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The motivations =3 iICB

How to retrieve optical spectroscopic information on the nanoscale?
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Difficulty: weak interaction cross-sections 5 =10""" — 107" ¢11>
- need for field amplification
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The next 40 minutes or so o iICB
4 I
Review of the principle & applications behind field
enhanced optical microscopy/spectroscopy
o J
4 N
Some outside-the-box optical applications
o J




Mechanisms for electromagnetic amplification

—Localized Surface Plasmon excitation —
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The total field near the nanoparticle Ez = Einc -+ El

The polarizability of a small sphere
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Courtesy of G. Colas des Francs (uB)

Sensitive to:
o materials
o shape & size
o polarization



X,
Mechanisms for electromagnetic amplification R CB

- Fluorescent enhancement—

The resonance can be tuned to match either the absorption maximum or
the emission maximum

DV -

Enhancement of the excitation



X,
Spectral overlap on excitation ’*IfgICB

Excitation resonant with the short axis and the absorption maximum

Absorbance
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Ditlbacher et al., Appl. Phys. B. 73, 373 (2001)



X,
Spectral overlap with emission e ICB
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Modification of the decay rates (Purcell)
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Spectral overlap with emission ’*I&i(IC B

Radiative and non-radiative decay rates have different spectral

maxima ?
o At small distance y,, depends on material properties ?
o v, depends on € and a (material and shape) O
And this is distance-dependent ! ©
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Resonance-based field enhanced microscopy ﬁrﬁlc B
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Attachment of single metal nanoparticle
at the extremity of a scanning probe

Th. Kalkbrenner et al., J. Microsc. 202, 72 (2000).
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P. Anger et al., Phys. Rev. Lett. 96, 113002 (2006).
S. Kihn et al., Phys. Rev. Lett. 97, 017402 (2006). O




Attachment of three metal nanoparticles at the extremity of a
scanning probe: cascade effect

Large particle: interaction with incident field
Small particle: field localization
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P. Anger et al., Phys. Rev. Lett. 96, 113002 (2006).
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Resonance-based field enhanced microscopy R ICB

Fabrication of a resonant antenna to efficiently funnel the field
into a localized source

In situ growing of a monopole
antenna at the end to an optical
fiber probe

1000nm

T. Taminiau, et al. Nano Lett. 7, 28 (2007) POSTER # 11 par C. Hubert
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Resonant substrate

[ Resonant structure or material
[ Sample layer with spectroscopic signature
T Non-resonant structure or material

Resonant tip Resonant SUBSTRATE
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X,
Resonant substrate e
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S. Grésillon et al., Phys. Rev. Lett .82, 4520 (1999) 14



X
Resonant substrate f’I&ﬁ(ICB 8
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J. Aizpurua et al., Opt. Exp. 16, 1529 (2008) 15



Mechanisms for electromagnetic amplification

— Lightning rod effect—

 Lightning rod effect

Needs:
— Geometric singularity

— Good conductor
— Proper polarization
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Electric field must be aligned on axis!

\ e Surface charge density
' . ~ increases at the apex

J
E
T

L. Novotny et al., Phys.Rev.Lett. 79, 645 (1997)

e Electric field intensity around
a 10 nm radius Au tip

L. Novotny et al., Ultramicroscopy 71, 21, (1998).
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Metal vs dielectric materials

* Intensity of the field for focused illuminations on a Au and glass tip
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Courtesy of L. Novotny (ETHZ) 18



X,
Implementation ﬁgICB
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* Evanescent TM field
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Implementation

In tightly focused laser beams (high NA objective), the tip must be placed in a z-
oriented lobe to generate an enhancement

e Gaussian mode

HGoo

2
transverse I I Elongitudinal I 2

e Radial mode (doughnut mode)

| n |

Y. Gilbert et al. Opt. Lett. 31, 613, (2005).
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Longitudinal sensitivity of the tip’s response R ICB
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Signal scattered by a gold tip

Scattered signal is stronger for
the field aligned along the tip axis
Field enhancement effect!
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SICB
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150 nm

1 1 | )
Dk 7.5mm x 150k SE(U) 5/268/04 300nm

ACS Nano 6, 9168-9174 (2012). 22
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FIB craftmanship

E. Sanchez et al Rev. Sci. Instrum. 73, 3901 (2002)

lon Beam

F. Huth et al. Nano. Lett. 13, 1065 (2013)
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The hall of fame: TERS imaging ’*ﬁgICB

TERS imaging provides a means to chemically characterize the heterogeneous
distribution of adsorbates across a surface at the nanometer length scale.

R. P. Van Duyne J. Phys. Chem. Lett. 5, 3125 (2014)
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X
(tip-enhanced) Raman spectroscopy ﬁﬁgICB

Virtual
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4 N

Collected signal can be increased by introducing a surface plasmon amplification twice:
Field enhancement magnifies the incident field, then the scattered Raman photons are
also amplified by the plasmon during the process

\ /
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Xr
The hall of fame: TERS imaging L ICB IIIIII -

 Comparison between confocal and field-enhanced carbon
nanotubes vibrational imaging

Image size: 1500x1500 nm?

S00nm
 —

Confocal Raman Near field Raman Topography
G band G band

A. Hartschuh et al. Phys. Rev. Lett. 90, 95503 (2003)
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: X,
The hall of fame: TERS imaging %EICB ‘‘‘‘‘‘‘‘ -

A Raman spectra is measured at pixel then the maps are
reconstructed by integrating the light scattered in the D
(defect), G (NT structure) and 2D (overtone) Raman peaks

o MR 4.1nm 60 T | 692 a.u.

Image size: 39x30nm?

Resolution at the dimension of
the NT diameter

Effect from bundling,
defect can be
interrogated

171 ] 1,135a.u. 181 ] 1,194 a.u.
C. Chen et al. Nature Comm. 5, 3312 (2014) 27



X
Ultimate resolution f’I&%D;ICB

Spectrally matching the resonance of the nanocavity plasmon to the molecular
vibronic transitions to improve the resolution
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Z. C. Dong et al. Nature Phot. 4, 50 (2010) 28



The hall of fame: TERS imaging

Image size: 3.6x3.6nm?
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Chemical recognition with submolecular resolution!
Correlation of the Raman signal with a molecule’s local environment

Zhang et al. Nature. 82, 498 (2013)
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The remaining time...

4 N
Some outside-the-box applications
\_ J
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X,
Field enhancement beyond inelastic imaging ﬁ%lc,Bm_

* Local photo-isomerization of an azo-polymer

hy

v

Cis-isomer

Trans-isomer

P. Royer, Philos Trans R Soc Lond A, 362, 821-842, 2004
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Scattering Efficiency
o
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Zhou et al .J. Phys Chem Lett . 2, 7 (2011)
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X,
Field enhancement beyond inelastic imaging frl%(IICB

* Enhancing the performance of nanoscale device

Excitation Emission
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Rauhut et al. ACS Nano. 6, 6416 (2012) 33
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209
Field enhancement beyond inelastic imaging R ICB

e Other processes benefiting from a field enhancement mechanism are
nonlinear responses

P =&y (xVE0)+ xPEX )+ x VE (1) +...)

SFG THG
DFG Kerr effect
OR TPA
SRS
AWM
T P Time-domain:
> Concentration of the same average power

into the high peak power with low duty cycle

Space-domain: Concentrate the high peak power into higher local power density to
increase the efficiency
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X,
Tip nonlinearities ﬁg;l

* Interestingly, the metal itself can be the source of nonlinearity!

1750 - s
1500 - ©
1 24 - . =
1250 1702 g.
— ] 3
S 1000 - L o
A e
2 7501 SHG =
R -
500 iy
o [
= 250 - C
' =
04 x10 3
'250 L] L] L] L] L] L] 1 1 1 1 1 B
350 400 450 500 550 600 650 700 750 800 850 900 W+ 0, L_’\
Wavelength [nm] i

450 500 550 600 650 700 750
wavelength (nm)

M. Danckwerts et al,, Phys. Rev. Lett. 98, 026104 (2007).
A. Bouhelieret al, Appl. Phys. Lett. 82, 4596 (2003). 35



X
Tip nonlinearities %
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A. Bouhelier, et al, Phys. Rev. Lett. 90, 013903 (2003).



X
Local source of nonlinear radiation ‘*Iilc B
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M. Labardi et al, Opt. Lett. 29, 62 (2004).
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M. Danckwerts et al, Phys. Rev. Lett. 98, 026104 (2007).
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Where’s the limit? R ICB
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R. Esteban et al Nature. Comm. 3, 825 (2012).
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X,
From ultrafast photons to ultrafast electrons R IC B

Using the field enhancement of a metallic tip to efficiently extract electron pulses

Tip: brightest electron source

§ 1019 A/cm?2.sr
— :

Light-wave electronics:
Time-resolved electron microscopy
Ultrafast A/D converters

Novel laser accelerators

Ultrafast X-ray sources
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X
Electron emission R ICB

w/o bias w/ bias

A A
E, m \ r ////% \

Photo-assisted tunneling

Tunneling of excited electrons

%%f """"" X N

Multiphoton photoemission Thermally-assisted field emission
40
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Tip-enhanced electron emission e ICB

For null bias: multi-photon emission

scattering With applied bias: tunneling of excited e-
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Field enhancement plus strong nonlinearity is
essential for free electron generation

C. Ropers et al, Phys. Rev. Lett. 98, 043907 (2007). 41
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Tip-enhanced electron microscopy e ICB

/ase r oy

—

e\eo“o‘\

-

o

Imaging via the change of electron yield

C. Ropers et al, Phys. Rev. Lett. 98,
043907 (2007).
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X,
Broad band kinetic energy spectrum e ICB
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M. Shenk et al, Phys. Rev. Lett. 105,
257601(2010).
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X
Gating electron emission ’*IfgICB

nonlinear photoelectron emission from the tip apex, which is gated and
streaked by locally enhanced single-cycle

terahertz fields

Biased nanotip
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Wimmers et al, Nature Phys 10, 432 (2014).
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Take home messages ﬁgICB

ooooooooooo Interdisciplinaire Carnot de Bourgogne

Spectroscopy Photovoltaics Electroluminescence

@ N

Optical microscopy/spectroscopy at sub-molecular
resolution level

* Variety of linear and nonlinear processes triggered at the
nanoscale

\° Point-like of source of fs-electron pulses W
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