 level in the form of non-radiative relaxation, 
and then resulting into 990 nm and 2736 nm emissions. The 4I13/2 
level is then depopulated into the ground state, providing 1550 nm 
light.  

3. Energy transfer up-conversion (ETU): 4I9/2+
4I13/2 → 4I15/2+

2H11/2 
[32]. 

In addition, other ETU processes such as 4I11/2+
4I11/2 → 4I15/2+

4F7/ 

2, 4I11/2+
4I9/2 → 4I15/2+

4F3/2 make the population of lower levels reach 
higher levels, and then relax onto 4F9/2, thus enhancing the emissions at 
3.5 and 2.7 μm [33,34]. At the same time, the ETU process from the 
4I13/2 level (4I13/2+

4I13/2 → 4I15/2+
4I9/2) further enhances the 2.7 μm 

luminescence [33]. 
As shown in Fig. 5, in the 1 mol% Er3+-doped glass sample, the en-

ergy level lifetimes of 4F9/2, 4I11/2 and 4I13/2 are 0.41 ms, 6.26 ms and 
12.08 ms, respectively. The insets show the dependence of the lifetime 
on the Er3+ doping concentration: at low concentrations (less than 0.5 
mol%) the energy level lifetimes increase, as the populations of the 4F9/ 

2, 4I11/2 and 4I13/2 energy levels are small. When the concentration is 
larger than 1 or 2 mol%, they begin to decline. While the decline rate of 
the 4F9/2 level lifetime is sudden and then stabilizes, that of 4I11/2 is 
approximately linear. That is because at high Er3+ concentration, the 
spatial distance between Er3+ decreases, hence resonance transfer and 
energy transfer up-conversion between Er3+ ions increase significantly, 
leading the populations of these energy levels to decrease much faster. 
Simultaneously, these ETU processes depopulate lower levels to popu-
late higher levels, increasing the emission intensities. Recycling pop-
ulations to higher energy levels and emitting more photons by using ETU 
processes in heavily Er3+ doped materials, is considered to be an 
important technical method to improve the performance of ~3 and 3.5 
μm lasers [35,36]. 

Four samples with 1, 8, 12 and 18 mol% Er3+ were used to test the 
fluorescence lifetimes at 3.5 and 2.7 μm. Fig. 6 (a) and (c) show the 
experimental lifetimes after intensity normalization. According to the 
fitting results, the lifetimes at 3.5 μm are 103.02, 94.05, 85.94 and 76.60 
μs, while the lifetimes at 2.7 μm are 6.45, 3.96, 2.65 and 1.30 ms, 
respectively. The relationships between lifetimes and concentration are 
shown in Fig. 6 (b) and (d): as the Er3+ increases, the 3.5 and 2.7 μm 
luminescence lifetime decreases approximately linearly, reflecting the 
dependence of the fluorescence lifetime on the concentration. 

Table 1 shows the Judd-Ofelt (J-O) parameters for the fluo-
roaluminate glass doped with 1 mol% Er3+. The selected transitions for 
calculation are shown in red in Fig. 1(a). In the search of a suitable host 
for Er3+, the magnetic dipole transitions, especially the ones involving 
the 4I13/2 energy level of Er3+, are not negligible. We obtained the Ω2, Ω4 
and Ω6 considering the Er3+ magnetic dipole transitions in the J-O 
calculation, with a mean square error Δ of 1.958 × 10− 7; the spectro-
scopic quality factor (Ω4/Ω6) is as high as 0.964, pointing to a significant 
benefit to achieve the desired laser transition [37]. 

Fig. 4. Energy transfer mechanisms of Er3+ in fluoroaluminate glass.  

Fig. 5. Relationships between energy level lifetimes of (a) 4F9/2, (b) 4I11/2, (c) 4I13/2 and the Er3+ doping concentration. Insets: emission decay curves in the 1 mol% 
Er3+-doped sample. 

J. Zhang et al.                                                                                                                                                                                                                                   



Journal of Luminescence 238 (2021) 118301

5

Compared with other glass materials reported in Table 2, the fluo-
roaluminate glass doped with 1 mol% Er3+ has a relatively long fluo-
rescence lifetime at 2.7 μm with a high quantum efficiency of 75.02% (η 
= τexp/τrad = 6.452 ms/8.6 ms, much higher than that of other hosts, 
which is ascribed to the low phonon energy of the fluoroaluminate 
material. The long 2.7 μm fluorescence lifetime indicates that there is a 
larger fraction of the 4I11/2 energy level population transferring to the 
4I13/2 level by means of radiative (instead of non-radiative) relaxation, 
improving the 2.7 μm emission efficiency. 

Based on the J-O calculation results and on the 1 mol% Er3+-doped 
fluorescence spectrum at 3.5 μm, the emission cross-section of the 3.5 
μm fluorescence in the 1 mol% Er3+-doped fluoroaluminate glass was 
calculated using the Füchtbauer-Ladenburg formula: 

σemi(λ)=
λ4

pArad

8πcn2⋅
λI(λ)

∫
λI(λ)dλ

(1)  

where λp is the central wavelength of the fluorescence spectra, Arad is the 
spontaneous transition probability, c, n are the speed of light and the 
refractive index, I(λ) is the emission intensity. According to the calcu-
lated emission cross section and the McCumber theory, the absorption 
cross section could be calculated by: 

σabs(λ)=
Zup

Zlow
σemi(λ)exp

[
hc
kT

(
1
λ
−

1
λp

)]

(2)  

where Zlow and Zup represent the partition functions of the lower and 
upper energy levels, respectively, h, k and T are the Planck constant, the 
Boltzmann constant, and the temperature. Fig. 7(a) shows that σabs =

3.865 × 10− 22 cm2, σemi = 3.830 × 10− 22 cm2. The gain coefficient can 
be calculated by the equation: 

Fig. 6. (a) 3.5 and (c) 2.7 μm fluorescence lifetimes for different concentrations; smooth lines represent fit. (b) 3.5 and (d) 2.7 μm fluorescence lifetime in samples 
with different Er3+ doping concentrations. 

Table 1 
J-O calculated parameters for selected transitions.  

SLJ S’L’J’ EJJ’(cm− 1) A(ij) 
(s− 1) 

β(%) τrad(ms) 

4I13/2 
4I15/2 6500 85.162 100.0 11.7 

4I11/2 
4I13/2 3600 14.289 12.3 8.6  
4I15/2 10100 101.502 87.7  

4I9/2 
4I15/2 12250 87.404 70.0 8.0 

4F9/2 
4I9/2 2850 1.491 0.1 1.0  
4I11/2 5050 48.457 4.8   
4I13/2 8650 40.724 4.0   
4I15/2 15150 921.313 91.0  

Ω2 = 2.021 ×
10− 20 cm2 

Δ = 1.958 ×
10− 7  

Ω4 = 1.194 × 10− 20 cm2  Ω6 = 1.239 ×
10− 20 cm2  

Table 2 
2.7 μm fluorescence lifetimes in different materials.  

Material Lifetime Pump Quantum 
Efficiency 

Phonon 
energy 

Reference 

Fluoroaluminate 6.452 
ms 

980 
nm 

75.02% 615 cm− 1 This work 

Germanate- 
tellurite 

0.202 
ms 

980 
nm 

4.06% 650-800 
cm− 1 

[38] 

Tellurite 0.215 
ms 

970 
nm 

8.26% 690 cm− 1 [39] 

Oxysulfide 0.52 ms 980 
nm 

24.5% – [40] 

Fluorotellurite 1.72 ms 980 
nm 

– 612 cm− 1 [21]  
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G(P)=N[Pσemi(λ) − (1 − P)σabs(λ)] (3)  

where N is the Er3+ doping concentration, and P=(the population of the 
upper energy levels)/(the population of total energy levels). Fig. 7(b) 
shows the gain spectra, calculated from 0 to 1 in steps of 0.2: a positive 
gain can be achieved when P ≥ 0.4. 

4. Conclusion 

In summary, fluoroaluminate glasses with Er3+ doping concentra-
tions from 0.1 to 20 mol% were manufactured. Absorption and trans-
mission spectra were obtained and suitable 638 nm pump was used in 
the experiment to observe intense mid-infrared emissions at 3.5 and 2.7 
μm. Other emission bands were also obtained, generating luminescence 
in Er3+ doped fluoroaluminate glass samples. Energy level lifetime and 
luminescence lifetime test results show that they have a functional 
relationship with Er3+ doping concentration. Especially, 3.5 and 2.7 μm 
lifetimes are on the microsecond and millisecond level. The J-O pa-
rameters, emission and absorption cross-sections of the 4F9/2 → 4I9/2 
transition were calculated, and show that a positive gain can be achieved 
when P value is equal or greater than 0.4, confirming that Er3+-doped 
fluoroaluminate glass has a great potential as a gain material to realize 
3.5 μm laser sources. 

Prime novelty statement 

In this work, Er3+-doped fluoroaluminate glasses with different 
concentrations were prepared by using melt-quenching method. Excel-
lent transmission window and transmittance show the same advantages 
as fluorozirconate materials. Fluoroaluminate material with high doping 
concentration provides basis for 3.5 μm emission which was observed in 
this work. Other emissions at 670, 820, 990, 1150, 1550, 1970 nm and 
2.7 μm were observed as well. The J-O parameters, emission and ab-
sorption cross-sections and gain spectra in 1 mol% Er3+-doped fluo-
roaluminate glass were calculated. 
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