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e femtosecond laser micromachining
e femtosecond laser doping

e nonlinear optics at the nanoscale
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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 s transparent
material
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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




Femtosecond micromachining

Some applications: it oie ' '
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e femtosecond micromachining
e l[ow-energy machining

e applications



Femtosecond micromachining

Dark-field scattering

T
objective

sample



Femtosecond micromachining

block probe beam...

detector

- -

objective
probe T sample



Femtosecond micromachining

... bring in pump beam...

detector

S

objective
probe T sample



Femtosecond micromachining

... damage scatters probe beam

detector

S <

objective
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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

scattered signal
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Femtosecond micromachining

vary numerical aperture
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Femtosecond micromachining

vary numeric jhtensity 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!)

threshold intensity (1017 W/m?2)
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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

10 | | | I T 1T 11 | | | | I 1 T 11
~ 0.8 8 -
=2
>
E 0.6 —
q) 8
o O
E 044 5 —
z & 0g8 g
S 0.2+ -

O | | | I 1 1 11 | | | | I 1 111
0.01 0.1 1

numerical aperture



Femtosecond micromachining

threshold energy (u1J)

o
N

=
o

o o
o o¢)

o
N

Oo

threshold for damage

numerical aperture

| | | I 1 |||| | | | I 1 T 11
[ )
| 8 _
o
B o _
° ©
i *8s o i
O
© @8 08896 .
o
| | | 1 |||| | | |‘| |.| 1
01 0.1 1



Femtosecond micromachining

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

e avalanche ionization important



e l[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!
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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

o0 m




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 e 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



radius ( m)

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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Applications

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
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substrate

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



Applications

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



Applications

all-optical sensor
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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
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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




.
Applications

gap widens with time




..
Applications

dynamics provides information on in vivo mechanics




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

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



e important parameters: focusing, energy, repetition rate
e nearly material independent

e two regimes: low and high repetition rate

e high-repetition rate (thermal) machining fast, co ﬁ) .

Nature Photonics 2, 219 (2008)
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Introduction

absorptance (1-R-T)
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Introduction

absorptance (1-R-T)
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Introduction

multiple reflections enhance absorption
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Introduction

multiple reflections enhance absorption
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Introduction

electronic band structure changes
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Introduction

band structure changes: defects and/or impurities
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High photon flux doping

microstructure with different gases
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High photon flux doping

microstructure with different gases
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High photon flux doping

microstructure with different gases
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High photon flux doping

microstructure with different gases
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High photon flux doping

microstructure with different gases
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High photon flux doping

microstructure with different gases
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Introduction

sulfur required for below band gap absorption



High photon flux doping

other chalcogens yield similar results
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High photon flux doping

other chalcogens yield similar results
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High photon flux doping

other chalcogens yield similar results
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High photon flux doping




High photon flux doping




High photon flux doping
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High photon flux doping




High photon flux doping

cross-sectional '.
Transmission Electron sty
Microscopy



High photon flux doping

M. Wall, F. Génin (LLNL)




High photon flux doping
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High photon flux doping

S L
el




ing

o
o
S
X
5
2
-
o)
)
o
R=
o
=
Q

H

-




I S
High photon flux doping

L4




High photon flux doping

e 300-nm disordered surface layer
e undisturbed crystalline core

e surface layer: nanocrystalline Si with. 1.6 % sulfur



High photon flux doping

1 part in 10° sulfur introduces states in gap

CB
71 1.1 ym
011 ey 0.09eV 0.08 eV
0.188 eV = 1.5 um
oS8 ey 0.248 eV
0.371 eV 1, m
0.614 eV
~ 4 pm
48um

VB

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



High photon flux doping

at high concentration states broaden into band

CB
71 1.1 pm
011 ey 0.09eV 0.08 eV
0.188 eV - 1.5 um
0.318 eV e
0.371 eV 1, m
0.614 eV
~ 4 pm
48um

VB



High photon flux doping

absorption extends into infrared

CB
71 1.1 ym
011 ey 0.09eV 0.08 eV
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- 8 um

VB




High photon flux doping

donor or acceptor states, depending on Fermi level

CB /\

-1 1.1 pum
0.188 eV < 1.5 um
0318 eV 0.248 eV
0.371 eV < 2 um
0.614 eV
-4 um
- 8 um

VB



High photon flux doping

Things to keep in mind

e new chemical structure and electronic properties
e nanocrystallinity: quantum confinement effects

e absorption happens in nanocrystalline layer
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Photoelectron generation
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Photoelectron generation
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Photoelectron generation

black silicon/silicon junction

Si substrate
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Photoelectron generation

black silicon/silicon junction
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Photoelectron generation

black silicon/silicon junction




Photoelectron generation

black silicon/silicon junction

Cr/Au contacts
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Photoelectron generation

black silicon/silicon junction
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Photoelectron generation

IV characteristics




Photoelectron generation

neutral _ | neutral
O g 1@ e .
P :
ol
o e O
[ )
o ® ®
[
p-type . 1 n-type

depletion zone
(insulator)

depletion layer can convert light into electric energy



Photoelectron generation
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Photoelectron generation
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...creating an electron-hole pair



Photoelectron generation
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Photoelectron generation

IV characteristics
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Photoelectron generation
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Photoelectron generation
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Photoelectron generation

responsivity

1000 ¢ | | |

100 o
<) — _ - \
= F . \
<. | / NIR APD \
> 10 3 // > 100 V bias \\
= F I \

a1 /

c lf -

o E _ - - N

n — - \

- 7 SiPIN

0.1 =

i | | |
0.01
200 600 1000 1400

wavelength (nm)

1800



Photoelectron generation

responsivity
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Photoelectron generation
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Photoelectron generation

Things to keep in mind

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

e quantum efficiency larger than one
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e high pho_to“n' flux doping
e photoelectron generation
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Photoconductive gain
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Photoconductive gain
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Photoconductive gain
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Photoconductive gain
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Photoconductive gain
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Photoconductive gain
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Photoconductive gain
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Photoconductive gain
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Photoconductive gain
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Photoconductive gain
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Photoconductive gain

responsivity at zero bias

0.8 | | | |
< 0.6 —
= o
> commercial ~ .
> 0.4 diode \ 7]
& \
o \
3 "
L o2 \ 7
\
AN
AN
0 | | | | -
700 800 900 1000 1100

wavelength(nm)

1200



Photoconductive gain

doubled quantum efficiency around 1.1 pm
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Photoconductive gain

Things to keep in mind

e photoconductive gain at room temperature!

e significant promise as photovoltaic material



Photoconductive gain

http://www.sionyxinc.com



Photoconductive gain

e low-voltage, high-responsivity detectors
e silicon-based IR detectors

e higher QE photovoltaic cells

http://www.sionyxinc.com
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e optical logic gates



Manipulating light at the nanoscale

Nature, 426, 816 (2003)
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Manipulating light at the nanoscale



Manipulating light at the nanoscale

Poynting vector profile for 200-nm nanowire




Manipulating light at the nanoscale
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Manipulating light at the nanoscale
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Manipulating light at the nanoscale

minimum bending
radius: 5.6 t/m

100 pm



Manipulating light at the nanoscale
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Manipulating light at the nanoscale
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out out

Nanoletters,; 5, 259 (2005)



Manipulating light at the nanoscale

Nanoletters, 5, 259 (2005)



Manipulating light at the nanoscale

use tapered fibers to couple light to nanoscale objects






Manipulating light at the nanoscale

vapor transport grown ZnO nanowires

80-400 nm diameter, up to 80 pm long



Manipulating light at the nanoscale

best of both worlds

ZnO silica
bottom-up top-down
semiconductor glass

active photonic devices passive waveguides

electrical operation link to macroworld



Manipulating light at the nanoscale

coupling to ZnO nanowires
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Manipulating light at the nanoscale

coupling to ZnO nanowires
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Manipulating light at the nanoscale
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Manipulating light at the nanoscale

F



Manipulating light at the nanoscale

4915118



Manipulating light at the nanoscale

Nano Lett., 7, 3675 (2007)



Manipulating light at the nanoscale

ab-initio.mit.edu/wiki/index/Meep
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Manipulating light at the nanoscale

Nano Lett., 7, 3675(2007)




Manipulating light at the nanoscale

Nano Lett., 7, 3675 (2007)



Manipulating light at the nanoscale

large diameter:
multimode "~

Nano Lett., 7, 3675 (2007)



Manipulating light at the nanoscale

small diameter:
single mode

Nano Lett., 7, 3675 (2007)



Manipulating light at the nanoscale

Points to keep in mind:
e J]ow-loss guiding
e convenient evanescent coupling

e attached to ordinary fiber
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Supercontinuum generation

nonlinear dispersion: n=n_+n,/
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Supercontinuum generation

nonlinear dispersion: n=n_+n,/

low intensity
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Supercontinuum generation

nonlinear dispersion: n=n_+n,/

low intensity

[

high intensity
higher index



Supercontinuum generation

nonlinear dispersion: n=n_+ n,l

o~ —

<l

low intensity
“ “ “ “ nor index
high intensity

higher index




Supercontinuum generation

nonlinear dispersion: n=n_+ n,l

“self-phase modulation”
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low intensity
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high intensity

higher index




Supercontinuum generation

strong confinement —— high intensity



Supercontinuum generation
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Supercontinuum generation

mode field diameter (A = 800 nm)

mode field diameter (um)
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M.A. Foster, et al., Optics Express, 12, 2880 (2004)
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Supercontinuum generation

mode field diameter (A = 800 nm)

mode field diameter (um)
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M.A. Foster, et al., Optics Express, 12, 2880 (2004)

1500



Supercontinuum generation

nonlinear parameter

1000 I [

B

500~ —

v (W km

0 | |
0 500 1000 1500
diameter (nm)

M.A. Foster, et al., Optics Express, 12, 2880 (2004)



Supercontinuum generation

dispersion important!



Supercontinuum generation

waveguide dispersion
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Supercontinuum generation

waveguide dispersion

1000 I I
normal anomalous
dispersion dispersion
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Supercontinuum generation

nanowire continuum generation
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Supercontinuum generation

nanowire continuum generation
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Supercontinuum generation

nanowire continuum generation
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Supercontinuum generation

nanowire continuum generation
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Supercontinuum generation

nanowire continuum generation
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Supercontinuum generation

nanowire continuum generation
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Supercontinuum generation

nanowire continuum generation
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Supercontinuum generation

energy in nanowire < 100 pJ!



Supercontinuum generation

e picojoule nonlinear optics
e optimum diameter for silica 500-600 nm

e l[ow dispersion



e optical logic gates



Optical logic gates

nanowire Sagnac interferometer

coupling
region




Optical logic gates

nanowire Sagnac interferometer

coupling
region

input



Optical logic gates

nanowire Sagnac interferometer
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Optical logic gates

nanowire Sagnac interferometer

coupling
region

input



Optical logic gates

nanowire Sagnac interferometer

coupling
region

reflected transmitted



Optical logic gates

output = transmitted cw + ccw power

coupling
region

transmitted



Optical logic gates

input electric field amplitude £

mn .
coupling

region

input



Optical logic gates

coupling parameter: p

input



Optical logic gates

phase accumulation over path length of loop L
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Optical logic gates

coupling parameter: p

1
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Optical logic gates

output is sum of transmitted cw and ccw

mn
pE, et

(1= p)E, et

input



Manipulating light at the nanoscale

accumulated phase:



Manipulating light at the nanoscale

accumulated phase:

nonlinear index:
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Manipulating light at the nanoscale

accumulated phase:

nonlinear index:

l

A

n=n,+ nl=n,+ n,

nonlinear parameter:




Manipulating light at the nanoscale

power-dependent output:

u — 1 —2p(1 — p){1 + cos[(1 — 2p)yP,L])



Manipulating light at the nanoscale

power-dependent output:

u — 1 —2p(1 — p){1 + cos[(1 — 2p)yP,L])



Manipulating light at the nanoscale

power-dependent output:

u — 1 —2p(1 — p){1 + cos[(1 — 2p)yP,L])

no transmission:




Optical logic gates

when p = 0.5:
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Optical logic gates

nonlinear nanogate
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Optical logic gates

nonlinear nanogate
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Optical logic gates

nonlinear nanogate
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Optical logic gates

nonlinear nanogate
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Optical logic gates
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Optical logic gates
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Optical logic gates
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Optical logic gates
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Optical logic gates
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Optical logic gates
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Optical logic gates
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Optical logic gates

for NAND gate need ouput with no input
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Optical logic gates
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Optical logic gates

for NAND gate need ouput with no input
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Optical logic gates

universal NAND gate
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Optical logic gates

very preliminary data
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Optical logic gates

light-by-light modulation!



Optical logic gates

very preliminary data
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Optical logic gates

very preliminary data
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e several nanodevices demonstrated
e |arge v permits miniature Sagnac loops

e switching energy < 10 pJ
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