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Design and development of a multi-parameter measurement system for thin film
thermophysical properties based on frequency-domain thermoreflectance

Xu Baozheng,Gu Jiagi,Hu Chunguang,Li Yanning,Shen Wanfu

(State Key Laboratory of Precision Measurement Technology and Instruments, Tianjin University, Tianjin 300072, China)

Abstract ; Frequency-domain thermoreflectance (FDTR) has become an important non-contact method for measuring the thermophysical
properties of thin films due to its high sensitivity. With the increasing demand for sample diversification and multi-parameter
measurement, the integration and visualization of the measurement system are becoming increasingly important. Traditional FDTR
systems lack quantitative analysis of errors and uncertainty, so it is difficult to effectively evaluate the reliability of measurement results.
Based on this, a novel system design is proposed. A multi-source noise monitoring and suppression module is introduced to realize the
real-time separation of detector noise, laser noise and signal transmission noise. A multi-parameter thermophysical property measurement
and visualization system based on FDTR was developed. This system includes parameter fitting, sensitivity analysis, error analysis and
uncertainty analysis. The effective combination of error analysis and uncertainty analysis can not only help control different kinds of
measurement errors but also provide the confidence interval of measurement results. The system realizes multi-parameter thermophysical
measurement and full-parameter Monte Carlo simulation analysis. Thermophysical properties of two standard thin-film materials, Al and
Si, were measured. The relative error of key parameters such as thermal conductivity was < +2.38%, and the repeatability
was = 98%. By reducing multi-source noise interference and incorporating quantitative uncertainty analysis, the system enhances the

performance of multi-parameter thermophysical measurement. It can realize real-time analysis and accurate measurement of thermo-
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physical properties in complex thin-film systems.

Keywords : frequency-domain thermoreflectance ; thermophysical properties; multi-parameter analysis; thin films; system development
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Fig. 1 Schematic of heat transfer model for thin films
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Fig.2 Sensitivity analysis of thermophysical properties of Si
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Table 1 Reference values of thermophysical parameters for two samples
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Al R 237.0£5. 0] 900+10"% 2.43+0. 03] 97.5 + 2.5/
Si A 154. 4x11. 450 7122201 1. 65+0. 05" 88.5 + 2.0
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Table 2 Preliminary fitting values and normalized error of thermophysical parameters for two samples

CE Y HAE B/ Y
B Lo e L A feig S A o
(W (mK) ™) (J (kg K) ™) (MJ+(m*K)™) (mm?-s7")
Al 232.94+4.57 0. 65 923. 8+28.78 0.39 2.45+0. 06 0.16 95.08+4. 19
Si AR 157.56+3. 62 0.69 695. 1+20. 15 0.04 1.65+0. 16 0. 05 95.49+11. 46

WRAENSEI G SR G5 SHE S s, HH—1
BRZE/INT 0.2, T B ik I R B0 i T 58 45 2 43 5 ok
95. 08 F195. 49 mm’/s, TEALIFIRZEVURIN,, BIARIASHL
FVA— LR ZEIHE N B T AL (R 5 B

SR  iE— 20 R SRR R 0 I 45 G AN o B 43 At
XHAIVES BT T S vE A, W3R 3, SEF Rk
ZER PR Al M FE R 232,18 £ 9.17 W/ (m-K),
Si WG N 158.08 + 5.98 W/ (m-K) , S5HIEHI4
HE R —3, K28 R0 IE A0 A R AE , b vfE
AN R AR A G 3 B DY, 3R IH A S e A S LA

RIFmgitieett SEE M, WA SRS 7
Bras R S0 PG 45 0 B — 3, Horh AL B R AR AR L
AR 2.45 £ 0.17 MJ/(m’ -K) , Si #EEARF LISy
1.65 = 0.26 MJ/(m’ - K) , #E—2B0E T WS EH A #y T
ST FERAYTEBCR T I, A T AR Ak v A 1) U £ 53 )
H94.8 £7.6 mm*/s 595.8 £ 15.5 mm’/s, HI(H 5%)
LA O R A — 20, RE Y i 2 E T, KRGt
THY HERESHO IR AT ENE, LA R EIE T
TS IE N ERIE Z S Bt RGBS £ 5
B 5 5 Hrie
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Table 3 Results of Monte Carlo simulation and uncertainty analysis of thermophysical parameters for two samples

N W, Wtz B PR

i (W-(m-K)™) (J-(kg-K) ™) (J-(m*K) ™) (mm?+s™)
Al I 232.18+9.17 910. 65+35.32 2.45+0.17 94.8+7.6
Si i 158. 08+5.98 713.03+27.96 1. 65+0. 26 95.8+15.5

RBUF LA B AT as G, 3 —H IR X5
TR G R AR O AE T 3R A W R L5 5 1 i A9 285 SR 1Y
FAXF 225, PIRP O k 1 004 4% SR Bk 3T, XoF 7 ) A ) 22
SEME/N, S8 B P A SRS SRR P B
R, A R AR 22 % — 80N T 3%, Hih
G2 TN 0.33% , FEAIESE T RS0 = ml Sk,
WL 4 FiR,

R4 MSHUESNREFTEUERENER

Table 4 Relative differences between preliminary fitting

and Monte Carlo simulation results (%)

EAT PO S S 2% S N A T AR
Al 5 0.33 1.43 0 0.29
Si R 0.33 2.55 0 0.32

e, TN R 0 5 R R VS AL £ S
BRS (IR 22, T RS R Gl e B, %48 b R 1l
i FDTR RGEPEREMI D ARE , I 2T g5 sk 5
7 AR R 25 AR £0. 82%

R5 AZFNEESSEEMNEAXNESR

Table 5 Relative difference between the measurement and

the reference value (%)

A MR IS R LS &S
Al iR 2.03 1.18 0. 82 2.77
Si HIE 2.38 0.14 0 8.25
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P BRI, B RG] 1T 2 2 852
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LR AR GEXT AL AL Sio PR HERE AR B 3 00 4
T E I TE<96% , FHXT 1R 25> 6% , HAXAE SE B i 240
T, BOHEE 2 S0 i R e AR L R A ] R
BB RO IR 25 < £2.38% , EE Mk =98% , e K %
B (1 000 W) SR LA 25 SR AR 22 55— 3t < 3%
(AFRIEFL0.33% ), FREANTIE B <6% . HHT,
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