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ABSTRACT: Double-perovskite phosphors exhibit unusual thermal and
luminescent behavior and could potentially be applied as efficient and sensitive
luminescent temperature sensors. Four double perovskite hosts—Ba,MgMoQOg
(BMM), Sr,MgMoOy (SMM), Ba,ZnMoOy4 (BZM), and Sr,ZnMoOy (SZM)— 80%
are studied for the correlations between the symmetry, energetic structure,
luminescence, and thermometric performance. The quantum yield of Eu*
emission in those hosts is higher for the samples with high cubic symmetry
and ranges up to over 20% for Ba,MgMoO4 The Eu®" ions can be excited
indirectly by the host absorption bands in the UV and charge transfer band — ** .
(CTB) in the blue range. The symmetry of the host plays a crucial role in the
thermal stability of the host emission, which together with varying activation
energy of Eu’* luminescence provides a basis for thermometric sensitivity
optimization. The relative sensitivities (S,) obtained by the Eu-doped
molybdenite hosts are 3.2% at 75 °C for Sr,MgMoOy and 9.2% at —196 °C
for Ba,ZnMoOg. It is also demonstrated that the sensing performance is higher in hosts with a uniform quenching profile of host
luminescence and steep quenching of Eu** luminescence.
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B INTRODUCTION

Temperature is one of the most important physical factors that
affects dynamics and viability of natural systems and is an
important parameter in many physical and chemical processes.
The means of performing accurate temperature measurements
have an impact on scientific and human development. The
technique of semicontact luminescence thermometry offers

general formula A, A/BB'O where A and A’ sites are
occupied by alkaline metals or lanthanides, while positions B
and B’ are reserved for transition-metal ions. Recently, the
optical properties of many tungstate and molybdate double
perovskites have been investigated, such as BaZMgWO(,,S’6
Ba,ZnWO,  Ba,CuWOy,® Sr,CoWOy,’ Sr,CaWO,,'’
Sr,CaMoOg,'' Ca;Mo,W,_.Og'” or BazMgMoOé.13 Tung-

lots of advantages compared to traditional contact thermom-
eters due to noninvasive measurement, fast response, high
sensitivity, applicability in fast-evolving conditions, and strong
electromagnetic fields.' ™ Three main approaches to optical
measurements of temperature are usually used: (i) spectral
shift of emission band, (ii) variation of the emission intensity
of a single transition or two independent transitions, and (iii)
the kinetics of the emitting levels’ relaxation. The first two
routes are steady-state (time-integrated) techniques, while the
last one is a time-resolved method. The intensity of emission
depends on a couple of factors such as a material’s
inhomogeneity, optoelectronic drifts, excitation source, and
type of detector which all may lead to inaccurate or
unrepeatable measurements. Therefore, the most commonly
used temperature readout is based on the relative intensity
ratio of two different emission bands. This method minimizes
the influence of troublesome external factors, and it is therefore
called self-calibrating, dual-emitting, or ratiometric lumines-
cence thermometry.

One of the most promising groups for semicontact
temperature readout is double-perovskite materials of the
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state and molybdate (WO4/MoOQg) groups can exhibit a broad
emission band located in the visible region of the electro-
magnetic spectrum.'*~'® Usually the emission of WO,/MoQg
is quenched very quickly with temperature; however, for
samples doped with lanthanide ions, such as Eu®, efficient
energy transfer from host to dopant occurs.'” Moreover, in
these compounds, lanthanide ions can be excited through the
host’s strong absorption band or directly by using f—f orbitals.

The coexistence of host and rare-earth (RE) ions emission is
very attractive for LEDs or thermometric applications. It has
been used to obtain thermal sensitivities as high as 12.2% K
(at 300 °C) for Zn,SiO,:Mn*".'® For the physiological
temperature region (20—60 °C) the sensitivities obtained by
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using this readout mode range from 2.6% K™' for
MgTiO;:Cr**" to 10.5% K™ (at 57 °C) for TiO,:Sm*".*
The Eu**-doped materials tend to generate lower thermo-
metric sensitivities at temperature ranges unfit for physiological
thermometry, e.g., 0.5% K~' (at 147 °C) for Gd,Ti,O,,>" 2.4%
K™ (at 252 °C) for TiO,** and 2.2% K~! (at 187 °C) for
$tZn0;.”* In this paper we demonstrate the possibility to
obtain high sensitivity of Eu®/host thermometry in the
physiological temperature range. The thermal stability of RE
luminescence can be influenced by modification of the host by
host ion substitution, as demonstrated by Wang et al. in solid—
solution molybdenite—tungstate double perovskites.'”

To investigate the temperature sensing performance of
molybdate double perovskites, pure and Eu**-doped hosts of
Ba,MgMoO, (BMM), Sr,MgMoO4 (SMM), Ba,ZnMoOq
(BZM), and Sr,ZnMoO4; (SZM) were prepared by the
coprecipitation method. The main goal of this paper is to
study the coexistence and the relation between emission of
host and dopant ions. The ratio of the host-to-dopant emission
intensity can be regulated by the substitution of Ba®" ions with
Sr** ions and of Mg®* with Zn** ions. It is well-known that
sample composition affects host symmetry and energy
separation between MoO4 and the charge transfer band
(CTB) of Eu®* levels. Therefore, the relative sensitivity (S,) as
well as useful temperature range can be tuned by changing the
composition of the sample.

B METHODS

Synthesis Procedures. In this study, several undoped and
doped double perovskites with the chemical formula
A,B,_,,Eu,Li MoOg4 (where A = Ba*, Sr*'; B = Mg*', Zn*,
x = 0 and 2%) were synthesized by the coprecipitation method.
Because the Eu®" ions were replaced to Mg**/Zn*" sites,
therefore lithium ions (Li*) were used as a charge
compensator. As mentioned in a recent publication,' the
amount of Mg** was used in excess of 20% to compensate for
the sublimation of Mg** during the sintering.

The precursors including barium acetate Ba(CH,COO),
(Alfa Aesar, 99%), strontium acetate Sr(CH;COO),-0.5H,0
(Alfa Aesar, 98%), magnesium acetate Mg(CH;COO),-4H,0
(Alfa Aesar, 99.95%), zinc acetate Zn(CH,;COO),2H,0
(POCH, 99.5%), ammonium molybdate (NH,)sMo,0,,
4H,0 (Thermal Scientific Acros, >99%), europium acetate
Eu(CH;COO0); (Alfa Aesar, 99.9%), and lithium carbonate
Li,CO; (Alfa Aesar, 99%) were used without further
purification.

First, the stoichiometric amounts of precursors calculated for
0.5 g of final product were weighed and dissolved separately in
a proper amount of distilled water to produce clear solutions
under a constant stirring speed of 200 rpm. Second, the
solutions of molybdate, Ba>*/Sr**, Mg**/Zn**, and Eu** were
gently mixed to form a precipitate. The obtained precipitate
was dried at 80 °C on a hot plate overnight. Third, the
precipitate was ground in an agate mortar for 10 min. After
that, the fine powder was sintered at 600 °C for 12 h in a
furnace in air. The second sintering temperature was optimized
for each sample. It was found to be at 1150 °C for BMM, 1050
°C for BZM, 1200 °C for SMM, and 1000 °C for SZM. The
second sintering time was 6 h.

Characterization. The crystal structure was studied by
using an X'Pert ProPANalytical X-ray diffractometer (PAN-
alytical, Almelo, The Netherlands) with Cu Ka radiation (4 =
1.54056 A) for 26 ranging from 10° to 90°. Emission spectra

were recorded by a Hamamatsu R928 photomultiplier
(Hamamatsu Photonics K.K, Shizuoka, Japan) with a
Nd:YAG-pumped Ti:sapphire laser as an excitation source.
Excitation spectra were measured by using a McPherson
spectrometer with a 150 W xenon lamp. Emission kinetic
profiles were recorded by a Lecroy digital oscilloscope
(Teledyne LeCroy, New York, NY) with a Nd:YAG-pumped
Ti:sapphire laser as the excitation source. The temperature of
the sample was controlled by a Linkam THMS 600 heating/
freezing stage (The McCRONE Group, Westmont, IL).

B RESULTS AND DISCUSSION

Structural Properties. There is no standard pattern for
BMM and BZM; however, it matches well the ICSD pattern of
Ba,MgWOj (see Figure 1a), which is also confirmed by Zhang
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Figure 1. (a) XRD results of the studied hosts doped with 2% Eu®*
with relevant ICSD patterns. (b) Unit cell of BMM with the space
group Fm3m. (c) Unit cell of SMM with the space group I1. (d) Mg/
Zn—0 octahedra in the space group Fm3m. (e) Mg/Zn—0 octahedra
in the space group I1.

et al.”* In the case of SMM and SZM,* it was found that both
crystallized in a lower symmetry than BMM and BZM, namely,
I1-(2) triclinic and I4/m (87) tetragonal, respectively (see
Figure 1a). The BMM and BZM are therefore assumed to have
a perfect double-perovskite structure represented in Figure 1b,
while the SMM and SZM hosts exhibit deviations from the
perfect cubic symmetry as depicted in Figure lc. BMM and
BZM possess an ideal Mg(Zn)—O octahedra with six equal
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Figure 2. (a) Emission spectra of the double-perovskite hosts, (b) intensity of the host luminescence, (c) PLE spectra of undoped host materials,
and (d) Stokes shift of host emission and charge transfer band energy for Eu®** PLE.
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Figure 3. (a) Emission spectra of Eu**-doped double perovskites. (b) Luminescence intensity of Eu®" (bars) and the ED/MD ratio (circles) of

Eu3+

bonds of 2.1902 A, three angles of 180°, and 12 angles of 90°
(Figure 1b,d). As can be seen in Figure lc,e, in the triclinic
SMM structure the octahedral moiety is tilted due to the
distortion of Mg(Zn)—O interatomic distances and O-—
Mg(Zn)—O bond angles deviating from the ideal angles of
180° and 90° by about 0.014° and $.322°, respectively. The
above findings were also confirmed by the tolerance factor
(£)*° which was calculated as 1.03 for BMM and BZM and as
0.97 for SMM and SZM. The distances between the ions are
based on the available crystallographic data. According to
them, the shortest Mg/ Zn**—0?" distance decreases when Sr**
substitutes Ba** (from 2.19 to ~2.02 A for BMM and SMM),
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but the Mo®—0?" shortest distance increases (from 1.87 to
1.93 A, as above). The substitution of Zn** for Mg** should
have a small impact on the structure and distances because
their relative jonic radii difference is 2% compared to 11% for
Ba®* and Sr**. The substitutions of Sr** for Ba>* in BZM and
SZM are expected to have a smaller impact on the ionic
distances because the difference in unit cell volume between
BZM and SZM is much smaller (534.6 to 521 A) than in
BMM and SMM (533.4 to 491.6 A).

Luminescence. All the studied hosts exhibit similar broad
band emission in the orange-red region (500—800 nm), as
seen in Figure 2a. The emission results from the Mo—O charge

https://doi.org/10.1021/acs.jpcc.2c02924
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transfer (CT) transition, which was previously implied by
Zhang et al,”* but not observed at room temperature due to
strong thermal quenching. Such host luminescence was
observed in molybdenites by Wiegel and Blasse,”’ and the
spectral characteristic they observed for Ba,CaMoO4 and
Sr,CaMoOyg resembles our results. The BZM host displays the
most intense luminescence, and the sample containing Sr
displays a weaker luminescence compared to their Ba-
containing analogues (see Figure 2b).

The photoluminescence excitation (PLE) spectra of the
undoped hosts exhibit little to no variation among the samples
(see Figure 2c). Similarly to tungstate double perovskites, the
PLE spectra can be decomposed into two components: one
with a lower wavenumber resulting from the 0>~ — Mo®" CT
and a one with a higher wavenumber associated with the
excitation of the Ba/Sr states in the conduction band.'® The
resulting values of the Stokes shift calculated as a difference of
energy between the lower excitation band and the emission
band (see Figure 2d) are typical for MoOg groups” and
decrease in the order BMM > SMM > BZM > SZM.

The emission spectra of Eu-doped double-perovskite
molybdenites uncover a fundamental difference in the
luminescence properties of samples containing Ba®* and Sr*".
The former exhibit strong Eu®* luminescence (see Figure 3a)
characteristic for high-symmetry octahedral site O, with
dominant magnetic-dipole type D, — ’F; transition at 597
nm. The latter exhibit more common Eu** luminescence
characteristic for a lower symmetry site with a dominant
electric dipole type D, — F, transition at 618 nm. These
results can be used to calculate the ED/MD ratio (see Figure
3b) and correlate with the calculated tolerance factors in the
previous section.

The PLE spectra of Eu**-doped double-perovskite molyb-
denites are almost identical with ones measured for undoped
hosts, with an additional low-wavenumber component
resulting from the O*” — Eu’" charge transfer transition
located in the 400—450 nm region (see Figure S1). The direct
comparison to undoped samples helps to separate it from the
higher energy O*~ — Mo®" CT. The O*~ — Eu®*" CT energy is
the highest for BZM and the lowest for SZM (see Figure 2d),
which results from decreasing Eu—O distance™® indicated by
the structural results, given that the Eu®* ions are located at
Mg/ Zn>* site. No lines originating the Eu®* 4f—4f transitions
were observed on the PLE spectra.

The quantum yield of the Eu®* luminescence is substantially
higher for highly symmetrical samples BMM and BZM (see
Table 1). This is a result of an efficient energy transfer from

Table 1. Quantum Yield of Eu®* Luminescence

sample QY Eu** (£5%) (Aexe = 370 nm)
BMM 20.6
SMM 1.2
BZM 5.6
SZM 2.3

the MoOjg groups (see Figure S2) in highly symmetrical double
perovskites as previously reasoned for similar tungstate hosts.'®

Energetic Structure. The energy values of excitation and
emission of undoped hosts and Eu**-doped samples allow to
construct a simple diagram of the material’s energetic structure
(see Figure 4.) The Ba/Sr states are located in the CB and
constituted by the Sd electron states of Ba/Sr*" host ions as
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Figure 4. Energy diagram of the studied materials: black, purple, and
blue solid arrows signify excitation transitions; orange and red solid
arrows signify emission of Eu** and MoOy groups, respectively; wavy
arrows signify nonradiative transitions; and the dashed arrow
illustrates the Stokes shift of MoOg luminescence.

opposed to the 4d electron states of Mo®".”” The position of
the former is determined by the upper component of the host
excitation 2pectrum, analogically to the double-perovskite
tungstates.'® Several simplifications need to be done as long
as they are irrelevant to the quantitative outcome; for example,
the “F, level of Eu®" is assumed to be located at 0 for all
matrices, just to illustrate the thermal relaxation and the
radiative transitions in Eu*". The MoOy group levels, the Eu**
ground state (Eu’* CTB), and the Ba/Sr levels of the
conduction band are depicted with actual values relative to the
valence band but disregarding the Stokes shift (illustrated by
energy band of MoOg group shifted downward).

When Ba" ions in BMM are substituted with Sr**, all the
energy levels shift upward, as typical for type I material
according to Dorenbos (where going from Ba via Sr to Ca the
conduction band tends to shift toward higher energies) % and
the separation between the Eu’* CTB and the MoOg group
level grows. Substitution of the Zn*" for Mg®" in BMM yields
virtually no consequence on the energy levels; however, the
substitution of Sr** for Ba?* in BZM shifts the Ba/Sr energy
levels downward as well as increases the Eu** CTB—MoO,
group levels separation. No upward shift was observed,
probably due to aforementioned small difference in the unit
cell volume—a much less significant contraction of the
structure as a result of Sr** substitution.

The bandgap energy can also be calculated from the
chemical compositions and atomic densities of the hosts
materials.”’ The obtained values are higher than those
observed in the excitation spectra (see Table 2).

Temperature Sensing. In all samples the host emission
gets quenched at lower temperature than the Eu®*" emission
(see Figure Sa—d). This property is the key for utilizing the
FIR method for temperature sensing. The stable emission of

Table 2. Calculated Bandgap Values of Studied Hosts""

sample bandgap (eV)
BMM 4.1
SMM 49
BZM 4.7
SZM 4.5

https://doi.org/10.1021/acs.jpcc.2c02924
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Figure 5. Thermal dependence of host and Eu** emission intensity in BMM (a), SMM (b), BZM (c), and SZM (d).

one emission center accompanied by the temperature sensitive
emission of another center constitutes high thermal sensitivity
of the luminescent material.

The shape of the thermal quenching curve indicates the
number of quenching components and respective activation
energies (fitted with luminescence thermal quenching
equation;*’ see Figure S3). In the case of BMM and BZM
host luminescence, the quenching curves are single compo-
nents, and the activation energies are fitted to be equal to 219
and 365 cm™’, respectively (see Figure 6a). Such a small value
may arise from the substantial Stokes shift, as indicated on the
exaggerated single coordinate diagram (Figure S4), and the
larger activation energy of the Zn-based host compared to the
Mg-based one might result from the slightly smaller Stokes
shift (see Figure 2d). The thermal quenching curves of the
SMM and SZM host luminescence exhibit two components
and corresponding two separate activation energies (AE; host
and AE, host) as a result of nonequivalent positions of Mo®*
the lower symmetry structure, as indicated by the structural
studies. Similar to BMM and BZM, these values are higher for
Zn-containing hosts, also due to a lower Stokes shift.

The Eu®" luminescence has two thermal quenching
components for all samples (see Figure 6a). The smaller
activation energies (AE, Eu’") are the same for all samples
within the measurement error range. The larger activation
energies (AE, Eu’) can be correlated to the separation
between the CTB and the MoOg group energy level (see
Figure 4), which indicates the thermalization of Eu** back into
the MoOg groups.

The FIR was calculated as a ratio of Eu®*" to host
luminescence (eq 1).

Ig (T
FIR(T) = 22—~ ()
Ihost(T) (1)
The relative sensitivity S, was derived from eq 2.
FIR(T
Sr(T) = #di()
FIR(T) dT 2)

The resulting sensitivity (S,) for all samples (see Figure 6b)
allows to identify the deciding properties of highly sensitive
luminescent thermometer-based Eu**-to-host luminescence
ratio. The highest S, at low temperatures was observed for
BMM and BZM (6.2% and 9.2% K" at —196 °C, respectively)
due to the uniform thermal quenching profile of the host
luminescence with low activation energy. SMM and SZM, due
to two components of quenching, have a less steep quenching
profile which amounted to 1.3 and 1.8% K™! at —196 °C,
respectively. At temperatures close to room temperature the
deciding factor, beside the mere presence of both host and
Eu** emission, was the steepness and uniformity of the Eu®**
quenching profile. BMM and BZM have the lowest difference
of their Eu®* activation energies and exhibit the steepest
quenching curve; however, their host emission is totally
quenched at this temperature. SMM exhibits a relatively steep
Eu®" quenching profile, which amounts to S, equal to 3.2% K™!
at 75 °C. SZM with the largest activation energy difference has
S, equal 1.3% K' at the same temperature.

The thermal resolution 5T (see Figure 6¢) was determined
from eq 3

https://doi.org/10.1021/acs.jpcc.2c02924
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Figure 6. (a) Activation energies of thermal quenching, (b) relative thermometric sensitivities, and (c) thermal resolutions.

1 6FIR

S, FIR 3)
where OFIR is calculated based on the measurement
uncertainties of the host and Eu emission intensity. The
minimum of thermal resolution for all samples is for the lowest
temperature. The thermal resolution goes below 0.01 K only
for BZM and SZM for temperatures below —175 and —150 °C,
respectively. BMM and SMM have a poor thermal resolution
of 0.01—1 K in the usable range. In the higher temperature—
close to the room temperature—range SZM, despite having
lower sensitivity, has thermal resolution below 0.1 K compared
to 0.2—0.4 K for SMM. This superiority of Zn-based materials
in terms of thermal resolution indicates that the intensity of the
host luminescence (see Figure 2b) is the determining factor, as
opposed to Eu** luminescence (see Figure 3b).

Decay Times. The host luminescence exhibits a multi-
exponential decay curve after an impulse excitation at 370 nm
(see Figure 7a). To compare the decay curves quantitatively,
the mean decay time was calculated as eq 4 (see Figure 7b):

~ JEOK
host — /I(t) dt (4)

The mean decay times follow a reverse trend to thermal
quenching activation energy of the host luminescence. The
decay times of the Ba-based hosts are longer than those of Sr-
based hosts, which indicates the impact of symmetry on the
lifetime of the MoQOg group excited level. Also, the decay times
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of Zn-based hosts are slightly longer than those of the
corresponding Mg-based analogues. This may result from the
higher activation energies for nonradiative depopulation of
excited states (see Figure 6a).

The decay curves of Eu’* luminescence have two to three
distinct components: one/two in the 100 ps—S ms range,
typical for Eu®" luminescence lifetime (one for BMM and
BZM; two for SMM and SZM), and much longer decay
component in tens of milliseconds indicative of the processes
involving defects and persistent luminescence (see Figure 7c).
The shortest decay components observed for SMM and SZM,
in hundreds of microseconds, are denoted as 7; (see Figure
7d), the millisecond components are denoted as 7, (see Figure
7e), and the longest components are denoted as 7; (Figure 7f).

The 7, (see Figure 7e) follows a similar trend as host
emission decay, which is consistent with higher symmetry of
the Ba-based hosts. The decay time for SZM, however, is
longer than that of BMM, which indicates that Zn-based hosts
provide a more stable excited state of Eu’*, which seem to
contradict the fact that Zn-based hosts exhibit lower activation
energies of Eu’*.

The additional 7, components of Eu** luminescence decay
in SMM and SZM result from lower symmetry and two
inequivalent crystallographic sites for Mg/Zn, in which the
Eu® ions enter. The short component is longer for SZM,
similarly to 7,.

The 7, and 7, of decay curves measured at room
temperature are longer than at low temperature, and the
longest component is not recorded at all. This confirms the

https://doi.org/10.1021/acs.jpcc.2c02924
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origin of the persistent luminescence from defect states, which
at room temperature efficiently feed the excited states of
Eu*??

The long decay component of Eu’* luminescence (see
Figure 7f) is the longest for SMM with decay time equal 24 ms
and the shortest for BMM with 10 ms. This luminescence is
most likely to originate from the trapping states (defect states
or other energy levels) within the bandgap, and the decay time
is directly linked to their separation from the CB states. That
hypothesis is supported by the fact that the BMM and SMM
have respectively the lowest and the highest bandgap energy
(see Table 2). The presence of defects in studied hosts results
from the fact that trivalent Eu dopant enters a divalent Mg/Zn
site, causing a charge imbalance, which is generally
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compensated by monovalent Li dopant but nonetheless can
introduce local structural impurities.

B CONCLUSIONS

Four double-perovskite hosts doped with Eu®* ions exhibit
luminescence originating from both MoOg group charge
transfer transition (orange red) and standard Eu®* lumines-
cence. The substitution of Ba ions with Sr and Mg ions with
Zn has an impact on the symmetry of the host—in accordance
with the tolerance factor determined from the ionic radii—and,
in consequence, affects the luminescent properties.

The host luminescence at 77 K is the most intense for the
BZM sample, and the Eu’* luminescence has the highest
quantum yield for samples with cubic symmetry: BMM and
BZM — 20.6% and 5.6%, respectively. The Eu®" luminescence
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has long-living components—up to 24 ms for SMM—due to
the structural defect states.

The highest relative sensitivity of FIR luminescence
thermometry is achieved for BZM (9.2% K™ at —196 °C)
and SMM (3.2% K" at 75 °C). From the comparison between
hosts and the analysis of thermal quenching components, the
factors responsible for high thermometric sensitivity are
identified as the uniform quenching profile of host
luminescence and steep quenching of Eu** luminescence.

This work will allow for further systematic studies on other
double-perovskite hosts for the rare earth luminescent dopants
in the context of luminescent thermometry and other
applications. BMM and BZM hosts are promising hosts for
high QY emitters.
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