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Abstract Standard far-field optical elements, such as lenses and mirrors, are only
capable of localizing radiation to about half-a-wavelength—the Abbe criterion.
Optical antennas facilitate the further localization of radiation into arbitrarily small
spatial volumes. Combining the optical antenna with traditional optical microscopy,
a technique termed near-field scanning optical microscopy (NSOM), has enabled
the study of biological and solid-state samples at high spatial resolution. Since
the development of NSOM in the 1980s, the biggest challenge to researchers has
been the design and fabrication of optical antennas functioning as optical near-
field probes. We have recently made much progress in the development of widely
applicable, and reproducible, optical antennas that provide a high degree of spatial
localization. Beyond NSOM, we also explore the electrical excitation, as opposed to
photo excitation, of optical antennas with a scanning tunneling microscope (STM).
We demonstrate a two-step plasmon-mediated energy conversion from a tunneling
current to propagating photons in a smooth gold film as well an extended gold
nanowire. We prove that highly localized gap plasmons are first excited in the tunnel
gap, which can then couple to propagating plasmons. We elaborate on the role of
gap plasmons in explaining the huge variations seen in photon emission yields in
the field of STM light emission.
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3.1 Introduction

The need for optical antennas is motivated by the diffraction limit. Standard optical
microscopy and spectroscopy rely entirely on far-field optical elements such as
lenses and mirrors. These elements limit the obtainable localization of radiation
to about half-a-wavelength—the Abbe criterion [1, 2]. The extreme localization
of incident radiation afforded by an antenna, as has been well studied at radio
and microwave frequencies, is limited only by the antenna geometry. Using our
previous definition of an optical antenna as a device designed to efficiently convert
free-propagating optical radiation to localized energy, and vice versa [3], we find
there to be a broad range of applications of the optical antenna in both fundamental
research and engineering.

Imaging and spectroscopy at optical frequencies with sub-diffraction spatial
resolution, termed near-field scanning optical microscopy (NSOM), has been
demonstrated as a robust tool for understanding both physical and biological
systems. While there are competing NSOM technologies, the use of the optical
antenna has proven to be the most versatile. Applications include single molecule
spectroscopy [4], nanoplasmonics [5, 6], biological protein mapping [7-9], fluo-
rescence photophysics [10, 11], Raman spectroscopy [11-14], non-linear optics
[15], Green’s function measurements [16], interferometry [17, 18], absorption
spectroscopy [19], and others.

The broad applicability of the optical antenna is made even more impressive
given the infancy of the technology. The history of the optical antenna, specifically
the first proposal of accessing optical near-fields, began in 1928 with a prophetic
letter to Albert Einstein by a relatively unknown Edward Hutchinson Synge [20].
Synge made two separate suggestions, one relying on localized optical near-fields
leaking out of a sub-wavelength aperture (the aperture probe) and the other relying
on a single metallic nanoparticle that would be employed to localize and scatter
optical near-fields. These ideas, however, were well ahead of the times and are in
fact the first proposal of scanning microscopy techniques [21]. Both of Synge’s ideas
would be realized soon after the development of scanning probe microscopy (SPM)
technology.

In general, the extreme localization of radiation afforded by the optical antenna
facilitates the study of biological and solid-state systems in two distinct manners—
spatial and optical. Spatially, the antenna facilitates resolving features that are
separated by sub-diffraction length scales that are therefore simply not resolvable
with traditional far-field optical techniques.

3.2 NSOM Imaging with Optical Antennas

The development of near-field optical techniques and the application of optical
antennas has a rich history. Many technological advances were required before
Synge’s 1928 ideas could be experimentally realized. There are several review
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articles that cover all of the developments of NSOM [20, 22]. Here, advancements
that were required to achieve the imaging and spectroscopic technology that is used
today will be briefly outlined.

The first necessary advancement came in the 1980s with the development of SPM.
First achieved with scanning tunneling microscopy (STM) in 1982 by researchers
at IBM in Switzerland [23,24], SPM techniques allow for sub-nanometer distance
control between a probe and a sample of interest. The development of the atomic
force microscope (AFM) quickly followed, allowing for the fine distance control
between nearly any probe and sample (not just conducting samples and probes as
in STM), as well as increasing the probe-sample distance relative to STM (a feature
necessary for fluorescence imaging and spectroscopy) [25].

With this technology at hand, the first near-field optical measurements were made
on October 22, 1982 by Winfried Denk working with Dieter Pohl at IBM using an
aperture probe [20]. Pohl published his first near-field images in 1984 [26]. The
technique, termed the “optical stethoscope”, a corollary to the medical stethoscope,
achieved A /20 resolution with a A = 488 nm excitation.

Scattering-type NSOM (sometimes referred to as s-NSOM, herein referred to as
NSOM) and imaging based on plasmonic resonances was published a few years
later by Ulrich Ch. Fischer and Pohl [27]. Their experiment was the first realization
of Synge’s proposed metallic point scatterer optical antenna. In fact, any near-field
probe can be viewed as an antenna since it exploits a near-field interaction for the
localization of optical radiation. A further development in NSOM was the use of
a sharp tungsten wire as the near-field probe [5]. This type of probe geometry has
proved to be a very good optical antenna for many applications.

Today, the biggest remaining challenge for optical antennas as a near-field
optical probe is the design and fabrication of the antenna itself. Despite analogies
between radio/microwave and optical antennas, which are both described by the
same antenna parameters, the realization of the two categories of antennas are
quite different. Specifically, standard antenna designs do not always scale well into
the optical regime. There are two primary reasons for this: (1) metals behave as
strongly coupled plasmas at optical frequencies [28] and (2) the absolute fabrication
tolerances of optical antennas is extremely difficult to achieve due to their small
physical size. In fact, the motivation to study localized light-matter interactions
with optical antennas has helped fuel the development of novel nanofabrication
technologies.

3.2.1 Experimental Setup

Most applications of SPM with optical antennas are done in transmission, with
an experimental setup representatively shown in Fig.3.1. In our experiments, an
optical excitation is provided by a tightly-focused radially polarized laser source.
The excitation is further localized by an optical antenna positioned above the
sample and centered in the optical focus. The optical antenna-sample separation



112 Z.J. Lapin et al.

Fig. 3.1 Schematic diagram
of the experimental setup
used for both NSOM and
STM-LE. For NSOM, a
radially polarized optical
excitation is focused onto the
sample by a high-NA
objective. Light is further
localized by the optical
antenna. Spectroscopic
emission is collected by the
same objective and sent to excitation T l |

either a spectrometer or

single photon detector. For —> beam splitter
STM-LE, a bias is placed

between the optical antenna

and sample and no optical 1

excitation is used. The sample
is then raster-scanned
between the optical antenna
and the objective to form an 1
image

single photon detector
or
spectrometer

can be maintained with either AFM or STM feedback. Spectroscopic signal from
the sample is collected by the objective and sent to either a photodetector or
spectrometer. Images are formed by raster-scanning the sample between the tip and
focus. The system can easily be modified for STM-based light emission (STM-LE)
by simply removing the optical excitation and using an STM feedback loop.

3.2.2 Optical Antenna Geometries

Perhaps the most difficult challenge in optical antenna based microscopy is finding
an antenna that works well for a single application, let alone a universal antenna
geometry. Due to limitations in nanofabrication technologies, it has been a challenge
to develop reproducible optical antennas that provide large localized field enhance-
ments and do not quench the signal that is generated by the sample.

In NSOM, as shown in Fig. 3.1, a relatively large area of the sample is illuminated
by standard, diffraction-limited, far-field optics. The optical antenna then performs
two functions: a local excitation source and a local scatterer. This type of illumina-
tion scheme will lead to a detected optical signal that is a superposition of optical
signals generated from the far-field excitation (termed background) and the optical
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Fig. 3.2 (a) An approach curve showing the fluorescence rate enhancement of a single Nile
Blue molecule on cover glass as a function of the antenna-sample separation and (b) an electron
micrograph of a representative particle antenna

antenna. The background is undesirable, however, with the combination of a good
antenna, the appropriate sample, and optional real-time background suppression
techniques, this methodology is extremely robust.

In general, the optical antenna facilitates the transfer of energy between the near-
field and far-field equally well in both directions; however, the proximity of the
antenna to the sample can also suppress the signal generated by the sample, for
example, it can alter the quantum efficiency (QE) of a fluorescent molecule [11].
In the absence of the antenna (free space), the fluorescence rate of a single molecule

excited below saturation, Iy, is the product of the excitation rate, I'.;_, and the
intrinsic QE, Q;, of the molecule,
I—VO
Fﬂo:FeOC'Qi :Feoc'¢’ (3.1)
> * E;d + I n?

where, subscripts “rad” and “nr” refer to the radiative and non-radiative decay
processes. Coupling a fluorescent molecule, excited below saturation, to an optical
antenna will alter both the excitation rate and the QE of the molecule. The increase
in the excitation rate will result in an increased radiative rate (enhancement), while
the presence of the metallic antenna will also affect the decay rates. Large increases
in QE for molecules with a low Q; have been demonstrated [11].

3.2.2.1 Metallic Particle Antennas

The first optical antenna described as well as the first used was a simple metallic
sphere, now referred to as the particle antenna (cf. Fig. 3.2). The metallic nanopar-
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ticle is suspended by a dielectric and functions as a dipole resonator to localize
an incident optical excitation. Despite the non-optimized spherical geometry, the
particle antenna does have several advantages over other antenna geometries.
The colloidal synthesis of metallic nanoparticles makes it quite simple to repro-
ducibly fabricate antennas. Additionally, the well defined spherical geometry is
relatively easy to simulate and understand [29].

The most important parameters regarding a metallic nanosphere as an optical
antenna are the particle’s scattering cross-section,

4

2
Osearr = — | (w)]”, 3.2
it 6mél ()] (3.2)

and the particle’s absorption cross-section,

k
Oaps = —S[a(w)]. (3.3)
€0

Here, k = /eqw/c is the wave vector in the surrounding medium and o(w) is the
quasi-static polarizability of the particle. Since a(w) o< R?, for small particles it can
be seen that the particle’s absorption cross-section will be larger than the scattering
cross-section. While small particles lead to strong absorption, large particles provide
poor localization. We have found that an 80 nm diameter gold particle provides a
good compromise between absorption and localization.

The 80nm diameter gold particle antenna provides a 10-fold increase in the
fluorescence emission rate of a high-QE single fluorescent emitter excited below
saturation—both theoretically and experimentally. Figure 3.2a shows the enhance-
ment of the collected fluorescence emission rate of a single high-QE fluorescent
molecule as a function of the particle-molecule separation for a particle antenna
shown in Fig. 3.2b. The emission rate is enhanced 10-fold at the optimum antenna-
sample separation followed by a net fluorescence quenching as the separation is
further decreased. This quenching is due to additional pathways for the excited
molecule to non-radiatively transfer energy into the gold particle. The approach
curve also shows that the localized field extends ~40nm below the particle. In
addition to the fluorescence-rate enhancement, a localization of radiation in the
sample-plane of ~60nm is measured for an 80 nm gold particle (Fig.3.3a). This
is well below the diffraction-limit for the red light (1 = 632.8 nm) used in this
measurement.

We have also extended this imaging system to quantitative biological measure-
ments [9]. Biological measurements impose additional challenges since biological
entities are not isolated but instead exist in an optically active matrix. In order
to have high quality imaging with a sufficient signal-to-background ratio, a real-
time background suppression technique has been employed. This is achieved by
modulating the antenna-sample separation, thereby modulating the fluorescence
signal, and then demodulating the detected fluorescence signal [8]. In this way,
it is possible to isolate when a fluorescent molecule is directly below the antenna
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Fig. 3.3 A comparison between an NSOM image (a) and a simultaneously acquired background
suppressed NSOM image (b). The sample is a human erythrocyte ghost on a glass substrate that is
labeled against the membrane protein Complement Receptor 1

and successfully suppress all background optical signal arising from the biological
matrix. Figure 3.3 shows a comparison between simultaneously acquired NSOM
and background suppressed NSOM images of a human erythrocyte membrane ghost
labeled against Complement Receptor 1.

The single particle antenna is limited by two competing requirements: large
field enhancement and high spatial confinement. These two concerns can be
simultaneously satisfied by the self-similar particle antenna. An antenna comprised
of a linear chain of particles of decreasing diameter has demonstrated large
improvements in both enhancement and resolution for applications in fluorescence
imaging and spectroscopy [30].

3.2.2.2 Pyramidal Optical Antennas

The search for a more-ideal optical antenna for fluorescence imaging, meaning
improved antenna performance, ease of fabrication, and reproducibility, has lead to
the pyramid antenna. The antennas, formed by template-stripping metallic structures
from an anisotropically etched silicon wafer, are pyramidal in shape with a tip apex
on the order of 10 nm and a cone angle of 70.52°. Such a probe is capable of the
localization of optical radiation exceeding that of a gold particle. Additionally, the
large cone angle of the pyramid provides a large mode mismatch between radiation
emitted by the sample of interest and plasmons propagating along the pyramid, thus
limiting fluorescence quenching. Because of this fact, these optical antennas have
been shown to have applications in both fluorescence and Raman spectroscopy and
imaging [14].
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Fig. 3.4 An NSOM image of
single Atto 647N dye
molecules dispersed on a

~2 nm thick layer of PMMA
on coverglass. A
cross-section of a single
molecule oriented
perpendicular to the surface is
shown. The inset is an
electron micrograph of a
representative gold pyramid
antenna with a 20 um base

The pyramid antenna has demonstrated single fluorescent molecule imaging with
both resolution and enhancement exceeding that of a particle antenna. An approach
curve for an isolated molecule oriented along the axis of the antenna maps the
localization of radiation of the antenna to ~15nm and reveals a fluorescence
enhancement of 200-fold [14]. Shown in Fig. 3.4, high-resolution imaging of single
fluorescent molecules can easily be achieved with the pyramidal antenna geometry.
Analogous to the gold particle antenna, the orientation of the molecule’s absorption
dipole is imaged due to the known excitation polarization [10].

The fluorescence enhancement provided by the pyramid antenna is a complex
mixture of the local field enhancement, quenching, and a redirection of fluorescence
emission. The Raman enhancement of a single carbon nanotube (CNT) is able
to more accurately demonstrate the local field enhancement as Raman is not
quenched and the redirection of optical emission can at most enhance the collected
spectroscopic signal by a factor of 2. Figure 3.5 shows the Raman spectrum
of a CNT. After accounting for the 1-dimensional nature of the CNT and the
0-dimensional localization of optical radiation from the antenna, an electric field
enhancement of 7.5 has been demonstrated.

3.2.2.3 Sharp Metallic Optical Antennas

As mentioned previously, the sharp metallic probe has proven to be a very
effective optical antenna for many applications. With a relatively simple fabrication
process of electrochemically etching a thin metallic wire, high resolution optical
antennas with large local electric field enhancements have been realized by many
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Fig. 3.5 A TERS spectrum of a single CNT acquired with a gold pyramid antenna and the
corresponding far-field spectrum. The gold pyramid antenna provides a local electric field
enhancement of 7.5. The inset shows a 1.5 x 1.5um? area TERS G-band image of the CNTs
with the spectrum acquired at the white arrow. The far-field spectrum is enhanced 10-fold for
visibility

research groups. Little experimental control exists, however, over the exact antenna
geometry and crystal structure. This has limited the reproducibility of antennas and
additionally makes the exact simulation of antenna behavior impossible.

Despite these challenges, we performed the first simulations of the enhanced
electric field at the apex of an ideal sharp metallic probe in 1997 [31]. The results
revealed that there can be an electric field enhancement at the tip of a sharp metallic
probe if the polarization of the optical illumination is parallel to the axis of the
probe. The simulations showed an electric field enhancement of 3,000 for a gold
tip surrounded by water. Additionally, in the following year, we also published
simulations using a tightly focused HGy laser mode to create a longitudinal
polarization at the focus in conjunction with a sharp metallic probe [32].

While these antennas provide a significantly enhanced local electric field at the tip
apex, they are generally not well suited for fluorescence measurements. This is due
to the extended antenna geometry and small cone angle that allows for a fluorescent
molecule in its excited state to efficiently non-radiatively transfer energy into a
propagating surface plasmon along the antenna shaft, leading to quenching. For
applications in Raman spectroscopy and imaging, however, the inherently low QE
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and scattering cross-section means that despite the introduction of additional non-
radiative decay pathways, the large local field enhancement of the optical antenna
results in net emission enhancement and has achieved some of the highest spatial
resolution optical images [13].

3.2.3 Concluding Remarks on NSOM

The use of optical antennas for applications in microscopy and spectroscopy has
made nanometer spatial resolution imaging possible on many optically active
systems. The NSOM community has been rapidly expanding with the commercial
development of practical NSOM systems, enabling the study of an increasing
variety of samples by experts in their respective fields. Despite this progress,
however, it is important to note that challenges still remain. The task of developing
the most ideal antenna may end with the template-stripped pyramid antenna but
other issues remain. Specifically, the spectroscopic community is concerned with
precisely how each individual antenna alters the measured spectroscopic signal of a
control sample. The current momentum in the field will insure that these questions,
and others, are answered and that the optical antenna will continue to play an
increasingly prominent role in microscopy and spectroscopy.

3.3 Towards Electrically Excited Optical Antennas

So far we have considered optical antennas as devices that transduce between
propagating and localized fields. On the one hand, a receiving optical antenna
takes far-field radiation from a laser and concentrates it into a subwavelength
volume. On the other, a transmitting antenna is fed by the near-field of radiating
molecules and nanotubes. This ‘light-in light-out’ modality is different from a
typical radio/microwave antenna which is fed by an oscillating electric current at
the feedgap. In this section we move away from the theme of antenna-emitter inter-
actions and instead explore the possibility of exciting optical antennas electrically.
As will be seen below, it is not necessary to impress an alternating current at optical
frequencies to achieve this, rather the discreteness of a direct current across a tunnel
junction suffices to create the required optical field oscillations.

3.3.1 Excitation of Surface Plasmons in an STM

Since metallic optical antennas can be seen as leaky resonators for localized surface
plasmons (LSPs), a more fundamental question to ask is whether surface plasmons
can be excited using electrons. It has been known since the 1960s that high energy
electrons impinging on metals can excite both bulk and surface plasmons [33, 34].
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With the resurgence of interest in surface plasmons in recent years, there has
been a revival of interest in the use of energetic (~30keV) electron beams to
excite propagating [35-37] as well as LSP modes in metal films and nanostructures
[38,39]. In a remarkable breakthrough in 1976, Lambe and McCarthy found a funda-
mentally new way to generate light using inelastic electron tunneling in experiments
with metal-insulator-metal (MIM) junctions [40]. The role of surface plasmons as
intermediaries in the inelastic process was suspected, if not proven, by these authors.
The same phenomenon was rediscovered in a different context with the observation
of light emission from the tunnel junction of an STM in the late 1980s [41,42]. It was
hypothesized that STM-LE originates from the radiative decay of highly localized
gap plasmons from the tip-sample cavity. The gap plasmons, excited by inelastically
tunneling electrons, were proposed to behave as a dipole source oriented along the
electron tunneling axis [43,44]. It was further suggested that gap plasmons could
also couple to propagating surface plasmon polaritons (SPPs) which could then
scatter into photons [45,46]. At this point, neither the existence of the dipolar gap
plasmon nor the coupling to SPPs had been conclusively proven.

We have studied STM-LE in ambient conditions with high-NA light collection
(Fig.3.1) to help answer some of these questions [47]. Initial experiments investi-
gated the electrical excitation of propagating plasmons on a 20 nm thick thermally
evaporated gold film on a glass substrate (n = 1.52). In a typical experiment, a
chemically etched gold tip (diameter ~ 50 nm) was used to tunnel electrons into
the film (typical substrate bias Vi = 2V; tunneling current I; = 1 nA; tip-sample
distance ~9 A), and any photons generated were detected with a single photon
detector. Consistent with previous studies, it was found that the tunneling electrons
did indeed lead to the emission of photons with an emission spectrum peaked around
A = 700nm. The origin of the emitted photons remained unclear and could be
attributed to either: (1) the direct result of the radiative decay of gap plasmons, or
(2) the result of the leakage and subsequent decay of propagating gold-air SPPs into
the high-index glass substrate.

In order to identify the origin of the detected photons, we measured their angular
radiation pattern by imaging the back focal (Fourier) plane of the objective on to
a charge coupled device (CCD) camera. The signature of SPPs is the outcoupling
of photons at an angle that conserves the in-plane momentum between SPPs and
photons. A free space wavelength of A = 700nm, corresponding to an SPP
wavevector of kg, = 1.06k,, where k, = 2m/A is the free space wavevector,
gives the Kretchmann angle of 6x = arcsin[1.06/1.52] = 43.8°. As seen in Fig. 3.6,
more than 80 % of the photons are indeed emitted around this so-called Kretchmann
angle, and hence arise from the decay of SPPs. When the same measurement was
repeated on a ~5 nm thick gold film, which is too lossy to support an SPP, the ring
at the Kretchmann angle disappeared, validating our previous conclusions.

While the above experiments on extended films offer indirect evidence of
SPP excitation, it would be valuable to observe SPP scattering more directly.
Towards this goal, we repeated similar measurements on micron-sized, colloidally
synthesized, monocrystalline gold flakes dispersed on an indium tin oxide (ITO)
coated glass substrate. The flakes were triangular in shape, ~50 nm thick, with well-
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Fig. 3.6 Fourier plane (FP) imaging of STM-LE light from gold films. (a) An FP image for a
20 nm gold film showing a predominant ring centered at 8 & 44°. (b) A cross-section taken along
the horizontal dashed line in (a) confirms that ~80 % of the energy is in the SPP. (¢) An FP image
for a 5 nm gold film featuring a discontinuity at the critical angle 6. = 41°. (d) An intensity cross-
section along the dashed line in (c) shows a random-dipole like emission pattern with a significant
fraction of the radiation emitted below the critical angle (denoted by the arrow). The maximum
angle of collected photons is ~68°, given by the NA of the objective (1.4)

defined crystal facets on the edges. Figure 3.7 shows a real-space optical image of a
flake with the gold STM tip positioned at its center with a steady tunneling current.
The image shows both a bright central spot along with light scattering from the
edges of the flake. Hence, inelastically tunneling electrons can excite gap plasmons
which couple to SPPs propagating along the gold flake. The SPPs then scatter at the
edges of the flake and give rise to photon emission.

To demonstrate this two-step excitation pathway unambiguously, we next
chose to confine the SPP to 1-dimension using a gold nanowire. Monocrystalline
nanowires on a similar ITO coated glass substrate were cut to the desired length
using a focused gallium ion beam (FIB). The STM tip is placed on one end of the
nanowire to generate gap plasmons (and photons). Part of this energy couples to
SPPs that then propagate to the other end of the wire where they scatter into photons
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Fig. 3.7 STM-LE from a monocrystalline gold triangle. (a) A schematic of the experiment. The tip
is positioned near the middle of the gold flake and a real-space image was acquired by refocusing
the emitted photons. (b) A real-space image where the contrast arises from the intensity of STM-
LE photons. In addition to direct light from the where the tip is placed, there is also scattered
radiation coming from the three edges of the flake

(Fig. 3.8). Thus, the nanowire functions as a transmission line mediating between
the electrical feed point and the outcoupling region, which in the present case is the
hard discontinuity at the far end of the wire.

We have demonstrated that low-energy electrons can couple to photons through
a cascade of events that begins with the excitation of a gap plasmon. In the next
section, we examine more closely the role of the gap plasmon in STM-LE.

3.3.2 Role of the Gap Plasmon in STM-LE

In order to confirm the role of the gap plasmon in STM-LE, it is necessary to uncover
the origin of the line-to-line photoemission intensity variations seen in previous 2-
dimensional STM-LE studies [48-52]. These line-to-line variations are typically
associated with changes in the probe as it interacts with the sample; however, there
have also been reports of electroluminescent (EL) metal clusters being created
and/or destroyed within tunnel junctions in a planar geometry [53-55]. We have
recently used a series of engineered samples to isolate gap plasmon photoemission
from other suspected emissive processes [56].

During a physical tip-sample interaction, in which the tip is physically altered, it
is expected that the LSP mode structure of the junction will change as it depends
sensitively on the tip geometry [57, 58]. There appear to be physical tip-sample
interactions in the STM photoemission and topographic maps on samples composed
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Fig. 3.8 Electrical excitation of SPPs propagating along a monocrystalline gold nanowire. (a) An
SEM micrograph of a gold nanowire of radius 87 nm and length ~5 pum. (b) A real-space photon
emission map obtained by placing the STM tip at one end of the nanowire. SPPs are excited by
the STM tip and propagate to the other end of the wire where they are scattered and converted
to propagating photons. The wire is immersed in index matching oil to prevent the SPPs from
decaying into photons by leakage radiation

of gold particles on a gold film (Fig.3.9) that could generate or destroy an EL
cluster. It is expected that the proximity of a cluster to metal in the tip and sample
would lead to significant quenching of electroluminescence, resulting in an emission
rate similar to that expected from LSPs alone. Therefore, EL clusters cannot be
immediately discounted as a cause of the observed line-to-line emission variations.

One challenge in interpreting the results shown in Fig. 3.9 is that the topographic
map obtained with any SPM technique is a convolution between the probe tip geom-
etry and the true sample topography; this convolution can have significant effects on
the topographic map [59, 60]. For STM-LE studies, it is important to note that the
LSP closely links the photoemission map with the topographic map. In general,
larger sample excursions lead to increased sampling of the tip area during the
convolution process. Since the mode structure of the LSPs depend on the tip shape,
and since different areas of the tip are being sampled by a single topographic feature,
the conclusions drawn from STM-LE on high-topography samples can be suspect.

The effects of the tip convolution on the data can be minimized by constructing
ultra-flat samples. If the sample has no topographic excursions present to sample
the probe then only a specific, and ideally unchanging, part of the probe will take
part in the tunneling process. The technique of template-stripping has recently been
extended beyond metallic samples to create ultra-smooth samples composed of
metals, semiconductors, and/or oxides [61]. We have created specially structured,
ultra-flat samples to study STM-LE in a controlled manner [56]. These samples
consisted of triangular gold patches, with a side length of 50 nm, surrounded by a
3 nm platinum film.
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Fig. 3.9 (a) An STM-LE map of a sample composed of 30 nm diameter gold particles deposited on
a 20 nm thick gold film and (b) the corresponding topographic map. (¢) A cross-section along the
dashed line in (a). Significant line-to-line photoemission variations are seen along with enhanced
emission at the particle edges. (STM parameters: V; =2.0V,I1=1.0nA)

Two specific properties of the metals, as well as their close proximity, allow for
the differentiation between emission from an EL cluster and from an LSP. First,
gold and platinum have similar work functions and it is therefore expected that the
tunneling barrier associated with an STM would have a similar height and width
on both materials. A constant tunneling barrier is expected to lead to similar EL
output on both materials. Second, the imaginary part of the dielectric function
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Fig. 3.10 (a) An STM-LE map of a low-roughness sample composed of gold triangles embedded
in a platinum matrix. (b) A smoothed cross-section along the dashed line in (a) and (c) the
corresponding raw topographic cross-section. The RMS roughness of the topography shown in
(c) is ~450 pm. Photoemission is observed to vary line-to-line; however, the ratio of emission
rates between gold and platinum remains constant (STM parameters: Vy =2.1V,1=0.7nA)

of platinum is more than an order of magnitude larger than that of gold in the
typical STM-LE band near A =700 nm. It is expected that the plasmonic activity
on platinum is greatly quenched in comparison to gold due to higher non-radiative
plasmonic energy losses in platinum.

A photoemission map generated on such a sample is shown in Fig.3.10a.
Topography confirms that the sample is very flat (Fig.3.10c) and it is therefore
expected to be free of artifacts associated with a tip-sample convolution. In fact,
extremely fine (less than 10 nm) features, such as the corners of the gold triangles,
are resolvable and this resolution is independent of the tip radius. The photoemission
rate varies from line-to-line and greatly depends on sample material. The gold
triangles clearly give a larger emission rate than the platinum film. While the
emission rate varies between lines, the ratio of emission rates between the gold
and platinum remains constant as shown in Fig.3.10b. This type of sample was
studied by systematically varying the sample bias voltage, bias polarity, and set-
point current as well as performing the study with multiple tips and samples. The
emission behavior remained qualitatively the same in each case. These experiments
indicate that EL clusters are rare or non-existent in STM tunnel junctions.

We additionally fabricated a complimentary sample to confirm that EL clusters
were not present in STM-LE experiments. In this case, the sample consisted of gold
patterns deposited onto ITO. Since LSPs cannot exist on ITO with energies in the
2 eV range, the emission of light on ITO from an STM junction would indicate the
presence of an EL cluster. A representative example of a photoemission map on
this type of sample is shown in Fig.3.11a. No light appears to be emitted on the
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Fig. 3.11 (a) An STM-LE map of a sample composed of 20 nm thick gold triangular patterns
deposited on a 150 nm thick ITO film on a glass substrate. (b) A cross-section along the dashed
line in (a). Photoemission is only observed from the gold surfaces (STM parameters: V; = 2.25V,
1=0.2nA)

ITO film at any time. The light emission rate varies greatly between lines but the
emission regions are strictly confined to the gold triangles as shown in Fig. 3.11b.
Again, the emission behavior of this type of sample remained qualitatively the same
as experimental parameters were systematically varied.

We can draw two conclusions from these results. First, EL clusters do not appear
to be a significant source of light from an STM. Second, the LSP mode structure is
greatly affected not only by physical changes in the tip due to interactions with the
sample but also by the sample material and topography. The variation in emission
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rates shown in Fig. 3.9a can be explained in these terms. The line-to-line variations
shown are due to tip-sample interactions which lead to a spatially varying LSP mode
structure. Also, as the probe approaches close to a particle, the tunnel junction is
reoriented and exists between the side of the particle and the side of the probe. This
reorientation, from vertical to horizontal, of the LSP modes explains the apparent
rings of photoemission around the particles.

3.3.3 Concluding Remarks on STM-LE

Electron tunneling provides a non-optical, voltage-controlled, low energy, and
nanoscale pathway for launching SPPs in nanostructures. It is important to point out
the advantages of this technique over related schemes. Previous work has been done
under vacuum with high energy elections which is not practical for on-chip imple-
mentation. Additionally, exciton-mediated approaches using inorganic or organic
semiconductors require multi-step fabrication which increases device complexity.
The method introduced here only requires metal electrodes that can be easily
integrated in a planar geometry.

The study of electrically excited SPPs can be extended to separately optimize the
electron-plasmon and plasmon-photon coupling strengths. This can be expected to
result in an increase in the overall efficiency of the process from ~10~> presently
to a level where it can be of technological relevance. In addition to propagating
SPPs, low energy electrons can also be used to excite localized plasmon modes in
nanostructures, which can then be coupled optical antennas. It is conceivable that
the electrical excitation scheme can be applied to highly directional antennas, such
as Yagi-Uda antennas, enabling a direct conversion of low energy electrons to a
directed beam of far-field photons.
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