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ABSTRACT
The present study investigates the optical characteristics of bowtie and heterodimer
antennas designed to operate in the visible to near-infrared spectrum. Two main applications are
in mind: a bowtie antenna (BT) device that utilizes field emission or quantum tunneling under an
external bias to detect specific frequencies (an optical sensor) and a geometrically-asymmetric
heterodimer (HD) that might be used as an optical rectifying device for solar-energy harvesting.
We have three main objectives. First, although single devices and arrays of identical devices have
been investigated by others, we seek to confirm the optical response of both isolated and stronglycoupled arrays of devices. Second, because the heterodimer device (i.e. the geometric rectifier)
has not been extensively studied, we seek further insight into this coupling, since it is an important
geometry for solar harvesting via a geometric diode. Third, we investigate how modifying
plasmonic devices with Cu atomic layer deposition (ALD) changes the optical response of the
devices.

Nanoantennas are fabricated on silica employing electron-beam lithography, with gold or
palladium as the nanoantenna material. Device arrays are characterized via optical extinction
spectroscopy, performed in a confocal microscopy arrangement, and using a broadband light
source. Some of the palladium devices then undergo Cu-ALD in order to reduce the gap between
the dimer electrodes. We present three experimental studies. The first investigates the effects of
varying the device length and the gap between electrodes for relatively isolated nanoantenna; this
establishes intra-device interaction properties. The second investigates inter-device interactions.
The edge-to-edge distance is varied in the vertical and horizontal directions individually and then
both simultaneously. The third demonstrates the effects of adding Cu-ALD on palladium devices.
We compare many of our experimental measurements to the results of finite-difference timedomain simulations.

These show good agreement with experiment and help unpack the

experimental results.
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Chapter 1 – Introduction
Though practically unimaginable, researchers began in the 1950’s to fathom the
possibilities of technology based on nanoscale engineering.

In the last decade, processing

innovations have made the once-unimaginable possible – we can now design and fabricate devices
on the nanometer length scale. One area that has garnered much interest is nanophotonics. The
interaction of light with sub-wavelength particles has seen the development of numerous
applications. With modern technology and processing techniques, we are able to produce practical
devices whose components have sub-micron dimensions, such as biological and chemical sensors,
optical waveguides for optical circuits, as well as optical metamaterials useful for 2D lenses and
photonic crystals and possible applications in microelectronics as information busses.

A. Plasmonics
When an electromagnetic (EM) wave strikes an interface of two materials with oppositesign real dielectric function values (e.g. metal and a dielectric), there is a collective oscillation of
the conduction band electrons, known as a Surface Plasmon Resonance (SPR) [1]. The behavior
of the SPR and its dependence on material properties, geometry, and the local environment have
made its exploitation useful for many applications, such as chemical and biological sensing [2] [3]
[4], Surface Enhanced Spectroscopy [5] [6], and microwave/optical waveguides [7] [8] [9]. If
confined to the interface, the SPR can propagate freely along the two-dimensional interface of the
surfaces. However, if the interface is localized – extending only a distance on the order of the
wavelength of the incident light – the SPR no longer propagates, but becomes a confined resonant
oscillation known as a Localized Surface Plasmon Resonance (LSPR) [10]. Here, the oscillations
are no longer surface ones, but involve volume oscillations of the entire particle. For single
particles, the dependence on size and geometry [10] [11] [12] have been well studied, as well as
the effects of local dielectric environment [13].
The LSPR response of nanoparticles has been found to have particularly useful properties;
two that have practical exploitation are the significant electric-field (E-field) enhancement at the
edges of the particle and the high sensitivity of the response to the dielectric function of the
surrounding environment. The strong E-field enhancements have given rise to Surface-Enhanced
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Raman Spectroscopy (SERS), while the sensitivity to the surrounding dielectric environment has
found applications in medicine for biomolecule detection [14].
Most investigations into the properties of nanoparticles rely on using far-field optical
measurements in order to deduce what is happening in the near-field, close to the nanoparticle.
The near field is generally considered as the region within 𝜆/2 of the particle. It is important to
note the relationship between the observed far-field spectra and the near-field response. When a
metal particle is subject to an impinging EM wave, it can be modeled as a driven, damped,
harmonic oscillator [15]. Here the incident light acts as the driving force and internal resistances
(such as electron-electron and electron-phonon collisions, etc.) within the atomic lattice act as the
damping mechanism. The restoring force is supplied by the Coulomb attraction of the stationary
positively charges as they act upon the electron sea, displaced by the incident optical E-field. In
this ansatz, it is known that the resonant wavelength response of the absorption, scattering, and
maximum E-field are all slightly offset (on the order of 10-50 nm). The maximum E-field
enhancement is redshifted relative to the maximum absorption, which in turn, is redshifted relative
to the maximum scattering [16].
Beyond material sensing applications, the strong E-field enhancement has also spurred new
studies into sub-wavelength optical confinement and applications for nanoantennas. In 1997, R.
Grober proposed using such nano(optical)-antennas as a near-field probe, a technique known today
as Near-Field Scanning Optical Microscopy (NSOM) [17]. Along with imaging, the controlled
near-field properties of optical antennas have enabled advancements in optical lithography, with
sub-wavelength confinement enabling fabrication on a scale well below the diffraction limit [18].
Alongside empirical measurements, there was a need to qualitatively understand plasmonic
resonances. Previously, Maxwell’s equations had been analytically solved for simple, symmetric
structures seen in the Mie result for spheres [19] and the Gans result for ellipses [20]. Though
beneficial, these series-solutions are not easily applied to more complex geometries. However, a
more general model was developed by the Nordlander group at Rice University. Termed the
“plasmon hybridization model,” their approach facilitated the study of plasmon oscillation modes
in complex geometries [21]. The result follows from a comparison of plasmon resonances in
analogy to molecular orbital theory. Here, the resulting plasmon modes are considered as a linear
combination of the normal modes of the individual structures. For instance, the resonance of a
nano-shell can be thought of as the hybridization of the resonances of a sheet with a spherical hole
2

removed and a single sphere. The final observed resonance will be a mixing of the states leading
to splitting and shifts of the originals.

B. Coupling Trends
In light of the response of single nanoparticles, new phenomena emerge when two or more
particles are brought into close contact with each other. As stated previously, Prodan et al. [21]
established the model of plasmon hybridization theory which intuitively predicts the response of
coupled nanoparticles when they are brought close together; happily, the theoretical predictions
have met with much experimental confirmation.
One of the most prevalent examples of inter-particle coupling occurs when two particles
are brought close together along the axis of polarization of incident light (long-axis), resulting in
a redshift in the extinction. The extinction is defined as being the sum of the fraction of incident
light that is scattered and absorbed by a particle. In a paper by Rechberger and co-workers [22],
they describe the result of bringing two Au disks together and ascribe the effect as being due to a
dipolar interaction. When the particles are brought near to one another along the long axis, the
restoring force mechanism for the individual particle is weakened. According to a driven harmonic
oscillator model, a decrease in the restoring force will lead to a decrease in the resonant frequency.
They also show that when a two particles are moved close together along the axis normal to the
incident polarization, there is a strengthening of the effective restoring force, leading to a blueshift.
Work by Su [23] showed an exponential dependence of the redshift with inter-particle
distance for elliptical Au particles. They also found that once the particle separation exceeds 2.5
times the particle length along the inter-particle axis, the redshift becomes negligible and the
response becomes identical to the single particle. In further investigation of inter-particle coupling,
Jain et al. were able to identify a scaling trend of the redshift that would allow for an estimation of
the inter-particle gap [24]. They found that the exponential decay in the redshift can be normalized
to the particle size and thus termed their expression the “Plasmon Ruler Equation”. This equation
takes the following form for Au particles:
∆𝜆
−(𝑠/𝐷)
≈ 0.18 ∗ 𝐸𝑥𝑝 [
]
𝜆0
0.23

[1]

where Δλ is the redshift of the peak plasmon response, λ0 is the individual particle peak response,
s is the edge-to-edge particle separation, and D is the diameter of the disk. In principle, this scaling
3

rule can be used to determine the gap between two plasmonic particles for any application.
Following this work, Ben and Park found that this relationship holds true not only for pairs of
particles but also for arrays [25]. However, they did note that the relation breaks down for particles
over 70 nm in diameter.
A further study of these effects was completed by the Capasso group at Harvard [26]. They
performed a systematic study of the effects of inter-particle spacing for an array of rod-shaped
monomer antennas. Their results confirmed previous work; however, they also noted a blueshift
that occurred before the onset of the standard redshift. They attributed this to retardation effects
in the radiative coupling of adjacent antennas. The device proposed was to be an array of rod
shaped antennas coupled to the end of a fiber-optic cable capable that would be used as a probe
device to determine information about the environment into which it was placed.

C. Conductive Coupling
A few groups have studied the result of completely bridging the gap. In 2004, Atay et al.
studied the effects of bringing two Au disks into what they termed as a conductively-coupled
regime [27]. They examined the change in transmission spectrum when the disks are brought close
enough together so they physically began to overlap. They found that the typical redshift response,
noted previously, while the particles were getting close. However, once a conductive bridge was
created between the particles (so that the particles were just touching), they noted a striking
blueshift. They remarked that this was due the quadrupole mode of the disks becoming the favored
over the dipole mode. As this overlap increased, the peak redshifted as the dipolar mode returned
to dominance. Due to fabrication constraints, they were unable to show the detailed evolution
between the separated particles and the bridged particles.
More recently, Duan et al. were able to examine more carefully the progression from noncontact to contact [28]. The authors studied the approach of two, discreet triangular particles down
to gaps of 0.5 nm, and then created a conductive bridge between them. The width of this bridge
was varied to show the effects of higher conduction values. They were able to observe the onset
of a charge-transfer plasmon, a low-energy mode that arises due to movement of charge between
the electrodes. This mode gradually appears in the optical extinction and is tunable to the
conductivity of the bridge between the particles.
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Duan also concluded that classical

electromagnetic theory can still well approximate the response of the coupled prisms down to the
single nanometer gap. This effect was also confirmed later by Wen for disks of varying sizes [29].

D. Basis of Light Harvesting/Sensing Device
The transmission of power through electromagnetic radiation was first suggested and
demonstrated by Nikola Tesla using low radio frequency (RF) waves in the late 1800s [30]. He
was able to build a device that could transmit RF energy over short distances. However, he was
unable to scale-up the idea into long range power transmission, as the energy was not concentrated
and it operated at extremely long wavelengths.
William Brown, working for Raytheon Company in 1959, was a pioneer in developing a
practical application of wireless power transmission [31]. He proposed an aerial surveillance
device that would fly at high altitudes powered by a microwave source on the ground. Brown was
able to build a working prototype that flew 30 ft. high. His work demonstrated a strong proof-ofconcept that led to a large number of new investigations and inventions.
Inspired by the ideas of Brown, in 1972 R.L. Bailey proposed an antenna device to collect
visible radiation emitted by the Sun [32]. Recognizing the inherent limitations of quantum solar
devices, Bailey proposed his device based on widely-used power-absorbing antennas and
converters. These devices were primarily used in the microwave regime but Bailey envisioned
redesigning them to function in the optical regime. This concept could not be realized for two
reasons: first, there were no fabrication techniques to produce devices on the length scales needed
for visible light; second, diodes operating on visible-light time scales were inconceivable.
Throughout the 1980s, several devices were proposed for solar energy harvesting via
antennas including broadside-array antennas, orthogonally-polarized antennas, and those
employing metal-insulator-metal (MIM) junctions [33] [34] [35] [36]. However, no working
devices were ever produced experimentally. In 1996, Lin et al. created a working antenna that
used resonant dipole antennas on a silicon p-n junction for rectification and was able to produce
an electrical current at wavelengths beyond the Si bandgap, demonstrating a rectifying device;
however, this result was never reproduced or confirmed by any other group.
Recently, there has been renewed interest in creating a solar rectifier [37], with
advancements in the fundamental principles of operation [38], limits on efficiency [39] [40] and
the coherence of sunlight.

Due to the semi-classical operation of these devices, they are
5

constrained by the coherence of sunlight, as any out-of-phase antenna response will produce
deconstructive interference. Lerner and co-workers place an upper-limit on the coherence of
sunlight around 20 m [41], which suggests that an array of electrically-connected antennas must
fall inside this dimension to produce a rectified current [42].
At present, the main challenge has become how to create an ultrafast diode that can respond
at optical frequencies. Many solutions have currently been proposed: MIM diodes have been
shown to work at terahertz frequencies but suffer from low efficiencies at optical frequencies to
due mismatch between their inherent RC time constant and that of sunlight [37]. Metal-Multi
Insulator-Metal diodes [43] use two insulators with different work functions, effectively creating
a step in the band diagram between metals. This enhances tunneling by creating available states
between the metals at the insulator interface and the step in the fermi-level prohibits tunneling in
the reverse direction. Multi-Insulator diodes still suffer from RC time constant limitations as MIM
diodes. A traveling-wave diode was also proposed [44] which rectifies the AC signal as it travels
along a connected transmission line.

E. Geometric Rectifier
In 1984, Nguyen et al. [45] compared three different possible routes toward rectification at
optical frequencies using a scanning tunneling microscope (STM) tip, relying upon the assumption
that the electrode gap is on the order of a few nanometers. Both methods caused a difference in
the Fermi level between electrodes causing preferential tunneling to the lower Fermi level side.
The first method they proposed was taking advantage of material asymmetry between two
surfaces. The second method was to establish a thermal asymmetry between the electrodes.
The third route they proposed, and the one demonstrated to be most significant, was to use
the geometrical asymmetry between the electrodes [46] [47]. This is accomplished by having a
sharp tip vis-à-vis a flat counter-electrode. The aggregation of charge on the sharp tip versus the
flat surface creates a stronger electric field on the tip. That is, due to the charge accumulating on
the curved tip (the lightning rod effect) in forward bias, the E-field located at the tip is stronger
than the E-field on the flat counter-electrode at that instant. When the reverse bias case is
considered, the accumulation of charge on the flat tip leads to an overall weaker E-field than the
forward bias case. This discrepancy in the E-fields in forward vs. reverse bias leads to an electric
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potential barrier that allows preferential tunneling of electrons from the tip to flat surface over
tunneling from the flat counter-electrode to the tip. Thus, a net rectified current is observed [48].
Practically applying this geometrically-asymmetric tunnel-diode concept comes with some
inherent challenges, namely the RC time constant, the intrinsic tunneling time, and the size of the
potential barrier. The radius of curvature of the tip needs to be sharp enough to create have a low
enough capacitance such that the RC time constant of the junction is on the order of the inversefrequency of light. The gap also needs to be small enough so that potential barrier does not inhibit
tunneling and the tunneling time is shorter than the time it takes for the E-field to reverse direction.
Nguyen employed the typical atomically-sharp STM tip to create the asymmetrical E-Field
required for preferential tunneling. In order to make a large scale device with current technology
based on this idea, one would need to use e-beam lithography or nano-imprint lithography. The
current resolution of such lithography techniques has not yet approached atomic levels although
we have experimentally been able to create tips with a radius of curvature on the order of 5 nm.
Secondly, the gaps required for quantum tunneling to take place on the order of a few nanometers.
This is again beyond current capabilities.
Another form of a geometric diode was proposed by Zhu et al. that relied upon a physical
barrier for electron conduction [37]. In this work, the rectifier is created by a narrow channel
between the source and the drain. The funneling effect from one side of the junction to the other
creates a preferential transfer direction. In order for this to work, the junction width has to be on
the order of the mean free path of the electrons. Although this is very small for metals, they
demonstrated this concept by using graphene and illuminating at terahertz frequencies.
Nevertheless, it remains to be seen whether this concept can be scaled to the visible regime.

F. Controlling Gap Size
Fabricating arrays of particles with nanometer-sized gaps remains a challenge, particularly
on the monolithic scale. Zhu et al. were able to achieve sub 10 nm gaps on an array of devices, up
to a 6 × 6 array, using a two-step lithography procedure with a sacrificial layer that involved the
oxidation of Chromium to provide a gap between electrodes [49]. The gap created (sub-10 nm)
could be tuned by controlling the length of time that the Cr underwent oxidation.
Another method for creating small gaps that we have used in the present study is AtomicLayer Deposition (ALD). ALD is a thin film deposition technique wherein material, carried along
7

in the gas phase by a precursor, is deposited upon a surface in a multi-step process. ALD has a few
potential advantages. First, it is a relatively low-temperature alternative to CVD and thus is less
damaging to sensitive samples [50]. Second, it has been shown to selectively grow on metals
rather than insulators (such as an SiO2 substrate) [51]. Finally, it is self-limiting in that the
precursor molecule, which carries the deposition material, is too large to deposit the material in
nanometer spaced gaps. There is a saturation region where the gap remains unchanged, only
bridging after several hundred more cycles [52]. B. Willis at the University of Connecticut has
been able to perform ALD to obtain nanometer-scale spacing between two copper electrodes [52].
Along with obtaining nanometer spacing, Gupta and Willis were able to do so on a monolithic
scale with selectivity [53].

G. Material Considerations
As stated previously, in order to create an LSPR, the electron gas needs to be confined to
sub-wavelength dimensions. The most popular materials of choice have been the noble metals;
however, recent advancements have shown that there may be other materials such as aluminum or
conductive oxides that could function as plasmonic materials [54]. For metals, the dielectric
function may be represented most simply by the Drude model:
𝜔𝑝
𝜀(𝜔) = 𝜀∞ − 2
𝜔 + 𝑖𝛿𝜔

[2]

where 𝜀∞ is the high frequency limit,  is the frequency, 𝜔𝑝 is the plasma frequency and  is a
damping constant.

The electronic structure affects the dielectric function, which governs the

material’s optical properties. While the Drude model can account for the free-electron contribution
(which is independently valid at low energies), inter-band transitions must also be accounted for
when studying metals in the visible regime. For example, the onset of inter-band electronic
transitions of gold nanoparticles occur around 500 nm while for copper they occur at 590 nm [55].
To account for inter-band transitions at specific energies, the Drude dielectric function can be
modified by a summation of Lorentz oscillator terms [56]. Due to many inter-band transitions
over the entire visible and near infrared spectrum, the dielectric response of Palladium leads to the
broad resonance behavior that appears in the optical extinction.
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Chapter 2 – Device Fabrication
A. Electron Beam Lithography
We employed electron-beam lithography (EBL) as our method of choice since it is well
suited for producing large arrays (102 – 106 devices) with nanometer resolution. EBL has advanced
in its precision to the point where features can be controlled down to 5 nm. As mentioned, a second
step in the process involved modification of the devices by atomic layer deposition (ALD) of Cu,
for the purpose of narrowing the dimer gaps. This step was performed by our collaborator, B.
Willis, at University of Connecticut [57].
For several reasons (see Chapter 3 – Experimental Setup), we fabricated nanoantenna
arrays on amorphous SiO2 (GM Associates 100-021FP). As outlined in Figure 1, the lithography
process begins by depositing a layer of resist (ZEP 520A), adding an Au layer to deplete charge,
followed by the e-beam write (VisTec 5200). Next is the removal of the Au layer, followed by an
O2 plasma cycle to remove any residuals. Finally, thermal evaporation of a 10 nm Ti adhesion
layer is followed by 40 nm of the antenna material (Au or Pd). A final resist lift-off completes the
devices. Samples were re-coated with resist for protection and diced. A final step, prior to optical
extinction measurements, involves removing the protective photo-resist.
At the outset, we were faced with a complication that prevented us from creating highresolution devices. Due to the transparency of the glass substrate, the e-beam writer had a difficult
time maintaining focus across the sample. This led to a wide variation of device shapes with some
being much smaller than originally intended and others much larger. In both cases, the sharpness
of the tip of the triangle structure was lost and the devices were often misshapen. In order to
mitigate this, reference height markers were included at various points along the substrate, which
allowed the beam to maintain its focus across the sample. After implementing this step, we were
able to get consistent results in future generations of wafers.
We also experimented with the e-beam current level, varying the charge dose from 128
C/cm2 to 199 C/cm2 over the die (Figure 2). As expected, we found that the dimensions of our
nanostructures varied with the dosing, with the size increasing steadily as the dose increased. This
dosing effect could be further utilized to provide fine-tuning of the nanostructure gaps or other
dimensions.
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Figure 1. Flowchart diagram of the lithographic fabrication process.

Figure 2. SEM composite image of “S” (short), “M” (medium), and “L” (long) nanoantennas using an e-beam dose of 156
μC/cm2. Respectively, triangle lengths are 185 nm, 225 nm, and 260 nm, widths are 150 nm, 160 nm, and 170 nm, and the
electrode gaps are all about 55 nm. For imaging purposes, samples have been sputtered with gold.
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To understand general trends in creating arrays of electrically connected devices, we also
fabricated device arrays with Au, as it has a high conductivity, results in sharper resonances, and
provides some similarity with Cu so that some qualitative comparisons can be made. Due to
fabrication and measurement limitations, we designed our devices to resonate in the near-infrared
(NIR) where the inter-band transition for Au does not affect the extinction response. For future
studies in the optical regime, it might be prudent to switch to Ag, as inter-band transitions do not
become a factor until sub-400 nm [58]. However, for a device operating in the visible region
(ideally around 550 nm for solar applications) these transitions should be studied further to assess
their impact on the absorption and localized E-field.
In light of the ALD process, we also fabricated devices from Pd as it acts as a seed layer
for the Cu ALD process [50]. The ALD growth is carried out using Cu(II) bis(2,2,6,6-tetramethyl3,5-heptanedionate) and molecular hydrogen. The Cu precursor is evaporated from a bubbler
controlled to ~124C with Argon as the carrier gas and purge gas. The chamber pressure is
maintained at 1 Torr with the partial pressure of hydrogen at 0.9 Torr. The chamber is heated to
120C to reduce precursor condensation on the reactor walls while the sample itself is heated to
~235C. This temperature region is found to be a selective growth region which reduces Cu
deposits on the substrate. The Cu and H2 flow into the chamber separately and in sequentially in
a cycle. One cycle sequentially consists of the Cu precursor, followed by a purge of Ar. After the
purge, a separate flow of hydrogen gas is passed through the chamber which is then followed by
another purge of Ar. Each stage is separate, there is no mixing of the H2 and Cu precursor. After
the Cu flow, Ar is used once again to purge the chamber followed by H2 and then a final purge of
Ar before repeating the cycle [52].
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Chapter 3 – Experimental Setup
A. Confocal Transmission Arrangement
Our experiment draws from the work of Billaud [59], but with some simplifying
modifications. In order to probe the optical properties of the nanoantenna arrays, we subject the
samples to a focused beam of white light using the confocal microscopy arrangement shown in
Figure 3 [60]. This is accomplished by first focusing the light from a 250 W quartz-tungstenhalogen (QTH) source filament (Newport Model 66503) on to a pinhole (nominally 200 m diam.)
and then creating a collimated beam with a converging lens (f = 15 cm) placed one focal length
from the pinhole. This light is sent through a Glan-Thompson calcite polarizer (axis vertical,
Model 10GT04), a 70T/30R cube beam-splitter, and into a reflecting objective, where it is focused
to small spot on the device array. (We used two different types of reflecting objectives: 52×, NA
= 0.65, f = 3.55 mm, WD = 1.9 mm and 15×, NA= 0.28, f = 13.41 mm, WD = 23.8 mm.)

Figure 3. Schematic of the experimental setup.

Light passes through the array and is re-collimated by an equivalent objective; this beam
is sent into an f/4.0 converging lens at the entrance to a diffraction grating monochromator
(Newport Cornerstone 130 Monochromator 1/8 m, 600 lines/mm, 750 nm blaze) for measurement
of transmitted light intensity as a function of wavelength. To position any one of the many arrays
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on a single die in the focused beam, we used a 3-axis stage (Newport 561D-XYZ) with piezoelectric actuators (Newport PZA-12). In order to navigate visually on the die surface (Figure 4)
from one device array to the next, we combine the reflected light from the focused beam and a
backlit image of the array area (facilitated by an LED source) and image these together using a
standard SLR camera (Nikon D3200). These light rays and the resulting image are steered to the
camera by the same beam splitter located between the polarizer and the first objective.

Figure 4. Image of the sample as viewed through the table-mounted camera. The beam is slightly defocused to view surface detail.
The device array is in the center of the image surrounded by four crosshairs. Faintly seen in the bottom right is a label for array
identification.

The QTH lamp source is coupled to an intensity controller to ensure consistent light output.
Because the ultimate focused-beam spot size is determined by the image of the pinhole, we varied
this between 150 m and 300 m, preferring Tungsten as the material of choice given its high
melting point. The polarizer is easily rotated through 360° to characterize the E-field polarization
dependence of our devices. We noted that our source itself exhibited partial polarization due to
light emanating from a single coil of the tungsten filament [61]. As mentioned, the polarized beam
is then sent through a cube beam-splitter, with the first reflection directed toward a silicon detector
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via a set of mirrors and 5° wedge. This detector is monitored by an intensity controller (Newport
model 68945) that provides feedback to the lamp power supply to ensure constant light flux to the
sample during the experiment.
We use reflecting microscope objectives (Davin Optronics 5006-190 and Edmund Optics
59-315) that eliminate chromatic aberration in our focused beam. The objectives themselves were
mounted on an x-y stage, controlled by two micrometers, in order to have fine control over the
beam alignment. The beam is focused on our sample which is held in placed by a custom designed
sample holder. The sample holder (figure 5 and Appendix A) sits atop a 3-axis stage which is
moved by 3 piezo-electric actuators. The actuators have a movement range of 12.5 mm and
movement resolution of 30 nm which allows us to have fine control over the positioning of our
sample. The camera and piezo actuators are connected remotely to a computer and we use a
program [62] to view the image on screen. The piezo actuators are controlled remotely by USB
connection using a software package supplied by the manufacturer (Newport Corporation).

Figure 5. Photograph of die sample holder composed of an arm that attaches directly to the xyz-piezo stage and a thin plate that
is suspended below the arm between the reflecting objectives. The die is fixed inside a 1 cm × 1 cm groove that contains a 1 cmdiameter hole, allowing light to pass through unimpeded.
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Attached to the entrance of the monochromator an f/4.0 lens effectively couples the
incoming beam to the internal optics of the monochromator. This lens is positioned such that the
collimated beam is focused to a point in the plane of a variable entrance slit. Using the variable
entrance slit, we are able to control wavelength resolution of our extinction data. For most of our
experiments, the slits were set at 375 m, which provides 5 nm resolution (FWHM); data was
typically collected at 10 nm intervals. Mounted to the exit slit of the monochromator, light
intensity is detected by either a thermoelectrically-cooled silicon (Newport model #71891) or
germanium (Newport model #71628) detector to cover the visible and NIR spectrum from 400 to
1800 nm. The silicon detector has an effective range from 200 – 1100 nm while the germanium
detector has an effective range of 700 – 1800 nm. Each has a built-in pre-amplifier providing a
signal gain from 104 – 109 V/A.

B. Data Acquisition
The data acquisition is controlled via our computer primarily using a LabVIEW (LV)
program. The voltage output of the Si/Ge detectors is sent to a multi-meter (Agilent 34401A) that
is connected to the computer via GPIB and is controlled through LV VISA interface controls. The
monochromator is also connected to the computer via USB and is controlled through commands
within the LV program. The LV program steps through a user-defined wavelength range and step
interval and reads the voltage at each step (see Appendix B). The user can select for multiple trials
and the data is exported as a tab-delimited text file for further analysis.
As mentioned, the data collected from the experiment corresponds to the intensity of light
(within a particular wavelength band) passing through our sample. We characterize our devices
by determining the optical extinction (𝐸), which is the sum of the back-scattered (𝑆) and absorbed
(𝐴) light. In order to measure the optical extinction, we first find the relative transmission of our
devices as 𝑇 = 𝐼(𝜆)𝑜𝑛 /𝐼(𝜆)𝑜𝑓𝑓 where I is the intensity of transmitted light at a given wavelength
 when the beam passes through our devices, 𝐼(𝜆)𝑜𝑛 , and when it passes through the transparent
substrate, 𝐼(𝜆)𝑜𝑓𝑓 . Taking the incident intensity to be unity, along with the definitions (𝑇 + 𝑆 +
𝐴 = 1; 𝐸 = 𝑆 + 𝐴), the extinction is given as
𝐸 =1−𝑇 = 1−
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𝐼𝑜𝑛
𝐼𝑜𝑓𝑓

[3]

Using this definition, we were able to generate plots of the extinction as a function of
wavelength. It should be noted that a confocal microscopy setup is limited to collecting only the
light that is transmitted within the cone of acceptance of the objective. Light scattered outside this
region is not measured. The extinction displays a resonance that depends on the size, shape,
material properties, and array density. At resonance, there will be maximum scattering and
absorption which, in turn, gives a maximum in the optical extinction. Figure 6 shows the typical
“off” and “on” transmission intensity signals from the Ge detector and the resulting extinction
curve (Figure 7) as determined from Eq. 3. Since the extinction measurement is a relative
measurement, the data does not need to be normalized to the detector’s calibrated response curve.
The sharp dip at 1400 nm is attributed to an absorption band in the fused-silica lens of the QTH
light source.
Device fabrication is performed on 4-inch diameter quartz wafers (0.4 mm-thick), which
results in approximately 60, 1 cm × 1 cm dies. The dies are pre-cut at Penn State’s Nanofabrication
facility; however, the wafers arrive coated with a protective layer of PMMA resist in order to
prevent any damage to the devices in transit or storage. Prior to extinction measurements, the
resist is removed by soaking the die in a warm acetone solution (~ 50°C) for about 15 minutes,
followed by a 5 min. soak in 91% isopropyl alcohol, followed by 5 min. soak/rinse in distilled
water. The die is placed on lens paper, device-side up, and carefully dried with ultra-high purity
N2 gas.
Once cleaned, the die is stored between lens papers in a membrane storage box or mounted
to the sample holder for measurements. The holder was specifically designed to accommodate our
52× microscope objectives, which have a tight working distance of 1.9 mm. The holder arm
attaches to our 3D piezo stage so it can effectively position the sample wherever needed; hanging
from this is the sample holder plate, which is suspended between the microscope objectives. This
plate is thin enough to allow a confocal arrangement of our objectives and contains a 1 cm-diameter
hole, allowing light to pass through the sample unimpeded to the back objective. At times the
sample holder would resonate, inducing vibrations of the sample relative to the beam; we mitigated
this by resting a small mass on top of the sample holder, which usually caused the resonance to
subside.
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Figure 6. A plot of measured Ge detector voltage as a function of wavelength for BT devices at 500 nm array spacing.

Figure 7. Representative extinction data calculated using Eq. 3 from the transmission data presented in Figure 6.
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Chapter 4 – Computer Simulations
A. Introduction
Along with the experimental measurements, we relied on simulation techniques to guide
our investigation and provide additional insight into the experimental data. A number of different
techniques are used for simulating plasmonic materials. Methods such as Mie theory and the TMatrix method can provide extremely accurate results; however, they are limited to symmetric
geometries and fail to fully address complex-shaped devices. Other methods such as the Discrete
Dipole Approximation, Multiple Multipole Method, and dipole-dipole interaction model do not
incorporate signal retardation. Finite Element and Boundary Element methods are often used but
these tend to be computationally intensive. For the advantages discussed below, we chose the
Finite Difference Time Domain (FDTD) technique as the most viable option for our studies.

B. FDTD Solver
The FDTD method is a spatially-discretized, time-marching simulation technique. The
basic premise is to solve Maxwell’s curl equations simultaneously across the entire simulation
volume at one instant in time. Time is stepped forward and the equations are re-solved with
updated values from the previous result. This continues for a set period of time (usually on the
order of 200 fs) until most of the power injected into the system has been dissipated. Once the
simulation is complete, it is possible to extract E-field, H-field and power results as a function of
time and then transform these to the frequency domain by discrete Fourier transform for further
analysis and comparison to experimental data.
FDTD simulations benefit from the fact that space is broken up into a discretized grid. This
allows arbitrary geometric configurations to be modeled which can apply to a broad range of
applications from waveguides to photonic crystals to optical resonators, etc. Each grid point in
space may be defined with its own dielectric function (). This dielectric function is used in the
equation for the electric displacement as follows:
𝐷() =  () ∗ 𝐸()

[4]

This versatility comes at a cost as the simulation can be limited by the quality of the data for the
dielectric function of the material being studied.
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Maxwell’s equations in differential form are:
𝜕𝑫
+𝑱
𝜕𝑡
𝜕𝑩
𝛁×𝑬 =−
𝜕𝑡

𝛁×𝑯 =

[5]
[6]

𝛁∙𝐃=ρ

[7]

𝛁∙𝐁=0

[8]

Where J is the current density, D is the electric displacement, E is the electric field, B is the
magnetic field and ρ is the charge density. Equations [5] and [6] are the only equations explicitly
time-dependent. Therefore, these are the two main equations that are solved explicitly in the FDTD
simulation; equations [7] and [8] are enforced implicitly as the simulation runs.
At the beginning of the simulation, the region is discretized into a grid. This allows the
continuous differential equations to be broken down into finite differences and time derivatives
into discrete time steps, Δt. For example, the one-dimensional form of Eq. 6 becomes [63]:
1
1
1
1
𝑛
𝑛
𝐵 𝑛+2 (𝑘) + 𝐵 𝑛−2 (𝑘) 𝐸 (𝑘 + 2) − 𝐸 (𝑘 − 2)
=
∆𝑡
∆𝑥

[9]

Here, k is the spatial coordinate of the cell and n labels the current time step. This allows the Efield to be calculated at every time in the simulation. Knowing the E-field as a function of time, it
is straightforward to perform a Fourier transform at a specified region of space in order to obtain
the frequency dependent E-field. The same can be said for the H-field and overall power.
Following the Yee algorithm, the three-dimensional form of these discrete equations are solved
utilizing Δx, Δy, and Δz grid in time steps of Δt. In is important to satisfy a few conditions when
choosing the spatial and time steps. First, considerations of the smallest object features must be
taken into account. A good rule of thumb is to have approximately 10-20 mesh cells define any
significant features. Another spatial consideration is the number of unit cells per wavelength. It is
important to have at least 20 cells per wavelength over all parts of the simulation to accurately
model the wave-front. The cell spacing should be at most 𝜆𝑚𝑖𝑛 /20 where 𝜆𝑚𝑖𝑛 is the smallest
wavelength used in the simulation.
Another important condition for stable simulations is the size of Δt; an inappropriately
large time step will cause the simulation to diverge. It must be chosen in such a way that it does
not violate causality, i.e. information from one mesh cell cannot travel to the adjacent cell faster
than the speed of light. This is known as the Courant condition [64]:
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𝑐0 ∆𝑡 ≤
√

1
1
1
+ 2+ 2
2
∆𝑥
∆𝑦
∆𝑧

[10]

It has been shown that this time step condition should be a large as possible while still satisfying
this equation [65]. In the majority of our simulations we used a Δt satisfying 99% of the maximum
value possible. On occasion a smaller time step was needed but this was largely due to poor
material fits, which caused simulations to diverge.
As FDTD simulations rely on solving Maxwell’s equations in differential form on a
discretized grid, there needs to be a local value of the dielectric constant defined at each grid point
and for each frequency over the bandwidth of the simulation. In more sophisticated FDTD solvers
like the one we employed, objects are created in a virtual 3D, computer-aided design (CAD) space.
When the simulation commences, each grid cell is defined by the dielectric function determined
by the object placement in the CAD space. That dielectric function contributes to the characteristic
solutions of Maxwell’s equations giving rise to the specific optical properties of the object.
In rudimentary simulations, the dielectric function at the boundaries of materials is
calculated using a volume average. More sophisticated methods such as the Yu-Mittra method
[66] rely on solving the integral forms of Maxwell’s equations at surface boundaries which can
more accurately model the device surface. The integrals are taken along paths that lie outside of
the material where the field is non-zero. However, this is limited to situations of perfect conductors
where it is safe to assume the E-field is zero within the material. Even so, methods such as this can
lead to increased accuracy of the simulation. Our simulation software uses a more rigorous
modeling than the Yu-Mittra method.

C. Lumerical FDTD
For our simulations we employed Lumerical FDTD Solutions, which is a comprehensive
FDTD solver with a CAD environment that contains an array of analysis tools. Our main focus in
using the simulations involved determining the optical extinction as a function of wavelength as
well as determining the local electric fields and charge density distributions of our devices. This
provided insight into the way that our antennas interact with and how to best engineer their design
to give the desired optical response.
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Figure 8. Simulation Setup – the device is surrounded by an override mesh region, two monitor boxes (scattered and absorbed),
and a Total Field Scattered Field (TFSF) source box. The quartz substrate was simulated but is not shown here for viewing clarity.

Our basic setup was aimed at determining the optical extinction and therefore we took
advantage of a Total Field Scattered Field (TFSF) region. As shown in Figure 8, the TFSF utilizes
a box that injects the light source from one face. The beam then propagates through the region and
any of the incident light that does not interact with the device is removed by the TFSF as it leaves
the region.
A 3D monitor box that monitors power flow can be placed within the TFSF region to
determine absorption by the device. Since the box is located within the source region, the net
power flow of the monitor corresponds to the total absorption of the nanoparticle. To measure the
scattering, a similar 3D power monitor is placed outside the TFSF region. Since the TFSF box
removes any light that does not interact with the device, the only light leaving the TFSF region is
scattered light. The 3D monitor records the power leaving the area, which corresponds to the total
scattering by the device. By summing the scattered power and the absorbed power we determine
the extinction of the nanoparticle.
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There are a few other important parameters for our simulations. The FDTD region is
bounded by a Perfectly-Matched Layer (PML). This boundary is designed to minimize numerical
inconsistencies that can arise from artificial reflections from the boundary. The PML is a perfectlylossy material that absorbs incoming EM waves at any frequency and any angle of incidence or
polarization. For our simulations we utilize PML on all boundaries (unless we utilized symmetry
along some axis). In order to reduce errors, the PML is placed at least 𝜆𝑚𝑎𝑥 /2 away from the
device, where 𝜆𝑚𝑎𝑥 is the maximum wavelength in the simulation spectrum (effectively outside
the near-field). This ensures that no near-field interactions are absorbed by the PML that might
produce errors in the extinction.
Along with the boundary conditions discussed above, we took care to optimize the mesh
settings. We typically utilized an override mesh region that creates a fine mesh only around the
device (typically 1-3 nm). Outside of the override mesh, we use Lumerical’s auto-mesh set to
accuracy level 8. This creates a shallow gradient in step size out to the PML which allows for
higher accuracy than an abrupt gradient without a large impact on computational time (again, note
that the maximum mesh step still needs to be within the 𝜆𝑚𝑖𝑛 /20 condition). Lumerical uses a
variety of methods for defining the mesh around the simulation object. For our simulations we
found the best results while using metals was to use the setting CV0. This correlates to the first
option of the conformal variant mesh setting provided by Lumerical which does not apply their
“Conformal Mesh Technology” to the surface boundaries. This boundary setting in general
improves the simulation accuracy for strongly dispersive materials. However, with metals in the
frequency range that we are working with, the dispersion is relatively small, only varying by 1030%.
We determined the total simulation time by monitoring the amount of power left in the
system. For FDTD simulations, an accurate result can only be attained after such time that
sufficient power in the system has dissipated. We used an auto-shutoff feature which terminated
the simulation when the residual fractional power reached 10-10. For the relatively lossy palladium
devices, the simulation generally reached the cutoff before gold or copper devices, therefore the
Au/Cu simulation time needed to be doubled from 100 to 200 fs.
The light source we used was a TSFS source, which is a plane wave source with specific
properties outlined previously. It was injected in the negative z-direction at normal incidence to
the device. Apart from polarization studies, the polarization was typically set to be 90 which
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corresponded to the E-Field pointing along the inter-particle axis (y-direction). The light source
bandwidth was set to 400-1800 nm to emulate our experimental setup. The EM wave was also
optimized for a short pulse in order to keep simulation time at a minimum.

D. Material Dielectric Fits
The final practical consideration in setting up the FDTD simulations is the choice of
material dielectric constants. The dielectric function is the key determining factor regarding the
response of the nanoparticle. The shape of the object is defined in the grid only by the dielectric
value at the point in space. The dielectric function needs to be defined not only in physical space,
but also in frequency space over the bandwidth of the simulation. In some FDTD simulations, it
is common to approximate the material properties over a given spectral range using a physical
model (in most cases, Drude).
FDTD Solutions uses a “multi-coefficient model” for the dielectric function that attempts
to fit the real and imaginary dielectric function over the specified bandwidth with a high order
polynomial. This fit usually produces a smaller error than the Drude model; however, there are
some tradeoffs and limitations. First, the computational resources required increase as the order
of the polynomial is increased. Secondly, a higher order fit can sometimes introduce inflections
into the material data that can produce false results in the simulation. The objective is to fit the
dielectric data with a minimal-order polynomial, while minimizing the error. The software also
lets one assign a weight between the imaginary and real components of the dielectric function in
order to attempt a better fit.
Lastly, the choice of actual dielectric data plays a key role in the result. FDTD Solutions
comes equipped with a package of material data mostly taken from Johnson and Christy, the CRC
Handbook of Chemistry and Physics, and the Palik Handbook of Optical Constants. For our
simulations, we found that the material data supplied by Palik (it was the only one having Pd data)
was not sufficient to reproduce our experimental results. Therefore, we turned to Rakić [67] for
our Pd dielectric data. For Cu and Au we used CRC and Johnson and Christy dielectric data,
respectively. For nanoparticle simulations, a valid concern comes into play with regard to the
dielectric data. The optical constants in the scientific tables are taken for the bulk material.
Because we are dealing with thin structures that may are on the order of the mean free path of
electrons in the material, the actual dielectric function of a nanoparticle can deviate from the bulk.
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To improve our results, it would be ideal to measure our own dielectric data, possibly using
Ellipsometry.
Discrepancies between the simulations and experimental data are expected [68]. Compared
to the simulated single device, the measured arrays are composed of many individual devices,
which have a complex and varied morphology. Also, the simulations record scattered light in all
directions, including forward scattered light. Due the nature of our experiment, we are unable to
capture all the forward-scattered light by the devices. Finally, the simulations did not consider
morphological dependences like surface roughness or inhomogeneous broadening resulting
variations in device size due to fabrication. Although comparisons between experimental data and
simulation results are limited by such issues, the simulations provide a means of interpreting the
overall trend of the data and evaluating the relative importance of various physical changes, such
as ALD, which modifies the material, morphology, and spacing of the device arrays.
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Chapter 5 – Results
A. Introduction
As we consider engineering an antenna device for a photoelectric applications, we need to
optimize the design relative to the interaction with EM radiation and the desired response. Much
work has already been completed on the response of single devices. However, arrays of isolated
and/or connected devices elicit a more complex behavior due to inter-device interactions.
Therefore, a careful study of array properties is needed particularly for antennas affected by weakcoupling with nearest neighbors. We investigate properties of individual bowtie (BT) and heterodimer (HD) antennas as we vary the length, dimer gap, and material properties, and then expand
our study to how these dimers interact when placed into an array. As mentioned previously, we
investigate both Au and Pd devices, which allows us to examine the material property differences
as well as the geometric effects that drive the observed extinction spectrum. We were unable to
study pure Cu devices because the devices that we fabricated provided no usable extinction
spectrum. We believe that there was an error in the fabrication procedure or possibly the devices
became oxidized. With ALD processing in mind, Au shows a similar extinction spectrum and
response to Cu and can be used as an indicator of device performance, post ALD. Pd also needs
to be understood as its optical characteristics prior to ALD modification can possibly be used to
determine device quality such as whether or not the antenna elements are bridged. Also, by
studying the Pd devices individually, we can gain a clearer picture of how the Cu-ALD is
modifying the device performance. Therefore, we finally present a study of the effects of ALD
processing of Pd devices, where the motivation is to reduce the gap to sub-10 nm dimensions for
HD antennas.

B. Length Effects
To study the effects of triangle length on the extinction response we designed a series of
device arrays where we systematically modify the triangle length in the long-axis direction while
keeping all other dimensions (gap, width, array density) constant (SEM images of our samples can
be found in Appendix D). By studying two dimer designs we observe the effects of morphological
differences. Figure 9 shows the optical extinction for one such BT length series; Figure 10 displays
the typical peak extinction versus triangle length for the BT and HD antennas. All measurements
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(including those in subsequent sections) were taken from SEM images and analyzed using the
Mathematica routine found in Appendix E. The uncertainty in all dimensions is about ±5 nm.
The edge-to-edge device spacing is 1500 nm in both the horizontal and vertical directions, the
dimer gap is 50 nm and the height is approximately 40 nm. We observe that the peak extinction
follows a simple linear dependence, as expected [69]. Moreover, there is good agreement between
the experimental data and simulation results (Figure 11) for both types of nanoantennas. For the
Au HD data in Figure 10, we observe a slope of 3.23 and intercept of 332 nm, while the simulations
gave a slope of 3.15 and intercept of 253 nm. Similarly, the Au BT antennas had an experimental
slope of 3.51 and intercept of 309 nm, whereas the simulations showed a slope of 3.35 with an
intercept of 233 nm. The data suggests a slightly larger slope for the BT antennas over the HD
antennas (though they are close, given the experimental uncertainty); however, the simulations
confirm a larger slope for the BT antennas. Note that the increased extinction amplitude for each
successive length is due to the larger absorption and scattering cross-section of the antenna as its
area increases.

Figure 9. Experimental extinction curves for Au BT length variance for one sample. The labeled lengths were obtained via SEM
analysis.
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Figure 10. Peak wavelength vs. triangle length for Au BT (squares) and HD (open circles) antennas.

Figure 11. Simulated peak wavelength vs. triangle length for Au BT (squares) and HD (circles) antennas. The simulations were
run with a 50 nm gap between elements and simulated with a SiO2 substrate and a Ti adhesion layer.
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Figure 12. Extinction peak vs. triangle length for Pd BT (open circles) and HD (squares) antennas.

For each triangle length, the BT antenna resonated at a longer wavelength than the HD
antenna; both the simulations and the experiment confirm this trend. We can interpret these results
in light of the work by Brown [70]. The gap in this experiment is close enough that the two antenna
elements interact with each, changing their effective individual resonances. Brown indicates that
the relative size of the HD pair (i.e. how large one element is compared to the other) directly affects
the coupling strength between elements. Elements of similar size couple more strongly than
elements with a size disparity. As coupling strength increases, the redshift of the dipolar plasmon
resonance increases. Therefore, the BT antennas, with two symmetric elements, should show
stronger coupling than the HD antennas and therefore the extinction will be redshifted relative the
HD antennas. This is seen in our experimental data and simulations.
The palladium results showed similar trends (Figure 12); however, due to increased
damping resulting from a larger value of the imaginary part of the dielectric function, the peaks
are broadened, making peak fitting difficult. The slope of the Pd bowtie extinction was 2.56 with
an intercept of 291 nm. The HD antenna had a slope of 2.51 and an intercept of 317 nm. However,
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within the uncertainty of our results, we cannot conclude a significance difference between the BT
and HD devices.
In this case it seems that the material effects largely dominate the extinction response over
the specific geometry. It could be that the larger damping in the Pd limits the effect of the shape
of the antenna and, in general, results in weaker coupling with the counter-electrode. If the
coupling is weak enough, there would be no observable slope different between the BT and HD.
This is confirmed in our gap experiments where we observe a coupling decay length of sub 50 nm
for both the BT and HD devices. This will be explained further in Section C.

C. Gap Effects
In order to understand how the gap affects the coupling between antenna elements of the
BT and HD antennas, we fabricated a series of devices with decreasing gap sizes from 500 nm to
touching. (SEM images in Appendix D). The base array spacing between each device was 1500
nm edge-to-edge in order to eliminate inter-device interactions as much as possible for this study.
However, due to limitations in fabrication capabilities, the Au bowtie gaps did not go below 30
nm and the HD gaps showed significant bridging at prescribed gaps less than 10 nm.

Figure 13. Extinction peak vs. gap for Au BT (squares) and HD (open circles) antennas.

29

For the Au BT arrays, the gap trends show coupling behavior similar to that reported by
Jain and co-workers [24]. Figure 13 shows the peak wavelength as a function of gap. The BT
antenna shows a red-shift at a further separation than the HD antenna. For the BT, the shift begins
at around 125 nm whereas the HD antenna shift begins at around 60 nm. Also note that the BT
shows a greater overall shift than the HD: the net shift from no interaction (500 nm separation) to
the smallest gap (30 nm) is 117 nm whereas the HD antenna shows a maximum shift of 96 nm at
a 19 nm gap.
To better understand the observed trend, we follow the precedent of Jain and plot the
redshift as a function of gap and view the data as fit to an exponential decay:
𝑥
𝑦 = 𝑎 𝐸𝑥𝑝 [− ]
𝑙

[11]

where 𝑎 is the coupling strength coefficient (i.e. the quantity of peak shift at a given separation, x)
and 𝑙 is the decay length (i.e. the distance at which the elements begin to interact). In Figure 14
we show the experimental redshift with gap, fit to Eq. 11. Here we see that for the BT antennas,
the fit gives a value of 𝑎 = 92 𝑛𝑚 and 𝑙 = 56 𝑛𝑚; by comparison HD antennas have 𝑎 = 166 𝑛𝑚
and 𝑙 = 21 𝑛𝑚. These parameters and those for other studies below are compiled in Table 1.

Figure 14. Redshift vs. gap for Au BT (squares) and HD (open circles). The trendlines were fit using Eq. 11 and the fitting
parameters can be found in Table 1.
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A few conclusions are in order. First, the coupling strength of the BT antenna is larger
than the HD as seen by the larger coupling coefficient a. Due to this, the redshift for the BT
antenna is more pronounced than the HD antenna at a given separation. Secondly, comparing the
decay lengths, we see that the plasmon coupling decays more rapidly for the HD as compared to
the bowtie. Although the HD antenna redshifts more rapidly as the two elements approach one
another, they must be closer than their bowtie counterparts to cause the same red-shift.

Table 1. Table of fitting parameters from Eq. 11. The variable a is the coupling coefficient and l is the decay length. The variables
a’ and l’ denote the analogous parameters for the array experiments.

Experiment

a (nm)

l (nm)

Au BT Gap

192

56

Au HD Gap

117

29

Au BT Gap Simulation

260

51

Au HD Gap Simulation

90

22

a’ (nm)

l’ (nm)

Au BT Vertical Spacing

165

92

Pd BT Vertical Spacing

169

90

Au BT Horizontal Spacing

213

304

Au HD Horizontal Spacing

127

269

Pd BT Horizontal Spacing

260

382

Pd HD Horizontal Spacing

156

272
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Figure 15 – Au BT and HD redshift as a function of gap. The trendlines were fit using Eq. 11 and the fitting parameters can be
found in Table 1.

The simulation results (Figure 15) confirm the trend seen in the experimental data of Figure
14. The BT antennas show larger coupling strengths and longer decay lengths than the HD
antennas (Table 1). The redshift is effectively 0 nm at 100 nm gap for the heterodimers and at 300
nm for the bowties. As discussed previously, the coupling of the bowtie antennas is stronger than
the HD dimer antennas due to the similarity in size of the elements. This is confirmed by the larger
value for a when fit with Eq. 11. The larger value of l indicates that the BT antennas start to
interact at a larger distance, indicating a larger E-field. This is due to the rounded tip (the lightning
rod effect) of the BT as compared to the flat surface of the busbar. It should be noted that the
simulation and experiment both show a slight deviation to the exponential fit at large gaps for the
HD devices. Curiously, when we replace x with √𝑥 in Eq. 11, the fit improves significantly for
the simulation. Currently, we are not aware of a physical explanation for this.
Though unseen in the extinction data, we are able to observe in the Au structure simulations
the emergence of a secondary higher-order resonance mode as the gap closes down to below 15
nm (Figure 16). The emergence of this mode and its subsequent redshift with closing gap is
consistent with the plasmon hybridization theory [21] [70]. According to this model, the dipolar
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and quadrupole modes will both redshift as the antenna elements are brought closer together.
Furthermore, the dipolar mode will redshift more strongly than the quadrupole mode.

Figure 16. Simulated extinction for Au BT gap closure. Triangles are 250 nm in length and 160 nm in width, with a tip radius of
curvature of 5 nm. Simulation was run without a quartz substrate or Ti adhesion layer.

This is evident in Figure 17 where we plot the peak wavelength of the primary dipolar
mode and secondary quadrupole mode as a function of gap. This higher order mode also provides
and E-field enhancement at its maximum, albeit much smaller than the dipolar resonance
(confirmed via simulations, not shown).
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Figure 17. Au BT primary resonance peak (circles) and secondary resonance peak (squares) plotted vs. gap for results taken from
fitting the simulation curves in Figure 16. Note the redshift for both resonances as the gap is reduced; however, the primary peak
redshifts at a greater rate than the secondary peak as predicted by Brown et al. [70].

The Pd data (Figure 18) shows similar trends to the Au; however once again, a key
difference is in the relatively large peak-widths, which introduces a larger uncertainty in the results.
As stated previously, this broadness, is due to dissipative processes (such as electron collisions
and inter-band transitions) in Pd and can result in multiplicity of peaks which are buried in the
extinction response. As such, it was difficult to elicit an exponential-decay fit. Visually comparing
these results to the Au antennas we can note the significance of material differences. First, the Pd
antennas showed a redshift at much closer gaps than the Au antennas. Because Au is a stronger
plasmonic material, having higher conductivity and limited absorption bands in the NIR, we would
expect it to create stronger electromagnetic near fields (as confirmed by FDTD simulations). A
stronger field will couple with nearby objects at larger distances, thereby eliciting a greater
redshift.
There is also an interesting blueshift that occurs near 140 nm gap for the BT antennas and
at a smaller gap (50-100 nm) the HD antennas (seen by the negative redshift values in Figure 18).
It is currently unclear whether this is a real phenomenon or an artifact of processing, but further
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investigation would be needed to confirm this. Ideally, we should fabricate future samples to
obtain more data points between 100 nm and 500 nm to verify the redshift to blueshift trend.

Figure 18. Peak wavelength vs. gap for Pd BT (squares) and HD (open circles).

D. Array Effects
Given the fact that many practical applications would rely on the response of multiple
nanoantennas, we systematically investigated the optical properties of device arrays in which the
inter-device spacing was reduced to the near-field regime. We designed three experiments based
on three variations of the edge-to-edge device spacing; in each case incident light was polarized
along the long-axis of the individual dimers (referred to as the vertical, or y-spacing). In one
experiment, the y-spacing between devices is varied, while keeping the x-spacing (or horizontal)
constant; in a second test, the x-spacing is varied while keeping the y-spacing constant; finally, the
device spacing is changed in both directions simultaneously (Figure 19 illustrates the three
experiments).

35

Figure 19. SEM compilation of devices used for array-spacing studies. (a) 1500 nm vertical and horizontal edge-to-edge
separation; (b) 500 nm vertical edge-to-edge separation, 1500 nm horizontal edge-to-edge separation; (c) same as (a); (d) 1500
nm vertical edge-to-edge separation, 250 nm horizontal edge-to-edge separation; (e) same as (a); (f) 500 nm vertical and horizontal
edge-to-edge separation.

Vertical Array Spacing
The results from the y-spacing experiment show a strong redshift in the overall extinction.
Similar to the gap study, there is an exponential increase in the redshift as the inter-device spacing
is reduced. Due to an oversight in wafer fabrication, no data is available for the HD antennas from
this experiment. Figure 20 shows the peak extinction wavelengths as a function of array spacing
for the Au bowties. Figure 21 plots the redshift as a function of array spacing for both the Au and
Pd BT devices. Here, we have overlaid the plot with an exponential fit similar to the gap spacing
but we are denoting the coupling coefficient and decay length as a’ and l’ to differentiate it from
the intra-device case. From this we can get a sense of the coupling strength of the inter-device
interaction and compare that to the coupling of the individual devices.
For the vertical array interactions, we see a longer decay length but a weaker overall
coupling for Au (however stronger for Pd). This could be due to the increased size (i.e. now the
entire antenna dimer is being affected rather than a single element), which would reduce the total
amount of redshift. It seems that the paired device, given the longer decay length, has fields that
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extend further over the single element, or possibly the fact that the devices are being affected both
by the top neighbor and bottom neighbor simultaneously.
While the Au had a weaker coupling coefficient over the gap case, the Pd showed a stronger
coupling coefficient. Both materials had longer decay lengths than the gap case. This shows that,
despite material differences, the Pd and Au behave very similarly in an array. Again, shown in
these results are similar trends to those seen by Smythe and co-workers [26]. There is a slight
blueshift in the resonance as the spacing decreases from approximately 450 nm down to 200 nm.
Another interesting occurrence happens at an array spacing near 500 nm. Here, the extinction
maximum for the Au bowties is redshifted relative to both the 250 nm spacing and 1500 nm
spacing. This occurs for both samples of the Au BT devices and for one of the Pd. This effect is
also seen in the simultaneous spacing experiment and more will be said about this later. Since the
exponential behavior of the peak shift is due to near-field effects, we limited our fitted data to
spacings below λ/2 [71].

Figure 20. Au BT peak wavelength vs. vertical array spacing for two samples distinguished by the squares and circles.
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Figure 21. Redshift vs. vertical edge-to-edge spacing for Au (squares) and Pd (open circles). The trend line was fit using Eq. 11
and the fitting parameters are found in Table 1.

Horizontal Array Spacing
The horizontal spacing experiment displays an opposite trend in the extinction data. While
the gap closure and vertical spacing experiments demonstrate a redshift with decreasing spacing,
the horizontal experiment displays a pronounced blue-shift in the extinction response similar to
that seen by Rechberger et al. [22]. In Figure 22 we plot extinction data for one sample of the Au
BT devices while Figure 23 demonstrates the blue-shift as a function of the array spacing for both
the Au BT and HD devices with the fit parameters given in Table 1. Consistent with the gap
experiment, the coupling constant and decay length are both larger for the BT antenna over the
HD antenna. These results point to the same conclusion, that the BT antennas exhibit a larger near
field than the HD devices. This is to be expected when considering that these antennas are
effectively dipole antennas. Dipole antennas have a radiative pattern such that the maximum field
is radiated transverse to the long-axis direction (here the horizontal direction). Therefore, this
increased field strength would produce coupling at larger distances and a greater shift in the
extinction.
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Figure 22. Experimental extinction data for Au BT horizontal array-spacing closure.

If these coupling values are compared the to the redshift values of the previous section, one
can see that the decay length for the horizontal closure is much larger than the vertical closure and
the coupling strength is stronger, indicating the greater interaction strength in the horizontal
direction.

This result is confirmed in the next section where both vertical and horizontal

dimensions are varied simultaneously.
The observed blueshift in Figure 23 can be understood in much the same way that the
redshift was understood for the gap and vertical spacing experiments. In the former, the E-field
from adjacent antenna components reduces the restoring force on the oscillating charges due to
deconstructive interference with the ion core E-field. In the horizontal spacing closure, the E-field
from charges on horizontally-adjacent antennas adds constructively to the restoring force on the
central antenna (Figure 24). Increasing the restoring force increases the resonant frequency,
leading to a wavelength blueshift. If the dipole argument from the gap experiment is followed, the
larger coupling strength for the BT over the HD device is understood as due to a larger total
effective charge creating a higher E-field for the bowties.
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Figure 23. Blueshift vs. horizontal edge-to-edge spacing for Au BT (squares) and HD (open circles). The trendlines were fit using
Eq. 11 and the parameters are be found in Table 1.

Figure 24. (a) The net restoring force (FR) of a single antenna is due only to the positive charge of the ion cores. (b) When a second
antenna element is brought near, the negative charge of the opposite element screens the displaced electrons. This reduces the
restoring force thus shifting the resonance to a lower frequency (longer wavelength) compared to the single antenna case. (c) When
antennas are brought near each other horizontally, the positive charges of neighboring antenna add constructively to the restoring
force thus increasing the net restoring force over the individual element, leading to a blueshift.
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Figure 25 shows the Pd experimental data for the horizontal spacing closure. Here, the Pd
devices display behavior opposite to the previous gap and vertical-array spacing experiments. The
values for the coupling coefficient and the decay length are similar to the Au devices in that the
BT antennas have a larger coupling constant and decay length compared to the HD antennas (Table
1). However, Pd showed a larger value for a’ and l’ over the Au in both the BT and HD cases.
This implies that device proximity influences the resonance behavior of Pd devices more strongly
than Au.

Figure 25. Blueshift vs. horizontal edge-to-edge spacing for Pd BT (squares) and HD (open circles). The trend lines were fit using
Eq. 11 and the fitting parameters can be found in Table 1.
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Simultaneous Spacing Closure
For a practical optical antenna device, it may be advantageous to maximize device density
while maintaining high responsivities. For a sensor device, the quality (Q) factor and signal-tonoise ratio must be considered to determine the ideal packing density and, as we will see, the Q is
maximized for particular values of the device spacing.
Therefore, we simultaneously reduced the spacing in both directions from 1500 nm down
to 25 nm. Figure 26 shows extinction data for the Au BT antennas for a typical sample. Note the
increase in extinction and the narrowing of the extinction peaks as the curve blueshifts. The
increase in extinction amplitude is due primarily to the greater number of devices, thus increasing
the effective scattering and absorption cross-sections of the array.

Figure 26. Experimental extinction for Au BT, horizontal and vertical edge-to-edge spacing study.
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Figure 27 and Figure 28 plot the peak extinction wavelengths against array spacing for the
Au and Pd BT and HD devices, respectively. The blueshift is clearly observed until the spacing
closes down to about 50 nm. This effect is seen in both the BT and HD antennas, which suggests
that the horizontal coupling dominates the interaction at distances larger than 100 nm. The absence
of any shift at spacings below 50 nm suggests that the horizontal and vertical coupling effects
cancel. The data indicates that this cancellation effect occurs sooner for the BT than the HD. This
would imply a stronger coupling in the vertical direction for the BT than the HD. (As stated
previously we were unable to perform the vertical experiment for the HD.) For the HD case, the
peak shows a slight redshift as the separation closes from 1500 nm to 500 nm. This is not seen in
the bowtie case (although one sample did show a slight redshift, the peak value fell within the
uncertainty of our data). As seen in simulations (not shown), the HD antennas display a stronger
E-field at the base of the triangle over the BT, which could account for the slight redshift. Given
the competing factors, it does not make sense to attempt an exponential decay fit for this data. We
were unable to obtain data for spacings below 75 nm for our Pd samples.

Figure 27. Peak wavelength vs. horizontal and vertical edge-to-edge spacing for Au BT (squares) and HD (circles) antenna arrays.
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Figure 28. Peak wavelength vs. horizontal and vertical edge-to-edge device spacing for Pd BT (squares) and HD (circles) antenna
arrays.

Figure 29 and Figure 30 display the Q-factor of the fitted peaks for the Au and Pd BT and
HD devices, respectively.

The Q-factor was determined by 𝑄 = 𝑓0 /∆𝑓 where 𝑓0 is the peak

resonance frequency and ∆𝑓 is the full-width at half maximum. It is evident that the Q-factor
reaches a maximum near 500 nm spacing. By placing these devices at this spacing, the Q-factor
can be improved by upwards of 50% over either isolated or closely-packed devices. This effect is
likely due to diffractive coupling (constructive interference) between antenna elements [72]. This
coupling occurs around a spacing of 𝜆𝑟𝑒𝑠 /2 where the dipolar interactions between particles are
coherent. These graphs also show the disparity in Q-factor between the Pd and Au devices where
Pd has roughly half the Q-factor of the Au devices. Despite this, we still see a sharper resonance
at 500 nm array spacing.
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Figure 29. Q-factor as a function of horizontal and vertical edge-to-edge spacing for Au BT (squares) and HD (open circles)
antenna arrays.

Figure 30. Q-factor as a function of horizontal and vertical edge-to-edge antenna spacing for Pd BT (squares) and HD (open
circles) antenna arrays.
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E. ALD Effects
As we began this study, one major goal was to modify as-fabricated Pd devices using CuALD as a way to close the dimer gap, since a working optical device based on electron tunneling
is going to require sufficiently small (< 5 nm) dimer gaps to facilitate direct tunneling or field
emission.

We applied Cu-ALD to Pd nanoantenna arrays in order to reduce dimer gaps

simultaneously over the extent of the array as it has been shown to be selective, self-limiting and
conformal. Experiments were performed in which Pd devices were coated with copper layers of
varying thickness to determine how Cu-ALD modifies the extinction [73]; however, our designs
were limited in terms of array spacing and gaps. That is, we used only a singular nominal gap and
a nominal lattice spacing of 500 nm (this causes the objects to be much closer in the vertical
direction than the horizontal).
Though the results show limited ALD success with devices on SiO2 substrates, they do
confirm the potential for this technique to ultimately achieve nanometer gap sizes. Determining
the proper conditions to grow selectively and not bridge any antenna gaps on an array is
challenging. Along with proper temperature and pressure conditions, the surface roughness of the
substrate affects the selectivity; a rougher surface will provide nucleation sites for the Cu precursor
molecule. It should also be noted that selectivity is better on Si substrates and recent experiments
have seen improvements in both selectivity and self-limiting growth on SiO2 [74].
After completing the lithography steps, layers of Cu were applied with the ALD process
[53] [75]. The variation in e-beam dose coupled with Cu-ALD processing provided an assortment
of device arrays with which we examined the effects of varying antenna dimensions, heterodimer
gap, material changes, and array density. To study the dose trend, we created small (S), medium
(M) and large (L) devices with nominal lengths of 200 nm, 225 nm and 250 nm, respectively. The
actual SEM measured dimensions of triangle lengths for each of the devices was between 170-200
nm, 200-230 nm, and 240-270 nm, for the small, medium and large devices, respectively. At a
particular e-beam dose, the ranges of the other dimensions were the same for the S, M, and L
devices within the uncertainty of the SEM measurements. The busbar lengths were 60-80 nm, the
gaps were 45-80 nm, and the widths were 140-160 nm.
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Figure 31. UPPER PANEL: portion of a 10 μm x 10 μm array of large (L) Pd nanoantennas as fabricated using e-beam lithography
(medium e-beam dose of 156 C/cm2). LOWER PANEL: the same type of array post-ALD with an average of 15 nm of Cu-ALD
on all surfaces. The scale bar in each image is 200 nm.

Figure 31 shows the typical growth pattern of copper on Pd (on a silica substrate). As seen
in the upper panel of Figure 31, which shows the medium-dose (156 μC/cm2), L devices prior to
ALD, the typical inter-device spacing in the vertical (long-axis) direction is 90 nm and in the
horizontal direction it is 330 nm; the typical pre-ALD gap between the triangle tip and busbar is
55 nm. By comparison, the inter-device edge-to-edge spacings for the medium-dose S and M
devices in the vertical direction are 170 nm and 130 nm, respectively. The edge-to-edge spacing
in the horizontal direction is about the same at 330 nm. Though difficult to reproduce consistently,
we observed noticeable growth after 250 cycles and we able to see strong redshifts and possible
gap closures above 750 cycles.
In this particular case, an average of about 15 nm of Cu has been deposited on every
surface, which reduces the inter-device spacing by about 30 nm and the gap by the same amount.
Cu-ALD occurs primarily on the Pd nanostructures, although there is some non-selective
deposition on the oxide as well. Given the size difference between the particles and the antenna
structures, the small particles do not appear to affect the LSPR measurements in this work. Indeed,
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at the wavelengths investigated, the small Cu particles on the surface are virtually transparent to
the impinging light beam.
Fabricating arrays of devices with varying e-beam dose, and then modifying the size,
morphology, material, and device density with Cu-ALD has an extensive effect on the optical
extinction behavior. For the purposes of demonstrating the full range of optical response, we show
extinction data for all three device sizes, for the low and high e-beam dose of each, and for both
pre- and post-ALD (Figure 32).

Figure 32. Measured optical extinction data as a function of wavelength. Panels (a), (b), and (c) show data for S, M, and L, Pd
nanoantenna arrays (pre-ALD). Panels (d), (e), and (f) show data for the same arrays after 10 nm of Cu-ALD. Blue and red symbols
(lower and upper curves in each panel) represent the e-beam doses of 128 C/cm2 and 199 C/cm2, respectively. As expected, the
extinction amplitude of the high e-beam dose devices always exceeds that of the low dose; however, it should be noted that some
variation in the number of devices sampled by the beam leads to variations in the absolute extinction.

There are a number of observations to be made. First, the optical extinction of the preALD palladium devices in Figure 32(a) – (c), in moving from S to L devices, shows the red-shift
in wavelength that is associated with device lengthening. A redshift due to lengthening is also
seen in comparing low and high e-beam dose within a single panel. Part of this redshift is due to
the closing of the gap; however, as simulations demonstrate, the red-shift due to gap narrowing is
not a strong effect until gaps below 35 nm are reached. A second observation is that there is an
increase in the overall extinction (area under the curve) with increased device area, caused by
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larger devices and/or higher e-beam dose. However, it should be noted that some variation in the
number of devices sampled by the beam leads to variations in the absolute extinction.
In the lower panels (d) – (f) of post-ALD devices, we observe further red-shift due to device
lengthening. There is also a change in material properties, as the Pd devices are coated with 10
nm of Cu on all surfaces. A third independent observation is that there is a significant increase in
the Q-factor of the plasmon resonance with the addition of the Cu layers. This is seen as an
amplitude increase and band-narrowing of the response by comparing equivalent pre-ALD devices
from the upper panel with those post-ALD devices in the lower. As a comparison between Figure
32(c) and (f) readily indicates, we observe a greater increase in overall extinction due to Cu-ALD
than to device lengthening alone. A fourth independent observation is that there is significant
broadening of the plasmonic response when comparing the low (blue) and high (red) e-beam doses
in Figure 32(c) – (f). As confirmed by FDTD simulations, this is attributed to the onset of longerwavelength, collective oscillations of proximal devices in arrays that have become denser due to
the addition of Cu-ALD or the combination of Cu-ALD and close proximity at the higher e-beam
dose. It must be noted that some of the extinction response width is undoubtedly due to
inhomogeneous broadening of a large number of devices whose features have an uncertainty of at
least ±5 nm; such a variation would increase the FWHM of the natural response by 15 – 20 nm
due to device-length considerations alone.
For our choice of nominal device spacings, variation of e-beam dose, and addition of 15
nm of Cu-ALD, the device arrays demonstrated significant inter-device interaction. Although the
additional mode due to gap closing is found in simulations but is not evident in the data, the effect
of inter-device interaction is strongly suggested, as has already been pointed out in the discussion
of Figure 32 and the previous section on array-spacing closure. The edge-to-edge distance in this
instance is significantly smaller in the vertical direction than the horizontal. Although the
horizontal coupling is stronger when both directions are varied simultaneously, the close vertical
distance makes coupling in this direction the primary effect here. For our devices, changes in the
inter-device spacing are more significant in the long-axis direction, where the post-ALD, interdevice spacing is relatively small (60 to 140 nm for L to S devices, respectively), but not in the
orthogonal direction, where the device spacing is roughly constant near 300 nm (again, compare
the upper and lower panels of Figure 32).
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We employed further simulations to confirm these trends. Although comparisons between
experimental data and simulation results are limited [68], as discussed in the Chapter 4, the
simulations provide a means of interpreting the overall trend of the data and evaluating the relative
importance of various physical changes, as ALD modifies the material, morphology, and spacing
of the device arrays. Before turning to the tests mentioned above, we checked to see how well the
simulation of single devices could represent the experimental data. For the pre-ALD simulations,
we used a SiO2 substrate, 10 nm Ti layer, and Pd nanostructure. For the post-ALD simulations we
use a SiO2 substrate, 10 nm Ti layer, and Cu nanostructure. Device dimensions were taken from
the SEM images (e.g. Figure 31), and material properties for SiO2, Pd, Cu, and Ti, from
Lumerical’s libraries or in the case of Pd, published data [67].

Figure 33. Optical extinction data and simulation results for devices fabricated using the medium e-beam dose (156 μC∕cm2). Panels
(a), (b), and (c) show experimental data (blue-dotted curves) for pre-ALD S, M, and L nanoantenna arrays, respectively, compared
to simulation results for a single device (black solid curves). Panels (d), (e), and (f) show data (red-dotted curves) and simulations
(black solid curves) for the same arrays after 15 nm of Cu-ALD. To facilitate comparison, the simulation results are renormalized
to match the data at the extinction peaks.

As seen in Figure 33, the pre-ALD M-device simulations show good agreement with data,
and reproduce the extinction peak location to within 1%. The S-device simulated extinction peak
is blue-shifted relative to the data by 5%, while the L-device simulated extinction peak is redshifted by 10% relative to experiment. The Q-values for the pre-ALD simulations ranged from 0.6
to 1.4, as compared to the values for the pre-ALD experiment, which ranged from 0.7 to 1.0. For
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the post-ALD S-device, the simulated extinction peak was blue-shifted by 5%, while the post-ALD
M-device and L-device simulated extinction peaks were red-shifted by about 5%. In the post-ALD
case, the simulated Q-values for the S to L ranged from 2.0 to 2.6, whereas the experimental values
ranged from 1.6 to 1.9. The overall increase of Q-factor after Cu ALD deposition is due to the
difference in the imaginary permittivity between Pd and Cu. Much of the disparity between
experimental and simulated extinction response is evidenced in the resonance width, the
broadening of which is seen experimentally in the arrays of larger devices, especially post-ALD,
and is due to the onset of collective oscillations of proximal devices, as well as inhomogeneous
broadening.
To validate the Cu array effects, we performed simulations of 3 × 1 arrays that varied the
vertical device spacing from 100 nm to 15 nm. Figure 34 shows simulated extinction for these
device arrays for two different triangle-busbar gaps of 50 nm (upper panel) and 10 nm (lower
panel). For inter-device spacings above 100 nm, there is one dominant, dipolar extinction mode
observed. However, as the device spacing is reduced below 100 nm, this mode splits into shortand long-wavelength inter-device “interaction” modes. We observe more significant overall
broadening of the response in the smaller gap devices, indicative of greater mode separation as
short-wavelength and long-wavelength interaction modes are more significantly blueshifted and
redshifted, respectively.
These simulation results again confirm that inter-device spacing is a significant factor in
the design of plasmonic arrays. As we refer back to the data of Figure 32, we attribute the
development of long-wavelength structure to the onset of interaction modes as they squeezed
together in the long-axis direction either by virtue of the e-beam fabrication process and/or the
addition of 15 nm of Cu-ALD. While the simulations clearly show that the smaller-gap devices
show more significant broadening of the extinction response due to mode splitting, most of our
experimental devices have gaps larger than 20 nm; thus, we did not readily see the appearance of
short-wavelength modes.
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Figure 34. Extinction curves for simulated Cu devices with 160 × 240 nm triangle and 160 × 50 nm busbar (kept constant), with
varying inter-device spacings from 100 nm to 15 nm. In panel (a), simulated devices have a HD gap of 50 nm and in panel (b), the
gap is 10 nm. Comparing the two sets of curves, we observe more significant broadening in the smaller gap devices, indicative of
greater mode separation as short-wavelength modes and long-wavelength modes are more significantly blue-shifted and red-shifted,
respectively.
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Chapter 6 – Future Work
In order to further study optical antennas as sensors or photo-harvesters, we plan to
fabricate electrically connected devices. One important concern raised by Prangsma et al. [76] is
the attachment location of a connecting wire (busbar) to the nanoantenna. Very recently we
fabricated a series of devices with variable busbar location (Figure 35). Our preliminary data
suggests the location of the busbar has a significant effect on the optical extinction both in terms
of the resonance location and the Q-factor and confirms the Prangsma findings. We plan to
perform further experiments and simulations to study this effect.

Figure 35. SEM image of the next generation of connected HD devices designed for electro-optical characterization studies.

Moreover, we will perform electro-optical measurements with connected arrays. We have
modified our sample holder in order to accommodate a new generation of devices that have a
conductive busbar running through the devices that is in turn connected to a larger wire terminated
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by a large (1 mm × 1 mm) bonding pad. The sample holder will be modified to allow electrical
connections to those pads and thus to the devices themselves. Initially we will determine I-V
characteristics followed by studies designed to elicit a photo-current. To do so, we will follow the
work of Ward and co-workers in which they employ a light chopper coupled with a lock-in
amplifier to measure nonlinearities in the current-voltage response of the devices [77]. Any
preferential tunneling, whether under an externally applied bias or by geometric rectification, will
be evidenced by an asymmetry in the I-V curve. Furthermore, future generations of devices will
be fabricated both on silica as well as silicon, as our collaborator has found greater success in
achieving selective and conformal Cu-ALD growth on Si substrates.
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Chapter 7 – Conclusions
We have presented a systematic study of the optical extinction response of bowtie (BT)
and heterodimer (HD) nanoantennas fabricated by e-beam lithography in support of optimizing a
practical electro-optical device based on nanoantenna arrays. We account for geometric properties
as well as material differences (Pd, Au, and Cu-Pd), with the additional goal of using copper
atomic-layer-deposition (Cu-ALD) on Pd devices as a way to modify dimer gaps and bring them
into the tunneling regime.
To determine the optical properties of isolated devices, we fabricated nanoantenna arrays
with individual antennas were spaced 1500 nm apart in order to eliminate nearest-neighbor
interactions. We found the expected linear dependence of extinction peak wavelength with device
length and confirmed our results by FDTD simulation. The BT antennas had peak extinction at
wavelengths longer than the HD antennas and the Au devices showed a larger slope than the Pd.
The dependence of the extinction on dimer gap showed that the BT antennas couple more strongly
than the HD antennas and the Au devices coupled more strongly than Pd, consistent with the fact
that Au is a better plasmonic material and thus will create stronger near-fields that lead to stronger
coupling. Simulations indicate that as the device gap narrows below 30 nm, strong non-linear
behavior develops in the plasmon resonance peak location. This suggests an increased coupling
of the counter-electrodes, resulting in the excitation of higher-order plasmonic modes, as predicted
by the plasmon hybridization model.
To determine the effect of inter-device proximity, we fabricated arrays of devices in which
the device length and gap were maintained but the vertical and horizontal edge-to-edge distances
were varied. We observed that the horizontal coupling is stronger than vertical coupling with a
much larger decay length, with the BT devices showing stronger coupling than the HD for the
horizontal spacing. The Au and Pd had roughly the same coupling strength and decay length in
the vertical closure experiment while the Pd had larger coupling strength and decay length than
Au in the horizontal closure. The simultaneous closure of both edge-to-edge distances further
confirmed the dominance of the horizontal coupling but also revealed an increase in the Q-factor
of the peak resonance, consistent with an array spacing near 𝜆/2. This is evidence of constructive
interference in the diffractive coupling between array antennas.
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Along with a systematic study of the geometric effects of an array of devices, we also
examined the pre- and post-ALD response of the HD devices. We observed a clear red-shift in
extinction peak due to device length as well as the closing of the HD gap with the addition of Cu.
As expected, there is an increase in the overall extinction with increased device area. We also see
a significant extinction dependence on the material properties as Pd devices are coated with CuALD. The addition of copper layers increases the extinction amplitude and narrows the overall
plasmonic response, leading to an enhancement of the Q-factor. Broadening of the resonance is
attributed to the onset of longer-wavelength, collective oscillations of proximal devices in arrays
that have become denser due to the addition of Cu-ALD or the combination of Cu-ALD and
fabrication. Both the data and simulations demonstrate that the extinction response of the arrays
can be tuned by varying the material, device dimensions, heterodimer gap, and device separation.
For the device dimensions and processing we have chosen, our device arrays demonstrated the
importance of considering the splitting of modes due to inter-device optical coupling. Together,
these results demonstrate the relative importance of material, device size and morphology, and the
complex interaction of nanoantenna response relative to device packing in an array configuration.
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Appendix A – Sample Holder CAD Drawings
As stated in Chapter III, we designed our own sample holder to fit our specifications for
our confocal microscopy transmission measurement.

Below are the CAD drawings with

dimensions of our design. The first is a schematic of the arm that mounts our sample holder to the
xyz piezo stage. The second is of the part that holds the sample die.
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Appendix B – LabVIEW DAQ Program
We wrote the following program in LabVIEW in order to automate our data collection.
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Appendix C – Relevant Data
This appendix includes all of the experimental extinction data that were discussed or
plotted in the text analysis. The following is a list of files included:
Page
Au BT length experiment samples 1 and 2 ................................................................................... 70
Pd BT length experiment samples 1 and 2.................................................................................... 72
Pd HD length experiment samples 1 and 2 ................................................................................... 73
Au BT gap experiment samples 1 and 2 (Note: vertical offset of step size 0.005 is applied for
clarity, vertical axis starts at 0.025) .............................................................................................. 74
Au HD gap experiment samples 1 and 2 (Note: vertical offset of step size 0.005 is applied for
clarity, vertical axis starts at 0.025) .............................................................................................. 75
Pd BT gap experiment samples 1 and 2 (Note: vertical offset of step size 0.005 is applied for
clarity) ........................................................................................................................................... 76
Pd HD gap experiment samples 1 and 2 (Note: vertical offset of 0.005 is applied for clarity) .... 77
Au BT vertical edge-to-edge spacing experiment samples 1 and 2 .............................................. 78
Pd BT vertical edge-to-edge spacing experiment samples 1 and 2 .............................................. 79
Au BT horizontal edge-to-edge spacing experiment samples 1 and 2.......................................... 80
Au HD horizontal edge-to-edge spacing experiment samples 1 and 2 ......................................... 81
Pd BT horizontal edge-to-edge spacing experiment samples 1 and 2 .......................................... 82
Pd HD horizontal edge-to-edge spacing experiment samples 1 and 2.......................................... 83
Au BT simultaneous vertical and horizontal edge-to-edge spacing samples 1 & 2 ..................... 84
Au HD simultaneous vertical and horizontal edge-to-edge spacing samples 1 & 2 ..................... 85
Pd BT simultaneous vertical and horizontal edge-to-edge spacing samples 1 & 2 ...................... 86
Pd HD simultaneous vertical and horizontal edge-to-edge spacing samples 1 & 2 ..................... 87
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Au BT length experiment samples 1 and 2

70

Au HD length experiment samples 1 and 2

71

Pd BT length experiment samples 1 and 2

72

Pd HD length experiment samples 1 and 2

73

Au BT gap experiment samples 1 and 2 (Note: vertical offset of step size 0.005 is applied for
clarity, vertical axis starts at 0.025)

74

Au HD gap experiment samples 1 and 2 (Note: vertical offset of step size 0.005 is applied for
clarity, vertical axis starts at 0.025)

75

Pd BT gap experiment samples 1 and 2 (Note: vertical offset of step size 0.005 is applied for
clarity)

76

Pd HD gap experiment samples 1 and 2 (Note: vertical offset of 0.005 is applied for clarity)

77

Au BT vertical edge-to-edge spacing experiment samples 1 and 2

78

Pd BT vertical edge-to-edge spacing experiment samples 1 and 2

79

Au BT horizontal edge-to-edge spacing experiment samples 1 and 2

80

Au HD horizontal edge-to-edge spacing experiment samples 1 and 2

81

Pd BT horizontal edge-to-edge spacing experiment samples 1 and 2

82

Pd HD horizontal edge-to-edge spacing experiment samples 1 and 2

83

Au BT simultaneous vertical and horizontal edge-to-edge spacing samples 1 & 2

84

Au HD simultaneous vertical and horizontal edge-to-edge spacing samples 1 & 2

85

Pd BT simultaneous vertical and horizontal edge-to-edge spacing samples 1 & 2

86

Pd HD simultaneous vertical and horizontal edge-to-edge spacing samples 1 & 2
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Appendix D – SEM Images
This appendix presents a selection of the SEM images that were used to determine device lengths,
gaps and spacings. All numbers corresponding to the distinguishing dimensions in nanometers.
These images were analyzed via the Mathematica analysis code presented in Appendix E. The
images were taken at the Penn State Nanofabrication Lab. Figures are described in order left-toright, top-to-bottom.
Page
Au sample 1 BT Lengths 176, 221, 286; Au sample 2 BT Lengths 173, 216, 283….…..................

89

Au sample 1 HD lengths 175, 225, 291; Au sample 2 HD lengths 171, 213, 287…………………

90

Pd sample 1 BT lengths 179, 223, 287; Pd sample 2 BT lengths 178, 221, 286…………………...

91

Pd sample 1 HD lengths 176, 228, 291; Pd sample 2 HD lengths 204, 224, 288………………….

92

Au sample 1 BT gaps 532, 283, 135, 75, 53, 34……………………………………………............

93

Au sample 2 BT gaps 533, 295, 138, 74, 64, 49……………………………………………............

94

Au sample 1 HD gaps 504, 250, 103, 41, 28, 19…………………………………………………...

95

Au sample 2 HD gaps 509, 255, 105, 44, 29, 22……………………………………………...........

96

Pd sample 1 BT gaps 531, 286, 139, 68, 52, 39 ……………………………………………...........

97

Pd sample 2 BT gaps 531, 291, 136, 70, 53, 38……………………………………………………

98

Pd sample 1 HD gaps 500, 247, 97, 37, 32, 42 …………………………………………………….

99

Pd sample 2 HD gaps 500, 247, 97, 49 …………………………………………………………….

100

Au sample 1 BT vert. spacing 1450, 211, 30; Au sample 2 BT vert. spacing 1431, 201, 25............

101

Pd sample 1 BT vert. spacing 1437, 202, 68; Pd sample 2 BT vert. spacing 1426, 207, 73……….

102

Au BT sample 1 horiz. spacing 1465, 92, 25; Au BT sample 2 horiz. spacing 1474, 99, 29……...

103

Au HD sample 1 horiz. spacing 1500, 84, 25; Au HD sample 2 horiz. spacing 1469, 90, 24……..

104

Pd BT sample 1 horiz. spacing 1469, 84, 18; Pd BT sample 2 horiz. spacing 1468, 88, 21………

105

Pd HD sample 1 horiz. spacing 1456, 76, 18; Pd HD sample 2 horiz. spacing 1462, 83, 22……...

106

Au BT sample 1 array spacing 1462, 230, 44; Au BT sample 2 array spacing 1462, 229, 39……..

107

Au HD sample 1 array spacing 1450, 221, 39; Au HD sample 2 array spacing 1468, 227, 28……

108

Pd BT sample 1 array spacing 1444, 449, 213; Pd BT sample 2 array spacing 1433, 451, 212…...

109

Pd HD sample 1 array spacing 1439, 449, 215; Pd HD sample 2 array spacing 1445, 461, 208…..
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Appendix E – Mathematica Image Analysis Code
In order to facilitate and improve our SEM image analysis, we wrote a Mathematica script that
extracts dimensional parameters using image analysis. Using this code, we were able to analyze
larger arrays than our previous method (using Photoshop to count pixels) more accurately and in
much less time.
i = Import[
"A:/RECTENNA DATA - NEW STRUCTURE/SEM Images/Wafer 4/Pd Layout B \
Die 10/Row P_Col 5_88_1.tif"];
i = Binarize[i, .32];
i = SelectComponents[i, "Area", # > 120 &];
i = DeleteBorderComponents[i];
i = FillingTransform[i]
P = 2;
Spacing = 200;
(*A:/RECTENNA DATA - NEW STRUCTURE/SEM Images/Wafer 4/Pd Layout A Die \
19/Row L_Col 5_62_1.tif*)
(*Define Array*)
Rows = 3;
Columns = 3;
r = Rows;
c = Columns;
(*Cutoff factor for trimmedMean \[Rule] Removes the lowest and \
highest values*)
cut = 1 - (r*c - 1)/(r*c) // N;
BM = ComponentMeasurements[i, {"BoundingBox"}];
BM2 = BM;
tot = r*c*2;
av = List[];
ah = List[];
g = List[];
t = List[];
b = List[];
tw = List[];
bw = List[];
(*Re-orders object matrix so proper structures are aligned and \
numbered correctly*)
For[x = 1, x < tot + 1, x = x + c,
BM2[[Table[x + j, {j, 0, c - 1}]]] =
BM2[[Ordering[BM2[[x ;; x + c - 1, 2, 1, 1, 1]]] + x - 1]]
];
BM = BM2;
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tot = r*c*2;
(*Loop which analyzes the image*)
For[x = 1; tHeight = 0; bHeight = 0; bWidth = 0; bHeight = 0;,
x < tot + 1, x++,
(*Finding the horizontal px/nm conversion using the unit cell \
spacing of 1500nm*)
If[Mod[x, c] != 0,
arrayh = BM[[x + 1, 2, 1, 1, 1]] - BM[[x, 2, 1, 2, 1]];
AppendTo[ah, arrayh];
];
(*Finding the vertical px/nm conversion using the unit cell spacing \
of 1500nm*)
If[OddQ[Quotient[x - 1, c]] \[And] c < x < (2*r*c - c - 1),
arrayv = BM[[x, 2, 1, 1, 2]] - BM[[x + c, 2, 1, 2, 2]];
AppendTo[av, arrayv];
];
(*Height computation*)
If[
OddQ[Quotient[x - 1, c] + 1],
tHeight = BM[[x, 2, 1, 2, 2]] - BM[[x, 2, 1, 1, 2]];
AppendTo[t, tHeight];,
bHeight = BM[[x, 2, 1, 2, 2]] - BM[[x, 2, 1, 1, 2]];
AppendTo[b, bHeight];
];
(*Width Computation*)
If[
OddQ[Quotient[x - 1, c] + 1],
tWidth = BM[[x, 2, 1, 2, 1]] - BM[[x, 2, 1, 1, 1]];
AppendTo[tw, tWidth];,
bWidth = BM[[x, 2, 1, 2, 1]] - BM[[x, 2, 1, 1, 1]];
AppendTo[bw, bWidth];
];
(*Conditional that picks out vertically adjecent triangles and \
measures the gap between them*)
Which[
1 <= x <= c,
gap = BM[[x, 2, 1, 1, 2]] - BM[[x + c, 2, 1, 2, 2]];
AppendTo[g, gap],
2*c + 1 <= x <= 3*c,
gap = BM[[x, 2, 1, 1, 2]] - BM[[x + c, 2, 1, 2, 2]];
AppendTo[g, gap],
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4*c + 1 <= x <= 5*c,
gap = BM[[x, 2, 1, 1, 2]] - BM[[x + c, 2, 1, 2, 2]];
AppendTo[g, gap];
];
(*Print Summary of Results*)
If[
x == tot,
(*Print["Conversion Factor: ",conv=Spacing/Mean[{Mean[ah],Mean[
av]}]," nm/px"];*)
Print["Conversion Factor: ",
conv = Spacing/(BM[[c*r*2 + 1, 2, 1, 2, 1]] BM[[c*r*2 + 1, 2, 1, 1, 1]]), " nm/px"];
Print["Average Counter-Elec Height: ", TrimmedMean[t, cut]*conv,
" nm"];
Print["Average Height (Both): ",
Mean[{TrimmedMean[b, cut], TrimmedMean[t, cut]}]*conv];
Print["Average Base Width: ", TrimmedMean[bw, cut]*conv, " nm"];
Print["Average Counter-Elec Width: ", TrimmedMean[tw, cut]*conv,
" nm"];
Print["Average Gap: ", TrimmedMean[g, cut]*conv, " nm"];
Print["Average Base Height: ", TrimmedMean[b, cut]*conv, " nm"];
Print["Average Edge to Edge X Spacing: ", TrimmedMean[ah, cut]*conv,
" nm"];
Print["Average Edge to Edge Y Spacing: ", Mean[av]*conv, " nm"];
Print["Average Unit Cell Horiz Spacing: ",
TrimmedMean[ah, cut]*conv + TrimmedMean[bw, cut]*conv, " nm"];
Print["Average Unit Cell Vert Spacing: ",
TrimmedMean[av, cut]*conv + TrimmedMean[g, cut]*conv +
TrimmedMean[t, cut]*conv + TrimmedMean[b, cut]*conv, " nm"];
Print[Dimensions[BM], c*r*2 + 1];
Print[Solve[w*r*2 + 1 == Dimensions[BM][[1]], w] // N];
Print[BM[[c*r*2 + 1, 2, 1]]];
Print[Spacing/(BM[[c*r*2 + 1, 2, 1, 2, 1]] BM[[c*r*2 + 1, 2, 1, 1, 1]])]
(*Print[1000/(BM[[19,2,1,2,1]]-BM[[19,2,1,1,1]])];*)
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Appendix F – Mathematica Peak Fitting Program
We used a simple Lorentzian function to fit our experimental data and simulation results.
Mathematica provides a command to fit the data-sets with a defined function. This was used to
determine the peak location in our results.
(*Import data set*)
k = Import[
"A:/RECTENNA DATA - NEW STRUCTURE/Wafer 4/Gold/Length 3 (Row \
G)/Die 1/Wafer 4_Row G_Die 1_Col ALL_Au.xlsx"][[1]];
(*Extract wavelength and detector voltage values*)
kenergy = k[[30 ;; 70, {1, 7}]];
model1 = c5*a1/((x - b1)^2 + a1^2);
fit = FindFit[kenergy, model1, {{c5, 0.000},
{a1, .12}, {b1, 1200}}, x];
Peak1 = Plot[
Evaluate[c5*a1/((x - b1)^2 + a1^2) /. fit], {x, 700, 1803},
PlotRange -> All, PlotStyle -> Red];
Print[Column[{"Peak Center: " , b1 /. fit,
"Amplitude: " , (c5/a1) /. fit}]]
Show[ListPlot[kenergy, PlotRange -> {{700, 1600}, {0.00, 0.18}},
PlotStyle -> {Blue, PointSize[0.005]}, Frame -> True,
GridLines -> {Range[400, 1800, 20], {}},
FrameLabel -> {"Energy (eV)", "Extinction "}],
Plot[Evaluate[model1 /. fit], {x, 700, 1600},
PlotRange -> {{400, 1800}, {0, 0.5}}, Frame -> True,
PlotStyle -> Black]]
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