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ABSTRACT

Plasmonics have been used to enhance the interaction of light with metallic nanos-
tructures and lanthanide-doped upconversion nanocrystals. This enhancement can
be achieved by using specific structures, materials, and plasmonic resonators at the
emission and absorption wavelengths of the particles. This dissertation is based on
four projects, which are mainly about the interaction of light and matter in metallic
nanostructures and the up-conversion of nanocrystals using plasmonic resonators.

In metal-insulator-metal systems, the cavity’s resonant length is determined by
the plasmon wavevector and the phase of reflection from the end faces. In general, the
resonance length is not a simple multiple of the half-wavelength due to the significant
reflection phase. As a result, in order to have a better understanding of MIM cavity
resonances, the reflection phase must be calculated correctly. In the first project,
the reflection phase obtained by SPPs upon reflection off the slit end-faces is calcu-
lated analytically using a simple mode matching model for real metals showing both
dispersion and loss. The technique is similar to previous works, with the exception
that we use the unconjugated version of the orthogonality relation. The results show
good agreement with the experimental data. By having a strong grasp of the SPP
dispersion, this technique aids in the design of plasmonic devices for operation at a
specific wavelength.

Single-photon sources are optical sources capable of emitting a single photon.
A single lanthanide ion within a plasmonic nano structure with a large emission
enhancement is one technique to generate a single-photon source at 1550 nm, which is
a low-loss band used in fibre optics. In the second project, plasmonic double nanohole
resonators are fabricated using colloidal lithography. These structures have been used
to enhance the emission from low-concentration erbium emitters. The results indicate
that different levels of emissions exist based on the amount of Er contained inside the
nanocrystals. These findings would be an excellent starting point for developing a
single-photon source operating at a 1550 nm wavelength employing erbium. Because
not only can it increase the emission rate from erbium emitters, but it also helps to
find and isolate a single emitter, which gives a stable single photon source.

Because the surface plasmon resonance is exponentially coupled to the surface, it
exhibits excellent sensitivity to changes in the refractive index near the surface. This is
the underlying principle of commercially available surface plasmon resonance biosen-

sors. Due to the wide range of applications in water quality testing and biosensing, it
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is critical to develop highly sensitive sensors that are compatible with commercial sen-
sors. In the third project, we develop a design for SRSP sensing using a rectangular
stripe grating and a 10 nm thick gold film. The 10 nm gold layer is sufficiently thick
to enable continuous films to be formed using standard deposition procedures. We
demonstrate that by employing rigorous coupled wave analysis, the surface sensitivity
of these films to an adlayer is increased by 3.3 times in angle units and the resolution
is increased by fourfold while working at the commercial SPR system wavelength of
760 nm.

Before trapping a particle in double nanohole apertures, we must first locate
the double nanohole on the sample (gold on glass with apertures) and compare the
scanning electron microscopy images with the image on the camera in the optical
setup using certain markers. In the fourth project, to make DNH aperture trapping
easier, we provide a polarization and transmission dependency approach for localizing
and orienting DNHs on a substrate. This method provides a time and cost effective
way to ease the experimental process. This technique may also be used to localize

different aperture clusters and single holes.
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Chapter 1
Introduction

In this dissertation, nanostructured metals have been used to enhance light-matter
interaction. The enhanced interaction is then used to design sensors and single pho-
ton emitters. This chapter discusses the motivations for the works presented, why
researchers are interested in plasmonics, and why UCNCs are useful. The organi-
zation of this dissertation is detailed here in section 1.2. This dissertation can be
divided into four projects. The contributions of all the authors are listed in the last

section of this chapter.

1.1 Motivation

In physics, an oscillating charge generates electromagnetic waves. When these charges
are accelerated, they emit electromagnetic waves with the same frequency as the os-
cillation. Radio waves, microwaves, infrared, visible light, ultraviolet, X-rays, and
gamma rays are all types of electromagnetic waves. Each regime of this spectrum
has a variety of applications, including biomedical devices, military weaponry, energy
conversion, communications, detection, and sensing. More attention has been focused
on the visible light (400 to 750 nm) and the near-infrared range (750 nm to 2.5 pm)
than the other ranges. Because the sun, the earth’s primary source of energy, has the
highest spectrum of power in the visible range, the way each cell on the planet inter-
acts with this light is noteworthy. The near-infrared is also a particularly appealing
wavelength, because of its numerous applications in modern technologies, especially
telecommunication systems. As a result, in order to create a wide range of devices,

including cameras, light sources, detectors, and sensors, we need to have a firm grasp



of how light and matter interact at these wavelengths.

Scientists are interested in how nobel metals like gold and silver work with light at
the interface with a dielectric to make plasmonic phenomenon. In fact, light interacts
with the conducting electrons of a metal with a negative permittivity at its interface
with a dielectric with a positive permittivity. The metal’s free electrons couple to
incident electromagnetic fields and propagate as surface plasmon polaritons. These
waves are evanescently confined in the normal direction of the interface. Further-
more, the coupling of the incident electromagnetic fields to the conductive electrons
of a subwavelength metallic nanostructure results in localized surface plasmons, which
are the non propagating type of plasmon waves. As a result, light can be confined to
the order of the light wavelength or smaller using a metal-dielectric structure. The
materials’ permittivities, geometry, and plasmonic oscillation wavelengths all play a
role in confinement. That means particles and structures of various sizes and shapes
will exhibit different plasmonic resonances. Developments in the design, fabrication
processes, and analysis methods help researchers to design and fabricate nonstruc-
tured metals to obtain desired plasmonic wavelengths for different applications.

In this dissertation, we first propose a modified method to analyze a metal-
insulator-metal (MIM) structure and investigate the impact of metal loss on the
plasmonic resonances. We show that the correct calculation of the reflection phase,
which is a key factor in the calculation of the plasmon wavelength, is important.

Secondly, to take advantage of one of the most attractive applications of light-
matter interaction, an optical tweezer is used to trap and manipulate erbium-doped
nanoparticles. Plasmonics is very helpful here to confine the electromagnetic (EM)
waves in a plasmonic double nano hole (DNH) aperture and increase the optical trap-
ping probability. This happens by creating an enhanced field at the cusp separation
of the DNH and pulling the particle toward the enhanced field. Lanthanides, which
are non-blinking stable emitters, can upconvert the NIR wavelengths to visible light
and also emit at NIR wavelengths. They outperform other upconversion mechanisms
such as harmonic generation, but their efficiency is still insufficient for practical ap-
plications. Here, to improve the upconversion efficiency, plasmonic nanostructures
were used to boost the interaction of light with lanthanide electrons. One of its main
applications is in designing single photon sources. We are able to create single-photon
sources by isolating a single emitter capable of emitting a single stable photon.

Another application of surface plasmons is in designing surface plasmon resonance

sensors. In one of the designs, a prism is used to couple the light into surface plas-



mon waves. Thanks to the high index of the prism, the wave vector of the prism
matches the wave vector of the surface plasmon. Because of the metal loss, light is
absorbed in the coupling condition, and this leads to a dip in the reflection [2]. Due
to their surface-bound nature, surface plasmon polaritons are extremely sensitive to
changes in refractive index at the surface. This is the idea behind the commercialized
surface plasmon resonance (SPR) biosensors. Insulator-metal-insulator (IMI) struc-
tures, in particular, allow for short-range surface plasmon (SRSP) modes that are
more strongly confined to the surface by decreasing the thickness of the metal. This
increases surface sensitivity even further. Here, we present a SRSP sensing design
based on a rectangular gold stripe grating on a glass prism with a 10 nm thickness.
The gold’s top layer is water. To simplify the fabrication process, a thick 10 nm gold
layer is utilized. This enables the use of continuous films using conventional deposi-
tion techniques. According to rigorous coupled-wave analysis (RCWA), this structure
is 3.3 times more sensitive to an adlayer in angle units. Additionally, the resolution
is quadrupled while working within the same range as commercial SPR systems. As
a result, we think that these chips will soon be employed for more sensitive SPR
sensing.

Finally, in our last work, we established a much more approachable method for
determining the position and orientation of DNHs that does not require SEM or other
complex techniques.

In this dissertation, the goal is to investigate the interaction of light and matter
in nanoplasmonic structures and take the advantage of the field enhancement for the

abovementioned applications.

1.2 Organization of the Dissertation

The dissertation is based on four manuscripts that have been published in peer-
reviewed journals. The contributions of all the authors are listed below. In chapter
2, the theory of plasmonics, nanostructures, UCNCs, optical tweezers, and all the
theory behind our work are presented. In chapter 3, a summary of each manuscript is
given. The complete manuscripts are added to the appendix section (A-D). Chapter

4 includes a summary, conclusion, and possible future works.



1.3 Major Contributions

1.3.1 Large Plasmonic Resonance Shifts from Metal Loss in
Slits

Z.S. performed the mathematical and numerical calculations, and also the FDTD sim-

ulations. R.G. conceived the method. All authors assisted in writing the manuscript.

1.3.2 Isolating and Enhancing Single-Photon Emitters for
1550 nm Quantum Light Sources Using Double Nanohole

Optical Tweezers

Z2.S., M.D., and G.H. performed the trapping experiments. Z.S. analyzed the data.
A.L.F. and F.C.J.M.v.V. were responsible for nanocrystal synthesis and characteriza-
tion. M.S.S. performed the FDTD simulations. R.G. conceived the experiment. All

authors assisted in writing the manuscript.

1.4 Minor Contributions

1.4.1 Improving Sensitivity of Existing Surface Plasmon Res-
onance Systems with Grating-Coupled Short-Range Sur-
face Plasmons

E. B, and Z.S. performed the mathematical and numerical calculations, and also the

FDTD simulations. R.G. conceived the method. All authors assisted in writing the

manuscript.

1.4.2 Accessible High-Performance Double Nanohole Tweez-

ers

G.H. , E.B., and M.D. performed the trapping experiments, fabricated the samples,
and analyzed the data. Z.S. performed the FDTD simulations, fabricated the samples,
and conceived the idea. M. D. fabricated the samples. R.G. supervised the project,

providing ideas and facilities. All the authors assisted in writing the manuscript.



Chapter 2

Methods and Review

The primary focus of this dissertation is to analyze plasmonic nanostructures and
develop novel designs for various applications. To do so, a grasp of several fields
of science is essential. In this chapter, we first give an introduction to plasmonic
phenomena, localized surface plasmons, long range surface plasmons, and short-range
surface plasmons. Following that, we discuss several techniques for analyzing the
structures that support surface plasmons. This chapter also discusses lanthanide-
doped nanocrystals and their upconversion mechanism. optical tweezers are explored
as a technique for trapping and manipulating sub-wavelength particles. Plasmonic
nanoapertures as a good candidate to enhance light-matter interactions at metal-
dielectric interfaces have been studied. Finally, The colloidal lithography method to

prepare the samples for the proposed experiment is described.

2.1 Plasmonics

Light may couple with electrons in noble metals to generate a wave that is bound
to the metal’s surface. The surface plasmon is the name given to this wave. When
the structure’s dimensions are much smaller than the excitation wavelength, visible
light can be concentrated to the nano-meter scale. This phenomenon is caused by
the interaction of light and matter and occurs at dielectric-metal interfaces. The
local electric field is enhanced when light is confined to a nanoscale size. This has
a wide range of applications, ranging from solar energy conversion to sensing and
detecting techniques, as well as optical trapping [15, 16]. A plasmonic structure

with resonant frequencies at desired wavelengths can enhance the local electric field



intensity which results in the enhancement of the absorption and emission processes.
Raman scattering is one of the main applications of surface plasmons. In plasmonic
Raman scattering, a photon at a specific wavelength is absorbed by a target molecule
and makes the molecule emit a photon at another wavelength, which is usually close
to the excitation wavelength. The difference in the wavelength of the incident and re-
emitted photon is the parameter that can be used to detect that molecule. It has been
shown that the strength of the local electric field affects both photon absorption and
emission [17]. As a result, using plasmonic structures can help to improve molecule
sensitivity in Raman scattering systems [18, 19]. In general, not all multi-photon
processes have an emission wavelength close to the excitation wavelength. Therefore,
designing plasmonic structures that can support a wide range of plasmonic frequencies

is required [20].



2.1.1 Surface Plasmon Polaritons (SPPs)

In the previous section, we mentioned that plasmonic phenomena happen at the inter-
face of dielectric and metal. Let’s consider the structure in Figure 2.1 to understand

the behaviour of the electromagnetic wave in such structures.

.;i’

Z
4

>

TN
AR

.l Tt T T T P

Figure 2.1: Surface plasmon polaritons propagation. Reprinted with permission
from [1].

To get the electric and magnetic fields inside the structure, we need to solve Eq.

2.1 which is known as the Helmholtz equation,
V2E + kjeE =0 (2.1)

where ky = 27/ is the wave vector in vacuum. Applying boundary conditions and
solving the equations for these conditions shows wave propagation at the interface
(X axis) for TM (transverse magnetic) mode and no propagation for TE (transverse
electric) mode. The solution for the TM mode shows a propagation wave at the
interface (X axis) and an evanescent decay electric field in the propagation direction
(Z axis).

By substituting the dielectric constant relation in Maxwell’s equation, the disper-

sion relation of light in a metal is obtained and is given as
w? = (Kc)? + w5 (2.2)

where K denotes the wave vector in the dielectric region. ¢ is the speed of light,

w is the angular frequency of the incident electromagnetic field, and wp is plasma



frequency. The full set of equations is available elsewhere [2]. The wavevector K,
or momentum of SPPs, is a function of angular frequency and metal and dielectric
permitivities [1, 21]

EIEM
K,=Ky, | ———— 2.3
0 (€[+8M) ( )

er and ) are the frequency dependent complex dielectric functions (relative permit-
tivity) of the dielectric and metal medium, respectively. It is clear if ) is real and
negative and approaches —e;, the wavelength gets extremely short because the prop-
agation constant becomes too large. That leads to confinement of light to the surface
(X axis) and the creation of a decaying electric field in the propagation direction (Z
axis). This excitation is called surface plasmon polaritons, where the electric fields
are confined and propagate along with the interface of two materials with negative
and positive relative permittivities.

Figure 2.1 depicts SPPs propagating in a parallel direction to the metal-dielectric
interface, as well as the electric field’s exponentially decaying in the Z direction. The
wavevector of the incident light depends on the permittivity of the medium in which
it propagates (,/€7Ko), and it is clearly less than that of SPPs. SPPs can be excited
if the wave vector of the SPPs and the incident light are equal (this happens at a
resonant frequency), or in other words, if the momentums of both sides are matched.
The use of high index prisms, evanescent field coupling, and grating coupling have
all been proposed as methods for momentum matching [22, 23, 24]. In one of our
works that will be presented here, we employed prism and grating coupling to design

a sensor that uses short-range surface plasmons [25].



2.1.2 Localized Surface Plasmon

There are two main types of surface plasmons: propagating surface plasmons (PSPs)
and localized surface plasmons (LSPs), both of which are oscillations of free elec-
trons at the metal-dielectric interface (LSPs) [26]. In the preceding section, we men-
tioned that SPPs are propagating types of surface plasmons that are generated by
the coupling of the electromagnetic wave with the electron plasma of the metal at a
metal-dielectric interface. Localized surface plasmons are non-propagating types of
surface plasmons that happen due to the interaction of the incident electromagnetic
wave with the conduction electrons of metallic nanostructures. When a conducting
particle is excited by an oscillating electromagnetic field, it starts to oscillate locally
around itself. This oscillation creates an enhanced localized plasmon wave which
oscillates at a frequency known as localized surface plasmon resonance. This phe-
nomenon leads to an enhanced field both inside and outside the particle. For SPPs;,
a phase matching technique needs to be used to excite the plasmon resonance of the
structure. In contrast, the curved surface of a nanoparticle helps to excite the plas-
mon resonance by direct light illumination. The conventional system to analyze LSPs
mathematically is shown in Figure 2.2. A spherical particle with radius a is located
at a uniform static electric field. With a dielectric constant of €,,, the background

medium is non-absorbing and isotropic. The dielectric response of the particle is
denoted by €(w).

Eo

g(w)

€m

Figure 2.2: Sketch of a homogeneous sphere placed into an electrostatic field reprinted
with permission from [2].

The particle is small enough so that a << A. In this situation, The phase of the

oscillating electromagnetic field does not change across the particle’s volume. To find
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the electromagnetic fields of this system, a quasi-static approximation of the Laplace
equation (¢ = 0) solution is needed. By solving E = —V¢, the electric field inside

and outside the particle can then be calculated as below [2]

3€m
E,=—"-"Y.E 2.4
€+ 2e, 0 (2:4)
3 . —pl
B, —E, 4 2P -pl (2.5)

dregey, T3

€+ 2¢,,

where p is the electric dipole moment under the illumination of Ey. It is appar-

p = 4meoema Eg (2.6)

ent that the electric field becomes maximum when the denominator ,|e + 2g,,|, is
minimum. Under this condition, the particle experiences a field enhancement. This
enhancement of the electric field inside a nanoparticle is called a localized surface
plasmon. In practice, this term cannot be zero because the real part of the metals
in the visible and IR ranges is much greater than the dielectric permittivity used
in plasmonic systems (such as water or hexane, which is used in this dissertation),
but it still gives enough enhancement to excite the localized surface plasmon. The
given circumstances demonstrate that the resonance frequency is strongly influenced
by the background media and the particle permittivity. For the abovementioned rea-
son, metal nanoparticles are good candidates for optical sensing when the refractive
index inside the structure changes. They have also extensive application in surface-
enhanced Raman scattering (SERS) [27], fluorescence enhancement [28], biomolecular

interaction detection [29], and so on.
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2.1.3 Surface Plasmons in Thin Films

The light confinement and consequently field enhancement generated by surface plas-
mon has opened new doors in designing new optical devices [30, 31, 32, 33]. Localized
surface plasmons have been widely used in sensing applications [34, 35]. While SPPs
have been mostly utilized for the manipulation of light in optical waveguides [36, 37].
Therefore, the surface plasmon applications can be categorized into two different
types: waveguiding and sensing.

Metal nanostructures have been proven to concentrate electromagnetic energy
into subwavelength structures at plasmon resonances. This energy concentration
generates highly enhanced local and scattered fields in the designed structure. As it
was seen in Eq. 2.4 and 2.5 in the previous section, the size and shape of the designed
structure as well as the permittivity of metal and dielectric play an important role
in the coupling and enhancement of the field. These degrees of freedom gave rise
to a variety of different configurations and creative designs of metal nanostructures,
including spheres, triangles, cubes, and nanoshells [38, 39, 40, 41]

A small change in the geometry of the structure or particles results in significant
changes in the resonant behavior. Design and development of nanostructure-based
technologies are similarly restricted because of the difficulty of assembling these par-
ticles. The two main types of proposed structures are nanorods and nanostrips. Most
of the proposed designs in this field are based on these two geometries. Imurra et al.
used single gold nanorods for near-field optical imaging using surface plasmons [42].
A variety of other applications of nanowires have also been proposed [43, 44, 45, 46].

Nanorods, which are finite-length thin metal wires, benefit from both field con-
finement and waveguiding. In nanowires, waves propagate throughout the length of
the wire and are reflected at the end, causing a form of constructive interference to
occur. The resonances arising from this phenomenon are called retardation-based
resonances.

Small structures can support both retardation-based resonances and electrostatic
resonances with specific designs [47]. The other type of the proposed structures using
surface plasmon phenomena, nano strips, also takes advantage of retardation based
resonances. Thin metal nano strips are in fact a two-dimensional type of nano wire.
In such a structure, the coupling of the incident light can create highly confined fields
inside the strip. The resonant wavelength, field enhancement, and resonant scattering

can then be controlled by changing the size and shape of the nano strip, for instance,
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by creating tapering and decreasing the thickness of the strip. The resonant behaviour
and different designs of nano strips have been shown using numerical simulation and
optical experiment [48, 49, 50]. Fabrication and assembling of nano strips is also
simple. Different layers of strips can be put together or made on the same substrate.
Nowadays, the challenges for researchers are to achieve the highest possible field
enhancement with specific designs and to increase the bandwidth of the nano strip

structures.
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2.1.4 Characteristics of Short Range and Long Range SPP
Modes

Surface plasmon polaritons at the long wavelength part of visible region and IR range
have low speed similar to the free space electromagnetic wave and cannot be bound
enough to the surface to create the expected enhanced field. The well-know solution
to overcome this issue is to use multilayer structures with multiple metal-dielectric
interfaces. Surface plasmon polariton super modes are produced as a result of the
multilayer structures. The different designs of multilayer structures, which can be
made by changing the size, shape, and permitivities of the metal and dielectric layers,
lead to different super modes at desired wavelengths. They help in the creation of a
highly enhanced field through the interaction of SPPs of individual interfaces [51].

The simplest multilayer structures are metal-insulator-metal (MIM) and insulator-
metal-insulator (IMI) nanostructures. These nano strip structures, can support short
range surface plasmon (SRSP) and long-range surface plasmon (LRSP). For sym-
metric IMI and MIM configurations, only two symmetric and antisymmetric modes
exist. These two modes have even and odd electric field functions, respectively. If
the configuration is not symmetric, the modes are no longer necessarily symmetric or
anti-symmetric, but we can still continue to use the same nomenclature.

The symmetric mode of the electric field component, or even mode, is less confined
to the surface. They have a larger SPP wavelength in the range of mm and so are
called long range surface plasmons (LRSPs). LRSPs, in IMI structures, transform
into the TEM mode of the adjacent dielectric as the thickness of the metallic layer
decreases.

The antisymmetric mode of the electric field component, or odd mode, is more
confined within the metal as the metal layer thickness decreases. They have a shorter
SPP wavelength in the range of pm and a shorter decay length into the surrounding
dielectric and so are called short-range surface plasmons (SRSPs). These modes
have a higher effective mode index and, consequently, a larger propagation constant
than the usual SPPs. SRSPs have large propagation losses as well as significant
slow speeds. For this reason, they are also called slow-SPPs [3]. The propagation
constant of the SRSP mode is strongly affected by the changes in the refractive index
of the adjacent dielectric, which is the main reason that these modes are employed in
surface plasmon resonance (SPR) sensors. SPR sensors are antisymmetric three-layer

IMI structures whose fields are highly confined at the interface of metal and the top
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insulator (analyte), which supports both SRSP and LRSP modes.

2.2 SPR Sensors

SPR sensors are one of the main applications of plasmonic multilayer structures. An
IMI structure is employed to detect the changes in the refractive index of the top
layer through excitation of the surface plasmon waves at the top metal-dielectric
interface. The coupling of the incident light to the oscillations of metal free electrons
occurs at resonance conditions using a prism. The wavelength and incident angle
of the excitation light determine the energy and momentum, respectively. Because
of the metal loss, the incident light couples to the surface plasmon under coupling
conditions, resulting in a minimum in the reflection. The dielectric characteristics
at the top metal-dielectric interface determine where the dip will be located on the
reflection spectrum. For this reason, the changes in the reflection dip location may

be tracked to diagnose the molecules at the top layer.

analyte bound  Solution SRSP\ /LRSP

to surface. \

S\BK7 substrate

incident beam
et reflected beam

Polarizer BK7 prism

Lens

Optical Fiber

white light source spectrometer

Figure 2.3: Schematic diagram of a self-referencing surface-plasmon resonance sensor.
The sensor consists of a gold thin film on a buffer layer (Teflon-AF) that closely
matches the refractive index of the solution of interest. The structure supports two
surface plasmon modes excited at different wavelengths: a symmetric LRSP mode
whose fields extend deeper into the solution and an anti-symmetric mode SRSP whose
fields are concentrated near the surface of the metal. Reprinted with permission

from [3].

Figure 2.3 depicts the well-known Kretschmann-Raether configuration of SPR
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sensors [52]. This configuration is also known as the attenuated total reflection (ATR)
configuration. For a metal-dielectric interface, direct incident light cannot create a
phase matching condition because § > k, where [ is the propagation constant of
the surface plasmon and k is the wave vector in the dielectric side of the interface.
Under certain circumstances, phase matching can be obtained using an asymmetric
IMI structure. When an incident light excites the structure through a prism with
a refractive index higher than the other dielectric, the wave vector in the metal
will be knsinf and this is enough to excite the surface plasmon at the metal-lower
index dielectric. In fact, in this case the propagation constant of the existing surface
plasmon is between the light line in the prism and the light line in the other dielectric.
In this case, the calculated propagation constant for the prism-dielectric interface is
less than the light line in the prism. That means there is no SPPs at the interface of
the metal and prism|2].

The next important consideration in this configuration is the incident angle. An
incident light with an angle greater than the critical angle must excite the structure

to see the total reflection on the other side of the prism as shown in Figure 2.4(a).

Indirect Grating
Direct Grating
ATR

ATR

a b C

Figure 2.4: Three configurations to couple light to surface plasmons: a) Conventional
ATR coupled SPR with a prism and a thin flat metal layer, b) Conventional grating
coupled SPR where light is directly incident on the corrugated interface, ¢) Combined
ATR and indirect grating coupled SPR. Due to the additional momentum from the
grating, the indirect grating coupling requires a shallower incidence angle (yellow
arrow). Reprinted with permission from[4].

Another method to excite surface plasmons in an IMI structure is using grating
of grooves or holes as shown in Figure 2.4(b) [53, 54]. In this case the momentum
matching can be achieved because of the increase in the wave vector of the incident
light.

Figure 2.4 shows three configurations used for grating coupling: prism configura-
tion, where the light is incident through a prism, direct grating configuration, where
the light excites the grating array directly [55, 56|, and the combined ATR and in-
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direct grating coupled SPR [57]. Below formula shows how grating structures affect

the coupling [58].

kprism + Ko =
Ko 2 (2.7)
A

with A being the grating period and S being the propagation constant of the
surface plasmons.

The third configuration has attracted more attention due to the fact that it enables
both grating-coupled and ATR-coupled surface plasmons. This configuration provides
more coupling of the incident light to the surface plasmons. A grating has been used
in some works to couple incident light to a surface plasmon [59, 60]. In other works,
the light coupling to a surface plasmon has been done with the ATR method, and
then a grating is used to perturb the surface plasmon [4, 21, 61, 62, 63]. The indirect
configuration in subwavelength structures can also give rise to short-range surface
plasmons and localized surface plasmons, which results in more enhancement of the
field for a specific geometry. This can also increase the sensitivity of the sensor.

Sensitivity and resolution are two of the most important performance features of
SPR sensors. The sensitivity of an SPR sensor is the ratio of the change in sensor
output (which can be a change in the incident angle or wavelength where there is a dip
for the reflection) to the change in the refractive index of the analyte (top dielectric)
layer. When an SPR sensor is used, the resolution is defined as the smallest change in
the refractive index of the analyte that causes a visible change in the location of the
reflection dip. This characteristic of the SPR sensor is affected by noise that causes
uncertainty in the results. The noise in the sensor comes from the fluctuations of the

incident light, readout electronics, and shot noise [64].
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2.3 Upconversion

In the context of energy transmission, upconversion refers to the process that is trig-
gered by photon absorption. Upconversion results in a population in an excited state,
where the energy of the population is greater than the energy of the pump photon.
Because the excited state has higher energy than the optical pump, optical emission
from it happens at a shorter wavelength than the optical pump. Conversion of NIR
radiation to the visible has attracted research interest in upconversion [65]. Upcon-
version materials have numerous applications in bioimaging [66], solar absorption [67]
spectrum increase and single-molecule microscopy [68]. An ideal medical imaging tool
would be NIR light, which has a high penetration depth into the human body. This
ability makes them easily detectable by existing sensors, as they emit light in the vis-
ible spectrum [69, 70, 71]. Multiple photon absorption is a nonlinear optical process.
An electron gets excited to a virtual state and, after a relaxation period, during a
non-radiative process, moves back to the ground level and produces a radiative emis-
sion with higher energy. Lanthanide upconversion techniques take advantage of the
fact that real intermediate states have multiple long lifetimes.

Rare earth ions, or lanthanides, are a set of seventeen heavy metals. They are
called rare earth ions because, although they are abundant in the Earth’s crust, it
is difficult and expensive to separate them from the primary ore. Rare-earth ions,
particularly erbium, have been identified as potential single emitters in the visible and
IR spectrum. NaY F} is one of the most popular lanthanide-doped nanoparticles made
up of rare-earth ions. Erbium and ytterbium (Er** and Y*") are the most common
lanthanide ions utilized in photon upconversion, and they are also the most abundant.
A combination of Er3t and Y3t is used because Er3t cannot absorb the NIR pump
photon. In both bulk crystals and fibers, the absorption cross sections are small,
and pump absorption rarely happens. On the other hand, the requirement to avoid
excessive quenching processes places a limit on the doping concentration. Ytterbium
(Yb3") sensitizer ions are a frequent solution to this problem. Pump radiation can
be absorbed by ytterbium ions, which subsequently transmit the energy to ground-
state erbium ions, bringing them to higher energy levels. The ions are then quickly
transferred into the upper levels by absorbing more photons. Based on the number of
absorbed photons by erbium ions, red, green, and blue emission can be seen. Figure
2.5 shows the electron energy levels in erbium (Er) doped nanoparticles. Since Er3*

cannot absorb 980nm photons, YT is used to ease the process.
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Figure 2.5: Schematic energy level diagram of the Yb3* sensitizer and Er3* activator
in nanocrystals. Radiative energy transfer (solid lines), non-radiative energy trans-
fer (dotted lines), cross-relaxation (dashed lines), and multiphonon relaxation (curly
lines). Reprinted with permission from [5].

Upconversion from the mentioned NaY F; nanocrystals contains two or three pho-
ton absorptions. Er®T ions , by energy transfer (ET) from the Y53, first absorb a
photon and gets excited from ground 4115/2 level to excited %Iy, /2 level.  Another
photon will be absorbed and take the excited ions from Iy, level to *Fy /5. The ion
then can experience a non radiative relaxation process and move to excited *Hq, /2
1S3/9, 1Fy /2 levels from 75 level. Finally, through a radiative transition from each
of these levels back to the ground *I;5 /2 level, emissions at 522, 541, and 658 nm can
be observed, respectively. The excited ion at *F;, level absorbs one more photon and
transfers to 4Gy, /2 level. After a non-radiative relaxation, the ion can move to ‘H, /2-
The excited ion at *Hy /2 level can radiatively transit to the ground s /2 level and
emits at 408 nm [72].

Another possible process here is when the optical emission from the excited state
occurs at a wavelength longer than that of the optical pump. The process of using

such NaY F, nanocrystals has attracted researchers because they can emit in the
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infrared region as well [73, 74, 75, 76]. According to Figure 2.5, an excited ion at the
41112 level can emit at 1550 nm if it non-radiatively relaxes to the *I3 level and
then moves back to the ground 15, level [77, 78, 79].

Fibers doped with erbium—ytterbium are employed in erbium-doped amplifiers
and short fibre lasers, used in the 1550 nm wavelength optical communication win-
dow [80]. These amplifiers at 2700 nm are also feasible to be used in medicine, sensing
and military countermeasures [81, 82, 83]. The lanthanide ions are stable materials
because their 4f orbital energies are the intermediate states that are isolated by the 6s
and 6p orbitals and do not play a substantial role in bonding. Radiative decay is also
more likely because of the host’s ability to inhibit nonradiative decay [84]. However,
they have a low conversion efficiency, which restricts their applications in developing

single photon sources [85, 86].



20

2.4 Plasmon Enhanced Emission

Surface plasmon polaritons are electromagnetic waves that propagate along a metal-
dielectric interface and are perpendicular to the interface [17]. Plasmonic nanostruc-
tures can increase the intensity of the received and transmitted electromagnetic waves
due to the field enhancement that happens by increasing the light-matter interactions
at subwavelength volumes [87]. Plasmon resonances in a nano aperture go beyond
the diffraction limit. They can increase both radiative and non-radiative decay rates
when used to enhance the emissions of nanoparticles [88]. The radiative decay rate
of a nano particle is the sum of the intrinsic radiative decay rate and the enhanced
radiative decay rate. The same definition can be used for the non-radiative decay
rate. Therefore, emission enhancement happens when the total radiative decay rate
is greater than that of the non-radiative decay rate [84]. In addition, increasing the
incident photon absorption through the enhanced local field around the plasmonic
structure has the additional effect of speeding up the conversion procedure [89]. In
order to increase photon absorption, it is necessary to match the structure’s plasmonic
resonance to the absorption wavelength of the nanoparticles being studied. For Er-
doped nanoparticles, the plasmonic nanostructure should be designed for resonances

at 980 nm, which is the absorption wavelength of these nanoparticles.
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2.5 Single Photon Sources

It’s possible for light to be emitted in the form of a single photon from a single-
photon source. Unlike lasers and light bulbs, single photon sources do not produce
coherent or thermal light. When it comes to developing single-photon sources, re-
searchers have focused on single atoms that operate as discrete emitters. nanocrystals
of Praseodymium [90, 91, 92] cerium [93, 94, 95] and erbium [85, 96] are examples of
single lanthanide emitters that have been studied to produce a single photon source.
As mentioned before, lanthanide ions are stable materials due to isolation of their
4f orbital energies by the 6s and 6p orbitals. Their quantum state can also be con-
trolled [95, 97, 98]. The key problem is determining how to reliably isolate a single
lanthanide emitter [99, 100]. Previous research has suggested looking for nanocrystals
at random [90] or using low emitter concentrations [101]. The other challenge is to
enhance emission from lanthanides. This is important specially when using erbium to
emit at 1550 nm which is low loss band used in fiber optics. Usually, the emission at
this wavelength has lower intensity than visible wavelength. Therefore, the emission
needs to be enhanced enough to make the emission at this wavelength detectable and
stable. One suggested option to overcome this issue was to use optical cavities around
the emitters [85, 86]. However, this method is not reliable, because random distribu-
tions of emitters bring more than one emitter in a single aperture. It was discovered
that researchers could implant as little as four ions in one location in a crystal with
accuracy of 50 nanometers. This new method resulted in single spots that displayed
the characteristic of discrete emission levels; however, the yield of emission was only
50% [102].

An additional method for isolating and measuring emission of single erbium ion
emitters in NaYF4 nanocrystals using plasmonic rectangular aperture optical tweezer
was recently developed by our group [103]. Single erbium nanocrystals may be con-
sistently detected because of the plasmonic aperture’s enhanced radiative rate. This
work was a step forward in achieving the single-photon sources but the enhancement
is still low to see the emission at 1550 nm. Other works have also seen enhanced
single-photon emission from nanoapertures in metals at visible spectrum [104]. In
section 3.2 and Appendix B, we describe our work where double nanohole optical
tweezers have been used to achieve a much higher emission of single erbium at 1550

nm.
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2.6 Optical Tweezers

Photons have the ability to impose force and torque on the particles with which they
interact. Maxwell proposed the concept of radiation pressure for light and electromag-
netic waves first [105, 106]. The original force of light is small and cannot overcome
the friction and gravitation force. So it’s hard to find a practical application for them.
For the first time, Arthur Ashkin discovered that although these forces are small, they
are strong enough to move subwavelength particles [107]. Ashkin used this concept to
move and direct tiny particles experimentally [108, 109]. Experiments carried out by
Ashkin revealed that the beam’s intensity gradient produces a longitudinal compo-
nent known as scattering force and a transverse component known as gradient force.
Figure 2.6 shows the gradient and scattering force acting on a dielectric particle. In
1986, he discovered the characteristics of these forces, which led to the development
of a three-dimensional trap [110]. A laser beam was utilized to trap dielectric parti-
cles using optical gradient force. This technique is known as optical tweezers. When
a single particle is of interest, optical tweezers may be used to trap and study the
particle [111].

While in the Mie regime, the interaction of light with a particle can be studied
using Ray optics, the interaction of light with subwavelength particles is a bit more
complicated. The scattering and gradient forces may be calculated by treating the

particle as a point dipole that interacts with the incident beam [112].
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where ¢ and d are the speed of light and diameter of the particle. I is beam inten-
sity and A is the wavelength. n,, and n, are the refractive indexes of the background
medium and particle. « is the polarizability of the particle and E shows the electric
field.

From Eq. 2.8 and Eq. 2.9, we find that
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Figure 2.6: The gradient and scattering force acting on a dielectric particle displaced
from the axis of a Gaussian laser beam. The curved lines at the left and right represent
the shape of the laser beam and the Gaussian curve represents the intensity profile of
the beam. Two rays of light from the laser beam are shown as a and b. The refraction
of light by the particle changes the momentum of the photons, which results in the
forces F, and Fj,. Reprinted with permission from [6].

and

Fyaa <77 (2.11)

Where r is the radius of the particle. Equation 2.10 and 2.10 proves that the
gradient force shows more changes with the change in the particle size. That means,
for small particles, the gradient force becomes small and makes the trapping more
challenging. Stable trapping of Rayleigh sized particles, requires a higher beam power
to provide an adequate gradient force [113] which can have damaging effects on the
particles, especially on bio-nanoparticles. To address this issue, the Self-Induced
Back Action (SIBA) approach is employed. Instead of using an external monitoring
or correction system, this technology makes use of particle-nanostructure interaction
to enable automatic feedback control. It is important to well design a nanostruc-
ture containing the nanoparticle to have enough field enhancement for a stable trap.
The momentum of the photons interacting with the trapped particle fluctuates sig-
nificantly as they jump around the trapping area. Because of momentum conser-

vation, the object’s dynamics are automatically synced with these changes. During
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high-energy events, the force adjusts the potential well depth to keep the particle
in equilibrium [6]. This method differs from prior systems that rely on an external
feedback mechanism [114, 115, 116]. SIBA is a phenomenon that may be used in con-
junction with various nanoaperture designs [110, 117, 118, 118, 119] and photonic

crystals [120] to trap nanometre-sized particles with extremely low laser power.
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2.7 Plasmonic Subwavelength Nanoapertures

We mentioned in the previous section that increasing the laser power to increase the
optical gradient force for subwavelength particles can be harmful to the particles. The
best-known solution to this issue is to use subwavelength apertures in metal films that
produce localized surface plasmon and, thereby, a highly enhanced field [16]. This
enhanced field helps with both improving optical trapping efficiency and emission
enhancement. Optical trapping of sub-100 nm particles can be achieved using these
structures. Different structures, such as circular [7, 114], bow-tie [8, 121, 122],
double nanohole (DNH) [8], rectangular [10, 104], co-axial [123, 124] nanoapertures
and nanoantenna designs [125, 126, 127] have been proposed and used in trapping.

These types of apertures have been shown in Figure 2.7.
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Figure 2.7: Nanoaperture designs (a) Circular aperture. reprinted with permission
from [7] (b) Bowtie nanoaperture (BNA) at the fiber tip. reprinted with permission
from [8] (c) Double nanohole aperture. Reprinted with permission from [9] (d) Rectan-
gular plasmonic nanocavity.Reprinted (adapted) with permission from [10].Copyright
© 2019, American Chemical Society.

One of the first attempts at plasmonic nanoaperture optical trapping used a 500
nm circular aperture made using nanosphere lithography to trap 200 nm fluorescent
latex beads in water [114]. Afterward, Gordon et al. proved SIBA in optical trapping,

which was crucial in understanding the efficiency of nanoapertures in optical trap-
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ping [7]. In another work, a 310 circular aperture was fabricated using focused ion
beam milling and used to trap a single 50 polystyrene in water. As a result of these
findings, optical trapping with double-nanohole (DNH) apertures became an attrac-
tive case for studying nanoparticles [113, 128]. They also showed higher transmission
than the other apertures [129]. DNHs generate an enhanced field and consequently
create a potential well surrounding its cusp [130]. DNHs take advantage of self in-
duced back action (SIBA). In these apertures, as the trapped particle is pulled out of
the equilibrium point in trapping potential well, an optical trap provides a restoring
force to get the particle back into trapping and creates a stable trapping. Figure 2.8
shows the field distribution at the cusp of a double-nanohole aperture using FDTD

simulation.
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Figure 2.8: Visualization of the electric field intensity inside of a DNH with 32 nm
cusp separation. Reprinted with permission from [11].

Another benefit of using double nanoholes for optical trapping is its feasibility.
A simple and cost-effective fabrication method using colloidal lithography has
been proposed by Lalitha Ravindranath et al [14]. His method was used to create the

DNH structures in this dissertation.
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2.8 Colloidal Lithography Method to Fabricate DNH

Apertures

Different methods have been exploited by the researchers such as electron beam lithog-
raphy [12], focused ion beam milling [13] and colloidal lithography [131] to fabricate
nano apertures. Figure 2.9(a) shows a nanohole in an aluminium film on silica cover-
slip as the substrate, made using electron beam lithography. The fabricated nanohole
is far less than 100 nm diameter [12]. Figure 2.9(b) shows a bull’s eye structure of
Ag films with the thickness of 300-nm fabricated by focused ion beam (FIB) milling..

Figure 2.9: a) A nano hole fabricated using electron beam lithography. Reprinted with
permission from [12] b) FIB micrograph image of a bull’s eye structure surrounding
a cylindrical hole in Ag film. Reprinted with permission from [13].

The Colloidal lithography which is used in this dissertation is more feasible and
economical than the abovementioned methods. Lithography, a technique for imprint-
ing using a template that was pioneered by Alois Senefelder, has found application
in micro and nanofabrication. The first reported lithography efforts used dispersed
colloidal spheres generated by standard emulsion polymerization or sol-gel synthesis
methods [132, 133, 134, 135]. This method is based on the production of random
or array crystals of colloidal particles on substrate surfaces. The particles are then
employed as a mask for etching or deposition. Colloidal lithography is the name
given to this process. With the use of techniques like angle-resolved colloidal lithog-
raphy, the creation of complex patterns may be achieved [136]. Tuning of aperture
dimensions using an organic solvent or deformation can also be obtained by plasma
etching [137]. The optical properties [138, 139, 140] and trapping ability [114] of single

nanoholes fabricated using colloidal lithography have been extensively studied. Fab-
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rication of doublenanohole apertures using colloidal lithography and their non-linear
optical properties has also been investigated [141]. However, it was challenging to
create apertures smaller than 100 nm using colloidal lithography for the fabrication
of DNHs. A customized colloidal lithography technique with dimension tuning was
recently proposed by our group [14]. They were able to produce apertures with cusp
separations of less than 10 nm. By choosing a suitable etching time, tuning of the
cusp and diameter of the apertures can be achieved.

Figure 2.10 shows the process of fabricating DNHs using colloidal lithography [14].
As the first step, the glass cover slides are cut to appropriate dimensions, sonicated
in an ethanol Bath, and blow-dried with compressed nitrogen to have clean and

transparent glass slides.
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Figure 2.10: The process of fabrication DNH using colloidal lithography. (i)
polystyrene spheres drop coated on a glass substrate. (ii) Au-Ti layers Sputtered
on the glass substrate with spheres. (iii) the structure is sonicated in ethanol after
sputtering. (iv) Top-view of the nano apertures in gold film. Reprinted with permis-
sion from [14].

The glass slides are used as the substrate for the fabricated samples. Before
starting the fabrication process, the appropriate diameter of the polystyrene spheres,
based on the final nano aperture sizes, is decided. Next, a 0.01% w/v colloidal sus-
pension in ethanol (this is the optimal concentration to create DNH on such samples)
is prepared. The prepared suspension is then drop-coated on the clean cover slides
uniformly. The polystyrene spheres will adhere to the surface of the substrate as the
solution dries out during 24 hours of rest. During ethanol evaporation, polystyrene
spheres join together into clusters and stick to the surface of the substrate. Using the
plasma etching procedure, the prepared samples are then fine-tuned to get DNHs with

the desired diameters and cusp separations. After a specific calculated etch time, each
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sample will be removed from the machine. Then an AMF’s Mantis QUBE system is
used to deposit a thin layer of hnm titanium and then 70 nm gold film. After the
sputtering is complete, the samples are subsequently sonicated in a Toluene bath for
at least 2 minutes to remove the polystyrene beads. After removing the beads, the
appropriate apertures are produced in the sample.

Figure 2.11 shows a scanning electron microscope (SEM) image of one of the
samples used in this dissertation and made using colloidal lithography. Figure 2.11(a)
shows a wider area on the surface that shows the existence of single, double, and triple
holes on the gold film. Figure 2.11(b) shows a close up of a DNH with diameter of
246 nm and cusp separation of 44 nm. This size has been achieved using 300 nm

polystyrene beads and after etching for 80 seconds.

2.0kV 7.7mm x4.50k SE(U) 10.0um

Figure 2.11: Colloidal lithography double-nanohole aperture collocation using images
from scanning electron microscope (SEM) a) a wide area on the surface. b) Close up
of a double-nanohole with 44.1 nm gap size.
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Chapter 3
Contributions

In this chapter, the contributions of the author through four published papers are
presented. Sections 3.1 to 3.4 provide an overview of each paper separately. The full
manuscripts, in detail, are attached to the dissertation as Appendices A to D. In the
first section, a modified analyzing method using single-mode matching theory and
the orthogonality principle is used to calculate the reflection and then the plasmonic
resonances in a MIM structure. In the next section, using the fabricated DNH struc-
ture, the trapping, upconversion, and emission at 1550nm of Er-doped nanoparticles
are studied. In section 3.3, a new design has been proposed to achieve high sensitiv-
ity sensors using the existing commercial prism-based structure. In the last section,
a method is demonstrated to identify the location and orientation of DNHs in-situ

without the need for SEM or other complicated processes.

3.1 Large Plasmonic Resonance Shifts from Metal
Loss in Slits (Appendix A)

The efficiency of optical processes for a plasmonic nanostructure is typically scaled
with the optical quality factor to the mode volume. Although metallic cavities do
not have high quality factors, their low mode volume helps to increase the efficiency
of the optical processes. The mode volume is the number of bound modes that an
optical cavity can support.

In nano scale cavities or particularly MIM structures, resonances can be excited to
concentrate light to nanoscale dimensions. MIM structures also increase the optical

absorption of materials at the MIM end faces. Because of these great features, they
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A

Figure 3.1: Schematic representation of the slit with complex permittivity €4 in a real
metal with complex permittivity €,,. The electric field profile of the symmetric SPP
mode is shown.

can be used for single molecule sensing, optical trapping, surface plasmon-polariton
(SPP) modulators, and SPP sources. The easy and cost-effective fabrication of these
structures is another significant feature of them. For these reasons, it is critical to have
a thorough understanding of the resonant behaviour of MIM cavities. These cavities
experience multiple reflections from the end faces. These reflections are constructive
and give rise to Fabry-Pérot resonances. The reflection phase has a significant effect
on the plasmonic wavelength. The SPP dispersion must be taken into account when
designing a plasmonic device for a certain wavelength. Figure 3.1 shows the schematic
representation of the slit. The dispersion relation that shows the relation between

plasmonic wavelengths and reflection phase is given as

O, =mm —k,L (3.1)

where L is the length of the slit and m = 1,2, 3, ... is the order of the resonance.
This formula comes from the condition that maximizes the transmission at the ter-
mination of the cavity. Therefore, a correct calculation of the reflection phase is
important. One of the main parameters that affects reflection is the loss of the metal.
Metal loss can be considered in the phase calculation by considering the imaginary

part of the relative permittivity of the metal. The correct calculation of the reflec-
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tion phase has been done for ideal metals (metals without loss) [142]. Another group
at Stanford University developed the analysis of the impact of loss on the reflection
phase by considering metal loss [143]. However, the calculation of the reflection
phase in this work is inaccurate. They used a single mode matching theory to match
the fundamental TM mode of the cavity with the plane wave modes of the adjacent
medium at the cavity end faces. They used the continuity of the electric and magnetic
fields at the interface and then the conjugated form of the orthogonality relation to
calculate the reflection coefficient. This method is fully described in Ref. [143]. The
reason the conjugated form is inaccurate is that it gives non-zero values to different
modes. Here we use the unconjugated form of the orthogonality relation for the re-
flection calculation because it isolates each mode given a value of zero for different
modes. In the case of a single-mode matching approximation, the unconjugated form
is therefore more accurate. We also consider metal loss in our calculations. The
full set of calculations is presented in Appendix A. After calculation of the reflection
phase, we compare the results for the lossy and lossless cases for different slit widths.
Figure 3.2 shows the results for an Au-air-Au structure. The difference between the
lossy and lossless cases is clear. At short wavelengths, the mode index in the lossy
case does not increase as much as it does in the lossless case. As the SPP mode is
driven out of the metal at longer wavelengths, the reflection properties are identical
to the lossless case.

Figure 3.3 compares the results of the unconjugated and conjugated forms of the
orthogonality relation. The results show the difference between the two methods,
especially at shorter wavelengths. The changes in the refractive index of the metal
at shorter wavelengths are greater. This results in faster changes in the mismatch
between the modes inside and outside the cavity. As mentioned before, the conjugated
form gives non-zero values to different modes, and that affects the mismatch even
more.

An FDTD simulation has been done to verify our results. Figure 3.4 shows the
electric and magnetic fields inside the cavity. The largest amplitudes in the electric
field are towards both end faces, whereas the magnetic field has a peak at the center,
which represents the standing wave of order m=1. This proves the existence of
constructive interference and field enhancement in the cavity.

We finally plotted the dispersion curve for the Au-silica—Au structure. The FDTD
results, past experimental results [144], the results using our method and the disper-

sion calculation without considering the reflection phase are compared. The results
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Figure 3.2: Reflection phase for an Au-air-Au structure as a function of wavelength
for different slit width. Solid lines show the results for the lossy cases and dashed
lines show the results for the lossless cases.
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Figure 3.3: Reflection phase for an Au-air-Au structure as a function of wavelength
for different slit width. Solid lines show the results using unconjugated form of the
orthogonality and dashed lines show the results using the conjugated form of the
orthogonality.

in Figure 3.5 show good agreement between our results and the experimental data.
The slight difference between our results and the experimental data comes from the

simplification of ignoring the evanescent modes inside the cavity. Since these modes
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Figure 3.4: Electric and magnetic fields inside the structure a) in the z direction (for
x = 0. b) in the z direction (for z = 150 nm.
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are not expected to transmit energy in the direction of propagation for sufficiently
long cavities, we ignored the contribution of these modes in our calculation. To con-
sider the slight effect of the evanescent modes, the term exp(—k.z) can be added to

the equations for continuity of the electric and magnetic fields.
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Figure 3.5: Dispersion relation for an Au-Silica-Au structure. Solid lines: calculation
of dispersion considering the effect of the reflection phase calculated using uncon-
jugated form of the orthogonality relation. Dashed lines: calculation of dispersion
ignoring the effect of the reflection phase as was done in the past analysis. Dotted
lines: FDTD simulation. Discrete points: experimental results using the experimen-
tally measured plasmonic resonances [144]. The theory presented above shows good
agreement with both FDTD and experiment.

To summarize, in this work, we modified the single mode matching theory for
the calculation of the reflection phase by considering the unconjugated form of the
orthogonality relation in MIM cavities. Then, the effect of metal loss on plasmonic

wavelengths has been investigated using the correct calculation of the reflection phase.
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3.2 Isolating and Enhancing Single-Photon Emit-
ters for 1550 nm Quantum Light Sources Using
Double Nanohole Optical Tweezers (Appendix
B)

Optical tweezers use optical gradient force to trap nanoparticles. The gradient force
is proportional to the size of the particle. Consequently, trapping particles smaller
than 100 nm is challenging because of the lower gradient force [110]. Metallic nanos-
tructures are good candidates to enhance the electric field at optical resonances [2].
Using metallic nanostructures in optical tweezers compensates for the low gradient
force of the sub-wavelength particles and creates enough field enhancement to trap the
particle without the need to increase the laser power. Plasmonic nanostructures also
take advantage of the self-induced back action (SIBA) technique to keep the particle
in trapping and isolate the particle. A wide range of nanoapertures have been pro-
posed for the optical trapping of sub-Rayleigh particles, such as bow-tie [8, 122, 127],
rectangular [10, 145], and DNH [146, 147] apertures [10, 148]. Multiple plasmonic
resonances have also been demonstrated in nanohole arrays and other plasmonic
structures. Using optical tweezers with plasmon-enhanced metallic apertures to trap
lanthanide-doped particles has an additional benefit as it both isolates the particles
and can enhance their emission rate [84, 148]. The field enhancement from the plas-
monic effects allows nanoparticles under 100 nm to be isolated in the aperture [149]
and can also enhance the emission by increasing the radiative decay rate [84].

In this work, lanthanide doped upconversion nanoparticles with 2% of erbium
and 18% of ytterbium have been trapped and isolated using DNH apertures. Erbium
ions can absorb 980 nm incident light through energy transfer from ytterbium and
emit at 400nm, 550 nm, 650 nm and 1550 nm. Our group has previously measured
enhancement from upconversion nanocrystals in hexane (as the solvent) and optically
trapped them in rectangular apertures [103], but a DNH structure is expected to
provide higher field enhancement and correspondingly higher emission enhancement.
Taking advantage of this field enhancement they were able to see the emission at 550
and 650 nm.

Here, in our work, the first step was to fabricate DNH structures in a 70 nm gold
layer on a glass substrate using the colloidal lithography method. The DNH aperture

enhances the local field around its cusps and has multiple resonances. The samples
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were made with different average cusp separations, from 26 nm to 95 nm. Figure 3.6

shows an SEM image of one of the fabricated DNH apertures.

Figure 3.6: Image of a fabricated DNH structure with 32 nm cusp separation and 222
nm aperture diameter, taken with a scanning electron microscope.

Figure 3.7 shows the optical trapping setup that has been used to trap and isolate
the particles and get the enhanced emission. The laser beam is expanded and focused
on the DNH aperture using a beam expander and objective lens correspondingly. The
highly enhanced field creates a trapping potential well around the cusp of the target
DNH. This potential well causes the particles to be pulled into trapping. In chapter
2, we mentioned that the dielectric of the surrounding medium is an important factor
in trapping the particle. So, here, hexane has been used to make the trap easier.

The transmitted wave due to the excitation of the particle with a laser beam is
collected in an APD (avalanche photodiode) and is shown in Figure 3.8. A clear
jump immediately after turning the laser on is observed. That means, thanks to the
field enhancement created by the DNHs, we can easily trap the nanoparticle. The
trapping is also very stable and helps to isolate the particle on the cusp of the DNH.

The next step was to collect the reflected signal and study the emission from
the particles. A visible spectrometer and an NIR spectrometer were connected to
the setup to read the spectrum in different wavelength ranges. Different peaks at
400 nm, 550 nm, 650 nm, and 1550 nm were observed. The peaks at 400 nm and
1550 nm weren’t seen in the past work using rectangular apertures. That shows

higher field enhancement of the DNH structure. The emission counts also show a
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Figure 3.7: (a) Schematic of the optical tweezers setup used to trap and excite upcon-
version nanoparticles. (b) Schematic drawing of trapping an upconversion nanocrystal

in a double nanohole.
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Figure 3.8: (a) Optical transmission through a 32 nm DNH aperture in a metal film
trapping a 26.2 nm nanocrystal, as measured by the APD voltage. The laser is turned
on at 0 s. (b) Magnified region showing the APD voltage change shortly after the
laser is turned on and trapping time measurement.

50-fold improvement in the emission from the DNH aperture in comparison with the

rectangular aperture.

We then repeated the measurement for samples of different sizes and for different

particle sizes to find out which sample give the highest field enhancement. The results

are shown in Figure 3.9. The sample with a cusp separation of 32 nm showed the

highest field enhancement. In chapter 2 we mentioned that as the particle size de-
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Figure 3.9: Investigating the influence of the DNH cusp separation on emission
enhancement. Emission from 17 nm and 26 nm nanocrystals at 400 nm, 550 nm, 650
nm for varying DNH cusp separations. Emission counts at 400 nm are multiplied by
5 for visibility.

creases the gradient force and so the optical enahncement decreases. Therefore using
the particle with a size of 26 nm gives more enhancement. These results show that the
resonance wavelengths shift as the cusp separation changes. The colloidal lithography
method used to prepare these samples adjusts the cusp separation by changing the
plasma etching time, and this also affects the diameter of the apertures. Changing
both the cusp separation and aperture diameter can impact both the enhancement
factor and resonant wavelengths.

For the next step, using the sample with 32 nm cusp separation, we took a hundred
measurements and recorded the emission at 650 nm. The measurements have been
done for nanocrystals with a nominal diameter of 22.7 nm (standard deviation of 2.4
nm) and a nominal number of Er ions per nanocrystal of 2.48. The purpose of using
these new nanocrystals was to have particles with the lowest number of erbium and,
in other words, to have single emitters. We observed seven discrete levels in the visible
spectrometer for those measurements, as shown in Figure 3.10. The acquisition time
is 10 ms. This result proves that we can categorize the emission results and associate

each level with the number of emitters in that level. For example, the results with a



40

counts

640 650 660 670 680
wavelength (nm)

Figure 3.10: Emission counts from nanocrystals showing discrete levels corresponding
to different amounts of active erbium emitters. Collected by a spectrometer with 1 s
acquisition time.

zero count show the emission from zero emitter particles and the results with emission
counts of around 30 are from the particles with single emitters.

The same procedure has been used to get the discrete levels at 1550 nm. This
time we used 500 nm polystyrene to fabricate DNHs with the same cusp separation
but bigger diameters. Using these samples, we are looking forward to getting more
enhancement and being able to see higher emission counts at 1550 nm. Because from
the previous measurements, we learned that the emission at 1550 nm is naturally far
lower than the emission at 650 nm. Therefore, higher enhancement may result in
higher counts at 1550 nm.

Figure 3.11 shows the final result that proves the sample with a 24 nm cusp
separation gives the most enhancement. The particle size in this experiment was 24
nm. Figure 3.12 shows the emission spectra from 24 nm nanocrystals observed for a
sample with an average cusp separation of 24 nm. The acquisition time is 1 s in this
case. We found that the counts are three times greater than the counts from previous
samples made of 300 nm polystyrene. This helped us to see clear peaks at 1550 nm
for single emitters with less than expected integration time. Figure 3.13 shows the

discrete levels at 1550 nm for a particle size of 24 nm. Now, we know that by using
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these samples with a 24 nm cusp separation, we can get an emission count of around

100 for 10 s of acquisition time. So whenever we trap a particle that has 100 counts,

we know that particle is a single emitter.
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Figure 3.11: Investigating the influence of the DNH cusp separation on emission
enhancement. Emission from 24 nm nanocrystals at 1550 nm for varying DNH cusp

separations.
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Figure 3.12: Emission at 1550 nm from a 24 nm nanocrystal observed for a sample
with 24 nm average cusp separation. Collected by a spectrometer with 1 s acquisition

time.

The final step will be to isolate the single emitters in the cusp separation of DNHs

forever, excite the structure with a 980 nm laser, and study the emission at a single

photon detector to get single photons.
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Figure 3.13: Emission counts from nanocrystals showing discrete levels corresponding
to different amounts of active erbium emitters. Collected by a spectrometer with a
10 s acquisition time.
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3.3 Improving Sensitivity of Existing Surface Plas-
mon Resonance Systems with Grating-Coupled

Short-Range Surface Plasmons (Appendix C)

In chapter 2, we introduced localized surface plasmons, which are non-propagating
modes of surface plasmon waves at the interface of a metal and a dielectric. They are
scattering of a conductive nanoparticle in an oscillating incident light. To increase
the coupling between the surface plasmon and the incident light, using multilayer
structures, the IMI structure is proposed [52]. IMI structures take advantage of
the coupling between each metal-dielectric interface and experience constructing en-
hanced fields. The other feature of the IMI structure is that, by specific design they
can support short-range surface plasmon mode as well. As the metal layer thickness
decreases, SRSP provides more confinement and enhancement of the light within the
metal. SRSP mode also has a higher effective mode index and a larger propagation
constant than the usual SPPs. One of the main applications of IMI structures is in
designing SPR sensors. SPR sensors are used for the pharmaceutical industry, water
safety testing, and medical diagnostics such as blood testing.

A conventional SPR sensor is made of three layers: a glass prism, a gold film,
and the analyte layer. The analyte layer is usually water because, in most sensing
applications, the particles being measured are dissolving in water. In addition, the
water has a refractive index of 1.33, which gives rise to surface plasmon waves. The
effect of the refractive index of the dielectric in creating surface plasmon resonance
has been discussed in chapter 2. The attenuated total reflection (ATR) method is
used to detect the changes in the refractive index of the analyte layer [4]. Incident
light with a specific angle excites the structure through the prism, and at a particular
wavelength, a dip in the reflection on the other side of the prism will be detected.
Due to the lossy nature of the metal, light is absorbed at the coupling condition,
resulting in a dip in the total reflection.

In this work, the aim is to propose a new design for SPR sensors to increase the
sensitivity and resolution of the sensor. In order to increase surface sensitivity, the
employment of short-range surface plasmon (SRSP) modes is one possible avenue.
To do so, we proposed a grating structure instead of using the regular continuous
gold films. We then decreased the thickness of the gold layer from 50 nm (the thick-

ness of the conventional SPR sensor) to 10 nm to increase the field enhancement
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of SRSP mode. There is a limit to how much the gold layer can be thinned. In
the fabrication process on typical substrates, gold atoms distribute and aggregate
in three-dimensional directions and create isolated areas. This leads to a threshold
or minimum for the fabrication of Au layers. For SPR sensors, we need to be able
to make a continuous layer and not have too much surface roughness. The grating
structure, like a prism, also helps to increase the wave vector of the incident light and
excite SRSP. Figure 3.14 shows the schematic of the conventional system and the

proposed structure.
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Figure 3.14: (a) Prism coupled SPR structure for 50 nm gold film (b) Modified
structure for 10 nm gold film using a grating.

Figure 3.15 shows the dispersion curve of surface plasmon, the light in a prism,
and the light in water. This figure shows that in our design, SRSP has been excited
at the interface of the gold and water because the light line in the water cut the SRSP
curve.

We then plotted the reflection with respect to the incident angle to find the proper
incident angle for coupling and reflection dip. Figure 3.16 shows that the proper
incident angle for the structure is 73°.

Eq. 3.2 and 3.3 have been used to calculate the period of the structure to match
the wave vector of light in the prism to that of the SRSP.

k'prism + KG = ﬂ (32)
where: 5
T
Ko=— .
o= 3.3)

with A being the grating period and [ is the propagation constant of the SRSP. This

gives a period of 636 nm. However, the coupling is low for this period and gives only
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Figure 3.15: Dispersion for coupling to surface plasmon at water-gold interface when
incident from glass-gold side of the prism. The intersection point is at 73°, which

gives a dip due to losses in the SPP.
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Figure 3.16: Reflection from a 50 nm thick gold film on glass with a water top layer
for different incident angles.
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a 30 % dip in the reflection. As a result, we tried tuning the period to excite LSPs in
the structure as well. Rigours coupled-wave analysis was used to study periodic LSP
structures. Figure 3.17 shows the reflection spectra of a periodic structure supporting
the SRSP mode with an incidence angle of 73° for different period and gap sizes. The
period of 250nm with a gap size of 40 nm was chosen to have a dip in the reflection at
760nm, which is the commercial SPR sensor wavelength. The simulation results that
show this dip in the reflection comes from localized surface plasmon are provided in

Appendix C.
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Figure 3.17: Reflection spectra periodic structure supporting SRSP mode with an
incidence angle of 73°. The period, p, and gap g were varied in each curve to find the
case which is most closely matched to the operating wavelength of 760 nm.

In the last step, we calculated the sensitivity and resolution of the sensor. The
sensitivity of a SPR sensor is defined by the ratio of the change in the location of the
reflection dip with respect to the incident angle caused by the change in the refractive
index of the analyte layer. A 1 nm adlayer is used at the top of the gold with a refrac-
tive index of 1.5 for both the conventional system and the proposed structure to see
the changes in the reflection dip. We chose this refractive index because biomaterials
like proteins (hydrocarbons) have refractive index around 1.5. Figure 3.18 shows
that for the proposed structure, the observed change in the incident angle is 3.3 times
greater than the conventional system. That means, with the same change in the
refractive index of the top layer, the incident angle change is more detectable. The
reflection curve of the proposed structure is broader than the conventional system
due to the lossy nature of the SRSP mode.

Some researchers believe that a narrower peak gives more information about the
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Figure 3.18: Sensitivity calculations for (a) a 50 nm thick gold film with a 1 nm
adlayer, and (b) a 10 nm thick gold film with 250 nm period and 210 nm length of
each gold segment and a 1 nm adlayer. The insets are shown to clearly depict the
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changes in the incident angle. We believe that this is not true because, in the extreme
scenario where the width of the peak is less than one pixel spacing of the detector
array, no change in the output signal will be detected. As a result, an extremely
narrow peak may not provide any information at all. To prove this idea, we did
resolution calculations for both structures. The resolution of an SPR sensor is the
smallest change in the refractive index of the adlayer that produces a detectable
change in the incident angle while considering the noise of the system. Here we
added the shot noise, which is proportional to the square root of the detected counts.
We used the random function in the MATLAB code to use random values for the
added noise. The results show that the resolution of the proposed sensor is four times
improved. This improvement is in fact because of the broader peak, which helps the
signal use a larger number of bins. As a result, the noise in individual bins may be

averaged to lower total noise.
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3.4 Accessible High-Performance Double Nanohole
Tweezers (Appendix D)

The usual way to find double nanoholes on a gold sample for trapping is to use a
scanning electron microscope (SEM) image. This method is fast and accurate in
finding DNHs, but the problem is that it is not time and cost-effective. During our
work on UCNC trapping, we realized that the brightness of different types of holes,
like single holes, double holes, and triangular holes, in CCD (charge-coupled device)
camera images is different. So, one can recognize a double nanohole by comparing
the brightness of the holes on the CCD camera. The other important parameter that
could help to find a DNH was to see more changes in the transmission signal (detected
by the APD (Avalanche photodiode)) with changes in the polarization of the incident
light. A halfwave plate placed after the laser in the setup was used to change the
polarization of the laser beam. These two factors brought an idea to our minds to
investigate the effect of these two parameters in finding double nanoholes. For this
aim, nanoapertures in gold on glass substrates were fabricated by using the colloidal
lithography method introduced in chapter 2. Then, to find a DNH, a combination of
CCD camera images and polarization-dependent transmission of the laser beam was
used.

The changes in the transmitted signal in the avalanche photodiode (APD) by
changing the polarization on the different holes with different brightness are shown
in Figure 3.19. Figure 3.19.(a) to (d) show the different brightness of single, double,
triangular, and diamond-shaped nanoholes. Figure 3.19.(e) to (h) shows the difference
in the polarization dependence of the corresponding holes. It is clear that DNH
apertures show more changes with the change in the polarization in comparison with
single and triangular holes. The polarization dependence of the DNH structure seems
identical to that of the diamond configurations. The reason is that the polarization
dependence is as strong as the aperture structure is stretched. The transmission is
higher for diamond clusters than for DNHs because the aperture in the gold is larger
for the first one. However, the difference in the brightness of these two types of holes
helps to easily distinguish them. Therefore, a double nanohole can be chosen without
having the SEM image.

In another attempt, we investigated the effect of the orientation of the holes on
the polarization. Figure 3.20 and Figure 3.21 show the transmission through a DNH
and a triangular aperture by rotating the half-wave plate (HWP) in front of the laser.
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Figure 3.19: Identifying DNHs and other nanohole configurations on a sample. (a-
d) CCD images of white light transmission of single, double, and varying cluster
apertures. In these images, the same area was artificially marked with yellow contours
and an aperture of interest was shown with a yellow array. The brightness of apertures
were varying depending on nanoholes configuration: (a) single nanoholes (SNHs) were
the dimmest structures, (b) DNHs were brighter than SNHs but dimmer than clusters,
(c and d) clusters were the brightest apertures among varying configurations. Inset
of figures (a-d) show SEM images of the marked nanoaperture (full SEM image is
shown in Supplement 1. (e-h) Maximum and minimum polarization dependence of
the laser transmission of an aperture of interest, marked in (a) to (d) and measured
with the APD: (e) polarization dependence of the SNH shown in (a) using 4.1 mW.
(f) Polarization dependence of the DNH shown in (b) using 4.1 mW incident laser.
(g and h) Polarization dependence of the clusters shown in (c¢) and (d), using 4.1 mW
and 6.8 mW. The HWP was switched between maximum and minimum transmission
values in the plots (e-h)

The polarization dependence of the DNH is clear. However, the triangular aperture
does not show too much changes with the polarization.

To verify our experimental results, we used FDTD simulation. Figure 3.22 veri-
fies that the transmission shows negligible polarization dependence for a triangular
aperture. Figure 3.22 shows more changes to the triangular aperture for one of the
orientations, while this cannot be seen in the FDTD simulation. The reason is that
in the FDTD simulation, we have imported the SEM image of one of the triangular
apertures. Because the size of the aperture varies around an average size, there is a
slight difference in the size of the measured apertures. Furthermore, the transmission
of the apertures is dependent on the curvature of the apertures, which can be different
for different apertures. Therefore, based on the size and curvature of the aperture,

the polarization dependence can be different for different triangular apertures, but
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Figure 3.20: Polarization dependence of the laser transmission of DNHs. (a) SEM
images of DNHs with their axes normal or parallel in respect to each other. Full
SEM image is shown in Supplement 1. (b) Parallel DNHs show similar polarization
dependence of the laser transmission and DNHs with normal axes in respect to each
other show opposite transmission response of the laser beam. The laser polarization
direction was rotated by using an HWP in front of the last output, starting from the
zero-order line of the HWP. (c) Polar plots of normalized transmissions for DNHs
shown in (a and b).

(@) (b)

O Triangular 1|
A Triangular 2

Triangular 2

ok . . .
0 100 200 300
Angle (degrees)

Figure 3.21: Polarization dependence of triangular clusters with different orientation.
(a) SEM images of two triangular clusters (labeled as Triangular 1 and Triangular 2)
on a sample. (b) Polarization dependence of transmission through the aperture was
obtained by rotating the HWP in front of the laser and measured the transmission
signal in the APD. (c) Polar plot of the normalized transmission signals shown in (b).

still the changes are far less than the changes seen in the DNH.
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Figure 3.22: The transmission for varying the polarization angle of the incident beam
for a triangular structure, obtained by FDTD simulations. The triangular structure
showed negligible polarization dependence. The insets show the electric field distri-
bution of the triangular structure for 0°, 45°, and 90° directions of the incident electric
field. Triangle nanostructure was simulated with the same dimensions as Triangular
1 in Figure 4 of the main text.
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Chapter 4

Conclusions and Future Works

4.1 Conclusions

In this dissertation, the interaction of light and matter in nanostructures has been
analyzed and employed to design sensors and trap and manipulate UCNCs.

In the first project, we developed a method that uses single mode matching theory
to calculate the reflection phase at the end face of a plasmonic MIM structure. We
showed that the correct calculation of the reflection phase is a key factor for the
correct calculation of plasmon resonances. The results have been compared with the
experimental results and FDTD simulation results. In the calculation of the reflection
phase, we considered the real loss of metal by considering the imaginary part of the
relative permittivity of the metal. In using single mode matching theory, we used the
unconjugated form of the orthogonality relation, which is the proper form rather than
the conjugated form because it isolates each mode and gives zero values to different
modes. These two significant factors have never been put together for the calculation
of the reflection phase. SPP dispersion and scattering must be taken into account
while designing a plasmonic device to operate at a specific wavelength. For this
reason, it is noteworthy to have a clear understanding of the calculation of plasmonic
wavelength. However, in our calculations, we ignored the effect of evanescent waves
because they do not transfer energy when the length of the cavity is long enough. But
this affects the dispersion relation of the cavity as well. So, the remaining challenge
to have a precise calculation of the reflection phase is to consider the effect of these
waves in the calculations.

In the second project, we have tuned the geometry of DNH apertures to increase
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the enhancement of upconversion nanocrystals by approximately 50x over rectangular
apertures, allowing us to observe emission at 400 nm and 1550 nm. These results show
that changing the cusp separation of the DNH aperture by varying the plasma etching
time with the colloidal lithography method can have a significant effect on emission
enhancement. Using the best aperture found in the last step, discrete levels of the
emission at 1550 have been observed, showing a path for getting a single photon at
1550 nm for quantum technologies. Using the discrete levels, we can find the emission
levels of the single emitters, but the probability of having a single Er in a discrete
level was only 30%. Therefore, it is important to attach the single emitters at the
cusp of DNHs. In that case, by exciting the attached single emitter in the cusp
and connecting the optical setup to a single photon detector, a stable single photon
source can be achieved. One technique to isolate single emitters in the cusp is to
excite the emitter with UV light after trapping. However, attaching the particle to
the cusp of the DNHs is challenging due to the particle movement around the cusp
caused by small movements in the optical setup and changes in the temperature.
From the experimental view, the alignment of the single-mode fibre connected to the
spectrometer is also challenging because the single-mode fibre has a smaller radius
than the multimode fibre, and the counts at 1550 nm are also much lower than visible
wavelengths. If the alignment is not perfect, it would be hard to see the emission
from a single emitter.

In the third project, for the purpose of designing an SPR sensor that is compatible
with standard commercial SPR sensors, we suggest a periodic SRSP structure. This
is accomplished by coupling the SRSP resonance of a rectangular grating structure
to the LSP resonance. The results show 3.3 times higher surface sensitivity, which is
promising for high-performance detection applications. Because of the higher loss of
SRSPs, the reflection curve of the sensor is much broader than that of conventional
sensors. We believe that this broader curve helps to improve the sensitivity because
it uses more pixels to show the change in the sensor output. A narrow peak cannot
detect a subpixel-sized shift. To prove this idea, the other main characteristic of a
SPR sensor, resolution, is also calculated. A noise analysis shows that the resolution
in the proposed SRSP design is also 4 times higher than the normal prism structures.
Our work proves the positive effect of using SRSPs in improving the sensitivity of
such structures. Using this idea, the different sizes and shapes of grating structures
can be examined to develop the performance of the SPR sensor even more.

The final project demonstrates a method for determining the position and orien-
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tation of DNHs in a gold film that does not require the use of SEM or other complex
methods. We could find DNHs in a gold film by just using the brightness of the
holes or, in fact, the transmission of the pump laser through the aperture. The other
technique that completes this method and assures us of finding a DNH is to check the
polarization dependency of the aperture. DNHs show more dependence on polariza-
tion changes. In comparison to the previous technique, this one is simpler because it
simply requires an evaporator, and the necessity for time-consuming characterization
and registration stages has been avoided. However, the orientation of the hole cannot

be determined using this method and needs further investigation.
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Abstract

The impact of loss on the plasmonic resonances in metal-insulator-metal slits is ana-
lyzed, particularly the significant effect of loss on the reflection phase. The reflection
is calculated analytically using single mode matching theory with the unconjugated
form of the orthogonality relation. This theoretical calculation agrees well with com-
prehensive simulations, but differs substantially from the conjugated orthogonality
result, as was used in past analytical works. This reflection phase has a large impact
on the plasmonic resonance wavelengths, which are calculated using a Fabry-Pérot

theory and compared with past experiment and finite-difference time-domain simula-
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tions.

Introduction

Subwavelength slits in metal allow for confining light to the nanometer scale [144, 150,
151, 152], which is a million times smaller than the wavelength for millimeter waves
[153, 154]. While the non-resonant case already supports 10? field enhancement [155],
the resonant case gives even larger enhancement by constructive interference with
multiple reflections from the end faces of the slit [156, 157, 158, 159]. Metal-insulator-
metal (MIM) plasmonic slits also enhance optical absorption [160, 161]. There has
also been great interest in analyzing the dispersion properties of MIM structures|162,
163, 164]. The easy fabrication of the MIM structures makes this geometry well-suited
for nanophotonic applications [30, 165, 166, 167, 168].

The theory of the transmission of light through single slit in a perfect electric
conductor has been studied extensively in the past [142, 169]. It was shown that
the maxima in the transmission spectrum are different from the normal Fabry-Pérot
resonances, with zero phase shift upon reflection, as confirmed by experiment [170].
In MIM structures, the plasmon wavevector and the phase of reflection from the end
faces determines the resonant length of the cavity. The resonance length is not equal
to the simple multiple of the half-wavelength in general because of large reflection
phase [171, 172]. Therefore, to predict MIM cavity resonances, calculation of the
reflection phase is necessary.

SPP reflection has been investigated for single slit with different dielectric and
metallic materials [173, 174, 175]. For MIM cavities, analytical calculations of the re-
flection phase have been done for lossless and dispersion-free metals by our group [142].
Another group advanced this theory for a real metal while still using the conjugated
form of the orthogonality relation [143].

In this paper, we calculate analytically the reflection coefficient and phase acquired
by SPPs upon reflection from the slit end-face using a simple mode matching model
for real metals exhibiting both dispersion and loss. The approach is similar to past
works [142; 143] except that we employ the unconjugated form of the orthogonality
relation. Our method shows good agreement with comprehensive finite difference
time domain (FDTD) simulations, even for thin slits at the nanometer scale. By
comparison, we show that the conjugated form of the orthogonality, as used in past

works, differs considerably from the simulation results at shorter wavelengths, espe-
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cially for narrower slits. We use the reflection phase to calculate plasmon resonances
and plot the dispersion. The resulting dispersion shows good agreement with past
experimental results [144]. The unconjugated approach is more accurate than the
conjugated form because the conjugated form is not a proper orthogonality relation
(i.e., it gives non-zero values for different modes) when there is loss or gain [176] The
unconjugated form is a proper orthogonality relation for the loss/gain cases and it
isolates each mode given a value of zero for different modes — for the case of single
mode matching approximation, the unconjugated form is therefore more accurate. It
is possible to calculate the phase for non-resonant cases. We attempted this approach
to calculate the phase [177], however we found that it is numerically challenging and
does not give a clear physical interpretation. Our theory shows a clear physical peak

that makes the analysis more transparent.

Unconjugated Orthogonality reflection theory

Figure A.1 shows a schematic of the MIM waveguide resonator. Two infinitely thick
metal layers are separated by a thin dielectric. The thickness of the dielectric is
denoted by w and the SPPs propagate in the z direction. The metal permittivity and

the insulator (dielectric) permittivity are €,, and €.

) L 4 X
) _ ¢p=Re(KL)\ _ )
WI & ( ®f——z
/\
Em

Figure A.1: Schematic representation of the slit with complex permittivity €4 in a
real metal with complex permittivity €,,. The electric field profile of the symmetric
SPP mode is shown.

Loss affects the cavity resonance by changing the phase of reflection, in addition
to the quality factor. In general, MIM waveguides support SPP modes with both
symmetric and antisymmetric electric field profiles. If the dielectric is sufficiently

thin, only the mode with a symmetric field profile is propagating; such cavities are
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considered here. We calculate the propagation constant and the reflection coefficient
at the interface to free space for the fundamental TM mode within a slit.
The spatial dependence of the x component of the electric field for the lowest

order TM mode within the slit can be formulated as:

cosh <\/€dk‘8 — k§x> exp (ik.z2) if|x] < w/2
L cosh <\/edk§ - k:2%) f(ko,z)exp (ik.2)  ifja] > w)/2

F ) = exp |52 = 20kl = w/2)

where the superscript s denotes the MIM surface plasmon electric field, k., is

Ei(x,z) =

the propagation constant in the z direction, kg is the free-space wave vector. The
corresponding y component of the magnetic field can be found using the Maxwell-
Ampere relation.

The propagation constant is given by:

_ /kQ_E k,2
tanh | \/k2 — eqkdw 2) _ TGV B T nl. A2
( z dh / em\/m ( )

We solve this equation for complex k, by an iterative approach.

The reflection coefficient is calculated using single mode matching theory with the
unconjugated orthogonality. Continuity of the tangential electric and magnetic fields

at the boundary, 2=0, gives:

(14+r)E; = /OO t (k) exp (ikyx) dk, (A.3)
A=y = [ 920 i 2 dk, (A4)

TS VR R
where the electric field in the free space region is written as an infinite sum of plane
wave modes and ¢t and r are transmission and reflection coefficients.

Using the unconjugated form of the orthogonality relation we multiply both side
of Equation A.3 and A.4 by Hg *and E, where HZ{ ® which is the free space magnetic
field equals

HJS:/_ exp (iklz) dx (A.5)

[e.9]
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where k! is the free space plane wave propagation constant. Then Equations A.3

and A.4 convert to

/ (14 r)e*=*Eidr = / t (ky) exp ((iky + ikl) x) dk, (A.6)

—00 —00

/_Z(l—r)%(Es x—weo/ \/W Um ES exp (ik:x:v)] dk, (A7)

solving Equations A.6 and A.7 for r, the reflection coefficient can be found:

2
| _ : 1 I —Zo A [f E: exp (ik, a:)} dk,
r = —- [
1+G 7 27 J7 Ex(x,0)Hy(x,0)da

(A.8)

where H is the surface plasmon magnetic field in the cavity, Zy is the characteristic
impedance of free space. We calculate k., from Equation A.2 for lossy and lossless
cases (with and without considering the imaginary part of the relative permitivity
of the metal) and use the values to calculate the elctric and magnetic field using
Equation A.1 and then calculate the reflection coefficient in Eqution A.8. Comparing
Equation A.8 with past work [143], the unconjugated orthogonality is different here
and appears in the denominator of G. This has a significant impact on the reflection
coefficient when loss is considered.

Figure A.2 shows the impact of loss for an Au-air-Au structure. As it is clear for
shorter wavelengths and shorter width, the metal loss affects phase of reflection. In
a lossy MIM structure, the mode index does not get as large as in the lossless case at
short wavelengths. Consequently, the smaller index and the decreased confinement
lead to the difference for lossy and lossless case. At longer wavelengths, because
the SPP mode is pushed out of the metal, losses are negligible and the reflection
characteristics are similar to the lossless case. A huge difference can also be seen
when considering the unconjugated form of the orthogonality relation. To make
a comparison with past work [143], the phase of reflection has been calculated for
three different metals (Au, Al, Ag). Figure A.3 compares phase of reflection for slit
width of 50 nm considering loss of the metal using both conjugated and unconjugated
forms. Comparing the results for Ag with the results past works [143], the difference

of reflection phase in the two methods is obvious. This shows the importance of
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considering both the metal loss and conjugated form of the orthogonality relation in

the calculation of the reflection phase.
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Figure A.2: Reflection phase for an Au-air-Au structure as a function of wavelength
for different slit width. Solid lines show the results for the lossy cases and dashed
lines show the results for the lossless cases.
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Figure A.3: Reflection phase as a function of wavelength for a MIM structure for
different metals and using the conjugated and unconjugated form of the orthogonality
relation for slit width of 50 nm.

Figure A.4 compares reflection coefficient phase for an Au-air-AU structure for

different slit width using both the conjugated [143] and unconjugated forms of the
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orthogonality. The unconjugated form results are plotted with solid lines and the
conjugated results are plotted with dashed lines. A clear and significant difference
is seen between the two approaches, which is most profound for narrower slits and
shorter wavelengths. The reflection phase decreases with increasing wavelength and
is larger for a thicker slit. The phase is clearly affected by the introduction of losses

in the metal, which is different from what was suggested in past works [143].
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Figure A.4: Reflection phase for an Au-air-Au structure as a function of wavelength
for different slit width. Solid lines show the results using unconjugated form of the
orthogonality and dashed lines show the results using the conjugated form of the
orthogonality.

Comparison with FDTD simulations

To determine the validity of this theory, we used commercial FDTD simulations
(Lumerical FDTD ver. 2020 R2.3). Perfectly matched layer boundary conditions
were used to prevent reflection of the outgoing waves. The simulation cross-section
area was chosen to surround the whole structure. The mesh sizes along the x and z
directions were reduced in size to ensure convergence (which was achieved at 0.01 nm
for the smallest slit). A normally incident plane wave source was used to excite the
structure. The simulation domain was 1.6 x 1.5 ym. A frequency domain power
monitor was placed at the exit side of the slit to record the transmission. In addition

to convergence tests, the simulations were compared with past simulations for the
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same conditions. Figure A.5 shows the power distribution inside the slit for the slit
width of 20 nm and L=250 nm. A TM-polarized plane wave of A=1.08 um is incident
from the left. The white dashed lines are the borders of the slit.
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Figure A.5: Power distribution inside the slit for the slit width of 20 nm and
L=250 nm. A TM-polarized plane wave of A\=1.08 pum is incident from the left.
The white dashed lines are the borders of the slit.

Figure A.6 a and b shows the electric and magnetic fields inside the structure along
the z and = directions. The figure compares well with past simulations [167]. Energy
confinement is clearly visualized in the Figures. Furthermore, the field distribution
shows a standing wave inside the MIM region. Note that the electric field is maximized
near the entrance and the exit surfaces. The strong energy confinement of MIM
cavities can give strong light-matter interaction, even with losses considered.

Figure A.7 shows the numerically simulated transmission through slit width of
20 nm for different values of L. Resonant transmission peaks are observed with a
wavelength that increases as the slit length increases. The propagation constant, k.,
at the resonance wavelength was calculated in FDTD using the mode-source feature.

The phase of reflection, ®,., was calculated using
b, =mm —k,L (A.9)

where L is the length of the slit, m is integer order of resonance.
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Figure A.6: Electric and magnetic fields inside the structure a) in the z direction (for
x = 0. b) in the z direction (for z = 150 nm.
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Figure A.7: Transmission through a 20 nm wide slit in an Au-air-Au structure as a
function of wavelength. The transmission peak wavelength increases by increasing
the slit length.

Figure A.8 compares the phase of reflection calculated using the formulation above
and the FD'TD simulations with the theory presented in the last section. Equation A.9
is the usual formula for the FP case. Here the difference is that ®, is modified for
the lossy case following the theory outlined above. Good agreement is seen between
the analytic theory and the comprehensive FDTD results, thus supporting the use
of the unconjugated orthogonality formulation.  Although a slight difference can
be seen for shorter wavelengths and especially for the shortest slit width, comparing
this Figure with Figure A.4 shows that the unconjugated method results are close to
the simulation results. The difference between our results and the simulation results
comes from simulation accuracy and the approximation in the single mode matching

theory.

Comparison with Experimental data

We compare the theory with a past experiment of narrow slits using a silica spacer
layer [144]. A dielectric constant of ¢, = 2.1 was used in Eq. A.2 to match the
experimental conditions.

Figure A.9 shows the experimental data of the MIM waveguides for different
slit widths and lengths, digitized from [144]. The theoretical dispersion curves are
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Figure A.8: Reflection phase using unconjugated method in comparison with FDTD
simulations in an Au-air-Au structure. Solid lines show the results using unconjugated
form of the orthogonality and dotted lines are from the simulations.

shown for three different cases: the dashed line ignores the phase of reflection, the
thick solid line is from the theory presented above and the dotted line is our FDTD
simulation. Clearly, the phase of reflection plays an important role in determining
the plasmonic resonances seen in experiment, and the simple theory presented above

accurately accounts for this phase.

Conclusion

In conclusion, we have provided a theory for the phase of reflection from a plasmonic
slit that incorporates the real loss of the metal using the unconjugated form of the or-
thogonality relation. The impact of the real loss on the reflection phase is significant.
Thereby, the imaginary part of the permittivity impacts not only the quality factor,
but also the plasmonic resonance wavelength. The results for the unconjugated form
differ significantly from the conjugated form that was presented in past works. The
theory presented here agrees well with full-field FDTD simulations and past experi-
ments, showing promise for simple theoretical investigation of future plasmonic MIM

structures.
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Figure A.9: Dispersion relation for an Au-Silica-Au structure. Solid lines: calculation
of dispersion considering the effect of the reflection phase calculated using unconju-
gated form of the orthogonality relation. Dashed lines: calculation of dispersion
ignoring the effect of the reflection phase as was done in the past analysis. Dotted
lines: FDTD simulation. Discrete points: experimental results using the experimen-
tally measured plasmonic resonances [144]. The theory presented above shows good
agreement with both FDTD and experiment.
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Abstract

Single-photons sources are required for quantum technologies and can be created
from individual atoms and atom-like defects. Erbium ions produce single photons
at low-loss fiber optic wavelengths, but they have low emission rates, making them
challenging to isolate reliably. Here, we tune the size of gold double nanoholes (DNH)
to enhance the emission of single erbium emitters, achieving 50x enhancement over
rectangular apertures previously demonstrated. This produces enough enhancement
to show emission from single nanocrystals at wavelengths not seen in our previous
work i.e., 400 nm and 1550 nm. We observe discrete levels of emission for nanocrystals
with low numbers of emitters and demonstrate isolating single emitters. We describe
how the trapping time is proportional to the enhancement factor for a given DNH
structure, giving us an independent way to measure the enhancement. This shows a

promising path to achieving single emitter sources at 1550 nm.

Introduction

Single-photon sources are a key component for many quantum technologies and many
efforts have explored using single atoms and atom-like defects as single emitters. Rare-
earth ions have been found to be good candidates for single emitters as they produce
stable emission and their quantum state can be controlled. [93, 95, 101, 178] The need
for a stable single-photon source that has high transmission efficiency in optical fibers
is only increasing as quantum communication becomes more advanced. [179, 180, 181]
This motivates the search for a source of single photons at low-loss telecom wave-
lengths for long-distance fiber propagation. Erbium is of particular interest as it emits
in the C-band, the lowest-loss band for fiber transmission, a characteristic which is
already widely used in erbium-doped fiber amplifiers for long-distance telecommuni-
cations. [182] Single erbium emitters have also been demonstrated, but a remaining
challenge is finding a reliable method to isolate single emitters. [85]

Methods of producing single emitters typically yield random distributions and
most rely on either searching among them or using low concentrations to find the
single emitters. [101, 183] Isolating single rare-earth emitters is particularly challeng-

ing as they have low emission rates due to long excited state lifetimes. [178] Some
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approaches have been explored to isolate rare-earth emitters by precisely implant-
ing ions in crystals, making the process nearly deterministic but suffering from low
yield. [102] Our group has previously demonstrated a scalable method of isolating sin-
gle erbium emitters by measuring their discrete emission levels in an optical tweezer
setup. [103]

Plasmonics can be used to enhance the emission rate of single emitters and
make isolating them more practical. Nanoscale structures can create plasmonic en-
hancement which concentrates the incident electric field, enhancing emission from
luminescent particles by increasing the radiative emission and non-radiative decay
rates. [2, 84, 184, 185] As applied to an Er-doped nanocrystal, this can allow a well-
designed structure to increase its viability as a single photon source, [85, 86] and
has other applications such as photocatalysis [186] and enabling subwavelength lu-
minescence imaging with IR excitation. [186] Structures can also be designed with
multiple plasmonic resonances, which has been shown before with aperture arrays in
metal. [10, 148, 187]

Plasmonic resonance not only enhances the emission, it also helps to isolate smaller
particles, using the enhanced local field as optical tweezers. [145, 188] Optical tweez-
ers are well-established and have been widely used to trap and manipulate nanopar-
ticles, [110] but trapping particles in the subwavelength scale typically requires high
intensities when using conventional single beam traps. Rayleigh scattering also makes
it challenging to trap and characterize small particles. [110, 114] Apertures in metal
films can be used to enhance the local field through plasmonic resonance, and when
applied to optical tweezers this makes it easier to trap subwavelength particles well be-
low 100 nm with lower beam intensity. [7, 114, 149, 125, 127, 189, 190] Several aperture
designs have been evaluated in past works including double nanohole (DNH),[191, 192]
bowtie,[8, 122] and rectangular [145] apertures.

Our group has previously shown that using a rectangular aperture to trap Yb—
Er-doped NaYF, nanocrystals enhances emission by a factor of 400 when tuned for
both the excitation and emission wavelengths. [10] Rectangular apertures have also
been used by our group to trap NaYF, nanocrystals with trace doping of Er, find-
ing discrete levels of emission. The discrete levels indicate how many emitters are
present in the trapped nanocrystal, allowing nanocrystals with single emitters to be
reliably isolated. [103] DNH structures have been found to produce greater local field
enhancement compared to rectangular apertures, which can make isolating single

emitters easier. [188] These properties make DNHs useful for other applications as
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Figure B.1: Optical trapping of Yb-Er-doped NaYF, nanocrystals with DNH. (a)
Image of NaYF, nanocrystals with nominal diameter of 26.2 nm. (b) Image of a
fabricated DNH structure with 32 nm cusp separation and 222 nm aperture diameter,
taken with scanning electron microscope. (c¢) Schematic of a trapped nanocrystal in
a DNH aperture on a gold sample. (d) Schematic of optical tweezer setup. (e)
Optical transmission through a 32 nm DNH aperture in a metal film trapping a
26.2 nm nanocrystal, as measured by the APD voltage. Laser is turned on at 0 s. (f)
Magnified region showing the APD voltage change shortly after the laser is turned
on and trapping time measurement.
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well, such as biosensing. [146]

Here, we optically trap two different sizes of nanocrystals, made of NaYF, doped
with 18% Yb and 2% Er, with plasmonic DNH aperture optical tweezers and char-
acterize their emission spectra and trapping rate for different cusp separations. The
DNH apertures exhibit multiple resonances within a single structure and further en-
hances the emission from individual nanocrystals by “50x compared to previous
findings with rectangular apertures. [10] We also, for the first time, observe new
resonances from nanocrystals trapped in a DNH at 400 nm and 1550 nm.

Using the DNH apertures with the best geometry, we optically trap nanocrystals
made of NaYF, with low concentrations of Er3*t. We observe discrete emission levels
corresponding the different numbers of active emitters and isolate nanocrystals with
single emitters. Furthermore, we explore the relation between the trapping dynamics
and emission enhancement.

We note that recent works have used thermophoretic forces [193, 194] and nanopore
flow [195, 196, 197] to bring the particles closer to the surface. Since the trapping
already happens in less than a second, we do not presently see any benefit for these
approaches, but we do see potential of these approaches for water-based experiments

where the trapping is slower (likely due to repulsive surface charges).

Tuning DNH Aperture to Maximize Enhancement

A range of DNH apertures with average cusp separations from 23 to 95 nm were
fabricated to evaluate the emission enhancement. Cusp separation was the focus be-
cause the cusp is where DNH apertures produce the highest field intensity. [128, 198]
Samples with DNH apertures are fabricated in a 70 nm thick gold film on a glass sub-
strate using a colloidal lithography method previously reported on by our group. [14]
Scanning electron microscopy was used to measure the average cusp separation of
the DNH structures in each sample. Two different sizes of nanocrystals — nominally
16.9 nm and 26.2 nm in diameter, with standard deviations of 1.3 nm and 2.7 nm
— were made of NaYF, doped with 18% Yb and 2% Er, dispersed in a hexane so-
lution. Figure B.1(a) shows an image of the 26.2 nm nanocrystals. Figure B.1(b)
shows an example of a DNH that was fabricated with a cusp separation of 32 nm
and an aperture diameter of 222 nm.We believe that the smaller circles are created
by the nanospheres contacting the surface during deposition. Figure B.1(c) shows a

schematic of a nanocrystal trapped in a DNH aperture.
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Figure B.2: Measuring the emission spectra from single nanocrystals. (a) Upconver-
sion emission spectra from a 26.2 nm nanocrystal observed for a sample with 32 nm
average cusp separation. The counts can be compared for 400, 550 and 650 nm
emission peaks. Collected by a spectrometer with a 10 ms acquisition time. (b)
Downconversion emission spectra from a 16.9 nm nanocrystal observed for a sample
with 32 nm average cusp separation. Collected by a spectrometer with 1 s acquisi-
tion time. (c) Schematic energy level diagram of Yb?" sensitizer and Er*" activator
in nanocrystals. Radiative energy transfer (solid lines), non-radiative energy trans-
fer (dotted lines), cross-relaxation (dashed lines), and multiphonon relaxation (curly
lines). (Adapted from Suyver et al.) [5]
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B.1(d) shows a schematic of the optical tweezer setup used to trap the nanocrys-
tals and measure the emission spectra and trapping characteristics. A single 980 nm
continuous-wave laser is used for both trapping and excitation of the nanocrystals.
Trapping is confirmed by the abrupt jump in the avalanche photodiode (APD) voltage
which corresponds to the transmission of light through the aperture.

Figure B.1(e) shows the transmission of light through the DNH aperture and a
representative trapping event. The laser is briefly turned off and then turned back
on at 0 s. The abrupt jump in the APD voltage, compared to before the laser was
turned off, confirms the trapping event.

Figure B.1(f) shows how the trapping time is measured for the trapping event.
After turning on the laser, there is a brief period (on the order of milliseconds) before
a particle is trapped, this is the trapping time, ¢;.

We have observed the oscillation seen in Figure B.1(e) consistently for trapping
in hexane [10], but not for trapping in water where a single step is observed [188]. We
believe that it is the result of hydrodynamic interactions at the surface, in conjunction
with the trapping potential; however, the detailed analysis of this effect is beyond our
expertise. The oscillations are not coming from the circuit electronics.

Figures B.2(a) and B.2b show the emission of a single Yb-Er-doped NaYF,
nanocrystal trapped in a DNH aperture with 32 nm average cusp separation. Emission
peaks are apparent in Figure B.2(a) near wavelengths of 400 nm, 550 nm, and
650 nm. Figure B.2(b) shows the emission at 1550 nm of a single Yb—Er-doped
NaYF, nanocrystal trapped in a DNH aperture, which we could not observe in our
previous measurements [10]. The linewidth in Figure B.2(b) is limited by the emission
band of 4113/2 —4 I15)3 levels. Plasmonic resonances found in simulation are much
broader. Because the 1550 nm peak is entirely the result of Er, it is not expected to
vary significantly in linewidth due to the shifting plasmonic resonances with different
nanoholes because the nanoholes show much broader resonances in this region of the
spectrum.

We have not previously observed emissions at 400 nm and 1550 nm from sin-
gle Yb—FEr-doped NaYF, nanocrystals. The 400 nm upconversion emission is from
the 2Hgjs —* I15/2 transition in erbium. [5] The 1550 nm downconversion emission
is from the *Iy5/2 —* I;5/2 transition. [182] These transitions can be seen in the en-
ergy diagram shown in Figure B.2(c). Observing these two transitions from single
nanocrystals for the first time in our group is possible due to the higher enhancement

achieved using the double nanoholes.
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Figure B.3: Investigating the influence of the DNH cusp separation on emission
enhancement. Emission from 17 nm and 26 nm nanocrystals at 400 nm, 550 nm, 650
nm for varying DNH cusp separations. Emission counts at 400 nm are multiplied by
5 for visibility.
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Figure B.4: Simulated electric field intensity. (a) Visualization of the electric field
intensity inside of a DNH with 32 nm cusp separation. (b) Electric field intensity for
DNHs with 22.7 nm, 32 nm, 40 nm, and 45 nm cusp separations. Normalized to the
incident intensity.
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Figure B.3 shows the emission of the two sizes of Yb-Er-doped NaYF, nanocrys-
tals using DNH apertures with varying average cusp separations. It illustrates how
the size and shape of the aperture can impact the overall emission. Several measure-
ments on different DNHs within each sample were taken to confirm that the measured
emission is from a single trapped nanoparticle. The average of these single trapping
events is taken to form the final count. The normalized standard deviation over dif-
ferent measurements of a single 26.2 nm nanocrystal was 2.4%, 4.3% and 6.5% and
for a single 16.9 nm nanocrystal it was 3.3%, 5.6%, and 4.8%, for the 400, 550 and
650 nm emission. The laser power is maintained at "9 mW (as measured before the
100x objective) to simultaneously excite the structure and trap the particle.

The emission and trapping characteristics of 26.2 nm Yb—Er-doped NaYF 4 nanocrys-
tals are measured in ten different samples of DNH apertures with average cusp sep-
arations from 32 to 95 nm. We observe that the sample with 32 nm cusp separation
has the largest emission and exhibits plasmonic resonance at additional wavelengths,
400 nm and 1550 nm, that are significantly larger than in apertures with other cusp
separations. The emission was compared to previous results from our group which
used the same experimental setup with rectangular apertures. [10] This aperture size
showed additional enhancement factor of approximately 50, over the best rectangular
aperture. With the 26.2 nm nanocrystals, enhancement at 400 nm can only be clearly
seen in two samples—32 nm and 80 nm average cusp separation.

The 16.9 nm nanocrystals are used to probe the effect of smaller apertures as
the 26.2 nm nanocrystals are too large to trap in DNHs with cusp separations under
32 nm. The 16.9 nm nanocrystals are too small to trap in DNHs larger than 45 nm,
so the measurements for these were performed for four different samples of DNH
apertures with cusp separations from 23 to 45 nm. It was seen that the 32 nm
cusp size remained the peak, showing that it has optimal plasmonic resonance to
enhance emission at 650 nm. There was one isolated case where a nominally 26.2 nm
nanocrystal was trapped in a nominally 23 nm gap, which is possible given the size
tolerances.

These results show that the resonance wavelengths shifts as the cusp separation
changes. The colloidal lithography method used to prepare these samples adjusts the
cusp separation by changing the plasma etching time, this also affects the diameter
of the apertures. Changing both the cusp separation and aperture diameter like this
can impact both the enhancement factor and resonant wavelengths.

To probe this further we look at FDTD simulations (Lumerical FDTD ver. 2020
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Figure B.5: Measuring discrete emission levels from low counts of erbium emitters.
(a) Emission counts from nanocrystals showing discrete levels corresponding to dif-
ferent amounts of active erbium emitters. Collected by a spectrometer with a 1 s
acquisition time. (b) Poisson probability mass functions (PMFs) for the experimen-
tal (A = 1.68) and synthesis (A = 2.48) and experimental probabilities for the number
of Er emitters.
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R2.3). The simulations calculated the electric field inside the cusp of the DNH struc-
ture where the particle would be trapped as shown in Figure B.1(c). The structures
were modeled from SEM images similar to Figure B.1(b). A total of four different
DNHs were modeled around the peak of interest at 32 nm cusp separation. Figure
B.4(a) shows the simulated electric field intensity inside the cusp of a 32 nm DNH
structure.

Figure B.4(b) shows the simulation result of the relationship between the near-
field electric field intensity (normalized to the incident intensity) and wavelength
inside the cusp of DNH structure with different cusp separations. It can be seen that
the 32 nm cusp separation has the greatest overall electric field intensity. There are
two main resonant peaks for each of the simulated DNH structures. The structure
with 32 nm cusp separation has peaks at 720 nm and 940 nm. The simulations were
performed based on single SEM images and as the resonance frequencies are sensitive
to the curvature of the cusps and the exact separation it is expected that the peaks
differ slightly from the experimental results. The simulations show that multiple
resonances can be used to enhance both excitation and emission wavelengths. There
is minimal field enhancement seen in the simulations at 400 nm, but experimental
results show increased overall emission at that wavelength. This suggests that the
main effect is seen at the excitation wavelength, increasing the energy transfer, with

additional resonances for other wavelengths.

Observing Discrete Emission Levels

After finding that a DNH cusp separation of 32 nm shows the best enhancement
with Yb-Er-doped nanocrystals, we applied this finding to search for and isolate
nanocrystals with single erbium emitters. Dilute Er-doped NaYF, (with no Yb)
nanocrystals were produced with a nominal diameter of 22.7 nm (standard deviation
of 2.4 nm) and a nominal number of Er ions per nanocrystal of 2.48. It is expected
that the Er3* ions are statistically distributed within the NaYF, crystals following
a Poisson distribution with A = 2.48. As the nanocrystals have varying numbers of
Er®* ions, we expect to see emission counts with levels corresponding to the different
number of ions that follows a similar distribution. Trapping was performed for 100
events using a DNH with 32 nm cusp separation, measuring the emission spectrum
for each event.

Figure B.5(a) shows the upconversion emission from 640 nm to 680 nm of single
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nanocrystals as measured with a 1 s integration time. It can be seen that the emission
is separated into discrete levels. We attribute these levels to the discrete numbers of
erbium emitters in the nanocrystals, from zero to seven individual active emitters.
The integrated emission counts give a clear way to distinguish between the distinct
numbers of active erbium emitters. The experiment demonstrated a mean of 1.68 +
0.17 active erbium emitters per nanocrystal. Compared to the expected mean from
the synthesis, this gives a yield of 0.6740.07 which is consistent with previous findings
from our group. [103]

Figure B.5(b) shows the probability distributions of Er emitters per nanocrystal
as expected from the synthesis and experimental means. This distribution makes
the assumption that all Er®t ions can emit photons. However, it is expected that
surface quenching significantly reduces the emission from Er®* ions near the surface
of the nanocrystal. [199] A quenched layer of 1 nm leads to quenching of 24% of the
Er?* ions in the volume. This seems to be a plausible explanation considering the
statistical uncertainty in the experimental results.

The different DNHs were nominally the same and therefore showed the same
emission intensity. The final Poisson distribution analysis used data from several
different DNHs, each following the same discrete level response.

The emission measurements were collected with a spectrometer with a 1 s acqui-
sition time. This is an improvement by over a factor of 40 compared to previous
results from our group which required a 30 s acquisition time and produced even
fewer counts. [103] This is consistent with the finding in Section 2 and makes it clear
that DNHs can be used to improve the process of isolating single emitters. We believe
that this level of enhancement will allow for detecting and isolating single emitters
at 1550 nm; however, improvements in the optical setup for that wavelength are

required.

Time-to-Trap Analysis

We also measure the trapping time from the APD voltage for the different DNH cusp
separations. The analysis of the trapping time has been done previously; [191, 200]
here we show that the inverse of the trapping time has a similar dependence as the
enhancement which we attribute to the larger trapping region with higher local field
intensity.

Figure B.6 shows the trapping rate (inverse of trapping time, I') as a function of



104

cusp separation size. The trapping time was measured from the APD voltage (Figure
B.1(f)) and the effect of DNH cusp separation on this factor was evaluated. With
both the 16.9 nm and 26.2 nm nanocrystals, the trapping rate for the DNHs with
32 nm average cusp separation was also found to be much greater than other cusp
separations. The uncertainty for the trapping time measurements was £2 ms. The
trapping rate shown in this figure aligns closely with the emission enhancement seen
in Figure B.3, with both the fastest trapping and greatest emission enhancement oc-
curring for the 32 nm cusp separation. The 16.9 nm nanocrystals were also trapped
faster on average than the 26.2 nm nanocrystals due to their smaller size and corre-
spondingly lower Stokes’ drag. In these experiments, the nanoparticle diffuses into
the trapping region and the concentration of nanoparticle is maintained constant.
Considering the Stokes-Einstein diffusion of 10 nm radius particles spaced by 1 mi-
cron in solution (which corresponds to the average side length of the concentration
used), the expected time to reach the trap by random diffusion is 10 ms, which is
the order of magnitude seen in the experiments. The concentration of the crystals
was maintained the same, but the diffusion time and trapping potential size differ for
different sized particles, hence 26.2 nm and 16.9 nm particles showed different times
to diffuse into the trapping region.

Considering possible differences in the diffusion of nanoparticles for each aperture,
multiple experiments for each sample and aperture were performed. The measure-
ments were performed for a minimum of four DNHs in each sample and the measure-
ments were repeated three times for each DNH.

These results demonstrate that samples with more emission enhancement also
experience faster trapping, and the intensity of the emission can show how fast a
particle can be pulled into trapping. While the emission enhancement and trapping
dynamics are separate physical processes, they can be related to one another. It
should be noted that for the enhancement seen in this experiment, it is the square
of the trapping rate that is related to the emission enhancement as the emission (at
650 nm) is a two-photon process.

In the case of trapping nanocrystals, greater emission enhancement corresponds
to greater intensity on the sample to excite it. Having more intensity makes the
trapping region larger so the particle needs to travel less distance to get into the trap,
resulting in a faster trapping time. Thermophoretic forces may also be contributing
to this effect as higher local field enhancement can cause additional heating at the

structure which can attract thermophilic nanoparticles to the trap. [193]
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Conclusion

In conclusion, we demonstrated that the plasmonic resonances of a DNH aperture in
gold film can be tuned to further enhance the emission of erbium emitters compared
to rectangular apertures. The greatest enhancement for Yb—Er-doped nanocrystals
was found when using DNHs with 32 nm cusp separation. The emission of single
nanocrystals at 400 nm and 1550 nm was also observed for the first time. Using
this finding we demonstrated isolating NaYF, nanocrystals with single active Er?*
emitters as determined by the discrete levels of emission. The trapping rate for
varying cusp separations was measured and was found to be fastest at the same
separations that produced the greatest enhancement. The increased enhancement
corresponding to the higher local field intensities increases the effective size of the
trap, increasing the trapping rate and giving us an independent method to measure
enhancement. These results show that DNHs can be tuned to significantly enhance
emission, improving the method to reliably isolate single erbium emitters. This result
can be applied to isolate and measure the characteristics of single erbium emitters at
1550 nm. It is a step towards deterministically isolating single photon emitters for
future single photon sources at low-loss fiber optic wavelengths. This approach can
also be used for looking at other properties of lanthanide based nanoparticles such as

photon avalanche at the single particle level. [201]

Methods

Nanocrystal Synthesis and Characterization.

Chemicals. Yttrium(IIT) chloride hexahydrate (99.99%), erbium(III) chloride hex-
ahydrate (99.995%), ytterbium (III) chloride hexahydrate (99.998%), ammonium flu-
oride (99.99%), tech grade oleic acid (90%), tech grade l-octadecene (ODE, 90%),
and hexanes were purchased from Sigma-Aldrich. Anhydrous ethanol from Commer-
cial Alcohols, methanol from Caledon, and sodium hydroxide from Bio Basic Canada
inc. were used. All chemicals were used as received.

Characterization. Transmission electron microscopy images were obtained using
a JEOL JEM-1400 microscope operating at 80 kV. Hexane dispersions of the NPs
were drop-cast on a Formvar carbon-coated grid (300 mesh Cu) and air-dried before
imaging. Size analysis of NCs from the images was performed digitally by measuring

the surface area of at least 1000 particles with the program ImageJ (v. 1.52p) and
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calculating the corresponding diameter. X-ray diffractograms with a resolution of
0.0263 °26 were collected using a PANalytical Empyrean X-ray System with a Cu
source (Ko radiation, A = 1.54060 A) operating at 45 kV and 40 mA.

Synthesis (26.2 nm, NaYFy: 18% Yb, 2% Er (102AF18)). To a 100 mL 3-
neck roundbottom flask, 240.3 mg YCl;e(Hy0)g, 77.8 mg YbCl3e(H30)6 and 8.7 mg
ErCl;e(Hy0)g were added together with 15 mL ODE and 5 mL oleic acid. The mix-
ture was heated to 160 °C under vacuum and kept at that temperature for 30 minutes
before cooling to room temperature. Once cooled, a solution of 107 mg NaOH and
152 mg NH4F in 10 mL MeOH was added dropwise while stirring. The mixture was
heated to 65 °C 120 minutes to evaporate the MeOH. The temperature was then raised
to 298 oC over 20 minutes (11.75 °C/min.) Temperature was kept at 305-307 °C for
90 minutes. The mixture was then cooled, washed with 30 mL EtOH, centrifuged at
1800 g for 10 min, and washed with 30 mLL EtOH again before redispersion in 20 mL
hexanes. TEM and XRD were performed.

Synthesis (16.9 nm NaYF,: 18% Yb, 2% Er (340AF20)). To a 100 mL 3-
neck roundbottom flask, 240 mg YClse(H50)s, 80 mg YbCl;e(HyO)g and 8 mg
ErCl;e(Hy0)g were added together with 16 mL ODE and 5 mL oleic acid. The mix-
ture was heated to 140 °C under vacuum and kept at that temperature for 60 minutes
before cooling to room temperature. Once cooled, a solution of 102 mg NaOH and
150 mg NH4F in 10 mL MeOH was added dropwise while stirring. The mixture was
heated to 70 °C 120 minutes to evaporate the MeOH. The temperature was then
raised to 280 °C. Temperature was kept at 280 °C for 135 minutes. The mixture was
then cooled, washed with 30 mL EtOH, centrifuged at 1800 g for 10 min, and washed
with 30 mL EtOH again before redispersion in 20 mL hexanes. The sample was then
centrifuged again at 8694 g for 60 minutes and the sediment was redispersed in 10 mL
hexanes. TEM and XRD were performed.

Synthesis (NaYFy: 2.48 Er/NP (347TAF20)). An Er(OA); stock solution was
prepared by adding 381 mg ErClze(H;0)s, 10 mL oleic acid and 10 mL ODE in a
100 mL 3-neck roundbottom flask. The mixture was heated to 140°C under vacuum.
After cooling, the mixture was diluted to 0.1x1072 M Er(OA)s. To a 100 mL 3-neck
roundbottom flask, 300 mg YCl3e(H20)s and 0.3 mL 0.1 x 107* M Er(OA)3 were
added together with 16 mL ODE and 5 mL oleic acid. The mixture was heated to
140 °C under vacuum and kept at that temperature for 60 minutes before cooling to
room temperature. Once cooled, a solution of 102 mg NaOH and 150 mg NH,F in
10 mL MeOH was added dropwise while stirring. The mixture was heated to 70 °C
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120 minutes to evaporate the MeOH. The temperature was then raised to 298 °C.
Temperature was kept at 298 °C for 135 minutes. The mixture was then cooled,
washed with 30 mL EtOH, centrifuged at 1800 g for 10 min, and washed with 30 mL
EtOH again before redispersion in 20 mL hexanes. TEM and XRD were performed.
DNH Apertures Fabrication.

Colloidal lithography was used to fabricate double nanohole apertures. Microscope
slides were cleaned using plasma for 15 minutes and sonicated for 10 minutes in an
ethanol bath. 30 pL of 300 nm 0.01% w/v polystyrene spheres in ethanol drop-coated
on the microscope slides uniformly. While the solution dries out through evaporation,
the polystyrene spheres attach to the slides. The prepared slides were plasma etched
with 5 to 15 seconds difference in etching time to get different cusp separation on
each sample. Using 5 nm of titanium as an adhesive layer followed by 70 nm of gold,
the samples were sputtered (MANTIS Sputtering System). The sputtered samples
were sonicated for 1 minute in a toluene bath to remove polystyrene beads. SEM was
performed.

Optical Trapping.

The optical tweezer setup (Figure B.1(d)) consists of a single 980 nm continuous-
wave laser (JDS Uniphase SDLO-27-7552-160-L.D) which is collimated, filtered, polar-
ized, and expanded, before being focused on the sample with a 100x oil immersion mi-
croscope objective (1.25 numerical aperture). This single beam is used for both trap-
ping, and to excite the nanocrystals. A 10x microscope objective is used to collect the
light transmitted through the sample which is measured by an avalanche photodetec-
tor (Thorlabs APD120A). The polarization of the beam is set by the half-wave plate
(HWP) and the linear polarizer (LP). A three-axis sample stage with piezoelectric ad-
justment aligns the apertures to the beam with 20 nm precision. A 750 nm short-pass
filter (Thorlabs FES0750) reduces the trapping beam intensity and a bifurcated fiber
splits the signal between two spectrometers, one for visible wavelengths (Ocean Optics
QE65000) and one for NIR wavelengths (BaySpec NIRS-0900-1700). The gold DNH
aperture samples were attached to #0 coverslips with an adhesive spacer containing
17.6 L of nanocrystals in hexane with concentrations of 1.3 x 10!? nanoparticles/ cm®,
5 x 10'2 nanoparticles/cm®, and 4 x 10'2 nanoparticles/cm?® for the 16.9 nm, 22.7 nm,
and 26.2 nm nanocrystals.

Abbreviations used in Figure B.1(d): APD, avalanche photodetector; BE, beam
expander; CCD, charge-coupled device; D, dichroic mirrror; FM, flip mirror; HWP,
half-wave plate; LP, linear polarizer; LPF, long-pass filter; Obj, objective lens; OD,
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optical density filter; S, spectrometer; SPF, short-pass filter.
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Abstract

Here we show that surface plasmon resonance sensors that typically use 760 nm
wavelength Kretschmann-Raether coupling to a 50 nm thick gold film can have 3.3
times higher surface sensitivity by using local resonances from periodically arranged

short-range modes in the same configuration. Considering shot noise, the resolution
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was found to improve by four-fold. This was calculated by matching the design
wavelength and minima angle as calculated by rigorous coupled wave analysis, giving
a grating period of 250 nm in a 10 nm thick gold film and gap length of 40 nm.
Finite difference time domain simulations were used to confirm that the short-range
modes correspond to a localized surface plasmon resonances. The present short-range
plasmon approach can be used to improve the sensitivity in monitoring biomolecule

interactions.

Introduction

Conducting surfaces permit guided waves called surface plasmon polaritons (SPPs),
the mathematical solutions of which have been known for over a century [202]. A
prism can be used to couple light into these surface waves, matching the wave-vector
in the high-index prism to the wave-vector of the surface plasmon [52, 203]. Since
the metal is lossy, light is absorbed at the coupling condition and this leads to a dip
in the reflection [203].

The SPP is exponentially bound to the surface, which gives good sensitivity to
changes in refractive index near the surface. This is the premise behind the com-
mercialized surface plasmon resonance (SPR) biosensors [204]. These commercial
systems have been engineered with consideration of many factors: the light source
wavelength, the light source type (LED vs. laser), the metal type, the metal thickness,
the detector type (single channel vs. detector array), the data acquisition (dynamic
range, analogue to digital conversion and acquisition time) and cost. With all of
this engineering already in place and many such machines in laboratories around the
world, it is interesting to consider leveraging the existing commercial SPR platform
while using a more sensitive sensor chip.

One potential direction to obtain even greater surface sensitivity is to use short-
range surface plasmon (SRSP) modes [205, 206]. In particular, insulator-metal-
insualtor (IMI) structures permit SRSP modes that become more tightly confined
to the surface as the thickness of the metal is reduced. This leads to greater surface
sensitivity. Here we consider the use of these SRSP modes in sensing applications
while retaining the popular prism coupling configuration.

The SRSP modes have a larger propagation constant than the usual surface plas-
mon polaritons. Therefore, to couple into these modes while retaining the same

Kretschmann geometry as the usual 50 nm thick gold film, we employ a periodic
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structure with localized surface plasmon (LSP) resonances. Another feature of these
modes is that they are more lossy; therefore, it is expected that their reflection dip
will broaden upon coupling.

In this paper, we find a design for SRSP sensing using a rectangular stripe grating
and a 10 nm gold film. The 10 nm gold is thick enough to allow for continuous films
with standard deposition techniques. Using rigorous coupled wave analysis, we find
that the surface sensitivity of these films to an adlayer is 3.3 times higher in terms of
angle units and the resolution is improved by four-fold, while operating in the same
range as commercial SPR systems. Therefore, we believe these chips may be used for

more sensitive SPR sensing in the near future.

Design

Standard SPR Sensing

Figure C.1 shows the schematics of typical surface coupling for a conventional SPR
and the proposed IMI-grating structure. A metal film is confined between two di-
electric layers. Incident light couples to the SPP in case of SPR. Surface resonance
only happens when incident angle toward the structure is greater than the critical
angle. The parallel component of incident light should match the surface plasmon
wave-vector of the metal. Minimum reflection occurs when the energy of the incident
photon is transferred to surface plasmon wave.

Figure C.1(a) shows the standard configuration for uniform 50 nm gold film. Uni-
form films are suitable for SPPs of a single surface. Figure C.1(b) shows the proposed
scheme with periodic gold structure on glass. This structure allows decreasing gold
thickness to 10 nm which increases the confined coupled field significantly.

For conventional SPP copuling, the light is angled in the prism to match the SPP

wave-vector. The SPP wave-vector is given by:

Em€d
ksp =k 1
s = ko) [ (C.)

where kg = 27 /X (A = 760 nm), €, is the relative permittivity of the metal, ¢4 is the
relative permittivity of the adjacent dielectric (in this case water). The wave-vector

in the prism is given by:
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(C.2)

where 6 is the angle of incidence in the prism and n,ism is the prism’s refractive index.

In this case the SPP coupling occurs where ksp = Kprism-
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Figure C.1: (a) Prism coupled SPR structure for 50 nm gold film (b) Modified struc-
ture for 10 nm gold film using a grating.
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Figure C.2: Dispersion for coupling to surface plasmon at water-gold interface when
incident from glass-gold side of the prism. The intersection point is at 73°, which

gives a dip due to losses in the SPP.

Figure C.3 shows the reflection of a 50 nm gold film when incident through a

prism as a function of incident angle. The refractive index of the prism is 1.5 and

the top layer is considered to be water with refractive index 1.33. It is clear from

this figure that the reflection dip of optimal SPP coupling occurs at around 73°,

as expected from the coupling analysis above. (Of course, rigorous coupled wave

analysis, or RCWA, is not required for this analysis, since standard transfer matrix
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Figure C.3: Reflection from a 50 nm thick gold film on glass with a water top layer

for different incident angles.
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theory is applicable to this uniform layer). It is noted that surface plasmon dispersion
is for a semi-infinite surface, and so the treatment of using wave coupling through the
film is approximate, whereas the RCWA is not [207].

SRSP Grating-Assisted Coupling

The propagation constant of a surface plasmon wave on a thin metal film with thick-
ness of h which is bounded by two dielectric media, with subscripts 1 and 3, is

determined by following equations [208]:

tanh pp,h(1 + s1s3) = —(s1 + $3) (C.3)
P1 €m

§] = —— C4

! Pm €1 ( )
_Pien

S3 = Do €3 (C5)

P =B — ke (C.6)

p?n = 62 - kgem (C 7)

P = 5° — kes (C.8)

where [ is the wavevector of the SRSP and kg is the free-space wavevector.

Using these equations, we find that the effective index of the SRSP is 2.58. From
this, one can couple to the SRSP by using a periodic structure period of 636 nm to
match the wavevector of light in the prism to that of the SRSP using the equation:

kprism + KG = 5 (Cg)
where: 5
T
Ko=— C.10
¢=y (C.10)

with A being the grating period and f is the propagation constant of the SRSP.
We attempted this configuration, and found that coupling was weak (a dip in the
reflection of around 30 %). As a result, we considered the possibility of using stronger

resonances found in LSPs in an array format.
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LSP Coupling

LSPs are supported by finite metal nanostructures. We first employed RCWA to
study periodic LSP structures for prism coupling. RCWA is typically used to study
the interaction of an electromagnetic wave with a surface plasmons on a metallic relief
grating. RCWA is also reliable approach to determine dips in reflection as a function
of wavelength and angle [209, 210].

Figure C.4 shows reflection spectrum for different structures using RCWA method.
p is the period of the grating and ¢ is the size of the gap. As shown in the figure
for grating period of 250 nm and gap length of 40 nm, the dip occurred for 760 nm

incident light, which is the operating wavelength desired at this angle of incidence.

1
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Figure C.4: Reflection spectra periodic structure supporting SRSP mode with an
incidence angle of 73°. The period, p, and gap g were varied in each curve to find the
case which is most closely matched to the operating wavelength of 760 nm.

To verify that the origin of this dip is from the LSP resonance, we performed
finite-difference time-domain (FDTD) simulations of an isolated structure using the
commercial package by Lumerical. We use a grid size of 0.2 nm in the direction
perpendicular to the layers and 1 nm in the direction of SRSP propagation. The
total domain simulated was 280 nm by 5.75 pum, and bounded by perfectly matched
layers. The glass and gold layers were taken from the Palik database. The gold
thickness was 10 nm, and its length was 250 nm. A dipole source was placed at one
end of the rectangular gold structure and the field intensity was monitored at the
peak at the other end of the structure.

Figure C.5 shows the electric field intensity at the end of the gold nanostructure,

with a clear peak at the desired operation wavelength of 760 nm. Figure C.6 shows
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the field intensity at the opposite end of the rectangular structure, with clear edge

enhancement, but also strongly confined light at the metal surface.
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Figure C.5: Electric field intensity monitored near a 10 nm thick and 250 nm long
rectangular gold structure on glass with a water surrounding. The peak in the LSP
resonance is at 760 nm as desired for the SPR sensor configuration.
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Figure C.6: The field intensity distribution at the LSP resonance.

Sensing Performance

Sensitivity Calculations

To investigate the improved sensitivity of the resonant periodic structure supporting
the SRSP, a 1 nm adlayer is applied on the top of the gold with refractive index

1.5. Figure C.7 shows the reflection for different angles of incidence, both for a
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50 nm thick gold film and for the 10 nm thick periodic structure. In each figure,
the reflection is plotted for the bare structure and the structure with an adlayer. As
demonstrated in the inset figures, the 10 nm gold periodic structure has 3.3 times
higher sensitivity than for 50 nm continuous gold. (Note, that restricting the adlayer

to the top surface is done for analytic simplicity, and may be achieved in practice by

masking the side-walls).
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Figure C.7: Sensitivity calculations for (a) a 50 nm thick gold film with a 1 nm
adlayer, and (b) a 10 nm thick gold film with 290 nm period and 250 nm length of
each gold segment and a 1 nm adlayer. The insets are shown to clearly depict the

angle shifts with the adlayer in each case.

Resolution Calculations

To compare the resolution of the gold film with the thickness of 50 nm and structured

film with 10 nm thickness, we added shot noise to the digitized reflection. The digiti-
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zation used 1024 bins for angle of incidence and 4096 bins for reflection intensity. We
fit the noisy response to various adlayer index values (thickness 1 nm), and repeated
the procedure to ensure a suitably averaged response. In this way, the resolution was
determined to be 8 x 107° RIU/nm for 50 nm gold and 2 x 10~° RIU/nm for 10 nm
gold SRSP structure.

Discussion

It is clear from the analysis presented that the 10 nm thick gold film with a stripe
grating structure has 3.3 times higher sensitivity and 4 times improved resolution.

Many have suggested that having a narrower peak will improve the performance of
SPR detection systems because it allows for more precisely determining the position
of the reflection dip. For this reason, a figure-of-merit of wavelength shift divided
by peak width is often used [211]. There are arguments to suggest that this is not
always true. Consider the extreme case where the peak is much narrower than even
one pixel spacing of the detector array, then there is no change in the signal detected
for a sub-pixel sized shift with an adlayer. Therefore, having a very narrow peak can
give no signal at all, even though the usual figure-of-merit is huge. Here, we have
done the resolution calculations and found that the broader peak actually allows
for improved resolution because the signal is supported by a greater number of bins
(therefore, the noise in each bin can be averaged to reduce the overall noise). This
noise analysis focuses on shot noise, where the noise is proportional to the square root
of the detected counts. A well-engineered system will be shot noise limited [212]. Low
cost fabrication of these grating structures is also an important consideration. We
believe that these structures can be readily manufactured at low cost using existing
template stripping approaches [213].

It is possible to push the sensitivity even higher by looking at ultra-thin gold
films. While 10 nm continous gold films are commercially available, special methods
can be used to create continuous films down to 5.4 nm that are stable under ambient
conditions [214].

We are also aware of extremely high sensitivity demonstrations using nanorods
(and similar works) [215]. While it is interesting to consider such approaches further,
there are potential advantage of our design. We have already mentioned that our
design is compatible with existing SPR machines, and may be readily mass produced

using template stripping or other similar approaches. In addition, our design uses a



120

mainly flat surface and so fouling that can occur with highly structured surfaces is

not as big a concern.

Conclusions

In this work, we consider a perioidic SRSP sensor design that is compatible with
existing commercial SPR sensors. The SRSP works by coupling to the LSP resonance
of a rectangular structure. The design shows a 3.3 times higher surface sensitivity,
which is promising for high-performance detection applications (such as low index
contrast materials or sub-monolayer absorption). A noise analysis shows that the

resolution also improves in the SRSP design.
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Abstract

Nanohole optical tweezers have been used by several groups to trap and analyze
proteins. In this work, we demonstrate that it is possible to create high-performance
double nanohole (DNH) substrates for trapping proteins without the need for any top-
down approaches (such as electron microscopy or focused-ion beam milling). Using
polarization analysis, we identify DNHs as well as determine their orientation and then
use them for trapping. We are also able to identify other hole configurations, such
as single, trimers and other clusters. We explore changing the substrate from glass
to polyvinyl chloride to enhance trapping ability, showing 7 times lower minimum
trapping power, which we believe is due to reduced surface repulsion. Finally, we
present tape exfoliation as a means to expose DNHs without damaging sonication
or chemical methods. Overall, these approaches make high quality optical trapping

using DNH structures accessible to a broad scientific community:.

Introduction

Nanohole optical tweezers have been broadly used to investigate nanoparticles, start-
ing with early works on circular and rectangular apertures [7, 114, 141, 216, 217].
Double nanohole (DNH), coaxial and bowtie aperture and similar shaped aperture
optical tweezers have been used in the analysis of particles smaller than 20 nm [7,
123, 124, 218, 219, 220, 221, 222, 223, 224], including optical emitters and quan-
tum emitters [11, 103, 122, 225, 226], magnetic particles [192], DNA [227], pro-
teins [111, 196, 228, 229, 230, 231, 232]. These apertures have also been used in
protein-DNA interactions [9], protein-small molecule interactions [195, 228, 233],
protein-antibody interactions [234, 235], protein-protein interactions [188], and to
study protein vibrations [236].

The benefit of using a DNH aperture is to have a high field enhancement localized
in the gaps as small as 10 nm [188]. Most of these past works have used top-down
methods, such as focused ion beam, to fabricate the apertures [9, 193]. Recently, we
explored the use of colloidal lithography to create DNH apertures and used scanning
electron microscope (SEM) to find them [14]. This still limits the use of the technique
to those with SEM facilities, and introduces an extra registration step, where the SEM
has to be compared with the microscope image using some fiduciary markers.

To make DNH aperture trapping more accessible, here we introduce a polarization
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and transmission dependence technique to localize DNHs on a substrate, as well as
determine their orientation. We also characterize other aperture clusters and singles
with this approach. We explore the use of low-repulsion substrates for improved

trapping efficiency and tape-fabrication for gentle exposure of high-quality apertures.

Polarization Dependent DNH Localization and Ori-

entation

Figure D.1(a) shows a schematic of an optical tweezer setup, where a continuous
wave (CW) diode laser beam was collimated, expanded, and focused through a 100x
microscope objective (1.25 NA) into a nanoaperture. The transmitted signal was
collected by a 10x microscope objective (0.25 NA) and measured by an avalanche
photodiode (APD — Thorlabs, APD120A). The reflected laser beam and the trans-
mitted LED light were directed to a charge-coupled device (CCD) camera. Figure
D.1(b) shows a CCD image of the aperture sample while the LED was on and the
laser was off, and Figure D.1(c) shows a CCD image of the sample while both the
LED and laser were on and the laser beam was aligned and focused into an aperture.

Nanoapertures in gold on glass substrate were fabricated by using the colloidal
lithography method [14]. Briefly, a 10 uL solution of 300 nm polystyrene nanospheres
in ethanol was drop-coated on a glass microscope slide. Then, 5 nm titanium adhesion
layer followed by a 70 nm gold film was deposited on the sample using a sputtering
system (Mantis). The Au-Ti coated sample was sonicated for 5 minutes in ethanol
to remove the polystyrene nanospheres and to reveal the nanoapertures on the film.
Variations in the size of polystyrene spheres and the etching time results in varying
of gap sizes and apertures diameters. Plasmonic nanoapertures on plastic substrate
were fabricated following the the same process as described above but using polyvinyl
chloride (PVC) slides instead of glass microscope slides (for SEM images see the
Supplementary Material). Further, the omission of the sonication step in lieu of the
tape-removal is discussed below.

The colloidal lithography method resulted in formation of varying of nanohole
configurations, i.e. single, double, and variable clusters nanoholes. In this method,
dominant nanoapertures structures, average density of nanoapertures, diameter size of
apertures and their separation gap size of DNHs on a sample were controlled through

the fabrication process [14]. However, location and number of nanoapertures on a
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Figure D.1: Experimental optical trapping setup. (a) Schematic of an optical tweezer
setup: linear polarizer (LP), half-wave plate (HWP), beam expander (BE), shortpass
dichroic mirror (D), 100 x oil immersion microscope objective (100 x OI MO), piezo
stage (stage), 10 xmicroscope objective (10 xMO), lens (L), optical density filter
(ODF), and avalanche photodetector (APD). (b) A CCD image of a sample with
nanoapertures when the LED light was on and the laser was off. (c¢) a CCD image
of the sample when both the LED light and laser were on and the laser beam was
focused into an nanoaperture. Transmitted LED light from nanoapertures varied for
different shapes and resulted in varying of brightness of nanoapertures in the CCD
image.

sample could not be controlled through the fabrication process (see the Supplementary
Material) and this resulted in formation of varying of nanoaperture structures over
the sample.

To find a DNH aperture, here we used a combination of CCD camera images and
polarization dependent transmission of the laser beam, not only to align the laser
beam with a nanoaperture, but also to distinguish between different nanoaperture
structures on a sample. In addition, the transmitted LED light from nanoapertures
varied for different nanoaperture structures, resulting in varying their brightness in
the CCD image (see Figures D.1(b) and (c)).

Figures D.2(a-d) show CCD images for varying of nanohole configurations and
their transmitted signals (Figures D.2(e-h)) measured in the APD. We can rapidly
identify DNH candidates by the white light transmission imaged on the CCD. For
example, Figure D.2(a) shows a dimmer spot that was a single nanohole (determined
later by SEM that is shown in the inset of the Figure D.2(a)), whereas Figure D.2(b)

shows a brighter spot that was a DNH. By ignoring all the dimmest apertures, we can
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APD voltage (V)

Figure D.2: Identifying DNHs and other nanohole configurations on a sample. (a-
d) CCD images of white light transmission of single, double and varying of cluster
apertures. In these images, the same area was artificially marked with yellow contours
and an aperture of interest was shown with a yellow array. Brightness of apertures
were varying depended on nanoholes configuration: (a) single nanoholes (SNHs) were
the dimmest structures, (b) DNHs were brighter than SNHs but dimmer than clusters,
(c and d) clusters were the brightest apertures among varying of configurations. Inset
of figures (a-d) show SEM images of the marked nanoaperture (full SEM image is
shown in the Supplementary Material. (e-h) Maximum and minimum polarization
dependence of the laser transmission of an aperture of interest, marked in (a) to (d)
and measured with the APD: (e) polarization dependence of the SNH shown in (a)
using 4.1 mW. (f) Polarization dependence of the DNH shown in (b) using 4.1 mW
incident laser. (g and h) Polarization dependence of the clusters shown in (c¢) and
(d), using 4.1 mW and 6.8 mW. The HWP was switched between maximum and
minimum transmission values in the plots (e-h)

rule out single apertures. The beam diameter is ~1 um, and so we can safely irradiate
only one structure at a time as long as it is separated by more than a few microns.
Figure D.12 of the Supplementary Material shows more details of identifying DNH
by using CCD images and changing the distance of the focusing microscope objective
to the substrate. Next we use polarization dependence of the laser transmission.
DNH and clusters show a polarization dependence (generally) as shown in Figures
D.2(f-h). The small polarization dependence of the single nanohole is a combination
of slight anisotropy and some polarization dependence in the optics setup. Among
Figures D.2(f-h), the DNH could be reliably found by the polarization dependence
and intensity. It should be noted that the HWP was switched between maximum and

minimum transmission values in these plots.
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Figure D.3: Polarization dependence of the laser transmission of DNHs. (a) SEM
images of DNHs with their axes normal or parallel in respect to each other. Full
SEM image is shown in the Supplementary Material. (b) Parallel DNHs show similar
polarization dependence of the laser transmission, and DNHs with normal axes in
respect to each other show opposite transmission response of the laser beam. The
laser polarization direction was rotated by using a HWP in front of the lasrt output,
starting from the zero-order line of the HWP. (c) Polar plots of normalized transmis-
sions for DNHs shown in (a and b).

Figure D.3 shows that the orientation of the DNHs could be determined by the
detailed polarization analysis. Maximum transmission through a DNH occurs when
the laser polarization is along the short axis of the DNH [237]. In these measurements,
the polarization direction of the laser beam was rotated in steps by a HWP in front
of the laser, starting from the zero-order line of the HWP. The transmitted signal
through an aperture was measured by the APD. Figure D.3(a) shows SEM images
of three DNHs with parallel or normal orientations in respect to each other (the
full SEM image is shown in the Supplementary Material). We observed that DNHs
with parallel axes had similar polarization responses, while DNHs oriented normal
in respect to each others showed orthogonal polarization response (Figure D.3(b)).
Figure D.3(c) shows polar plots of normalized polarization dependence of the DNHs
in (a) and (b). Normalized transmission in the polar plots was obtained by dividing
transmission values by the maximum transmission value.

Figures D.4 and D.5 show that this applies to triangular (three holes) and
diamond (4 holes) clusters as well. These apertures could also be located and oriented.

Figure D.4 shows the polarization dependence of the transmission laser beam
through two triangular clusters with different orientations. Figure D.4(a) shows
SEM images of the triangular apertures and Figsure D.4(b) and (c¢) show the trans-
mitted signals and the normalized polar plots of the transmitted signals through the
triangular apertures shown in (a). We also trapped 20 nm polystyrene nanospheres by

using triangular apertures showing similar behavior as DNHs (see the Supplementary
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Figure D.4: Polarization dependence of triangular clusters with different orientation.
(a) SEM images of two triangular clusters (labeled as Triangular 1 and Triangular 2)
on a sample. (b) Polarization dependence of transmission through the aperture was
obtained by rotating the HWP in front of the laser and measured the transmission
signal in the APD. (c) Polar plot of the normalized transmission signals shown in (b).
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Figure D.5: Polarization dependent response of two clusters with diamond configu-
ration on a sample. (a) SEM images diamond apertures (also see the Supplementary
Material), marked with yellow contours. (b) Polarization dependence of the transmis-
sion laser beam of the diamond apertures shown on (a). (c¢) Polar plots of normalized
transmission of (b).

Figure D.5(a) shows SEM images of two diamond configurations clusters with
different orientations in respect to each other. Figures D.5(b) and (c) show the
polarization dependence and normalized polarization dependence of the transmission
signals through the apertures. These show that diamond clusters had polarization
dependence while they had higher transmission that DNHs.

We performed finite-difference time-domain simulations of the triangular structure
to confirm that the transmission shows negligible polarization dependence, as shown
in Figure D.14 of the Supplementary Material. The polarization of the DNH has been
established by past studies [237], and the diamond structure shows more transmission

and a stronger polarization at this wavelength and so it can be safely distinguished
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from the DNH.
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Figure D.6: Polarization dependent response of SNHs and polarization rotation of
the laser beam without any sample (labeled as ”No sample”. SNHs showed the same
polarization responses and also the same response as the laser beam without any
sample. We believe this mainly comes from the polarization dependence of the setup.

Figure D.6 shows that a SNH show a slight polarization dependence but these
are all the same and also the same as not having any sample there (labeled as ”No
sample”). Therefore, we believe this is mainly coming from the polarization depen-
dence of the setup. The measurements were calibrated by using the "No sample”
data to correct the polarization effects from the setup without a sample. The degree
of polarization was 0.074 + 0.03 for single holes, 0.41 4+ 0.06 for doubles, 0.070 + 0.03
for triangular shaped, and 0.23 4+ 0.1 for diamond shaped, where the number of sam-
ples probed was typically 3. These values are not overlapping. This shows clearly
that the different apertures can be identified based on degree of polarization and on
maximum transmission. Also, the maximum amplitude of the signal, normalized to
the incident laser power, was 0.16 £+ 0.03 V/mW for single holes, 0.24 £+ 0.04 V/mW
for doubles, 0.14 £+ 0.02 V/mW for triangular shaped, and 0.32 + 0.04 V/mW for
diamond shaped.

Improved Trapping by Substrate Modification

Figure D.7 shows trapping events of 20 nm polystyrene nanospheres with a DNH in
gold on glass substrate (Figure D.7(a)) and with a DNH in gold on a PVC plastic
substrate (Figure D.7(b)). We used DNHs with similar gap size of ~50 nm and
aperture diameter of ~215 nm in 70 nm gold film on glass and plastic substrates
(SEM images are shown in the Supplementary Material). As demonstrated in previous

works by our lab, trapping was performed in an inverted configuration with the gold
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sample in contact with the solution by an adhesive microwell consisting of a spacer
on a #0 microscope coverslip filled with the solution [111, 188, 14].

Trapping a particle in a DNH aperture resulted in increasing the transmission,
observed by a jump in the APD signal. We performed the trapping on 6 dif-
ferent nanoholes for plastic and glass substrates and found that the stiffness was
0.043 £ 0.007 fN/(nm-mW) for plastic and 0.012 £ 0.002 fN/(nm-mW) for glass,
indicating that the stiffness is increased by a factor of 3.6 for plastic [191]. The
stiffer trapping offered by the plastic substrate allows for lower laser powers to be
used which reduces the heating of the trap. This is an important consideration for
trapping biological materials which can be sensitive to the local heating [228]. Addi-
tionally, when particles were trapped the level of noise also increased. Trapping on
glass substrate showed on average a 5% jump of the APD signal, whereas trapping
on plastic substrate showed on average a 10% jump in transmission signal, suggesting
that the particle was positioned closer to the maximum intensity of the beam, causing
increased light transmission through the aperture. Furthermore, the level of noise for
the plastic trapping was less than that of the glass trapping indicating that there was
less movement of the particle, and that trapping with a plastic substrate was more
stable than with glass. Also, we observed that the initial laser power required to
trap polystyrene with glass substrate was ~5.8 mW, while for the plastic the initial

required power was ~1.4 mW.
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Figure D.7: Trapping event of 20 nm polystyrene indicated by the increase in trans-
mission and signal variation (a) at 15 s with a DNH in gold on a glass substrate, and
(b) at 12 s with a DNH in gold on a PVC plastic substrate.

Figure D.8 shows the mean APD voltage of trapping events for varying the
incident laser power, along with the level of noise characterized by the standard
deviation (STDev), for glass and plastic substrates. With the plastic substrate, it
was possible to keep a 20 nm polystyrene in trapping for laser powers as low as

~0.6 mW, whereas for the glass substrate the minimum laser power needed to keep
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the particle in trapping was ~4.2 mW. Figure D.18 of the Supplementary Material
shows the transmission measurement data. This shows changing the substrate from
glass to plastic reduced the minimum trapping power by 7 times and improved the
trapping ability, which we believe is due to reduced surface repulsion because a glass
substrate will charge strongly in water [238, 239, 240]. Since glass is much more
hydrophilic than PVC plastic [241], glass ionizes easily in water[238], which increases
the bulk concentration of ions surrounding the glass surface, contributing to a stronger
repulsion force [242, 243].

While we primarily show data for trapping polystyrene nanospheres, one of the
main applications of this technology is trapping biological materials [227, 111, 228,
229, 230, 196, 231, 232, 195, 9, 233, 234, 235, 188, 236]. As a proof of concept,
proteins were also successfully trapped with the plastic and glass substrates (see the

Supplementary Material).
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Figure D.8: The mean APD voltage of trapping 20 nm polystyrene for varying the
incident laser powers. (a) Trapping with a DNH in gold on a glass substrate, and (b)
trapping with a DNH in gold on a plastic substrate, with the STDev indicating the
width of the trapping signal. Each measurement was conducted by decreasing the
incident laser power while the particle was still trapped. The incident laser power
was decreased until it was too low to keep the particle in trapping site and particle
was released.

Tape Exfoliation

Figure D.9 shows the fabrication process of DNH apertures using the colloidal lithog-
raphy [14] by using the tape-removal of nanoparticles instead of the sonication step.
The original colloidal lithography method used sonication to remove the polystyrene
nanospheres, but it was common for the metal film to begin to detach from the
surface before all the nanospheres are removed. Here we used Scotch tape to fully

exfoliate the polystyrene nanospheres without damaging the gold surface. In this
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Figure D.9: An illustration of fabrication process using tape exfoliation to remove
nanospheres and reveal apertures: (a) a titanium adhesion layer following by a gold
film was deposited on top of polystyrene nanospheres on a glass substrate, (b) a tape
was applied to a small area on the surface, (c¢) the tape was gently removed from the
sample resulted in pulling away the polystyrene nanospheres, and (d) revealing the
nanoapertures on the gold film.

Figure D.10: Nanopaertures fabricated by tape-removal method. (a) An SEM image
of an area on the surface where a tape exfoliation was applied and an area without
applying the tape. (b) An SEM image of the surface before the tap-removal, and (c)
an SEM image of the surface where the tape exfoliation was applied.

method, tape was applied to a small area on the surface and then gently removed to
pull away the polystyrene spheres, this step was repeated until the desired area has
been exfoliated, taking care not to cover the same area multiple times. This was then
followed by washing in ethanol. Care was taken to apply the tape to a sufficiently
small area to reduce the chance of adhering to the gold. Figure D.10 shows SEM
images of the apertures fabricated by using the tape exfoliation process. Here we
used tape to fully exfoliate the 200 nm polystyrene nanospheres without damaging
the gold surface. The tape gave more uniform removal of spheres than sonication
and the nanoparticles were reliably removed, revealing high quality apertures with-
out damage that can come from sonication or using chemicals. The tape exfoliation
may become more challenging for smaller spheres which is a possible limitation of

this approach; however, we did not investigate this fully in this work.
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Conclusion

We have demonstrated a way to identify the location and orientation of DNHs in-
situ, without the need for SEM or other complicated processes. This makes the
approach much more accessible without ready access to such facilities, requiring only
the use of an evaporator, as well as eliminating time-consuming characterization and
registration steps.

We have also improved the trapping by switching the substrate from glass to PVC,
which reduces repulsion in aqueous environments and reduces the minimum trapping
power by 7 times. A further improvement in the aperture quality is obtained by using
tape exfoliation instead of sonication in ethanol.

We believe that this low-cost and high-quality approach to DNH trapping will
enable greater adoption of the technique by the biophysics and quantum emitter
communities. In biophysics, the emphasis can be shifted to protein characterization

and interactions studies rather than fabrication and characterization of apertures.

Suplementary Materials

/|

Figure D.11: (a) An SEM image, and (b) a CCD image of the sample shown in the
Figure 2 of the main text.

Scanning electron microscopy (SEM) was used to characterize the structures an-
alyzed in this work and provide a reference for constellation mapping of the sample
when observed in the CCD camera. Figure D.11 shows an SEM image and a CCD
image of the sample shown in the Figure D.2 of the main text. The same area in both
images were artificially marked with yellow contours.

Figure D.12 shows an SEM image of a sample and three CCD images of the same

sample with three distances of the 100x microscope objective from the surface of
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Figure D.12: Distinguishing between varying of apertures by varying the distance
of the 100x focusing microscope objective from the surface of a sample. (a) An
SEM image of the sample with an scratch marker on it. (b-d) CCD images of the
same sample with the microscope objective adjusted (b) focused on the cover glass,
(¢) focused on top of apertures, (d) focused at bottom of apertures. Changing the
distance between the sample and the microscope objective were used to show variation
of the brightness different apertures.

the sample, which revealed varying of brightness of apertures for varying nanohole
configurations. The bright area in the CCD image is a scratch in the gold layer that
serves as a fiducial marking for finding the corresponding location in the trapping
setup.

Figure D.13 shows several of the structures analyzed in the main text. The
structure of each aperture was confirmed using the SEM images.

Figure D.14 shows the transmission simulation for varying the polarization angle
of the incident beam for a triangular structure, obtained by finite-difference time-
domain (FDTD) method (Ansys Lumerical 2020 R2.3) at 973 nm wavelength, con-
firming that the transmission shows negligible polarization dependence. A triangular
aperture with 70 nm gap size and 280 nm aperture diameter in a 70 nm gold film was
simulated with the same dimensions as Triangular 1 in the Figure 4 of the main text.
The refractive index of gold was chosen as Au (Gold) — Palik [244]. A layer of water
(HO (Water) — Palik) with 200 nm thickness was placed above the gold layer. Also

the triangular aperture material was selected as water similar to experiments. A glass
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Figure D.13: SEM image of the sample used in the measurements shown in Figures
3-6 of the main text. Labels are the same as used on the main text.
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Figure D.14: The transmission for varying the polarization angle of the incident beam
for a triangular structure, obtained by FDTD simulations. The triangular structure
showed negligible polarization dependence. Insets show the electric field distribution
of the triangular structure for 0, 45, and 90 directions of the incident electric field.
Triangle nanostructure was simulated with the same dimensions as Triangular 1 in
the Figure D.4 of the main text.

(Si0q (Glass) — Palik) substrate was created with the thickness of 2 pm and lateral
dimensions of 2.8 um x 2.8 pum, the same lateral dimensions as the gold and glass

layers. For the FDTD simulations, we used the following parameters: the simulation
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volume had dimensions of 1.3 pm x 1.3 pm X 170 nm in the z, y and 2 directions.
A uniform mesh of 5 nm was used. Perfectly matched layers were used on all bound-
aries. A total-field scattered-field (TFSF) source with 800 to 1200 nm wavelength
range was used. The TFSF region dimensions in z, y and z directions were 800 nm
x 800 nm x 110 nm and the source was placed 30 nm above the gold film. To obtain
the polarization dependence of the transmission, a frequency-domain field and power
monitor was placed 10 nm above the gold film. Transmission at 973 nm was recorded
for varying of the polarization angles of the source from 0 to 90. Insets show the
electric field distribution of the triangular structure for 0, 45, and 90 polarization
angles of source, measured with a frequency-domain field and power monitor which

was placed in the middle of the gold film.
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Trapping is typically performed on DNH structures, but other structures are ca-
pable of trapping. Figure D.15 shows a trapping event of a 20 nm polystyrene sphere
using a triangular-shaped aperture.

Figure D.16 shows close-up SEM images of DNHs created using the colloidal

lithography method on glass and plastic substrates.
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Figure D.15: Trapping event of a 20 nm polystyrene with the Triangular 1 (the SEM
is shown in Figure D.13 with the incident laser power of 10 mW.

Figure D.16: An SEM image of a DNH in gold on a glass substrate, and (b) an SEM
image of a DNH in gold on a plastic substrate. DNHs on both had aperture size of
~215 nm and gap size of ~50 nm, and they were fabricated by colloidal lithography
method in a 70 nm gold film on top of a glass or plastic substrate, respectively.

As a proof of concept for the common application of protein trapping, the DNH
structures found using the characterization approach presented in the main text were
used to trap the PR65 protein. Figure D.17 shows a trapping event of a PR65 protein
with a glass and with a plastic substrate.

Figure D.18 shows the transmitted laser signal for the data provided in the Figure
D.8 of the main text. The APD voltage was measured for varying of the incident laser
power while a polystyrene nanosphere was trapped with a DNH on the glass substrate
(Figure D.18(a)) and a DNH on the plastic substrate (Figure D.18(b)).
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Figure D.17: Trapping a PR65 protein with glass and plastic substrates. (a) Trapping
with a DNH on a glass substrate, and (b) trapping with a DNH on a plastic substrate.
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Figure D.18: The transmitted voltage measured in the APD for trapping events of
polystyrene nanospheres with plasmonic DNHs on a glass and a plastic substrates for
varying the incident laser power, while the polystyrene nanosphere was still trapped.
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Appendix E

Scripts Written for : Large
Plasmonic Resonance Shifts from
Metal Loss in Slits

Matlab Script to Calculate the Propagation Con-

stant

cle

clear all

eps0 = 8.854¢-12;

u0 = 4*pi*le-T,;

c0 =1 / sqrt(epsO * u0);

lambda = 600e-9;

Syms x

epsm=|[-2 -3 -4 -5 -10 -20 -30];

for k=1:8

for j=2:9

w(j-1) = 0.05%] * lambda;

k0 = 2*pi/lambda;

Fun = tanh(sqrt(x-k0?) xw(j —1)/2) xepsm(k) * sqrt(x — k0?) + sqrt(z — epsm(k) *
k0?);

xx=solve(Fun);

neff(j-1) = sqrt(xx)/k0;
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end
plot(w/lambda,neff)

end

Matlab Script to Calculate Reflection Coefficient

cle

clear all

eps0 = 8.854e-12;

u0 = 4*pi*le-T;

c0 =1 / sqrt(epsO * u0);

epsm = -9;
lambda = 1550e-9;
syms kx

w = 200e-9;

k0 = 2*pi/lambda;
kz = 2.5 * kO;

A = kx;

B = sqrt(kz? — epsm x k0?);
I=1./2./(1i*kx-A)Fexp((1i¥kx-A)¥w/2)-1/2/ (1i*kx-A ) Fexp(-1*(1i%kx-A VFw /2)+1/2/ (1i¥kex+

1/2/(1i%kcHA) . Fexp(- (1l +A ) Fw /2);

M = cosh(A*w/2)/epsm./(B-1i*kx).*exp(1li*kx*w/2);

N = cosh(A*w/2)/epsm./(B+1i*kx). *exp(-1i*kx*w/2);

Fun = matlabFunction (k0. /sqrt(k0? — kz.2). * (I + M + N).?);
G = matlabFunction(I);

Int = integral(Fun,-inf,inf);
P=2%pi*(w/24+1/2/A*sinh(A*w)+1/B/epsm? * cosh(A * w/2)?);
R=Int/P;

r=1-R/1+R

Lumerical Script to calculate the Reflection Phase

switchtolayout;

?7d=[20]*1¢-9;



7d=[50,200]*1e-9;

M=150*3; lambda number
setglobalmonitor(” frequency points” ,M);
wavelengthstart=0.3e-6;
wavelengthstop=1.3e-6;
LMatrix=[500e-9,600e-9,700e-9,800e-9, 900e-9];

LMatrix=[70e-9,100e-9,150e-9,200e-9,250e-9,300e-9];

LMatrix=[100e-9,150e-9,200e-9,250e-9];
LMatrix=[1200e-9];

N=length(LMatrix);
TransmittancePowerMatrix=matrix(M,N);
mode source

select(” ModeSource”);

set(”enabled”,0);

for(k=1:N) 77k =7 + num2str(k);
L=LMatrix(k);

switchtolayout;

select (" Au,p”);

set("y min”,d/2);

set(”y max”,2e-6);

set(”x min” -L);

set(”x max”,0);

select (” Augown”);

set(”y max”,-d/2);

set(”y min” -2e-6);

set(”x min” -L);

set(”x max”,0);

select (" mesh”);

set("y”,0);

set(”y span”,2.5%d);

set(”x min” -(L+L));
set
set

overrlde x mesh”,1);
set(”dx",2e-9);

7

(7
(
(
(77
(7
(

set(”override y mesh” 1);
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set("dy”,5e-9);

select(”source” );

set("y”,0);

set(”y span”,2*d);

set(”injection axis”,”x”);

set("x” -1*(L+30e-9));

select (" monitorl”);

set("y”,0);

set("y span” 4*wavelengthstart);

set("x”,10e-9);

select (" monitor2”);

set("y”,0);

set("y span” 4*wavelengthstart);

set("x”,-1*10e-9);

select("FDTD”);

set("y”,0);

set(”y span” 5*wavelengthstart);

set(”x min” -1*(3*wavelengthstart+L));

select(”source” );

set(”wavelength start” wavelengthstart);

set(”wavelength stop” ,wavelengthstop);

run;

select (" monitorl”);
TransmittancePowerMatrix(:,k)=transmission(” monitorl”);
select (" monitorl”);

freqMatrix=getdata(” monitor1” " {”);
wavelengthMatrix=c/freqMatrix;
TransmissionMatrix=sqrt(abs(TransmittancePowerMatrix));
plot(wavelengthMatrix/1e-6,(TransmissionMatrix),” wavelength (um)”,” Transmission” );
leg=cell(length(LMatrix));

for (s=1:length(LMatrix)) legs="L="+num2str(LMatrix(s)/1e-9)+" (nm)”;
7s; legend(leg);

maxMatrixIndex=zeros(length(LMatrix));
maxMatrix=zeros(length(LMatrix));

for (s=1:length(LMatrix)) maxMatrixIndex(s)=findpeaks(TransmissionMatrix(:,s));
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maxMatrix(s)=max(TransmissionMatrix(:,s));

maxFreqMatrix=freqMatrix(maxMatrixIndex);

maxFreqMatrixSort=sort(maxFreqMatrix);

indexOfSortedFereq = sortmap(maxFreqMatrix);

LmatrixSorted=LMatrix(indexOfSortedFereq);

neff

switchtolayout;

select(”ModeSource”);

set(”enabled” 1);

set("y”,0);

set("y span”,6*d);

set(”injection axis”,”x”);

set("x”,-20e-9);

neffMatrix=zeros(1,length(LMatrix));

for (k=1:length(maxFreqMatrixSort)) set(” frequency start” maxFreqMatrixSort(k));
set(” frequency stop” ,maxFreqMatrixSort(k));

updatesourcemode(1);

mh=getresult(” ModeSource” " neff”);

neffMatrix(1,k)=mh.neff;

set(”enabled”,0);

trialPhiNum=20;

phiMatrix=zeros(trialPhiNum,length(maxFreqMatrixSort));

for (m=1:trialPhiNum) phiMatrix(m,:)=(m-1)*pi-(2*pi*maxFreqMatrixSort/c)* LmatrixSorted;
phiMatrix(m,:)=(m-1)*pi-(2*pi*maxFreqMatrixSort/c)*LmatrixSorted *real (neffMatrix);

phiFinal=zeros(1,length(LMatrix));

for (k=1:length(LMatrix)) phiFinal(1,k)=min((phiMatrix(:,k))); phiFinal(1,k)=min(abs(phiMat
phiFinal(1,k)=max(phiMatrix(find(phiMatrix(:,k);0),k));

plot((c/maxFreqMatrixSort)/1e-6,phiFinal,” wavelength (um)”,” Phi”,” phi minus” );

phiFinalNew=phiFinal+pi;

plot((c/maxFreqMatrixSort)/1e-6,phiFinalNew,” wavelength (um)”,” Phi” ” Phi plus”);

plot nspp plot((c/maxFreqMatrixSort) /1e-6,real(neffMatrix),” wavelength (um)”,” neff”);

plot(LMatrix,(c/maxFreqMatrixSort) /1e-6,” L (um)”,”lambda”);

plot(LmatrixSorted,1/real(neffMatrix),” L (um)”,”neff1”);



