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fs micromachining: great technique for manipulating matter
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Introduction

“... 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. B 13, 216 (1996)



Introduction

focus laser beam inside material

100 fs transparent
material

———
objective

Opt. Lett. 21, 2023 (1996)
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Introduction

photon energy < bandgap —nonlinear interaction



Introduction

nonlinear interaction provides bulk confinement



Introduction

nonlinear interaction provides bulk confinement

linear nonlinear
absorption absorption




e femtosecond micromachining
e J]ow-energy machining

e applications



Femtosecond micromachining

high intensity at focus...

100 fs transparent
material

objective



Femtosecond micromachining

...causes nonlinear ionization...

100 fs transparent
material

objective



Femtosecond micromachining

and ‘microexplosion’ causes microscopic damage...

transparent
material

objective



Femtosecond micromachining

translate sample

transparent
material

objective



Femtosecond micromachining

time scales
transparent
100 fs material
—>
——
objective

100 fs: laser energy transferred to electrons



Femtosecond micromachining

time scales
transparent
material
——
objective

10 ps: energy transfer to ions



Femtosecond micromachining

time scales
transparent
material
O
——
objective

100 ps: plasma expansion



Femtosecond micromachining

time scales

transparent
material

objective

10-100 ns: shock propagation



Femtosecond micromachining

time scales
transparent
material
——
objective

1 ps: thermal expansion



Femtosecond micromachining

time scales
transparent
material
——
objective

1 ms: permanent structural damage



Femtosecond micromachining
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Some applications:
e data storage
e waveguides

e microfluidics
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Femtosecond micromachining

waveguide micromachining geometries

SELF-CHANNELING LONGITUDINAL TRANSVERSE

- > ~ 4

-
0%

LOW NA HIGH NA




Femtosecond micromachining

Dark-field scattering

—
objective
sample



Femtosecond micromachining

block probe beam...

detector

- S

objective
probe T sample



Femtosecond micromachining

... bring in pump beam...

detector

Fﬂm}l@/- _IK>

objective
probe T sample



Femtosecond micromachining

... damage scatters probe beam

detector

Fﬂm}l@/- _IK>

objective
probe T sample



Femtosecond micromachining

scattered signal
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Femtosecond micromachining

scattered signal
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Femtosecond micromachining

scattered signal
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Femtosecond micromachining

scattered signal
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Femtosecond micromachining

scattered signal
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Femtosecond micromachining

200

100

threshold (nJ)

vary numerical aperture

0.5

1.0

numerical aperture

1.5



Femtosecond micromachining

vary humeric

intensity threshold:

200 I I ] ]
spot size determined by
numerical aperture:
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Femtosecond micromachining

fit gives threshold intensity: 7, = 2.5 x 1017 W/m?

threshold (nJ)

200

100

0.5 1.0
numerical aperture

1.5



Femtosecond micromachining

vary material...
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Femtosecond micromachining

...threshold varies with band gap (but not much!)
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Femtosecond micromachining

would expect much more than a factor of 2

3-photon 4-photon 5-photon
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Femtosecond micromachining

critical density reached by multiphoton for low gap only

multiphoton
| | | |
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Femtosecond micromachining

avalanche ionization important at high gap

multiphoton avalanche ionization
o 4.5 | T | T
E o
= 4.0 CaF, -
™~
= 3.5 "o
> LiF o
-
2 3.0 7
i=
0211e®
% 2.5 e BK7 s
0 SF11
)
Ft 20 | ! ! !
2 4 6 8 10 12

bandgap (eV)



Femtosecond micromachining

what prevents damage at low NA?



Femtosecond micromachining

Competing nonlinear effects:

e multiphoton absorption
e supercontinuum generation

o self-focusing



Femtosecond micromachining

why the difference?

high NA low NA



Femtosecond micromachining

very different confocal length/interaction length

high NA low NA



Femtosecond micromachining

high NA: interaction length too short for self-focusing



Femtosecond micromachining

threshold for supercontinuum generation
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Femtosecond micromachining

threshold energy (uJ)
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Femtosecond micromachining

threshold energy (uJ)
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Femtosecond micromachining

Points to keep in mind:
e threshold critically dependent on NA
e surprisingly little material dependence

e avalanche ionization important



e J]ow-energy machining



Low-energy machining

threshold decreases with increasing numerical aperture
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Low-energy machining

less than 10 nJ at high numerical aperture!

200 | | | | |

100 .

threshold (nJ)
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numerical aperture



Low-energy machining

amplified laser: 1 kHz, 1 mJ

100 fs
1 ms

heat diffusion time: 7,;=1 us



Low-energy machining

long cavity oscillator: 25 MHz, 25 nJ

40 ns

30 fs

heat diffusion time: 7,;=1 us



Low-energy machining




Low-energy machining

High repetition-rate micromachining:
e structural changes exceed focal volume
e spherical structures

e density change caused by melting



Low-energy machining

amplified laser oscillator

40 ns

1 ms

A
Y.

repetitive cumulative



Low-energy machining

amplified laser oscillator
low repetition rate high repetition rate
E E
1 40 ns
HS - 1 s
t t
1 ms

repetitive cumulative



Low-energy machining

the longer the irradiation...




Low-energy machining

the longer the irradiation...




Low-energy machining

the longer the irradiation...




Low-energy machining

the longer the irradiation...

... the larger the radius
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Low-energy machining
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Low-energy machining

repetition-rate dependence
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Low-energy machining

repetition-rate dependence
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Low-energy machining

repetition-rate dependence
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Low-energy machining

waveguide micromachining

Opt. Lett. 26, 93 (2001)



Low-energy machining

waveguide micromachining

Opt. Lett. 26, 93 (2001)



Low-energy machining

structures guide light

-

0%

Opt. Lett. 26, 93 (2001)



Sagitta, Inc.

10 mm/s

20 mm/s

Low-energy machining

near-field profiles
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Low-energy machining

index profile at 2.5 mm/s
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o feamtosecond micromachining
¢ |ow-energy machining

e applications



Applications

loss measurement

HeNe |=




Applications

loss measurement

iris

HeNe |=




Applications

loss measurement

waveguide
iris

HeNe |=




Applications

loss measurement

D1

waveguide

HeNe = | / D2

N

CCD




Applications

loss measurement

D1

waveguide
iris

HeNe iv - / ' ' “\

CCD
lamp




Applications

e at low NA: loss =2 dB/cm
e at 1550 nm: loss < 0.5 dB/cm
e no polarization dependence

* losses mostly due to scattering



Applications

numerical aperture of wavequide
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Applications

numerical aperture of wavequide
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loss coefficient (dB/cm)
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Applications

numerical aperture of wavequide

NA =V n? —n,> = 0.065



Applications

numerical aperture of wavequide

NA =V n? —n,> = 0.065

Ny = 1.52



Applications

numerical aperture of wavequide

NA =V n? —n,> = 0.065
n,=1.52

An=14x1073



Applications

curved waveguides
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Applications

curved waveguides




..
Applications

curved waveguides




Applications

curved waveguides

objective
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..
Applications

curved waveguides




transmission loss (dB/cm)

Applications

curved waveguides
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Applications

photonic fabrication techniques

fs micromachining other
loss (dB/cm) <3 0.1-3
bending radius 36 mm 30-40 mm
An 2x 1073 10 -0.5

3D integration Y N




Applications

photonic devices

3D splitter B



Applications

photonic devices

3D splitter B

Bragg grating S



Applications

Bragg grating




Applications

Bragg grating




Applications

photonic devices

3D splitter B
Bragg grating oo

demultiplexer = ==



Applications

photonic devices

3D splitter B
Bragg grating —e -
demultiplexer = ==

amplifier



Applications

photonic devices

3D splitter B
Bragg grating —e -

demultiplexer = =

amplifier

interferometer —=




Applications

all-optical sensor

L N

(

substrate

Appl. Phys. Lett. 87, 051106 (2005)



Applications

all-optical sensor

|
N

substrate

Appl. Phys. Lett. 87, 051106 (2005)



Applications

all-optical sensor

y A./A
f !/ll (
s 4

suspended beam Substrate

Appl. Phys. Lett. 87, 051106 (2005)



Applications

all-optical sensor

glass

suspended beam Substrate

Appl. Phys. Lett. 87, 051106 (2005)



Applications

all-optical sensor

fs laser

glass

suspended beam Substrate

Appl. Phys. Lett. 87, 051106 (2005)



Applications

all-optical sensor

glass

waveguide

substrate

suspended beam

Appl. Phys. Lett. 87, 051106 (2005)



Applications

all-optical sensor

glass

waveguide

substrate

suspended beam

Appl. Phys. Lett. 87, 051106 (2005)



Applications

all-optical sensor

waveguide

(

substrate

suspended beam

Appl. Phys. Lett. 87, 051106 (2005)
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Applications

sensor gap
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Applications

calibration
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Applications

sensor response to 100 Hz acoustic wave
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Applications

ideal tool for ablating (living) tissue



Applications

e standard biochemical tools: species selective

e fs laser “nanosurgery”: site specific



Applications

Q: can we ablate material on the subcellular scale?



Applications

cuts in nucleus of fixed endothelial cell

fluorescence microscopy



Applications

cuts in nucleus of fixed endothelial cell

fluorescence microscopy



Applications

cuts in nucleus of fixed endothelial cell

TEM image






Applications







Applications

ethydium bromide test




Applications

ethydium bromide test

target 1




Applications

ethydium bromide test

target 1




Applications

ethydium bromide test

target 2

/ target 1










..
Applications

actin fiber network of a live cell




..
Applications

cut a single fiber bundle




..
Applications

cut a single fiber bundle




..
Applications

gap widens with time




Subcellular surgery

dynamics provides information on in vivo mechanics




Applications

Q: can we probe the neurological origins of behavior?



Applications

Caenorhabditis Elegans

Juergen Berger & Ralph Sommer
Max-Planck Institute for Developmental Biology



Applications

Caenorhabditis Elegans

e simple model organism
e similarities to higher organisms
e genome fully sequenced

e easy to handle



Applications

Caenorhabditis Elegans

e 80 pm x 1 mm

e about 1300 cells

* 302 neurons

e invariant wiring diagram

e neuronal system completely encodes behavior



Applications




Applications



Applications




Applications




Nanoneurosurgery

Caenorhabditis elegans




Nanoneurosurgery

Caenorhabditis elegans



Applications

Caenorhabditis Elegans







Applications

Caenorhabditis Elegans




Applications

ASE neurons

e responsible for osmotic avoidance
e ciliary projections extend through skin

e one on each side



Applications

Make ASE neurons express GFP

GFP gene

GFP

a b C d

ASH neuron gene



Nanoneurosurgery

GFP: absorbs UV, emits green




Applications




Applications

cut single dendrite in amphid bundle




Applications

cut single dendrite in amphid bundle




Applications

cut single dendrite in amphid bundle




Nanoneurosurgery

surgery results in quantifiable behavior changes

before after



great tool for

e “wiring light”

e micromanipulating the machinery of life



e important parameters: focusing, energy, repetition rate
e nearly material independent
e two regimes: low and high repetition rate

* high-repetition rate (thermal) machining fast, convenient

Nature Photonics 2, 219 (2008)




Conclusion

major step towards realization of optical integrated circuits
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