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use damage for processing!









Processing with fs pulses
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Processing with fs pulses
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Processing with fs pulses
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Processing with fs pulses



“... clear evidence that no bulk plasmas ...
[and] ...'no_bulk'damage could be produced

with femtosecond laser pulses.”

von der Linde, et al., J. Opt. Soc. Am. 13, 216 (1996)



Processing with fs pulses

focus laser beam inside material
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Glezer, et al., Opt. Lett. 21, 2023 (1996)



Processing with fs pulses
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high intensity at focus...



Processing with fs pulses
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... causes nonlinear ionization...



Processing with fs pulses
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and ‘microexplosion’ causes microscopic damage
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Processing with fs pillses
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Processing with fs pulses
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Processing with fs pulses
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100 fs
0.5 uJ



5 X 5 pym array

fused silica, 0.65 NA

0.5 pJ, 100 fs, 800 nm

Opt. Lett. 21, 2023 (1996)



Processing with fs pulses
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microstructure scribed sample



Processing with fs pulses

—
—

microstructure scribed sample



Processing with fs pulses
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fracture along scribe line
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Corning 0211
1.4 NA, 140 nJ



100 nm




Points to keep in mind:
» fs laser processing works
> focusing very important

» no collateral damage



‘ ja

*- Ie o‘focua g ==
et "u;r w...-..... i
”nergy procgsg i’i



Role of focusing

Dark-field scattering

—
objective
sample



Role of focusing

block probe beam...
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Role of focusing

... bring in pump beam...

pump detector
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probe sample



Role of focusing

... damage scatters probe beam
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Role of focusing

signal (a.u.)
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Role of focusing
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Role of focusing
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Role of focusing
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Role of focusing
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Role of focusing

vary numerical aperture in Corning 0211
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threshold energy (nJ)

200
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numerical aperture:

| Ih’T/\2
El‘h — Ith’TA — W(ZNA)z
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E
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Role of focusing

fit gives threshold intensity: 7, = 2.5 x 10" W/m?

threshold energy (nJ)
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threshold fluence (kJ/m?)
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Role of focusing

vary material...

<~ b | | |

£ =
; 5 L {06 3
C CaF, ® S
2 S
> T =
£ ) =
S 3L ® fused 0.4 =
= 0211 silica D
3 L 2
5 102 3,
< ¢ SF11 <
< 1 | | |

3 5 7 9 11

bandgap (eV)



Role of focusing

threshold varies with bandgap
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Role of focusing

aspect ratio better at high NA



Points to keep in mind:
» threshold critically dependent of NA
> surprisingly little material dependence

» avalanche ionization important
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threshold decreases with increasing numerical aperture
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Low-enerqgy processing

less than 10 nJ at high numerical aperture!
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Low-enerqgy processing

amplified laser

100 fs

1 ms

T N
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heat-diffusion time: 7,,=1 us



Low-enerqgy processing

long-cavity Ti:sapphire oscillator

40 ns 30 fs

LT
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objective

heat-diffusion time: 7,,=1 us



Low-enerqgy processing
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Low-enerqgy processing




Low-enerqgy processing




Low-enerqgy processing
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Low-energy processing

radius (um)
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waveguide machining

amplified non-amplified
size <10 pm <50 pm
shape elliptical spherical
speed < 10 pm/s > 20 mm/s
An 1.5 x 1072 1.5 x 1073
loss ? 0.4-2 dB/cm




Low-enerqgy processing

waveguide machining




- AUV =EIIET UV DDIOLeESSIIY
o= ™ /N /e —

waveguide machining




Low-energy processing

waveguide mode analysis

CCD

NV
He:Ne
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near field mode
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Low-energy processing

curved waveguides







Low-energy processing

curved waveguides







Low-energy processing
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Low-energy processing

bending losses

20 40
bending radius (mm)

60



Low-energy processing

3D wave splitter




Low-energy processing

Bragg grating
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Low-energy processing

Bragg grating

L=5mm, A=5pm, An =103 - R=0.93 for 1 =1.5 pm



Low-energy processing

demultiplexer




Low-energy processing

resonator/amplifier

laser active glass
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epi-fluorescence microscope
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mount fluorescently tagged sample
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uUv
lamp

UV illumination...

sample
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... causes fluorescence
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process with fs laser beam
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examine in confocal microscope
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Conclusions

» precision micromachining
» new thermal mechanism

» exciting new applications
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