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why study materials with femtosecond pulses?
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gap determines interaction
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photon energy < bandgap —— nonlinear interaction
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nonlinear interaction provides bulk confinement
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nonlinear interaction provides bulk confinement
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Part I: Femtosecond laser %

micromachining of transparent materials
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fs micromachining: great technique for manipulating matter
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“... 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)
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focus laser beam inside material

100 fs transparent
material

T 4
objective

Opt. Lett. 21, 2023 (1996)
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Femtosecond micromachining
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Some applications:
e data storage
e waveguides

e microfluidics
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e femtosecond micromachining
e low-energy machining

e applications



Femtosecond micromachining

Dark-field scattering

B
objective
sample



Femtosecond micromachining

block probe beam...

detector
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Femtosecond micromachining

... bring in pump beam...

detector
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Femtosecond micromachining

... damage scatters probe beam
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Femtosecond micromachining
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Femtosecond micromachining
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Femtosecond micromachining

scattered signal
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Femtosecond micromachining
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Femtosecond micromachining

scattered signal
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Femtosecond micromachining
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Femtosecond micromachining

vary numeric

intensity threshold:
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Femtosecond micromachining

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

threshold intensity (1017 W/m?2)
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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

threshold intensity (1017 W/m?2)
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Femtosecond micromachining

critical density reached by multiphoton for low gap only

threshold intensity (1017 W/m?2)
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Femtosecond micromachining

avalanche ionization important at high gap

multiphoton avalanche ionization
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Femtosecond micromachining

what prevents damage at low NA?



Femtosecond micromachining

Competing nonlinear effects:

e multiphoton absorption
e supercontinuum generation

e 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 (u1J)
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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 low-energy machining



Low-energy machining

threshold decreases with increasing numerical aperture

200 | | | | .

100 7

threshold (nJ)

O | | |
0 0.5 1.0 1.5

numerical aperture




Low-energy machining

less than 10 nJ at high numerical aperture!
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Low-energy machining

amplified laser: 1 kHz, 1 mJ

100 fs
1 ms

heat diffusion time: 7,/,=1 ps



Low-energy machining

long cavity oscillator: 25 MHz, 25 nJ

40 ns

30 fs

heat diffusion time: 7,/=1 ps



Low-energy machining
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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
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Low-energy machining
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Low-energy machining

the longer the irradiation...
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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

at high-rep rate: internal “point-source of heat”



e applications



Low-energy machining

waveguide micromachining
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Low-energy machining

waveguide micromachining
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Opt. Lett. 26, 93 (2001)



Applications

curved waveguides
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curved waveguides
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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 2x1073 10 -0.5

3D integration Y N




Applications

photonic devices

3D splitter —f
Bragg grating

demultiplexer =
amplifier

interferometer



Applications

all-optical sensor

substrate

Appl. Phys. Lett. 87, 051106 (2005)
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all-optical sensor
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Applications

all-optical sensor
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suspended beam Substrate
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all-optical sensor
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Applications

all-optical sensor

fs laser

e
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glass
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Applications

all-optical sensor

waveguide

substrate

suspended beam
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Applications

all-optical sensor
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Applications

all-optical sensor
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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



b T

éthe dynamics of the cytoskeleton
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Applications

actin fiber network of a live cell
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Applications

cut a single fiber bundle
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Applications

cut a single fiber bundle
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Applications

gap widens with time
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Applications

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 1T mm

e about 1300 cells

* 302 neurons

e invariant wiring diagram

e neuronal system completely encodes behavior
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Applications

cut single dendrite in amphid bundle




Applications

cut single dendrite in amphid bundle




Applications

cut single dendrite in amphid bundle




Applications

surgery results in quantifiable behavior changes

before



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
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Part Il: Optical hyperdoping
of materials with femtosecond laser pulses
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Introduction

irradiate with 100-fs 10 kJ/m? pulses
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...........

“black silicon”



c
O
)
(.
-
L®)
O
p S
B
=




Introduction
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Introduction

absorptance (1-R. - T_)
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Introduction

silicon transparent in near IR

visible
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silicon transparent in near IR

visible near IR




Introduction

roughening doesn’t change IR transmission...

polished unpolished
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roughening doesn’t change IR transmission...
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Introduction

...but black silicon blocks IR completely

visible
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...but black silicon blocks IR completely
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black silicon completely black in IR

visible
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band structure changes: defects and/or impurities
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a decade of research

OPTICAL ELECTRONIC STRUCTURAL
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a decade of research

OPTICAL ELECTRONIC STRUCTURAL

UV-VIS-NIR Hall measurements SEM
FTIR conductivity TEM
photoluminescence IV rectification EDX
SAD

EXAFS
AFM
SIMS
responsivity RBS

ion channeling

gap carrier concentration morphology
impurity band mobilities composition
transitions junction properties atomic structure
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new process & new class of material!

conductor semiconductor insulator

CB
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Cu Ge Si ZnO
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substrate/dopant combinations

dopants:

N| O|F

Se
Sb | Te
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substrate/dopant combinations

dopants:
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Ti Ag Al Cu Pd Rh Ta Pt



Introduction

focus on chalcogen-doped silicon

dopants:
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Introduction

focus on chalcogen-doped silicon
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focus on chalcogen-doped silicon
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Introduction

focus on chalcogen-doped silicon
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cross-sectional ;
Transmission Electron sl
Microscopy



Structure




Structure

disordered
surface layer
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Structure




e 300-nm disordered surface layer
e undisturbed crystalline core

e surface layer: nanocrystalline Si with 1.6% sulfur



two processes: melting and ablation



relevant time scales
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relevant time scales
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different thresholds:

melting: 1.5 kJ/m?

ablation: 3.1 kJ/m?



decouple ablation from melting




decouple ablation from melting

doped




decouple ablation from melting
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decouple ablation from melting
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decouple ablation from melting

undoped
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Structure

decouple ablation from melting




decouple ablation from melting
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decouple ablation from melting
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tructure

decouple ablation from melting

Undoped region




Structure

secondary ion mass spectrometry
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extended x-ray absorption fine structure spectrum:

dopant in two different chemical states



Things to keep in mind

e rapid melting and resolidification causes doping
e ablation causes morphology changes
e about 1% impurity in 100-nm thick surface layer

e annealing changes impurity coordination
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Optoelectronic properties
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Optoelectronic properties

effect of annealing on IR absorptance
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Optoelectronic properties

effect of annealing on IR absorptance

1.0 | | | | |
— .o anneal
| —~575 K _|
0.8 625 K
675 K
3
cu.o— —
= 0.6 725 K
—
3
80.4- 775K |
@
0.2+ _
825 K
875 K
0 | | | | |
0 1 2 3

wavelength (um)



absorptance

Optoelectronic properties

—_
o

o
o)

o
o)

o
N

o
\S)

o

vary annealing time

775 K

o

1 2
wavelength (um)




Optoelectronic properties

longer annealing decreases IR absorptance
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Optoelectronic properties

IR absorptance decreases less for Se-doped samples...
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Optoelectronic properties

and even less for Te-doped samples...
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Optoelectronic properties
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Optoelectronic properties

...but is unique function of diffusion length
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Optoelectronic properties

annealing...

e decreases IR absorptance
e causes recoordination and diffusion of dopants

e IR absorptance reduced by 50% after 20 nm diffusion



Optoelectronic properties

what dopant states/bands cause IR absorption?



Optoelectronic properties

1 part in 10° sulfur introduces donor states in gap

CB

011y 009ev 0086V

0.188 eV

Omv 0.248 eV

0.371 eV

0.614 eV

VB

Janzén et al., Phys. Rev. B 29, 1907 (1984)



Optoelectronic properties
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at high concentration states broaden into band
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should have shallow junction below surface

sulfur-doped layer:

p-dopedisubstrate




Optoelectronic properties

excellent rectification (after annealing)
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probe impurity states by varying Fermi level in substrate
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vary substrate doping type and resistivity
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vary substrate doping type and resistivity
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vary substrate doping type and resistivity
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vary substrate doping type and resistivity
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Optoelectronic properties

vary substrate doping type and resistivity

10
50 | i

N
o
I

CB ]

w
o
|
I

current density (A/m?)
s 8
| |
&
| |

o

o
1O
o

—0.5 0 0.5 1.0
bias (V)
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vary substrate doping type and resistivity
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probe impurity states by varying Fermi level in substrate
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1V behavior consistent with

impurity band between 200 and 400 meV
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isolate surface layer for Hall measurements
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Hall measurements
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impurity (donor) band centered at 310 meV
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majority carrier mobility
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Things to keep in mind

e IR absorption rolls off around 8 um
e 1in 103 sulfur atoms are ionized donors at 300 K

¢ all data indicate these S donors are substitutional
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Devices

What causes gain?

e impact excitation (avalanching)

e carrier lifetime >> transit time (photoconductive gain)

e some other mechanism
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Devices

crystalline silicon: transparent to 23% of solar radiation
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Devices

amorphous silicon: transparent to 53% of solar radiation

2.5 | | | |

a-Si band gap = 0.71 um

1.5

spectral irradiance (kW/m2 ym)

0 0.5 1.0 1.5 2.0 2.5
wavelength (um)
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black silicon: potential to recover transmitted energy
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very preliminary photovoltaic cell
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very preliminary photovoltaic cell
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very preliminary photovoltaic cell
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Devices

1.5% efficiency, a good beginning
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Devices

Things to keep in mind

e can turn absorption into carrier generation
e very high responsivity in VIS and IR

e phenomenal photoconductive gain
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Conclusion

e inclusion during growth’
e thermal diffusion®s

e ion implantation
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