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SPECTRAL AND LuMINESCENT PROPERTIES  
OF DOPED FLuOROALuMINATE GLASSES PROMISING  

FOR OPTICAL TEMPERATuRE SENSORS
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Spectral and luminescent properties of Er3+-doped fluoroaluminate glasses have been 
studied and presented in the paper. The subject of inquiry was 98MgCaSrBaYAl2F14-
2Ва(РО3)2 glass,  the ErF3 concentrations were of 0.1 – 1.0 mol. %. The optical 
absorption spectra were analyzed in the range from 190 to 1700 nm, and the nature 
of absorption bands was explained on a basis of the Er3+ ion energy diagram. The up-
conversion spectra were measured at 77 and 300 K in the 500 – 700 nm range upon  
975 nm laser excitation. The temperature dependences of FIR were calculated using 
the experimental data in a range of (77 – 300) K.  Among the samples under inves-
tigation the 0.1% ErF3 one possessed the greatest response to temperature changes 
in the range of (77 – 300) K. The studied material was proved to be a candidate for 
realizing the optical temperature sensors. 
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Introduction

To date, numerous applied and fundamen-
tal have been aimed at synthesizing new glassy 
materials for the near and mid infrared (IR) 
ranges, since the currently available materi-
als are limited. Vibrational-rotational absorp-
tion bands of most molecules and chemical 
compounds are located within these spectral 
ranges, making them detectable by IR spec-
troscopy [1].

The materials of the mid IR range include 
non-oxide glasses, in particular, fluoride and 
chalcogenide. The latter are characterized not 
only by a wider bandwidth of electromagnetic 
radiation in the IR region than quartz glasses, 
but also by lower optical losses (this was proved 
by theoretical studies) [2]. Optical fiber ampli-
fiers and fiber lasers based on non-oxide glass 
doped with rare earth elements have a signifi-
cant practical significance for telecommunica-
tion lines [3]. It is non-oxide glasses that have 
an important distinctive characteristic: their 
high-frequency boundary of the vibrational 
spectrum is substantially lower than that of ox-
ide glasses; as a consequence, the probability of 
intracenter nonradiative processes decreases [4] 
and the quantum yield of the luminescence of 

the dopants introduced into the glass matrix in-
creases. In addition, laser electron transitions, 
which are quenched by thermal lattice vibra-
tions of the glassy matrix in oxide glasses, can 
be achieved in non-oxide fluoride and chalco-
genide glasses.

Non-oxide glasses doped with trivalent ions 
of rare earth elements are studied for potential 
applications in near and mid-IR lasers [4], fi-
ber lasers [5], fiber amplifiers [6] and optical 
sensors [7, 8]. In particular, glasses doped with 
erbium ions (Er3+) were used to create opti-
cal fiber amplifiers for fiber optic communica-
tion lines and optical temperature sensors [9], 
operating on the principle of upconversion lu-
minescence using the FIR (Fluorescence In-
tensity Ratio) technique; these devices are an 
alternative to quartz-based ones.

The main advantages of optical tempera-
ture detectors over classical contact methods of 
measurement is that they have a high tempera-
ture sensitivity and low inertia, small sizes, elec-
tromagnetic passivity and high noise immunity, 
and they can be used in extreme environmental 
conditions [10]. To date, the choice of a glassy 
matrix for optical temperature sensors remains 
an open problem, but it was established in [11] 
that the glassy matrix plays a key role in the 
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sensitivity of optical temperature sensors: the 
best results have been obtained for glassy sys-
tems with lower values of the high-frequency 
boundary of the vibrational spectrum.

Thus, from the standpoint of their lumi-
nescent properties (in particular, taking into 
account the phenomenon of upconversion lu-
minescence), chalcogenide and fluoride glasses 
can be considered to be the most promising for 
creating optical temperature sensors.

The disadvantages of chalcogenide glasses 
include low chemical and thermal stability, 
toxicity, incompatibility with quartz glasses in 
terms of the refractive index (n > 2.2) and the 
thermal parameters, complicated synthesis and 
low solubility of active impurities such as tran-
sition and rare earth elements.

Fluoride glasses allow introducing high 
concentrations of rare-earth dopants, have a 
refractive index close to quartz fiber (n ≈ 1.5), 
high thermal stability and a wide transparency 
range (from 0.25 to 8.00 μm), which makes 
them the best glassy materials for applications 
in active optical media for the mid-IR range.

The spectral and luminescent proper-
ties of fluoroaluminate 98MgCaSrBaYAl2F14-
2Ва(РО3)2 glasses doped with erbium ions 
(Er3+) have been investigated in this study; the 
upconversion luminescence spectra obtained at 
temperatures of 77 and 300 K have been re-
corded and interpreted.

The intensity ratios of the fluorescence 
bands generated by energy transitions from the 
thermally coupled levels to the ground state 
were calculated on the basis of the experimental 
data for the temperature range of 77 – 300 K.  
According to the data available in the literature, 
the glasses of this composition with this dop-
ant were not previously studied as sensitive ele-
ments for upconversion temperature sensors.

The composition of the glass was chosen 
taking into account the results obtained earlier 
in [12, 13]. In particular, glasses with the se-
lected composition exhibit reduced crystalliza-
tion ability, high homogeneity and minimum 
content of OH groups, as well as a wide pass-
band up to 6.4 μm.

Experimental procedure

The glasses were synthesized in an SU-2000  
crucible of for 1 h at temperatures of  

850 – 950 ° C, without stirring the glass melt, in 
an argon atmosphere. The glass was melted in 
an inert argon atmosphere to prevent impurities, 
particularly, water, iron and hydroxyl groups, 
from entering the melt from the surrounding 
air. Erbium fluoride was introduced in excess of 
100 mol%. The glass samples obtained this way 
were cut into 1-mm-thick plane-parallel plates, 
ground and polished. Compositions and names 
of the glass samples are given in the Table.

The optical absorption spectra were re-
corded with a Lambda 900 spectrophotometer 
(Perkin-Elmer LLC, USA) at room tempera-
ture (300 K).

The pumping radiation source was a 
Ti:sapphire laser with a working wavelength  
λ = 975 nm (the  Spectra Physics Model 3900) 
operating in continuous mode. Luminescence 
spectra in the 450 – 900 nm range were re-
corded with a highly sensitive AvaSpec-2048 
USB2 fiber-optic spectrometer, an Acton-300 
monochromator and an ID-441 receiver (Ac-
ton Research Corporation). A GS21525 vari-
able temperature cell holder with optical win-
dows (Specac), paired with a diffusion pump, 
was used for low-temperature measurements.

Results and discussion

Fig. 1 shows the optical absorption spectra 
of fluoroaluminate glass samples in the 190 – 
1700 nm range. The bands observed in this range 
correspond to the 4f 11 → 4f 11 intraconfiguration 
transitions from the 4I15/2 ground state to the 
excited states of Er3+, with the position of the 
maxima of these bands corresponding to the 
well-known Dicke diagram [14].

Tab l e

Dopant contents in fluoride  
98MgCaSrBaYAl2F14-2Ва(РО3)2  

glasses and sample notations

Er3+ content, mol % Sample notation

0.1 0.1 % ErF3

0.5 0.5 % ErF3

1.0 1.0 % ErF3

No t e . The dopant was introduced into the glassy 
matrix through erbium fluoride ErF3 in excess of 
100 mol%.
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The most intense and wide absorption 
bands have maxima at about 378, 487, 521, 
651, 976 and 1532 nm and correspond to 
transitions from the 4I15/2 ground state to the 
4G11/2, 

4F7/2, 
2H11/2, 

4F9/2, 
4I11/2 and 

4I13/2 levels, 
respectively. The positions of the absorption 
band maxima do not change with increasing 
dopant concentration and leads only to a 
relative increase in the absorption intensity, 
which may indirectly indicate a homogeneous 
distribution of the dopant.

To verify the agreement between the actual 
concentrations of the absorption centers (Er3+ 
ions) and the calculated values and to confirm 
the absence of dopant segregation in the glass 
[15], we have checked whether the Beer–
Lambert–Bouguer law [16] was fulfilled for 
bands with the highest absorption coefficient 
values: 378, 521 , 976 and 1532 nm (the positions 
of the maxima are indicated). The dependence 
of the absorption coefficients on the dopant 
concentration is shown in Fig. 2. The linear 

dependence obtained confirms that this law is 
fulfilled and that the actual concentrations of 

Fig. 1. Optical absorption spectra of fluoroaluminate glass samples of (0.1 – 1.0) % ErF3  
in the 190 – 1700 nm range.

The asterisks mark the hypersensitive transitions 4I15/2 → 2H11/2 and 4I15/2 → 4G11/2

Fig. 2. Concentration dependences of the optical 
absorption coefficient for electron transitions  
at wavelengths of 378 nm (1), 521 nm (2),  

976 nm (3) and 1532 nm (4) in fluoroaluminate 
glass samples activated by Er3+ ions
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dopant ions agree with the calculated values.
The narrow and well-resolved absorption 

bands associated with the hypersensitive 
electron transitions 4I15/2 → 2H11/2  and 4I15/2 → 
4G11/2 also indicate that the dopant distribution 
in the samples is homogeneous. Thus, analysis 
of the obtained optical absorption spectra 
showed that segregation effects are not observed 

in the samples and there is no inhomogeneous 
broadening of the absorption bands. This 
indicates that an increase in the concentration 
of Er3+ ions does not lead to a disturbance of 
the glass structure and does not generate diverse 
local environments that Er3+ ions can occupy 
[17].

Fig. 3 shows the upconversion luminescence 

Fig. 3. Upconversion luminescence spectra of doped fluoroaluminate glass samples  
at 300 K (a) and 77 K (b); the luminescence intensities are normalized to the maximum 
intensity of each spectrum; the energy level diagram of the Er3+ ion and the excitation 

energy transfer mechanism (c) are given

а) c)

b)

a.
u.
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spectra of doped fluoroaluminate glass 
samples in the 450 – 900 nm range obtained 
by excitation with coherent radiation from a 
Ti:sapphire laser at a wavelength λ = 975 nm 
operating in continuous mode at temperatures 
of 300 and 77 K.

Let us consider the luminescence spectra 
obtained at 300 K (Fig. 3, a). The spectra 
include three groups of bands: with emission 
maxima around 522 and 550 nm in the green 
region, around 660 nm in the red region and 
around 850 nm in the near IR region.

The first group of bands is due to electron 
transitions from the 2H11/2 (522 nm) and 4S3/2 
(550 nm) levels to the 4I15/2 ground state. These 
levels are populated from the upper 2F7/2 level by 
a mechanism of excitation energy transfer [13]. 
The energy level diagram of the Er3+ ion and 
the excitation energy transfer mechanism under 
pumping by laser radiation at a wavelength  
λ = 975 nm are shown in Fig. 3, c.

Let us consider the mechanism of excitation 
energy transfer in more detail. The mechanism 
includes ground state absorption (GSA), excited 
state absorption (ESA), and the exchange 
interaction. In view of these phenomena, the 
population of the 4F7/2 level can occur by the 
following scheme:

ground state absorption by the reaction
4I15/2(Er3+) + hν → 4I11/2(Er3+);

excited state absorption by the reaction
4I11/2(Er3+) + hν → 4F7/2(Er3+);

exchange interaction by reaction

4I11/2(Er3+) + 4I11/2(Er3+) → 4I15/2(Er3+) +  

+ 4F7/2(Er3+).

Next, non-radiative relaxation occurs from 
the 4F7/2 level to the levels 4H11/2 and 4S3/2, and 
then a radiative transition to the ground state 
occurs by the scheme

2H11/2/
4S3/2 → 4I15/2;

while the luminescence peaks are positioned 
at wavelengths of about 522 and 550 nm, 
respectively.

The red luminescence band (660 nm) is 
associated with an electron transition

4F9/2 → 4I15/2 .

The population of the 4F9/2 level occurs 
with the participation of the energy levels 4F7/2, 
4H11/2 and 4S3/2 above it through a non-radiative 
relaxation process. Due to the multistage 
nature of the population mechanism, the 4F9/2 
level is far less populated than the levels 4H11/2 
and 4S3/2,, which leads to a significantly lower 
relative intensity of the luminescence band with 
a maximum at about 660 nm.

The third luminescence band in the 850 nm  
region is due to the 4S3/2 → 4I13/2 electron 
transition. The presence of this band is important 
because in this case the transition is not from 
the excited state to the ground state but from 
the excited state to the non-ground state below 
it. The probability of this process is rather low, 
and the value of the high-frequency boundary 
of the vibrational spectrum of the glassy 
matrix is a factor considerably affecting the  
4S3/2 → 4I13/2 transition. Notably, this band is 
found mainly in non-oxide glasses, in particular, 
in fluoride glasses [18].

Let us analyze the upconversion lumi-
nescence spectra obtained at a temperature  
of 77 K (Fig. 3, b). The same as at room tem-
perature, three groups of bands can be observed 
on the spectra. The spectral positions of the 
luminescence band maxima are completely 
identical at 300 and 77 K. However, a signifi-
cant decrease is observed in the intensity of the 
luminescence peak around 522 nm for all con-
centrations of the dopant. This phenomenon 
confirms the thermal nature of the population 
of the 2H11/2 energy level. At room temperature, 
the 2H11/2 level is thermally populated from the 
4S3/2level, but as the temperature decreases to 
77 K, the energy of thermal quanta and con-
sequently the probability that the 2H11/2 level is 
populated decrease as well. This can explain 
the significant decrease in the relative intensity 
of the luminescence band around 522 nm at  
T = 77 K.

Going back to the luminescence spectra at 
300 K (see Fig. 3, a), we can see that the spec-
trum of the 1.0 % ErF3 sample has the lowest 
value of the relative intensity of the lumines-
cence peak caused by the 2H11/2 → 4I15/2 transi-
tion (522 nm) and the highest value for the 
4F9/2 → 4I15/2 transition (660 nm). Notice that 
the maximum relative intensity of the 660-nm 
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band was observed in the spectrum of this sam-
ple both at room temperature and at 77 K.

A consistent explanation for these facts is as 
follows. An increase in the dopant concentra-
tion leads to a decrease in the average distance 
between optically active ions and an increased 
probability of their exchange interaction, which 
affects the increase in the population of the 
4F9/2 level and a decrease in the relative popula-
tion of the 2H11/2level. The invariable relative 
intensity of the 4S3/2 → 4I13/2 transition (850 nm) 
indicates that the change in the Er3+ ion con-
centration does not lead to a change in the 4S3/2 

level population mechanism.
Let us consider the characteristics of the 

energy levels 2H11/2 and 4S3/2 in more detail. Ac-
cording to the data obtained from the optical 
absorption spectra, the energy gap ∆Е between 
these levels is about 770 cm-1. Due to such a 
low value (much less than 2000 cm-1) for glasses 
doped with Er3+ ions, the relative population of 
the 4H11/2 and 4S3/2 levels depends on tempera-
ture [19]. Besides, since ∆Е exceeds the energy 
of thermal quanta (about 210 cm-1) at room 
temperature, the luminescence bands from two 
energy levels do not overlap. As a result, the 
upper 2H11/2 level has a smaller population of 
optically active ions than the 4S3/2 level; thus, 
the 2H11/2 and 4S3/2 levels turn out to be ther-
mally coupled, and their relative populations 
obey the Boltzmann distribution [19].

This phenomenon is used to develop opti-
cal temperature sensors based on the FIR (Flu-
orescence Intensity Ratio) technique [20] re-
quiring for the temperature dependence of the 
intensity ratio of the thermally coupled levels 
to be proportional to the relative population of 
the 2H11/2 and 4S3/2 levels [21]:

B
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where IH, IS are the intensities of the luminescence 
peaks associated with the 2H11/2 → 4I15/2 and  
4S3/2 → 4I15/2 transitions, respectively; the 
parameters σH, σS, ωH, ωS  are the emission cross-
sections and frequencies of the luminescent 
transitions 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2; gH , gS 
are the degeneracy factors of the 2H11/2 and 4S3/2 

levels; kB is the Boltzmann constant, and T is 
the temperature.

To obtain the temperature dependences for 
FIR of the samples under consideration, we 
have measured the upconversion luminescence 
in the temperature range of 77 – 300 K. The 
experimental data obtained are shown in Fig. 
4. We should note that the temperature depen-
dence of the ratio of fluorescence peaks (FIR) 
is in agreement with the theoretical one and 
has an exponential character. It can be also 
seen that FIR increases with increasing tem-
perature for all the samples, indicating an in-
crease in sensitivity. The sample with the low-
est Er3+ content, 0.1 % ErF3, has exhibited the 
highest FIR values in the investigated tempera-
ture range, possibly due to a lower probability 
of exchange interactions of optically active ions 
and radiation reabsorption, which modify the 
mechanism of population of the 2H11/2 and 4S3/2  
levels [11].

The obtained results indicate that the sam-
ple with the lowest content of Er3+ ions was 
the most sensitive to temperature changes of 
all samples with the concentrations of the ErF3 

dopant ranging from 0.1 to 1.0 mol%.

Conclusion

We have studied the spectral and lumines-

Fig. 4. Experimental FIR (IH / IS) results (symbols) 
for fluoroaluminate glass samples with different 

concentrations of the dopant Er3+. The solid lines 
correspond to the exponential approximation  

by formula (1)

(1)
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cent properties of fluoroaluminate glasses of the 
composition 98MgCaSrBaYAl2F14-2Ва(РО3)2, 
doped with the Er3+ ions with variable dop-
ant content. Analysis of the optical absorp-
tion spectra of the glasses revealed no effects 
of dopant segregation and no inhomogeneous 
broadening of the spectral bands in the samples 
under consideration. The Beer–Lambert–Bou-
guer law was found to be fulfilled for the most 
intense absorption bands.

We have obtained the upconversion lumi-
nescence spectra at temperatures of 77 and  
300 K, and proposed a mechanism for the 
transfer of excitation energy, explaining the 
nature of the observed luminescence bands 
in the visible and near-infrared regions of the 
spectrum, based on analysis of the energy level 
diagram of the Er3+ ion. The key factor govern-
ing the emergence of these bands is the popula-
tion of the 4F7/2 energy level, which may occur 
in two ways: through exchange interaction and 
through absorption of electromagnetic radia-
tion energy from the excited state.

We have established the influence of the 
concentration of dopant ions on the relative 
intensity of the band with a maximum of about 
660 nm corresponding to the 4F9/2 → 4I15/2 elec-
tronic transition. The relative intensity growth 
in this band with an increase in the dopant 
concentration can be attributed to increasing 
probability of exchange interaction between 
optically active ions due to a decrease in the 
average distance between Er3+ ions.

The intensity ratio of the upconversion lu-
minescence bands with maxima around 522 nm  
and 550 nm in the temperature range of  
77–300 K were analyzed using the FIR tech-
nique. These bands correspond to transitions 
from the thermally coupled energy levels 2H11/2 

and 4S3/2 to the ground state 4I15/2. The obtained 

temperature dependences of the ratio of the 
fluorescence intensity peaks indicate the ex-
ponential character of the relative population 
of the 2H11/2 and 4S3/2 levels. We have addition-
ally found that the FIR value increased and 
reached its maximum value at 300 K with in-
creasing temperature for all the samples exam-
ined. We have also established that the FIR 
response decreases with an increase in the Er3+ 
ion concentration at the same temperature, 
which may be associated with an increasing 
probability of exchange interactions between 
optically active ions and with radiation reab-
sorption; these factors lead to a modification 
of the process of population of the 2H11/2 and 
4S3/2  levels.

The results of this study indicate that it is 
possible to use activated fluoroaluminate glass-
es of the composition we have investigated as 
a material for creating a sensitive element in 
optical temperature sensors based on the FIR 
technique.

Of all the samples examined, the one with 
the minimal Er3+ ion content (0.1%) was the 
most sensitive to temperature changes in the 
temperature range of 77–300 K.

Potential use of fluoroaluminate glasses of 
the investigated composition in the region of 
high temperatures (up to 600 K) and the reac-
tion of the samples to such temperature chang-
es require further study.
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