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Introduction & Motivation

A

Integrated photonic and plasmonic circuitry:

« combine electronics and photonics

« advanced miniaturization and superior performance

The relevant scale demands the use of sub-wavelength confined light:

» Evanescent optical fields z

 Surface plasmon polaritons  Dielectric /\ /\ /\ /\

TR o S

d<< A

« No coupling to the far-field Metal

Near-field Imaging is required

- Introduction Photonic Instruments 2013 - Ziirich | 11.09.2013
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Introduction & Motivation

A

Scanning Near-field Optical Microscopy (SNOM/NSOM)

D.W. Pohl et al., Applied Physics Letters 44, 651 (1984)
« Scanning probe microscopy

Illumination

* Probe proximity to sample >> A

Silicon tip
® Different prObe types Apex of optical
fiber Optical [lumination Optical
near-field near-field
@) Small aperture (b)
Limitations
ial luti ( 20 ) Optical
® Spatla resolution (* nm —/\ Tetrahedral near-field
Laser light tip
e point-by-point probing Optical
-field
e og0 . Total near-iie
® Iong ach"Sltlon times reflection

(c) (d) [Hlumination

time-resolution , ,
Y. Oshikane et al., Sci. and Technol. Adv. Mat. 8, 181 (2007)

How to overcome these limitations?
.(l,ﬂ- Photonic Instruments 2013 - Ziirich | 11.09.2013
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A

Use electrons instead of photons to probe

» Photon-Induced Near-field Electron Microscopy (PINEM)

t>0

Pump-probe TEM technique:

t<0 t=0

Energy
5
>

. : Evanescent
fs intense : optical f eld
pulse

» fs optical pump

iy
2

Carbon nanotube

> ; » fs electron probe
Loss

Time (fs)

ZLP

»
o
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o

Electron energy gain/loss

Energy exchange:

 electrons gain/lose
photon energy quanta

+2hw

Electron counts
Electron counts

e structure-mediated

T I 1 1 1 1 1 1 1
=20 =30 +7.2 +4.8 +2.4 0 2.4 -4.8 =7.2
Electron energy (eV)

B. Barwick et al., Nature 462, 902 (2009)

.(Pﬂ. Photonic Instruments 2013 - Ziirich | 11.09.2013

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE




i
Energy-filtering of electrons allows for direct visualization of the near-field

* Image using only inelastically scattered electrons Protein Vesicles

Bri NEM of protein icles

Carbon nanotubes

e | |
S
- SR

B. Barwick et al., Nature 462, 902 (2009)

E. Coli

field-of-view technique

sub-nm spatial resolution
ultrafast time-resolution

D. Flannigan et al., PNAS 107, 9933 (2010)

.(Pﬂ. Photonic Instruments 2013 - Ziirich | 11.09.2013
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Approach & Instrumentation
i

i
Until very recently, only one working ultrafast electron microscope in the world:

» UEM system in laboratory of Prof. Ahmed Zewail I"f _1]

(California Institute of Technology)

LaBg
photocatode

EPFL - LUMES:
Build first working ultrafast electron microscope in Europe

CO lens 266nm

_~ pulsetrain

Implementation: modified Transmission Electron Microscope

800nm
pulsetrain

sample

» Optical port for specimen excitation &
(LLNL/IDES customization) L

 Optical port for photo-electron generation
(LLNL/IDES customization)

Gatan
imaging filter

 Electron Energy Loss Spectrometer with energy filter for PINEM
(GATAN Quantum GIF electron energy loss spectrometer)

- Approach Photonic Instruments 2013 - Ziirich | 11.09.2013
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Approach & Instrumentation
i

A

* Modified 200 keV Jeol JEM-2100 « Amplified Ti:sapphire laser system
schematic optical setup 1\ .ps “wyvern x”
electron  frequency tripler ~ wave plate| ¢o | system
generating /——[ ] - I
UV beam bean’l’ 4\W, 800 nm
splitter
optical | g \ ‘
pump
beam optional parametric/ pump delay line

harmonic conversion

Additional elements:

Retractable
camera

Wehnelt electrode

o “C0” extra electrostatic lens

L. Piazza et al., Chemical Physics 423, 79 (2013)

ICPA Instrumentation Photonic Instruments 2013 - Ziirich | 11.09.2013
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Approach & Instrumentation

A

Optimal conditions for time-resolved experiments:

* (1) emit only few electrons from the tip
* (2) couple all of them down the column

Sl wehnslt (1) Wehnelt electrode:
—_— — . O zero wehnelt voltage
= — « convergent electrostatic lens
-_— — with static bias medium wehnelt voltage
| Z'j*» « Used to tune electron emission
& iohs from source o high wehnelt voltage
Long drift section
A ‘ (2) CO lens:

8= C1lens

=  Extra convergent magnetic lens (refurbished C1 lens)
« Couples majority of emitted electrons to imaging system
 Greatly improves brightness

e C2 Lens

Very high-current
beam with minimized

aberrations Bl Lawrence Livermore I D s DVNAMIC
i ELECTRON
National Laboratory — EBLUTIONS

) - Instrumentation Photonic Instruments 2013 - Ziirich | 11.09.2013
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Approach & Instrumentation
i

A

Depending on dynamic experiment:

Quantities to optimize:
» Electron beam coherence (spatial resolution)

» Electron energy spread (energy resolution)

» Electron pulse duration (time resolution) Images of the source
- Electron counts E

Parameters to tune (trade-offs):
* Wehnelt bias
» Laser pulse duration

« UV fluence 100 E A ***I'l e ‘
. . g e Bias=0V
* Integration time g | o Bias = 350 V 1.
=
& 10 B 3
[ 0) o S
Crucial control over o ° =
c
space charge effects E 1k 4 ) &’ L%
ﬁ tftﬂr1ff**’.
° 9 o o °0® o 00 00
0'15-3 001 0.1 1 10 0.01 0.1 1 10 1
L. Piazza et al., Chemical Physics 423, 79 (2013) UV power (mW) UV power (mW)
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Approach & Instrumentation
i

A

Depending on dynamic experiment:

Quantities to optimize:

» Electron beam coherence (spatial resolution)
» Electron energy spread (energy resolution)

« Electron pulse duration (time resolution)

« Electron counts

Parameters to tune (trade-offs):

* Wehnelt bias Typically, the system can achieve:
* Laser pulse duration _ _

« UV fluence « Spatial resolution =1 nm

* Integration time «  Energy resolution =1 eV

.  Time resolution = 400 fs
Crucial control over

space charge effects

L. Piazza et al., Chemical Physics 423, 79 (2013)

) - Instrumentation Photonic Instruments 2013 - Ziirich | 11.09.2013
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A

Time-resolved Electron Energy Loss Spectroscopy (EELS)

« Silver nanowires (=100 nm diameter, =5 um length)

0+ -
hd
| |
8 - energy-gain side energy-loss side - 8
- | +1§0hw -1(;1%@ —t=0ps. ‘;
£1 5
8 [ +2?hm -20;1(0 . _c
w l + 3000 zero-loss peak ; -30§hw J qE;
o | =
or -
| 1 . 1 . . 1 . 1

40 20 0 -20 -40

Electron energy (eV) 40 20 0 -20 -40

Electron energy (eV)

Energy exchange of over 30 photon quanta
Time-scan shows cross-correlation

of electron and photon pulses

= Photonic Instruments 2013 - Zilrich | 11.09.2013
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A

Photon-Induced Near-field Electron Microscopy

» Silver nanowires (=100 nm diameter, =5 um length)

Silver wire, hanging off a TEM grid

n I -
]
c | ]
g . energy-loss side -
o 3 a E
St A =0 ps.
Nl | i
or - 20/ .
ol ; .
w k oss peak ’ -30he
| s
o
o = -
| . 1 . 1

40 20 0 -20 -40

Electron energy (eV)

Energy filtered imaging
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A

Polarization dependence of excitation pulse

Experimental data
Silver wire, suspended on a thin SiN film

Numerical Simulation
Silver wire, suspended in air

COMSOL Multiphysics® simulation

Excellent match between experiment and simulation

] Polarization dependence Photonic Instruments 2013 - Ziirich  11.09.2013 15




A

Polarization dependence: numerical simulation
Numerical Simulation

Silver wire, suspended in air

COMSOL Multiphysics® simulation

»

-

Continuous evolution of evanescent field with polarization

.(l,ﬂ- Photonic Instruments 2013 - Ziirich | 11.09.2013
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A

PINEM: near-field interactions
Silver wire, hanging off a TEM grid

Conventional TEM Image Corresponding PINEM Image Zoomed-out PINEM Image

Interaction between nanowires influences the induced evanescent field

.(Pﬂ. Photonic Instruments 2013 - Ziirich | 11.09.2013 17
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A

PINEM: time-resolution

Conventional PINEM:

- Essentially a cross-correlation
of the
electron and optical pulses

* Pump pulse spot size >>
imaged area
— uniform excitation

(| Outlook Photonic Instruments 2013 - Ziirich [ 11.092013 18
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A

PINEM: time-resolution

b direct coupling of optical beams
In-situ PINEM:
electron frequency tripler  wave plate fs IR laser
generating /—— [ }—— I
* In-situ coupling of optical | B UV beam | | bean 4W, 800 nm
pump beam ‘ T spiter
IR mirlror “m-optlcalu vl
. Focused spotsize << |2 At R
imaged area
—> local excitation \ C in-situ coupling of optical pump beam
Retractable Optical ﬁber
. . Caliicle microscope objective
« Time-resolved observation |... sample
of traveling evanescent |14 e =
waves fiber-optic TEM sample holder
(|

ECOLE POLYTECHNIQUE
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A

 First ultrafast electron microscope in Europe =
(operational since early 2013) J )
LaBg
] photocatode
« Capable of time-resolved EELS and PINEM
(in addition TEM, diffraction and Lorentz TEM) CO lens & ~— 266nm

_~ pulsetrain

* 400 fs time resolution

800nm
sample pulsetrain

* 1 eV energy resolution #
-

» Sub-nm spatial resolution

* In-situ PINEM in development

Gatan
imaging filter

« Open to collaborations (science, samples, devices)

] Photonic Instruments 2013 - Ziirich | 11.09.2013
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Contact:

Dr. Tom T.A. Lummen

(i EPFL - LUMES

LE POLYTECHNIQUE

FEDERALE DE 1AUSANNE tom.lummen@epfl.ch

Thank you!




Approach & Instrumentation
G

A

« Caltech UEM-2 system

Ultrafast Electron Energy Loss Spectroscopy

photocathode
FEG

UEM-2

accelerator

electron optics

EELS

femtosecond-resolved

delay line

specimen

electron optics

F. Carbone et al., Chemical Physics Letters 468, 107 (2009)
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Approach & Instrumentation
i

A

« Caltech UEM-2 system

4D Ultrafast Electron Microscopy

Electron-generating pulse

Clocking pulse

B. Barwick et al., Science 332, 1227 (2008)
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Approach & rumentation
A 7

T
* Modified Jeol JEM-2100

L. Piazza et al., Chemical Physics 423, 79 (2013)

) . Instrumentation Photonic Instruments 2013 - Ziirich | 11.09.2013




Approach & rumentation
A 7

A

» Effect on static TEM
Spatial Resolution

L. Piazza et al., Chemical Physics 423, 79 (2013)
 Slight blurring at image edge

 Lattice fringes observed

 Reasonable atomic
resolution even after

e modifications
Gold nanoparticles

.(Pﬂ. Introduction Photonic Instruments 2013 - Ziirich | 11.09.2013 25
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Approach & Instrumentation
D :;29’ Sy

2]

> -0.5
Depending on dynamic experiment: § 0.0
] " L] L] +0.5
Quantities to optimize: £ 410
» Electron beam coherence (spatial resolution) " s
» Electron energy spread (energy resolution) 40 20 0 -20 -40
«  Electron pulse duration (time resolution) Electron energy (eV)
R Time (fs) Time (fs)
EIeCtron Counts -2000 0 2000 -1000 0 1000
D a0 BT 2o B
g e 550fs oo Bias = 300 V o 430fs Bias =0V P
Parameters to tune (trade-offs): 2 | 7o« . S0t >
« Wehnelt bias z i—‘p////;\‘\*ﬂ_"_ Y
. = ; S
» Laser pulse duration = =
UV fluence - E
" . Ll
* Integration time = =
o
Crucial control over . ——— , :
= ias = - D 45 @
space charge effects g ¢ o BiisaOV *|E I
Sale . P 1s 8
S @ = 12 2
g o ® . o ® ® " . 410
D= s 1 s 1 L 1 L L 1 0
. . . 0 500 1000 1500 0 500
L. Piazza et al., Chemical Physics 423, 79 (2013) LB BINGHIE} Bias (V)
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A

Numerical Simulation

Polarization dependence: numerical simulation , , .
Silver wire, suspended in air

COMSOL Multiphysics® simulation

Continuous evolution of evanescent field with polarization

- ({( | Polarization dependence Photonic Instruments 2013 - Ziirich | 11.09.2013 27
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