#50% & 24H/2023 F 12 B/FEEN

AR PR 3 Al I vk e A5 T 32 1% DI A e 7 0

wlma ', &R TREY G, TAEL R R
e R A L 2R LRI T T 58 7 O ) B R R T S A, i 2018005
o R B R A BRSO FE L, dE Rt 1000495
YR YA E S TR, LI 200092

FE SR ol RSO RR A RE R R AR, TR B R R TE T AR R R SRR R SO . R ICCD TR A B
FUE RS BOET T 4 B 7 A B S D6 18 HEAT I, 60 T A/ AR R SR AR IS S I vE ih &R BE AT S DR AT BR 2200
A BB R X R A A il AR HEAT POLA TR T T SR AR S R I TR EOE I T R R T RO S T R R
BME o SR B K o o6 (ol DK 1030 nm, bk 9 184 fs, 1 mJ B bk ol il 12 ) 4300 T8 f ke 3 R A 6 i, T T4
FRRUEE IS 18] 73 FE A WOE 5 S 45 18 TORIRBE o % 5 b i e AR A, 00 38 DA 4 220 g v B SF 25738 B2 403310 4 231000 K

F1 226000 K, 980 5t 7 155 8] 43 531 47 4.41 ns F1 2.97 ns.
KR WA

FESES 0433 XHARER A

1 7 El

PO Sl n T BT O e i i R
POr AR el T R BT s R E B HOR
HREUR BT AR LA B Tz T RO
20 0 A T AR R R R, i T T A A A R AL R
SR N TS AN T G AN T S E S N %
W UEAE T AR BRI 2 N T AU TR A
SRR N TR AR R T 2 R AR B TR
ot T B 5 06 T AR R, PR R RO it 1R AR
B, 2 5% TS AT UL AR DR R N TR
SIS0 15 i 2oV G VAP ) [ B 5 - A1 TP e 1
PO K b 98 B e AR MBS P B OCE B ARG
T AR bR IR RE A5 S, T AR S O bk v S8 RE AN R A
BRI . R DR bk b O I T R R B S R
JEE 4 0 A5 B 5 ST N T AR R Y S R R
EN I

LR PR O6 I T B il B I 48 75 vk E2A
M1 IR RS L BUR 2B 2 W4k (BRI -BUR B 2 3 2
% s B R BRI X TT R A IS . M2
IR PRER Y T JEER < R R R R 3 T
LRP S R DR i o 2 R A R S WS N R R s e
WIZZ IR R BT AL 98 T a8 a4 00 3 fr) F O -5 O s 22 1) £
KA B o 3 P L R 00 5 0k T B A AR
P, LA DR OGO 7 A B9 55 85 1 1A b e T B9 5 18] 1

BOCRPEIN T B0 ; il BRRS E

DOI: 10.3788/CJL230801

F , [ i ZER I B AT R R A A . R B IR %%
SR L o D[] — T 3R AH A B R R T AR
P A A [7] B 2 BRI A4 D % U 56 T2 ) B L oA 0 55 B
TP R R I O TR R AR EE R LA
AT A [) 70 2 78 A ] BE 2 BR AT TR 9 AR 9 3% 4 5 B¢
IR 25 S G AR SE G R T 5 2R T A v A Y
PR 75 2 W Ak o (R SR 7 1 DN ks 9T 5 149 S
PRGN R -BUR 25 2 Sk T MU A
1 AN [R) FL Y IR 25 O i X A T AR B A L
AL HE T R B R AR LR LA, e A AT S
14 3k AR A e S B BE A L S R R B O R
E T 060 1 B0 DR S 46 FROR D 4 45 88 7 1K L 7 B0
L E A 25 8] 0 Al o T S8 AF BT M) S A e A
N5 8 B0 3O i T B A A g AR R O i AL
AR BARMBNE /N R G E R R AR A
(ER I 03 Bl 7 ik 2R AT TR O I T R
0 A9F 5 S A I T, X R DR O RO RO 9 SR N B DN
O R 7™ HE B R AT S5 1 SR R AR LA HE
BT, EHREAITE T —RI0H5E, 5 1E UL A]
AR FH R[] i) S A S a2k 00 o DR 380016 0 1 2 i
4 I 285t JEE o

5 AR = AR A W5 BRI T A —— R
PRGN TR A PR AR S I i B Al B AT
o Z AT AR, i FOe 3k b 2 B B R,
SRR SRR 6 T RO SO T R A AR R T

B 2023-05-06; €EHH: 2023-05-23; RABH: 2023-05-24; MEHEZBH: 2023-06-04

EETH: HERARFEE12174411)
BISEE . 2qz@siom.ac.cn

2402204-1


https://dx.doi.org/10.3788/CJL230801
mailto:E-mail:zqz@siom.ac.cn
mailto:E-mail:zqz@siom.ac.cn

% 50% £ 24 #1/2023 £ 12 B/ E#

PR R . DL, 2B 3 X e R e AT T ok R
BBTAE [ A )b g AT R A A ] 2
B TAOCER s B T )R AE R G, Lhbs E I A
B E) 2 0 ok sE ek, S I T RO
T B e R TR R AR M 3 T IS MO IR B R B 2
J5 B FR B IR BE L T OF S T A IR R AR LA L Ik
SET PRV S A R DRSO B T T i A IR
JEJ7 T B A ATAT R o AR A S A% 2 RO RO T
MEOLS LRt T HES %

2 SRR

21 XWEHE

RO O TR R R G R g E LR R
(DDG : U515 5 23R K A 4% 5 ICCD < 14 5 L faf 4 5 0T
) o Ot £ (PHAROS-SP-10 W) 1y 0 3 K o4
1030 nm , 52 56 oh 2R FH B0 bk b gy H T RE , B bR b BE B
1ml, BOLMEBESEME IR, BOehkha —
) (51 i 5 e i B Y B (OLYMPUS, X5, % fL
BNA N 0.15) A SR £ H, BELKMWEEN
2.65 pum.,

N

femtosecond
et — |

/]

oscillograph ¢ ¢
J 1

3D stage

1R RO o T R A S 2 TR
Fig. 1 Experimental setup for blackbody radiation measurement
of ultrafast laser micro-processing
F1 OBOLEHMEESH

Table 1 Main parameters of the laser

Parameter Content
Wavelength A/nm 1030
Pulse duration z, /fs 184
Pulse energy /mJ 1
Beam diameter Wy, /mm 4.95
Trigger mode Pulsed
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Fig. 2 Blackbody radiation transient spectra collection of ultrafast laser micro-processing. (a) Blackbody radiation transient spectra

collection at z;; (b) time-resolved blackbody radiation transient spectra collection from 7, to z,
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Fig. 3 Transient measurement results of blackbody radiation spectra on the surface of silicon wafer induced by femtosecond laser
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Fig. 4 Transient measurement results of blackbody radiation spectra on the surface of copper plate induced by femtosecond laser
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Fig. 5 Planck fitting of blackbody radiation spectra on the surface of silicon wafer induced by femtosecond laser. (a) 1 ns; (b) 3 ns; (c) 4 ns;
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Fig. 7 Time-resolved relative error of temperature measurement. (a) Silicon wafer; (b) copper plate
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Fig. 8 Fitting of temperature decay using finite difference method for heat diffusion. (a) Silicon wafer; (b) copper plate
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Abstract

Objective Ultrafast laser micro-processing finds application in various industries such as consumer electronics, biomedicine,
aerospace, information technology, energy, and novel materials. Therefore, accurately detecting temperature information during
ultrafast laser micro-processing is crucial for optimizing the laser pulse width and repetition rate to ensure precise process guidance.
Several temperature measurement methods have been proposed, including those based on the Langmuir probe volt-ampere curve,
Boltzmann spectrum, Saha-Boltzmann spectrum, and spatial deconvolution. However, each of these methods exhibits certain
limitations. This study aims to verify the effectiveness of using laser-induced blackbody radiation to measure temperature during
ultrafast laser micro-processing. Furthermore, this method is applied to analyze the surface temperature of silicon wafers and copper

plates induced by single-pulse laser irradiation on a nanosecond time scale.

Methods Silicon wafers and copper plates, representing semiconductors and metals, respectively, were chosen for transient
temperature measurement during ultrafast laser surface micro-processing by blackbody radiation. An experimental setup was devised
to measure the blackbody radiation spectrum generated by laser machining on a nanosecond scale, comprising a time calibration
system to ensure zero measurement time. A special sequence of single-pulse processing was designed to sequentially present the
spectral results, forming rows corresponding to the processing steps, while the time-resolved spectrum was arranged in a processing
column. The spectra were acquired using an intensified charge-coupled device, and a comprehensive analysis of the spectral
information was performed. The measured spectra were fitted to a Planck curve using the least-squares method. A finite difference
method for heat diffusion was employed to model the temperature decay. Two parameters, the average temperature at O ns and the

relaxation time, were used to quantitatively describe the process.

Results and Discussions A time-resolved spectrum excited by femtosecond laser irradiation on the surface of a silicon wafer is
examined and specifically presented at intervals of 1 ns, 2 ns, 4 ns, and 8 ns (Fig. 3). Similarly, the spectrum on the copper plate
surface is observed at 6 ns, 14 ns, 22 ns, and 30 ns (Fig. 4). The laser-induced plasma emits spectra encompassing three distinct
components: second harmonic generation, excited atomic spectrum, and blackbody radiation spectrum. Planck fitting of the
femtosecond laser-excited blackbody radiation is performed from O ns to 13 ns at 1 ns intervals to measure the temperature of the
silicon wafer (Fig. 5), while the range is extended for copper plate from 0 ns to 40 ns at 2 ns intervals (Fig. 6). The temperature
measured on the surface of the silicon wafer exhibits a relative error, which increases from 13% at 2 ns to 25% at 12 ns [Fig. 7(a)].
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Similarly, the relative error in temperature measured on the surface of the copper plate increases from 13% at 2 ns to 37% at 40 ns
[Fig. 7(b)]. The temperature trend follows the exponential decay predicted by the finite difference method for heat diffusion. The fitted
exponential curves reveal average temperatures of 231000 K and 226000 K centered around time zero with relaxation times of 4.41 ns

and 2.97 ns for silicon and copper, respectively (Fig. 8).

Conclusions The temperature of the laser-induced plasma on the surface of the silicon wafer is measured at 1 ns, ranging from
laser excitation to 13 ns, while for the copper plate, measurements are taken at 2 ns intervals, spanning from laser excitation to 40 ns.
These temperature measurements are conducted using the blackbody radiation spectrum. The finite difference method for heat
diffusion accurately predicts the observed temperature decay. The average temperatures of silicon wafer and copper plate centered
around time zero are 231000 K and 226000 K, accompanied by relaxation time of 4.41 ns and 2.97 ns, respectively. These findings
validate the applicability of using blackbody radiation to ascertain the material temperatures during femtosecond-pulse laser processing.
Nevertheless, further advancements are required in several areas, including the universal applicability of this method to materials
containing complex components, the implementation of a vacuum environment for enhanced processing, and the theoretical

verification of temperature equilibrium within the plasma particle system.

Key words measurement; laser material processing; ultrafast laser; spectroscopy; blackbody radiation; temperature measurement
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