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Figure 1 (Color online) Schematic diagram and basic structure of TFTC. (a) Temperature measurement principle of TFTC; (b) basic structure of

TFTC.
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Hot junction

Cold junction

B2 (M&mER)EG SR i ERITO-In,0,TFTC X
TFTCHFFI(ZIEEEVF AT, #5427 3k [24])

Figure 2 (Color online) ITO-In,O; TFTC on alloy turbine blades and
TFTC array. (Reproduced from ref. [24] with permission from IEEE).
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Z"E/fﬂjﬁ.%‘t(zirconium oxide, Zr0,)3ffFIn, ;Zr0O; 557
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Figure 3 (Color online) In,05(YSZ)/In,0; ultra-high temperature TETC sensor. (Reproduced from ref. [33], licensed under CC BY 4.0).
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TFTC 22 148 it

B2 BT TR IR AL O R 97 2 S2 Bl 1 M fe R
TH 20184F, Liu%s A @i Bk % A Lag sSro -
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TR 43 A LA T ST RORE RS 38 TR 1) R RBEAE o, KRR
THT P 98 6555 5 SR PRI P 5 B e, 1T 3 2 T PR o DU
DR R A K B IR . DRSS 1% 2 2 4544
HH RSN, ) AT — e SR v

X T T Bz ) 0 R TR e S A s A 2R T
TFTC, BT K2 50002 K B AR i A 0 N A
SR TSN, R AR ARt A R TH A iR A
G2, FEHATRUERAR JJULEL, A B 7 ZE AT
WZMBE. RN, 4% 2 E N AR —E IR R ZE,
DR J5E R B7 A 40 3 DB B b R R A 22, SR8 5
LW IR R IO B e e, 20214F, Xies A4
fh(Pt-aluminide, PtA)FAYIREEH v Fapr B AEK
JEEAN3 umALO, K, 55K MITE A bF, 15
271000°C MR I H RUFp) 4 gt Ge, M2 Red
FELAE 2RI e I R T P it T 5 () 2 i

SR, WAL B R VEAE iRl T 218 1k, A

S TFTCH AR, SRRl & &M F 2 W H A
FHITA (physical vapor deposition, PVD) L. Z 1AL I ALO;
MR NBIR AL E, PR HIE S 4 )8 3L [a f7 75 #4
L AIANICHL, 5y 1E T il B AR o V. SR SRR
1% JZ (thermal barrier coating, TBC)E N4k )2 ] i3
PRSI AVC L B Y, (A R R TBCAE R4 i T
B[R B 20204F, Wengs N hE i 7 n— g & 1
ALO,F &M B YSZ TBCIL T, LMRTFHEIR T
a2 VERE. EX R TBCE |G | Pt-Pt/Rh13%HH
18, HWFIL T R TBCAE il NI Rk . 45 1 2
R, TRIN50% ALO,, 7E800°C F I HL/S 452k k107 Q,
W AR IR &R I TBC R I - g 7w 5 i i
fEIRARINELR. 1IZTBCJZ Al 7K 5240g, 10~2000 Hz[¥1#E
HAN00gHIF R EE AR AL, KA TBCHIR
I 2 2 TE iR R AIHUR e &, 4821K1200°C/0.5 MPa
BRSNS, TFTCHKIBAZE, il Ew. 20214,
SNHIE T AT B TETCAE R i 3R 855 1 AT SE 1k i 5
i, LeiZs AL EH F ERITFTCARF R 4, 3T

FETEAIR Y T 2 ETETCHIHATY B R, I4E I B¢
BB AL SR LR R . BURE LR T &
PEREAY. MRYETFTCZ J2 M 2 (R B AR AR OC I, 45
TTFTCHIAT SR, &fa, 2T 2 29 il fE %
BEAL, SR SR 2 B, B 1Tz AR AL
AIATE. TR, %4 TAE A LA 5 1 1TO-In,05 TFTC
% J2 G W 7E E IR A BE LIRS R MU T S
THRITER LN BT KRG a2 2
FRAA Rk A TG C 09I 38 51 2 P 7 g A B2 AR 2 A7 B
HRAE T B B A AT 5 2 ) R o 7 B R R S AR AR
BXIRMG. 247i011000°C RTINS, G546 R4 2
75 5 5% B 6 N IR B Ak, SEPEAR T R AT
THAEEEFIAR)Z, 3 H RO H S I m] 1 X3, IR 3
FEAR IR R e /N T RN T, AN ) AR R AR TR SE R
RS, A [ a7 1T RE 5 B LS IR 57 SR K.

Ak, XETmEERATEN G I TFTC, 5 Ehest Lhg
SRR S5 5 71, TP SR B aR AL DL R
RSN ERE. BObked R mabE % g, H
R4k e A7 S0 VRS 3 T (1 N B Rt A B2 20254, Han
2t NSIZE B e bt 14T ENYUARIn O 5, FF R SE LT
TG G IR AR (XTT 18] X-45°77 [, Y7 [A]) Xof 48 -
FEHA PR ST PRS2 Ko T I ) 2 T 25 0 P B 400
SERREATRAE, [RINFEEAT T 4K M A0 SRR AR
ity D PR R BT X 1) 8 4% BT 24 2 B RE A I
10.75 mJ/mm’, T5X-45°77 [ B4 42 Y5 16 B8 4% 43 550 9
8.5H17.25 mJ/mm’. X7 i) Be 4k % 42 i Y 5 A i a3 o
T R e 5 5 8 T AR B K I AR A I T, HL e &b it e
TRSZ IR e RIS T BIBR A I AR, AL RS 7 40 A
() F7 FE TR BR T R4t e 42 . B0 85 A0 ¥ Ak 15 7 T 2 B
JEZ AR R, NRALm 83T ENTFTCH i T 2524t
LA

IR TETCH AT S5 PR A2 N AL T -3 o 5L 1 4%
. B PERE S T2, Rk R SRR A
FE. #%IE % TBCEG R . 2 J2 M ] Stk g Ll
N ER A IR, o] BE R ERIERETFTCE &k
I ZRBA S 1 ] S P A A AR e .

DAL S A L 2 i BN R 3 4 v i D o, O
TFTCC R I H s B L i AT A IR 4. it
ERMRAG 5 B2y 5 7T 35 SR R TR TC I il A e
K TAREE IR, 51 NE AR 23— 5 i) 4R
PEL. miRAER, AR . a2 it Kt
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AT FABH B9 2 0 R S5 8 it T 32 A TFTCAE & 2% it T S5 i)
U N RIS 7. G R S, 45 B, £
Y FE AR S T2 S o 0 2R 1 25 el 1 £
EMRIR LR IR, NTFTCEEM S KBS T~
[ A B FH B4 IR S LA

3.2 HLBE

TFTCH] LA B B TR AE B it Al b SR TH 9 5
- EIBSE AR P BESEAT B, B R A SR, BT i
Aoz R N rE IR T, ELA R i 1 S R A R, ] R
R BB TR IR T, B 1k FE & A R, A It SR AL
R B PSR A mT 47 %

B, X5 oS e ik L (proton ex-
change membrane fuel cells, PEMFCs), /& 7 500 Hy
WEE R NGER, EESR, KRG DL BIA RS
PERE T R . BT el K T R
PR A RS T BRI B AR, AT 52
WAL H b () 5 dy FZ 4T 22 45, PEMFCs N IR FE 4341 1)
TERf SR HE W0 F et AV B 7 L $R T R g ml S
FILE A 22 4 i 28 S ) Liugs APO7E Bk T fiie 3t
JEE b #1148 T NiCr-NiSi TFTC, Z4%1H: #£10°C~150°Cya
Bl EA SRR EZME, HEA1S psiimm
MBS E], ATFES000 ws P kS i s 00 2R ) B b AR 7= 04
100°CHIPUE IR T, XA T 4ERFRRRL ) 22 42 3L
IBATERELE, AR, TFTCH HTPEMFCsS {AiE
1 PN R Y ZEPEMFCs I 1 4 HUNiCr-NiSi
TFTCJEJEAN3.6 pm, A2 35 25 5 Py 350 A P A%
SR, WS AR EE2.9 s, BFFE N BLIEER T T G
REHE R I TFTCI & PEMFCs i 1 i B2 2
PEMFCsfit £ A~ [F] #25 RF (1) N ENiCr-NiSi TFTCH,
R GUIE BIRSAS T 75 PR [A) 2= BE A R/INE AL, BN
W RSP PR RIFEZE. 72500 hiESLis 47 MR,
NiCr-NiSi TFTCHR R #veh RFifi . TGikse
BN AR BRI #GE RAT, R A B s, T A R
SPROSE B R R B, IX Y E L S8 APEMFCs
WIZAT I TFTC R Wit 4t 7 HESENE.

[ B b, 48 551 s (lithium-ion batteries, LIBs)ff]
KL HUR A IR AR, Tz iE
H—20°C~60°C™Y, B AR VE A 15°C~35°C —
HE S, LIBstEAE SRR, 20254F, Linfh
Mao" " SE FINiCr-NiSi TFTCIll & LIBs R4 ¥, Jhit
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177 A R A 2 SR, b O YR A AP R
Ja 180 s THZ116°C, bkl & Tk 158°C, % H i i
BERIK122°C, NP7 ERGRYE, G R0 IR R I
FEAR Ak A2 G EE L. TFTCH] Ay FL A 4 o T T 2 4k
Al 471 B CAEPEMFCsFILIBs N 45 3 3 H 56 3F. {H 2
TFTCTE FEth i 5 1 0 v 1 5 R AT THI e v 22 s PR 1 5
ok, B, TETCIHE & I & 1 e H it R T Bl fe 350 S T
RS S, T FEL P A AR 2k o FE R A 1 34
A RS ARG RE, DR A5 5 R PN D L S
Z A REAELE— e W22, K, TFTC St #efbeiR
AR ERUR. ERb RGN RES, BT RA
Ak SRR 170 K RSB E N R, RS S5
X G 2 6] Bk #APH AT B R AR AR 4R, AT 51 AN &
ANV S SR . A, FH AR
2 T R AN 77 T R 5] AT RS A FEA ) B AR A 2 A
BHOPEREIR AL, 5 RN, TFTCH 115 S IR AR, 76
KM ALK T 52 BT, 5 bR RRE,
Al AR RS AT . SERRETT B R G R T T AT
b BT 2 AT A I R, R — e R
/R I T 0 2 T U0 EEL S PAY S5 U P R AE AN A2 1 T S
TESERI SRR T TH, Ak I B R ST 2 i,
HAINmHAG B R 2, A B T8 il = Fe e
AHCIHAT S, DRk, Fxd 4 S S IR R 1 ) &,
AT R 22 5y W& 5 0GB i 55 F B LR FH TR

o
Ae /J.

3.3 YIAJ] AR

TENUBRIN A, [FIFE 75 ZETFTCIG, EEanst Xt
T -8 - A ik [X S50 /) 2 R PR I AR A 1) 37
se, VIHNR S s 2 S 80U B3R = A4 BB 4, ST B
5 i 4 R B D JEL T 2R e o o 15 1 R A,

TR B ORI, 20214F, Ligg AP
18 % 3L 77 B A (polycrystalline cubic boron nitride,
PCBN)YJHIl T. . th#k ANiCr-NiSi TFTC, itk T
FANDIEEFE A 1 ) B BB SR IR, 20244, Kim%
ORI 7T BT b i T TFTCAL R3S, Ak
DURRSRAF LS T AE T 2 B I3k Be 71, Bkl
FE A TFTC# ) it 7 33 i R 2%, (RN, 25 FE 2 YT i
FE A 5T Z BEE AN IS 48 2 S TFTCHE B 4, 75 B
R4 2 57 1 U R B2, 20254F, Zhang e A ©7E
A4 FE AR 1] £ S10, 48 25 12 I Dy g PENiCr-Ni S fis
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J&i, BN T 254 N4 % (diamond-like carbon, DLC){##"
B, A 1.2 pshm REE g, a4 7)1
F4E, ZhouZ N VERRMLASTE R &4 7] A ERAEE
Eb &b T (silicon nitride, SN, RE IR 2347 B G B8,
il % NiCr-NiSi TFTC/&, FFifil# 1 B i B AL AR Bk (t-
tanium aluminium nitride, TIAIN)&E TR, BFFT
T AR E BB RN XS TETCY) AL 33 (1 fe ), R B
TiAINE JZ /> 7 X TETCHI U El #t 3, TI R
TFTC-TiAIN S [ 5 b T B - S AR £04%. feé,
FIFHTETCI & 1 22 D) #1355 21 4 3 5 SRS (1 )
B8 Sk, R E I R 50 T TFTC)
BB AT iy, ARt ot 0F) B A5 T R 1) )3k P K P 8
T K.

[FIR, EEX e s T R I E KRG T
FARHTSE. 20244F, Chens N\h To 20 & R 4
RPN XTFTC ) B, BARM): R & 7k
SR 2 S AR YURR VAR T & 4 b 3RAS Si0, 8 24 i 5
il & NiCr-NiSi TFTC, T H AR NIiCr-NiSi M
22 S T RS 4G, AMELR T R B R+, 8
i T0 4 5 A i e A P P 5 R L R A L, AE VT
SERGH, RS EEIG N, )RR R £
Hm.

B2, fRaui 5] 2807 N 5 RO A e 45
GRS, B shERTE G, NG A mE e
WESMRAE 551, A REENERGFEE R
LR AL T30 I8, TGk RAMAELE(S 5 A
SEMUEHIEE B AT PR 1) AL (R, 20254F, kbR
FEUJE R M R R AL WA AR EE 545, Yinds
NIYLEBRA B S BRI TT b 1 % S10, A 5 I S,
# I NiCr-NiSi TFTCARIE R FISIO PRy, K
HRERSE S SR RAGHATE S LM, AR
FIFH SR ERBREE Sy (8] 4, KR 5 S 20 4z, T
Ir EAE BRE S AT e, FUVFHOHE B A E TFTCI)
BETIHENA. SRS ERAT R B MR LR, BETIHNAE o
FPREE AR A ) B e Fom i i e [ e, DA PRt 38
PRET 5 15 B A S 05 VO 2 ] e, M2 208 AN S PR
Rl T RF R, ERREIAEE T LR T,
Bl AR [ B AR T EAR BTN TR, RS E
ket WA, G5 E Tl gl 2w
B RERE. Ba, TERHIEES MR R
) 3858 R 52 73 S 308 Sk A5 e 5 AR i 28K A 2 ) )

FLER, ke R M AR . SRS X DI ) H
I E R IT V2 T, (ERIA B EE g T
R MR 0L, ARRHIBE TR e B 52 1N T
Yyst——mZ FACIIUTHIRD L, T 21N [ 14T
N, DARAEHAE RGP E e, esh, J1RE
A7 KBS AR BN MR A sh & A 5E TE 2 R
AR SERE. ENT S UIEI T Z, TIH
RIS R 2 18] B AH ELAE AT Ay e R L v
4 3 B 7 i PRI AOIR A A 4 43 4 i A BES AR
SCHF.

34 KRB

FiAk, W TETCH] H T8 BRI ZE K B ML A
iR B D B 5 501 ) R G A BRARAL BT 42 5%,
T A e ST s S A K 3 T 5 A DU T Dl A
B T T R b - B S A S IR M
TSP T A A A R ) BE A AR, 45
BHTFTCEAG T ] f o FH AU,

F—J71H, TETCHA X HMEMS T 23Tl %, o
BRI T EEE, RES5ME T, £RH
P LB SR E RIS, EH TSk
BRGNS EEZ S8 A VR E R
gt, HAMRELERS, H T 2GS KMEAE =,
HRSFA R B Mok A gk R . XiangZe MRS T
TFTCAEHr e U5 F IR Bl 22 Gt v 248 i U o 4 7 R 2
TSR AHATHEAERE. R, &AL (gallium nitride,
GaN) il B vy B 1T F% 28 40 4425 (high electron mobility
transistors, HEMTs){E i U 28 A w5 48 F A 28 O¢ B 2
I HAEW R 2w, SR1, HEMTS/E i Dh 2 vl fE 4>
HILE KGR, S ECR A PERE TR, S
ARG B T FEVE, B AR I v A R L %S TR
RV BEFIBE G % %5 6 B % Irshad Bhatti®s AV g R
TTFTC5GaN HEMTsIEER: KA =& ill/&AS
(boron trichloride/chlorine, BCly/Cl,)%5 & 144 [ I B
TZIMRIE R AT, TSl es R s, EUTR IR
FU W MR 2 T, A AR SR R VA VR L B AL
(aluminum gallium nitride, AlGaN)/GaN#ME & F K H
(DR A A . R AR R s AR 22 Ak >R FH K (25 nm)/4R
(120 nm)/%k(45 nm)/4:(100 nm) & @ HESAFE T2
eI, FHAERS AT T875°CIE k50s. KA H TR
75 RS2 23 Sl i i 7 W2 82(35 nm)/42(100 nm)
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Wi, 1%2GaN HEMT Y ARFI IR B 20 25 2825 pm, #iFk
KE A3 um, AR %8 200 um. A T HE SRR
AME, 43 BIR 5 JE UUR RN &5 B8 R s A 22 <A
DIBELESAR S5 M EPTAR T HALO;(10 nm)/Si04(300
nm) BB E . SR B EBEOE S N B X A
TFTC(4h #5622 pm) BT /2. R IR SHEDURUR
FE 3179100 nmFIERES L. Dy T 32 i B 0, 2RI
HIZ gyt 7 — 2 IER(10 nm). B4 8 1F 1
TR, ISR, s T IRtk Sz
[ AR TR TC GG AL . L RHE, S TFTCZ MR
M EEIE200°C, HZE D5 R 408(19.2340.405) pv/°C.
IXAF 4G BR 8 SRS A e U 8 A B HEM T I8 3 (08 18 58
JE=200 pm)iRBE, IR E N(68.54+0.16)°C, i T
R SRR R 1 . R
— R T TFTCLE Rt i . D)7 524+

Passivation Layer

; Micro-TFTC
AlL,04/Si0, -
10/300 nm Gate
Source Au 100 nm Drain
35 nm
Ti/Al/Ti/Au Slag gﬂagz '“)") Ti/Al/Ti/Au
25/120/45/100 nm AN (1 ) Hotspot  25/120/45/100 nm
GaN Channel(300 nm)
GaN Buffer (4.7 um)

Silicon Substrate

B4 (MRS RIS 2 EARJBECC BY 4.01F7],
B A ZHICRT1])

Figure 4 (Color online) Device cross-section schematic diagram.
(Reproduced from ref. [71], licensed under CC BY 4.0).

Bl 5 (ML RoR B s AF TR AL (A k7R T TFTCHE Rl
Sk 18 (A7 B) GRIECC BY 4.0VF ], #4801 2% 0k
[711)

Figure 5 (Color online) Top view of the device (embedded view
showing the position of the TFTC between the drain and gate).
(Reproduced from ref. [71], licensed under CC BY 4.0).
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FAVE B v (1 EE N T I R

4 ZPEFTFTC

FHEEZ T, FPEEETETCM AU R 5 5 1 s
HRES, RCWIZEIGE B AE S A it i 5 20 & IR AL ER
B E g, MR TETCIE A LR BE i (polyi-
mide, PI). #¥8M:5 % B (thermoplastic polyurethane,
TPU). % — LR b7 (polydimethylsiloxane, PDMS).
K1 & BiE (waterborne polyurethane, WPU), z= £ F %
TR, T8I I Bz T 2 % - R A 4
PO T M RIS, M TFTC A 12
iy FTIGA L RTERON S 28 b TR R, AT SEILOR A
e 5 2 mi A R, & A T AP B il i 53 4
P T R A A A BT, R TFTCAR 48 2
BE S NIRER R R TFTCH MR R M ETFTCRE
K.

4.1 fRIEFHEFETFTCHR 1% R

IR FRMEIETFTCE 1 7] 5 8 4%, 1B ER A4
WEIRGE S SE BhfE. WL AT I, 52
BEXSZAE N LB ANZ B 53 HEAT 42 1 A4 e s DUl
B 20224, Miao% \VWENEPIILE il il
WS T2 £ 7 T4 - A TFTCRE 1, F T e i
TR PR RE AR A R I B 5 SR TR, R T 4 N e
{EL L BU TE PR R B T 90%. A% AR AE 1T 28 3K
HE R PP PR 245 108 A< 4 5 LA T 77 1T LA L FH 9 ).
A3 PR BE A B BOM R, A 1A iR B T v Pl e A
J&Ge . RAEETE I AIRER I HL2 500 45 gk Ak
(BRI 2R . AH I, A 1 il PR R 0T S A A EB 7 1) T T
A IR I AR TR I P A SORE AR A DA Ak,
LT AR/ 115 5. BRIk, 20224, JoseZ N3 T
e L TR A TPUSE I, 38 i 22 W4 B 1% 77 2 £
IR EWIIE3,4- A FEBEYY: L) — 5 HEWy (poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate), PED-
OT:PSS) i I AR FEAL AT, — A4 B EAS I D
B IR0 ENARIGIX R, 53— AN G5 rl AR R B TR (R RS
P LEK), W47 15 I8 B JBk 2 1) AR AR 0 il S
ATPAR I . 207 R OAEDN R DG B F
FFENIGAE, NI A PR L R R G 1 Bopk e it 1

T
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YT ZRPEFETFTC, HUBRAS T 5 B0 L 1 R 3,
WA, P g RE BN S, SN A
ML, A TIRA R RECE MG S, EaE
KA T R I A . 20254F, Xiongs A S0zE
F PR b i Py E SAHTTR L 214 T TR TFTC
BB, PRIT T AR 5 R BEL 26 &R, VR )R S 0
JR L B S n B e m R, & e 125
5, Frifil# M TFTCINE 2 /N T4 T+0.3°C, H#&
RESOURG N fE, AR L BEG 5 AR L. IR, R U@
it B E R (W1Si0,. Bh. B SiN,), NS5
h, SR E AL ENE. Shits AR PIZEITO-In,0;,
TFTCIRINSIO,Z& 28Tt 1 MEAE 25 it~ i A e 1.

(a) (b)

B I A E R g A SRS LA/ 7). Lin%s
NG T M TRTCH HL 2 v 2 iy o 1 2 A%
FR 45 B E AR (FE6(a)), [R] R F R TR & 25 B 1+
AR AT T2 Ph PR IR T, ) 45 I TR IR THOW 46 1) gk
T 6(b)~(e)), FMEFETFTCHAE A5 455 (14K Pt
FIRFAETF. JeonZe N FIPDMSHE A TFTCI) e 1 5
JiS.  PDMSTHGHE & 1 10 JZ AR H AR J2 76 622 B s
T RORE 6 S R A T, i g R AR T e A
B 7K 4 A LS 1T . XS TFTCE I B IF HIPT A I
e, R 52 31| ik 23 % (eI Wi 2 AR ) 1 A 3507 A B2
ARSI, 5 I BTG S R AR ] LB IS 45 2k o A
L T IS T R /0. Liugs N SYHR fh s 25 44 4%

Opm

Bl 6 (MZhFE) (a) —FlH T &R R M = 4L %28 (b) SRR 1. (o) BLRMOW 45 M IR ALTE. (d), (e) @i
5 B W 2R R G2 JE AT S e U i B AR (IR AR CC BY 4.07F ], #5400 2% SCHR[82])

Figure 6 (Color online) (a) A flexible micro-3D sensor for temperature measurement. (b) Microstructure of the substrate. (c) Cross-section of the
substrate microstructure. (d), (¢) Photolithographic mask and polyimide substrate obtained by optical microscopy. (Reproduced from ref. [82], licensed

under CC BY 4.0).
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Owt%

Bl 7 (MR )R Peano 45 M (2R E TETCIR B AR R S (HEHECC BY 4.01°7], 24w 1 SCHR[84])

Figure 7 (Color online) Flexible TFTC temperature sensor with Peano structure. (Adapted from ref. [84], licensed under CC BY 4.0).

T, K INEE 270085 #1141 4% Ge 2 v 45 M VR IR TR
WR(ET), HK 2 B YN K & (multi-walled carbon nano-
tubes, MWCNT)$5 2 T #HL A EHn, O, 1, #EE#y R-2F
YEEE B RO S5 44, A R In, O R R 1) 1
ey Gy WIZERNANRRE (1) 1)L, g 228 2 ) ED Il 1) % 11 5
A EEPETFTCAE BN S A0 25 ) i o (8 1 A 5 3%
SRR W BE 0, JF T B TP . E e R Ak v
JEREL BINGGM)Z . BT e il S5 I IROIR B e &5
P SR v A R M A R K 45 R ik Al K A 55 T X,
BRARTE T RAMETFTCLENE IR il AR N A8 2644 T 1)
Gh A SE B 5 R A e

BEAR, AN X I v] LAAT B 22 A i P ) A A
BB, SR AR T s S Ak
HE AL AT, FNERE S RN,
JungZs NV w5 S 4T EIVELE AR IR S T T R T R
TFTC. {#FIPEDOT:PSSFI4RE 44 K ki A6 2 4% i b
TE RS, TETCI f e U B FE 9 150°C. th4b, B
TITFTCS5REF I )t i as 45 i (1E18),  SEBAE & [X 35
(AR B AN R 2RI, JE s T T R R R 1 KV ).
IEAk, FIPDMSH 4L BRAR T T A0 5 102 ih g,
FELE 215 1000+%5 thE R 5 T Be CRFFVI 4G PERE.

Xu2s NP 7 — 0T [543 I UL RE % A% f
ZINReAL IS, B G50 RIE R4 AR . K gk
218 . WPU. PEDOT:PSSH & & v i il & £ W5 4>
PDMS# ], SRAFIRE - AR 2 ThRefh ks, H,
97 A A J3 3 2 L HE 0~50% 1 58 S AR K IS [l I P A%
AR 13 pV/PCHZE N v 240, ZIhRef s B
PR B NAR B IR b, AN REAS I 2 405 1 N\ Ak 12 5y
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FUNAFHEG, I REIE IR E (S 5 10 2 57 X 40 AN [ (1 3
W, H AR REEFE A AR, Xin% NG T 520
ANBEF I TFTCIRLEE AR B3, HAR B 74 12 AR R,
T AU 2 T SE B0 TN TR R S R (9 (a) F
(b)), ZFEHBARARRE(EI9(c)), BEMS I T EE & 1
WA, SLie T, MFFR AP T (19(d)), 2E
TR B (BE9(e)). i RE A 5 el FE A I 2R R 41
MIFAE 7 A — 8. TERTHBCE IKEL(E9(D), MRk
BRAGIRE N 1.25°C(E19()), X 5UK/KIR &R B —
. X SEIO ORI T L METFTCREWS I 2 ML 2%
N~ WU R A N TR S i ma sk, BAT R

Temperature sensor

=3

Z7
/

Pressure sensor

B8 (W SR ) L 1 BRI AR P - I 0 B R kA%
IBAS(ZACSH AL VF AT, B3 A 275 30k [85))

Figure 8 (Color online) Temperature-pressure composite flexible
sensor for electronic skin applications. (Reproduced from ref. [85] with
permission from ACS Publications).




PEBE: FARRYE 2026 4 56 % A4

B9 (WL RRORE IET) P IR SE P ARl B Sk A2 A SR A M BT 4 1T PO IELPBE 23 () T 1T HE K AR I FEE A% IR A K 1 e 86
WEEZR R MMLAE AR b, FE M N TR, (b) i AR RS 41 4544, 20/ FESIZEPDMSEAR EEIZE Ak, (o) IRBEAE IR BESIEY
TR, (d), () R ()T AR O VKD B B2 AL G REH BEAT IR RN IR, (e), (g) HHi EEA%L AR FE A1 I A5 2 )
(&) T FE A1 (@) UK B (1345 B 7 A7 CREAE SRR AL =2 2 44 - R ML A A 3 O R A H AR AV T B (CC BY-NC 3.0), 4ifj [ £ 2% 3CHR[87])
Figure 9 (Color online) A flexible composite temperature sensor for electronic skin applications detects the temperature distribution on the surface of
a soft robotic arm. (a) A printed temperature sensor array is glued to the soft surface of the robot as artificial skin. (b) The structure of the temperature
sensor array, with 20 arrays patterned on a PDMS substrate. (c) Stretching of the temperature sensor array in the Y direction. (d), (f) Temperature
sensing tests performed by touching the temperature sensor array with (d) a finger and (f) an ice cube. (e), (g) Temperature distributions of (e) the
finger and (g) ice cube, respectively, measured by the temperature sensor array. (Reproduced from ref. [87] under the Creative Commons Attribution-
NonCommercial 3.0 Unported Licence (CC BY-NC 3.0)).
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Figure 10 (Color online) Multifunctional applications of nanofiber mats. (a;) Preparation of thermoelectric thin film on nanofiber mats using
magnetron sputtering technology. (a,) Characteristic curves of the prepared flexible TFTC sensor. (b) Preparation of thermoelectric thin film on
nanofiber mats using vacuum vapor deposition technology. (c) Preparation of thermoelectric thin film by ink jet printing technology. (d) Making full
use of the characteristics of the electrostatic spinning process to achieve a “hamburger”-type encapsulation structure. (d;) Encapsulation of multiple
aluminosilicate fibers in an integrally prepared nanofiber mat. (¢) Using the rotation of a servo motor to encapsulate the exterior of a flexible high-
temperature TFTC. (e,) Flexible high-temperature sensor after the package, wrapping a nanofiber film around the sensor. (e,) Response characteristics
of the flexible high-temperature sensor with the protective layer. (Reproduced from ref. [91] with permission from ELSEVIER).
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Applications in key hot-end components of aero-engines, advanced manufacturing processes, high-power electronic devices, and
wearable systems have created an urgent need for temperature measurement with high spatiotemporal resolution, strong
environmental adaptability, and in-situ integration capabilities. Thin-film thermocouples (TFTCs), with their advantages of thinness,
small heat capacity, fast response speed, arrayability, and in-situ fabrication, have become an important technological means for
temperature sensing under extreme and complex operating conditions. This review systematically reviews the research progress on
the temperature measurement principles, material systems, structural design, and typical applications of rigid and flexible TFTCs
from a “rigid-flexible” perspective. For rigid TFTCs, the review focuses on their current application status in high-temperature
scenarios such as hot-end components of aero-engines, battery systems, and machining temperature measurement. It summarizes the
research progress in improving the upper limit of temperature measurement and service reliability through the development of new
thermoelectric materials, the design of protective and transition layers, and thermal stress optimization. For flexible TFTCs, the
review systematically focuses on their advantages in wearable health monitoring, electronic skin, and temperature measurement of
complex curved surfaces. This review focuses on analyzing the impact of flexible substrates, structural design, and packaging
methods on the stability and durability of TFTCs, and summarizes the latest progress in novel flexible high-temperature resistant
substrates and additive manufacturing processes. Building upon this foundation, the paper further outlines the key challenges faced by
TFTCs in high-temperature stability, interface reliability, multi-field coupling operation, and system-level integration, and provides an
outlook on their future development in novel thermoelectric materials, rigid-flexible composite structures, multi-parameter
integration, and intelligent sensing systems. This paper can provide a reference for the design optimization and engineering
application of TFTC temperature sensors.

thin-film thermocouples, temperature sensing, rigid, flexible, in-situ temperature measurement
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