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Abstract

Quantum tunneling-driven optical nanoantennas are key components for the de-
velopment of integrated plasmonic nanodevices. In this work, we use the tunneling
junction between a nanoantenna and a thin gold film to electrically excite propagating
surface plasmons on the nanoscale. The nanoantenna is a chemically synthesized gold

nanocube (~ 50-nm side length) that is separated from a thin (50-nm) gold film by an



insulating molecular layer (1,8-octanedithiols, ~ 1 nm-thick). A novel method for com-
pleting the electrical circuit between the nanoantenna and gold film using an atomic
force microscope (AFM) is developed. Based on the results of numerical modeling, the
nanoantenna modes exciting the propagating surface plasmon polaritons are identified
as hybridized gap and antenna modes. Our results demonstrate the ability to interro-
gate individual tunneling-driven nanoantennas, a crucial step toward the development

of electrical nanosources of surface plasmon polaritons and light.
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Introduction

Since the turn of the century, the idea of producing ultrafast and ultracompact circuits and
devices using surface plasmon polaritons has propelled an enormous amount of research.™
Surface plasmon polaritons (SPPs) are collective oscillations of electrons on a metal-dielectric
interface that are coupled to an electromagnetic wave. Most often, SPPs are excited optically.
However, an electrical, low energy, integrable nanosource of SPPs is essential if plasmonic
circuits are to become a commercial reality. A leading candidate for such an SPP nanosource
6

is a biased tunneling junction.

Metal-insulator-metal (MIM) tunneling junctions have been intensely studied as potential
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nanosources of surface plasmons”™1? and light,*'2° though other material systems and
geometries?* have also been considered. The tunneling junction used in this work is shown
schematically in Fig. 1 a); two metal electrodes (here a gold nanocube and a thin (50-
nm) gold film) are separated by an insulating molecular layer (1,8-octanedithiols, ~ 1 nm-

thick). When a potential difference is applied between the two metal electrodes, a tunneling



current may flow. While the vast majority of this current is elastic, a small percentage may
be inelastic and thus able to excite surface plasmon polaritons. The different criteria for
optimizing a MIM structure for SPP excitation have been identified;22 the desired SPP
mode must be the dominant contribution to the local electromagnetic density of states in
the junction so that quenching may be overcome. In order to create such a situation a

3

plasmonic nanoantenna®® is often used. A nanoantenna can not only improve the efficiency,

15,31-37

but also lead to directional emission, or as is the case here, influence the emission

spectrum, $916:19,20,38

In this work, we use a gold nanocube both as an antenna and as an electrode to excite
propagating surface plasmon polaritons on a gold film with inelastic tunneling electrons. In
order to excite propagating surface plasmons on the Au film with this “nanocube-on-a-mirror”
tunneling junction, a bias voltage must be applied between the nanocube antenna and the
gold film. Here we introduce a new method to locally apply a bias voltage to nanoscale op-
toelectronic structures using the conducting tip of an atomic force microscope (AFM). Using
this approach, several different structures may be tested sequentially on a sample, without
the need of lithography-fabricated contact wires for each structure. Note also that using this
method, the excitation is restricted to the nanoscale tunneling junction between the antenna
and the gold film. This is in contrast to other local electrical excitation techniques leading to
the emission of light such as scanning tunneling microscope-induced luminescence®® 47 and

48-51

cathodoluminescence, where the modes of the antenna are primarily excited. Thus this

technique opens up new possibilities for the study of electroluminescence at the nanoscale.

Results and discussion

The nanoantenna tunneling junction used to locally and electrically excite surface plasmon
polaritons consists of a single-crystalline gold nanocube (typical side lengths 30 to 80 nm) sep-

arated from a 50-nm thick gold film on glass by a ~ 1 nm molecular layer (1,8-octanedithiols,



see the Methods section for more details and Section S1 of the Supporting Information (SI)
for characterization of the Au film with and without the molecular layer). Parts b) and c)
of Fig. 1 show a scanning electron and atomic force microscopy image respectively of such a
nanocube. A schematic of the experiment and sample is shown in Fig. 1 a) (see also Meth-
ods). In order to excite SPPs, the metallic (platinum) tip of an atomic force microscope
(AFM) electrically contacts the upper face of the nanocube antenna and a voltage difference
of 2.5 V is applied between the nanoantenna and Au film. This allows a tunneling current to
flow in the nanoscale junction between the antenna and Au layer. The inelastic contribution
of this current may excite the different optical modes of the system which have a significant
local electromagnetic density of states (LDOS) in the tunneling junction, as would be the
case in a future device. This is again in contrast to a technique such as cathodoluminescence
where a multitude of modes irrelevant for a device are excited by the high-energy electron
beam passing through the entire structure. In our case, the excited modes can then radiate
into SPPs propagating on the upper interface of the gold film.”%2* The photons resulting
from the leakage of the SPPs through the thin gold film into the glass substrate may then
be collected using an oil-immersion objective lens (see the Methods section for details).

As a first step, in order to confirm the tunneling nature of the junction and estimate the
barrier thickness, an I(V') curve is obtained. In such a measurement, the AFM tip completes
the circuit, the applied voltage is ramped and the resulting current is measured. Figure 1 d)
shows a typical (V') characteristic obtained in this way. Such non-linear behaviour is typical
of a tunneling junction and may be fit using the model described by Simmons in Ref. [53].
Using the low-voltage approximation for a rectangular barrier (o« = 1), an average gap
thickness of ~ 1.4 nm for the structure and a work function for gold of 1.2 eV are estimated
in this example. A junction area of (70 nm)? is used in the fit since the antenna is considered
a cube and a height of 70 nm is measured by AFM in this case. Note that if a similar /(1)
measurement is carried out on the gold film, the current saturates the detector immediately.

Thus we can conclude that the contact resistance of the AFM tip is negligible compared to
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Figure 1: Sample and experiment. The sample consists of a chemically synthesized single-
crystalline gold nanocube separated from a 50-nm Au film on glass by a ~ 1 nm insulating
layer of 1,8-octanedithiol (C8DT) molecules. a) Schematic of the experiment: a conducting
AFM tip is used to locally apply a voltage difference between the gold nanocube antenna and
the Au film. The inelastic tunneling current flowing through the tunneling junction formed by
the nanocube-insulating layer-gold film “sandwich” excites the optical modes of the system.
These modes decay radiatively or non-radiatively and may excite surface plasmon polaritons
(SPPs) on the gold film. The photons resulting from the leakage of the SPPs through the
thin gold film into the transparent substrate are collected using an oil-immersion objective
lens. b) Scanning electron and c) atomic force microscopy (AFM) images of an Au nanocube.
Note that for the samples used in the experiments, the nanoparticle density is on the order
of 10 particles per 100 pum?. This low density of nanoantennas is chosen so that the SPPs
excited in the experiment are not scattered by neighbouring nanoparticles.’ d) I(V') curve
measured on a “nanocube-on-a-mirror” nanoantenna tunneling junction (blue curve). The
voltage difference between the nanoantenna and the gold film is applied via the conducting
tip of an atomic force microscope. Using Simmons’ model,? the shown fit to the data is
obtained considering a gap thickness of 1.336 nm, a work function for gold of 1.2 eV and
a junction area of (70 nm)? (antenna height = 70 nm as measured by AFM). The applied
voltage is restricted to <1 V for technical reasons and so that the Simmons’ model remains
applicable.?



the resistance of the tunneling junction. Once the tunneling nature of the barrier between the
antenna and film has been determined, the electrical excitation of SPPs using this junction
may be pursued.

Figure 2 shows the result of the experiment when tunneling current flows through the
nanoantenna junction and the emitted light below the substrate is detected (2.5 V potential
difference applied). Figure 2 a) shows the resulting spatial distribution of the emitted light
(real-space image). In this intentionally saturated result, light is seen to be emitted at
distances of up to 20 ym from the nanoantenna junction position. This is interpreted as the
leakage of SPPs propagating on the upper interface of the Au film into far-field photons in
the medium of higher index of refraction (glass).?>5¢ The observed spatial distribution of the
emitted light is said to reflect that of the SPPs on the upper interface of the Au film.%"8
The decay of the SPP intensity with propagation is expected due to radiation damping and
losses in the metal.5?

To confirm that the collected light arises from the radiative decay of propagating surface
plasmons, an optical Fourier plane image must be acquired under similar conditions (see
Methods). In Fig. 2 b) the angular distribution of the collected light is measured, or more

precisely, the intensity of the collected light as a function of ’Z—'O‘, where k| is the component

o
Ao’

of the wavevector parallel to the substrate and ky = with )\ the free space wavelength.
In Fig. 2 b) we observe a thin ring at a value of Z—'O‘ = 1.025, which is expected for SPPs
propagating on an air-gold surface with a free-space wavelength of ~ 770 nm.?* This
confirms that the collected light is indeed from surface plasmon polaritons that have been
excited electrically with the nanoantenna tunneling junction. Further details of the Fourier
plane analysis may be found in Section S2 of the Supporting Information.

Figure 3 shows the optical spectrum that is obtained when the nanometer gap between
a 40-nm high cubic nanoantenna and a gold film is biased with a potential difference of

2.5 V and the resulting light beneath the substrate is directed towards a spectrometer (see

Methods). Unlike the single broad feature which is usually seen when the tunneling current



Figure 2: Real and Fourier plane optical microscopy images of the resulting emission when a
2.5 V potential difference is applied between a cubic nanoantenna and a thin gold film that
are separated by an insulating molecular layer (the sample is positively biased and the tip
is grounded). a) Saturated real plane image showing that light is emitted from a large area
(> (20 pm)?), a first indication that the nanoantenna tunneling junction is indeed exciting
propagating surface plasmons on the upper interface of the Au film. The irregularities in
the image are attributed to imperfections of the surface. b) Fourier plane image showing a

ring at the expected Z—'O‘ value, confirming that surface plasmon polaritons have been excited.
As expected for the leakage of SPPs from an air-metal interface into a substrate of higher
index of refraction, the plasmon ring is at a value of ” > 1. The measured 7 value is
1.025 4+ 0.009, corresponding to the calculated value for SPPS on the air-metal interface of a
50-nm thick gold film on glass at a wavelength of about 770 nm. %% The inset to panel b) is a
cross-section obtained along the yellow line. The dashed circle labeled “NA=1.49” represents
the numerical aperture of the oil immersion microscope objective used in the measurement.
Note that due to the difficulty of the experiments (see Methods) the different data sets were
obtained using different nanoantenna junctions.



from the non-plasmonic tip of a scanning tunneling microscope (STM) is used to excite SPPs
on a thin gold film,5%6! this spectrum exhibits two distinct peaks. Thus we confirm that the
nanoantenna influences the resulting spectrum. In order to understand the origin of these

two peaks, simulations are carried out.
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Figure 3: Measured and calculated spectra when a voltage difference of 2.5 V is applied
between a 40-nm high cubic nanoantenna and a thin (50-nm) gold film separated by an
insulating molecular layer (C8DT). The blue curve is the experimental data, while the red
curve is the result from the simulations of Fig. 4. This simulated curve corresponds to
the intensity as a function of emission wavelength for an antenna side length of 40 nm,
which is the height of the nanoantenna that was measured experimentally. Note that due to
the difficulty of the experiments (see Methods) the different data sets were obtained using
different nanoantenna junctions. For comparison purposes, transmission spectra of a 50-nm
gold film with and without the molecular layer may be found in Fig. S2 of the Supporting
Information.

To theoretically approximate the inelastic tunneling current in the simulations, a vertical
oscillating point dipole source is placed in the center of the gap between the nanoantenna and
the gold film. %52 The spectrum of this source takes into account the frequency dependence of
the probability of an inelastic transition for a given bias voltage (see Methods for details).5?
The nanoantenna-film system can support different types of localized optical modes that may
be excited by this source: consider first the electric dipole-like localized surface plasmon mode
of an isolated nanocube; when such a nanocube approaches a gold film or “mirror” (charge
oscillation in the direction perpendicular to the film), this excitation can couple to its image

in the film, forming what is known as an antenna mode.®*% The lowest order antenna



mode remains electric dipole-like with the fields distributed over the entire structure. A
second family of modes that exists in the nanoantenna-on-a-mirror system is the gap or
waveguide mode family. These may be thought of as Fabry-Perot-like modes where the
electromagnetic energy oscillates horizontally back and forth in the cavity formed by the

64-68

edges of the nanoantenna (i.e., in the direction parallel to the interface). In this case,

the fields are strongly enhanced and localized in the gap, with a very small mode volume

A3

45) and a very large local electromagnetic density of states (LDOS).* In

(on the order of
contrast to these gap modes, the antenna modes have a larger mode volume (~ %) and
a smaller LDOS.?® In addition to this significant difference in mode volume, the gap and
antenna modes also differ in their ability to radiate photons and SPPs, with the antenna
modes being more radiative than gap modes. These two types of modes may hybridize or
couple leading to modes which are both “antenna-like” and “gap-like”. This hybridization is
strongly dependent on the antenna-film distance, which may be easily modified when the
separating layer is a molecular film. Varying the molecular layer thickness would be an
intuitive way to study the evolution of the resulting hybridized antenna-gap modes.?!

In order to model this system, an electromagnetic solver based on an aperiodic Fourier

9 is used and the nanocube is

modal method dedicated to body-of-revolution structures®
approximated as a cylinder with an aspect ratio of 1. Details and limitations of the model
may be found in the Methods section and in Sections S4 and S5 of the Supporting Information
respectively. Using this model, the power radiated into the substrate in the collection angle
of our optical set-up (NA=1.49) as a function of emission wavelength and antenna side
length is calculated. The result is seen in Fig. 4 a). Four clear resonances may be seen in
this graph, as denoted by the dashed black and white lines added to guide the eye. Two of
these resonances (dashed black lines) are significantly more intense than the others (dashed
white lines). The added dashed lines show that the resonance wavelengths vary linearly with
antenna side length. As would be expected, the resonances shift to longer wavelength as the

antenna size is increased. 2864
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Figure 4: Calculated radiated power as a function of antenna side length and emission
wavelength, and mode magnetic field distributions. The cubic antenna is approximated as
a cylinder with an aspect ratio of 1. a) The calculated power radiated below the substrate
in the collection angle of the objective lens is plotted as a function of antenna side length
and wavelength. Several resonances varying linearly with side length may be seen: two
faint modes are denoted by white dashed lines while two black dashed lines delineate bright
modes. The two continuous crosses mark the wavelengths and antenna side lengths used for
the field calculations in parts d) and e) while the field results for the parameters denoted by
the dotted crosses may be found in Fig. S5 of the SI. The color scale is linear and in arbitrary
units. b) Sketch of the geometry used for the calculation. The thickness of the insulating
layer is not to scale. c¢) Sketch of the magnetic field distribution of an antenna mode. d)
and e) Magnetic field distributions in a plane perpendicular to the substrate calculated for
the corresponding points marked by continuous crosses in part a). The dashed black lines
delineate the antenna and the gold film. An intense field is seen in the region between the
antenna and the gold film and is attributed to a gap mode. A lower order mode may be
found in part e), at a longer wavelength. The upper parts of the field of view (area enclosed
in the blue rectangle) are plotted with a change in colour scale (reduced by a factor of 10).
In the upper region of part d) the magnetic field distribution corresponding to an antenna
mode is clearly visible; however, no clear evidence of an antenna mode is found when the
colour scale is varied in e). 10



In order to understand the nature of these different resonances and explain the differ-
ences in intensities, the field distributions for different antenna side lengths and emission
wavelengths are plotted in parts d) and e) of Fig. 4. The particular wavelengths and an-
tenna side lengths considered are denoted by the continuous crosses in part a). The field
distributions corresponding to the dotted crosses may be found in Fig. S5 of the Supporting
Information. A sketch of a vertical cross-section of the system (i.e., the X — Z plane) is
shown in part b); it is in this plane that the fields are calculated. In particular, it is the
imaginary part of the y-component of the magnetic field that is shown in parts d) and e).
We have chosen to show the magnetic field because the electric-field intensity is dominated
by the intense fields around the metal interfaces close to the source. These fields are related
to quenching.”™ This contribution prevents a clear identification of the excited modes from
the electric-field calculation (see Fig. S6 in the SI). Similarly, i.e., in order to improve the
clarity of the figure, the imaginary (and not the real) component of the field is plotted, since
there is a singularity in the real component at the source position (singularity in the Green’s
tensor) which completely saturates the image.

Looking at panels d) and e), we see that the fields are most intense in the gap. The
z-component of the electric field (not shown) is also particularly intense in this region; thus
the gap modes can couple efficiently to the inelastic tunneling current. A different number
of nodes in the magnetic field exists for the different wavelengths shown. Thus from this
and other magnetic field calculations for different nanoantenna sizes and wavelengths (see
Fig. S5 in the Supporting Information) we can conclude that each resonance corresponds to
a different order gap mode, since a different number of nodes in the magnetic field in the gap
is found along each dashed line of part a). Using the notation S,,,, where n is the mode order
and m is the azimuthal number (see Section S3 in the Supporting Information), the different
gap modes Spa, Sos, Sog and Sy are labeled. As would be expected for a Fabry-Perot-like
mode, the gap mode resonance wavelength shifts to longer wavelengths as the nanoantenna

side length is increased.1¢:6°

11



The upper regions of panels d) and e) in Fig. 4, i.e., the regions delimited by the blue
rectangles, have been plotted using a colour scale reduced by a factor of 10. In panel e), the
change in colour scale leads to little change in the observations: only a hint of the gap mode
may be identified. In panel d), however, the change in colour scale reveals that the magnetic
field distribution around the structure is characteristic of the antenna mode discussed in
Ref. 28 (see also Fig. S7 in the Supporting Information). Panel c¢) shows a sketch of the
expected magnetic field distribution for such an antenna mode. For such a mode, the field is
relatively intense along the sides of the nanoantenna (as opposed to the top or center). Thus
we conclude that the two intense resonances of panel a) arise from the hybridization (i.e.,
coupling) of a gap and antenna mode.?8:64.6568 Indeed, in panel d), the field distributions for
both a gap mode as well as for an antenna mode are seen for the same structure at the same
wavelength. It has been shown in Ref. 28 that when such gap and antenna modes hybridize,
the brightness of the SPP source is increased. Thus, in summary, the “faint” lines seen in the
bottom right corner and in the top left section of panel a) correspond to “pure” gap modes,
since no evidence of an antenna mode is seen in the field distributions (see the upper regions
of panel e) of Fig. 4 and of panel ¢) of Fig. S5 of the SI). In the case of panel d) in Fig. 4
and panel b) in Fig. S5 in the SI, however, the hybridization with an antenna mode is clear
(see the upper regions of the respective figures). The data thus supports the conclusion that
the enhancement of the emission seen for antenna side lengths and wavelengths determined
from the intense lines in panel a) may be attributed to the coupling between the gap modes
and the antenna mode. When the gap and antenna modes couple, we could expect to see
an anti-crossing of the modes due to strong coupling. However, due to large mode widths
and small coupling strengths (and thus small differences in energy between the hybridized
modes), no evidence of strong coupling is observed.?

As may also be seen from Fig. 4 a), the spectrum varies with antenna side length; the
calculated spectrum of, for example, Fig. 3, is determined from a horizontal cross-section of

Fig. 4 a) at the appropriate side length value (40 nm in this case). The spectral variation with
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antenna side length is confirmed experimentally (see Fig. S8 in the Supporting Information).
The qualitative agreement between the calculations and the experimental results shows that
the model captures the essence of the experimental system despite its approximations (see

Section S4 in the Supporting Information for further discussion).

Conclusion

In conclusion, using a novel technique based on conducting atomic force microscopy, we have
locally and electrically excited surface plasmon polaritons with the inelastic tunneling current
in an integrated nanoantenna junction. The nanoantenna has been shown to influence the
emission spectrum.Based on the results of numerical modeling, the bright features in the
spectrum may be attributed to the emission from hybridized gap and antenna modes.
Optimization of the nanoantenna parameters (aspect ratio, gap thickness and index of
refraction) will lead to better antenna performance and other opportunities for controlling
the emission (e.g., directionality). Indeed, in the literature it has been shown theoretically
that an optimized antenna can achieve an SPP efficiency nspp of nearly 30% (nspp = %,
the ratio of the SPP power to the total power),?® while for a more sophisticated junction
an external quantum efficiency (plasmons/electron) of ~ 30% and 1 nW of power have been
measured experimentally.?* Thus, with continued optimization and innovation, real-world
applications are within reach. Using the conducting AFM tip to complete the circuit and
apply a potential difference to the tunneling junction solves the problem of how to easily
make a temporary electrical contact at the nanoscale, while nonetheless carrying out sensitive
optical measurements. Thus different individual antenna geometries may be tested rapidly
on the same sample, without the need for bulky contacts made by lithography. Unlike other
local electrical probes such as STM or cathodoluminescence, this new technique is the only
approach where the excitation of the plasmonic antenna mode is restricted to the junction

between the bottom of the antenna and the film, as it would be in a real device. In the
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case of STM excitation of the nanoantenna junction described in this work, two tunneling
junctions would exist in series, the second one being the tunneling junction between the
STM tip and the top face of the nanoantenna. This second tunneling junction could excite
optical modes not accessible to the tunneling junction between the antenna and film.4" 72
A similar situation exists in the case of cathodoluminescence.™ ™ Thus our method is the
only local electrical probe technique that may be used to test such samples under device-like
conditions. This strategy may be easily applied to other situations where nanoscale electrical
contacts and optical measurements are necessary, opening up new opportunities for testing

optoelectronic circuits on the nanoscale. ™ 7

Methods

Samples: The nanoantennas are single-crystalline gold nanocubes,™ 30-80 nm in size, syn-
thesized by chemical methods.®® The insulating molecular layer which forms the tunneling
junction between the antenna and gold film consists of 1,8-octanedithiol (C8DT) molecules.
The glass substrate is a 170-pum-thick coverslip. A 5-nm Ti adhesion layer is deposited on
the glass coverslip before the deposition of the 50-nm-thick gold film by evaporation. A film
thickness of 50 nm is chosen as a compromise so as to obtain reasonably long SPP propa-
gation lengths and high enough leakage radiation intensities so that they may be detected.
The gold nanocubes are synthesized by adding an Au seed solution to a growth solution,
which is then maintained at 30°C until the nanocubes reach the target dimension. The cen-
trifuged Au nanocube solution is then injected into a water-acetonitrile mixture (1:3 v/v)
solvent for the partial removal of the CTAB bilayer on the surface of the nanocubes. The
CTAB bilayer on the surface of the nanocubes is therefore transformed into a loosely-packed
monolayer structure. The “nanoantenna-on-a-mirror” samples are assembled by first immers-
ing the glass substrate with the Au film in an ethanolic 1,8-octanedithiol solution (0.01 M)

overnight for surface functionalization. The surface-functionalized Au film is then immersed
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in the nanocube solution for ~ 2 h and then gently blown dry with nitrogen. Because the
covalent bonding between the Au surface and the thiol group is stronger than the electro-
static interaction between the Au surface and the CTAB molecules, the CTAB molecules on
the Au surface in the gap are replaced by 1,8-octanedithiol molecules.8! 83

This simple alkanedithiolate, 1,8-octanedithiol, was chosen for the insulating layer since
the thiol groups on each end bind covalently to gold, and its HOMO-LUMO gap is large,
leading to electron tunneling as the main conduction mechanism.?*#* 87 Other possible con-
duction mechanisms in molecular films include thermionic emission, Poole-Frenkel emission
and hopping conduction. 8488 Since the voltage applied in these experiments (2.5 V) is well
within the HOMO-LUMO gap of 8-10 eV,% the electronic structure of the molecular layer
is not expected to affect the inelastic tunneling. Note that the presence of the vibrational
modes of the molecules may increase the proportion of inelastic tunneling current, but these
modes do not emit light, and the signature of the participation of such modes cannot be
observed in I(V) curves at room temperature. %%

AFM / optical microscopy setup: The commercial AFM head is from JPK Instru-
ments (NanoWizard 3). The AFM tips (nominal spring constant 8 N/m) for contacting the
nanoantennas are made of platinum and are supplied by Rocky Mountain Nanotechnology.
The AFM head is mounted on an inverted optical microscope (Nikon Eclipse Ti-U) which is
equipped with an oil immersion objective (Nikon CFI Apochromat 100X 1.49NA TIRF ob-
jective). The resulting light from the electrical excitation experiments is collected through
the transparent substrate. Real and Fourier plane images are realized by projecting the
image or back focal plane on a water-cooled CCD camera (Andor iKon-M) respectively. !
For the spectral measurements, a real plane image of the sample is projected onto the slit
opening of a spectrometer. The reported spectra have been corrected for system response.
The imaging spectrometer is from Horiba Jobin Yvon (iHR320 spectrometer with a Synapse

CCD detector).

Completing the electrical circuit with the AFM: A voltage is applied to the gold

15



film using macroscopic clips. Enough pressure is applied (by tightening the appropriate
screws) so that the metallic clips pierce the thin molecular layer and form an electrical
contact. Good electrical contact is confirmed with a multimeter (whose tip also pierces the
molecular layer). In the experiments reported here, the AFM laser diode, used to measure
the deflection or amplitude of the AFM cantilever, is a considerable source of background
light which masks the signal to be measured. The challenge of the technique is thus to
successfully avoid the light from this laser diode while successfully maintaining an electrical
contact between the AFM tip and sample. In order to do this, the system is first allowed to
thermally stabilize. The conducting AFM tip is then lowered toward the sample until a stable
electrical contact is established. The contact resistance is estimated to be ~ 1 k{2, much less
than that of the tunneling junction and thus negligible. During the optical measurement,
the laser is shut down while the voltage applied to the piezoelectric element commanding the
z-position of the tip is maintained at a constant value, thus maintaining its extension. Note,
however, that since the laser is off, there is no feedback keeping the tip-sample interaction
constant.

AFM-excitation experiments: In the AFM-excitation experiments, a positive 2.5 V
potential is applied to the sample with a 50% duty cycle (period 100 ms) and the tip is
grounded. An applied voltage of 2.5 V is chosen so as to excite all the optical modes present
in the system at energies below the interband transitions in gold.?? Such high voltages may
be applied to the junction since the area of the junction is small.? Since in general shorts
are due to defects in the insulating layer, the smaller the junction area, the smaller the
defect probability, and the higher the voltage that may be applied. Nonetheless, the non-
shorting junction yield is about 10%. The optical signals are integrated for up to a minute,
with typical integration times on the order of 20 s. While some junctions shorted almost
immediately, others could be used for multiple measurements. The measured current during
the optical experiments is typically on the order of uA, but can range from tens of nA to

100 pA.
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Simulations: In the simulations, the nanoantenna is approximated as a cylinder with a
height and diameter equal to the side length of the nanocube. The molecular film (thickness
from I(V') curve) is considered a dielectric with an index of refraction of 1.5 while the
refractive index of gold is from Palik.?? The inelastic tunneling current is represented by a
vertical oscillating point dipole positioned in the center of the gap between the cylinder and

film. In order to take into account the dependence of the probability of inelastic tunneling

hw

on the applied voltage, the simulated spectra are multiplied by the correction factor 1 — v

with Vg the biased voltage applied to the sample (the tip is grounded).®® Thanks to the
symmetry of revolution of the system, the electromagnetic field may be decomposed as a
sum of azimuthal eigenmodes where the electromagnetic field for each mode varies as ¢
with @ the angle in the plane of the film (as usually defined in cylindrical coordinates) and
m the azimuthal number. Note that hybridization between two modes is only possible if
they have the same azimuthal number.? Moreover, only modes with the azimuthal number
m = 0 may be excited by a vertical point dipole source on the antenna axis. More details

on the numerical methods used for this rigorous electromagnetic simulation may be found

in Refs. |28, 69].
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