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Abstract: Amplifying local electromagnetic fields by engineering
optical interactions between individual constituents of an optical antenna
is considered fundamental for efficient nonlinear wavelength conversion
in nanometer-scale devices. In contrast to this genera statement we show
that high field enhancement does not necessarily lead to an optimized
nonlinear activity. In particular, we demonstrate that second-harmonic
responses generated at strongly interacting optical gap antennas can be
significantly suppressed. Numerical simulations are confirming silencing
of second-harmonic in these coupled systems despite the existence of
local field amplification. We then propose a simple approach to restore
and amplify the second-harmonic signal by changing the manner in which
electrically-connected optical antennas are interacting in the charge-transfer
plasmon regime. Our observations provide critical design rules for realizing
optimal structures that are essential for a broad variety of nonlinear
surface-enhanced characterizations and for realizing the next generation of
electrically-driven optical antennas.
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1. Introduction

Metal optical nano-antennas are essential elements to enhance weak optical cross-sections and
control light-matter interactions at the single emitter level [1]. Surface plasmon resonances, sin-
gular geometries, and electromagnetic coupling are physical mechanisms leading to large am-
plification factors. Asaresult, strong optical second [2—4], third [5—7] and higher-order nonlin-
earities[8,9] were observed at metal nanostructures forming thus the basis of surface-enhanced
nonlinear imaging, spectroscopies and devices. These responses are particularly attractive as
robust bio-compatible contrast agents in medical imaging [10, 11], but also as wavelength-
conversion planar photonic components with resolutely reduced dimensions [8] mitigating thus
the need for phase-matched processes required in bulk materials. In this context, optical gap
antennas are largely exploited for their ability to drastically concentrate and amplify the elec-
tromagnetic field at thefeed gap [12,13]. Thiswas unambiguously demonstrated in coupled par-
ticle pairs where two-photon luminescence, four-wave mixing and third-harmonic generation
were shown to increase until a conductive bridge was formed [6, 7, 14-17]. Second-harmonic
generation (SHG) however, represents a peculiar nonlinear case since this process is forbid-
den within the dielectric dipole approximation in bulk centrosymmetric materials. Asymmetric
particles are therefore typically required for producing an efficient harmonic response [18, 19]
but are not strictly necessary [2, 20,21]. An increase of the conversion yield was also observed
for resonant excitation suggesting that large oscillator strengths and enhancement factors are
instrumental for locally amplifying SHG [21-24].

In this communication, and in direct contradiction with other nonlinear responses, we show
that SHG can be very efficiently suppressed in systems promoting high field amplification.
Specifically, we demonstrate silencing of the SHG occurring at the gap of individual strongly-
coupled optical antennas for a polarization condition promoting the largest coupling strength.
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These results are confirmed by numerical simulations emphasizing the importance of nonlinear
current symmetry in these systems. We propose a mechanism to restore the nonlinear response
of an electrically-connected gap whereby SHG is efficiently amplified to create a localized
source of radiating harmonic photons.

2. Resultsand discussion

Optical gap antennas constituted of Au nanorods were fabricated by standard electron-beam
lithography and liftoff technique on a glass substrate. The dimensions of individual rods are
2.5 uminlength, 100 nm in width and 50 nm in height. The gap separation g is varied system-
atically from contact to 135 nm with a minimum separation of 15 nm. The antennas are sepa-
rated by 2um to avoid long-range coupling and grating-induced responses [23, 25]. Figure 1(a)
displays scanning electron micrographs of optical gap antennas with g=0, 15 and 70 nm. The
SHG response of individual antennais spatially interrogated with a nonlinear confocal micro-
scope. A 150 fs Titanium: Sapphire tuned at afundamental wavelength of 810 nm isfocused on
the antennas in a diffraction-limited spot by a high numerical aperture objective (N.A.=1.49).
The SHG is discriminated from the fundamental beam by combining a dichroic beam splitter
and anarrow pass-band filter and is detected by an avalanche photodiode. The average intensity
at the focal spot is kept constant at 310 MW/m?. Figure 1(b) shows SHG maps for the optical
gap antennas presented in Fig. 1(a). The polarization is adjusted along the main axis of the
antennas.

For all investigated structures, the largest harmonic response is obtained at the uncoupled
extremities (referred to as corners hereafter) while the SHG signal generated from the antenna
body is barely above the background level. This is illustrated in the confocal map displayed
in Fig. 1(b). SHG is usualy promoted at interfaces where symmetry is broken. The corner
response originates therefore from arapid variation of the electric field across the interface [2,
26] under this heterogeneously focused illumination [27,28]. Additional bulk contributions and
field retardation effects can further contribute to the harmonic response [29, 30].

40
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Fig. 1. (8) Scanning electron micrographs of three optical gap antennas with gap values g=0
(contact), 15 nm and 70 nm. Insets: magnified view of the gap area. (b) Second harmonic
images of the corresponding antennas. The incident linear polarization is aligned with the
long axis of the nanorods. (c) Corresponding SHG maps for a polarization perpendicular to
the antenna axis. Intensity profiles along the wires are added on the bottom of each image.
The image dynamics are limited to 40 Kcts/s and 20 Kcts/sin (b) and (c) respectively.

More interesting is the SHG response located in the gap area. For strongly coupled nanorods
(=15 nm), the SHG count rate at the gap is approximately one third of that detected at the
corners as shown by the intensity profile in Fig. 1(b). For g=70 nm, corresponding to weakly
coupled structures[31], the SHG count rate at the gap approaches that of the corners. We found
that the SHG at the corners is almost constant for all investigated antennas (~ 40+5 Kctg/s).
This suggests that resonant higher-order modes of the antennas are not contributing to the sig-
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nal. For an incident transverse polarization, the enhanced response at the cornersis suppressed
in favor of a SHG response distributed along the entire antenna length at around 15+5 Kcts/s
as shown in Fig. 1(c). The SHG response at the gaps are barely distinguishable. SHG for this
polarization is understood in terms of rapid variation of the electric field across the metal in-
terface occurring along the entire antenna length. In contrast, the tangential component of the
electric field is continuous at both rods extremities (corner and gap) and does not lead to an
efficient SHG generation. The SHG count rate along the rods for a perpendicular polarization
is systematically weaker than the corner response for a cross-polarization, mitigating thus the
existence of a strong resonant contribution. The longitudinal dipolar resonance for these anten-
nasis above 3.5 um [13] implying that the antennas are not driven resonantly at 810 nm. The
advantage at working off-resonance is that the only variable in the present investigation is the
gap size. The antennas are therefore wavel ength-insensitive and datainterpretation isdrastically
simplified. We confirmed the non-resonant character of the antennas by imaging their Rayleigh
scattering at a wavelength of 810 nm corresponding to the fundamental wavelength and at the
457 nm krypton line mimicking the second harmonic wavelength (405 nm). Any resonant ex-
citation of a particular antenna would provide an increased Rayleigh scattering response [32].
Figure 2 shows confocal maps of the optical gap antennas for the two considered wavelengths
and for two orthogonal polarizations. The scattered intensity remains constant between individ-
ual antenna pairs (variation <5%) indicating that a resonant excitation at the fundamental and
near-to-harmonic wavelengthsis unlikely.

810 nm

-«—— increasing gaps

Fig. 2. () and (b) Backscattered confocal Rayleigh maps of a series of antennas separated
by increasing gaps at the fundamental wavelength (810 nm) for two polarization orienta-
tions, respectively (arrows). (c) and (d) Scattered maps of the same series at an excitation
wavelength of 457 nm close to the harmonic response and for the two relevant polarizations,
respectively. The scattered intensity is constant between antennasindi cating a non-resonant
excitation. Thefirst four antennas on the right hand side of the imaged are bridged. The last
antenna on the left has a gap of 135 nm, barely resolved in the images.

In order to quantify the nonlinear efficiency of the antenna gap, a normalized SHG signal
I' = lg/lc is introduced, where I and I correspond to the measured count rates integrated in
880 nmx 440 nm areas | ocated over the gap and the corners, respectively. I isavalue represent-
ing the signal averaged at the two uncoupled extremities. We found that T" strongly depends on
the gap distance g. The results obtained for 24 antennas are shown in Fig. 3(a) for longitudinal
and transverse incident polarizations, respectively. For longitudinal excitation, I" is below unity
for strongly-coupled antennas and increases with the gap size. Since I" < 2, we conclude that
the facing corners constituting the gap are not entirely decoupled for the gap range considered
here.

Asshown in Fig. 3(a), the averaged T" value is around unity for transverse incident polariza-
tion. The dispersion in the data points is attributed to minor geometrical differences inherent
to the fabrication method. Small inhomogeneities of the SHG intensity recorded at the loca
tion of the gap are visible on the cross sections displayed in Fig. 1(c) and are thus influencing
the normalized parameter T". Unlike for longitudinal excitation, no specific trend is observed
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while scaling down the gap size. The complete polarization dependence of T is displayed in
Fig. 3(b) for a 36 nm-gap and shows a monaotonous evolution; the SHG response at the gap
evolves between 0.5 and 1.5 times that of the uncoupled extremities, for a longitudinal and
transverse polarization, respectively. Note that for a transverse polarization, the antenna re-
mains wavel ength-insensitive since the blue-shift of the resonance with decreasing gap size is
typically of few nanometers[33].

The results of Fig. 3(a) demonstrate that SHG is significantly silenced for strongly coupled
antennas. This behavior contradictswhat is commonly observed for other types of nonlinear sig-
nals such as two-photon luminescence [16] and third harmonic generation (THG) [7] whereby
strong coupling is at the origin of enhanced responses at the gap. The evolution of T" with the
gap size [Fig. 3(a)] confirms the SHG observation of Slablab and co-workers for resonant par-
ticle dimers but contradicts their interpretation [34]. These authors concluded that the strong
SHG signal arising for nearly touching particles is due to a large resonant enhancement of the
fundamental electric field at the location of the gap. We show in the following that the symmetry
of the harmonic field significantly differs from the fundamental one and leads to a cancelation
of the harmonic photons for self-similar dimers.
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Fig. 3. (a) Evolution of the normalized SHG value I' as a function of gap distance for
two different polarization orientations. (b) Polarization dependance of T for an optical gap
antenna with g=36 nm.

Numerical simulations are conducted based on finite element method [29, 35]. Briefly, the
fundamental electricfield E(r, w) iscomputed using the scattered field formul ation with aplane
wave excitation, and is used to evaluate the nonlinear currentsin afirst step. In the present case,
the simulations are restricted to the normal surface current js (r,2m):

. dPs  (r,2m .
js.L(r,20) = I (1,20) —2ioys 11 E2(r, o) (@

ot

where L stemsfor the component normal to the particle surface, xs | | | isthenonlinear surface
susceptibility and Ps | isthe corresponding surface polarization oscillating at the frequency 2
just above the particle surface. E | is evaluated inside the particle. The normal surface current
current acts as a nonlinear source for the harmonic field which can be determined in a second
step by solving Maxwell’s equations in the near-field region [29]. The SHG scattering cross
section C2% is shown in Fig. 4(a) for Au nanorods with aradius R =15 nm and an aspect ratio
of 3.1. Simulating nanorods with sizes closer to the experimental onesis not possible dueto the
available computer memory.

Due to a field enhancement effect, SHG from a single nanorod is strongly amplify when
the fundamental wavelength matches the surface plasmon resonance [21], which is around
800 nm for the considered rod. As expected from two interacting nanoparticles, the maximum
of second-harmonic scattering cross section is shifted toward alonger fundamental wavelength

#162701 - $15.00 USD Received 8 Feb 2012; revised 20 Mar 2012; accepted 1 Apr 2012; published 23 Apr 2012
(C) 2012 OSA 7 May 2012/ Vol. 20, No. 10/ OPTICS EXPRESS 10503



RN
[ RS

( a ) —o— Coupled rods with g=15nm
—e— Isolated nanorod

=
o

€204 (a.u.)
o o
> @

Normalized C2%:¢
o
»

S ¥

|

700 750 800 850 900 950 1000 1050 70 0 30 40 50 6 70 80 So 100
Wavelength (nm) Gap (nm)

Fig. 4. (8) SHG scattering cross-sections as a function of the fundamental wavelength for
anisolated rod (blue curve with plain dots) and for two aligned rods separated by g=15 nm
(red curve with open sguares). The fundamental electric field is parallel to the rod axis.
The dimension of the rods are radius R=15 nm and aspect ratio of 3.1. (b) Evolution of the
SHG scattering cross sections for an off-resonant excitation at 700 nm normalized to that
of two isolated rods as a function of the radius R and for both longitudinal and transverse
polarizations.

(~900 nm) for antennas coupled by a gap g= 15 nm. Surprisingly, this shift is associated with
a clear decrease of C2%;. Such reduction of the SHG scattering efficiency is in clear contrast
with the amplification mechanism commonly expected from hot-spots in paired antennas. In
order to check whether the calculated SHG reduction is particular to a resonant fundamental
excitation, we investigated the off-resonant nonlinear response of the coupled rods for both lon-
gitudinal and transverse excitations. The results are presented in Fig. 4(b) as a function of the
gap g for afundamental 700 nm off-resonance wavelength. For the smallest gap (g=R=15 nm),
aclear reduction of C2% from , in qualitative agreement with the experimental data. However,
one might argue in this case that the isolated rods are excited closer to the resonance than the
dimer favoring a higher intensity for the isolated rods (see Fig. 4(a)). But increasing the gap
up to 90 nm (corresponding approximately to the rod length), C3%; is still largely smaller than
for isolated rods, even if for such large gaps the rods are usually considered as weakly coupled.
This analysis indicates that the partial SHG suppression is an intrinsic property of the gap and
does not depend on the resonant character of the excitation.

In contrast, the SHG scattering cross section for a transverse excitation is close to unity for
small gaps (g ~ R), here again in qualitative agreement with the experimental observations.
The excitation being off-resonant regardless of the gap, one can conclude that the gap has
only aweak effect for this polarization configuration. However and interestingly, the cal cul ated
scattered intensity decreases below that of uncoupled rods for larger gap sizes. This indicates
that long range coupling (at the wavelength scale) take place between the two rods. This result
contrasts with the experimental data and is a direct consequence of the specific configuration
used for the simulation dealing with small rods excited by a plane wave.

To understand the silencing of SHG gap response, we plot in Fig. 5(a)-5(d) the spatial dis-
tribution of the electric field amplitudes calculated at the fundamental and harmonic wave-
lengths for two different gaps. The optical gap antennas (R =15 nm and an aspect ratio of 3.1)
are excited off resonance at a wavelength of 700 nm. For longitudinal polarization, the near-
field amplitudes at both frequencies are enhanced for the smallest gap, clearly forming aregion
of high electric field located in the interstice. This is expected from the nonlinear current ex-
pression (Eg. (1)) due to field enhancement but in apparent contradiction with the evolution of
the calculated C3%, (Fig. 4(b)). Considering Eq. (1), one can easily show that for a longitudi-
nal excitation, the nonlinear currents at the apex of an isolated rod have opposite directions.
As a conseguence of the centrosymmetry of the isolated nanoparticle, the far field contribution
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(a) Fundamental

Fig. 5. Near field images of the fundamental (left column) and harmonic (right column)
electric field amplitude around the optical gap antenna. gap sizes and polarizations are
indicated on the maps. The presence of a minimum in the second harmonic amplitudes at
the feed gap in (b) and (d) is characteristic of a nonradiative harmonic field distribution.

of the currents cancels out in the dipolar approximation, indicating that SHG is not an effi-
cient processin noble metal nanostructures [4]. Coupling particles along their long axes retains
the centrosymmetry of the system, preserving thus the nonradiative nature of the SHG antenna
mode. The nonradiative character of the harmonic responseisclearly seen asavanishing ampli-
tude at the gap center in Fig. 5(b) and 5(d) which is not observed at the fundamental frequency
(Fig. 5(a) and 5(c)). This is perhaps better observed in Fig. 6 (8) and 6(b) where the real part
the electric field along the polarization is represented. While the field at the gap is oscillating
in phase at the fundamental wavelength, the coupled corners are clearly out of phase at the
harmonic wavelength. While smaller gaps are associated to larger nonlinear currents, their con-
tribution to the far-field is reduced as the result of their opposite oscillating directions. In other
words, despite a near-field enhancement, the net result is a decrease of the far-field SHG while
decreasing the gap size, in agreement with our experimental results.

(b) SHG
C 3 OfEE

Fig. 6. (a) and (b) Calculated near-field maps of the real part of the longitudinal electric
field at the fundamental and harmonic wavelengths, respectively. g is 15 nm. The fields at
the coupled corners are oscillating out of phase at the harmonic wavelength indicating the
nonradiative nature of the mode.
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The same argumentation holds for a resonant excitation, explaining thus why the largest
C29, is reduced in Fig. 4(a) for coupled antennas compared to isolated rods. For an optical
gap antenna resonating at the fundamental wavelength, the SHG response of the gap would
certainly be amplified compared to an off-resonant structure. However, the effect of the gap
on the harmonic signal is convoluted with the wavelength sensitivity of the structure, hiding
thus the importance of harmonic field symmetry. This conclusion may help to understand the
observation of Slablab and co-workers where the fundamental excitation wavelength was in
resonance with the investigated dimer [34].

For transverse excitation, neither the linear nor the harmonic properties are strongly affected
by the gap size (see Fig. 5(€) and 5(h)), confirming the experimental results of Fig. 3(a). The
strong gap dependence of the SHG signal for longitudinal excitation is specific to the symmetry
of the dimers investigated here: for T-shaped arrangement, the nonlinear response leads to an
increase of the SHG efficiency while scaling down the gap size [36].

Since enhancing SHG signal arising at noble metal nanostructures is a challenge for de-
signing practical applications, the possibility to break the symmetry of the nonradiative har-
monic mode is investigated in the following. Heterodimers, core-shell particles and high-order
beams were successfully employed for changing the nature of an anti-bonding nonradiative
mode [36—40]. Our approach is different and relies on the intrinsic geometry of atruly nanome-
ter gap fabricated by electromigrating (EM) Au nanowires [41]. EM tunneling gaps are widely
used in molecular electronics and were recently investigated for their large enhancement re-
sponse [42], rectifying characteristics [43] and are promising candidates to study charge-
transfer plasmons [44].
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Fig. 7. (a) Scanning electron micrograph of atypical electromigrated nanowire and the two
uncoupled reference arms. (b) and (c) Confoca SHG maps of the area before and after
electromigration, respectively. A strong nonlinear signal is observed at the location of the
tunnel junction. The arrows indicate the polarization state. (d) Evolution of T for a series
of electromigrated junctions as afunction of inferred nanometer gaps. (€) Polarization sen-
sitivity of " for two electromigrated junctions. The SHG signal at the junction is enhanced
for al measured gaps and polarization orientations.

Au nanowires[5 um (length) x 100 nm (width) x 50 nm (height)] are fabricated by electron
beam lithography and are electrically connected by a taper geometry to a set of macroscopic
gold electrodes fabricated by UV-lithography. Figure 7(a) shows atypical micrograph of a Au
nanowire lithographed on a glass substrate after EM process. The two upper arms are used
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as references for estimating I'. The SHG maps of the corresponding area before EM are pre-
sented in Fig. 7(b) for circular polarization to facilitate sample recognition. The reference arms
and the nanowire are easily recognized in this SHG image. Because UV lithography renders
rougher edges, the SHG signal is typically larger than the signal measured from edges defined
by electron-beam lithography. Figure 7(c) shows the SHG map of the same area after EM of
the nanowire for a polarization aligned with the nanowire. In this case, a strong SHG response
is observed at the location of the junction: the SHG exceeds by afactor 17 that of the reference
arms, a value in direct contradiction with the gaps fabricated by electron-beam lithography
(Fig. 3(9)).

We have plotted in Fig. 7(d) the value of T for a series of tunnel junctions with gap size
g ranging from 1 nm to 1.4 nm. g was deduced from differential conductance measurements
using protocols outlined in Ref. [43, 45]. Electron tunneling with typical nonlinear transfert
characteristics is observed under ambient condition for about 20% of the EM junctions. Fig-
ure 7(d) shows that the SHG signal is systematically amplified for EM gaps. For the considered
range, we did not observe an obvious dependance of T" with gap size. Instead, the magnitude of
I" isfairly dispersed from ajunction to another. The relative large error bars on the determina-
tion of the gaps are the consequence of the uncertainty of the work function ¢. For the tunnel
junctions measured in this study we found an average value of $=0.8 + 0.3 eV. This value is
significantly lower than the bulk value (~ 5.4 V). In arecent study, A. Mangin et al. [45] also
reported reduced work functionsin similar systems. This was explained by a contamination of
the electrodes operating at ambient atmosphere and a drastic effect of the image potentiel. We
have also evaluated T for electromigrated gaps where g could not be inferred from differential
conductance measurement (non-tunneling regime) and measured slightly smaller T' (L < T" < 9).

We hypothesize that the difference between the SHG response of lithographed gaps and
electromigrated junctions originates from the geometry of the gap itself. While the interstices
of Fig. 1 are rather well defined with plane-parallel coupled extremities, electromigrated poly-
crystalline Au nanowires are notoriously known to have meandered gaps [42, 46-48]. Asillus-
trated in Fig. 8 (8) and 8(b), while the centrosymmetry of the lithographed gap is preserved,
the typical geometry of an electromigrated gap is ill-defined, and like self-similar chains pos-
sesses no center of symmetry [49] promoting thus alarge nonlinear response. It isimportant to
note that even with asymmetric dimers e.g. T-shaped structures asin [36], the gaps are usualy
formed by plane-parallel facets. Our approach however, enables a complex structuring of the
gap itself mitigating thus the effect of SHG symmetry in nanoscopic feed-gap regions.

Fig. 8. High-resolution scanning electron micrographs picturing the intrinsic geometrical
differences between a gap fabricated by electron-beam lithography (a) and a gap resulting
from an electromigration process (b).

3. Conclusions

In summary, we have shown both experimentally and theoretically that the far-field second-
harmonic response of optical gap antennas can be significantly silenced, where other types of
nonlinear signals are usualy strongly amplified. In contrast, the near-field efficiency follows
the expected trend underlying the symmetry induced-origin of the far-field signal suppression.
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By investigating off-resonant gap antennas, we have discriminated the role of symmetry usu-
ally hidden in wavelength-dependent responses. We further demonstrate that second-harmonic
response can be restored and amplified by structuring the gap morphology using electrically
connected nanometer-size el ectromigrated tunnel junctions. These results provide elements for
designing optimal frequency-conversion optical antennas and will impact research employing
surface-enhanced nonlinear spectroscopies as a prime characterization tool. Second-harmonic
imaging enables a unique contrast mechanism to characterize the symmetry and surface quality
of electromigrated tunnel junctions widely used in molecular electronics. Finally, optical gap
antennas operating in the tunneling regime enables a self-aligned spatia overlap between re-
gion of high static electric field strength and area generating enhanced optical responses. This
unique configuration can be exploited for realizing electron-fed optical antennas.
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