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ABSTRACT

The PP* doped CaTi@ red emitting phosphor with enhanced PL and ulgtahi
temperature sensing was prepared via NaF fluxtadsi®lid-state reaction. All samples
had the orthorhombic perovskite phase and no ipuras found. The typical sample
mainly had sphere-like morphology with particleestf ~670 nm. The optical bandgap
values were ~3.62-3.63eV. The®*Piquenching content was 0.6 mol% and the ET
mechanism for quenching was the d-d interactioih wie critical distance of 26.09 A.
A certain amount of NaF flux could enhance red eis attributed to'D,—°H,
transition owing to improving the crystallinity phosphors and reducing point defects
near Pt through the substitution of°Gby F and C&" by Nd. The energy storage trap
(oxygen vacancy) near IVCT state played the kes foit trapping electrons, accounting
for the LAG emission and the average depth of wap 0.39 eV. The CIE chromaticity
coordinates were very close to that of the idedl Inght and the CP was as high as
99.98%. The maxima, andS was as high as ~0.015'Kand~ 5.2% K, respectively.
The thermal induced relaxation between elevels and'D; level through the IVCT
state was supposed to account for the excellemtabpgemperature sensing. Our work
may provide a useful inspiration for developingahigh sensitive optical temperature

Sensors.
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1. Introduction

Rare earth (RE) ions doped perovskite structuagerals (ABQ) have drawn
great attention due to their applications in liggtiand displays[1-3], temperature
sensing[3, 4], photocatalysts[5, 6] and ferroelesf4, 7, 8]. In various perovskites,
such as CaTig) SrTiGs, BaTiGs, PbTIQ; and so on, CaTi§)(CTO) has been preferred
as one of the most important and suitable host maéedue to its low phonon energy,
excellently physical and chemical properties@jhong different RE ions, the trivalent
praseodymium ion (P) has been considered as one of the most promésitigators
owing to the rich emission in the visible region[111]. Recently, Bf doped CTO
phosphor has been investigated because of the Iphotescence (PL) and
long-afterglow (LAG) properties, which make it aoprising candidate to substitute
currently available red luminescent materials ipl@ations such as flat panel display
(FPD), field emission display (FED), electrolumioest (EL) devices, optical
amplifiers (OA), laseramedical imaging, warning signs and soft illuminafit-17].
When Pr* doped CTOphosphor is excited by UV light, there is only agé red
emission peak at ~ 614 nm, very close to idea[td17]. It is attributed tdD,—°H,
transition of Pf, because of the nonradiative decay quenching ffBnto 'D..
Moreover, it can be also explained by various rexfiative de-excitation channels such
as multi-phonon relaxation, cross-relaxation, gsysetem crossing through low-lying
levels of the 4f5d configuratiothe metal-metal intervalence charge transfer (IVCT)

state and electron—-hole recombination energy tesfisf]. The electron—hole



recombination energy transfer model was proposeBdrgndiaran et al. in 2017. It was
indicated that the sole presence of'the—°H. red emission was attributed to the direct
electron—hole recombination energy transfer from liost to théD, level of the Pt
dopant[18]. However, it is found that the IVCT statodel has been widely accepted up
to now, especially in the field of temperature semsin 2014, Zhang et al. reported a
potential optical thermometric NaRETi®r** (RE=Y, Gd) based on the IVCT state[19].
In 2016, Tang et al. discovered an optical thermdmér’* doped (K sNags)NbO;
based on the IVCT state[20]. In 2017, Gao et amalestrated a novel temperature
sensing strategy utilizing the IVCT state interteR"" luminescence to perform optical
thermometry[21]. Shi et al. discovered a poterdical thermometric material through
IVCT state interfered photoluminescence of*Rtoped LaMgTiOg phosphor[22]. In
2018, Wu et al. reported the self-calibrated optitermometer LUNb@Pr*/Tb**
based on IVCT state[23]. Gao et al. found a dopel®vskite PF: GdbZnTiOs
thermometric phosphor based on IVCT state[24]. @Qhen al. summarized the
distinctive strategy in luminescent thermometrydaaen IVCT state[25]. In 2019, Lei
et al. reported that IVCT state interfered*Ruminescence was a promising pathway to
develop ultrahigh optical thermometric material§[2Bowadays, great efforts have
been made to develop optical thermometry due tpridnising applications in severe
environments[26]Especially, fluorescence intensity ratielR) technique has attracted
broad interest for the accurate and non-contactsurement, independent of the

fluorescence loss and fluctuations of excitatightli Most of the investigations about



FIR temperature sensing utilize two temperature-depanthermal coupling levels
(TCLs). However, the relative temperature sens$iti(iS) is the most important
parameter to evaluate temperature sensing progkpending on the effective energy
separation 4AE) of the two TCLs. To avoid exceedingly low uppevél populations,
AE is generally less than 2000 ¢mindicative of the highes® value not exceeding
2878174, 20]. In 2014, P¥ dopedp-NaYF,; phosphor with thes value of 657.7F
based on the TCLS®, and°P; of PP") was reported by Zhou et al.[27]ian et al.
discovered an optical thermometfieNaYF,: Nd** with S value of 2805F” based on
TCLs (‘F7, and*Fa, of Nd®)[28]. In 2018, Liu et al. achievedSavalue of 2103.7/ in
B-NaYF,;Tm*/Yb*" based on TCLs®F,3 and ®Hg of Tm®")[29] and aS value of
1053.8212 in B-NaYFs: Yb**/Er** based on TCLSH11, and*Sy;, of EFM[30]. Tang et
al.[4] demonstrated that tt% value of SgBaosTiOs: PP based on the TCLSR, and
3p, of Pr*) was only 745.2F. To the best of our knowledge, the high&stalue based
on the FIR technique using TCLs is 2805 Indeed, the abov& value is less than
2879T2. Thus, the limitedS value hinders the commercial application of tempeea
sensor based on FIR technique. Fot" Rioped optical thermometric phosphof$R
technique based on TCL¥( and®P,) is not suitable for modern temperature detection
with ultrahigh sensitivity. Yet lately, a distineé strategy in luminescent thermometry
based on IVCT state has been proposed to circuntiienimitation of TCLs[25]. In
2016, Gao et al. reported a novel optical thermdmdab®*"/Pr*; NaGd(MoQ), with

ultrahighS value of 3735.41% based on the diverse thermal responses from t@¥ IV



states[31].Tang et al. achieved the ultrahigh value of 7997 from PF*-doped
(KosNay.s)NbO; based on IVCT state[20]. In 2017, Gao et al. regmba novel Pf
doped NalLa,Ti;O10 thermometric phosphor with ultrahigh value of 4964.8%based
on IVCT state[21]. In 2018, Wu et al. discovered @aptical thermometer
LuNbO4:PP*/Tb®*" with ultrahighS value of 3724r* based on two IVCT states[23]. A
novel PF* dopedBa /Sty sTiO3 optical thermometric phosphor with ultrahi§hvalue
of 4275.1T?based on IVCT state have been reported by Tanig4dt #n 2019, Lei et al.
demonstrated a novelptical thermometric material Pr Y,Ti,0; with ultrahigh S
value of 4385.07° based on diverse thermal response from trap emisdig) and
IVCT state interfered Bf red luminescence[26]. Moreover, Sun et al. regoaeovel
optical thermometric Bi-doped (K sNays)NbOs—~CaTiQ; diphase ceramics based on
the temperature-dependdfiR of *P,—>Hs/'D,—>H4[32], in spite of the fact that tH®
value of 1617.147 was not high, which gave us deep inspiration famperature
sensing of Pi doped CTO phosphor based on FIR technique of I'g¢t@fe interfered
non-thermal coupling levels(NTCLs). However, thevlemitting efficiency of P¥
doped CTO phosphor has confined the potential egiobn to integrated optical and
electrical devices, assigned to some undesiralfecidesuch as trivalent titanium ions
(Ti; ), oxygen vacanciesV{") and calcium vacanciesV{") near P¥', which can
contribute to quench the Premission[12]. However, some traps (likg,") can
improve the LAG emission intensity and decay tinf¢[As known, the PL property of

PrP* doped CTO phosphor can be enhanced by adding ¢hsitigers, charge



compensators and fluxes[12, 17, 33-36]. Receitéy/flux assisted method has arisen as
an effective way to enhance the PL intensity, atlisity and efficiency[35]. Among
these fluxes, such as NEI, NHsF, HsBO;3, LiF, NaF and so on, NaF flux has been
gaining much attraction due to the relatively higlelting point (993C) and boiling
point (1695C), appropriate for the growth and ripening of jgées[37]. In 2012, Dai et

al discovered that the emission intensity ef3i,07:0.45Ed" phosphor was enhanced
by adding NaF as a flux[37]. In 2013, Manjunatha &t reported that
thermoluminescence(TL) property of $htoped CdSi@ phosphor was improved by
the NaF flux assisted method[38]. In 2015, Liuledamonstrated that adding NaF as a
flux could further improve the emission intensityf dus(Al,Si)s(O,N):Ce™”
phosphor[39]. In 2017, for structure determinatiarsingle crystal of N#@r(PQ), has
been grown by NaF flux assisted synthesis[40]. Harneo the best of our knowledge,
the enhanced PL and ultrahigh temperature sensopegies of NaF flux assisted*Pr
doped CTO phosphor have been not investigated.

In this work, Pt* doped CT@hosphor with enhanced PL and ultrahigh temperature
sensing was synthesized via NaF flux assisted-stdit® reaction. The doping amounts
of PP* ion and NaF flux were optimized in order to entatite PL emission intensity.
Energy transfer (ET) mechanism betweefi Rms for quenching was investigated. The
LAG property of the typical sample was investigagetl the distribution of energy
storage trap was discussed. The emission intensifiéP,—>Hg and 'D.—>H, were

used to measure the FIR values in order to obkenemperature sensing behavior. The



S and S values of NaF flux assisted *Prdoped CTOphosphor were calculated.
Moreover, the sole presence '&f,—°H, red emission was explained by energy level
diagram and thermal induced nonradiative relaxapimtess based on IVCT state was

also discussed by the configurational coordinaagim.

2. Experimental

2.1 Materials

Titanium dioxide (TiQ) from Hunan Xiangzhong Fine Chemical Plant andioat
carbonate (CaC%) from Sinopharm Chemical Reagent Co., Ltd. wereduas raw
materials in this work. Sodium fluorid®&aF) from Shanghai Chemical Reagent Co.,
Ltd. was used as a flux and charge compensatoolétesethyl alcohol (egHsOH) as a
grinding agent was purchased from Hunan Huihongn@ted Reagent Co., Ltd.
Praseodymium oxalate [f€,0,)s- 10H0, 99.99%] as an activator was purchased from

Yiyang Hongyuan Rear Earth Co., Ltd.

2.2 Preparation of samples

CaTiOsz: xPr* powder (CTO:xPr*, where the molar ratio of BfCaTiO; x =0%,
0.45%, 0.6%, 0.75% and 0.9%) and Cafi®6%Pr* with different amounts of NaF
flux (CTO: 0.6%Pt"+yNaF, where the molar ratio of NaF/Cagipis 0%, 1.0%, 1.5%,
2.0%, 2.5%, 3.0% and 3.5%) were prepared by therardional solid-state reaction

method. For preparing CTO:xPr*, TiO, and CaC®@ as raw materials,



Pry(C.04)3- 10HO as an activator were mixed thoroughly in the @mnes of absolute
ethyl alcohol and grinded for 45min. And then thiztore was dried in the oven for 1h.
After drying, the mixture was transferred to thaistance furnace. The temperature
initially went upto 800°C at 8°C/min, and then rose to 13@ at 4°C/min for 2h in air.

For the preparation of CTO: 0.69%PryNaF, the total process was the same as the

above.

2.3 Characterization

The X-ray diffraction (XRD) patterns were obtairfeoim a PANalytical X’Pert PRO
X-ray diffractometer with Cu Kradiation £=0.15406 nm). The surface morphologies
were characterized by a Hitachi-SU8010 field-emoissscanning electron microscope
(FE-SEM) operating at 10 kV. Ultraviolet—visibleffdse reflectance (UV-vis DR)
spectra were recorded on a Shimadzu UV-2700 UV-8gectrophotometer. The
photoluminescence excitation (PLE) and PL speceeewbtained from Hitachi F-7000
Fluorescence Spectrophotometer at room temperdtnee365 nm UV excitation light
was switched off after 5min irradiation to the tygdi samples. The LAG emission
spectrum was recorded by a Luminescence Meter i8ydeijing Nuclear Instrument
Factory). TL spectrum was also measured usingltbgeaLuminescence Meter System
equipped with a temperature-controlled oven and G d&ta acquisition system
(FJ427A1). The temperature-dependent PL spectra wemorded on Hitachi F-4500

Fluorescence Spectrophotometer with a standard JA®-control the temperature.

3. Results and discussion



3.1 XRD analysis
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Fig. 1 (a) XRD patterns of CTOPr* (wherex =0%, 0.45%, 0.6%, 0.75% and 0.9%); (b) XRD

patterns of CTO and CTO: 0.6%PxyNaF (wherey =0%, 2% and 3%); (c) Rietveld XRD

refinement of CTO: 0.6%P2%NaF from the GSAS software; (d) Crystal struetaf PF* doped

CTO.

The phase composition is identified from the XREtgrma. The curves of CTOPr*

samples (wherg =0%, 0.45%, 0.6%, 0.75% and 0.9%) are arrangedigity from the

bottom to the top, as shown in Fig. 1a. The detkdiffraction peaks of all samples

were consistent well with the orthorhombic peroteskn thePnma (62) space group

10



(JCPDS#22-0153) without observing any impurity péakn the secondary phase. It
indicated that all samples had pure single orthmitiio phase and the Prions were
successfully incorporated into t8d O host lattice. However, owing to the similaricon
radii in the twelve-coordinated state between th& PL.30 A) and C# ions(1.34
A)[41], Pr* ions substituted for Gaions in CTO host lattice. As shown in Fig. 1a, the
little position changes of the strongest peak (1&ithin the margin of error were
attributed to the negligible effect of a small qtignof Pr** ions on the host crystal
structure[42].

The XRD patterns of CTO and CTO: 0.6% RyNaF (y=0 %, 2% and 3%) are
shown in Fig.1b. The detected diffraction peakalbfamples were also consistent well
with the orthorhombic perovskite in thenma (62) space group (JCPDS#22-0153)
without observing any impurity peak from the seamydhase. It was worth noting that
the position changes of the strongest peak (121 akso within the margin of error.
Herein, Ptions (1.30 A) preferentially occupied the sitestef C&" ions (1.34 A) in
the CTO host crystals, due to the similar ioniciiratls the F ion (1.33 A) was very
similar with that of the & ion (1.40 A), the substitution of“On the host lattice by F
took place. Moreover, as the radii in the twelverdinated state of Naion (1.39 A)
was also similar with that of &aion (1.34A)[32], N4 ions occupied the sites of the
C&* ions. Although a small quantity of Nand Fions had negligible effect on the host
structure[42], NaF flux improved the crystallinilyie to the narrowing of the XRD line
width, as shown in Fig.1b.

Table 1 reveals the mean crystallite sizes fordtystal plane (040) estimated by

Scherrer Formula[43] as follows:
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where D,,, is the mean crystallite size] is the wavelength of X-ray radiation (Cu
K, radiation A= 0.15406 nm),K is the shape factor and usually taken as 0.89§,

is the full width at half maximum (FWHM), after swction of equipment broadening,
and @ is the Bragg angle. From Table 1, it was seen tiatmean crystallite sizes
were in the range of 47.6-73.1 nm. Moreover, folO30.6%Pt +yNaF (y=0, 2%, 3%)
the crystallinity of Pf* doped CTO was improved with the addition of Nakkflas it

promoted the growth and ripening of particles[37].

Table 1 Crystallite size of different samples forstal plane (040)

Samples Boa0)°  Poaol’ D(040)/nM

CTO 47.556 0.189 54.1
CTO:0.45%Pt" 47.567 0.171 62.4
CTO:0.6%Pt" 47.614 0.208 47.6
CTO:0.75%Pt" 47.564 0.184 56.4
CTO:0.9%Pt" 47.593 0.181 57.7
CTO:0.6%Pi+2.0%NaF 47.567 0.193 52.6
CTO:0.6%Pt'+3.0%NaF 47.413 0.155 73.1

With the help of the GSAS software, Rietveld XREnement is performed to verify
the crystal structure and space group. Rietveld XBfihnement of CTO:0.6%P2%

NaF is shown in Fig. 1c. Herein, the observed adutated diffraction patterns were

12



in accordance well with each other, which indicatledt the typical sample had pure
orthorhombic perovskite phase with the space gafupnma (62). TheRup, R, andy?
was 8.62 %, 6.55% and 2.82, respectively (Tabldv@®yeover, the pure CTO crystals
had orthorhombic perovskite structure with unit-gedrameters of a = 5.3938 A, b =
7.6326 A, ¢ =5.4227 A, V= 223.25°RZ =4, 0 = B =y = 90° and the CTO:
0.6%Pr*+2% NaF had lattice parameters of a = 5.2950 A, 6463 A, ¢ = 5.4642A,
V= 221.23 R, Z =4,0 = B =y = 90°, whichwere close to the data of standard card
(JCPSD#22-0153) and the typical orthorhombic peditescrystal structure of Pt
doped CTO is shown in Fig.1d. It was clearly sewmat the orthorhombic perovskite
structure made up of the tilted Ti-O octahedra withterminal oxygen atoms, resulting
in the lower symmetry around Pr which could mix opposite-parity into 4f
configurational levels, subsequently improving ted *D,—>H, emission probabilities

of PP12].

Table 2 Refined lattice parameters of the typieahgle

Parameters CTO:0.6%P+2%NaF perovskite
(JCPSD#22-0153)
Phase structure orthorhombic orthorhombic
Space group Pnma(62) Pma(62)
a®) 5.2950 ERaT
b A) 7.6463 7.6436
c®) 5.4642 E—
V(A9 221.23 223.78
z 4 4
8.62% —
Ry 6.55% —
4 2.82 _
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3.2 FE-SEM
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Fig. 2 (a) and (b) FE-SEM images under differengniigcations and (c) particle size distribution

of the pure CTO; (d) and (e) FE-SEM images und#ergint magnifications and (f) particle size

distribution of the CTO: 0.6%P+2% NaF.

FE-SEM images under different magnifications andige size distribution of the
pure CTO are shown in Figs.2a-c. It was revealatl e pure CTO sample possessed
spherical morphology with smooth surface. Therestexi a certain degree of
aggregation and the mean particle size was abadtn@® based on Gauss fitting, as
shown in Figs. 2a-c. Figs.2d-f indicate FE-SEM iesgnder different magnifications
and the particle size distribution of CTO: 0.69%PR%NaF. It was worth noting that the
CTO: 0.6%Pt+2%NaF had mostly sphere-like morphology, but soaéxhibited the
guasi-cubic morphology and the mean particle sias about 670 nm based on Gauss
fitting. Considering the above results of Tabléhk crystallite size of the pure CTO was
54.1 nm, while the crystallite size of the CTO:0@846+2%NaF was 52.6 nm. It was

obviously noticeable that addition of NaF flux enbed the crystallinity of Bf doped
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CTO phosphor particles, consistent with the resuKRD.

3.3 UV-vis DR spectra
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Fig. 3 (a) UV-vis DR spectra and (b) plots (R )hv]* versus photon energyy) of the CTO:

0.6%Pr" and CTO: 0.6%Pt +2%NaF

UV-vis DR spectra are used for investigating théaa properties of samples. Figs.
3a and b show UV-vis DR spectra and the plot§R{R_)hv]> versus photon energy
(hv) of the CTO: 0.6%Pf and CTO: 0.6%Pi+ 2%NaF. As shown in Fig.3a, it was
obviously noticeable that the two typical samplexl the strong absorption band
(marked as A) centered at ~277 and absorption band (marked as B) centered at ~330
nm, assigned to absorption bands of CTO host nat&y comparing the spectra of the
sample CTO and CTOPr* from Fig. S1, it was found that there existedgtreng and
broad absorptions at ~277nm and ~330 nm, indicaliagbands A and B belonged to
absorption bands of CTO host material. It was gaheconsidered that the absorption

band (marked as C) at ~365 nm originated from IV&ate between Prand Tf*

15



(PP -O-Ti"-PF*-0O-Ti*"). Moreover, it was also observed that the bandKethas
D) in the range of 450-500 nm was attributed tatffransitions of the Bf ion. The
peak at ~495 nm originated frotH,—>P, transition, the peak at ~476 nm was ascribed
to °H,—°P; transition and the peak at ~455 nm was assignédte°P; transition. As
shown in Fig.3b, plots ofF(R,)hv]* versus photon energyhy) of the two typical

samples are used to determine the direct opticaddmp values E,) by using

Kubelka—Munk (K—M) and Tauc’s functions[44] as tolls:

R, = Ej”‘"e (2a)
F(R.) :—(1;2:) =3 (20)
[F(R.)hV]" = A(hv-E,) (2c)

where R, is the ratio of the light scattered from the saamgohd an ideal non-absorbing
reference sample (Ba® F(R,) is the K-M function; S is the scattering
coefficient; K is the absorption coefficientfiv is the photon energy an&, is the
bandgap energy. The values &, for the CTO: 0.6%Pf and CTO: 0.6%P{+2%NaF
were ~3.63 and 3.62 eV, respectively. To obtainkthedgap values of other samples,
UV-vis DR spectra and plots dF(R_)hv]* versus hv are shown in Fig.S1, S2 and
S3. It was worth noting that the estimated bandgdpes of all samples were ~3.63 or

3.62 eV and there was almost no considerable chiante optical bandgap values of

16



all samples. Considering that the bandgap enengase related with crystallite and
particle sizes, morphologies and crystallinitiessafmples, it could be concluded that
neither morphologies nor crystallinities nor cryig and particle sizes alone could
account for the approximate invariance of bandgegrges, while it could be attributed

to a combination of several effects.

3.4 PLE and PL analysis

PLE spectra detected at 614 nm of CKer* (where x = 0.45%, 0.6%, 0.75% and
0.9%) are shown in Fig.4a. It could be observedtttiere were several typical peaks in
the range of 200-530 nm. It was worth noting tling intensities of PLE increased
firstly and then decreased with the increasemenPiBf concentration. The broad
absorption bands in the range of 200-350 nm woaldelated to the absorption of CTO
host material, combined with the results of UV-RIR spectra. The band (marked as A)
centered at~277 nm and the band (marked as B) centered382 nm could be
attributed to O(2p)}— Ti(3d) charge transfer. As mentioned above, tharenment of
Ti** was octahedral and the 3d orbital was split into different energy levels deand
tog In the TIQ octahedral crystal field. Thus, the band A wasigagsl to
O(2p)—Ti(3d)eg and the band B was attributed to O23)i(3d)2445]. Thehigher the
intensities of bands A and B, the higher &ficiency from the CTO host material to

Pr*. The band (marked as C) centered @365 nm was ascribed to IVCT state between

17
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Fig.4 (a) PLE spectra detected at 614 nm; (b) Pdctsp excited by band B; (c) PL intensity
comparison of the CTOPr* (wherex = 0.45%, 0.6%, 0.75% and 0.9%) excited by banddB;
Linear fitting of log(l /x) vs log(x) in the CTO:xPr’** beyond the concentration quenching>(

0.6%)

PP and T (PP*-O-Ti**—>Pr*—O-Ti*")[17]. Moreover, a low-energy weak tail in
range of~380-420 nm might be related to low-lying 4f5d of |45]. The weak peaks
in the range of 450-500 nm (marked as D) werebatteid to 4f-4f transitions of Pr

ions. When emission intensity of band D was enlddgge 50 times (inset of Fig.4a), it

was observed that the peak at ~495 nm was attdhatéH,—>P, transition, the peak at
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~476 nm was ascribed t61,—°P; transition and the peak at ~455 nm was assigned to
®H,—°P, transition. PL spectra of CT@Pr** (where x = 0.45%, 0.6%, 0.75% and 0.9%)
excited by band B are shown in Fig.4b. There edistesingle sharp peak centered at
~614 nm, which was contributed 1,—°H, transition. However, the emission frof

(j=0, 1, 2) to®Hatransitions was hardly observed, which would bel @isicussed later.

It was noted that the emission intensity at ~614 imereased initially and then
decreased with the increase of th&"Roncentration. From Fig.4c, it was observed that
when the P¥ concentration was 0.6%, the emission intensity w&engest. The
concentration quenching effect occurred due toddmease of PPF* distance in the
CTO host when the Prconcentration was more than 0.6%. Hence, thecatidistance

(R) between P¥ ions for concentration quenching can be calculdtgdusing the

following Eq.(3)[46]:

bE
R:Z{i} .

where V is the volume of the unit cellX; is the critical concentration of Prions,
and Z is the number of formula units per unit cell. Aemtioned above, for pure CTO
host, V = 223.25 R, Z =4, and for P¥ doped CTQhosphors, theX. is 0.6%. The
calculated R, of PP*—Pr*in CTO host is~26.09A.

As known, the nonradiated ET includes radiatiorbseaption, exchange interaction,

and electric multipolar interactions. Only when t&ecitation and emission spectra
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widely overlap, can the radiation reabsorption oEd. In our work, it was obviously
noticeable that the radiation reabsorption couldrided out. Moreover, theR. for
exchange interaction was less than 5 A, while tleutated R, (~26.09A) mentioned
above exceeded far the value. Thus, the exchanggaation was also almost
impossible, whereas the electric multipolar intéoac was most possible for the ET
mechanism between Piions in the CTO host.

To obtain the concrete electric multipolar intei@cttype among PBf ions for
concentration quenching, linear fitting dg(l /x) versus log(x) in the CTO:xPr*
beyond the concentration quenching> 0.6%) is shown in Fig. 4d . The electric

multipolar types among Prions can be evaluated by the following Eq. (4)4S;

l;:[1+ B x)%]l 4)
where | is the emission intensityX is the P¥" ion concentration X> 0.6%), 3 is
a constant and? s the electric multipolar character. Th# value can be 6, 8 and 10,
attributed to electric dipole—dipole (d-d), dipotptadrupole (d-q), or quadrupole—
quadrupole (g-q) interactions[48], respectivelyslape equal to -1.6185 =643 by
linear fitting of log(l /x) versus log(x) in the CTO:xPr** beyond the concentration
quenching K> 0.6%) could be obtained and th#& value was 4.8555, approximately
close to 6. Therefore, it was mostly suitable the¢ d-d interaction accounts for

concentration quenching.
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As known, NaF flux assisted method has been coresidas an effective way to
enhance the PL property[37]. Fig.5a shows PLE specf CTO: 0.6%P{+yNaF
(wherey is 0%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0% and 3.5%)aletkat 614 nm. The band
A in the range of 270-280 nm was attributed to Q2i(3d)eg The band B in the
range of 315-335 nm was identified as O2{3)(3d)oq and the band C was at ~365 nm,
ascribed to IVCT state. The low-energy weak tail~&0 nm might be related to
low-lying 4f5d of PP*. According to the PLE spectra, we can construetethergy level
scheme of Pf doped CTO material, as shown in Fig. 5b. As meetibabove, the CTO:
0.6%PF"+2%NaF had the strongest intensity in PLE speethach could be explained
by the energy level diagram. It was observed thatet were three important excitation
processes. The first (1st) was that the electros avaectly excited up to Ti(3g) state
by ~275 nm UV light, and could relax to IVCT state, atheén to'D, level, finally
generated retD,—>H, emission. The second (2nd) was that the elect@mexcited to
Ti(3d)yy state by ~330 nm UV light and relaxed to IVCT state as
PP -O-Ti**>Pr*-0-T*", then to'D; level directly and finally gave up ré®,—>H,
emission. The third (3rd) was that the electron wasted fromH, ground state of Pt
to the bottom of CB as BrO-Ti**—»PrF*-O-Ti** (IVCT state)by ~365 nm UV light,
and then relaxed ttD, level directly and finally generated réB,—>H, emission. It
was worth noting that in the three cases*fe->H, or °P, —°Hs emission could rarely
be observed owing to the depressed relaxatio?iﬂtbased on the IVCT state, which

could account for the observation of a single i2g—>H, emission. It could be clearly

21



d 25001 kem:ﬁf:’14nm /B NaF | b
0 % ‘ )
; 20004 —u—1.0% 30 _ Mﬂad)tu
; o 1.5% TR T ey
\(_“/ A 20% IVCT Vi
2 1500+ —v—-25% ,
® 3.0% ‘
C —<4—3.5% 20
£ 1000+ 5
£ ° Brd |2nd | 1st
500 2
UCJ 10
0 T T T . Fag .
200 300 400 500 oo H
Wavelength(nm) YBIEE
® H,
" ool o2
C 3401 —0- i Ea": Pr P vl
—~ —O—Aban 1.6
E,,0] 332 332332 d ] e
,,E: 322 320 319 < i,
O 200 | o
o 300 3 1.04 1% 093 0.88
© 27 = 0.79 787
% 2804 273 279 279 277 278 277 279 3 08 0.70 0.78
= § 0.6
260 — 04l
0.2
240 T T T T 00
0 1 2 3 4 :
. 05 00 05 10 15 20 25 30 35 40
NaF Concentration(%) NaF Concentration(%)
€ 2200 NaF o | f NaF 0 %
2000 i o —_—1.0% 2000 T ~ 2000 ::'gof
- i —1.5% 31500 — ' oo
> £ / \"\o —20%| = £ 25%
% 1500 d o 2.5% ) i ﬁ 1000 T4
\g 15001 E 1000 o/ —3.0% | (© 1500 500 —3.0%
= o i — 359 ‘5 i ——35%
GC) 1000 | %500 r\'igF%o;{ge?{t?'afign?i)as 40 ‘ g 1000 i e e n;al'iuCor‘\csentzr:(iozni“/o)30 e
= Qe z
i= = |
500 500
200 400 600 800 300 400 500 600 700 800
Wavelength(nm) Wavelength(nm)

Fig.5 (a) PLE spectra detected at 614 nm; (b) snlexge! diagram of Pf doped CTO material; (c)
Main excitation wavelength changes; (dand Hlband a ratio; (e) PL spectra and intensity
comparison(inset) excited by band A; (f) PL speetna the intensity comparison (inset) of CTO:

0.6%P?++yNaF (wherey is 0%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0% and 3.5%)tedddy band B
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seen that the excitation intensity increased maig-by adding a certain amount of
NaF flux. The improved intensity was understoodé&associated with the enhanced
ET efficiency from the CTO host material to®Pions. Thus, it could be concluded that
NaF flux plays an important role in controlling taable recombination kinetics of
charge carriers accounting for the emission procése main excitation wavelength
changes from bands A and B are observed from Fidt5gas worth noting that the
excitation peaks from band B hadleghtblue-shift (332-319 nm) with increasement of
NaF concentration. The corresponding excitatiomggneras about 3.73-3.89ev, slightly
larger than optical bandgap values (3.62 or 3.68 feMn UV-vis DR spectra, which
was almost within the experimental error. The etmn peaks (273-279 nm) from band
A did not change significantly with increasementNaF concentration, attributed to the
negligible effect of a small quantity of Nand Fions on the host structure[42].

Fig. 5d exhibits the ratio of PLE intensity fromrgaB and that from band Agbhd s
/lband A Of the CTO: 0.6%Pf+yNaF. As for CTO: 0.6%Pf, the contribution to PL
intensity excited by band B was predominate, but @O: 0.6%Pt+yNaF, the
contribution to PL intensity was almost completdiyminated by band A. However,
when the NaF concentration is 2%, thgds/lvband aratio was 1.01, which revealed that
the contribution to PL intensity from band B wasatt on a par with that from band A.
Fig.5e reveals the PL spectra and intensity corapa(inset) of CTO: 0.6%PryNaF
excited by band A. When NaF concentration was 296, RL intensity reached the

maximum value (~3.14 times that of CTO: 0.6 rFig. 5f shows the PL spectra and
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the intensity comparison (inset) of CTO: 0.6%PyNaF excited by band B. When NaF
concentration was 2%, the PL intensity has the mari value (~2.14 time that of CTO:
0.6%PF"). As mentioned above, the enhanced PL property atgsbuted to the
improved crystallinity of P¥ doped CTO with the addition of NaF flux. Howevitr,
was observed that when the NaF concentration wae ithan 2%, the PL intensity
decreased. It indicated that excess NaF flux cqulehch PL intensity. As known, Pr
ions could have two valences (+3 and +4) in hoseries. Generally, Bf occupied
site of C&", forming the Pr.,; as Eq. (5a), while Pt substituted for Ti to form the

Pr.* as Eq. (5b). When the CTO host material was af £G0it was common that the

Ti
concentrations of Schottky defectd/( andV,") were relatively higher[17]. The
intrinsic Schottky defects were formed as Eq. (Sanultaneously, Bf immigrated to

calcium site from titanium site as Eq. (5d) andrged into PY". This process could be

m

taken for a decomposition of Pf@ PrOs3 and theV,,” and V," could annihilate as

Eq. (5e).
Pr,O, - 2Pr +V,, +30; (5a)
Pro, » Pr, +20,° (5b)
null - V., +V," (5¢)
2Pr + 2V, O, - Pr + A VT 1D, § ) (5d)
V" + 2V, - null (5e)
NaF - Na., +F, (5f)
A (50)
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However, some undesirable defects such/as, V," and Ti; were close to P,
contributing to the quenching of Premission. Generally, the suitable*Pdoping
concentration was quite lower, so the possibilityundesirable defects meeting®*Pr
was not favorable[12]. On the one hand, NaF fluxl@éamprove the crystallinity of
phosphors, resulting in higher oscillating stresgibr optical transitions and enhanced
PL emission. On the other hand, as the radii warglas to each other, Naion
substituted for Cd and Fion replaced & as Eq. (5f). Thus, the elimination of the
concentrations ofV,," and V," near Pt contribute to improvement of PL intensity.
There was, of course, another explanation for ergwrPL intensity. WherNa,,
compensatedPr,,", the additional Fcould occupy site of § forming F, and V"
as Eq. (5g). This kind ol/.," was in favor of reducing Printo PF* as Eq. (5d),
beneficial for improving the PL intensity[50]. Mareer, this kind of V., could cause
the disorder host structure, originating the lowgmmetry at P¥ sites, which could
mix opposite-parity into 4f configurational levelsubsequently improving the red
emission tD,—°%H,) probabilities of P¥[12]. However, the defects formed by excess
NaF flux also acted as non-radiative recombinatenters and quenched PL intensity.
In conclusion, a certain amount of NaF could imgrtlve ETefficiency from the CTO
host material to Bf. Thus, the NaF flux assisted CTO*Pred emitting phosphor could
be suggested as a promising material in red redwnFED application as the

next-generation FPD.
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3.5Afterglow decay and TL spectra
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Fig.6 (a)The afterglow decay and fitting curve9; Th glow and fitting curves of

CTO:0.6%Pt+2%NaF after irradiation of 365 nm UV light for Gmat room temperature

The afterglow decay curve of CTO: 0.69%R2%NaF was recorded after irradiation
of 365 nm UV light for 5 min at room temperaturs,shown in Fig.6a. The afterglow

decay curve is fitted well by the bi-exponential E&p) as follows:

|(t)= Aexp(—lj YA ex;{rizj (6a)

L

2 2
g = ATT+HATY (6b)
AT+ AT,

where t is the time | (t) is the afterglow emission intensity at time A and A,

are constants,r,; and 7, are the decay time for the exponential components,
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respectively. The average afterglow decay timg,) for the bi-exponential function
can be expressed as in Eq. (6f)e r,, 7, and 7, were 8.6 s, 55.7s and 44.8 s for
CTO: 0.6%Pt"+2%NaF, respectively. It was well known that the@An Pr* doped
CTO is associated witl/,” as the electron capture center. As shown in Hig.tl3e
energy level of theV,” was usually below the IVCT state. After some tintige
captured electron could be excited to IVCT statd elax to'D,. Thus, afterglow
intensity and time could be determined by the cotraéion and depth of the energy
storage trapV,” . The 7, for CTO: 0.6%Pt+2%NaF was 44.8s, which was
significantly better than the result of similar peskite material reported by Ryu[42].

To investigate the distribution of energy storages in CTO: 0.6%Pf+2%NaF, TL
curve was measured from room temperature to°@)@fter irradiation of 365 nm UV
light for 5 min at room temperature, as shown ig. Bb. It was revealed that there was
a wide TL peak, whiclvas fitted well by Gaussian function. It could lt&ibuted to the
energy storage tral/,”. The depth of energy trap is estimated using the (&) as

follows:

2
E= 3.5[ KT j AT @)
w

where E is the average depth of trap§, is the peak temperaturey is the FWHM

of the peak, andk is the Boltzmann constant (8.61733%1®V-K™). By Gaussian

fitting curve, T, was 334.15K (62C), w was 76 K. Thus, the average depth of trap
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E was 0.39 eV, whiclwvas close to the result (0.41eV) reported in therditure[51].
Only could the traps with appropriate depths besetgr to promote the LAG emission.
It was indicated that the irradiation in the IVCiate ~365nm) could promote the
electron transfer from Prto Ti*" forming IVCT state and tha/," near IVCT state
played the key role for trapping electrons, accmgntor the LAG emissionlherefore,
this red LAG phosphor could be considered as a pgiom material for potential

applications in medical imaging, warning signs aaotft illumination.

3.6 The CIE chromaticity diagrams
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Fig.7(a) The CIE chromaticity diagram and magnif@tE coordinates (inset) of CTO: 0.6%Pr
excited by band A (upper)and band B (lower); (b T}IE chromaticity diagram and magnified CIE

coordinates (inset) of CTO: 0.6%P¥2%NaF excited by band A (upper)and band B (lower)

The Commission Internationale Dedlairage (CIE) and magnified CIE chromaticity
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coordinates (inset) of CTO: 0.6%Prand CTO: 0.6%Bf+2%NaF excited by bands A
(upper) and B (lower) are illustrated in Figs. Tal d&. The coordinate (x, y) of CTO:
0.6%Pr* based on band A was calculated to be (0.658, 8)3#1d the coordinate (X, )
of CTO: 0.6%Pt" based on band B was (0.6659, 0.3338). The codal{ray) of CTO:
0.6%PF"+2%NaF based on band A was (0.6599, 0.3396) anddbelinate (x, y) of
CTO: 0.6%Pt+2%NaF based on band B was (0.6657, 0.334). Thelicmtes (0.6659,
0.3338) and (0.6657, 0.334) were very close to thatthe ideal red light
(0.67,0.33)[52].

To obtain the quality of the red emission, the cglority (CP) of the typical samples

can be calculated as Eq.(8)[53].

2 2
o X -y

JOux )+ (va -y’

(8)

where §, y) is the color coordinate of the typical samplg, () is the CIE coordinate of
the white illumination andx§, yq) is the CIE coordinate of the dominant wavelength.
The CP of CTO: 0.6%Pt+2%NaF based on band B reached up to 99.98%. Ti@ CT
0.6%PF"+2%NaF had a strong PL emission with good colordinate and high CP,

which was a promising candidate for applicatiof&D area.

3.7 Temperature sensitivity analysis
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Fig.8(a) The temperature-dependent PL spectraeskbiy band B in the range of 298-523 K of
CTO:0.6%PT+2%NaF in 25-K increments; (b) the relative inténsimeasured at different
temperatures; (c) the linear fitting aifi(1,/1-1) vs 1kT; (d) FIR values based on non-thermal
coupling levels ofP,—°Hg /'D,—H,4 as a function of temperature; (e) absolute seftgi(fS,) as a
function of temperature; (f) relatively sensitivi(g) as a function of temperature in the range of

298-523 K
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The temperature-dependent PL spectra excited by Ban the range of 298-523 K
of CTO: 0.6%Pt+2%NaF in 25-K increments were measured, as showfig.8a. It
was observed that a dominant red peak centere@ildt rm was attributed {®,—>H..
With the increase of temperature, the relativenisity ratio of PL intensity at different
temperatures to PL intensity at 298 K decreasedugidy, ascribed to the thermal
guenching effect, as shown in Fig. 8b. However,eakvpeak at 560 nm attributed to
3p,—>Hg and another weak and broad peak in the range®¥30 nm originating from
3p,—3F, and*P,—°F,; were hardly observed. The mechanism of the redsian was
explained by the configurational coordinate diagraas shown in Fig. 9a. When
electron was excited to CB by UV light initiallyn@ then populated at the IVCT state
via the nonradiative process, and relaxed to®hg=0, 1, 2) or ta'D” levels. Due to the
strong coupling of the IVCT state wiflD, level, the relaxation t(?)PJ (=0, 1, 2) was
depressed and the relaxation '@, level was dominated. Therefore, tfig,—>Hs,
3p,—3F, or *Py—°F, transitions were hardly monitored and only a fngld emission
attributed to'D,—>H, transition was observed. It could be concluded tha IVCT
state played an important role on the nonradiatelaxation processes. Moreover, to
understand thermal quenching of CTO: 0.685F2%NaF, the value of activation
energy E,) was an important parameter. The value f can be evaluated by the
linear fitting of In(l,/1-1) versus/KT for CTO: 0.6%PY+2%NaF according to

Eq.(9)[49], as shown in Fig.8c.

Lo _jha_Ba
In(lj In A T )]
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Herein, |, is the initial PL intensity at 298 K] represents the PL intensity at
different temperaturesA is a constant,E, is the activation energy from the bottom
of 'D, level to the cross-over of the IVCT state with grd state®H, level and the
Boltzmann constank is 8.61733 x 10 eV-K™. According to the linear fitting of
In(l,/1-1) versusYKT, the slope was equal to — (0.575+0.011) E, ~Thus, E,
was approximately determined to be 0.575+0.011e83744726 crif), which was
slightly less than the value ( ~0.7 eV, 5400-5500"c of PP* doped CTO powder
reported by Inaguma et al.[54], and slightly lartiem that of CTO: Bf (~0.5 eV, 4000
cm?) reported by Boutinaud et al.[55]. Moreover, theltipphonon relaxation also
contributed to the rateW,,) of *P—'D, non-radiative de-excitation. The maximum
phonon energyhw, ., in CTO was at about 639 cifb6]. Then, six phonons were
required to bridge the energy galE’ ~3700 cm” of °P, and'D; levels. The rateW,,
of °P—'D, multi-phonon relaxation can be estimated by thelifiesl exponential

energy-gap Eq. (10) under 300 K[55]:
WNR:ﬁelexp[—a(AE' - mwmax)] (10)
with B, = 10 s* and @ = 4.5(x1) x 10° cm. So, the rateW,, of *P—'D,

non-radiative de-excitation could be estimated ¢o~185 s' below 300 K. The rate

W, of °P—'D, multi-phonon relaxation over 300 K can be estimatecording to Eq.

(11)[55] as follows:
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p

Wi (T) =W (0) {1{ exp{%nll

11)

wherepis phonon number. The ratd/, of >P—'D, multi-phonon relaxation at 523 K
could be calculated to be 480.sThe rateW,, was too small to account for the
thermal quenchingFIR values of*P,—°Hg /'D,—>H4 were mainly dependent on the
temperature due to the thermal-induced relaxatiwh guenching through the IVCT

state. Thd=IR values of dso/lg14Ccan be expressed by the following Eq. (12) as Wasto

FIR=1se0 - ¢ exp(ﬂJ (12)
614 kT

where C is a constant,AE is the effective energy gap froﬁﬂ to 'D, level
(AE=E,-E,, E, is the energy barrier from the bottom’gf level to the cross-over of
*P level with IVCT state andE, is the energy barrier from the bottom'dX; level to
the cross-over ofD, level with IVCT state), and the Boltzmann constdatis
8.61733x10° eV-K ™. From Fig.8d, through a nonlinear fitting of theperimental data,
AE /k could be obtained and was equal to ~4624.4, witbHewiation of +228.7.
Therefore, AE is ~0.398 eV (~3214 cmM). However, the important parameters for
temperature measurement are the absolute andreetansitivity § andS), which can

be expressed by the Egs. (13a) and (13b).
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FIR -
= (FIR) o -0 B as)
dT KT KT KT
FIR
1 d( ) - AE x100% (13b)

""FIR dT  kT?

The S, as a function of temperature is illustrated in.&&g The maximum value &
at 523 K could be obtained and was equal to ~Ok015Mloreover, we could obtain the
ultrahighS of 4624.412, which was 6 times higher than that of the sensased on the
TCLs P, and®Py) of PP* doped materials and the maximum valueSoat 298 K is
~5.2% K', as shown in Fig. 8f. The reported optical senbased orFIR of PF* doped
materials are listed in Table 3. The ultrah&tof 4624.41% had been very remarkable,
in spite of less than the value of 7987feported by Tang et al.[20] and the value of
4964.81 reported by Gao et al.[21]. Moreover, it was womtbting that theS value
was mainly dependent on the effective energy @&p or energy barrieg,, i.e., the
energetic position of the IVCT state.

To better understand thermal induced relaxatiorcgs® betweerP, level and'D,
level through the IVCT state of CTO: 0.6%PR#2%NaF, the configurational coordinate
diagram is applied, as shown in Fig. 9b. As disedszbove, thé& value was mainly
dependent on the effective energy gAR or energy barrierE,. If the energy barrier
E, was too small, the thermal quenching became sedoe to facilitation of electron

transition from théD, level to the IVCT state. If the energy barri&;, was overlarge,
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Table 3 Summarized temperature sensing propeiftieg ‘ocdoped phosphors

Host materials FIR S (Kh Temperature (K) References
CTO P —He I'D,—>°Hs  4624.41° 298-523 This work

(Ko.sNag)NbOy 'D,—3H, PP—>Ha 799712 293-456 [20]
B-NaYF, 3P, —°Hs PPy—>Hs 657.7T 120-300 [27]
BaSITiO, DM, PP—®H, 4275117 290-513 [4]
BaSITiO, 3P, —°Hs PPy—>Hs 745.21° 290-403 [4]
NaGd(MoQ), 'D,>*H,/’Ds— 'Fs  3735.4T° 303-483 [31]
LuNbO, 'D,—*H,/’Ds— Fs 3724T1? 283-493 [23]
Y,Ti,0O; TED,—Hq 4385.9T° 289-573 [26]
NaoLay odPTo.04Ti3010 'D,H, PP—®Hs  4964.8T 303-543 [21]
(Ko.s=Nag 9)NbOs+CTO %P, —°Hs 'D,—°H,  1617.177 300-473 [32]

Fig. 9 The configurational coordinate diagram shgiuminescence mechanism ‘&f,—°H, red

emission (a) and thermal induced nonradiative edlar processes (b)
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the electron transition from tH®, level to the IVCT state was about to be confined,
which made temperature-dependent characteristic. podhe two cases above, they
were negative to the temperature sensing. Thereém@rgy barrierE, was supposed
to a suitable value for application to thermomepmpperties. Moreover, th&IR
technique based ofP,—°Hg¢/'D>—%H. in our case may have provided a fresh and

favorable route for optical thermometry.

4. Conclusions

The PP* doped CTO red emitting phosphor with enhanced RH altrahigh
temperature sensing was prepared via NaF fluxtadss®lid-state reaction. All samples
had the orthorhombic perovskite phase in Pnena (62) space group and no impurity
was found. The typical sample (CTO: 0.6%P2%NaF) mainly possessed sphere-like
morphology with particle size of ~670 nm. The ogkibandgap values of all samples
were ~3.62-3.63 eV. When the *Prconcentration was 0.6 mol%, the quenching
occurred. The critical distance wa®6.09A and the ET mechanism for concentration
guenching was the d-d interaction. A certain amairilaF flux could enhance the PL
intensity due to improving the crystallinity of pdghors and reducing point defects
through substitutions of by F and C&" by N&. The energy storage tray,” near
IVCT state played the key role for trapping elesoaccounting for the LAG emission.

The average depth of trag was 0.39 eV. The CIE chromaticity coordinates were
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very close to that of the ideal red light and thHe Was as high as 99.98%. From the
temperature-dependent PL spectra, the was ~0.575 eV (~4637 chhand AE was
~0.398 eV (~3214 cil). The typical sample with the maxinlandS being as high as
~0.015 K! and~ 5.2% K would to be a promising inorganic optical temperat
sensing material. The configurational coordinatagchm revealed that the thermal
induced relaxation between tAB levels and'D, level through the IVCT state was

supposed to account for the excellent optical teatpee sensing.
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The enhanced PL of NaF flux assisted Pr** doped CaTiOs red emitting phosphors.
The CIE coordinateis close to that of ideal red and CPis as high as 99.98%.

The trap oxygen vacancy with depth of 0.39 eV accounts for the LAG emission.
IVCT state interfered thermometers with S, and S of ~0.015 K™ and~ 5.2% K ™.

Providing an inspiration for devel oping ultrahigh sensitive optical thermometers.



