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Fig. 1. TTM simulations at the same pulse fluence (2 mJ/cm?) for different wavelengths: (a) 800 nm; (b) 400 nm; (c) 266 nm.
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Fig. 2. (a) Schematic diagram of the experimental setup. Comparison of detection signals: (b) No signal; (c) breakthrough signal de-

tected.
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Fig. 3. Evolution of breakdown time as a function of laser power: (a) 800 nm; (b) 400 nm; (c) 266 nm.
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Fig. 4. Typical optical microscopy images of breakdown holes at different energies for (a) 800 nm, (b) 400 nm, and (c) 266 nm

lasers. Hole diameter and heat-affected zone width as a function of fluence for (d) 800 nm, (e) 400 nm, and (f) 266 nm lasers.

(g) Normalized hole diameter relative to incident beam spot size.

= PP B U — AL FLIR B4R Diny/ Doy B RE 3%
FERAEL R, T LIE S, EIRREREE T
(<0.5 J-cm ), J A WO IH — 1k FL IR B4R
FRTRIEKEOL X—HEEY, RAEEREET
S I KOS B R s e TR 2R I A AL
i, BEMSTE AL BTG I N SCBUE e 2 I RE AN A, M
RIRL BRSO . SR BE A RE L% B A3 I, FRak
7 2T I, T = AR AR B X, 800 nm OLARYIH
— AL AR T e 2 R e KO, R R
KPR BOLE S RE R A MR A T 20 Bhe i,
] Bf RS S5 RS A R [ BB 9 B AS B ) 3R
S XY R I BEFLIA ELAR R AR 3G . 75 Z48
(R, IXRRE — A AT B AR T R T ERER ST 1 B4

S, (HANBE S8 AT BRI BE R DU R I
BCHLH AR IR, SIS 2, MR EOCE P RAER
WREAE N BA WA Az M HER, SR T AL
AR R U, &SRR, (HAEIE SR
S I T AR RE U AR T, AR AR
S B B B 1] 13 E 23 38 0 1 55 X — U 2L
PRI, FESEPRIBOE BTSN R, ZURGE PR oK,
VPR IE R FIRE R 2 FEALG, fEn T A
TR 8] TR eI P4

RIMILHUE /8 T RE A [ 50 A7 19 BE I 1 A2
AL, 1 FL I PR 28 1 45 ) R DU 42 e ik 1 i
ORI T [ A% 38 1 CR. 18] 5 R T alad CT
= HEE A ARAT LI DR EE B 1T, 2359 B 800 nm

130404-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 75, No. 13 (2026) 130404

0.92 J/cm—2 1.05 J/cm—2

0.34 J/cm—2 0.45 J/cm—2

1.13 J/cm—2

1.41 J/ecm~2

0.31 J/cm~—2 0.42 J/cm—2

<01) l .

0.79 J/cm—2

(h) g

1.32 J/cm—2

250 pm

1.18 J/cm—2

0.57 J/cm~—2 0.85 J/cm—2

1.70 3/ " [ | 250 pm
.70 J/cm~?

0.53 J/cm~—2 0.63 J/cm~2

[ | 250 pm

B 5 HZEfLIHA OT =4 EMEETIE  (a)—(h) 800 nm HOLIEHF 0.39, 0.52, 0.66, 0.79, 0.92, 1.05, 1.18, 1.32 J-cm 2 [ 2 i1
TR A5 3 (1)—(0) 400 nm BOEA/E R T 0.34, 0.45, 0.57, 0.85, 1.13, 1.41, 1.70 J-cm? A IR B 431 s (p)—(s) 266 nm #OG1EH T

0.31, 0.42, 0.53, 0.63 J-cm2 [\ i) IR B 43 A

Fig. 5. CT three-dimensional reconstruction depth profiles of breakdown holes: (a)-(h) Longitudinal depth distribution under
800 nm laser irradiation at 0.39, 0.52, 0.66, 0.79, 0.92, 1.05, 1.18 and 1.32 J-cm % (i)—(0) longitudinal depth distribution under
400 nm laser irradiation at 0.34, 0.45, 0.57, 0.85, 1.13, 1.41 and 1.70 J-cm 2; (p)—(s) longitudinal depth distribution under 266 nm

laser irradiation at 0.31, 0.42, 0.53 and 0.63 J-cm2.
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Abstract

Through-silicon via (TSV) technology, as a critical three-dimensional interconnection architecture for
advanced integrated circuits, has become increasingly vital for the development of the semiconductor industry.
While femtosecond laser processing offers unique advantages for TSV fabrication due to its “cold processing”
characteristics and minimal thermal damage, the wavelength-dependent mechanisms governing processing
efficiency and quality remain insufficiently understood. This systematic study combines two-temperature model
(TTM) simulations and experimental investigations to elucidate the physical processes and wavelength-
dependent characteristics of femtosecond laser-induced breakdown in 300 pm-thick single-crystal silicon wafers
at three representative wavelengths: 800 nm, 400 nm, and 266 nm.

The TTM coupled with dynamic optical response analysis reveals that shorter wavelength lasers achieve
superior breakdown efficiency through three synergistic mechanisms: 1) enhanced initial carrier generation via
higher single-photon absorption coefficients, 2) accelerated electron heating rates, and 3) strengthened electron-

lattice coupling efficiency proportional to carrier density. Using a real-time backward optical detection
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technique with a temporal resolution of 20 ps, we systematically measured the breakdown time as a function of
laser fluence. The experimental results demonstrate a power-law relationship ¢ oc F~™* | where the exponent n
exhibits pronounced wavelength dependence: n ~ 2.70 for 800 nm, 1.53 for 400 nm, and 1.12 for 266 nm. This
monotonic decrease in n reflects the transition from multiphoton absorption-dominated to single-photon
absorption-dominated carrier generation mechanisms. The minimum single-pulse energy required for breakdown
decreases dramatically from approximately 150 pJ (corresponding to 0.39 J/cm?) at 800 nm to 30 pJ (0.32 J/cm?)
at 266 nm, directly validating the theoretical predictions.

Comprehensive morphological characterization combining optical microscopy and computed tomography
(CT) three-dimensional reconstruction quantitatively reveals the wavelength-dependent hole features. At
equivalent fluence, shorter wavelength lasers produce smaller hole diameters, but their normalized hole
diameters (relative to focal spot size) significantly exceeding those of longer wavelengths at low-to-moderate
fluences, indicating superior material removal efficiency. Notably, the heat-affected zone (HAZ) width for 266
nm laser remains essentially constant across the investigated fluence range, whereas the HAZ width for 800 nm
and 400 nm lasers increase monotonically, demonstrating the superior thermal damage control offered by
shorter wavelengths. This difference arises from the competition between material removal rate and the heat
diffusion rate: shorter wavelengths achieve rapid material ablation on a picosecond timescale, before significant
heat diffusion occurs on a nanosecond timescale. CT depth profiling further reveals that aspect ratios under low-
to-moderate fluence conditions follow the order: 266 nm>400 nm>800 nm, with shorter wavelengths producing
steeper sidewalls favorable for subsequent metallization processes. However, at high fluences (>1.0 J/cm?),
shorter wavelength lasers exhibit breakdown time saturation due to plasma shielding effects. In contrast, 800
nm lasers maintain higher breakdown rates across a broader energy window, attributed to their larger energy
deposition depth and capability for higher total energy input.

These findings establish clear wavelength-dependent processing regimes: shorter wavelength lasers (266 nm,
400 nm) are optimal for high-precision fabrication of high-density, small-diameter TSVs (<10 pm) in advanced
packaging applications requiring stringent sidewall quality and minimal thermal damage. In contrast, longer
wavelength lasers (800 nm) are more suitable for high-throughput processing of large-diameter TSVs (>20 pm)
or thick silicon wafers (>500 pm), where processing speed is prioritized. This work provides comprehensive
quantitative guidelines for wavelength selection and parameter optimization in femtosecond laser TSV
fabrication, bridging fundamental ultrafast laser-matter interaction physics with practical semiconductor

manufacturing requirements.

Keywords: femtosecond laser, breakdown characteristics, wavelength dependence, through-silicon via

fabrication
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