Femtosecond Laser Micromachining:
Applications in Photonics and Biology

Jonathan Ashcom
Raffael Gattass
lva Maxwell
Limin Tong
Eli Glezer
Chris Schaffer
Nan Shen
Debjyoti Datta
Philip LeDuc
Donald E. Ingber

o

33rd Physics of Quantum Electronics Meeting
Snowbird, UT, 9 January 2003

8






Introduction

| preakdo®®

preakdo™”

hﬂﬁmwi'i

. gamags

H"’"""" G T pre et . ; damag®
-
Y

WW“

& Bk bkl T = - LR, et e AL



Introduction :
| |







lllllllllllllllll

use damage for processing!









Processing with fs pulses
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Du et al., Appl. Phys. Lett. 64, 3071 (1994)



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

100 fs transparent
‘ material
—>
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objective

Glezer, et al., Opt. Lett. 21, 2023 (1996)
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Processing with fs pillses
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Processing with fs pulses

2 X 2 ym array
fused silica, 0.65 NA

0.5 uJ, 100 fs, 800 nm

Opt. Lett. 21, 2023 (1996)



Processing with fs pulses

2 X 2 ym array
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Processing with fs pulses

2 X 2 ym array
fused silica, 0.65 NA

0.5 uJ, 100 fs, 800 nm

Opt. Lett. 21, 2023 (1996)
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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

100 fs transparent
‘ material
—>
—
objective

high intensity at focus...



Processing with fs pulses

100 fs transparent
‘ material
—>
_k
objective

... causes nonlinear ionization...



Processing with fs pulses

transparent
material

D

objective

and ‘microexplosion’ causes microscopic damage



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

» no collateral damage
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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...
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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

signal (a.u.)
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Role of focusing

signal (a.u.)
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Role of focusing

vary numerical aperture in Corning 0211
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threshold energy (nJ)
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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...
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Role of focusing

threshold varies with bandgap
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Points to keep in mind:
» threshold critically dependent on 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

—

heat-diffusion time: 7,,=1 us



Low-enerqgy processing

long-cavity Ti:sapphire oscillator

40 ns 30 fs

LT
—d

objective

heat-diffusion time: 7,,=1 us



Low-enerqgy processing

¢ @) @ @

10 pm




Low-enerqgy processing




Low-enerqgy processing




Low-enerqgy processing




Low-enerqgy processing




Low-energy processing

radius (um)
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Low-enerqgy processing

waveguide machining
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Low-energy processing

waveguide mode analysis

CCD

NV
He:Ne
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near field mode
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curved waveguides




Low-energy processing

3D wave splitter




Low-energy processing

Bragg grating
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Low-energy processing

Bragg grating




Low-energy processing

monolithic amplifier

laser active glass



epi-fluorescence microscope

CCD
camera
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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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Ethydium bromide test
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Ethydium bromide test

target 1
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Ethydium bromide test

target 1




Low-energy processing

Ethydium bromide test

target 2
/ target 1
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Conclusion

> wiring optoelectronics circuits of the future

» manipulating the machinery of life
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refractive index profiles and near field mode at 633 nm
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bleaching or disruption?
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bleaching or disruption?
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