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Processing with fs pulses

focus laser beam inside material

100 fs transparent
‘ material
—>
_k
objective

Glezer, et al., Opt. Lett. 21, 2023 (1996)



Processing with fs pulses
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high intensity at focus...



Processing with fs pulses

100 fs transparent
‘ material
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... causes nonlinear 1onization...



Processing with fs pulses

transparent
material
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and ‘microexplosion’ causes microscopic damage



Processing with fs pulses
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laser deposits energy in ~1 pm?®
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Processing with fs pUIses
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Processing with fs pulses

2 X 2 um array
fused silica, 0.65 NA

0.5 J, 100 fs, 800 nm

Opt. Lett. 21, 2023 (1996)



Processing with fs pulses

2 X 2 um array
fused silica, 0.65 NA

0.5 J, 100 fs, 800 nm

Opt. Lett. 21, 2023 (1996)



Processing with fs pulses

2 X 2 um array
fused silica, 0.65 NA

0.5 J, 100 fs, 800 nm

Opt. Lett. 21, 2023 (1996)



100 fs
0.5 uJ



Processing with fs pulses

Dark-field scattering

—
objective
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Processing with fs pulses

block probe beam...
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Processing with fs pulses

... bring in pump beam...

pump detector
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probe sample



Processing with fs pulses

... damage scatters probe beam
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Processing with fs pulses

signal (a.u.)
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Processing with fs pulses
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Processing with fs pulses
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Processing with fs pulses
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Processing with fs pulses
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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!

threshold energy (nJ)
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numerical aperture

1.5



Low-energy processing

amplified laser

100 fs

1 ms

—

heat-diffusion time: 7;,=1 us



Low-energy processing

long-cavity Ti:sapphire oscillator

40 ns 30 fs

NS R T —
——

objective

heat-diffusion time: 7;,=1 us



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

waveguide machining
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Low-energy processing

waveguide mode analysis
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Low-energy processing

3D wave splitter
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Carrier dynamics

short laser pulses can drive structural transitions



Carrier dynamics
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Carrier dynamics

De '
structure determlnes electronlg state

' Lo
|]_|-':'-'- h . '._ :.'_:I' .
~ 1 l;"" I5.'..! -'|". .
L N ,,:-E y , - fal ] =% ..|.-|
1 ' "||h"|1|1'|1'l'. 'II ' .“:'III.":I %L
?!,_ELT ! i - k s . . T 5
PP LIS R g o ¥TF
1 e " L 1 g
L § I K.'T--"'.' AT oy s )
- (A e Y 2L
- i J.:"';" T ) "-,I;‘. '| L 3 i
A i 3T (had ket e Xy
A SR IS L =l
) i Ll AT -
L ¢ =i |
5 AL LIS cear b 3 o
ou0% P et
I'.l.'l,ll "“.1 o L\ T . | | 111
1 L1 - . .,i--, - ,I!. e ..‘.-_':-_ |L"-||‘|: ,:-.1.'11- N 1:‘:_1'-
: wen AL s
= g A o S
ek ST
o 'ﬂ.l.'il"l“r!' Ly L_'II.-‘L‘--""IL i PR T :
N. Mott and W.D. Twose, Adv. Phys. 10, 107 (1951) w—; oot e et
I|_ II|"' | ‘I'."I |l i‘- _‘i.ﬁ_.-\‘:_.lll—-ﬁ e ) Iil :T ; TH - .1-.-.‘: i b
P 1y o 3

LY - eyt . --1.1I'-f'1l"’. i h A Y



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




Carrier dynamics

structure
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Carrier dynamics

structure band structure dielectric function
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Carrier dynamics

structure band structure dielectric function
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Carrier dynamics

structure band structure dielectric function
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Carrier dynamics
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Carrier dynamics
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Carrier dynamics

structure band structure dielectric function
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Carrier dynamics

» dielectric function: ‘fingerprint’ of state

» light can induce structural transitions



broadband time-resolved ellipsometry

Ti:sapphire

800 nm, 50 fs

0.5mJ A |



broadband time-resolved ellipsometry

CaF,

Ti:sapphire

800 nm, 50 fs




broadband time-resolved ellipsometry

CaF, 1.7-3.5 eV
A ~ A 1 M\]

Ti:sapphire

800 nm, 50 fs



broadband time-resolved ellipsometry

CaF, 1.7-3.5 eV
A ~ A 1 M\]

Ti:sapphire

800 nm, 50 fs

spectral
filter



broadband time-resolved ellipsometry

CaF, 1.7-35eV
A | A 1 M\]

Ti:sapphire

800 nm, 50 fs
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filter

spectro-
graph v




broadband time-resolved ellipsometry

sample




broadband time-resolved ellipsometry

pump
50 fs, 800 nm, 0.5 mJ

sample




broadband time-resolved ellipsometry

probes
350-750 nm, 1 ud

sample




broadband time-resolved ellipsometry

probes
350-750 nm, 1 ud

sample




broadband time-resolved ellipsometry

probes
350-750 nm, 1 ud

sample

Fresnel
equations



broadband time-resolved ellipsometry

probes
350-750 nm, 1 ud

sample

Fresnel = Re ¢(w)
equations Im &(w)
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» direct observation of semiconductor-
to-metal transition

» order-disorder transition
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Introduction

5mm

“black silicon”
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reflectance (integrating sphere)
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Properties
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Properties

absorptance (1 -R -T)
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field emission setup




field emission setup
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gold coating




field emission setup

20 pm mica spacers
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field emission setup
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Structural and chemical analysis



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%° cm™ sulfur

» 10 cm2 fluorine



Structural and chemical analysis

3




Structural and chemical analysis

1 pum | -

porous “fuzz”



Structural and chemical analysis
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Structural and chemical analysis

A






- and chemical analvsis

Structural




Structural and chemical analysis

cross-sectional




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)



Structural and chemical analysis

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
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VB

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



Structural and chemical analysis

states broaden into a band

CB

I ‘1 i“ 0.08 eV

0.614 eV

VB



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
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Structural and chemical analysis
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S detectoﬁe'c/hnology
» solar cell
» display technology

> SeNnsors




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

» functionalization



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
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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



Microstructured silicon

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