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and performance of the film's core. However, conventional temperature measurement techniques cannot
accurately differentiate between the surface temperature of the film and the temperature of the substrate.
This is due to inadequate spatiotemporal resolution and high thermal inertia, consequently providing a sci-
entific foundation for process control that is lacking. To address this issue, this paper presents a precise
temperature measurement technique based on NiCr/NiSi thin-film thermocouples. The thermocouples
were fabricated using direct current pulse magnetron sputtering, yielding a Seebeck coefficient of
10. 42 pV/°C as determined by static calibration. Secondly, a dual-thermocouple synchronous temperature
measurement system was established. Using TiO. films as the research subject, we successfully achieved
the simultaneous measurement of film surface and substrate temperatures across a sputtering power density
range of 0.83 to 5.00 W/cm? The study's findings demonstrate that thermal energy absorption predomi-
nantly occurs at the film surface, accompanied by a significant temperature gradient between the film sur-
face and the substrate. The temperature of the film surface is evidently considerably higher than that of
the substrate. As the power density increased, the surface temperature rose from 197 °C to 541 “C, while
the substrate temperature increased from 125 ‘C to 324 °C. This technology is distinguished by its high
spatio-temporal resolution and rapid response, facilitating the precise capture of transient surface tempera-
ture changes. Reliable data is crucial for optimising thin-film processes and regulating their performance.
It is also vital for advancing the controllable fabrication of high-performance thin films.

Key words: DC pulse magnetron sputtering; NiCr/NiSi thin-film thermocouples; TiO: thin films; deposi-

tion temperature measurement

A= PR E— B2, LR RS D) %A
TR T A

o vi i LIRS AR, ARRSE B AR &K —FP
FE T A A AR LB AR, A SN A
SRS A K F TR R A SCRT R M . ARSI N
FAIAE « A H BT R DRSS ] 45 NiCr/NiSi i
JEERARELARY , IR A T S A AR R LA L M g
TS o YR, ) R R A A ) RS ek
BEHE , LASEIXS TO, R A= H 3R I S iR
RIS, BeAh, XSRS D33 BT, s
AR RN B ) MO T R G AT, IR
AWFFE MR AR e 1 5 58 R 22 (Al 22 7 A i S AL
AR RIHTSAETIHRIFIH T H AT 2 73 3t
R 0 37 R 4 NICr/NiS T8 BEE b Hb, (RS v i)
B, ARGEIR TG AR R IR . 38 b

0 31 B

TR IR R DR R 1 B L Al sE A g 2
Jt, ESCA R T DT AR I BORT RE TR A
SR SR RO R BB o A 22 B M R 95 5 1
MR T A T S PR v B R R i B ) S A T
FHBN 2 N TR R B A R R R S
i 2R RE (I AN SR ARZE A | Se e P 122 e o
PABAEACTE D B SGHES R o B iR A
Tt B, A DT IR | T RIORI AR A A BB
X IR B BROML A M B A . B R
Wi S5~ R IE RS RE T | A AZIE L A LU ok AR I
7 1], 5 0 5 4 B E L ARORL RN L AL
J1, VIR HE T SRR EE ™ o PR, R

A= A e il B2 LA E RS S AR, H
HIT 5 AL BRIl T B A A — SE SRy R - 22 AR B e 1
O PRI R, o 7 T R, I Al P R A i
RErP RS BRI AE 5 BeAh, ZLAMINIRZ L e 5
St S St R AU, LN 2S00 RN R, M LA TE R
) AR R S A Z AR 2R R
A R iy PR TS /N | AV AT 25 AR e i PR X
— [ R 1 AT REE , (EL7E R 7 I A I AR
JEE #1900 A5 e, AT TR I R R A ) A TSR

R R BUHE A L A ] A DR AR S, S T X R
T I R R At B ) () A | SRR M o o e
ST EN 0. 83~5. 00 W/ eI N , izl
g PRI T LS8 MR P 2 [ A 2 i A
JEE, IV T i BE T g A L, IR XX AL
PHLBIEAT 7RG BRI R I A
KAl BEFRAL T — Rl AT R T50k , IR Pt BE 4 )
PE— PR | HESh PRI A Al A
PEME T IR R BIE SR



602 il

3

y 2026 4F25 5 1]

1 ZHRFRESRSEIEIT

1.1 FHEHBENEERE
P fH AR B 2E DT 53500 (Seebeck Effect) T
PERM ) R S E Y B2 RIS - 4
By e SEDNL T 1821 AE A B . BRI Y S04 A il
B A B — A~ P A [T, 2 SR 7 A 422 05 4 il Ak
TR SR T 3 ) A T, (2 2% ) IR A [R) 19 3%
B RCT=>Ty, WAE R &= A — e gl 3
M FEE Y, ISR E Z 2 (T — TO R LB, X
FRFE DL i B R RoR
Ew(T. T)=Su(T—T,), (D
A s San HPIFPBEHOAEXT ZE D e 22, uV/°Cs T
il E iR, °C; Ty NS B, W HHLO0 °C,
FEN L RECE B M R MR 2
—, HR/INH PR SR B R R o IR R R O
gifgueE . XTI SR, HEN w /55
E QI E |
T o
S:Lﬁﬁﬂ 2
K o MG RE, pV/C, M P ARTE IR
FREE T By P e ik |
1.2 ABEBEAER

PR A 0 2 T R A E i, HOR IR
DAL T IR SR

rh ] A E A

TESE M M TP B2 ASE = A ik, R =
SRR PR AR, AN 2R AR A S A
ZE AR I A AR R A TSR

r i) e

2 PCEL A AR TR R T M T, 22 18] i B Ak
Ew(Ty, Ty), TEIE T, 1 T, 2 [6] () #4 H 3h
Ew(Ty, Ty), WAETRE T, Fl T, 2 [6] 5 #4350k
Eni(To, To)=Euw(Ty, Ty)— Ens (T, Ty )o ZEHE
AR S il B B IR AR T SR

S ME R

LU A B S RMERAL C 4 HL A
PRI E o (T, T)F Ewe (T, T), MISAA . B2
EZ?EEE{%E"J?}EEE%%EAB(T, To):EAc(T, To)*
Euc (T, Ty), i A b 18 H s 4l 22 .

1.3 BEEEHE

i I S v B T AR, 2 I3, 9 A P

(5 | o o F FLAS AR N, e DO AR v,
R A2 5L fe Sae g, HOR A BT
BT, ARG E R R, fring
XFHAEREATEIE . B 33k NiCr/NiSi #
FEE A R AT T 7 A= 1 0 F, 2l A8 DA R M 5 2 i 4 B
) A o K R B F Al B 7= A g I sl 38 2, Ho B
IEAR N

E.=F\(T,)—F/(T,)+F,(T,)—F,(T,), (3
Ao T o AR K R TEIR B 5 T 5 i IR
FE 5 To Wik 2 HEAAREE 5 F o NiCr/NiSi A
P A AL B AR bR B o S b A K TR HACER £
PR ST R R

1.4 ®EHIEHHTEIE

W D B SR AR T B 2R T, FIEAC R L
FIRE Y R G 5 B A, (AR 7 (A D e o
PR R, R RO AL R IR S ORI DR B3 A L
il 2 AR A i HPLEAN T

D EFEMEAKES G, BAGREREA
CTAESMRD, 78I CREAD 5 B (R 6D Z (1]
Jiti I L Pk R R P A G R, R
RN

2) TR IE T e A
1 Bl 5 RSN AR AL S IR Ok

3) WS R M R B — 2 R shag, 7E
B s RAT IR DURE B 3R, T e

4) BESHWIE R0 0R ki 1, 1 KR4S
B TR 2 sh il , B SR AR, dEim
e Ry YT R S I L A s R e B 9 )
&ii, AR IR

ELTR MK ol s W S AR A e RS A LR
DA AT R b T Y AT R 2R, 3k G FL 9K
JHCH 5 38 FH T A8 R0 A o e F BELSE A P 5 Tl SE
A VR R AT R s H, P A R ORR R

2 LW RFIEE
2.1 HEHEERES

SR JZEZI-5008 W B S Z Ui fe B A8
FEAIL 4T NiCr/NiSi v FE B L A 5 T1O 3 JEE 71 )
£, R EE MBI B | IR |’
EERY MEEH ARG OKE RGN, IR E
2RI T7.0 X 1077 Pao 5 8 S A e g 4% 3 ik
SHRRAT, A [ AN A A, SRR B 5



CaAE 179 WD

NiCr/NiSi 5P A8 A K T1O M IE T RR R R R TR AR ()58

L
_ﬁ

) 603

&

4

W B LI K e SR AR

25 G0l e A ML 1 500 2R 4
J, AR SR A K25 2 5. 0 Pa,
JREN Y TARIMBANREZS o K& RG] T 2040
FERISE R B, G DR S e e = A Y R
FHALM LS R

2.2 MBE%

T3 22 5 A4 7 A4 NiCr/NiSi RS A i £
P KRG 2R rlL A LD 5 R 4 Ak B A
e, HERM e 1 iR .

KR (R

NiCr/NiSigH A e £
WA K R R T,

FRAEKRIG 3 1
IEFHREET

FRIEK BRI L £y
Gl EET,

HURRIE RS

AT

e
SHURIET,

E1 HEERE
Fig.1 Thermocouple temperature measurement diagram

NiCr/NiSt v 5 H4 i A F PTG B 2 3
F B ISP THO, TS fish S 000 7o S A < 3% 1 ik
JE 5 AR ME K B R s i (B S KA, R
+0.5 OV WEFE P F 198 J5 ke I & 3 H IR %
FF HLAE A 1 5] I 38— b v K AR
W AR A, 32 P AR P A T | S i T 3
FE LA IE TR B MR AE . A Bl 15 | i B
e S -5 o DA R 32 ) 0 3R AR T, AR ST
Uiy b PR T o e P B AR, DR UE S | S I
AR IR T3 A5 A AR

A T2k (KXFS-2%0. 25-TIEC) 7E B.23 % N LA
Ak LA 2, FEANE NG TR SE R, B
Bt B | R B 3E S . HEH OWONB35 21
ST ARG SR AT | 1224303 300 H e Y
PR AR FEZRIE 0. 01 mV, AS2E v, Pep (i Frim]
1IN R 55 B R AR 2 Hz 1 DAQCEEH
NIZ Al A 77 PXTe-6358)i0 5%, REER I BEH 5 2
= H AR R A AL L B 5 7 28 41 TES-1310 %%

BRI T, B —50~1 300 °C, 43
PEE40.1°C, nIE NS hmRE .

2.3 BESRERS

T ARAS NiCr/NiSi 8 B HAH {5 7 B 35
FERFEIN SR, WIEEEHSIERE "™, ZAS%
{145 FLUKE-9144 Z D g T 20 &b . 6190A vk
JAY L ME R L L K DMM7510 807 5 36, H
1, FLUKE-9144 Z J1gg T 20 b BA7 i i
Fil ) (30~660 °C) | i BEKS B R (£0. 05 °C) L #4dg
BIo e Ar SR A, S b nT DLl i N ARk
S AN TR 3 25 15 PR R A TR, (R IE A% T A
PIAFAE 5 6190A VKA AU W HEE 0 CS % LE IR
K& THREHOKIEEY , BAEEREE S .
T B2 05 s DMM7510 80T &R 7-1/2 0
TESRAE T 2%, ELU L FE I 3 S5 IK 0 9 % m 3k
10 nV, A AR R F A B 355

3 NiCr/NiSi FEEMEBEH &

NiCr/NiSi ¥ BEH A ) il 25 D R Ao B,
FEIG VRS I FERE IR | 78 B SRR N IR DA &
PRI REDTRL | M R EE A — RPN AR, Ho
AT R o

B SHBOETE: AR A, R
100 mm X 20 mm X 1 mm. 3 H- 15 P60 B i o455
e Y FBE 55 35 7 A AT 455 00 o AR VR R A - S
e A 23 A, B —E N R, 7585 T
Vet FIEUE 10 min, BRERAMTS ; BRI, #A
TR OB, #RFIEEE 10 min, BRIFRATINTS SRR ;
Bl JoK OB, BIALE 7K, 8 BHIEVE 10 min,
B2 Ok o BRI 43 7 LA NL(99. 9990k
TEE T HEMANT 80 CTF 1 30 min £ H .

BLAEAE RSN B Al , KNS 3 —H
(100 mm X 20 mm X<0.75 mm), & E NiCr/
NiSi # R TR AR S R o HEBEE Vet 2l .
S, il H 1000 5 A 48k i J5E A% 19 T8 32 47 4 O Ak
M, HRIRMICH B AR; SRS R A B E
VEUWAECNER . O . KB KR A ER LR
TS 2R 5T 5 SR AR T, PR T4
hT R

PR U« KT VR (2 R R e A 2
ha b, BRI A B, G o AR
RIS . W Bk A S, S EZS



604 il

3

y 2026 4£45 5 1]

1T, TR SIHIEE , FAME 2 2 5. 0 Pa; JHZ T2,
AL 2S BAPEHEZR(7.0X10 ° Pa) . #ARS
(4lifE 99.99%), P87 M = 2 20 scem, 3 14
W IRV TAEESRE 0. 7 Pa; Jo Sk, 55 i
e SH0, BEST 5 min, BRI L2 5T
Yo WS RS, TR, iR E I ST
FENICr B8, OFRIFE] 35 min, NiCr DTS UG ,
S P S e R, R NS 5 0 R RS, LA
AABRDURINISI B, JURLE] R 41 min, 85 5¢ A%
Jii s AT IR | o FARAUGE , ST .
o FLAS s N R R 5 KA A e, R RE

PRI DTN - 4 © DR B R B A s 1 8
R AL, AT B, LU Ik
TEVI SIO M S Bl 4 . ARG, WA &
EABETE, fIRKEZSE6.0X10° Pa, A
TR EER, sk 20 scem #1110 scem, 7
W LAE 3R 2 0.6 Pas J3 20 % 5 d 98, 00 5
5 min, 5Bk SR E AL s IO S5 15, 4T
FEREH, IE 200 5 TR SiO, A B 5, DR A ]
130 min, UORSE MG , JCH LR AR, TP E S
P V) 28 2 I 5 U R

AMEGLR T . YRR NICr/NiSi S K HURM G2k
(15 KXFS-2%0. 25-1EC) , £Eth E420. 25 mm, H
H, NIiCr 20 IEM OGN, NiSTER R il Cris i
PE) . FEE PR AME LR AR T S AR, P R
FEd T 2 R G R S I el B e
A B BB ACE T A T | e 1 DA B S
5Zei, SRl T4 Hl 2. 5: 114 DB5015
B TR I H C 153, PR AT BT I B AR
(10 min WHTE) o FFIR A 4004 7 s v 7 E S L AR
5| H 5 A M R R R A A, e LE SRR G I 56 &R
A ME 4, H PLEG B 2 o BRE i 7E = IR
NV 24 h, SR B PEIR TR, 2RI R
80 °C, fHEMEf2 he FELTERUE, ARRHIZEIR,
NiCr/NiSi i FEEH i A 1) 28 58 1

4 TiOEEMIREENERIE

) T 425 28 1) 5 T THO, TR 174 19 A F 4[] s
TN 385 2B ) I S ) % % B 4 5 A 0..831 1,67
2.50. 3.33. 4.17 F15.00 W/em?Hy 45 14 F £ K
O, Vo HEE 174 Yo B A4 < 3R THT S i 1A T S e ) ik 3
55, Hl e B AR anF .

T A A« W B G Y NICr/NEST JHE IR A F

5t K AU R QA ep B 3 ok PR [ 7 76 403
b BRI S R R B G

R BRI B EERXRF S L, 7
NiCr/NiSi BT | o2 3 PR A B, oAb
LGl kAR 55 S RERGIER:.

B A ES BT, R S AL ZE F1 4y
TR, BAREEHZET.0X10° Pa;

AR A SR A AR REAR,
3 I R 20 scem A1 5 scem, B TAEERRIHTY
% 0. 6 Pa,

ST 55 DU, « T SIS PR U, TR W S T R
B, MRS S S REERSG, S RAE NiCr/NiSi i
JEEHR LA S5 A v K BRI A PR 385 5 D ik 2
H A AT R AR 5 o DURRAS A 3.5 he

THGEE R VUSRS , RIS IR . <
UG S5 RERS . MASEANEERG,
FEHCHHFE A

B A 3L AR AR R P A e O B R
2D R R FEAB IR AL | T SR A 1 A B S
e B . F SR, 53 BT AE AN (R E S ) R B
T, AR A K e TR R R 3 YR R AR AR

FIH OWONB35 07 1 FH 22 R4 NiCr/NiSi
JEEHR R DL B K BRI U R A A A5 55
KRER N 2 He, RFERTAI R 3.5 h, BEANTRERE T
AAREZ 25 200 1%dl: . [FIET, SR TES-1310%%
TR T A 2 H AR AR, 190 10 min
o —EdE, IO B (8 000~11 000 $)
WPFAEYE N S HumiE . SRS, I NICr/NiSi i
HEREACEL A bl K R EAGH R A I AR PR T 2
SN A5 () A i A 5 e TR

T BEAE IE + SR FH IR A8 1E A 70 X 3 A 4
T BESEATIEIE , DA% S | st B () 5

FR AR BT S BT AR AR S B B (8 000~
11000 ) WL B , T3 P34 108 , 1R ik 5
R BT ARSI .

BRZEHHT A B A 3 R Y 2R G 1 2 R
L2, H, RE05REFEOR A TR AR E
WEME T RERGRE; MPLIRZE FEEA T
LA i 5 I8 B AN A5 B RO 1

5 LIRS
5.1 Z¥ILE

S5 P NiCr/NiSi R LA K THO, IR #



CEE5 179 1D

i
_ﬁ

&

NiCr/NiSi #HEEP A5 ) # K 1O SEIT AR BERS HE I ek H AR Gl 2R 45 605

4

SHNFR 1, 3R 2 R, ST 51 &8 0. 83,
1.67.2.50, 3.33, 4. 17 F15. 00 W/cm? G 1 2 il
SRR I T D), HAth 2 AR IR, AF5T IS
IR URR IR B 1) 52 M 155 100

F 1 NiCoNiSi #IE A B BABRTRSH
Tab.1 Deposition parameters for NiCr/NiSi thin-film thermo-

couple thermocouple electrodes

S BHL NiCr i NiSi g
A NiCrif NiSi #E
HOFERE /mm 120 120
TAESAR Ar Ar
TAEREE/Pa 0.7 0.7
SARF A/ scem 20 20
Jok i %/ kHz, 100 100
SRR /s 1 1
TS TR B /(Weem ™ ?) 1.9 1.9
VURLES[E] /min 35 41
HAREE /nm 800 800

£ 2 SiOAMARPENRSE/TIOMIRTRENESH
Tab.2 SiO: protective film deposition parameters/TiO: film

deposition and temperature measurement parameters

SIO, FAP IS 5L B fE TiO, S5 BE
Lavv) Sid Eivv) Ti%e
KL /mm 120 SEHLRHE /mm 120
TAER A Ar/O: TAES A Ar/O:
TAEER/Pa 0.6 TAEEE/Pa 0.6
ik wl iR /kHz 100 Jik A= /kHz 100
FEEHE] /s 1 SR/ ps 1
I B 327 9% R VI B SR
“Jzﬁg?fiﬁ%/ 3.33 aﬁﬁgﬁvﬁii)ﬁ/ 0.83~5.00
DRI ] /min 130 VURRE ] /h 3.5
IR/ pm 2 555 REENI /He 2

5.2 (FEHSR

FE 2Ca) B A NiCr/NiSi i 15 B {8 i 1 45
P, BEOULHE 7R T 75 0. 83~5. 00 W/cm?2ilk 5 2 %
R PR P, S A K 3 T U B R LB 1Y) B
AR B H ORI

240 BF o R % 0,83 W/em? 18 i #
5.00 W/cm?H, 58 AR K 3% 1 LR e R 24 200 °C
I FEEN 550 °C, B T 350 °C; [RIE, 3 AR
i K25 125 °C I3 325 °C, #4hn 7 200 °C, i v
JEA: K R IIRE Y R AR E S RE . WA R
25 WE T 25 FE G TN W K« 760, 83 W/em? L) %
R W E IR L R 75 °C, TAE 5. 00 W/ em?fY
KT, B RIR 2255 225 °Co X FEIRH A
THERRE BT 42 A7 BN W S b A5 B AR RE SR S T 2
J BT ) R A S A E AR G . fEm TR
WET, SRR RRR RIS N, I R I )Y fig
Wz 2Bk B .

600
—o— WA R R
—e— Y

500 - - = RIS

2 3 4 5
TR TR L/ (W - em™2)
() IR S 3R B RS IR X L

0 1

—o— RIEIERMIRIE
—e— EIEIRE

0 1 2 3 4 5
SN TR /(W em™)
(b)Y VT 9L B 5 T T J 0T B

300

2501

2001

& " .
Z o —— e
B IS0 —

i

1001

50

0 2000 4000 6000 8000 10000 12000

DURR ]/
(o) [T Ay D23 T TR AR L]
B2 ESTThER Y IR AR
Fig. 2 Effect of sputtering power on temperature
e S5 2 A o R g B T i R e R M O
Z, AT s R LR E 2%, 18
e S9Y P o ) 0 B Ty 2R R A i IR A
JE LAARATA R P s B9 O 3 s Feok, h TAFE7E
W) 0 P9 L B8 2L, i S R AT 9 3 v i 00 3
P 7 X1 0 S T LS8 AR IS . DR -
IR 5 0% A8 O R TSI R R/ | 235 A R R A
PAZEFRAAE B 28 DU 5 28 5035 24 rb P i B 2 3
AL S R AR BEEERR SR A F SR, R A T A



606 il

3

y 2026 4£45 5 1]

55 A4 Y AR R

M 2 (b) AT, 2k 5 2 3% B IR
(0. 83 W/em® [ 15 (5. 00 W /em®) 84 i i) i v
K A8 TF (9 2 i B S ) G BE B RRAE , N 2N
325 ‘C SR 875 °C, HRHRIL K ; 16 1F Tt B2 W) 3
K8, N 200 CEFFZE S50 C, R#hnT
350 °Co W3 Z 22 BT 30285 BE S g .
WA 0.83 W/em?}, W& 222125 °C; )=
B R 5.00 W/em?Bf, W #2225 B ik 325 °C.
AR 2 08 I UR L AR 5 26 TH IR AN R B #R
S A5 TR0 205 T 8 W B R (5, DI R
R, AE B R B AR, A% OO X i s
M) i, i =2 A K, A5 S PR i B 5 R A TE A5 B Y IR
JEE TR i 5, 3 A B A B L B A OE ) b, R
U BE ok A T S PR A AR R, A R
A B EAT T2 0T, AT R iR R A K A
PR BT 2 S E Ty F | GUR B[R] A9 i
N2 CAn R RN | 45 D R IL IS . 283 B 1E
15 2 (9 R EOE R AR AR K R fE B, Al
MAFHRS TEEE LT M0 R, BIEE
T 2 ST pl T 0 9 X A AR e R A R e RN
AT AT IR RGPk, sG]
A R ) PG PR T | Lok SE I, N S
I T LA A i B A2 S, T A R R
D b 4 P ) S v

WmE 2 Fros, eI G — Bt ) g GOU AR
[B8]<<2 000 ), /152 0 i J32 R 05 7 IR 82 1 s
N 50 “CHY ) 6 ek B2 38, 9 A 3% 1AL
Fhn B LS e, H— T TR B
5 BF 1] A0, A%l 4R 0 T ot B R i 27
1, JFAESEAL 12 000 s Jm ik BRIk o W R 1f
WEREMEA 27 C, MIEFIREREEND
210°C, “HFEREMNZA 65 CldZE . XAk
)3 By AEDTRR )T, W5 45 B8 I fig
S PR B RS AN I b, 1 kR B R T
f . AR BEE DORR AT, RS RIS ) A $A 4% 88 1
U 5 PR B A S A AR AR P, AT AR E
IRAS . F 7 5 v B ) 1 0 2 2 oh TR B A7
R FRARE &, AL A B TR 1) 5 AR
FoRm i, e is e bArE—E 220, M
T8 ol — ELAF AR 25 o % B 00 0 e TR %
JE T DT TR RS XA . Y PTRAK
10 000 s JE iR R AT AR, ZBH AT VR J5 2k
S rp IR RS S A K B BE IR IR () 42 T AR i

& 3Ca) g NiCr/NiSi i i #4 i 5 K B AR
LA TE 30~320 “C DX [B] Py $AH 4 - T 22 ik
Mgk, MiREEM 30 CHE#I 320 °C, M H#AE
PR R R AR A R ER BT, (HRRE KR AR A
AHEE NiCr/NiSts R Ay, PR S5 i i i o
KONLSVERLEFAR 12 V), HFE&MLRER
fied 2 Bt 053 T oo T 0 o 33 2 PRI A T 3 118 A £
BB R A 2R TA], KO R - B ) bR v B
18 1% 28 DL v 2B, NiCr/NiSi 6 5 4 i (8 14 i
B RSE L B R S AR RO 2 S M s B R
PG R A T i

14r
12+ —— NiCr/NiSi I HA e {1
—e— HRIEK AL
101
Z gl
ﬁ
= °[
4+
2 =
0 100 200 300 400
R/
(a) HEMEAR R A S5 Al K TR A R A A Fl 3803 B b
50
47.0 C*
4y 330 C
o 38.5C
&30 36.0 C
@ w0c 200%C
oE 20+
10F
0 1 2 3 4 5

TS AR BEE /(W - em™?)
(b) AT S 2 28 B R 149 278 S i 2
3 AEIREMES TR HREERER/SERBEENZIG
Fig. 3 Effect of temperature/sputtering power on thermocouple

thermopower/reference junction temperature

& 3Ca) 25 T NiCr/NiSi A e it P e,
g R/, BE AT AR SR DU a4 0 A S R
TR PR —E M E S %, N I J) 3 Ao X e
A3 LA K AOURES #4345 Ak Cn 4 Jm 45 i P 55O DA
P P P R AR B R IR I R
RN FHVE 7 0 B 5

WE 3 iR, M ATREE N 0. 83 W/cm?
K 1.67 W/em?*B, 27 vig i BE 43 ) Ry 28. 0 “C K
20.0 C; HHIMEHEEI 2 2.50, 3.33 &
4.17 W/ et , AR IS5 535124 33. 0. 36. 0
K 38.5°C; MR N 5. 00 W/em?i, ££47.0°C



RV 179 WD

NiCr/NiSi R A ] 2 Az T1O- WIS TTAR I B2 G R DN kR AR () 28 2%

lid
wul
_ﬁ

el
4

) 607

KB, IF HAEJ5 1 B (] CRp oy 5% K F
4.00 W/em®) i T He e . s NG A R
S T D) 3% B, R R v Y R AR
WZ, AU RN R IR, sl
TR RS R S5 il BE T, AT RE D)%
BRI E . JE TR AR PR R fER TR,
EE T IRRE R, A i IR S 2 o 2 s ) )
S A 2 0, DR -2 5
JEINER IR AR T e R TE R, #R
Z e W Bl N 1 R 1% % TS il B S
T LK 2 B P T2 2 it il AR Ak | ) R R 2
(] Ay oA 228 g ) AR R e i e =4, DU
e AP S 3 R Y ARG ), 2 (R I TR A L (00 A
JE TS S B bR

Bl 4 JBIR T AR W 55 2 23 % B (0. 83~
5.00 W/cm?) T i 5 3% T 5 58 Fr 22 [ kB2 06 2 )
KR WNER AT LR 1, 7R IR S DR %
JESE IR P, SRR T 5 i =2 [ I R B
T35 B A 3G I Re 221G K. BAOR UG, 2SIk
R E N 0. 83 W/em?t, i fIE 2 i 5 56 - 22 1A
) 22 29 R 75 °C 5 1 Y Wk ST O % R Ik #)
5.00 W/cm?i, @22 TGN E] 225 CA A .

250

—— R
200+ - = A y=35.6x+18.9(R=0.913) P
P
& 150}
uc|
100+
50

0 1 2 3 4 5

SRR B (W - em)
E4 BEEERESENREEERETLE

Fig. 4 Surface temperature of thin film and substrate

temperature vs. power density

S D) R AT 2. 00 W/ em?J , Yy
R P R TEBRA TN TR AT
SEES T ARBE AN B, AR EAR A B
He 1 o A% T HOR Y PR 2 (] Y 22 S AT R AR
N, LR 2ZE R RN ;s MAERIRAMT, 55
TR BE A SR 9 A A A R e
Fr il o AR AR A I B, SO R R I R S 2
i il B 2 18] f) il 2 AR

] 5 I D)3 AR T 0. 83~5. 00 W/ eml
FE A IR IO A NiCr/ NiST RIS FRLUS | e ri 3
AP AR A AR 2k o B 2 A8 B ih

0.83 W/em? FHZES. 00 W/en?iit, Wk i 280 V
B K E] 360 V, R — M IEA DG H
HMZ R H 0. 28 mA/cm? EF-5 1. 5 mA/em?, H#4n
e 5 H s W) 26 5 OB SR M 0. 4 nm/min 38 i 2]
6.0 nm/min, 5 A IR RS TR, X2 H T8
I8 T MG DB 3R 0 5 KA .

380
/>

I 2 3 4 5
RS DB /(W - em™?)

)

=

=)
T

1%

(=3

=]
T

TS L/ V

[\l
(o
=

S}

(=}

FLIE R/ (mA - em™?)

1 2 3 4 5
RS D23 /(W em™?)

=)

N
T

58]
T

A/ (nm - min™")

| 2 3 4 5
TS DR/ (W em™?)

(=}

B 5 TSTThERDE XS R E/ R B REENHN
Fig. 5 Effect of sputtering power density on sputtering voltage

density/current density/deposition rate

DA 3 I5THE b A A I S 2y 48285 B Ay 14 iy 2 1
FHOCHYIG R o B ANEE AT R T I B LR FRE i
HE TR AN L U I B S LS L AR A oK, JF
R TIRTFURER, YRR E-mSE- DR
[i] AR B A X ) E M ERTTE . BEAMURTE
il L2 b A D AR R LIRS VEVE E H AR TR
HORIEHE T SHURE , i NI T 23R4 T
W27

6 & it

Sy it TR W S P TR e A v R 3R T
TCTE R 53 B L T B8 T 00 R IR Y [
AR SO NiCr/NiSi R AR il 4 S THO, TR
TR T T IR A R R . TR T 48
NSRRI & a0 AR A ZE DL v R Rk
10. 42 pV/°C, HAS KGR RE K AR 9 10 i g Fisf
], AT DASE BRI , IS T WA A ) 25
Ok P B85 L B 0 B MRS | 3 Ao 1 i B 5 )2 A B
MR 0 A el A S A B e A R



608 il

3

y 2026 4F25 5 1]

GuiRE . BRBIR, AU RE BB R 0. 83~
5.00 W/em? N, F TR 5 S 30 o s e AR, TS
DR AR 3, AR TR (197~541 "O) i
T IR (125~324°C) , W3 2 25 il R Al
A[ik225°Co b, AR H T TR, T
S5 PERRLT | DU R AL, T TR R T
2RI B 2SI e RV RS AL
() T A S T B RN SO UEYE , E R A
TR AR P A 2 EEL ) TR R S

F %5 i1 22 75 BH/Conflict of Interests
FIrA VEE P HATFAER 25 28

All authors declare no relevant conflict of interests.

[ 1 ] Conrat P, Comino F, Gonzdlez C J, et al. Experimental
and numerical analysis of wet channels for evaporative
cooling systems manufactured with polymeric film
materials[J]. Energy, 2025, 340: 139370.

[ 2 ] Garg R, Gonuguntla S, Sk S, et al. Sputtering thin
films: materials, applications, challenges and future
directions[J]. Advances in Colloid and Interface Science,
2024, 330: 103203.

[ 3 ]Mondal P K, Bera S, Gupta A, et al. Effect of deposition
temperature on the quality of Alg3 films and Alg3-Co
interfaces[J]. Physica B: Condensed Matter, 2025, 706:
417125.

[4]LiuZ, Yang Y, SunY, et al. Measurement and analysis
of surface temperature gradients on magnetron sputtered
thin film growth studied using NiCr/NiSi thin film ther-
mocouples[J]. Small, 2025, 21(1): 2404829.

[5]Yao T, Hao Y, Ding W. Relationship between
growth surface temperature and crystal structure of
Ti0, coatings prepared using direct current pulsed mag-
netron sputtering technology [J]. Nano, 2025, 20
(12): 2450150.

[ 6 ] Masaki Y, Hajime N. Spatiotemporal resolutions in the
measurement of heat transfer fluctuations on a thin film
formed on a window material via an optical method[J].
International Journal of Heat and Mass Transfer, 2022,
189: 122723.

[7 RT3, tRAT, 0, 55 I BE X v 7 SR UL AR
ZnSe W IR fE R WA 5E [T]. 06 7224, 2021, 50
(6): 217-224.

Zhao Guangyu, Xu Li, Fan Jie, et al. Study on the
effect of substrate temperature on the properties of elec-

tron beam deposited ZnSe films[J]. Chinese Journal of

Photonics, 2021, 50(6): 217-224. (in Chinese)

[8 ] #h3E . NiCr/NiSi 544 i £ i 25 24 b o i 7 AR R

PIRG LB FE (D], Kk« K%L K, 2025:
1-52.
Sun Yi. Study on the oscillation mechanism of thermo-
couple potential in nicr/nisi thin-film thermocouples
during transient thermal shock processes[D]. Dalian:
Dalian Jiaotong University, 2025: 1-52. (in Chinese)

(9 ]Bess, B, #ET, % FHE NICr/NiSi AR

m R RS V], SRR 5 iR, 2024(2) .
1-5.
Ruan Yong, Xiao Qian, Han Yuning, et al. High-
precision NiCr/NiSi thin-film thermocouple high-
temperature testing system [J]. Instrumentation Tech-
nology and Sensors, 2024(2): 1-5. (in Chinese)

[10] FlAS, BRmg, =R, 45 R B s e i T i By
SEAHLELLT]. BEBRHITE A4, 2017, 31(2): 123-128.
Wang Chaojie, Chen Peng, Yuan Guangmin, et al.
Anti-oxidation mechanism of thin-film thermocouples
at high temperatures[J]. Chinese Journal of Materials
Research, 2017, 31(2): 123-128. (in Chinese)

(1] E—ik, &=, PR, 55 . el P i i S i

JEE xR g A 2 BT MO FHBFSE LT ] AR,
2025, 45(6): 153-160.
Wang Yida, Tian Qingyun, Chen Yong, et al. Design
and application research of a box furnace for solving
static temperature testing challenges in thin-film ther-
mocouples [J]. Measurement Technology, 2025, 45
(6): 153-160. (in Chinese)

[12] 33k, hge, EMR, 5 . LT RIS i Pt/PtRh

e il 9 M A L A AR RS SR R T O[T )L BB AR
2024, 52(9): 27-33.
Zhang Wenqi, Shen Tong, Wang Linbin, et al. Inte-
grated fabrication process of Pt/PtRh high-temperature
thin-film thermocouple sensors based on magnetron
sputtering [ J]. Materials Engineering, 2024, 52(9) :
27-33. (in Chinese)

(I3 EE RS, mEAR, PG, 2% . w vk REWE A i 18 ol 75

L ILHERIN HBIETE [T ]. AR, 2020, 41(4):
32-40.
Cui Yunxian, Xue Shengjun, Du Peng, et al. Preparation
of high-performance thin-film thermocouples and their
milling application research [J]. Chinese Journal of
Instrument and Measurement, 2020, 41(4): 32-40. (in
Chinese)

[14] Zhou A, Wang W, Yao X, et al. Impact of the film
thickness and substrate on the thermopower measure-

ment of thermoelectric films by the potential-Seebeck



CEE5 179 1D

NiCr/NiSi 3 5B AE 48 K T1O 5 IETT AR LK v IR AR (I

T
&

) 609

4

microprobe (PSM) [J]. Applied Thermal Engineer-
ing, 2016, 107: 552-559.

[15] Hiroyuki F, Yasutaka A, Kenjiro O, et al. Develop-
ment on measurement method for Thomson coefficient
of thin film[J]. Measurement, 2021, 185: 110010.

[16] XUSF3C, JalHe, 36— % K o B (I 1 2 52 ) 43

BrlT]. AR EFREE TARE, 2010, 27(2): 194-196.
Liu Shouwen, Zhou Yan, Pei Yifei. Analysis of the
influence of solder on thermocouple temperature mea-
surement errors [J]. Environmental Engineering of
Spacecraft, 2010, 27(2): 194-196. (in Chinese)

(170 XUAFLSE . A rb Ao 0 G e 3 o ) B A e e [T . AL i
T, 2001, 45(4); 46-48.

Liu Zuying. Fundamental laws in thermocouple tem-
perature measurement principles [J]. Chemical Indus-
try Times, 2001, 45(4): 46-48. (in Chinese)

(18] B AR . & T Tl A A8 3087 A o AH OC 1) it 43 #r
[J]. BRAEARAIH, 2018(1): 57-58.

Luo Weiqiang. Analysis of issues related to on-site
calibration of industrial thermocouples[J]. Science and
Technology Innovation, 2018(1): 57-58. (in Chinese)

(191 g™k, FEWUZ, B0 5% . & B LRI CO i

IR P 57 W) ) %5 E 92 RS 0T [T ] B AR 4l
2006, 20(1): 15-20.
Xue Yanbing, Tang Zhen’an, Wei Guangfen. Density
functional theory analysis of the effect of metal catalysts
on the properties of CO-sensitive thin films[J]. Journal
of Test and Measurement Technology, 2006, 20(1): 15-
20. (in Chinese)

[20] Shan M, Jemshihas A P, Jamshina Sanam P K, et al.
Magneto thermoelectric effect of nickel thin film syn-
thesized by RF magnetron sputtering [J]. Physica E:
Low-dimensional Systems and Nanostructures, 2023,
147 115591.

[21] Ying L, Guihong S, Guipeng L, et al. Thin films of
thermoelectric Mg,Sn containing nano-sized metal Sn
phase by magnetron sputtering [J]. Chemical Physics
Letters, 2022, 788: 139305.

(22 ) XV I < Lo B S a8 A 3 v i
BEMRAIIELD ). ik RiEAE AR, 2023: 5-37.
Liu Zhihui. Analysis of thermocouple alloy composi-
tion and measurement of surface temperature during
sputtered thin film growth [D]. Dalian: Dalian Jiao-
tong University, 2023: 5-37. (in Chinese)

[23] Wang T, Sun T, Yu X, et al. 18-2: Efficient method-
ology for increasing atomic layer deposition throughput
by optimizing deposition rate of SiO, film [J]. SID
Symposium Digest of Technical Papers, 2025, 56
(1): 213-216.

(24 B, mENEL, JRIGE , 2 . IR DR 25 L E A4 IR AR 1Y
il g B AEREAT T[], ARSI, 2017, 38(12)
3028-3035.

Cui Yunxian, Xue Shuaiyi, Zhou Tong, et al. Prepa-
ration and performance study of thin-film transient tem-
perature sensors[J]. Chinese Journal of Instrument and
Measurement, 2017, 38(12): 3028-3035. (in Chinese)

(25 . Bh2s S5 10 e 0 A2 A e e B U 0 el R 42

ARG ID]. K. dbkeE, 2023: 1-60.
Xie Fei. Design of a thin-film strain sensor with sus-
pended structure and a cutting force data acquisition
system [D]. Taiyuan: North China University of
Technology, 2023: 1-60. (in Chinese)

[26] Ding J, Chen R, Wang J, et al. Static characteristics
calibration of Pt/Au thin-film thermocouple by means
of laser heating and temperature extrapolation method
[J]. Sensors and Actuators: A. Physical, 2018, 279:
178-190.



