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Non-stoichiometry in Ca,Al,Si10,; enabling mixed-
valent europium toward ratiometric temperature

sensing

Tao Hu', Yan Gao’, Maxim Molokeev™"’, Zhiguo Xia" and Qinyuan Zhangl*

ABSTRACT Eu’'/Eu’" mixed-valence couple co-doped ma-
terial holds great potential for ratiometric temperature sen-
sing owing to its different electronic configurations and
electron-lattice interaction. Here, the correlation of non-
stoichiometry in chemical composition, phase structures and
luminescence propertis of Ca,Al,Si,_,O,:Eu is discussed, and
controlled Eu**/Eu’" valence and tunable emission appear with
decreasing Si content. It is found that the 2Ca™ + Si*" ¢« Eu™
+ Eu’* + AI’™* cosubstitution accounts for the structural sta-
bility and charge balance mechanism. Benefiting from the
diverse thermal dependent emission behaviors of Eu”" and
Eu*', Ca,AlSi;_,O,:Eu thermometer exhibits excellent tem-
perature sensing performances with the maximum absolute
and relative sensitivity being 0.024 K' (at 303K) and
2.46% K ' (at 443 K) and good signal discriminability. We
propose that the emission quenching of Eu" is ascribed to 5d
electrons depopulation through Eu”*/Eu’" intervalence charge
transfer state, while the quenching of Eu’* comes from multi-
phonon relaxation. Our work demonstrates the potential of
Ca,ALSi;_,O,:Eu for noncontact optical thermometry, and
also highlights mixed-valence europium-containing com-
pounds toward temperature sensing.

Keywords: temperature sensing, phosphor, Eu2+/Eu3+, inter-
valence charge transfer

INTRODUCTION

Temperature, as one of the basic thermodynamic para-
meters, determines properties of matters, and affects the
way of production and life activities of mankind deeply.

Whereas, an accurate temperature measurement for fast-
moving objects, micro devices and chemically/thermally
harsh environment is still very difficult [1-4]. To solve
this problem, optical thermometry based on detecting
temperature-sensitive optical parameters such as spectral
position, emission intensity, emission band shape, emis-
sion bandwidth, fluorescence lifetime and fluorescence
intensity ratio (FIR), attracts growing interest due to its
high spatial resolution, rapid response, and noninvasivity
[5-12]. Benefiting from independence on spectral losses,
external interference and fluctuations in excitation den-
sity, FIR technique is highly desired among various op-
tical temperature sensing schemes [13-16]. Essentially,
the FIR-based temperature sensing is achieved by mon-
itoring two discriminable emission peaks as the signals
whose responses to temperature are significantly differ-
ent. So far, the thermally coupled levels (TCL) of many
rare earth ions (such as Er’™: 483/2/2H”/2 [17,18]; Ho™":
5G6/3K8 [19,20]; Nd*: 4F7/2/4F3/2 [21]), and transition
metal ions (such as Cr': 2E/4T1 [22,23]), are often utilized
as temperature probes. With variation of temperature,
electron populations at the lower and upper level of TCL
could change oppositely, resulting in varied FIR. How-
ever, due to the narrow energy gap between TCL (AE <
2000 cm ), such thermometric strategy is notorious for
low relative temperature sensitivity (S,). Moreover, ther-
mal broadening of the two emission signals at elevated
temperature could also lead to an inferior signal dis-
criminability.

To avoid the TCL limitations, many researchers shift
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their attention to FIR-based dual-emitting-centers with
different thermal-dependent emission behaviors [24]. For
instance, Eu’*/Tb>" [25], Pr’"/Tb>" [5], Sn”*/Mn”" [26],
and Eu™"/Cr’* [27] couples doped materials have been
studied as excellent optical thermometric media. Beyond
that, Eu’" generally shows a relatively faster emission
quenching rate compared with Eu’*, and thus Eu*"/Eu’*
mixed-valence couple is also ideal for temperature de-
termination, which can achieve both high sensitivity and
excellent signal discriminability [28,29]. Whereas, the
formation mechanism of Eu”*/Eu’" coexisting material is
unclear. Besides, as for Eu’* quenching in Eu*'/Eu’" co-
doped system, e.g., Sc,05:Eu’/Eu’" [28], researchers ex-
plained it as 5d and 4f energy level crossover relaxation.
As a matter of fact, mixed-valence lanthanide (Ln)
compounds usually exhibit unusual electronic properties
that strikingly different from single-ion containing com-
pounds [30,31]. Taking Eu**/Eu’* as an example, except
for the Eu’": f-f interconfigurational transition lines and
broadband Eu®": f-d transition, there also exists a broad
absorption band at the low energy side in the Eu mixed-
valence crystals NasEu,Cl,, and KEu,Cls;, which is as-
signed to the Eu’/Eu’" intervalence charge transfer
(IVCT, electron transfer between two metal sites differing
only in oxidation state) [31,32]. More recently, Joos et al.
[33] combined theoretical and experimental studies on
Eu-doped CaF,, SrF,, and BaF,, also proving the existence
of Eu”*/Eu’" IVCT, and further pointed out that the low
lying Eu”*/Eu’* IVCT state can be a virtually nonradiative
decay channel for Eu”’. This seems reasonable although
more research related to Eu*'/Eu’" IVCT is absent, be-
cause, likewise other studies show Ln>*-M"" (M™ = Ti*",
V>, Nb™, Ta™, Mo® or W) IVCT can indeed quench
Ln’" luminescence [5,34-40]. As an example on the IVCT
effect, even if a small part of Eu’" is oxided into Eu’" in
BaMgAllOO”:EuH, Eu’" suffers serious quenching than
one would expect [41]. Moreover, the reduction of Eu’ to
Eu’’ in B-Sialon:Eu’* renders the phosphor more efficient
luminescence [42], which may also support the theory
mentioned above. Therefore, an insightful investigation
on the local structures of mixed-valent Eu*"/Eu’* couple
and emission quenching mechanisms is crucial for the
phosphor development toward ratiometric temperature
sensing application.

On the basis of above considerations, herein, specially
designed Ca,ALSi;_,O;Eu (x = 0.00, 0.02 and 0.04)
compounds were synthesized at reducing atmosphere. It
is found that the valence states of Eu are gradually
evolved from +2 to +3 with the decreasing of Si content.
Owing to the Eu’" photoluminescence interfered by
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Eu”*/Eu’* IVCT as we analyzed, the Eu’* emission is
highly temperature-dependent. Benefiting from the di-
verse temperature responses between Eu’* and Eu™, the
FIR of Eu”" (550 nm) to Eu’" (703 nm) shows a high
temperature sensitivity in the temperature range of 303-
443 K. Moreover, since the well separated two emission
peaks, high thermometric discriminability is obtained,
which demonstrates the potential of Ca,Al,Si,_,O;:Eu for
noncontact optical thermometry.

EXPERIMENTAL SECTION

Materials and synthesis

Non-stoichiometry Ca,Al,Si,_,0,:0.02Eu (x = 0.00, 0.02,
0.04) were synthesized via a high temperature solid-state
route. The raw materials, CaCO; (99.9%), AL,O; (99.9%),
Si0, (99.99%), and Eu,0; (99.99%) and 3 wt% H,BO,
(99.9%) as fluxes were weighted and ground together in
an agate mortar for 30 min. Then the mixture was
transferred into an alumina crucible and calcined under a
reducing atmosphere (5% H,/95% N,) at 1400°C for 4 h
to obtain the final products.

Characterization

Powder X-ray diffraction (XRD) measurements were
performed on an Aeris X-Ray Diffractometer (PANaly-
tical Corporation, Netherlands) operating at 40 kV and
15 mA with monochromatized Cu Ka radiation (A =
1.5406 A). The Rietveld structure refinements were per-
formed by using TOPAS 4.2 [43]. Electron paramagnetic
resonance (EPR) spectra were recorded by an electron
paramagnetic resonance EPR spectrometer (Bruker,
A300). The photoluminescence (PL), photoluminescence
excitation (PLE) spectra and temperature dependent lu-
minescence spectra were detected by a Hitachi F-4600
fluorescence spectrophotometer. The decay curves were
measured by an Edinburgh FLS980 fluorescence spec-
trophotometer.

The electronic structure calculations for Ca,AlLSiO,
matrix were carried out with density functional theory
framework using the CASTEP code [44]. The Perdew-
Burke-Enzerhof form of the generalized gradient approx-
imation (GGA) was applied to treat the exchange correla-
tion effect. The ultra-soft pseudo-potential was employed
to describe the electron-ion interactions. The plane-wave
basis set cut-off was 450 eV, K-points grind sampling 3 x 3
x 5. And the lattice was optimized before calculations.

RESULTS AND DISCUSSION
The gehlenite, namely Ca,AlLSiO;, is crystalized in tet-
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ragonal structure with space group P42,m. Cations are
found with three types of sites: large eightfold co-
ordinated site occupied by the large cation Ca’* and two
types of tetrahedral site: a regular one, where half of AI’*
ions are located, and a very distorted one, where Si*" and
half of AI’* ions are statistically distributed, as shown in
Fig. la. The Eu activators are believed to substitute at
Ca’* sites, considering their comparable ionic radius. To
understand the impact of Si deficiency on phase and
crystal structure of Ca,ALSi;_,O,:Eu (x = 0.00, 0.02, 0.04),
powder diffraction data were gathered and Rietveld re-
finement were conducted. As can be seen, all the peaks
are indexed by Ca,Al,SiO, (PDF#87-0968) (Fig. S1) and
the compounds are proved to be pure. Therefore, this
structure was taken as starting model for Rietveld re-
finement. Site of Ca ion was occupied by Ca/Eu ions with
fixed occupation according to suggested chemical for-
mula. Refinements were stable and gave low R-factors
(Fig. 1b, Fig. S2a, b, and Table S1). Coordinates of atoms
and main bond lengths are shown in Table S2 and Table
S3, respectively. The calculated cell volume V, cell para-
meter a and ¢ of Ca,Al,Si; ,O,:Eu increase with increas-
ing x (inset of Fig. 2b), and thus one can conclude that
vacancy size in Al2/Si2 site has slightly bigger ion radii in
comparison with Si** ion. Beyond our expectation, with Si
deficiencies, the EPR signals originating from EPR-active
Eu’" ion is weakened (Fig. 1c), due to the oxidation of
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Eu’’ into Eu’" (Eu’" ion is EPR-inactive). The valence
change will be also proved by spectroscopy as discussed
below. As for the charge compensation in Ca’* < Eu’*
replacement, the AI’* substitutes at Si'* site can occur
when Si content is decreased, which could also lead to cell
volume increasing because the radius of AI’* is bigger
than that of Si*'. Therefore, the possible replacement
mechanism can be suggested as Ca™" + Si** < Eu™" + A",
Additional one is Ca’* < Eu’’. Thus, the overall re-
placement mechanism is proposed as 2Ca”" + Si** < Eu”*
+ Eu’* + A" in this system.

Fig. 1d gives the electronic structures of Ca,ALSiO,
matrix. The calculation predicts that Ca,Al,SiO, has an
indirect bandgap (E,) of 4.54 eV, with the conduction
band (CB) minimum at G point and valence band (VB)
maximum at Z point. The bottom of CB and the top of
VB mainly come from Ca-d and O-p orbitals respectively.
Noteworthy, the calculated E, is smaller than the ex-
perimental value of ~ 6eV [45] due to the inherent
shortcoming of the DFT calculation. The large bandgap
suggests a large energy barrier for the excited Eu’": 5d
electrons thermally ionized into CB.

Room temperature PL and PLE spectra of
Ca,AlSi,_,O:Eu are presented in Fig. 2a, b. It can be seen
that both broadband peaks and sharp narrow lines are
observed. The broadband peaks in the PLE (A,
550 nm) and PL spectra are expected to originate from
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Figure 1 (a) The unit cell of Ca,AlSi,_,O,:Eu structure showing the Al10,, (Al2/Si2)O, and Ca/EuQOy polyhedrons. (b) Difference Rietveld plot of
Ca,AlSi;_,0,:0.02Eu, x = 0.02. The inset shows the cell volume V, cell parameters a and ¢ of Ca,Al,Si;_,0,:0.02Eu samples as a function of x. (c) EPR
spectra of two representative samples (x = 0.00 and 0.04). (d) Calculated electron structure of Ca,Al,SiO; matrix.
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Figure 2 Room temperature (a) PLE spectra (A, = 550 and 703 nm)
and (b) PL spectra (A, = 394 nm) of Ca,AL,Si;_,O;:Eu (x = 0.00, 0.02,
0.04). (c) 545 and 703 nm peak intensity as a function of x. The inset
shows the photographs taken under 254 nm UV light. (d) PL decay
curves of Eu’": 550 nm and Eu’": 703 nm emission for the sample of
Ca,ALSi;_Oz:Eu (x = 0.04).

Eu’": 4f < 5d transition, while the narrow lines are Eu’":
4f < 4f transitions. The Eu’* characteristic lines are de-
noted in the PLE and PL. Those results confirm the co-
existence of Eu”" and Eu’" in Ca,ALSi,_,O,. Besides, with
x increase, we found that the Eu”" emission was gradually
quenched, accompanied by Eu’* emission getting stron-
ger (Fig. 2b, c¢). Similar phenomena are also observed
when the phosphors are excited at 260 nm UV light
(Fig. S3). The inset of Fig. 2c shows the digital photo-
graphs of the studied samples taken under 254 nm UV
light, where the emission color turns from yellow green to
orange red as expected. Anyway, all those results give
solid evidences of valence change from Eu’ to Eu3+, in
line with EPR results. However, it is difficult to determine
the Eu”*/Eu’ contents in Ca,ALSi, ,O,:Eu due to the
very low doping level (0.02 mmol). It is also worthy to
mention that the stoked shift emission of Eu’" is rather
small according to the PLE and PL data, and this implies
that, the energy barrier for energy level crossover re-
laxation between 4f and 5d is large. As further confirmed
in Fig. 2d, the PL decay time for the broadband emission
and the line emission are in nanosecond (210.3 ns) and
microsecond (2.25 ms) orders respectively, which are the
characteristics of Eu’* electric-dipole allowed 5d — 4f
transition and Eu’* electric-dipole forbidden *D, — 'F,
transition. The lifetime of Eu’* in Ca,ALSi,_,O, is rela-
tively shorter compared with many other Eu** doped
compounds, which is mainly due to the formation of
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defects via non-stoichiometry substitution and the room
temperature quenching of Eu™*, verified by the emission
decay lifetime of 0.745 ps measured at 77 K (Fig. S4).

To explore possible application of the phosphor in
optical thermometry, the temperature-dependent PL
spectra of one typical sample (x = 0.04) are recorded from
303 to 443 K, as presented in Fig. 3a, b. And the histo-
gram of Eu’* (550 nm) and Eu’* (703 nm) emission in-
tensity versus temperature (T) is provided in Fig. 3c. As
temperature rises, the Eu’* emission (at 550 nm) intensity
decreases dramatically, while Eu’* emission (at 703 nm)
keeps at almost constant level. As a result, the emission
color changes from yellow to orange red, as shown in the
Commission International de L’Eclairage (CIE) chroma-
ticity diagram (Fig. 3d), CIE data (Table S4) and digital
photograph (inset of Fig. 3d). Consequently, the FIR
between the characteristic emissions of Eu’" (550 nm)
and Eu’" (703 nm) can be used as temperature mea-
surement index. The measured plots of the FIR versus T
are illustrated in Fig. 4a. Evidently, it can be well fitted by
the exponential formula:

FIR = 79.2exp(~T/82.2) - 0.182, (1)

with a high coefficient of determination (R of 0.997.

The absolute sensitivity S,, defined as the average FIR
change with respect to T, and the relative sensitivity S,,
defined as the rate of FIR changing along with T, can be
expressed as [46,47]:

OFIR

s,= |22 |, @)
OFIR 1

Sr: ‘Wm X 100% (3)

The calculated values of S, and S, are given in Fig. 4b.
The maximum value of S, is 0.024 K ' (at 303 K) and that
of S, is 2.46% K ' (at 443 K), which is much higher than
those of many other reported thermometers, such as
NaGd(MoO,),Pr'Tb>"  (Spme = 2.05% K  [5],
La,MgTiOgPr’" (Symax = 1.28% K ') [39], LuNbO4:Pr’",
T (Sypmax = 0.024K ', S, = 1.26% K ') [40], Ca,-
BaP,0,,;:Eu”" (Symae = 0.011 K ', S, = 1.53% K ') [48],
and Na,Sc,P;0,Eu’ Mn”" (S, = 1.556% K ') [49].
Additionally, the energy difference between two emission
signals (550 and 703 nm) is about 3960 cm ', providing a
high signal discriminability for temperature detection. All
these results indicate that Ca,Al,Si,_,O,:Eu is satisfying in
the temperature sensing field.

The temperature-dependent PL decay curves are mea-
sured to give a further understanding of the diverse
thermal PL behaviors among Eu’* and Eu’*. As depicted
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Figure 3 (a, b) Temperature-dependent (303-443 K) PL spectra ((A,, = 394 nm) of Ca,ALSi,_,O;:Eu (x = 0.04)). (c) Histogram displaying the Eu**
emission intensity (550 nm) and Eu’" emission intensity (703 nm) versus recording temperature. (d) CIE (x, y) coordinate diagram of the emission
colors at various temperature. The insets are the photos of the sample under 394 nm UV excitation, taken at 303 and 443 K, respectively.

in Fig. 5a, b, totally different temperature-dependent
decay behaviors are observed, with Eu*" lifetimes greatly
shorten while Eu’" lifetimes slightly declined along with
temperature. Based on the temperature-dependent PL
spectra and PL decay curves, the thermal quenching
temperature for Eu™, Tso%> is roughly estimated at
~330 K, which is far below than that of the majority of
Eu”" activated phosphors [50]. The fluorescence lifetimes
in the temperature range of 323-443 K can be fitted by
the Struck-Fonger theoretical model [51]:

T
"D = T AexpCAE TR T )
where, 7(T) is the fluorescence lifetime at a given tem-
perature, 7, is the fluorescence lifetime at 0 K, kg is the
Boltzmann constant, and A is the pre-exponential con-
stant. By fitting (R* = 0.995), the thermal activation en-
ergy AE, is determined to be around 1853 cm .

The possible thermal quenching mechanism behind the
Eu’*/Eu’" mixed-valence co-activated Ca,Al,Si,_,O, is
schematically illustrated in Fig. 6. Commonly, there are
two widely accepted mechanisms responsible for the
thermal quenching route of Eu’*, namely, thermal ioni-
zation and thermally induced 4f and 5d level intersystem
crossover relaxation. However, both of the two processes

December 2019 | Vol.62 No.12
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are hard to occur in present case, because it should
overcome a large energy barrier as we analyzed above, yet
a relative low temperature of 330 K cannot afford such
energy. Therefore, we tentatively ascribe the thermal
quenching of Eu®" to the low lying Eu’*/Eu’" IVCT state
in Ca,AlLSi; O, ie., the electrons that pumped at Eu™":
5d state can easily overcome 1853 cm ' energy barrier
and then depopulate through IVCT state, resulting in
Eu”" emission quenching. As a comparison, the quench-
ing of Eu’" ion is realized via multi-phonon relaxation
(MPR) as a consequence of Eu’" interconfigurational
transitions belonging to weak ion-lattice coupling. It
follows the energy-gap law [52]:

Ay =A,(0)e “%, Q)

where A (0) and « are constants depending on the host
material, AE, is the energy gap between the excited state
and the next lower state. The energy difference AE, be-
tween *D, and 'F, of Eu’" is about 11,400 cm . While, the
maximum phonon energy of Ca,AlLSiO, is about
~1020 cm ' [53], which indicates at least eleven effective
phonons are required to bridge AE, energy gap. There-
fore, the thermal quenching probability of Eu’" is quite
low within the studied temperature range, as shown in the
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Figure 4 (a) Experiment and fitted plot of FIR of Eu’*(550 nm)/Eu’*
(703 nm) versus temperature. (b) Absolute sensitivity S, and relative
sensitivity S, versus temperature.

Eu’" temperature-dependent fluorescence decay curves
(Fig. 5 b).

CONCLUSIONS

In summary, the Eu’*/Eu’" mixed-valence couple doped
Ca,ALSi;,O; (x = 0.00, 0.02, 0.04) phosphors were suc-
cessfully prepared under the reducing atmosphere. With
the Si-deficiency, the valence state of Eu was gradually
changed from +2 to +3, probably accompanied by AI’*
ions substitution at Si*" sites. Benefiting from the diverse
thermal response emission behaviors of Eu’" and Eu’' in
this Ca,ALSi,_,O, host, the FIR of Eu’* to Eu’" is highly
temperature sensitive in the temperature range of 303-
443 K. As a consequence, the phosphor exhibits high
temperature sensing performance with the maximum
absolute and relative sensitivity being 0.024 K ' (at 303 K)
and 2.46% K ' (at 443 K), respectively. Moreover, the two
characteristic emission peaks of Eu”" (at 550 nm) and
Eu’" (at 703 nm) are well separated, providing a good
signal discriminability for temperature sensing. The Eu®"
and Eu’" thermal quenching mechanisms are analyzed
within the framework of configurational coordinate dia-
gram. We propose that the dramatic thermal quenching
of Eu”" luminescence is probably induced by Eu*"/Eu’*
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Figure 5 Temperature-dependent fluorescence decay curves of (a) Eu’":
5d, by monitoring at 550 nm emission, and (b) Eu’": ’F, by monitoring
at 703 nm emission. (c) The fluorescence lifetime of Eu’": 5d and Eu™*:
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Figure 6 Schematic configurational coordinate diagrams for Eu’* and
Eu’", showing the PL thermal-sensitivity mechanisms.

intervalence charge transfer state. This work demon-
strates a novel and an excellent self-calibrated tempera-
ture sensing material.
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