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We synthesized LiTaO3:Er®* phosphors by molten salt method, and systematically investigated their phase
structure, micro-morphology, up-conversion luminescence, and optical temperature sensing properties. The up-
conversion luminescence was demonstrated to arise from two near-infrared photon absorption process, which
can be optimized by tuning Er®* dopant concentration. The corresponding mechanism was proposed based on
the transitions between dopant states as illustrated in an energy level diagram. The optical temperature sensing

properties were explored by utilizing the fluorescence intensity ratio method. Notably, a wide operation scope
ranging from 100 to 500 K was obtained, along with a relatively large energy gap (AE = 698 cm™!) and a high
absolute sensitivity (S, = 3.34 x 10 3K~ ! at 492K). The impressive properties of LiTaO3:Er’* phosphors in
combination with the incomparable multifunctional feature of host material reveal their potential for developing
integratable up-conversion optical thermometry.

1. Introduction

In recent years, optical thermometry has evoked wide attentions in
scientific research and advanced manufacturing because of its out-
standing features of non-contact, enhanced sensitivity and high mea-
surement accuracy [1-5]. Generally, optical thermometry bases on the
fluorescence intensity ratio (FIR), which is obtained through comparing
two thermally coupled levels (TCLs) stemming from one kind of active
ions. Up-conversion luminescence (UCL), reported as a promising op-
tical thermometry strategy [1,3,6,7], refers to the phenomenon of
converting more than two absorbed low energy photons to a high en-
ergy photon emitting subsequently. Rare earth (RE) ions (Nd*", Er®*,
Ho®*, Tm®**, Eu®*, Sm®*) doped phosphors have been extensively
investigated for UCL based optical thermometry, benefited from their
remarkable variation of FIR with temperature [1,8-11]. Among various
RE ions, Er** possesses a set of TCLs (*Hy1,» and “S5 /) with an energy
gap around 800cm ™', rendering most of the Er®* doped matrixes
highly suitable as optical thermometers [12-14]. The relatively cheap
price of 980 nm laser diode as the excitation source also enables the
construction of low-cost and integrable systems. The temperature
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dependences of FIR have been reported for Er** doped phosphors
based on various host materials, including Sr,YbF, Glass-Ceramics
[15], CaZnOS multifunctional piezoelectric semiconductor [16], silicate
glass [17], germanate glasses [18], Al,05 [19], ZnO [20], and SrSnO3
[21] etc.

The desirable optical properties and high compatibility with various
matrix of Er®* doped materials unveil its potential applications in in-
tegrated optics, which aims to create miniature optical circuits similar
to the silicon chips [22]. Developing novel hosts materials, that makes
the optical thermometer compatible with a variety of light-controlling
components integrated into a single chip, is essential to realize such
promise.

Lithium tantalate (LiTaOs3, LT) is a well-known multifunctional host
material for integrated optics because of its excellent ferroelectric,
piezoelectric, acousto-optical, electro-optical, and nonlinear optical
properties, along with high mechanical and chemical stabilities
[23-25]. Although their photoluminescence properties have been
carefully studied [26-28], exploitation of LT matrix as the building
block of optical thermometer has not been reported yet.

In this work, series of LiTaOs:Er®>* phosphors were synthesized
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Fig. 1. (a) The XRD patterns for LiTaOs: xEr®* (x = 1.0, 2.0, 3.0, 5.0, 6.0 mol%). (b) The crystal structure of Er® *.doped LiTaOs. (c) The scanning electron
microscopic image and (d) the energy dispersive X-Ray spectrum of LiTaOs: 6Er>* phosphors.
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Fig. 2. The emission spectra of Er’*-doped LT excited by 980 nm diode laser,
with the concentration dependences of emission intensity at 525nm, 550 nm
and 664 nm shown in the inset.

using molten salt method (MSM). X-ray powder diffraction analysis,
morphology characterization, and photoluminescence spectra mea-
surement have been performed on the as-prepared samples. RE-con-
centration-dependent and power-dependent luminescence spectra were
measured, with the possible energy transfer mechanism proposed based
on the simplified energy level diagram. Finally, optical temperature
sensing properties were investigated by means of FIR method in the
temperature range of 100-500 K.

2. Experimental

The LiTaog,:xEr3+ (x = 1.0, 3.0, 5.0 and 6.0 mol%) phosphors were
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synthesized by MSM (henceforth denoted as LTE1l, LTE3, LTE5 and
LTE6). The starting materials were LiCO3, Ta,Os, Er,Osz, and KCl,
purchased from Aladdin Reagent with ultra-purity (99.99%). The raw
materials were utilized without further purification. The Li/Ta molar
ratio was selected as 1:1 to meet the stoichiometric proportion and thus
to eliminate lattice imperfections. The Er®*-doping concentrations
were controlled to be 1.0, 3.0, 5.0, and 6.0 mol% in the raw materials,
while the KCl/(LiCO; + Ta,Os + Er,O3) molar ratio of 20:1 were
adopted. The mixture was grounded and ball-milled to uniformity for
30 min and thoroughly mixed for 48 h. Followed, a batch of 15 g mix-
ture was loaded into corundum crucible and transferred to muffle fur-
nace. The target compound powder was preliminary generated by
heating the mixture to 850 °C and keeping for 15 min. Finally, the as-
grown product was washed with deoxygenated ionized water for 5
times at 80 °C after stirring for 30 min each time to remove the po-
tassium chloride.

The phases of the as-grown powders were characterized by X-ray
diffraction (XRD) measurements using an X-ray powder diffractometer
(D-Max 2200VPC, Rigaku) with Cu Ka radiation (A = 1.5418 A) at
40kV and 30 mA. The morphology, size, and energy dispersive X-Ray
(EDX) spectra of the samples were obtained by a field emission scan-
ning electron microscope (FE-SEM, JSM-6330F). The fluorescence
emission spectra were recorded using a Photoluminescence
Spectrometer (FLS 980, Edinburgh) equipped with a 980 nm semi-
conductor laser as the excitation source. The temperature dependent
UC emission spectra measurement was carried out on the FLS 980 joint
with an OptistatDN (Oxford temperature controlling system), which
covers a temperature range from 77.5 to 510K with a precision
of + 0.1K.

3. Results and discussion
3.1. Structural, phase and morphological analysis

The microscopic structures of the as-prepared LiTaOz:xEr®* sam-
ples were determined by comparing their XRD spectra with that from
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Fig. 3. (a) Power-dependent emission spectra of the LiTaO5:6Er® ", with the
corresponding Log-Log plots of the power-dependent intensity summarized in
the inset. (b) Simplified energy level diagram of Er** ions doped LiTaOs.

the standard card of pure LiTaO3; (JCPDS 29-0836) as shown in
Fig. 1(a). It can be found that the diffraction peaks of the as-prepared
samples were well-indexed to lattice planes of pure LiTaOs3, indicating
that Er** dopant does not change the crystal structure. Fig. 1(b) il-
lustrates the rhombic crystal structure of Er®*-doped LiTaOs, with the
ion Er®* on the Li* site. The morphologies of the as-fabricated Er>™*-
doped LT samples were further examined by SEM, with the image of
LT6 depicted in Fig. 1(c) as a representative. The grain sizes are of
several hundreds of nanometers, and the particles appear to partly
agglomerate, which can be attributed to the inhibition of grain growth
caused by the accumulated vacancies on grain boundaries when the
Er®” ion with higher valency occupies the Li* site [29,30]. The EDX
spectrum shown in Fig. 1(d) confirmed that the Er®™ ions are doped in
the as grown sample and the solvent KCl has been completely removed
by the deoxygenated ionized water cleaning process.

3.2. Room-temperature UCL emission

We probed the impact of Er** doping concentration on optical
properties by measuring the UCL emission under 980 nm diode laser
excitation at room temperature (Fig. 2). Three up-conversion emission
peaks were identified with the centers at 525, 550, and 664 nm in the
green and red regions, which can be ascribed to the transitions from
’H; /2 453/2, and 4F9/2 states to 4115/2 state of Er®* ion, respectively
[31,32]. Remarkably, for each sample, the emission peak at 550 nm is
much higher than the other emission peaks, which will be discussed in
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details with the multi-photon relaxation mechanism thereafter. As
shown in the inset of Fig. 2, the emission intensities at 525, 550, and
664 nm are all enhanced with increasing concentration of Er®* ion
from 1.0 to 6.0 mol%, indicating a high tunability of UCL with dopant
concentration in the LT system. We speculated that the two green
emission bands (centered at 525 and 550nm) may exhibit strong
thermal coupling response due to the suitable energy gap [33], and thus
further explored their applications in optical temperature sensing.

To elucidate the energy transfer mechanism in the UCL emission
process, we measured the pump power (P) dependent UCL spectra of
LTE6 under 980 nm excitation (Fig. 3(a)). The emission intensity was
found to monotonically enhance with increasing excitation power from
100 to 280 mW. The relationship between the emission intensity (I,)
and the pump laser power (P) of excitation resource can be described as
[17]:

Iom o P* @

where n is approximately equal to the number of photons absorbed in
the UCL process. Accordingly, the emission intensities of 2Hyq 5 — *Iy5/2
(green light, centered at 525 nm), *S3,, — *I;5, (green light, centered
at 550 nm), and “Fg /2 —> Tis o (red light, centered at 664 nm) versus the
pump power are logarithmically fitted, as presented in the insert of
Fig. 3(a). The values of n extracted from the fitting are 1.68, 1.79, and
1.81, respectively, demonstrating two NIR photons are absorbed in the
UCL process. The deviation of n from the value of 2.0 can be attributed
to the non-radiative processes.

Herein, considering the emission spectra and the power-dependent
UCL spectra, a simplified energy level diagram was proposed to depict
the up-conversion mechanisms, as shown in Fig. 3(b). Under 980 nm
laser excitation, the electron in the ground state (*I;5,5) would be ex-
cited to the “Ij; ,o state through the ground state absorption (GSA)
mechanism, wherein Er** ion absorbs a photon, i.e., Er** (*I;s,
2) + NIR laser (a photon) — Er*t (*I;; ,2). The electron at level o /2
could then be pumped to the *F, , state through the excited state ab-
sorption (ESA) processes when excited by another NIR photon. The
majority of excited electrons at “F, > would relax to ’Hy,; /2 and 4S5 /o
non-radiatively. The green emissions occur when the excited electrons
at 2Hy; /2 and 455 /o relax to 4115/2 ground state with emission peaks of
525 and 550 nm. The red emission centered at 664 nm originates from
the non-radiative decay processes from *F,/, *Ss,» or >Hyq, to *Fg 5
states, followed by the transition from “Fy /2 to 4115/2 state.

3.3. Temperature sensing properties

In order to evaluate the luminescence temperature sensing proper-
ties of LiTaO3:Er®* system, the temperature-dependent UCL emission
spectra associated with the thermally coupled energy levels of Er®*
ions were recorded at temperatures ranging from 100 to 500K, as
limited by the detection ranges of our equipments. Given the slight
difference between the emission intensities under 100 and 120 mW
excitations (Fig. 3(a)), the heating effects leading to artificial variation
of local temperature become negligible under 100 mW excitation.
Therefore, the excitation power of 980 nm laser was set at 100 mW to
eliminate possible heating effects as well as to achieve sufficient signal-
to-noise ratio. As shown in Fig. 4, the intensity of green emission
(centered at 550nm) substantially drops with rising temperature,
which can be ascribed to the intense thermal quenching at high tem-
perature that prevents electrons from relaxing to the 4S5 /o level [34,35].
According to the Boltzmann distribution among the ®H,,» and 483/2
energy levels, the FIR can be expressed as:

(2)

where Is,s and Issg are the integrated intensities of the °Hy; 2= s /o
and *S3/, — *I;5,, transitions, C is a constant, k is the Boltzmann con-
stant, T is the absolute temperature, AE is the energy gap between the
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Fig. 4. Temperature dependent emission spectra of LiTaO3:6Er°* at 100-500 K. The inset presents the partial enlarged view at 500 K.
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Fig. 5. (a) Fluorescence intensity ratio of LiTaO3:6Er®>* sample in the range of
100-500 K and the fitting result by the equation FIR = C X exp(-AE/kg/T). (b)
Absolute sensitivity S, and relative sensitivity S, of LiTaO3:6Er®* sample as the
functions of temperature.
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2H11/2 and 483/2 levels.

As shown in Fig. 5(a), R as a function of temperature measured in
experiments can be well fitted using Eq. (2) with the adjusted R-Square
of 0.999, verifying that the temperature dependence of R originates
from the thermal coupling between adjacent energy levels. In the high
temperature range of 300-500K, R exhibits great linearity to tem-
perature, because of the non-radiative relaxation and the energy
transfer between the matrix and Er> " ions [36]. The constant C and the
effective energy gap AE are determined to be 6.265 and 698 cm ™!,
respectively. Compared with other reported studies as listed in Table 1,
the value of AE is larger than those of most Er** ion doped fluoride
phosphors crystal [13], oxide crystal [14], and ceramic systems, despite
being slightly lower than the values for ceramics containing Na-
LaMgWOg [371, Y203 [38], and Nag sBigsTiO3 [39]. It is worth noting
that the energy gap between thermally coupled levels should be lower
than 2000 cm ™! to enable non-trivial population of the upper level for
harnessing thermal coupling effect, while higher than 200 cm™! to
avoid the overlap of two emissions bands [40]. Therefore, the intrinsic
energy gap of the LiTaO5:Er®™ material is suitable for applications in
optical thermometry.

The absolute sensitivity (S,) and relative sensitivity (S,), serving as
the key figure-of-merit of optical temperature sensors materials, were
derived from Eq. (2) as:

MECTENELY
“7ar | T \kr? 3)
- ‘ld(R) _ 4E

"7 |R dT |~ kT2 2]

The absolute and relative sensitivities of the sample LTE6 in the
temperature range of 100-500 K were calculated using Eq. (3) and Eq.
(4), with the fitted function of R based on experimental FIR data. As
presented in Fig. 5(b), S, nonlinearly increases with increasing tem-
perature, with the maximum value of 3.34 x 1073 K~! obtained at 492K,
which is better than the performance of Er** doped materials reported
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Table 1
The optical temperature sensing parameters of RE>*-doped materials with
different matrices.

System T-range (K) AE (cm™ 1Y) S, (1073Kk™1) Ref.
Er:BNT-KNN 293-473 546 2.2 [8]
Er:BiOCl 298-778 864 2.8 [12]
Er:Yb:LaF3 300-515 549 1.57 [13]
Er:Yb:CaWO, 300-540 658 3 [14]
Er:LiTaO3 100-500 698 3.34 This work

previously [8,12-14]. By contrast, S, sharply decreases with increasing
temperature in the low temperature range, and flattens out in the high
temperature range. The results suggest that the LiTaOz:Er®* material
can be applied to luminescence temperature sensing in a wide tem-
perature range.

4. Conclusion

A series of Er’*-doped lithium tantalate phosphors have been syn-
thesized by molten salt method. The tunability of emission intensity via
the control of Er®* doping concentration was demonstrated by room
temperature UCL spectra. Two-photon absorption process was con-
firmed by the analysis of the pump power dependent UCL spectra, with
the underlying mechanism proposed based on an energy level diagram.
The optical temperature sensing performance of the Er®*:LiTaO5 matrix
was evaluated for the thermal coupling energy levels of 2H;, ,, and *S3,
2, resulting in the AE of 698 cm ™! and the maximal S, of 3.34 x 103 K™!
at 492 K. The relatively high sensitivity and wide operation scope of
Er®*:LiTaO; observed in this study, as well as the indispensable role of
the LiTaO3; matrix in the area of integrated optics, reveals the great
potential to harness the merits of both dopant and matrix to develop
wide temperature range integratable optical thermometry.
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