Physik

Tobias Rybka

Attosecond Electron Transport in
Plasmonic Nanostructures

Shaker Verlag



Berichte aus der Physik

Tobias Rybka

Attosecond Electron Transport
in Plasmonic Nanostructures

Shaker Verlag
Aachen 2019



Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data are available in the Internet at
http://dnb.d-nb.de.

Zugl.: Konstanz, Univ., Diss., 2018

Copyright Shaker Verlag 2019

All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
ofthe publishers.

Printedin Germany.

ISBN 978-3-8440-6398-1

ISSN 0945-0963

Shaker Verlag GmbH « P.O.BOX 101818 « D-52018 Aachen

Phone: 0049/2407/9596-0 « Telefax: 0049/2407/9596-9
Internet: www.shaker.de ¢ e-mail: info@shaker.de









Attosecond Electron Transport
in Plasmonic Nanostructures

Doctoral thesis for obtaining the
academic degree Doctor of Natural Sciences

(Doctor rerum naturalium)

submitted by

Tobias Rybka

at the

[
Universitat
Konstanz At

i

Faculty of Sciences

Department of Physics

Konstanz, 2018



Date of the oral examination: Mai 11, 2018
1. Reviewer: Prof. Dr. Alfred Leitenstorfer

2. Reviewer: Prof. Dr. Daniele Brida



Contents

List of Acronyms

1.

Introduction
Einleitung . . .

Strong-field electron emission from metal surfaces

2.1. Light-induced electron emission from metal surfaces . . . . . .. ... ...
2.1.1. Linear photoelectric effect . . . . . . . ... ... 0.
2.1.2.  Multiphoton photoemission . . . . . . ... ... ... ... ...,
2.1.3. The Keldysh theory and strong-field driven tunneling . . . . . . . .

2.2. Electron emission in strong static electric fields . . . . . .. ... ... ..

2.3. Optical near-field enhancement at plasmonic nanostructures . . . . . . . .
2.3.1. Optical near-field enhancement in a bowtie nanoantenna . . . . . .

Passively phase-locked single-cycle light pulses in the near infrared
3.1. Few-cycle light pulses . . . . . . .. ... ... oo L
3.2. Ultrabroadband Er:fiber laser technology . . . . . . . ... ... ... ...
3.3. Femtosecond Er:fiber oscillator . . . . . ... ... ... .0
3.4. Passive carrier-envelope phase stabilization . . . . . . . ... .. ... ...
3.4.1. Ultrafast femtosecond Er:fiber amplifier . . . . . .. ... ... ...
3.4.2. Frequency conversion in a highly nonlinear fiber . . . . . . . . . ..
3.4.3. Difference-frequency generation within lithium niobate . . . . . ..
3.5. Synthesis of light pulses with a single optical cycle . . . . . . ... ... ..
3.5.1.  Generation of an ultrabroad spectrum . . . . ... ... ... ...
3.5.2. Dispersion control by means of a prism sequence . . . . . . . . ...
3.6. Detection and control of the carrier-envelope phase . . . . ... ... ...

Fabrication and characterization of electrically contacted nanoantennas

4.1. Fabrication of electrically contacted bow-tie shaped nanoantennas . . . . .
4.1.1. Layout . . . . . . ..
4.1.2. Nanofabrication by electron-beam lithography . . . .. .. ... ..
4.1.3. Electrical interconnecting circuit . . . . . . . . ... ...

4.2. Stationary current-voltage characteristics . . . . . . ... .. ... ...
4.2.1. Setup and measurement scheme . . . . .. .. ... L.
4.2.2. Stationary electrical properties of a contacted optical antenna

4.3. Conclusion

11
11
11
12
15
19
22
24

29
30
32
33
36
39
42
48
49
49
53
61

65
65
66
66
71
72
72
73
76



CONTENTS

5. Attosecond control of electron transport in an electrically contacted nano-

antenna

5.1. General principle . . . ... oo

5.2. Experimental setup . . . . . . ...

5.3. Single-electron transport controlled with the carrier-envelope phase

5.4. Modelling of the attosecond electron transport . . . . . ... .. ... ...
5.4.1. Assessment of the time-dependent tunneling current . . . . . . . ..
5.4.2. Field-driven ballistic propagation in the nanoantenna gap . . . . . .
54.3. Conclusion . . . . . . ...

Conclusion and outlook
Zusammenfassung und Auslick . . . .. ..o L0 oL

. Appendix

A.1. Full temporal characterization of ultrashort pulses . . . . . . ... ... ..
A.1.1. Frequency-resolved optical gating . . . . . . ... .. ... .. ...
A.1.2. Two-Dimensional spectral shearing interferometry . . . . . . . . ..

A.2. Calculation of the optical electric field strength . . . . . .. ... ... ..

A.3. Optical pulse synthesis by coherent superposition . . . ... ... ... ..

A.4. Dependence of the single-cycle synthesis on the relative carrier phases . .

A.5. Tailored waveforms in the near infrared . . . . . . . ... ... ... ...

A.6. Pulse parameters of the ultrabroad Er:fiber laser setup . . . . . . ... ..

Bibliography

Publications and conference talks

Acknowledgements

ii

105
108

111
111
111
113
114
116

. 118

121
125

125
149
151



Contents

OPA

optical parametric amplifier

BEM boundary element method

ATP
ATI
RSD
FN
2DSI
SMU
AFM
SEM
EBL
RMS
BBO
TBP
CEP
CEO
SAM
GDD
GVD
SPM

above-threshold photoemission
above-threshold ionization

relative standard deviation
Fowler-Nordheim

two-dimensional spectral shearing interferometry
source meter unit

atomic force microscope

scanning electron microscope
electron-beam lithography
root-mean-square

beta barium borate

time-bandwidth product

carrier-envelope phase

carrier-envelope offset

semiconductor saturable absorber mirror
group delay dispersion

group velocity dispersion

self-phase modulation

XPM cross-phase modulation

FWM four-wave mixing

PPLN periodically poled lithium niobate

SRS
DFG

stimulated raman scattering

difference frequency generation

il



CONTENTS

NLSE nonlinear Schroedinger equation
ZDW zero-dispersion wavelength
WDM wavelength-division multiplexing
EDF erbium doped fiber

EDFA erbium-doped fiber amplifier
MFA mode field area

MFD mode field diameter

HNF highly nonlinear bulk silica fiber
PCF photonic crystal fiber

PM polarization-maintaining

NPE nonlinear polarization evolution
NALM nonlinear amplifying loop mirror
FWHM full-width at half-maximum
FROG frequency-resolved optical gating
IMFP inelastic mean free path

EMFP eclastic mean free path

I-V  current-voltage

iv





