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use damage for processing!
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Processing with fs pulses

High-density carrier dynamics

Laser-assisted ion etching
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Processing with fs pulses

focus laser beam inside material
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Processing with fs pulses

high intensity at focus…
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… causes nonlinear ionization…
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and ‘microexplosion’ causes microscopic damage
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laser deposits energy in ~1 µm3
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Processing with fs pulses

100 fs
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Dark-field scattering
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block probe beam…
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… bring in pump beam…
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… damage scatters probe beam
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Low-energy processing

threshold decreases with increasing numerical aperture
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Low-energy processing

less than 10 nJ at high numerical aperture!



100 fs

1 ms

Low-energy processing

amplified laser

heat-diffusion time: �diff ≈ 1 
s
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30 fs40 ns

Low-energy processing

long-cavity Ti:sapphire oscillator

heat-diffusion time: �diff ≈ 1 
s



Low-energy processing

10 µm
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Low-energy processing
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Low-energy processing
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Low-energy processing

waveguide machining



Low-energy processing

waveguide machining
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CCD

Low-energy processing

waveguide mode analysis
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Low-energy processing
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Processing with fs pulses

High-density carrier dynamics

Laser-assisted ion etching



Carrier dynamics

short laser pulses can drive structural transitions



Carrier dynamics

N. Mott and W.D. Twose, Adv. Phys. 10, 107 (1961)



Carrier dynamics

N. Mott and W.D. Twose, Adv. Phys. 10, 107 (1961)

structure determines electronic state



Carrier dynamics

how do femtosecond laser pulses alter a solid?



Carrier dynamics

photons excite valence electrons…



Carrier dynamics

… and create free electrons…



Carrier dynamics

… causing electronic and structural changes…



Carrier dynamics

… which we detect with a second laser pulse
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Carrier dynamics

dielectric function: ‘fingerprint’ of state

light can induce structural transitions
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Technique

direct observation of semiconductor-
to-metal transition

order-disorder transition
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Processing with fs pulses

High-density carrier dynamics

Laser-assisted ion etching



irradiate with 100-fs 10 kJ/m2 pulses

Introduction

Si (111)

SF6



“black silicon”

Introduction

5 mm
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20 µm
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maskless etching process

self-organized, tall, sharp structures

nanoscale structure on spikes
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IR photoelectron generation



Properties

Points to keep in mind:

near unity absorption

sub-band gap absorption

IR photoelectron generation

can spikes be used as field emitters?
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Structural and chemical analysis

What causes these properties?

Other gases?



Structural and chemical analysis

Ion channeling and electron backscattering:

spikes retain crystalline order

high density of defects



Structural and chemical analysis

Secondary ion mass spectrometry:

1020 cm–3 sulfur

1017 cm–3 fluorine



Structural and chemical analysis

cross-sectional TEM (F. Génin, M. Wall, LLNL)
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1 µm

porous “fuzz”
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Structural and chemical analysis
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Structural and chemical analysis

electron diffraction (F. Génin, M. Wall, LLNL)

1 µm



Structural and chemical analysis

cross-sectional TEM:

core of spikes: undisturbed Si

surface layer: disordered Si, impurities, 
nanocrystallites and pores
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anneal 4 hours at 1200 K
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Structural and chemical analysis

anneal 4 hours at 1200 K
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Appl. Phys. Lett. 78, 1850 (2001)

Structural and chemical analysis

anneal 4 hours at 1200 K

2 µm

0.2 µm



Structural and chemical analysis

Effects of annealing:

IR absorption: reduced twofold

SEM: fewer surface nanostructures

SIMS: sulfur content reduced twofold
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Structural and chemical analysis

sulfur introduces states in the gap
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Structural and chemical analysis

sulfur introduces states in the gap
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Structural and chemical analysis

effect of ambient gas on absorptance
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Structural and chemical analysis

SF6 Cl2 N2 air

IR absorption high medium low low

field emission high low medium low

SIMS high S ? ? high O

nanostructure



Structural and chemical analysis

significant incorporation of ambient species

nanostructured surface layer

sulfur content correlates with IR absorption
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detector technology

solar cells

display technology

sensors



Outlook

development of spikes

spike formation through grids

cell adhesion

functionalization



can ordering of spikes be improved by using a grid?

Outlook



Si or Ti substrate

Outlook



Si or Ti substrate

10 µm thick
Cu or Ni grid

Outlook

place grid in front of substrate
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10 µm thick
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scan laser beam



Si or Ti substrate

Outlook

remove grid
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Microstructured silicon

fabricated by simple, maskless process

can be integrated with microelectronics

generates IR photocurrent

provides stable, high field emission current

is durable

Summary
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avalanche photodiode response at 1.3 µm
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