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ABSTRACT

Pr3? doped PIN-PMN-PT (abbreviated as PIN-PMN-PT:Pr3?) ceramic was

successfully fabricated by solid state sintering method. The structural, mor-

phological, and luminescence properties were investigated by X-Ray diffraction,

scanning electron microscopy, steady-state photoluminescence, and transient-

state photoluminescence spectra. The strong red emission band located at

649 nm can be effectively excited by light centered at 450 nm, 473 nm, and

487 nm, respectively. Under the excitation of light peaking at 487 nm, the

temperature-dependent downshifting photoluminescence from 510 nm to

800 nm were recorded in the temperature range of 300 K to 480 K. The obvious

luminescence quenching phenomena was detected as the increase of tempera-

ture. Based on fluorescence intensity ratio of 620 nm and 649 nm emission

bands, the temperature sensing was achieved with maximum relative sensitivity

value of 1.73% K-1 at 460 K. By studying the temperature-dependent decay

curve of transient luminescence, the lifetime of 649 nm emission is confirmed to

be sensitive to the change of temperature. Combined the temperature-depen-

dent fluorescence intensity ratio with temperature-dependent fluorescence

lifetime, dual-mode temperature sensing was achieved based on photolumi-

nescence. These results show Pr3? doped PIN-PMN-PT ceramic is a promising

candidate for thermometry, which may find its applications in the scientific

research and industry.
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1 Introduction

Temperature is a critical physical parameter for both

scientific research and industrial application. There

are a number of methods that can be used to measure

temperature, including liquid expanding, thermo-

couple, thermistor, and luminescence. Among these

methods, thermometry based on photoluminescence

has attracted significant attention by virtue of the

advantages of non-contact, non-invasive, and fast

response, which are suited for applying in some

hostile environments such as power station, mines,

oil extraction [1–3]. A variety of characteristic spec-

troscopic parameters are temperature-dependent,

including fluorescence intensity, bandshape, spectral

shift, lifetime [4]. As a result of these temperature

sensitive spectroscopic factors, researchers studied

luminescent materials and optical thermometry

extensively. Furthermore, numerous cutting-edge

works about luminescence thermometry have been

reported. Suo et al. investigated the thermally cou-

pled energy levels related fluorescence intensity ratio

(FIR) technique for temperature sensing and

enhanced the sensitivity by tuning the local symme-

try [5]. Xie et al. combined two types of phosphors,

each having different emitting centers, into a mixture

temperature sensor to enhance the sensitivity of flu-

orescence intensity ratio technique based on non-

thermally coupled energy levels [6]. Liu et al. devel-

oped Yb3?, Ho3? doped PMN-PT upconversion

multifunctional ceramic and reported the tempera-

ture-dependent absolute emission intensity for tem-

perature sensing [7]. Yin et al. reported the position

of emission peak of Nd3? doped nanoparticles are

temperature sensitive in biological temperature range

[8]. Siaı̈ et al. demonstrated the lifetimes of visible

emissions for Er3?, Yb3? doped LaGdO3 are tem-

perature-dependent [9]. FIR technology for ther-

mometry is based on two emission bands, which

have different temperature-dependent behaviors. It

reflects the change in bandshape, is immune to the

fluctuations of excitation power, has been studied for

a variety of rare earth doped luminescent materials

[10–14]. Lifetime for thermometry is based on the

temperature relevant kinetic behaviors of emission

[15–18]. Due to the fact that the whole spectrum is not

required in lifetime based thermometry, it can reduce

the effect of heterogeneity of transmittance in

medium.

Ferroelectric oxide as host material for rare earth

doping has attracted much attentions due to the

integrated ferroelectric, piezoelectric, optical proper-

ties. Researchers have demonstrated that trace dop-

ing rare earth ions in ferroelectric oxides can improve

their electric properties [19, 20]. Besides, in recent

years, several rare earth doped ferroelectric oxides

such as BaTiO3, (Ba,Ca)(Ti,Zr)O3, K0.5Na0.5NbO3,

Bi0.5Na0.5TiO3, Pb(Mg1/3Nb2/3)O3-PbTiO3, Pb(In1/

2Nb1/2)O3- Pb(Mg1/3Nb2/3)O3-PbTiO3 were utilized

for investigating their photoluminescence properties

[21–28]. Among above mentioned host materials,

Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 (abbre-

viated as PIN-PMN-PT) is a kind of ternary relaxor-

based ferroelectric solid solution material, which has

high curie temperature (Tc[ 180 �C) and excellent

piezoelectric properties (d33 = 2800 pC/N) [29, 30].

Based on processing optimizing, composition design

and doping modification, some modified PIN-PMN-

PT based ceramics with excellent electric properties

were developed [31–35]. Up to now, there are only a

few papers addressing the photoluminescence prop-

erties of PIN-PMN-PT ceramics doped with rare

earth ions [28, 35]. Thus, it is highly attractive to

develop the rare earth doped PIN-PMN-PT lumi-

nescent ceramics and study their photoluminescence

properties. Pr3? is a desirable rare earth ion for

luminescent materials due to its abundant energy

levels that can excited by both UV and blue light.

And the excitation light source can be achieved by

low cost commercial InGaN diode chip [36]. Besides,

Pr3? can exhibit strong red emission, which can be

used as red component for phosphor-converted

white light-emitting diode [37].

In this work, the 26PIN-40PMN-34PT solid solution

was chosen as host material. The 26PIN-40PMN-

34PT:0.005Pr3? ceramic was synthesized by solid

state sintering method. The crystal structure and

morphological features were characterized. The

photoluminescence excitation spectra was measured

and the possible mechanism of photoluminescence

was analyzed. The steady-state and transient-state

photoluminescence emission spectra of 26PIN-

40PMN-34PT:0.005Pr3? ceramic excited by blue light

were investigated in detail. Fluorescence intensity

ratio and lifetimes analysis were carried out for

investigating the temperature sensing properties of

the phosphors.
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2 Experimental procedures

The Pr3? doped tenary ferroelectric oxide solid

solution ceramic was synthesized by columbite pre-

cursor solid state sintering method. The 26PIN-

40PMN-34PT:0.005Pr3? was selected as the target

composition. Firstly, for suppressing the occurrence

of sencondary phase, the columbite precursor pow-

ders of InNbO4, MgNb2O6 were prepared via high

temperature solid state reaction of stoichiometric

high pure In2O3, Nb2O5 and MgO powders, respec-

tively. Then, the obtained dry precursor powders

were mixed with high pure PbO, TiO2, and Pr6O11

powders followed by grinding with ethanol in agate

mortar for 2 h. After grinding, the slurry was dried

and the milled dry powders were calcined at 850 �C
for 4 h to get the 26PIN-40PMN-34PT:0.005Pr3?

powders. After that, the calcined powders were

pressed into pellet with diameters of 13 mm. Then,

the pellet was sintered at 1250 �C for 6 h to obtain the

ceramic.

The crystal structure of as-synthesized ceramic was

characterized by X-Ray diffraction (SmartLab, CuKa1
radiation with 0.154 nm, operated at 30 kV, 5 mA) in

the 2h range from 10� to 90�. For the morphological

investigation, the scanning electron microscopy was

used to observe the grain shape and size of the

ceramic. The steady-state photoluminescence excita-

tion spectra and photoluminescence spectra were

recorded by spectrometer (Edinburgh Instruments

FLS980) equipped with Xenon lamp as light source

and PMT optoelectric detector. The temperature

dependence of steady-state and transient-state pho-

toluminescence emission spectra were collected at

different temperature, which is controlled by a home-

made temperature controller. Transient-state photo-

luminescence decay curves were measured by the

spectrometer equipped with a time correlated single

photon counter and a pulsed excitation light source.

For avoiding the violent disturbance of temperature,

the temperature of ceramic sample was hold 3 min

before data collection.

3 Results and discussion

For investigating the crystal structure of as-synthe-

sized 26PIN-40PMN-34PT:0.005Pr3? ceramic, the

X-Ray diffraction pattern in the range of 10� to 90� is
shown in Fig. 1. The position of diffraction peaks can

be matched with standard JCPDS Card No.70-0746,

indicating the sample possesses pure perovskite

phase structure and Pr3? ions are successfully doped

into the PIN-PMN-PT host lattice. The inset diagram

in Fig. 1 shows the enlarged (002) diffraction peak

near 45�. It can be clearly seen that the peak is

asymmetrical due to the splitting. The appearing of

shoulder peak of (002) near 45� can be attributed to

the coexistence of rhombohedral phase and tetrago-

nal phase. The quality of ceramic can be usually

evaluated by its microscopic morphology. Figure 2

exhibits the scanning electron microscope image of

26PIN-40PMN-34PT:0.005Pr3? ceramic. The image

clearly shows that no obvious pores exist between the

grain boundaries, indicating the good quality for

ceramic. Moreover, the shapes of grains are irregular

and grain sizes are about 2 * 5 lm.

Fig. 1 X-Ray diffraction image of synthesized PIN-PMN-PT:Pr3?

ceramic

Fig. 2 SEM image of the synthesized PIN-PMN-PT:Pr3? ceramic
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For photoluminescence, the selection of excitation

wavelength plays vital role in effectively pumping

excited state energy levels. Thus, the photolumines-

cence excitation spectrum monitored at 649 nm

emission of 26PIN-40PMN-34PT:0.005Pr3? ceramic is

recorded. Figure 3 displays the photoluminescence

excitation spectrum of ceramic sample in spectral

range from 400 nm to 500 nm. It is obviously seen

that there are three excitation peaks located at

450 nm, 473 nm, 487 nm, which are corresponding to

the 3H4-
3P2,

3H4-
3P1,

3H4-
3P0 transitions from ground

state to excited state, respectively. Among three main

excitation peaks, the spectrum at 487 nm has the

strongest intensity, indicating the optimal photolu-

minescence emission can be obtained upon the

487 nm light excitation. Figure 4 shows the photolu-

minescence spectrum of ceramic sample excited by

487 nm light at room temperature. It displays seven

emission bands centered at 532 nm, 546 nm, 620 nm,

649 nm, 687 nm, 713 nm, 734 nm in the spectral

range from 510 nm to 800 nm. By analyzing the

emission intensity, we can conclude that red emission

band located at 649 nm has the strongest emission

intensity. Moreover, the sequence of emission inten-

sity is I649 nm[ I620 nm[ I734 nm[ I713 nm[ I687 nm-

[ I532nm. These downshifting emissions can be

explained by transitions from upper excited states to

ground state or transitions from upper excited states

to lower excited states. Figure 5 shows the schematic

energy level diagram of Pr3? ions. As shown in the

energy level diagram, the process of photolumines-

cence in 26PIN-40PMN-34PT:0.005Pr3? excited by

487 nm light can be explained. Firstly, the Pr3? ions

absorb the energy from 487 nm photons, the electrons

on ground state energy level are pumped into 3P0

excited state energy level. The electrons on 3P0 energy

level can partly reach the higher energy level 3P1 with

assistance of thermal activated phonons. Subse-

quently, electrons populated on 3P0,1 excited state

energy levels return to lower energy levels and pro-

duce emissions. The dominant red emission around

620 nm and 649 nm can be ascribed to transitions
3P0-

3H6,
3P0-

3F2, respectively. The green emissions

located at 532 nm and 546 nm are associated with

thermally coupled energy levels related transitions
3P1,0-

3H5. The deep red emissions peaked at 681 nm,

731 nm, 734 nm are separately attributed to transi-

tions 3P1-
3F3,

3P1-
3F4,

3P0-
3F4.

For investigating the optical temperature sensing

properties of 26PIN-40PMN-34PT:0.005Pr3? ceramic,

the temperature-dependent downshifting photolu-

minescence spectra are recorded. Figure 6 shows the

steady-state downshifting emission in the spectral

range from 510 nm to 800 nm upon 487 nm light

Fig. 3 Photoluminescence excitation spectrum of ceramic sample

Fig. 4 Photoluminescence spectrum of ceramic sample excited by

487 nm light at room temperature

Fig. 5 Schematic energy level diagram of Pr3? ions
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excitation as a function of temperature. The temper-

ature ranges from 300 to 480 K. It is clearly noted that

the intensity of emission bands reduce with increase

of temperature. This phenomena is due to the lumi-

nescence quenching resulted from thermal activation.

The integral intensity of dominant emission bands

around 620 nm and 649 nm as a function of temper-

ature are shown in Fig. 7. The integral intensity of

corresponding emissions decrease with the elevation

of temperature, exhibiting strong thermal quenching

behaviors. The integral intensity decrease more than

97% for 649 nm emission band and 92% for 620 nm

emission band from 300 to 460 K. Usually, the ther-

mal quenching of emission intensity can be describe

by the followed Eq. (1).

ðTÞ ¼ I0

1þ Ae�
DE
kT

ð1Þ

where T represents absolute temperature, I(T) is

the integral emission intensity at measured temper-

ature T, I0 is the emission intensity at initial temper-

ature. A, k, and DE are constant, Boltzmann constant,

activation energy for thermal quenching,

respectively.

Considering the different variation trend of emis-

sion intensity, 620 nm and 649 nm emission bands

are selected for temperature sensing based on fluo-

rescence intensity ratio technology. Figure 8 exhibits

the fluorescence intensity ratio between 620 nm and

649 nm emission bands as a function of temperature

in the range from 300 K to 460 K. The data of fluo-

rescence intensity ratio versus temperature can be

described as the Eq. (2) [38]

FIR ¼ Bþ Ce�
D
T ð2Þ

B, C, D are fitted parameters associated with above

mentioned I0, A, and DE. The solid line in Fig. 8

represents the fitting curve according to Eq. (2). It

shows that the data can be well fitted and the fitting

curve equation was FIR ¼ 1:4� 105e�
5212
T þ 0:76.

Uncertainty of FIR is shown by error bar. To evaluate

temperature sensing properties based on fluorescence

intensity ratio technology, the relative sensitivity can

be calculated by the followed formula(3)

Sr ¼
1

FIR

dFIR

dT

�
�
�
�

�
�
�
�

ð3Þ

Figure 9 displays the sensitivity curve based on the

fluorescence intensity ratio method. The sensitivity

Fig. 6 Temperature-dependent downshifting emission in the

spectral range from 510 nm to 800 nm upon 487 nm light

excitation

Fig. 7 Integrated intensity of 620 nm and 649 nm emission bands

as a function of temperature

Fig. 8 Fluorescence intensity ratio (I620nm/I649nm) as a function of

temperature
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reaches the 1.73% K-1 at 460 K, suggesting the

26PIN-40PMN-34PT:0.005Pr3? ceramic has potential

in fluorescence intensity ratio based optical temper-

ature sensing.

To investigate the lifetime based temperature

sensing properties of the ceramic sample, decay

curves of its dominant emission at 620 nm were

measured in the temperature range from 303 K to

463 K. Figure 10 depicts the transient-state photolu-

minescence spectra at different temperature. The data

can be fitted by single exponential function as fol-

lowed Eq. (4)

IðtÞ ¼ I0e
�t

s þ B ð4Þ

where I(t) is the emission intensity at t time, I0 is

initial emission intensity after removing the excita-

tion light, s represents the lifetime, B is fitted con-

stant. It is found the lifetime decreases with

temperature enhancement. This phenomena can be

explained the multi-phonon relaxation induced by

the elevation of temperature. The inversion of life-

time versus temperature is shown in Fig. 11. It can be

illustrated by the following formula (5)

1

s
¼ Ce�

DE
kT þ 1

s0
ð5Þ

C, k, T are fitted constant, Boltzmann constant, and

absolute temperature, respectively. DE is activation

energy related to thermal quenching process. s0 rep-

resents lifetime of emission when temperature is

zero. The fitting results show the formula can be

expressed as 1
s ¼ 1:05�e�

3775:36
T þ 1:25� 10�4ns�1. Error

bars are utilized to describe the luminescence lifetime

uncertainty.

For evaluating performance of the lifetime based

temperature sensing, temperature-dependent relative

sensitivity is calculated by Eq. (6)

Sr ¼
dð1=sÞ
ð1=sÞdT

�
�
�
�

�
�
�
�

ð6Þ

The sensitivity curve of lifetime based thermome-

try is shown in Fig. 12. It can be found the relative

sensitivity increases monotonously with temperature

enhancement and reaches its maximum value at

463 K. It suggests that lifetime thermometry based on

photoluminescence of 26PIN-40PMN-34PT:0.005Pr3?

ceramic upon 487 nm light excitation is possible.

Thus, dual-mode temperature sensing can be

achieved by combining with fluorescence intensity

ratio thermometry.

Fig. 9 Relative sensitivity curve of fluorescence intensity ratio

thermometry

Fig. 10 Transient-state photoluminescence spectra at different

temperature Fig. 11 The inversion of lifetime as a function of temperature

J Mater Sci: Mater Electron (2022) 33:3748–3756 3753



4 Conclusion

26PIN-40PMN-34PT:0.005Pr3? ceramic was synthe-

sized by solid state sintering method. The down-

shifting photoluminescence was investigated. The

investigation of temperature sensing properties

based on both steady-state and transient-state pho-

toluminescence have been carried out. For steady-

state photoluminescence, the fluorescence intensity

ratio thermometry based on 620 nm and 649 nm

emission bands of sample upon 487 nm excitation

was successfully achieved. The maximum relative

sensitivity is 1.73% K-1. For transient-state photolu-

minescence, the lifetime thermometry based on decay

properties of 649 nm emission was proved. It has the

maximum relative sensitivity of 1.25% K-1. Results

shown in this work suggest that 26PIN-40PMN-

34PT:0.005Pr3? ceramic has great potential in dual-

mode temperature sensing.
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