SAPTENZA

UNIVERSITA DI ROMA

Spectral and Spatial Tailoring of Second Harmonic
Generation in coupled Plasmonic Nanoantennas.

M. Centini

Dipartimento di Scienze di Base ed Applicate per I'lngegneria (SBAI),
Sapienza, Universita di Roma,
via A. Scarpa 16, 00161, Roma (ltaly)

Nanolnnovation 2016, 20-23 September, Roma.



OUTLINE

Enhancement of Second harmonic generation by surface plasmon
polariton excitation;

Nonlinear response of metals; Integration method.
Second harmonic generation from dipole nanoantennas:
bulk and surface contributions separately investigated by

geometry induced selective enhancement.

Second harmonic generation from coupled metal nanorods:
engineering the near field and far field emission patterns;

Conclusions.



Nonlinear frequency conversion at the nanoscale: Main features
A) phase mismatch does not play a crucial role:
- the field is confined and localized in subwavelength regions

B) Field localization at the fundamental frequency field and at the second
harmonic field is important

- Optimal conditions are achieved if both fields are localized in order to maximize

the overlap.

Sub wavelength field localization can be achieved
by excitation of localized surface plasmon polaritons.

[Fisher and Martin, Opt. Express 16, 9144-9154 (2008)].

Renewed interest due to development of metamaterials ad nanotechnologies
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Linear and Nonlinear Optical Response of Metals

We begin by assuming that at optical frequencies the linear response of a metal is strongly affected by
the bound valence electrons.

we model the optical response of the metal by

3 G0 assuming an effective current density:
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At this stage we consider nonlinear effects related to the response of conduction electrons only.

Concerning second order noninear response we separate bulk and surface contributions
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the classical free electron gas theory
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Numerical evaluation of generated
second harmonic field

The generated field pattern can be calculated by considering the equation for the generated SH electric field:
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Gy, is the 3D Green'’s scalar function for the SH frequency. V is the volume of the metallic scatterers.

Integral equation is discretized and solved adapting a method detailed in:
O.J.F. Martin and N.B. Piller, Phys. Rev. E, Vol 58, 3 (1998)



Numerical analysis: Linear properties

length of each element of the nanoantenna is 100 nm,

gap between elements is 30 nm. (24x24) nm2 TE (y) pol
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Numerical analysis: Linear properties

Different behavior between TE (y) and TM (z) polarization
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Numerical analysis: Nonlinear properties

™ pump
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For TM pump, there are negligible effects due to field localization because the antenna is out
of resonance. The SH signal is mostly generated by bulk contributions.

Y. Zeng and J. V. Moloney, “Volume electric dipole origin of second-harmonic generation from metallic membrane with noncentrosymmetric

patterns,” Opt. Lett. 34, 2844-2846 (2009).



Numerical analysis: Nonlinear properties

T e e the linear response of the system s
. - ool . A — { stronger with respect to the TM case.
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and enhancing the bulk nonlinear
response.

A. Benedetti, M. Centini, M. Bertolotti, C. Sibilia, “Second harmonic generation from 3D nanoantennas: on the surface and bulk
contributions by far-field pattern analysis” OPTICS EXPRESS (2011) 19, 26752



Numerical analysis: Far field pattern

2/W] for TM pump

Only bulk nonlinear contributions

Surface terms can be neglected. Measured signal
can be considered only coming form bulk contributions



Numerical analysis: Far field pattern

Second harmonic differential scattering cross section [cm?/W] for TE pump

(13x13) nm? antenna

Only bulk nonlinear contributions



absorption coefficient

Silver Coupled Resonators

Efficiency factor for absorption at the FF field:
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Silver Coupled Resonators

Enhanced second harmonic non linear scattering w/
cross section due to resonant excitation of a
localized surface plasmon polariton in the isobot
nanoresonator.
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Silver Coupled Resonators

NL scs (cm2/W)
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SH far field pattern contains information
of the FF sub-wavelength localization
properties: Different FF nearfield profiles
produce different SH emission patterns.
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Silver Coupled Resonators A

x10™

0.9

0.8

o8} - FF @ 980 nm

NL scs (cmz.'W)
o
o

04F
03F 12 i
0.2 10
0.1
0 L L L L L
800 850 900 950 1000 105
wavelength (nm) 6
-6.5
-5
0.2
; 9 0.1
8 _
FF @ 1030 nm € o
0.1 7 =
6 -0.1 -6
5
-0.2
4
-6.5
3
2
1

xem  (C) (d)

M. Centini, A. Benedetti, C. Sibilia, M. Bertolotti, Optics Express, Vol. 19, Issue 9, pp. 8218-8232 (2011)



CONCLUSIONS

For nanoscaled metal structures the nonlinear surface contributions
strongly reduce their relative weight in the overall SHG with respect to
bulk contributions.

A variety of cases can be obtained: great attention must be paid when
neglecting the nonlinear surface sources in numerical models of SHG,
because, every case must be considered by itself, without performing a
priori simplification.

Second harmonic emission pattern of coupled nanoresonators
ensembles can be tailored by changing shapes and distance between the
elements.

Near field and far field properties of the generated second harmonic are
strictily related to localization properties of the pump field. The main
angle of emission changes as a function of the pump frequency.

Further optimization of the proposed geometries might lead to
applications for sensors and nano sources for single molecule
fluorescence.
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