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Fig. 1 Dieke energy diagram of trivalent rare earth ionsl€l
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Fig. 2 Temperature sensing method based on the luminescence characteristics of rare earth ions
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Table 1 Common thermal coupling energy levels and
energy level spacings of rare earth ions

Rare earth ion Transitions AE/cmr! Ref.
Sm3* “Fap, *Gsi2 950 [17]
Eus 5Dy, 5Dg 1700 [18]
Erd* 4Sa2, 2Hup 800 [19]
Ho®* 5Ge/5F1, SF2,3°Ks 1500 [20]
Tms* 3F,3, 3Hs 1600 [21]
Nd3* “Far2, “Fan 1700 [22]
Dy®* 1572, *Fora 1100 [23]
pra+ 3Py, 3Py/ls 650 [24]
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Table 2 Research on temperature sensing based on fluorescence intensity ratio of thermally coupled energy levels of

different rare earths

Host lattice: Luminescent Ln3* Transitions ATIK St max/ (%' K™Y) Ref.
YVO,:Ho%* SF4/5S,,5Fs 300-650 3.780 (300 K) [37]
LaOF:Ho%/Yb?* 5F,.55, 303-673 0.460 (303 K) [38]
MgMoO4Er¥* 2Hy15,%San 298-573 0.830 (323 K) [39]
Y,Si0s:Nd3* Frpal*Sar2,*Farz 298-673 2.110 (300 K) [40]
LuVO4Nd3/Yh3 Fra*Fsr 323-873 2.600 (323 K) [41]
CazZnOS:Nd®* Fra*Fsra 293-433 1.470 (293 K) [42]
NaGd,F7:Tm*/Yb3* 3F,/*He, 'G4l°F 4 313-573 3.330 (313 K) [43]
Nap.5YbosF2: Tm3* 3F,/*He, 'G4l°F 303-543 1.440 (418 K) [44]
NaGd(M0O,): Tm3* 3F,/*He, 'G4l°F 4 298-553 1.860 (445 K) [45]
CaWO,Eu® 5Dy,5D; 333-733 0.910 (414 K) [46]
GdyZr,07:Eu 5Dy,5D; 298-650 0.920 (425 K) [47]
Y,M03015:Eu3* 5Dy,5D; 298-650 0.500 (472 K) [48]
CasY2SizOw:Prd* 3Po/Ha,3P1PHs 298-573 0.762 (298 K) [49]
NaSrGd(MoO4)s:Pr3* 3P1/3Hs,3PoPHs 290-440 0.830 (290 K) [50]
Bi;M0301:Pr 1D,,3H, 300-475 2.020 (300 K) [51]
SHWO,:Pr3* 3P, 1D, 298-598 0.810 (298 K) [52]
Sr3(POg)2:Sm3* 4Fa12l%Hs12,*GialoHa 303-853 1.700 (303 K) [53]
YAG:Sm3* Fy,9Gy2 303-1178 0.503 (500 K) [36]
SrMoO4:Sm3* Fy,9Gy2 273-573 0.601 (349 K) [54]
CapsHf5Ga:012:Dy% “152,%For2 208-523 2.120 (298 K) [23]
GdPO4Dy3* “152,%For2 290-530 1.340 (310 K) [55]
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(c) Upconversion emission intensities of
Tm’* and Ho™" vs temperature for the
CSS sample

K7 RZSERRLT s AR & B i R K R BT
Fig. 7 Enabling nonthermally coupled upconversion in a core—shell-shell nanoparticle for ultrasensitive nanothermometry>’

A, FER KRG Zhang 45 BEITE
NaGd(MoO.), 34524 T Sm3* Al T3+, FI e A1k
PERPEREMZE S, @I R LS T 298~503 K
TR X AU BRI, 7F 404 K BHEEI T 2.7%- Kt
(o f AR REE . Zhong ZEBANIHE Dy3*. Pr3+3t
5 4 7E MgND2Og 1, 456 H fur i A6 71 I AL LT B A
A ) F AT R I 1 SRR, SE3L T 300~540 K
TR EEPRIN , Bz KA R ik 7.61%- Kt F5 bl i,
Zhang “EBUEEHLEE B GI-MOF F3t#B4e T
Dy3* Al Eud*, 3EF Dy3* (1) *For Al EUS*H] D1 HEZK (1)
FeNTRE LS T 231~453 K AR A, 3 HAE

383 K N3R5 T 5.87%: KL [y s KAHXT R ABE .

M T B RS EETHE T, BT Eu®r
5 BRSO LPAES, H BiRYE MRS
BT, B 3d AR, SHRE AR SUK, W
Eust i) 4f—4f BRIEXHE R BUS R, Bit3ts
Eut* s Bi** s A sl AR R B A T B
—. Zhang %5817 CaNbOs F13L452% T Bit* 5 - 55
T Ewd*. Sm3*. Dy3. Tb¥. Hf KA R M
1.991%: K1 427 5] T 3.793%-K1., Cui 169t i i
% Bi**Hil EU*{E Ca;MgWOs H1, SEHL 1At 7 i %
PERE, AT REBUELE 323 K Ik E] T 8.52%-K-L,



% 53 H5 4 W

BB S SRR EROGESOR BT R S R - 917 -

#x3 TREBLIEFHLISFRELEPLHEGHINREE
Table 3 Thermometric performance of different combinations of rare earth ion-rare earth ion dual luminescent centers

Host lattice: Luminescent Ln3* ion Transitions AT/IK St max/(%0' K1) Ref.
Ca(PO)F:Th3*/Eu®* SDo/7F2,5D4/"Fs 403-753 1.900(753 K) [61]
Gd,05:Th3*/Eus* SDo/7F2,5D4/"Fs 123-473 5.040(473 K) [62]
NaLa(MoOg)s Th3*/Sm3* 5D4/7Fs,5Gs/2/%Har2 303-603 1.930(498 K) [63]
NaGd(M00,): Th3*/Sm3* 5D4/7Fs,5Gs/2/%Har2 298-503 2.700(404 K) [58]
CaScAISiOg Th3*/Sm?* 5D4/7Fs,5Ge/2/%Hzp2 77-287 1.650(77 K) [64]
YVO,: Dy /Pr3 Fgia/His/2, " Do/*Hy 303-383 4.094(333 K) [65]
Na(Y15Nags)Fe:Dy3*/Pré* 4For2/®His12,3Po/*D; 123-448 1.302(123 K) [66]
CaNb,06:Th3*/Pr3* 5D4/7Fs,!D2/?H, 292-572 2.500(532 K) [67]

BEAR, Mn# SR E T R R A A
Trejgis “50OH[E T Mn** 5 Dy**. Eu¥ 3L 7% 3
PR KL SITiOs, FEEETIX 2 Bl H OISOt %
FEECREAT 1 IR L REPRAL , A B35 A% Mn* Al Dy**
PR IEB 2% M A Eus* 73 3l W] DASRAS 5.65%- K- Al
4.18%- K B KA R, a0l 8 P

HAT, SRR XUR G 08 4 SR T
PR A RS R RE IR, SATIEM ERR
eIt EANB Z BOR IR ZR o [F I ST HIR b FR A

DR AR R RSN — P JE R e, R AR
FRABUL R WA RO PO I RO 5 P B R B AR A2
WL, MAOCHREERE IR AR & B AR & R
N R A RERILS, SEOCIEATIR .
SEAE HATEIWEFE A, anfer Al ROt LB 2R ik
4 RIS 25 S T HIN I PRI LA 0 R B R B A 3
ATRAWE TR, UG 0525 R ik s =
B IR DR i AN RBUZ ORI, X OB R
R BRI —

CT | = TR —
251 L bl / SITiO; Mn* Eu” | T/K _}%g SrTiO;Mn".Dy” 7y _{%2
5 Q— VY | —193
'?20 r > ———21 1 '1‘9/2 é‘ é’
£ - | £ 4 g
S - : & S 5
S 15t = s E k=
= oL 32 =9 =S 3
) oo s Q8|
510 52,6 = = |%
o 47/2"'(,1:9/2 =] =) T
L'J (’l:llwz Fiin = g LE:
St i Z. Zz |5
(sz J
0F = - °H,5, ! .
Dy 750 900 600 750 900

(a) Energy level diagrams of
Mn*" Eu™ and Dy**

Wavelength/nm
(b) Temperature-dependent spectra
of SrTiO;:Mn** Eu*

Wavelength/nm
(c) Temperature-dependent spectra
of SrTiO;:Mn**,Dy**

B8 Mn*5 Dy, Eu¥*It#2% 1) SITiOs [1EEd B 5 AR iR G ik
Fig. 8 Energy level diagrams and temperature-dependent spectra of SrTiOz co-doped with Mn** and Dy3*. Eu3*7

MR H LB AR R BT AL T S i E
M, SRTEAS— P22, BIRRHIXUOLH 03
R M RE W6 G AR & RE N SRR E, (H S PrfiR A
T, RO L Z I RE R BT A T RE S
TR PR I G R B O R A AN A%
[

2 M2 MR BN B9 L

FE T = R am P IR B AR B S R H A R AR
FRAE 2 NJ7THT, BRIV R DA
(900 K DA _E)IAEE T AYIIE - 1R BARTEIX 2 NANFEY

DR FH A, 03 PR A K R U AR AN [F) )
BOR o 7E A I O R, IR X () AR
298~350 K 7iA7, BH X A — AN AH TR AR A IR 45
B, RFRPR I R R A S, (B HTAE
AR VG, TSRS R R E
SN, IR AE X — IR X (R AU R, 7R 2
A v PR R X R RS FH SR R e A2 1 P e S B
T LE ot I A0, e e S o 0 A2
T8 PR T DLIA 3 vy s e B X 8], 5 G L ) 7 A =
LR R B AR SR IR 1 2% 6 iR U2 T AR IR %
W E 1000 K BAE, e apRH N S i L [F R B A



- 918 - CRERR Th22 300

J Chin Ceram Soc, 2025, 53(4): 910-923

2025 4

BETHI R OISR . B 9 Y H AT 2
A P IX T ATk A X 5 PRI P RE AR SR, R
255 SR bR N B R SR EEAT R BB B A 2 R T
R IE R

+ 2
*
_ 1
v Y
X Biological -
> temperature g
measurement
i %]
‘ Fﬁ;\h‘temperature measurement >
Temperature/K
-— *

B9 AN [Fl B2 H AR ns PR A BB AN [R5k
Fig. 9 Different application fields have different requirements
for temperature measurement performance

21 EHEZFHI

T 2 LR R AT R 1 — A O R R 3R
SHEYIR B G, RRRASAHTREAGE
Bergm . R U/NEE A, AT REX AL
PRI REF= A R, AR T s A2 2 Fhgk
I3 10— AN B SEOREIR T, DRIk, 5 0 2 7 2 075 T

or ) S U R 26 R R E S AN . 4T, 2
TS TR B AR AR BRAK i I FE o
HIF R0 R 55 1 2 8] R SR R S I 31

WIRTHTIR, Vetrone 2581754404 NaYFs 15
AN Er, GBI 2Hue 5 4San XA AFE G R
D GRRAE L, B SIEEIL T R 2 4 A A i A
Mo B 10 AEAN R B TT S A B 000 4 M 1) ' 27 R
Jro B 10 s s mARGRIUR IR SRR L
TR IO A NS NaY FaErd i R0, FRAR 4
PENCHRELLL, B FTN T2 RE 5 I & HH 20 P S AR

Guo ZFEVAFEFS N 451 1) KZnFs HEIB N T
Erd*, 3T KZnFs:Er AR IR % 661, 1531 1
&t ot 7R RRERIAE N R RS BE I B A A it 2, IRk
AT T 3G PRI S5, BRUE T iz A0 BLE AR 2H 2400
T AT T AT

SRR BE LN IR 5 AR AE AR ) Aek L2159 3
TTZRH, (HHT AN E R0, 9K
AR TR AR AR N I S AT DG v 2 BhAR, s
REE . APHFARAEIT VAR 72555 . T AR IR
FEARA o R AR R BN, i DAAE AT A iR
IF, A ZBUEE K i BN R BT, T ARl A v
RN 2R BORE S AR IR R PRz — . kA,
MEARHE TR B A& O i FH R, X esesgn 1
PR SE MR .

—@BT -
5| — 267 | e,
74 P )
: SIS
R=! ,:.-/'7'1 .‘.‘.._,
E = e
..
UEJ ..
1 1 1 1 ) 1 1 1 1
510 520 530 540 550 560 570 580 3.0 3.1 3.2 33
Wavelength/nm %/(103 K™

(b) Emission spectra of NaYF,:
Er’*at 26 °C and 63 C

(a) Principle of temperature
reading in biomedicine

(c) Corresponding temperature calibration images

(d) Temperature monitoring images of cervical cancer cells

BI10 BT ROM8R BE LR 43 AR AE A2 ) R 2 A 1) 8 F 125 731
Fig. 10 Application of luminescence intensity ratio-based thermometry in the biomedical field[?> I



% 53 H5 4 W

BB S SRR EROGESOR BT R S R - 919 -

22 =R SuE

TERTE MRS, BHASE e TR 2O6RE
FE MBS IBIRELE &, T RUBIR AR IR 2 BT
WES . TR EVE N — PGB ARG AR, i
R P ()G G AR T A U AR g, AR
AT RRRE, B> T RERNfEE, IR T 6548
FEARAERFAEARN 2 PR E TSR N . BT AR R 2
L& & miR A B e, o TAERE
(PUAE AE I BN T VPl FLIZ AT IR AS Al 22 A P (1) E 22
Frba o 2 FE BRI EB  vediet  F J J ZLI2 Bl s
PE, RGP AR BEOR B T B AR IR T B S

WIS R AR E RSB ARTOCR, AU GEIE R
HIR#E Jy2E ke Re, 3 ReRI A 28 il B 1A
FRE AT IR I 2, B IR E M RE R Sh A WA
Fouliard 261781E YSZ #RiRJZH BN T Dy** . Erét,
Sm3EERE touR, M@ E Kubelka-Munk 4

Spectra acquisition

Phosphorescence spectra

WEFE T R AR X REBE R, KRB 54
AT DL AR I 2 AT A AR R B I . B, Liu
@A TE YSZ 14524 Dy3HFl Sm3, M T —&
BT 9O B LR AR AR 2 A Al R R
(W1 11 FroR), BT SEIR T % # i i 2 a FE 1 H
HAT, B o5 2 BRI 2 DL SE IR I &
WA CEBAESE, HRFEIRARE, KT
TETFBIR YSZ BREMETFABARTEI. 2
T s B E I 5 A% SN FH T FA B i J2 As F ATE F
PIAEAE —SE AR TR I 1) R, B v iR 5 s sl
FEIAEE N T OO RIS, T 565 Sk
YSZ BRI REAN A, oV 2 S IS
R BN BB AL 1 B8 DL S B b R S H Oy B
KYERER ZESPRAR, — S HAG R B AR 10
M LEEIR EL . W T ER R R R IR R IR E A R
W Fi A 2 o X e Bk K

Intensity ratio of 4, and 1,

\S]

Wavelength/nm

.0
V.,
TF) —_
o gor
o B
L >
L] x -
_a:»_m 8_2
[ 2
5 = £
b E1r
A
(¥ 708 -6 1 1 1 1 1 1
B 440 460 480 500 520 0 5 10 15 20 25 30 35

Temperature /(10 K™)

Bl11 R AR IR E IR R S
Fig. 11 Schematic diagram of temperature measurement for thermal barrier coatingst’”]

3 HER5REZE

FRT, R BRSO e 32 2 e 2 K
PRl — RMIRTERERIFET:, — A B U4 € -

FEMERVERESETL T T, B ARG 5 B IR U5
2 E R T IS BEGUR A E AR B BE I SO 98
FELt. SRT, BEEWIFCAIRL, — R E SR
Blo Ho, MitBE TSR & TR T
PIERNLEZ, SRR N 2O6E S
okl Hk, RS AR & eSO 5 L EL
w, REmEETRAES, HREm & T
VB E AR & REIT FU IR, HLUW AN A VR & e
FG 5L IR P B2 R IR AN AL P
BT AR G REUROG IR LE R IIIR AL, JCHGE
BRI AL TR (IR, 1o 2R R S 3 A AT A
AE B AR AN R A0 FhLe BE SR 8] IS ML 5 A

. RO LRIESEE, BB T-MEE T,
WrBEr-dEERETHEZHEARRER. &
Ja, RUE O ARG RLR e R R B AR
Xt R, R T DR VL R A (R L 5 v X R A
JERIM RIS B MR, R, ARG RHTT AR
TR 2 B R

FEN PR FE D3 T o R0 56 P MR B DR ARy
VEREI & 32 R0E . DI IR RIMSEE 2, 2R 4L
HERIR. WmiRGEA R BT N5, 7803
RAFILALS, o5 T SLbrr™, S i 1 2R
AT REETAORIA S, X AE BT AR
AL B MRRE RN T T, ik
TR AR AR, AR BRI R S, 2R,
MAPRIT R it BT AE R 7 5, F 352 B &
Gt KM ERAL IR SR R A e o BRAh, N 43
BECW AT SRS, (BB



« 920 - CRERR Th22 300

J Chin Ceram Soc, 2025, 53(4): 910-923

2025 4

SR JE Tk S5 AR IABE R BRI ST AN E -
HEBEEDTFURIRN, XL LR 5 — 15 21

R, L ARG R BT RO T SE PR T

A, HEBR RO CIR BRI P R

SE 30k

[1] PUGLISI A, SARRACINO A, VULPIANI A. Temperature in and out
of equilibrium: A review of concepts, tools and attempts[J]. Phys Rep,
2017, 709-710: 1-60.

[2] LIU W J, YANG B Z. Thermography techniques for integrated circuits
and semiconductor devices[J]. Sens Rev, 2007, 27(4): 298-309.

[3] ANSARI A A, PARCHUR A K, NAZEERUDDIN M K, et al.
Luminescent lanthanide nanocomposites in thermometry: Chemistry of
dopant ions and host matrices[J]. Coord Chem Rev, 2021, 444: 214040.

[4] CHEN P, ILTON E S, WANG Z M, et al. Global rare earth element
resources: A concise review[J]. Appl Geochem, 2024, 175: 106158.

[5] CHEN ZY, ZHU H, QIAN J J, et al. Rare earth ion doped luminescent
materials: A review of up/down conversion luminescent mechanism,
synthesis, and anti-counterfeiting application[J]. Photonics, 2013, 1(2):
123-145.

[6] CRAWFORD S E, OHODNICKI P R, BALTRUS J P. Materials for the
photoluminescent sensing of rare earth elements: Challenges and
opportunities[J]. J Mater Chem C, 2020, 8(24): 7975-8006.

[71 JAQUE D, VETRONE F. Luminescence nanothermometry[J].
Nanoscale, 2012, 4(15): 4301-4326.

[8] SAKAKIBARA J, ADRIAN R J. Whole field measurement of
temperature in water using two-color laser induced fluorescence[J]. Exp
Fluids, 1999, 26(1): 7-15.

[9] ZHAO Y, WANG X S, ZHANG Y, et al. Optical temperature sensing of
up-conversion luminescent materials: Fundamentals and progress[J]. J
Alloys Compd, 2020, 817: 152691.

[10] WANG C L, JIN Y H, ZHANG R T, et al. A review and outlook of
ratiometric optical thermometer based on thermally coupled levels and
non-thermally coupled levels[J]. J Alloys Compd, 2022, 894: 162494.

[11] COLLINS S F, BAXTER G W, WADE S A, et al. Comparison of
fluorescence-based temperature sensor schemes: Theoretical analysis
and experimental validation[J]. 1998, 84(9): 4649-4654.

[12] LI L P, ZHANG Z X, ZHANG J Y, et al. Effective strategy for properly
evaluating the relative sensitivity of luminescence thermometry[J]. Opt
Express, 2024, 32(13): 22714-22721.

[13] KUSAMA H, SOVERS O J, YOSHIOKA T. Line shift method for
phosphor temperature measurements[J]. Jpn J Appl Phys, 1976, 15(12):
2349-2358.

[14] BERTHOU H, JORGENSEN C K. Optical-fiber temperature sensor
based on upconversion-excited fluorescence[J]. Opt Lett, 1990, 15(19):
1100-1102.

[15] WADE S A, COLLINS S F, BAXTER G W. Fluorescence intensity
ratio technique for optical fiber point temperature sensing[J]. 2003,
94(8): 4743-4756.

[16] SUO H, ZHAO X Q, ZHANG Z Y, et al. Constructing multiform
morphologies of YF: Er3*/Yb% up-conversion nano/micro-crystals
towards sub-tissue thermometry[J]. Chem Eng J, 2017, 313: 65-73.

[17] NIKOLIC M G, JOVANOVIC D J, PORPEVIC V, et al
Thermographic properties of Sm®*-doped GdV O, phosphor[J]. Phys Scr,
2012, T149: 014063.

[18] LOPEZ-ESQUIVEL R |, GARDUNO-WILCHES | A, GUZMAN-

OLGUIN J C, et al. Thermally coupled energy levels of Eu3* with in the
BaHfO3; matrix, excited with UV radiation[J]. Appl Radiat Isot, 2022,
186: 110266.

[191 WU Y F, SUO H, HE D, et al. Highly sensitive up-conversion optical
thermometry based on Yb3*-Er¥* co-doped NalLa(MoO4), green
phosphors[J]. Mater Res Bull, 2018, 106: 14-18.

[20] SINGH A K. Ho®: TeO, glass, a probe for temperature
measurements[J]. Sens Actuat A Phys, 2007, 136(1): 173-177.

[21] XING L L, AO R, LIU Y S, et al. Optical thermometry based on the
non-thermally coupled levels of Tm(lll) in LiNbOsz crystals[J].
Spectrochim Acta A Mol Biomol Spectrosc, 2019, 222: 117159.

[22] XU W, ZHAO H, ZHANG Z G, et al. Highly sensitive optical
thermometry through thermally enhanced near infrared emissions from
Nd3*/Yb® codoped oxyfluoride glass ceramic[J]. Sens Actuat B Chem,
2013, 178: 520-524.

[23] LONG S C, TIAN M F, ZHANG D, et al. Achieving high sensing
sensitivity in a Dy% doped garnet phosphor toward optical
thermometry[J]. J Mater Chem C, 2024, 12(48): 19536-19544.

[24] ZHANG H, GAO Z Y, LI G G, et al. A ratiometric optical thermometer
with multi-color emission and high sensitivity based on double
perovskite LaMgo.402NbosesOs:  Pr¥*  thermochromic phosphors[J].
Chem Eng J, 2020, 380: 122491.

[25] VETRONE F, NACCACHE R, ZAMARRON A, et al. Temperature
sensing using fluorescent nanothermometers[J]. ACS Nano, 2010, 4(6):
3254-3258.

[26] JIANG S, ZENG P, LIAO L Q, et al. Optical thermometry based on
upconverted luminescence in transparent glass ceramics containing
NaYFs: Yb3/Er¥* nanocrystals[J]. J Alloys Compd, 2014, 617:
538-541.

[27] CAO J K, LI X M, WANG Z X, et al. Optical thermometry based on
up-conversion luminescence behavior of self-crystallized KsYFs: Er®*
glass ceramics[J]. Sens Actuat B Chem, 2016, 224: 507-513.

[28] DONG B, LIU D P, WANG X J, et al. Optical thermometry through
infrared excited green upconversion emissions in Er**~Yb%" codoped
Al,03[J]. 2007, 90(18): 181117.

[29] XU W, ZHAO H, LI Y X, et al. Optical temperature sensing through the
upconversion luminescence from Ho®*/Yb3* codoped CaWO,[J]. Sens
Actuat B Chem, 2013, 188: 1096-1100.

[30] ZHANG J, LI X W, CHEN G B. Upconversion luminescence of
BagY,SigOs: Yb3-Ln® (Ln = Er, Ho, and Tm) phosphors for
temperature sensing[J]. Mater Chem Phys, 2018, 206: 40-47.

[31] XIANG G T, XIA Q, LIU X T, et al. Optical thermometry based on the
thermally coupled energy levels of Er®* in upconversion materials[J].
Dalton Trans, 2020, 49(47): 17115-17120.

[32] TIAN X Y, WANG C C, WEN J, et al. High temperature sensitivity
phosphor based on an old material: Red emitting HsBO3 flux assisted
CaTiOs: Pré*[J]. J Lumin, 2019, 214: 116528.

[33] BOLEK P, VAN SWIETEN T, ZELER J, et al. Luminescence
thermometry of Pr*-doped Sr3Y,Ge;O12 and SrsSc,Ge;Osp submicron
garnets spanning the 13-1025 K range and new insight to their
spectroscopy[J]. Chem Mater, 2024: acs.chemmater.4c01743.

[34] LIANG Z, QIN F, ZHENG Y D, et al. Noncontact thermometry based
on downconversion luminescence from Eu®* doped LiNbOj; single
crystal[J]. Sens Actuat A Phys, 2016, 238: 215-219.

[35] CIRIC A, PERISA J, ZEKOVIC I, et al. Multilevel-cascade intensity
ratio temperature read-out of Dy3* luminescence thermometers[J]. J
Lumin, 2022, 245: 118795.



% 53 H5 4 W

BB S SRR EROGESOR BT R S R - 921 -

[36] ZHU K S, ZHOU H L, QIU J R, et al. Optical temperature sensing
characteristics of Sm%* doped YAG single crystal fiber based on
luminescence emission[J]. J Alloys Compd, 2022, 890: 161844,

[37] XIAO Q, ZHOU N, LI W J, et al. Host dependent upconversion of Ho3*
activated system for extended luminescence color tunability and
highly-sensitive optical thermometry[J]. Ceram Int, 2025, 51(2):
2589-2596.

[38] NAIR G B, TAMBOLI S, KROON R E, et al. Microwave-assisted
hydrothermal synthesis of LaOF: Yb%, Ho% nanorods with high
thermoresponsive upconversion luminescence for thermometry[J].
Mater Today Chem, 2023, 29: 101463.

[39] ZHENG H X, ZHOU X J, LI S 'Y, et al. Research on the luminescent
and thermometric properties of MgMoO,: Er¥*[J]. Mater Res Bull, 2024,
179: 112944.

[40] MACIEL G S, RAKOV N. Thermometric analysis of the near-infrared
emission of Nd3* in Y,SiOs ceramic powder prepared by combustion
synthesis[J]. Ceram Int, 2020, 46(8): 12165-12171.

[41] KOLESNIKOV | E, AFANASEVA E V, KUROCHKIN M A, et al.
Upconverting NIR-to-NIR LuVO,: Nd*/Yb3* nanophosphors for
high-sensitivity optical thermometry[J]. ACS Appl Mater Interfaces,
2022, 14(1): 1757-1764.

[42] DING Y C, SO B, CAO J K, et al. Light delivery, acoustic read-out, and
optical thermometry using ultrasound-induced mechanoluminescence
and the near-infrared persistent luminescence of CaZnOS: Nd3*[J]. Adv
Optical Mater, 2023, 11(17): 2300331.

[43] CHEN A F, GONG H L, WEI R F, et al. Highly sensitive optical
thermometry based on Tm3/Yb3* doped NaGd,F; glass ceramics[J]. J
Alloys Compd, 2022, 921: 166094.

[44] HU F F, CHEN W P, JIANG Y C, et al. Tm®*-doped Nags.xY0os5:xF2+2x
self-crystallization glass ceramics: Microstructure and optical
thermometry properties[J]. J Lumin, 2019, 214: 116558.

[45] LEI L, CHEN D Q, HUANG F, et al. Sensitivity modification of
upconversion thermometry through manipulating cross-relaxation
between Tm?* ions[J]. J Alloys Compd, 2018, 747: 960-965.

[46] LI L P, ZHOU Y, QIN F, et al. Eu*-based luminescence ratiometric
thermometry[J]. RSC Adv, 2020, 10(16): 9444-9449.

[47] NIKOLIC M G, RABASOVIC M S, KRIZAN J, et al. Luminescence
thermometry using Gd,Zr,07:Eus*[J]. Opt Quantum Electron, 2018,
50(6): 258.

[48] GAVRILOVIC T, DPORPEVIC V, PERISA J, et al. Luminescence
thermometry with Eu®*-doped Y,Mo030;,: Comparison of performance
of intensity ratio and machine learning temperature read-outs[J].
Materials, 2024, 17(21): 5354.

[49] TIAN X Y, LI J L, SHENG H Y, et al. Luminescence and optical
thermometry based on silico-carnotite CagY,SizO1,: Pré* phosphor[J].
Ceram Int, 2022, 48(3): 3860-3868.

[50] ALY TALEB Z E A, SAIDI K, DAMMAK M. Dual-mode optical
ratiometric thermometry using Pr¥*-doped NaSrGd(MoQg)s phosphors
with tunable sensitivity[J]. Dalton Trans, 2023, 52(47): 18069-18081.

[51] ZHENG J J, SHEN H L, LI Y F, et al. Down-conversion luminescence
and thermometric properties of novel orange-red Bi;Mo03Os,: Pr3*
phosphors[J]. Opt Mater, 2024, 157: 116326.

[52] ZHENG J J, SHEN H L, LI Y F, et al. Structural and luminescent
performance and optical thermometry of Pr¥* doped SrwO,
down-conversion phosphors[J]. J Alloys Compd, 2023, 968: 172112.

[53] SINGH R, MANHAS M, BEDYAL A K, et al. Impact of ligand
environment on optical, luminescence and thermometric behavior of

A3(POy),: Sm¥ (A = Ca, Sr) phosphors[J]. Luminescence, 2024, 39(2):
€4665.

[54] TIAN XY, GUO L J, WEN J, et al. Anti-thermal quenching behavior of
Sm3* doped SrMoO, phosphor for new application in temperature
sensing[J]. J Alloys Compd, 2023, 959: 170574.

[55] ABBAS M T, KHAN S A, MAO J S, et al. Optical thermometry based
on the luminescence intensity ratio of Dy**-doped GdPO, phosphors[J].
J Therm Anal Calorim, 2022, 147(21): 11769-11775.

[56] LI P P, JIAM C, LIU G F, et al. Investigation on the fluorescence
intensity ratio sensing thermometry based on nonthermally coupled
levels[J]. ACS Appl Bio Mater, 2019, 2(4): 1732-1739.

[57] HUANG H, TUXUN H, ZHONG K, et al. Enabling Nonthermally
coupled upconversion in a core-shell-shell nanoparticle for
ultrasensitive nanothermometry and anticounterfeiting[J]. ACS Appli
Nano Mater, 2024, 7(7): 7794-7801.

[58] ZHANG L X, MENG Q Y, SUN W J, et al. Temperature-sensing
characteristics of NaGd(MoOQ,),: Sm3*, Th3* phosphors[J]. Ceram Int,
2021, 47(1): 670-676.

[59] ZHONG L, JIANG S, WANG X H, et al. Ultra-sensitive luminescence
thermometry based on  MgNbyOs:
phosphors[J]. Inorg Chem Front, 2022, 9(22): 5757-5765.

[60] ZHANG M Z, LIN L, FENG Z H, et al. Color-tunable hypersensitive
temperature sensor based on metal organic framework doped with Eu3*

Dy®*/Pré*  thermochromic

and Dy3* via phonon-assisted energy transfer[J]. J Rare Earths, 2023,
41(11): 1662-1669.

[61] XING J H, GAO Z X, LUO Y, et al. Eu®*/Th® Co-doped transparent
fluorophosphate glass ceramics for optical thermometry[J]. Opt Mater,
2023, 135: 113313.

[62] KOLESNIKOV | E, MAMONOVA D V, KUROCHKIN M A, et al.
Effect of calcination temperature on thermometric performances of
ratiometric co-doped Gd,Os: Th®*, Eu®* nanothermometers[J]. Ceram
Int, 2023, 49(4): 6899-6905.

[63]ZHU Y, MENG Q Y, SUN W J, et al. Sm*, Tb* Co-doped
NaLa(MoO,), temperature sensing materials based on the fluorescence
intensity ratio[J]. J Alloys Compd, 2019, 784: 456-462.

[64] SU K, GUO Q F, SHUAI P F, et al. High thermal stability pyroxene
type CaScAISiOg: Th*/Sm®* ceramics with excellent cryogenic optical
thermometry performance[J]. Ceram Int, 2022, 48(4): 4675-4685.

[65] YAN Y B, DING S S, ZHANG B X, et al. Dy**/Pr3* Co-doped YVO,
white phosphor: Luminescence properties and highly sensitive optical
thermometry[J]. Opt Mater, 2024, 150: 115192.

[66] REN K K, WEI D, CAI XY, et al. Highly sensitive temperature sensing
of Na(Y15Nags)Fs glass-ceramics based on Dy**/Pr3* energy transfer[J].
J Mater Chem C, 2024, 12(46): 18905-18916.

[67] ZHONG L, JIANG S, WANG X H, et al. Dual-mode optical
thermometry based on intervalence charge transfer excitations in
Th3*/Pr3* co-doped CaNb,Og phosphors[J]. Ceram Int, 2022, 48(20):
30005-30011.

[68] ZHANG H, YANG H, LI G G, et al. Enhancing thermometric
performance via improving indicator signal in Bi®**-doped CaNb,Og:
Ln® (Ln = Eu/Sm/Dy/Tb) phosphors[J]. Chem Eng J, 2020, 396:
125251,

[69] CUI M, WANG J D, LI J H, et al. An abnormal yellow emission and
temperature-sensitive  properties for perovskite-type Ca,MgWOg
phosphor via cation substitution and energy transfer[J]. J Lumin, 2019,
214: 116588.



. 922 - CRERR Th22 300

J Chin Ceram Soc, 2025, 53(4): 910-923

2025 4

[70] TREJGIS K, DRAMICANIN M D, MARCINIAK L. Highly sensitive
multiparametric luminescent thermometer for biologically-relevant
temperatures based on Mn**, Ln3* co-doped SrTiOs nanocrystals[J]. J
Alloys Compd, 2021, 875: 159973.

[71] BRITES C D S, MARIN R, SUTA M, et al. Spotlight on luminescence
thermometry: Basics, challenges, and cutting-edge applications[J]. Adv
Mater, 2023, 35(36): €2302749.

[72] NEXHA A, CARVAJAL J J, PUJOL M C, et al. Lanthanide doped
luminescence nanothermometers in the biological windows: Strategies
and applications[J]. Nanoscale, 2021, 13(17): 7913-7987.

[73] LIU M, LIANG J Y, VETRONE F. Toward accurate photoluminescence
nanothermometry using rare-earth doped nanoparticles for biomedical

applications[J]. Acc Chem Res, 2024, 57(18): 2653-2664.

[74] GUO Y, QIN L J, XU J, et al. Stark splitting of intense red emission for
Er3* in Oh symmetry sites realizing optical temperature sensing in
biological applications[J]. Rare Met, 2024, 43(3): 1263-1274.

[75] CLARKE D R, PHILLPOT S R. Thermal barrier coating materials[J].
Mater Today, 2005, 8(6): 22-29.

[76] FOULIARD Q, HALDAR S, GHOSH R, et al. Modeling luminescence
behavior for phosphor thermometry applied to doped thermal barrier
coating configurations[J]. Appl Opt, 2019, 58(13): D68-D75.

[771 LIU J Y, QUAN Y K, XU G Q, et al. An online multi-spectrum-based
method for evaluating thermal insulation performance of smart thermal
barrier coatings[J]. Cell Rep Phys Sci, 2024, 5(5): 101958.

Research Progress on Thermometry Based on Rare Earth Luminescence Intensity

ZHONG Gang, ZHANG Zhiqi, ZHENG Jiaochun, LI Shuxing, XIE Rongjun
(College of Materials, Xiamen University, Xiamen 361005, Fujian, China)

Extended Abstract

As a fundamental physical parameter reflecting the microscopic motion within matter, the measurement of temperature holds a
critical significance in industrial production, biomedical fields, and aerospace engineering. Conventional contact-based thermometry,
requiring direct interaction with measured objects, demonstrates limitations in extreme environments due to the susceptibility to
external interference and inherent measurement perturbations, thus failing to meet modern technological demands for high sensitivity,
non-invasiveness, and rapid response. These challenges propel the development of non-contact thermometric technologies featuring
enhanced measurement sensitivity, robust anti-interference capability, non-invasive characteristics, and fast response.
Fluorescence-based temperature sensing has emerged as an innovative solution via leveraging the distinctive energy level
configurations of rare-earth ions and their temperature-dependent luminescent properties. This technique has attracted substantial
research attention due to its rapid response Kinetics, exceptional sensitivity, and remarkable adaptability to harsh operational
environments.

Fluorescence thermometry based on the correlation between fluorescence intensity and temperature represents one of the earliest
developed methods in temperature measurement technology. This approach primarily falls into two categories, i.e.,
single-energy-level fluorescence intensity thermometry and fluorescence intensity ratio (FIR) thermometry. The single-energy-level
method, as the most straightforward technique, determines temperature via monitoring the intensity variation of a specific emission
peak with temperature changes, directly demonstrating the relationship between fluorescence intensity and temperature. However, its
applications reduce in recent years due to the inherent limitations such as susceptibility to fluorescence loss during detection and
strong dependence on excitation light intensity, hindering precise control in measurement processes.

In contrast, FIR thermometry has attracted much attention due to its insensitivity to external disturbances, high measurement
accuracy in complex environments, and excellent reproducibility. This technique is further divided into thermally coupled energy
level FIR thermometry and non-thermally coupled energy level FIR thermometry. The former operates based on the principle that
particles in thermally coupled energy levels (denoted as Level 1 and Level 2) reach a thermal equilibrium within a short timeframe,
where the population redistribution between these levels induces measurable changes in fluorescence intensity ratio. While a larger
energy level spacing generally enhances temperature sensing performance, the inherent limitation of thermal coupling energy gaps
poses some challenges for improving relative sensitivity. To address this constraint, non-thermally coupled FIR thermometry through
co-doping dual luminescent centers is porposed. This strategy enhances relative sensitivity and measurement reliability via leveraging
the distinct temperature-dependent luminescence characteristics of two different centers. The intensity ratio between dual centers
provides more accurate temperature determination through mutual calibration and effectively compensates for measurement errors
caused by external factors. Common dual-center configurations include rare-earth ion pairs and rare-earth/transition metal ion
combinations, showing significant improvements in relative sensitivity for advanced thermometric applications.

The application of rare-earth-doped fluorescence intensity-based thermometry focuses on two primary domains, i.e., temperature
measurement within the physiological range and in ultra-high-temperature environments. Distinct requirements for the upper
temperature limit and sensitivity arise across these applications. For instance, in physiological temperature monitoring, slight
temperature variations can lead to significant biological effects, necessitating exceptionally high relative sensitivity in
low-temperature regimes to ensure sufficient measurement accuracy. Conversely, in high-temperature scenarios, the primary objective
is to achieve an upper measurement limit compatible with extreme thermal conditions. Consequently, the design and development of
novel materials should be closely aligned with specific application contexts, emphasizing performance optimization tailored to
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operational demands, such as tunable temperature thresholds, enhanced thermal stability, and environment-specific signal responsivity.
This approach ensures that material systems balance sensitivity, durability, and temperature range adaptability for targeted
technological implementations.

Summary and Prospects The development of fluorescence intensity-based thermometry faces two major challenges, i.e.,
enhancement of temperature measurement performance and expansion of application domains. Regarding performance improvement,
the existing fluorescence intensity thermometric methods primarily focus on fluorescence intensity ratio (FIR) techniques involving
thermally coupled and non-thermally coupled energy levels. However, several critical issues have emerged.

Firstly, rare-earth ions and certain transition metal ions exhibit significant thermal quenching effects at elevated temperatures,
thus leading to substantial attenuation of fluorescence signals in high-temperature environments. Secondly, in thermally coupled
energy level-based FIR thermometry, despite the abundant energy levels of rare-earth ions, some studies on potential thermally
coupled energy levels for specific rare-earth ions remain insufficient. Moreover, systematic investigations into performance variations
among different thermally coupled energy level pairs for FIR thermometry are notably lack. Thirdly, the fundamental mechanisms
underlying non-thermally coupled FIR thermometry, particularly the operational principles of dual-luminescent-center systems, have
yet to establish universally accepted theoretical explanations. The energy transfer processes and interaction mechanisms between
different luminescent centers’ energy levels require a further elucidation. In terms of luminescent center selection, more combinations
such as rare-earth—rare-earth ion pairs and rare-earth—transition metal ion systems warrant a comprehensive exploration. Lastly,
although numerous temperature-sensitive materials demonstrate either high upper measurement limits or superior relative sensitivity,
materials simultaneously with a high relative sensitivity in a broad temperature range remain scarce. Therefore, the design and
development of novel temperature-sensitive materials will constitute a crucial research frontier.

Concerning application expansion, fluorescence intensity thermometry has attracted considerable attention due to its unique
characteristics. The existing thermometric materials exhibit diverse advantages, each possesses inherent limitations. A critical
challenge lies in rationally designing application scenarios based on material properties to maximize their functional advantages for
practical implementations. Current research predominantly focuses on material development itself, with insufficient exploration of
potential application fields. Note that raw materials cannot be directly employed in industrial production but require integration into
temperature sensor architectures coupled with complete testing systems. However, the research framework spanning from material
development to practical applications, encompassing complete testing systems and material optimization, remains underdeveloped.
Furthermore, although applications have extended to biomedical and aerospace fields, investigations under extreme conditions such as
ultra-low temperatures and highly corrosive environments remain inadequate.

It is anticipated that these challenges above will be progressively addressed with sustained research efforts. The development of
advanced temperature-sensitive materials with enhanced performance and their subsequent integration into industrial applications are
expected to drive significant advancements in fluorescence intensity-based thermometry technology.

Keywords luminescence of rare earths; luminescence intensity ratio-based thermometry; luminescence intensity ratio; thermally
coupled energy levels; dual luminescent centers



