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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



“... 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
—>
[ N
objective

Glezer, et al., Opt. Lett. 21, 2023 (1996)
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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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Processing with fs pulses
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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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Processing with fs pulses
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Processing with fs pulses
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fracture along scribe line
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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



Processing with fs pulses

What are the conditions at focus?

transparent
material

_k

objective



What are the conditions at focus?

transparent
material

—
objective

laser deposits energy in ~1 pm?



Processing with fs pulses

What temperature?



Processing with fs pulses

What temperature?

AE = CypVAT



Processing with fs pulses

What temperature?

AE = CypVAT
C,=075%x103J kg 'K!

p =22 % 10°kg/m?



What temperature?
AE = CypVAT
Cy,=075%x10°J kg 'K™!
p =22 % 10°kg/m?
So, 1 pJ in 1 pm? gives

~1,000,000 K!



Processing with fs pulses

What pressure?



What pressure?
Treat ionized material as an ideal gas:

pV = nRT



What pressure?

Treat ionized material as an ideal gas:
pV = nRT

Gives

p = 10 MBar!



So:

microexplosion

=1 MK
=10 MBar

2.2 X 10° kg/m’




So:

microexplosion

sun

=1 MK
=10 MBar

2.2 X 10° kg/m’

2—5MK

0.15—150 X 10’ kg/m’




So:

microexplosion sun
=] MK 2—5 MK
=10 MBar
2.2 X 10° kg/m’ 0.15—150 X 10’ kg/m’

creating stellar conditions in lab!



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...

pump detector
- - - >
RN 4 C—
objective

probe sample



Role of focusing

... damage scatters probe beam

detector
P
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probe sample



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
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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:
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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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Role of focusing

vary material...
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Role of focusing

threshold varies with bandgap

<~ b | | |

£ =
= 5L 406 @
N~ o (:’)T
. CaF

S) 2 =
> T =
= | £
S 3l * fused 0.4 5
e 0211 silica ®
3 Ll 2
S 1023,
) ® SFi1 2
< 1 | | |

3 ) 7 9 11

bandgap (eV)



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

—

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
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Low-enerqgy processing
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Low-energy processing
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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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Low-energy processing

3D wave splitter




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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» stellar conditions
» precision micromachining

» exciting new applications
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Introduction

5 mm

"black silicon”
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Properties
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Properties
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avalanche photodiode response at 1.3 ym

APD signal (a.u.)

Appl. Phys. Lett. 78, 1850 (2001)
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avalanche photodiode response at 1.3 ym

APD signal (a.u.)
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field emission setup




field emission setup
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field emission setup

20 pm mica spacers
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field emission setup

anode
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gold coating
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Structural and chemical analysis

lon channeling and electron backscattering:
> spikes retain crystalline order

> high density of defects



Structural and chemical analysis

Secondary ion mass spectrometry:
>  10%° cm3 sulfur

» 10" cm™3 fluorine



Structural and chemical analysis
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Structural and chemical analysis
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Structural and chemical analysis
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nanocrystallites



Structural and chemical analysis
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Structural and chemical analysis
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Structural and chemical analysis

anneal 4 hours at 1200 K
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Structural and chemical analysis

anneal 4 hours at 1200 K
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Structural and chemical analysis

anneal 4 hours at 1200 K

Appl. Phys. Lett. 78, 1850 (2001)



Structural and chemical analysis

anneal 4 hours at 1200 K

Appl. Phys. Lett. 78, 1850 (2001)



Effects of annealing:
» IR absorption: reduced twofold
> SEM: fewer surface nanostructures

» SIMS: sulfur content reduced twofold



Structural and chemical analysis

sulfur introduces states in the gap

CB

VB



Structural and chemical analysis

sulfur introduces states in the gap

CB

011ey 0:09ev 008V

0.188 eV

0.318 eV 0248 eV

0.371 eV

0.614 eV

VB

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



Structural and chemical analysis

states broaden into a band
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Structural and chemical analysis

effect of ambient gas on absorptance
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Structural and chemical analysis

effect of ambient gas on absorptance
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Structural and chemical analysis
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Structural and chemical analysis

effect of ambient gas on absorptance
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Structural and chemical analysis

effect of ambient gas on field emission
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Structural and chemical analysis

effect of ambient gas on field emission
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Structural and chemical analysis

effect of ambient gas on field emission
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Structural and chemical analysis

effect of ambient gas on field emission
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Structural and chemical analysis
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> detector technology




> detector technology . "



> display technology
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> detectoﬁeﬁnology

» solar cell

» display technology

> SeNnsors \




» development of spikes
> spike formation through grids
> cell adhesion

» functionalization
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can ordering of spikes be improved by using a grid?



Si or Ti substrate



place grid in front of substrate

10 um thick
Cu or Ni grid

Si or Ti substrate



scan laser beam

Si or Ti substrate

10 um thick
Cu or Ni grid



scan laser beam

Si or Ti substrate

10 um thick
Cu or Ni grid



remove grid

Si or Ti substrate
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Microstructured silicon

> fabricated by simple, maskless process



Microstructured silicon

> fabricated by simple, maskless process

» can be integrated with microelectronics



Microstructured silicon

> fabricated by simple, maskless process
» can be integrated with microelectronics

> generates IR photocurrent
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> fabricated by simple, maskless process

» can be integrated with microelectronics

> generates IR photocurrent

» provides stable, high field emission current

» Is durable
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