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Abstract

In this thesis, the local field enhancement from multiple plasmonic structures
were studied in different experiments. A new approach was applied to enhance the
emission from upconverting nanoparticles to harvest energy from photons below the
bandgap. A novel nanofabrication method was introduced to make double nanoholes
for use in optical trapping, which was implemented to observe the nonlinear response
from 2D materials and the enhanced emission from upconverting single nanoparti-
cles. This method makes a large amount of apertures and is inexpensive. Selective
plasmon-enhanced emission from erbium-doped nanoparticles using gold nanorods
was demonstrated. Upconversion nanoparticles were excited with a dual-wavelength
source of 1520 nm and 1210 nm simultaneously. The power dependence of the ob-
served upconversion emission confirmed the contribution of both excitation bands in
the upconversion process. Gold nanorods with resonances at 980 nm and 808 nm were
implemented to selectively enhance the upconversion emission in order to harvest light
with Si and GaAs solar cells, respectively. I also used colloidal lithography to fabricate
double nanoholes which were plasmonic structures used for protein and nanoparticle
trapping. This bottom-up technique enabled the fabrication of a large number of
structures at low cost. Plasma etching of polystyrene nanoparticles using this tech-
nique tuned the cusp separation of double nanoholes down to 10 nm. The smaller
cups separation enables to have more confined field in the gap which can be used

in plasmonic sensing and plasmon enhanced upconversion processes. This technique



can be used to fabricate plasmonic structures for nanoparticle trapping, spectroscopy,
and sensing. In the next project, hexagonal boron nitride nanoflakes were trapped in
a double nanohole fabricated with the colloidal lithography method. A second har-
monic signal was detected at 486.5 nm where the particle was trapped and pumped
with an ultra-low power laser at 973 nm. The power dependence measurements sup-
ported the second order process for second harmonic generation. Finite-difference
time-domain (FDTD) simulations showed a 500-fold field intensity enhancement at
the fundamental wavelength and a 450-fold enhancement in the Purcell factor at
the second harmonic generation wavelength. This scheme is promising for ultra-fast
imaging nonlinear optics technologies. In the last project, colloidal lithography double
nanoholes were used to trap upconverting nanocrystals. Colloidal lithography double
nanoholes with 32 nm cusp separation achieved 50 times larger emission compared
to rectangular apertures. FDTD simulations showed the largest field enhancement in
the aperture with the largest upconversion enhancement. 1550 nm emission from the

trapped nanoparticle can be used as single-photon source.
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Experimental setup. (a) Schematic of the DNH laser tweezer
setup: charge-coupled device (CCD) camera, flip mirror
(FM), shortpass filter (SPF), bandpass filter (BPF), lens
(L), half-wave plate (HWP), beam expander (BE), short-
pass dichroic mirror (D), 100 X oil immersion microscope
objective (OI MO), piezo stage (stage), 10 xmicroscope ob-
jective (MO), optical density filter (ODF), and avalanche
photodetector (APD). Inset: scanning electron microscope
(SEM) image of a typical DNH with aperture diameter
of 300 &+ 10 nm and gap size of 90 + 10 nm. (b) Typi-
cal one-step trapping event of hBN nanoflakes: untrapped
state (red), transition from untrapped to trapped (black),
and trapped state (blue). Data is plotted in three col-
ors to indicate the trapping state. (c) The spectrum of
the fundamental beam at 973 nm and the SHG signal at
486.5 nm measured in a trapping event with a 3 s acquisi-
tion time. With filters, the fundamental peak was attenu-
ated by 2 x 10% and the SHG peak was attenuated by 4.
Background counts were subtracted [11]. Copyright 2021,
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Figure C.2

Figure C.3

SHG power-dependence measurement from a trapped hBN
nanoflake. For the trapped hBN nanoflake, SHG counts
for varying of laser power was measured from the trans-
mission signal in the APD for two paths: first the laser
power was increased from 7.5 mW to 13.25 mW (blue).
Then, the power was decreased from 13.25 mW to 3 mW
while the hBN was still trapped (red). The dashed-line is
a fit to the power decreasing data. The transmission mea-
surements are shown in the Supporting Information. The
power-dependence of SHG gives a slope of 2.1 = 0.2 on a

log-log scale [11]. Copyright 2021, American Chemical So-

Local field intensity spectrum and Purcell factor. (a) The
electric field enhancement spectrum in the gap region of a
DNH with 90 nm gap size and 300 nm diameter in 70 nm
gold film. |E|? was normalized to the corresponding inten-
sity of the source wave in vacuum. The dipole was oriented
along the DNH cups axis where it was 2 nm away from the
tip of the cusp. (b) Purcell factor enhancement obtained
by the FDTD simulations in the gap region [11]. Copyright

2021, American Chemical Society. . . . . . ... ... ..
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Figure C.4

Figure C.5

Figure C.6

(a) An AFM image of hBN nanoflakes on a silicon sub-
strate. (b) Height profile of the hBN nanoflake shows that
the hBN nanoflake [11]. Copyright 2021, American Chem-
ical Society. . . . . . ...
The transmitted power in the APD for an hBN trapping
event for varying the incident laser power. The measure-
ment was conducted along two paths while an hBN was
trapped: increasing the incident power from 7.5 mW to
13.25 mW. Then the incident power was decreased to 3 mW
while the hBN was still trapped. To avoid drifting, the laser
power was returned to the initial value of 7.5 mW before
each change. The y-axis shows the transmitted power de-
tected in the APD. In this measurement ~0.5 % of the in-
cident laser power was transmitted through the DNH aper-
ture in the trapping event [11]. Copyright 2021, American
Chemical Society. . . . . ... ... ... ... ...
Occasional jumps in trapping of hBN. (a,b) two trapping
events of hBN nanoflakes with jumps [11]. Copyright 2021,
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Figure C.7

Figure C.8

Trapping of an hBN nanoflake. The untrapped state (red),
transition from untrapped to trapped (black), and trapped
state (blue) of one trapping event. (a) A 12 second span,

(b) zoomed in section of the same measurement. Data is

Xxiv

plotted in three colors to indicate different trapping states [11].

Copyright 2021, American Chemical Society. . . . . . ..
Spectrum of the fundamental beam and the SHG signal
form an hBN trapping. (a) Spectrum of the SHG signal.
(b) Spectrum of the fundamental beam. Emitted signal was
collected by the 100 x microscope objective and directed
to the spectrometer and the CCD camera using a shortpass
dichroic mirror. With the dichroic mirror and filters before
the spectrometer, the fundamental peak was attenuated by
a factor of 2 x 10® and the SHG peak was attenuated by a
factor of 4. Measurement was done with 13.25 mW incident
laser power with a 3 s acquisition time. Background counts
were subtracted [11]. Copyright 2021, American Chemical
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Figure C.9

Figure C.10

Trapping polystyrene nanospheres. (a) Reflection spec-
trum for varying the incident laser power between 7.5 mW
and 13.25 mW, for 20 nm diameter polystyrene nanospheres
trapped in a DNH with 25 nm gap size. The reflection
spectrum only showed the laser peak (973 nm) confirming
that there was no SHG when trapping polystyrene. Spectra
were shifted 20 counts in the y-axis for each laser power.
(b) Typical trapping event of a 20 nm polystyrene nanosh-
pere with 973 nm laser [11]. Copyright 2021, American
Chemical Society. . . . ... ... .. ... ... ...
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the 100 x microscope objective. Spectra were plotted with
20 counts shifts in the y-axis for each power [11]. Copyright

2021, American Chemical Society. . . . .. ... ... ..
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Figure C.11

Figure C.12

SHG power-dependence of trapped hBN, MoS,, and WS,
nanoflakes and LiNbO3 nanoparticles. SHG counts for vary-
ing of the incident laser power were obtained from the
transmission signal in the APD. The dashed-lines illustrate
the traces fit to the measured data. The power-dependence
of SHG had a slope of 2.1 for hBN, 2.1 for WSy, 2.1 for
MoS,, 2.1 for LiNbO3 nanoparticle with 30 nm diameter
size, and 2.1 for LiNbOg3 with 55 nm diameter size nanopar-
ticles. Plot is on a log-log scale [11]. Copyright 2021, Amer-
ican Chemical Society. . . . . . . .. .. .. .. ... ...
Local field intensity enhancement. The FDTD simulation
of the electric field distribution of a DNH with 90 nm gap
size and 300 nm diameter aperture in a gold film at the
fundamental wavelength, (a) the z — y plane, (b) the z —y
plane. Figure la of the main text shows the electric field
enhancement spectrum in the gap region. The FDTD sim-
ulations show a 500 times enhancement of the electric field
intensity close to the cusps of the DNH at the fundamen-
tal wavelength [11]. Copyright 2021, American Chemical

Society. . . . ...

XXV1

152

153



Figure C.13

Figure C.14

Figure C.15

Local density of optical states. FDTD simulations of the
local density of optical states (LDOS) of a dipole source
(a) without a DNH, (b) with a DHN at tips of the gap [11].
Copyright 2021, American Chemical Society. . . . . . ..
Local field intensity enhancement for an hBN particle ori-
ented in the z — y plane. The FDTD simulation of the
electric field distribution of a DNH with 90 nm gap size
and 300 nm diameter aperture in a gold film at the funda-
mental wavelength with an hBN particle oriented in (a)the
z—y and (b) the y—z plane [11]. Copyright 2021, American
Chemical Society. . . . . ... ... ... ... ...
Local field intensity enhancement for an hBN particle ori-
ented in the y — z plane. The FDTD simulation of the
electric field distribution of a DNH with 90 nm gap size
and 300 nm diameter aperture in a gold film at the fun-
damental wavelength with an hBN particle oriented in (a)
the x — y and (b) the y — z plane [11]. Copyright 2021,
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Figure C.17
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Local field intensity enhancement for an hBN particle ori-
ented in the x — z plane. The FDTD simulation of the
electric field distribution of a DNH with 90 nm gap size

and 300 nm diameter aperture in a gold film at the fun-
damental wavelength with an hBN particle oriented in (a)

the x — y and (b) the y — z plane [11]. Copyright 2021,
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Figure D.1

Optical trapping of Yb—Er-doped NaYF, nanocrystals with
DNH. (a) Image of NaYF, nanocrystals with nominal di-
ameter of 26.2 nm. (b) Image of a fabricated DNH struc-
ture 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. Copy-

right 2021, AIP Publishing LLC. . . . . . . ... ... ..
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Figure D.2

Figure D.3

Measuring the emission spectra from single nanocrystals.
(a) Upconversion emission spectra from a 26.2 nm nanocrys-
tal observed for a sample with 32 nm average cusp separa-
tion. The counts can be compared for 400, 550 and 650 nm
emission peaks. Collected by a spectrometer with a 10 ms
acquisition time. (b) Downshifting 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 acquisition time. Copyright 2021, AIP Publishing LLC.
(c) Schematic energy level diagram of Yb?" sensitizer and
Er?t activator in nanocrystals. Radiative energy transfer
(solid lines), non-radiative energy transfer (dotted lines),
cross-relaxation (dashed lines), and multiphonon relaxation
(curly lines). (Adapted from Suyver et al.) [199]. . . . . .
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. Copyright 2021, AIP Publishing LLC. .
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Figure D.4

Figure D.5

Figure D.6
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Simulated electric field intensity. (a) Visualization of the
electric field intensity inside of a DNH with 32 nm cusp sep-
aration. (b) Electric field intensity for DNHs with 22.7 nm,
32 nm, 40 nm, and 45 nm cusp separations. Normalized to
the incident intensity. Copyright 2021, AIP Publishing LLC.171
Measuring discrete emission levels from low counts of er-
bium emitters. (a) Emission counts from nanocrystals show-
ing discrete levels corresponding to different amounts of
active erbium emitters. Collected by a spectrometer with
a 1 s acquisition time. (b) Poisson probability mass func-
tions (PMFs) for the experimental (A = 1.68) and synthesis
(A = 2.48) and experimental probabilities for the number
of Er emitters. Copyright 2021, AIP Publishing LLC. . . 173
Investigating the influence of the DNH cusp separation on
trapping rate for 16.9 nm and 26.2 nm nanocrystals. Copy-

right 2021, AIP Publishing LLC. . . . . . ... ... ... 176



Figure E.1

Figure E.2

Figure E.3

(a) is the electric field from the model and (b) from the
lumerical results around the nanorod at its bright mode
resonance (m=1). (c) is electric field from the model and
(d) from the lumerical results around the nanorod at its
dark mode resonance (m=2). . . .. ... ... ... ...
Power coupled to the nanorod cavity and the loss power re-
alted to dispersive media in the nanorod normalized to ef-

fective electromagnetic energy denisty in the nanorod cav-
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Common Abbreviations

Abbreviation Meaning

APD avalanche photodiode

BE beam expander

BPF bandpass filter

CCD charge-coupled device

CW continuous wave

DNH double nanohole

EBL electron beam lithography
EM electromanetic

FDTD finite-difference time-domain
FIB focused ion beam

HWP half-wave plate

LP linear polarizer

LSP localized surface plasmon
LPF longpass filter

MO microscope objective

ODF optical density filter

Ol oil immersion

PBC periodic boundary condition
PEC perfect electric conductor
PMC perfect magnetic conductor
PML perfectly matched layer
SEM scanning electron microscope
SHG second harmonic generation
SPF shortpass filter

SPP surface plasmon polariton
TFSF total-filed scattered-field
UCNC upconversion nanocrystal

UCNP upconversion nanoparticle
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Common Abbreviations

Symbols Meaning

6] propagation constant
¥ transition rate

Yrad radiative decay
Ynonrad nonradiative decay

r reflection

€0 vacuum permittivity
€4 dielectric permittivity
€m metal permittivity

n quantum yield

d phase of reflection
A wavelength

P electron density

w angular frequency




Chapter 1

Introduction

In this thesis, a novel method to fabricate double nanohole structures was achieved
using colloidal lithography. Implementing this technique opened a new avenue for
preparing double nanohole (DNH) plasmonic structures with cusp separations down
to 10 nm in an inexpensive way. Obtaining these structures provided the opportunity
to look at the light-matter interaction using an optical trapping setup. Many particles
and proteins like polystyrene beads, bovine serum albumin (BSA) and rubisco were
trapped. Nonlinear responses from 2D materials were studied using the fabricated
structures and their field enhancement were analyzed using numerical simulations.
A similar investigation was performed for upconverting nanocrystals. In another
separate work, gold nanorods were used to enhance the upconversion emission from
upconversion nanoparticles (UCNPs) when they were pumped with dual solar bands,

which silicon and GaAs solar cells were not able to harvest.



1.1 Motivation

The interaction between light and a metal enables the electromagnetic field to be
confined in a sub-wavelength volume where the metal is fabricated. Electromagnetic
(EM) waves can couple to free electrons of a metal. While the propagating exci-
tation of an electron plasma at the interface of a metal and an insulator is known
as surface plasmon polaritons (SPP), localized surface plasmons (LSP) are defined
as non-propagating excited free electrons of a metal. Knowing the physics behind
plasmonics allows us to design nanosturctures that confine EM fields in a nanoscale
region which permits the investigation of nonlinear properties of materials, emission
enhancement, and trapping single-digit nanometer particles in size, to name a few [1].
Plasmonic structures are fabricated using techniques such as focused ion beam (FIB)
milling and are used for trapping and characterizing dielectric nanoparticles since
they can increase the gradient force during trapping by the self-induced back action
technique (2, 3, 4, 5, 6, 7]. However, fabricating nanostructures like double nanoholes
using previous techniques can be time consuming and are expensive. In this Ph.D.
dissertation, I demonstrate a new colloidal lithography technique accompanied with
plasma etching that can be used to fabricate numerous double nanoholes and control
aperture size and cusp separation to trap nanoparticles [8]. The next project in this
thesis uses the double nanoholes fabricated with this method to trap upconverting

nanoparticles and enhance their visible light emission even more than the emission



obtained from rectangular apertures [9]. The large field enhancement of the dou-
ble nanoholes also show plasmon enhanced 1550 nm emission from erbium doped
nanocrystals. Plasmon enhanced 1550 nm emission from a nanocrystal with a single
erbium ion can be used as a single-photon source. The colloidal lithography double
nanoholes are used in another project to trap single hexagonal boron nitride to obtain
second harmonic generation with a low power continuous laser for use in nonlinear
optics applications. Finite difference time domain (FDTD) simulations are performed
to characterize the field enhancement and Purcell factor in the fabricated nanostruc-
tures. Finally, gold nanorods are used to enhance the upconversion emission from

two solar bands to be absorbed in silicon and GaAs solar cells [10].

1.2 Organization of the Dissertation

This is a paper-based dissertation, consisting of four papers. Two papers are major
contributions of the author and his colleagues to the field, and the other two papers are
submitted and published as minor contributions. In the following sections, the major

and minor contributions are listed and the authors’ contributions to the projects are

defined.



1.3 Major Contributions

1.3.1 Harvesting Dual-Wavelength Excitation with Plasmon-
Enhanced Emission from Upconverting Nanoparticles [10]

M.S.S. prepared and measured the samples. A.K. and A.A. assisted in the measure-
ments. A.L.F. synthesized and characterized the nanoparticles under the supervision
of F.v.V. R.G. supervised the project, providing ideas and facilities and performed

the simulations. All authors contributed to writing the manuscript.

1.3.2 Colloidal lithography double nanohole optical trapping
of nanoparticles and proteins [8]

A.L.R. and M.S.S. contributed equally to the project. They prepared the samples and
measured them. S.M. assisted in writing. R.G. conceived the idea, provided the facil-

ities and supervised the project. All authors contributed to writing the manuscript.



1.4 Minor Contributions

1.4.1 Single Nanoflake hexagonal boron nitride harmonic gen-
eration with ultralow pump power [11]

G.H. performed the measurements. G.H. and R.G. identified the effect together.
M.S.S. fabricated the nanostructures and worked on finite difference time domain
simulations. R.F.A and B.D.G. provided the lithium niobate nanoparticles. R.G.
and P.B. came up with the idea, provided the facilities, other nanoparticles and

supervised the project. All authors contributed to writing the paper.

1.4.2 Isolating and Enhancing Single Photon Emitters for
1550 nm Quantum Light Sources using Double Nanohole
Optical Tweezers [12]

Z.S. and M.D. 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 characterization.
M.S.S. performed the finite difference time domain simulations. R.G. conceived the

experiment. All authors assisted in writing the manuscript.



Chapter 2

Methods and Review

In this chapter, a brief review is presented on the methods and phenomena involved
in the author’s experimental and numerical analysis. First, the upconversion and
plasmon enhanced upconversion are discussed. Then, a method to obtain plasmonic
resonance of spherical and nanorod plasmonic particles are reviewed using the circuit
description of plasmonic resonances. The chapter is continued with sections about
optical tweezers and nanofabrication methods for different structures. Finally, it ends

with principles of finite difference time domain simulations.



2.1 Upconversion

In photonics, upconversion is the process of absorbing multiple low energy photons
and combining their energy in order to emit a photon with greater energy [13]. This
unique characteristic can be implemented for bioimaging [14], solar absorption [15]
spectrum increase and single-molecule microscopy [16] to name a few. It is well-
known that near infra-red (NIR) photons are better candidates to penetrate into soft
tissue of the body rather than visible light [17, 18, 19]. Upconverting nanoparticles
attached to cancer cells for example can help cancer tissue to be imaged by absorbing
NIR and emitting visible light which can be easily detected by inexpensive visible
sensors [14]. Upconverting particles can also be used to absorb low energy photons
which commercial silicon solar cells cannot absorb and convert them to shorter wave-
length photons [10]. Multiple harmonic generation or multiple photon absorption as
nonlinear optical processes benefit from virtual intermediate states to populate and
get an electron excited. Relaxation of this electron produces a photon with higher
energy. Unlike the given processes, the upconversion process using lanthanides takes
advantage of having multiple long lifetime real intermediate states. Long lifetime en-
ergy states provides the opportunity for lanthanides to show 11 times more efficiency
than other processes like second harmonic generation [20].

Figure 2.1 shows the electron energy levels in erbium (Er) doped nanoparticles.

Since Er does not absorb 980 nm photons efficiently, ytterbium (Yb) is used to ease



a) o)
r—F. Er Yb®
2.4~ S ===, > emission absorption
: Sm @
<19 P ‘F 5
<19 v e o2 2
Q° :,".. 4 £
> | TSN 3
2 1.3 F5.v‘2 A A I11r2 N
2 T
w 4
e 2
o
Z
0_ 4F7I2 yYvYyYY 4|15"2
Yh+ Er3+ 500 600 700 800 900 1000

Wavelength (nm)

Figure 2.1: (a)upconversion process and energy states in erbium as well as ytter-
bium (b)normalized absorption and emission bands in erbium [21]. Copyright 2014,
American Chemical Society.
upconversion due to its greater absorption. Yb electrons from level F7/s, get excited
with 980 nm (1.3 eV) photons to level F5/5, which F is orbital quantum number and
7/2 as well as 5/2 are total angular momentum quantum numbers. Electrons from
level F5/5 of Yb transfer to I,/ of Er. This process populates the I;;/, intermediate
level then these electrons get excited by 980 nm photons to the F7/; level in Er atoms.
At the same time, populated electrons at the F5/ of Yb get excited and transfer to
the F7/; level of Er. After some nonradiative relaxations, the Er ion emits 650 nm
and 545 nm upconverted photons.

Figure 2.2 shows the proposed mechanism of upconversion of 10% Er doped LiYF4
Nanoparticles excited at 1490 nm [22]. In this scheme, 1490 nm wavelength photons

excite electrons in the ground state of I;5/2 to I3/ in Er ions and populates that level



with electrons. Successive absorption of incident photons excite electrons from level
Iy3/2 to Ig/p and Hyy/p. Similar to excitation of Er doped nanoparticles with presence of
Yb ions at 980 nm excitation, these nanoparticles emit 545 nm and 655 nm photons
with radiative decay. Since here it can be seen three photon absorption processes
in the upconversion mechanism, electrons also excite to I/, which enables 800 nm
radiative decay.

Long-lived metastable levels in lanthanides are associated with 4f orbitals which
do not participate in bonding and are isolated by 6s and 6p orbitals. In this situation
transition of electric dipoles are parity-forbidden. Thanks to characteristic of host
lattice which suppresses nonradiative decay, radiative decay is more probable. All

mentioned parameters together create metastable energy levels in the lanthanides [21].
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Figure 2.2: Enery states in Er ion and electron transmissions in its upconversion

process at 1490 nm [22]. Copyright 2011, American Chemical Society.

2.2 Plasmon enhanced upconversion

Surface plasmon polaritons (SPPs) are electromagnetic waves formed by oscillation
of free electrons at the interface of a metal and a dielectric. SPPs propagate along the
interface of a metal and a dielectric. They decay quickly perpendicular to the prop-
agation direction [1, 23|. Incident electromagnetic wave can couple to oscillating free
electrons at the surface (surface plasmons) which enables confinement of the electric
field in a small volume. Considering a gold nanosphere smaller than its skin depth

(~25 nm) at a given optical frequency, the electric field can penetrate in the nanopar-
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ticle. This electric field eventuate in displacement of electrons in the particle forming
electromachanical oscillator which can resonate at the surface plasmon frequency and
form confined field at its surface [24]. Plasmonic nanostructures play the role of
nanoantennas helping the rate of receiving and transmitting incident electromagnetic
waves. Confined fields can be useful in emission enhancement in upconversion pro-
cesses [25]. Plasmonic nanoantennas work like regular antennas (radio antennas) but
at optical frequencies. Excited plasmon resonances in plasmonic nanoparticles with
dimenstions much smaller than incident optical frequencies are able to go beyond the
limits of diffraction and refraction of the light in order to control the light and matter
interaction at a such small media [26]. Plasmon enhanced emission in upconversion

processes is affected through three different mechanisms [27].

e Enhancing upconversion emission by increasing radiative decay rate.

e Enhancing the incident photon absorption through the confined local field near

the plasmonic structure

e Decreasing upconversion emission by enhancing nonradiative decay at popu-

lated energy states.

2.2.1 Plasmonic absorption increase

Plasmonic nanoantennas can be used for upconversion emission enhancement in two

ways [27]. They can increase the local field in order to increase the absorption. The
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other mechanism is to increase the decay rate. Maximum field enhancement happens
for absorption when plasmonic resonance of the structure matches the absorption
wavelength of upconverting nanoparticles. For example, if we want to increase the
absorption rate of 980 nm photon in Yb sensitized Er doped nanoparticles, it is
recommended to tune the plasmonic resonance to 980 nm. This results in high 980 nm
field enhancement near the upconverting nanoparticle which can eventuate in higher

upconversion rates due to Fermi’s golden rule mentioned below [28]:

s = 21 pli) Py 2.1)

where 7,7 is the transition rate from state |i) to state (f|, h is the reduced Plank
constant, E is the local electric field and p is the transition dipole moment and py
is the electron density in the final states. Since plasmonic nanoantenna confines
electric field in very small areas, the magnitude of the electric field increases. This
increase, enhances the populating rate of the final energy state, subsequently, the
decay rate also increases. In n-photon processes, emission is related to E?". It can
be concluded that processes with a greater number of photons absorbed are more
sensitive to incident field confinement. It is also worth mentioning that there is more
than one energy state involved in the upconversion process. Plasmonic nanoantennas
may affect the populating rate of all of the energy states. This may result in a

difference between the calculated and measured emission.



13

2.2.2 Plasmonic decay rate increase

When the resonance of plasmonic nanoantenna is tuned for upconversion emission
wavelength, it alters quantum yield of emitting nanoparticle. In upconverting nanopar-

ticles quantum yield is [21]:

Yrad
= 2.2
" Yrad + Ynonrad ( )

where 7 is the quantum yield, 7,44 is the radiative decay and v,onreq 1S nonra-
diative decay rate. As it was mention before, plasmonic nanoantenna amends both
Yrad ANA Yponreqa- Plasmon-modified radiative decay is the sum of intrinsic radiative
decay and the effects of plasmon resonance in the radiative decay rate. Similar state-
ments can be made for plasmon-modified nonradiative decay. If we assume radiative
and nonradiative enhancement to be Foq = 7% /7% and Fronrad = Vo orrad/ Voonrads

respectively. The final relation of plasmon-modified quantum yield will be [21]:

n/ _ 770(]-+F7’ad)
1 + Fnonrad + nO(Frad - Fnonrad)

(2.3)

Equation 2.8 shows that emission enhancement happens when F,.; > F,onrad-
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Figure 2.3: The enhancement caused by nonradiative decay map versus intrinsic
quantum yield and the ratio of plasmon modified quantum yield and intrinsic quantum

yield [21]. Copyright 2014, American Chemical Society.

Figure 2.2 shows a noticeable dependence of quantum yield enhancement on the
intrinsic quantum yield. It can be seen that to obtain large quantum yield enhance-
ment in a emitter, the intrinsic quantum yield should be considerably less than 1.

The intrinsic quantum yield of lanthanides reach to 0.5 [21].

2.2.3 Circuit description of plasmonic resonance

Dielectric materials have positive permittivity. In electronics, positive permittivity
can be described as a capacitor. Similarly, metals with negative permittivity behave

like negative capacitors or inductors. Plasmonic nanostructures like gold spheres
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in dielectric media like air produce metal-dielectric interfaces which, using a circuit

model, can show an inductor-capacitor resonance.
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Figure 2.4: Circuit description of (a) nanosphere with positive permittivity (b) plas-
monic nanosphere with negative permittivity [29]. Copyright 2005, American Physical

Society.

Figure 2.4 (a) and (b) show the dielectric sphere with positive permittivity and
the negative permitivity metallic nanoparticle in the dielectric media as well as the
modelled electric circuit for each of them, respectively. According to the circuit
description for nanospheres, impedance can be calculated for half of the sphere [29,

30]:

Zoph = (—imwegem,r) (2.4)

Ztringe = (—i2nwegeqr) (2.5)
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where w is angular frequency, €y, €4 and €, are permittivity of vacuum, dielectric
and metal, respectively.

Similarly, we can model gold nanorods with the circuit description as two half
spheres connected with a cylinder as a transmission line. According to microwave
antenna theory, the length of an antenna can be used as a parameter to change the
operating wavelength of that antenna. Here, change in the length of the gold nanorod
tunes its resonance due to meeting the Fabry-Pérot condition for multiple reflections

in a simple transmission line.

B(L—2r)+®=mn (2.6)

where [ is the propagation constant, L is the nanorod length, r is the radius of

sphere, m is the whole-number resonance order and @ is the phase of the reflection.

The propagation constant is calculated using cylindrical waveguide theory:

Ko(par) i (pmr) _ €apm (2.7)

Ky (par)Io(pmr) EmDd

Pm,d = \/ 52 - k(2)€m,d (28)

k, and I,, are modified Bessel functions of second and first order of n [31]. It is

worth mentioning that precise estimation of the phase of reflection at both ends of
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the double nanohole play important role in obtaining the nanorod’s resonances.

(a) i

(b) L
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Figure 2.5: Circuit description of resonance of a gold nanorod [31]. Copyright 2015,

American Physical Society.

By implementing Equation 2.4 and Equation 2.5 results in the following equation
which is obeying transmission line theory in microwave scheme one can obtain phase
of reflection. Note that the load impedance Z; and the transmission line impedance

Zr were calculated for the nanorod using equations [31]:

1 1 1

= +
ZL Zsphere Zfr'mge

(2.9)
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Zp =, /222 (2.10)

I is reflection at the ends of a nanorod was obtained using eq. 2.9 and eq. 2.10

 Zi—Zp

= - 2.11
Zy + Zp ( )

Im|T]
Re[l

® = arctan( ) (2.12)
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2.3 Optical tweezers

In 1986, Arthur Ashkin used a single beam to trap viruses and single nanoparti-
cles [32, 33]. Using light for trapping small particles and manipulating them found
many applications for which Ashkin received the Nobel prize in 2018. It is pertubative
framework when the effect of particle in surrounding electromagnetic field is minus-
cule. In the perturbative framework, two main optical forces appear when a particle
is exposed to an electromagnetic wave. The force appears as a result of the force ex-
erted on the nanoparticle from the applied photons direction. This force eventuates
from the transferred momentum from photons in the same direction. The scattering
force on a particle in the Rayleigh regime (particle size is much smaller than incident

light wavelength) can be calculated as:

I 1287r5r6( np? — Ny
seat T e 3\ ny? + 2n,,2

)N (2.13)

where [ is incident beam intensity, r is the radius of the particle, A is the inci-
dent beam’s wavelength, n, and n, are the refractive indices of the particle and its
background material, respectively. If we consider the role of particle size and beam
wavelength on scattering force with the same

Fscat X (214)

M
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Gradient force is another optical force applied on a particle in a trap. The gradient

force is caused by a gradient of electric field intensity.

3 2 2
0 Nyt — Ny

Fyrat = oV | E P= "m"
rad — ZNMm« -
grad = 9 2 ‘ny?+2n,,’

W E|? (2.15)

where « is the polarizability of the particle and | E |* is the intensity of the
electric field. It is obvious that the gradient force on a particle obeys the following

relation [32]:

Fgrad X TS (216)

From Equation 2.14 and Equation 2.16 it can be concluded that in the Rayleigh
regime, as the size of the particle shrinks, the gradient force plays a more important
role than the scattering force.

Considering the gradient force and scattering force of a nanoparticle trap, it is
not applicable to trap a nanoparticle smaller than 100 nm stably. Nanoparticles
smaller than 100 nm which are not in Rayleigh regime, gradient force plays the most
important role in trapping process. To increase the gradient force, it is needed to
use larger beam power to meet appropriate gradient force. The large beam power
can cause a damage to the nanoparticle [34]. To overcome this problem, self-induced
back-action (SIBA) trapping was suggested by Juan et al. [35]. In this technique,

a subwavelength aperture was used to trap the nanoparticle. According to Bethe’s



21

theory [3]:

T (X)4 (2.17)

where T is transmission through the aperture, r is the radius of the aperture, and
A is the incident beam’s wavelength in the free space. Since the refractive index of the
particle is larger than the the refractive index of the aperture used for the trapping,

new A can be obtained as following:

A=22 (2.18)

where )\ is free space wavelength of incident beam, A is the wavelength of trans-
mitted light through aperture after the particle is trapped and n, is refractive index
of the nanoparticle. Equation 2.17 and Equation 2.18 show when the particle is
trapped, the transmission through the aperture increases. SIBA trapping technique
benefits from restoring force on the trapped particle which does not allow the particle
leave the trap. If the nanoparticle tries to leave the trap the amount of transmistted
light through the aperture changes. This changes the total momentum of transmitted
photons which exerts a restoring force on the particle which keeps the nanoparticle

in the equilibrium situation [36, 35].
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2.4 Structure nanofabrication methods

As it is mentioned in the previous section, aperture trapping of nanoparticles using
optical tweezers opened a huge door for trapping small nanoparticles. This enabled
the characterization and manipulation of those particles in a way that was not possible
using traditional optical tweezers. Fabrication of nanostructures for use in nanopar-
ticle trapping gained lots of attention. In this section, some of these techniques are
reviewed.

Figure 2.6 shows a small nanohole in an aluminium film with a thickness of 89 nm
which was fused on silica coverslips using electron beam lithography. It was also
etched using reactive ions after the hole pattern was formed. The obtained structures

were less than 100 nm diameter in size [37].

Figure 2.6: A nano hole fabricated using electron beam lithography [37]. Copyright

2013, American Association for the Advancement of Science.
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Focused ion beam milling is another powerful method that uses gallium ions to
make structures in metals. This technique is favourable due to its flexibility in making
different shapes. Figure 2.7 shows a bull’s eye [38], double nanohole [4] and bowtie

apertures fabricated into thin metal films [39].

200 nm

Figure 2.7: Structures fabricated with focused ion beam (a): A bull’s eye [38] Copy-
right 2002, American Association for the Advancement of Science, (b) a double
nanohole [4] Copyright 2014, American Chemical Society, (c) a bowtie [39]. Copyright

2012, American Chemical Society.

To fabricate thin gaps, atomic layer deposition (ALD) is used. In this method,
large gaps are made, then a thin layer of dielectric such as aluminium oxide is de-
posited uniformly on top of the gap using the ALD method. This process is followed
by the deposition of a metal with a similar thickness to the initial metal film. The
tape stripping or milling, then, removes the excess metal in order to obtain narrow
gaps [40].

The colloidal lithography method is applied in order to fabricate apertures like

nanoholes and double nanoholes. In one of the latest works, colloidal lithography
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Figure 2.8: A coaxical aperture with narrow gap [40]. Copyright 2013, Nature Pub-

lishing Group.

was implemented with plasma etching of the polystyrene beads in order to tune gap
size in double nanoholes, which is going to be explained in the following sections as

original research in this dissertation.

2.5 Finite difference time domain (FDTD) method

Maxwell’s curl equations which are known as Faraday’s law and Ampere’s law can be
solved using the method of finite difference time domain. These equation are listed

below:

VxE=—p— (2.19)

VxH=e— (2.20)
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Using the FD'TD method, the space in which the equations are solved is discretized
into cells. These discretized cells which are rectangular grids are known as Yee cells.
Using the Yee cell approach enables us to calculate electric and magnetic fields in
time and space. One of the advantages of this method is obtaining impulse responses
in single simulations. Figure 2.9 shows a Yee cell. Each facet of a Yee cell has an
electric field component normal to the surface with four magnetic field components
adjacent to the facet circulating the electric component. Differential equations are
solved to obtain electric and magnetic components using a technique known as the
leap-frog integration method. Electric and magnetic fields calculated at each time

step are used as input data for the next time step in the calculations.
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Figure 2.9: A Yee cell with electric field and magnetic field components at each

facet[41].

In order to obtain reasonable results, certain measurements need to be applied in

FDTD calculations. The size of a Yee cell should be chosen carefully. They should
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be smaller than 1/5 of shortest wavelength applied in the calculation. It is worth
mentioning that smaller mesh sizes are needed when FDTD calculations are applied
on plasmonic nanostructures since they produce smaller wavelengths due to the larger
propagation constants. To make sure that the structure is resolvable by the FDTD
calculations, the cells’ size should be smaller than at least 1/3 of the smallest geometry
applied in the simulations. Choosing an appropriate time step in FDTD calucations
is the parameter that guarantees the simulation stability. The stability condition is
bounded to the cell size according to the following equation in x, y, and z direction

as well as the velocity of largest wave propagation, ¢ [41]:

1 1 1
At < -1 2.21
b= (C\/Aa:'2 * Ay? * A,zQ) (2:21)

It is necessary to define a simulation volume for any FDTD calculation. The
boundaries of this volume are defined as the boundary conditions. Multiple bound-
ary conditions can be applied to a FDTD simulation depending on the simulation

properties:

e PML or perfectly matched layer: It is also known as absorbing boundary con-
dition (ABC). PML layers absorbs incident electromagnetic waves where they
are applied. It is worth mentioning that some reflection from PML layers could
be introduced to FDTD calculation volume with this boundary condition that

cause errors in final results. to avoid this larger number of PML layers is needed.
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e PEC or perfect electric conductor and PMC or perfect magnetic conductor:
These boundary conditions are designed to reflect electrical and magnetic waves

at the boundary where the calculation area is terminated.

e PBC or periodic boundary condition: This boundary condition is ideal for

periodic structure and electromagnetic waves.

In conclusion, erbium upconversion with and without a sensitizer was reviewed.
The mechanisms of plasmon enhanced upconversion were discussed using plasmonic
absorption increase and plasmonic decay rate increase. The circuit description of
plasmonic resonance was presented in order to understand a method for calculating
resonances of sphere and rod schemes. The forces involved in trapping a particle with
optical tweezers were explained. The chapter ended with reviewing some useful meth-
ods of nanofabrication of structures and finite difference time domain calculations for

simulating nanophotonics.
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Chapter 3

Contribution

This chapter presents the contributions of the author through four published and
submitted papers. In the following section, an overview of each paper is discussed
separately. The full manuscripts are attached to the dissertation as Appendices. In
the first subsection, the spectroscopy of the gold nanorods with UCNPs is discussed.
Then the summary of the colloidal lithography technique for fabricating the double
nanoholes and tuning their size follows. In the last subsections, trapping and ob-
taining the second harmonic generation of hBN nanoflakes and trapping UCNPs in
different double nanoholes to enhance the visible and telecommunication emissions

are presented.
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3.1 Harvesting Dual-Wavelength Excitation with
Plasmon-Enhanced Emission from Upconvert-
ing Nanoparticles [10].

In this project, we used UCNPs to convert and harvest photons which have con-
siderable energy in the solar spectrum [42, 15]. These photons cannot be harvested
by silicon and GaAs solar cells as they are not able to absorb them due to their
bandgap. The real intermediate energy states are responsible for the photon upcon-
version process in erbium doped nanoparticles, like other lanthanides. Intermediate
energy levels are filled with electrons by absorbing the energy of incident photons
from the ground level of the erbium atoms. While this energy level is populated
with the excited electrons, subsequent photons excite those electrons to higher levels.
When there are upconverting ions close to each other in the lattice of host, an ion act
as donor and the other behaves as an acceptor. The donor ion absorbs incident pho-
ton; then, transfers the excited electron energy to the acceptor in the ion pair. This
energy transfer is independent of the process of emission and reabsorption. Energy
transfer between the pair ions follows the Forster resonance energy transfer (FRET)
process which involves dipole-dipole interaction of energy states in both donor and
acceptor ions. This happens when the energy gap in the excited donor has resonance

with the energy gap of the acceptor in the ground state. The energy transfer be-
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tween the donor and acceptor inversely scales with the sixth power of the distance
between the ions [43, 44]. This process attracted the attention of researchers due
to its higher efficiency compared to other similar processes like multiple harmonic
generation. There are a lot of works that applied dual excitation wavelengths on
upconverting materials. In one work, dual excitation accompanied with plasmonic
enhancement. erbium doped nanoparticles were placed in silver nanowires net and
excited with dual wavelengths of 1550 nm and 980 nm. UCNPs doped with erbium
mixed with silver nanowires showed 350 times enhanced upconversion emission where
UCNPs doped with erbium and ytterbium showed 50 times enhancement [45]. Since
most of the research on erbium upconversion has been focused on using a 980 nm ex-
citation wavelength, it appears that it is not beneficial for silicon or GaAs solar cells.
However, considering the erbium energy levels, there is a possibility of absorbing two
energy bands in the solar spectrum to upconvert the photons energy to be absorbed
in silicon or GaAs solar cells. These bands are 1520 nm and 1210 nm.

A supercontinuum laser (Fianium SC400) with a 1200 nm long pass filter was
used to to excite the NaYF, doped with 2 percent erbium nanoparticles in hexane.
Upconversion emissions were resolved at 980, 808, 826, 655 and 545 nm wavelengths.
Emission intensity from UCNPs at 980 nm and 808 nm wavelengths were measured
by altering the excitation band from 1204 to 1230 nm using a prism and a slit, while
maintaining the 1520 nm excitation. No upconversion emission was measured in the

absence of the 1520 nm excitation band.
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The contribution of the 1210 nm band excitation to the upconversion also showed
larger upconversion emissions compared to excitation with > 1500 nm alone. Power
dependence measurements showed a slope of one for the > 1500 nm excitation which
suggests three-step excitation from the ground energy level of the erbium atom. A
multi-step process was supported with a slope between 2 and 3 in the power depen-
dence where the excitation band was > 1200 nm. The slope of more than two means
three photons are involved in the upconversion process. Depletion of intermediate
states are responsible for the decrease of slope in log-log power dependence figure
where linear decay from the intermediate states and upconversion processes compete
with each other and affect the whole process. This competition eventuates in smaller
slopes in the log-log scale which is known as “saturation” [46, 47].

In order to enhance the emission from the UCNPs, they were drop-coated on top
of a slide coated with gold. An enhancement of 13 times was observed at 980 nm.
Figure 3.1 show the schematic of the setup that was used to measure the emission

enhancement from the UCNPs.
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Figure 3.1: Schematics of the setup used for the experiment. LPF1 and LPF2 were
870 and 1200 nm long pass filters. D1 was 1180 nm short pass dichroic mirror [48].

Copyright 2018, Institute of Electrical and Electronics Engineers.

Finally, gold nanorods with resonance at 980 nm and 808 nm were added to the
drop-coated layer to enhance the upconverted emission separately. Figure 3.2 shows
that the gold nanorods with resonance at 980 nm enhance the emission by 55 percent
and that the nanorods with resonance at 808 nm enhanced the emission by 32 percent,
with a ratio of UCNPs to gold nanorods of 15000:1 [10].

The upconverter nanoparticles are able to upconvert the wavelengths that are not
absorbed in the silicon and GaAs solar cells. Therefore, the upconverters accompanied
with nanorods can be placed at the back of the solar cells. The nanorods are able to

enhance the upconversion emission obtained from upconverting nanoparticles. The
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bands of interest in solar spectrum (1520 nm and 1210 nm) are absorbed into UCNPs,
then the upconverted emissions get enhanced by gold nanorods which are placed at

the back of the solar cell. The enhanced emission gets absorbed into the solar cell.
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Figure 3.2: (a) Enhanced upconversion at 808 nm when using 808 nm nanorods. (b)
Enhanced upconversion at 980 nm when using 980 nm nanorods [10]. Copyright 2018,

American Chemical Society.
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3.2 Colloidal lithography double nanohole optical

trapping of nanoparticles and proteins [8]

Optical trapping of single nanoparticles made it possible to characterize and investi-
gate their interaction. To trap the particles below 100 nm in size, it is necessary to
overcome the Rayleigh limit by focusing the electric field and increasing the gradient
force. The double nanohole structure is one of the successful candidates among other
nanostructures like circular and rectangular apertures. Double nanoholes are used
in optical trapping setups to trap, characterize and study the interactions between
DNA and proteins. Probing the vibrational modes of the single nanoparticles is one
the prominent works that stands out among other similar techniques [2, 4, 49, 50].

We were motivated to come up with a novel, easy, reproducible, and inexpensive
method to fabricate double nanoholes in thin gold films as the focused ion beam (FIB)
machine in our nanofabrication facility was down. Top-down techniques like FIB are
expensive and one can fabricate only limited amounts in a relatively long process (4-5
hours).

Here, we used a colloidal lithography technique to fabricate the double nanoholes
in a thin metal film for trapping single nanoparticles and proteins. In this technique,
200 nm polystyrene beads were diluted in ethanol solution at 0.01% w/v. A volume

of 30uL of the obtained solution was drop-coated on a glass slide which was sonicated
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in an ethanol bath and plasma cleaned beforehand. Then, the particles were left
for drying overnight. The samples were placed in the plasma etching machine with
multiple time steps to decrease the size of the polystyrene beads. This process was
followed by first coating with 5 nm of Ti as an adhesive layer and then with 70 nm
of gold using PVD sputtering machine. To remove the polystyrene beads after the
deposition, the samples were sonicated in ethanol for 5 minutes.

The fabricated apertures were randomly distributed. They needed to be able to be
located when being used in the trapping setup. Multiple unique patterns of apertures
were found using the SEM and were verified in the trapping setup to find the aperture
of interest [8, 51]. Once the double nanohole structures were fabricated in gold film,
SEM figures of the surface of the sample were taken. The magnification of the SEM
figures were comparable to the optical trapping setup’s imaging magnification. A
fiduciary mark on the sample was applied by making a scratch which helped us find the
structures under the Trapping setup. It is known that assemblies larger than dimers
fabricated with colloidal lithography method have larger cut-off transmitting larger
amount of light through them helped us in locating structures under the trapping
setup. Using the fiduciary mark and larger assemblies in both the SEM figure and
the image of sample enabled us to assign unique patterns that can be found under
the trapping setup. In this fabrication method, the fabricated structures were far
enough from each other (around 1-2 microns) which allowed one to easily locate the

apertures under the trapping setup. Once one had the SEM figure and the unique
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pattern of fabricated structures, it was easy and quite fast to find the structure of
interest if one used a fiduciary mark and larger apertures on the sample. This process
took less than 10 minutes for the samples used in this thesis.

Figure 3.3 (a) shows the effect of plasma etching time on the aperture size and the
cusp separation. Figure 3.3 (b) shows the APD voltage resulting from transmitted

980 nm light using the apertures made by this technique.
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Figure 3.3: (a) Effect of plasma etching on the dimensions of the double nanohole
aperture diameter and cusp separation indicated in inset (b) Transmission (APD
voltage) through double nanohole apertures with dimensions varying according to

respective etch times [8]. Copyright 2019, Optical Society of America.

Figure 3.4(a) shows the trapping of 30 nm polystyrene nanoparticles. Figures 3.4(b)
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and (c) show the trapping of single rubisco and bovine serum albumine (BSA) in the
double nanoholes fabricated by the colloidal lithography method. The concentration
of the solutions used for trapping of 30 nm polystyrene, Rubisco, and BSA were 1%
w/v, 0.6% w/v, and 2% w/v, respectively. It is worth to mention that polystyrene
particles were dissolved in deionized water. The BSA and Rubisco were diluted in
PBS buffer solution. The repeatability in trapping process was ensured by observation

of 20 trapping events of same nanoparticle or protein.

3.3 Single Nanoflake hexagonal boron nitride har-

monic generation with ultralow pump power

In this project, nonlinear response from a single hexagonal boron nitride nanoflake
was resolved while trapped in double nanohole plasmonic tweezer.

The studies toward the second harmonic generation from two dimensional materi-
als suggest that using ultra fast-lasers are essential to obtain nonlinear responses [52,
53, 54]. These ultra-fast lasers deliver a specific amount of laser power in short time
(on the order of 100 fs). This provides approximately 1000 W of peak power in the
pulse window while the average laser power is 10 mW.

Using plasmonic sturctures enabled us to focus the electric field in a small area.
This provided an opportunity to investigate the second harmonic generation from

hBN nanoflakes which they were smaller than the diffraction limit. Here, we used an



o
S

normalized APD voltage

_—
2]
S—

normalized APD voltage

0.9 o wa———" e

0.7
0.6 ‘to.96

0.5 4 45 5 55
0.4
0.3

0.2 A A A
0.1 ‘

0 5 10 15 20 25 30 35 40 45 50 55
time(seconds)

1.1

09 i
0.8 1.025

0.7 0.975
0.6 oe5 |
0.5 2 34 5
04
0.3
0.2
0.1

A A

0 S5 10 15 20 25 30 35 40 45 50 55
time (seconds)

(b)

[1}]
o

normalized APD volta

o oo
]

1.1

0.9

coooo
= 0 N @

w

o =

40

1.04
1.02

1011251151175

A

50

100 150
time (seconds)

200

Figure 3.4: Trapping of (a) 30 nm polystyrene nanosphere (b) rubisco and (c¢) BSA.

The cusp spearation was 60 nm for (a) and (b) and 10 nm for (c) [8]. Copyright 2019,

Optical Society of America.

250



41

optical tweezer with a gold double nanohole structure to trap a single hBN particle.
These double nanoholes were fabricated using the colloidal lithography technique.
Figure 3.5(a) shows the SEM image of the double nanohole used for trapping the
nanoflakes. The aperture diameter was around 300 nm and the cusp separation was
around 90 nm. In this figure, the schematic of the optical setup was presented. The
setup was modified by adding an Ocean Optics QE65000 spectrometer, shortpass and
bandpass filters to be able to measure the incident wavelength and second harmonic
signal. Figure 3.5(b) shows the transmitted power from the double nanohole for the
hBN particle’s trapped and untrapped states. The transmission through the double
nanohole increases when the particle was trapped due to refractive index change in the
aperture. Figure 3.5(c) shows the spectrum of the incident wavelength, 973 nm, and
the second harmonic signal at 486.5 nm. No second harmonic signal was detected
when there was no hBN particles in the trapping solution or when a polystyrene

particle with point symmetry was trapped in the double nanohole.
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Figure 3.5: Experimental setup. (a) Schematic of the DNH laser tweezer setup:
charge-coupled device (CCD) camera, flip mirror (FM), shortpass filter (SPF), band-
pass filter (BPF), lens (L), half-wave plate (HWP), beam expander (BE), shortpass
dichroic mirror (D), 100 x oil immersion microscope objective (Ol MO), piezo stage
(stage), 10 xmicroscope objective (MO), optical density filter (ODF'), and avalanche
photodetector (APD). Inset: scanning electron microscope (SEM) image of a typical
DNH with aperture diameter of 300 & 10 nm and gap size of 90 4+ 10 nm. (b) Typical
one-step trapping event of hBN nanoflakes: untrapped state (red), transition from
untrapped to trapped (black), and trapped state (blue). Data is plotted in three
colors to indicate the trapping state. (¢) The spectrum of the fundamental beam at
973 nm and the SHG signal at 486.5 nm measured in a trapping event with a 3 s
acquisition time. With filters, the fundamental peak was attenuated by 2 x 10® and

the SHG peak was attenuated by 4. Background counts were subtracted.

Power dependence measurements were also carried out for hBN, WS,, MoS; and
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lithium niobate nanoparticles. The power was altered in two different paths for hBN.
In the first path, it started from 7.5 mW and increased to 13.25 mW. In the second
one, it decreased from 13.25 mW to 3.5 mW. The results showed a slope of 2.1 on
a log-log scale which supported the second harmonic generation here. Slopes of 2.14
and 2.1 were observed for WSy and MoSs when lower powers were applied. Similar
results were found for lithium niobate particles power dependence.

Finite difference time domain (FDTD) simulations were implemented to calculate
the electric field intensity profile in the double nanohole. Figure 3.6 shows a 500 times
enhancement in electric field intensity at the tips of the cusps of the double nanohole.
In this simulation, a total field scattering field (TFSF) source with a wavelength range
from 400 to 1100 nm was used and a 2 nm uniform mesh was also chosen. Purcell
factor was also calculated through FDTD simulations. The maximum Purcell factor
occurs at 450 nm for the double nanohole used in this experiment. The Purcell factor
was calculated by dividing the local density of states of a dipole source when the

plasmonic structure was present by the dipole source without the structure.
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Figure 3.6: Local field intensity spectrum and Purcell factor. a, The electric field
enhancement spectrum in the gap region of a DNH with 90 nm gap size and 300
nm diameter in 70 nm gold film. b, Purcell factor enhancement obtained by finite

difference time domain simulations in the gap region.

3.4 Isolating and Enhancing Single Photon Emit-
ters for 1550 nm Quantum Light Sources using

Double Nanohole Optical Tweezers

In this project, double nanoholes with different aperture sizes and cusp separations
fabricated with colloidal lithography method [8]were used to trap and isolate upcon-
version nanocrystals. Using double nanohole apertures made it possible to increase

the trapping force due to incident field enhancement and increased the upconversion
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emission since plasmonic structures are able to alter the radiative and non-radiative
decay rate in quantum emitters.

Previously, our group enhanced the emission from the upconversion nanocrys-
tals using the optical trapping setup with rectangular apertures, achieving 400 times
enhancement [9]. Here, we trapped NaYF, nanoparticles doped with 18 percent yt-
terbium and 2 percent erbium in the double nanohole plasmonic structures. Since the
double nanohole structures can provide larger field enhancement in comparison with
the rectangular apertures, it was expected to observe larger enhancement of upcon-
version emission from the UCNPs. We observed around 50 times larger enhancement
in upconversion emission than the emissions obtained from UCNPs trapped in rect-
angular apertures.

Since the apertures were fabricated using the colloidal lithography technique, aper-
ture and cusp separation sizes could be tuned with plasma etching time when the
polystyrene particles were drop-coated on glass slides, before coating with 70 nm of
gold by PVD sputtering [8]. The size change in the aperture and cusp separation
allowed for tuning the multiple resonances of the double nanohole apertures to obtain
maximum enhancement from the UCNPs. Cusp separation in the double nanoholes
was chosen as the principle parameter of the fabricated structures, since the largest
field enhancement occurs at the tips of the cusps. The cusp separations were var-
ied between 23 to 95 nm. In this experiment, peaks at approximately 400 nm and

1550 nm were detected due to larger enhancement of the upconversion emission with
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the double nanohole structure. Peaks at 550 nm and 650 nm were also observed,
which were previously seen with the rectangular apertures.

Figure 3.7 shows the effect of changing the cusp separation on the upconversion
emission intensities of 400, 550 and 650 nm wavelengths. The UCNPs’ sizes were
chosen to be 26.2 nm and 16.9 nm to trap them in apertures with cusp separations
from 32 to 95 nm and smaller than 32 nm. The full lines and dashed lines are showing
the upconversion emission counts from 26.2 nm and 16.9 nm, respectively. This
arrangement was chosen due to appropriate trapping capability of those nanoparticles
in the apertures. The largest enhancement was observed for the aperture with 32 nm

cusp separation for both nanoparticle sizes.
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Figure 3.7: Investigating the influence of the DNH cusp separation on emission en-
hancement. 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 [12]. Copyright 2021, AIP Publishing LLC.

FDTD simulations were carried out to investigate the aperture resonances and
field enhancements in the double nanoholes of interest. Figure 3.8 (b) shows the
spectra of the field enhancement in the apertures with cusp separations from 23 to
45 nm. The largest field enhancement was observed in the aperture with 32 nm

enhancement at the 980 nm wavelength, which agreed well with experimental results.
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Figure 3.8: 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 [12]. Copyright 2021, ATP Publishing LLC.

Finding the aperture with largest enhancement provided the opportunity to in-
vestigate the emission from single erbium ion emitters. Discrete levels of emission at
650 nm were resolved which correlated with the number of emitters in the upcon-
version nanoparticle. The trapping rates of the UCNPs were also measured. This
showed faster trapping for both upconverter sizes for the aperture with largest field

enhancement at 980 nm wavelength [12].
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Chapter 4

Conclusions and future works

4.1 Conclusions

In this dissertation, plasmonic structures such as gold nanorods and double nanoholes
were used to enhance emission from upconverting nanoparticles and produce second
harmonic generation from 2D meterials and nanoparticles. The fabricated double
nanoholes were also used in optical trapping projects.

In the first project, gold nanorods with resonances at 980 nm and 808 nm se-
lectively enhanced upconverted emission from two excitation bands at 1210 nm and
1520 nm which exist in the solar spectrum. Commercial silicon solar cells and GaAs
solar cells are not able to absorb these bands due to their band gap limitations.
Erbium doped nanoparticles were drop coated on top of a gold layer and showed

thirteen-fold enhancement at 980 nm. Adding the gold nanorods with resonances at
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980 nm eventuated in 55% enhancement in the 980 nm emission. The same process
was carried out for the gold nanorods with resonance at 808 nm which showed 32%
enhancement for 808 nm emission.

In the second project, a colloidal lithography technique was used to fabricate dou-
ble nanohole structures which were implemented in nanoparticle trapping. These dou-
ble nanoholes were fabricated in gold films by drop coating a solution of polystyrene
beads. Their sizes were tuned by plasma etching before coating with gold. The 30 nm
polystyrene beads, rubisco protein and BSA protein were successfully trapped using
these double nanoholes.

In the third project, hBN nanoflakes and other 2D nanoparticles were trapped
using the colloidal lithography double nanoholes. A second harmonic signal was
resolved from a single nanoflake while it was trapped and excited with a low power
continuous laser. The FDTD simulation calculated around a 500-fold enhancement
in the electric field intensity near the double nanohole cusps. FDTD simulations also
showed the Purcell factor was enhanced 450-fold at the second harmonic wavelength.

In the last project, erbium doped UCNC were trapped and excited at 980 nm.
Maximum upconversion enhancement was reached from UCNCs detected in the dou-
ble nanohole with a 32 nm cusp separation. This was achieved by obtaining the max-
imum field enhancement at the fundamental wavelength where the cusp separation
in colloidal lithography double nanoholes were varied from 90 to 20 nm. FDTD sim-

ulation results agreed well with the experiments. The maximum enhanced emission
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from the UCNCs in double nanoholes were 50 time greater than plasmon enhanced
emission from rectangular apertures. 1550 nm emission was resolved while trapping
due to large field enhancement in double nanoholes in comparison to the experiment

done with rectangular apertures.

4.2 Future works

4.2.1 Probing bright and dark mode resonances in a gold
nanorod

While performing the experiments for ”Harvesting dual-wavelength excitation with
plasmon-enhanced emission from upconverting nanoparticles”, a 35 percent enhance-
ment of upconversion emission at 658 nm was observed, which was not related to
the resonances of the short and long axes of the used nanorods. We believe this
enhancement comes from the dark mode of the nanorod [10].

A model that can predict the nanorod resonances using a circuit description and
the quasistatic approximation, at the two tips of nanorod, can pave the road to
obtaining the electric and magnetic fields around the nanorod without large numerical
calculations. A numerical model to achieve this for the dark mode resonances of a
nanorod is presented in Appendix E, yet developing a model to estimate the bright

mode resonance of a nanorod is needed to be investigated.
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4.2.2 Finding best colloidal lithography double nanohole for
1550 nm emission enhancement

Colloidal lithography is a method to fabricate large amounts of nanoapertures with
inexpensive facilities [55]. Using the plasma etching technique provides a means of
altering the size of polystyrene nanoparticles before the coating process. This makes
colloidal lithography a powerful fabrication method with the ability to tune aperture
size and cusp separation in fabricated double nanoholes [8]. The double nanoholes
fabricated with this technique can be used as plasmonic nanoantennas to enhance
1550 nm emission from erbium emitters as possible single-photon sources. It is es-
sential to explore different sizes of double nanoholes in order to tune the resonances
of these apertures and to enhance the upconversion emission at the 1550 nm telecom

band.
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emission from upconverting

nanoparticles [10].
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Reproduced with permission from ACS Photonics, American Chemical Society.
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A.1 Harvesting dual-wavelength excitation with plasmon-
enhanced emission from upconverting nanopar-

ticles

A.1.1 Abstract

We demonstrate dual-wavelength (1210 and 1520 nm) excitation of upconverter nanopar-
ticles (Er-doped nanoparticles) with plasmon-enhanced emission. Gold nanorods of
25 nm diameter with resonances at 808 nm and at 980 nm selectively enhance the
upconversion emission of 2% erbium-doped NaYF4 nanoparticles at 808 nm and at
980 nm. No upconversion is seen for 1210 nm excitation alone, and 1520 nm excita-
tion alone provides lower upconversion. The sequential 1520 and 1210 nm absorption
yields the most upconversion, and the power dependence of emission supports the
sequential absorption mechanism. This provides a promising avenue for harvesting
from the two strongest infrared bands of the solar spectrum with selective emission

tuned to either the Si or GaAs band gap.

A.1.2 Paper content

Upconversion is an optical process that combines the energy from low energy photons

to provide higher energy photon emission. It is typically more efficient than nonlinear
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harmonic generation, and so it is of interest for solar harvesting applications whereby
photons that do not have sufficient energy to be absorbed can be converted into
higher energy photons [15, 56, 57, 20, 58]. Lanthanides have long-lived electronic
excitations that can be used as intermediate states for upconversion. While having
typically lower efficiency than bulk, lanthanide doped nanoparticles are well suited
for simple processing and plasmon coupling schemes [59, 21, 60, 61, 16, 62, 63, 64,
65, 66] Beside rare-earth lanthanides, dye-sensitizers using triplet-triplet annihilation
is another system that benefits from plasmonic enhancement [67, 68].

Most work has focused on 980 nm excitation of Yb sensitized Er; however, for
the dominant silicon based solar cell technology, upconversion for wavelengths larger
than the bandgap wavelength (>1100 nm) is desired [69, 70, 71, 72, 73]. Several
works have reported on ~1520 nm upconversion of Er for emission at 980, 808, 655,
544 nm [22, 74, 75, 76, 77]. This has the disadvantage of harvesting only a small part of
the IR solar spectrum. There is also the interesting possibility of sequential absorption
of a 1520 nm photon from I 55 — I 3/2 followed by a 1210 nm photon from I3/, —
Fy/2 and subsequent upconversion. We have found only one work where an analogous
1130 nm + 1500 nm barium vapor laser was used to achieve this sequential excitation
and upconversion of Er doped fluorzirconate in a preform [78]. The excitation at
1130 nm is not ideal, however, since it is in the minimum of the solar excitation
spectrum.

Figure A.1 shows the solar spectrum and the sequential excitation and upconver-
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Figure A.1: (a) AM 1.5 solar spectrum with IR absorption bands of Erbium shown
in grey and band-edges of Si and GaAs shown with vertical dashed lines. (b) Energy
diagram for Erbium showing upconversion fluorescence for pumping at 1520 nm, and
dual pumping at 1520 nm + 1210 nm [10]. Copyright 2018, American Chemical

Society.
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sion emission scheme of interest for dual wavelength upconversion. For Silicon solar
cells, currently operating above 26% efficiency [79, 80, 81], additional upconverted
photons may provide (albeit extremely modest) additional energy close to the band-
edge by enhancing the 980 nm transition. This preferential enhancement will provide
less heating in the bulk of the solar cell. For GaAs solar cells, currently operating
close to 28.8% efficiency [82, 81], 980 nm photons are not absorbed, and so selective
emission of 808 nm upconverted photons is desired. Plasmonic enhanced upconver-
sion is one of the most promising schemes for selecting the excitation and emission
wavelengths [83, 27, 84, 85, 86, 87, 88, 89, 90, 91].

In this work, we provide a proof-of-principle demonstration of dual-wavelength
excitation and plasmon-enhanced selective emission from Er doped nanoparticles.
We first characterize the Er doped nanoparticles in solution and then drop-coated on
glass and gold. Then we drop coat different resonance gold nanorods for selectively
enhanced emission.

Figure A.2 shows the upconversion emission spectrum of the Er doped nanoparti-
cles in hexane solution with excitation at >1200 nm. The emission peaks of interest
are around 980 nm and 808 nm, since these lie just below the bandedge wavelengths
for Si and for GaAs.

Figure A.3 shows the emission intensity at the 808 nm and 980 nm peaks for selec-
tive excitation. The selective excitation was achieved by filtering the excitation from

a supercontinuum source. The intensity of the source was 0.4 W/cm? and the density
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Figure A.2: Upconversion emission spectrum of Er doped nanoparticles in hexane
pumped with supercontinuum source >1200 nm wavelength [10]. Copyright 2018,

American Chemical Society.
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Copyright 2018, American Chemical Society.
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of Er doped nanoparticles in hexane was 14 mg/ml. Upconversion is not observable
without 1520 nm excitation. Figure A.3 shows upconversion emissions of 980 nm and
808 nm is increased by adding 1210 nm excitation. The >1200 nm excitation shows
greater emission than the >1500 nm excitation alone. This shows that sequential ab-
sorption at 1520 nm and then 1210 nm is required to observe enhanced upconversion
as shown in the scheme of Figure A.1(b). Without the 1520 nm excitation, none of
the 1210 nm photons can be harvested in the upconversion scheme. (Due to the low
resolution of the prism selection of excitation, an absorption bandwidth of ~10 nm
is estimated around 1210 nm).

Figure A.4 shows the power dependence for the excitation at 1520 nm and for
>1200 nm (broadband). The >1500 nm excitation shows an approximately linear
power dependence, whereas the >1200 nm excitation has an exponent between 2 and
3. The exponent between 2 and 3 supports that this is a multi-stage process [46]. The
linear slope for the >1500 nm excitation in Figure A.4(a) suggests that the process
is limited by an energy transfer step.

For one sun power density at 1210 nm and 1520 nm with 20 nm bandwidths,
the accumulative power density is 0.0014 W /cm?. With total power of 0.4 W/cm?
for 1200-1600 nm excitation, the applied power density is 0.04 W/cm? for only 1200-
1220 nm and 1510-1530 nm ranges. This shows our pump has approximately 28 times
the sun power in that range. It is possible to increase the power via solar concentrators

and have more energy harvesting of the 1210 nm and 1520 nm bands. Saturation
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Figure A.4: Power dependence of different emission bands for excitation wavelengths

(a) 1520 nm, and (b) >1200 nm. Incident laser is 1 mm diameter [10]. Copyright

2018, American Chemical Society.
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Figure A.5: Increase in upconversion emission when drop coating on gold as compared
with glass [10]. Copyright 2018, American Chemical Society.
occurs when the upconversion emission changes from a second order to a first order
power dependence [92]. Due to the fact that saturation for Er doped nanoparticles
for 980 nm excitation happens in the range of 100-200 W/cm? power density [93],
the applied power density in this investigation is far from saturation. Based on these
findings, we believe that adding nanorods with resonances at 1210 nm and 1520 nm
may provide additional near-field solar concentration and enable practical application
of this scheme for enhancing solar cell performance.

Figure A.5 shows the spectra for the Er doped nanoparticles drop coated on glass

and on gold for excitation >1200 nm. The gold enhances the upconverted emission by



101

approximately doubling the local magnetic field at the surface and reflecting photons
that would have been emitted preferentially into the glass substrate [94, 95, 96, 97,
98]. The 980 nm emission increased by a factor of 13 when drop-coating on gold as
compared to on glass.

Figure A.6 shows additional plasmonic enhanced upconversion when nanorods
are drop-coated on top Er doped nanoparticles. Both 808 nm (E12-25-808-NPO-
HEX-50, NanoPartz) and 980 nm nanorods (E12-25-980-NPO-HEX-50, NanoPartz)
were used. The 980 nm nanorods selectively enhanced emission from the 980 nm
band and the 808 nm Er doped nanoparticles selectively enhanced emission from
the 808 nm band. (We also studied only >1500 nm excitation, and the reduction
in emission is similar to found in solution of Fig. A.2, so not presented here). In
Figure A.6(b), the enhancement at 980 nm is 55% with none shown at 808 nm.
Detailed permutations were not attempted. We did, however, try one additional run
in which the nanorod density was increased by a factor of four and the enhancement
doubled for emission at 980 nm. There is a moderate enhancement at 655 nm which is
interesting because the nanorods do not show a plasmonic resonance in the extinction
spectrum for that wavelength. We have investigated this further by finite-difference
time-domain simulation and found that there is a dark mode plasmonic resonance at
that wavelength (see Supporting Information).

The nanorods have little influence for the excitation beam because the incident

wavelength range is greater than 10 times the size of the nanorods (well into the
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Figure A.6: (a) Enhanced upconversion at 808 nm when using 808 nm nanorods.
(b) Enhanced upconversion at 980 nm when using 980 nm nanorods [10]. Copyright

2018, American Chemical Society.
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Rayleigh regime) and also well away from the plasmonic resonance. Therefore, the
main function of the nanorods is to selectively enhance the emission rate at the
plasmonic resonance. There is also expected to be some enhancement in the outward
scattering and absorption by the nanorods themselves. The relatively contributions
of these different factors will require more precise control of the relative placement of
the nanorods and the Er doped nanoparticles. The present scheme merely identifies
that there is plasmon selective enhancement of the detected emission. We note that
the ratio of Er doped nanoparticles to nanorods is ~15000:1; therefore, we expect that
most of the Er doped nanoparticles are not in the vicinity of the plasmon hotspot.
Controlled placement of the Er doped nanoparticles is required to fully quantify the
plasmonic enhancement [99, 100, 101, 102, 103, 104, 105].

In addition, it is possible to consider adding plasmonic resonances at 1520 nm
and 1210 nm to enhance the absorption processes. We note that Figure A.4 shows
we are not in the saturated regime for either of the excitation bands, and therefore
greater conversion efficiency is expected by enhancing the absorption efficiency at
those wavelengths as well. We also observe a small amount of blue upconversion
(see Supporting Information); however, this is weak because we are not in the strong
excitation regime and blue upconversion requires four photon absorption at 1520 nm.

In conclusion, we have investigated dual-band upconversion that uses two of the
IR solar bands at 1210 nm and 1520 nm by sequential absorption. We demonstrated

that nanorods could be used to selectively enhance the upconverted wavelengths of
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980 nm and 808 nm, which is of interest to silicon and GaAs solar cell technologies.
In the present scheme, we have not optimized the coupling of the plasmonic resonance
to the Er doped nanoparticles, and further work is required to quantify this effect to
determine whether it can provide significant benefit for solar harvesting applications.
It is interesting to use this upconversion scheme because the harvested bands are
outside of the region of the usual silicon solar cells, and so the upconverting material
with plasmonic enhancement may be placed at the back electrode of the solar cell
without degrading in-band incident photons before they interact with the absorbing

region.

A.1.3 Experimental Methods

NaYF,: 2% Er Chemicals

Yttrium(IIT) chloride hexahydrate (99.99%), erbium(III) chloride hexahydrate (99.995%),
ammonium fluoride (99.99%), tech grade oleic acid (90%), tech grade 1-octadecene
(90%), and hexanes were purchased from Sigma-Aldrich. Anhydrous ethanol from
Commercial Alcohols, methanol from Caledon, and sodium hydroxide from Bio Basic

Canada inc. were used. All chemicals were used as received.

Synthesis

A synthesis was adapted from a previously reported procedure [106]. In a 100 mL

three-neck round-bottom flask, 300 mg YCls-(H2O)¢ and 8 mg ErCl;-(H2O)g are
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added to 15 mL 1l-octadecene and 6 mL oleic acid. The mixture 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 100 mg sodium hydroxide and
148 mg ammonium fluoride in 10 mL methanol is added dropwise while stirring. The
mixture was heated to 70 °C for 60 minutes to evaporate the methanol. The mixture
was put under a blanket of argon and the temperature was raised to 300 °C over 15
minutes. The temperature was kept between 295 and 305 °C for 60 minutes. The
reaction mixture was then cooled, washed with 20 mL ethanol, centrifuged at 1800 g
for 10 min, and washed with 20 mL ethanol again before dispersing the particles
in 20 mL hexane. We have performed X-ray diffraction and transmission electron
microscope for the characterization of Er doped nanoparticles, as detailed in the

Supporting Information.

Measurements

For the solution-based measurements 14.4 mg/mL Er doped nanoparticles in hexane
were placed in a quartz cuvette and illuminated with supercontinuum source (Fianium
SC400). The maximum integrated intensity of the source was 0.4 W/cm?. A prism
and slit, neutral density filter (NE10A, Thorlabs) as well as bandpass filter (FEL
1200, Thorlabs) were used to select desired bands of excitation. The excitation spec-
trum was measured with a fiber-based near-IR spectrometer (Ocean Optics NIR512).

The emission spectrum was measured with a fiber-based spectrometer (Ocean Optics
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QE65000) with ten seconds integration. A 2.3 ¢cm focal length lens was used for cou-
pling to the spectrometer. For the substrate-based measurements, 8 drops of 8 uL
were dropped on microslides (LAB-033, Bio Nuclear Diagnostics) and gold-on-glass
(EMF CA134 ), allowing to dry between each drop. For the 808 nm gold nanorods in
hexane (E12-25-808-NPO-HEX-50, Nanopartz), or 980 nm gold nanorods in hexane
(E12-25-980-NPO-HEX-50, Nanopartz) were drop-coated after the first four drops
of Er doped nanoparticles, and this was followed with 4 more drops of Er doped
nanoparticles. Gentle mixing on the surface was performed after each drop. Detailed

permutations were not attempted.
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A.2 Supporting Information: Harvesting dual-wavelength
excitation with plasmon-enhanced emission from

upconverting nanoparticles [10].

Figure A.7 shows X-ray diffraction for phase analysis and confirmation of NaYFy: 2%
Er in nanoparticles. X-ray diffractograms with a resolution of 0.0263°26 were collected
using a PANalytical Empyrean X-ray System with a Cu source (Ka radiation, A =

1.54060 A) operating at 45 kV and 40 mA.
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Figure A.7: Experimental x-ray diffractogram of NaYFy: 2% Er doped nanoparticles
and a reference pattern of hexagonal NaYF, [10]. Copyright 2018, American Chemical

Society.

Figure A.8 shows transmission electron microscopy image of the spherical NaYF,: 2%
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Er upconverting nanoparticles under 250kx magnification. Transmission electron
microscopy images were obtained using a JEOL JEM-1400 microscope operating at
80 kV. Hexane dispersions of the Er doped nanoparticles were drop-cast on a Formvar

carbon-coated grid (300 mesh Cu) and air-dried before imaging.

AL ATy

Figure A.8: Representative TEM image of NaYF,: 2% Er nanoparticles magnified
250k times [10]. Copyright 2018, American Chemical Society.

Figure A.9 shows Er doped nanoparticle size distribution. Size analysis of Er
doped nanoparticles from the images was performed by measuring the area of at least

800 particles.
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Figure A.9: Size distribution of measured NaYF4: 2% Er doped nanoparticle with a
mean diameter of 19.56 nm and standard deviation 1.02 nm [10]. Copyright 2018,

American Chemical Society.

Figure A.10 shows the weak peak around 410 nm for Er doped Er doped nanopar-
ticles drop coated on a gold surface. The intensity of this peak is lower than other
peaks due to the requirement for four photon upconversion.

Figure A.11 shows the 3D simulation of a gold nanorod using finite-difference time-
domain (FDTD) analysis, Lumerical Solutions Inc., release 2017b, version 8.18.1365.
Uniform mesh type with staircase mesh refinement was chosen. The mesh size was
set to 1 nm in x, y, and z directions. The FDTD simulation region had a length of
0.1 pm in the x direction, 0.2 pym in the y direction, and 0.1 pm in the z direction
with PML boundary conditions. The field monitor geometry was 2D-Z normal with

dimensions 0.1 pm x 0.15 pgm. We used an electric dipole source with wavelength
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Figure A.10: Weak upconversion emission at 411 nm [10]. Copyright 2018, American

Chemical Society.
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Figure A.11: Finite difference time domain modeling for electrical field intensity
around gold nanorods at wavelengths of (a): 658 nm, (b): 812 nm, (c¢): 994 nm. (d)
Field enhancement close to gold nanorods in the 400-1100 nm spectral range [10].
Copyright 2018, American Chemical Society.

range from 400 to 1100 nm, located 70 nm away from the tip of the gold nanorod.
The monitor collected the data for 100 wavelength points at the other side of the
nanorod. The time stability factor was 0.99 and auto shutoff condition was 1 x 1075.
The field is enhanced at 658 nm and 994 nm, and significantly less so at 812 nm. The
peak of the dark mode resonance of 980 nm gold nanorods occurs at 658 nm and it

has a full width at half maximum of 45 nm. Therefore, the 655 nm emission band

occurs inside this resonance region.
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Appendix B

Colloidal lithography
double-nanohole optical trapping

of nanoparticles and proteins [8].

Originally published:

A. L. Ravindranath,® M. S. Shariatdoust!, S. Mathew, R. Gordon, colloidal lithog-
raphy double nanohole optical trapping of nanoparticles and proteins, Optics express,
27(11), 16184-16194 (2019).

Reproduced with permission from Optics Express, The Optical Society of America.

Lequal contribution
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B.1 Colloidal lithography double nanohole optical

trapping of nanoparticles and proteins

B.1.1 abstract

Double nanoholes fabricated by colloidal lithography were used for trapping single
colloidal particles and single proteins. A gap separation of 60 nm between the cusps
of the double nanohole was achieved in a gold film of 70 nm thickness sputter coated
on glass. The cusp separation was reduced steadily down to 10 nm by plasma etching
the colloidal particles prior to sputter coating. Scanning electron microscopy was
used to locate a particular double nanohole and it was registered for later microscopy
experiments. 30 nm polystyrene particles, the rubisco protein and bovine serum
albumin were trapped using a laser focused through the aperture. Compared to
other methods that require top-down nanofabrication, this approach is inexpensive

and produces high-quality samples.

B.1.2 Introduction

Optical tweezers have been used to trap and manipulate small objects such as nanopar-
ticles [32] and viruses [33]. Optical trapping of particles smaller than a tenth of the
wavelength requires large intensities using conventional single beam traps. The limit

of Rayleigh scattering makes it challenging to trap and characterize such small parti-
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cles. To trap particles smaller than 100 nm, apertures have been investigated [107, 35].
While plasmonic antennas are able to trap 10 nm metal nanoparticles [108] they did
not demonstrate trapping of dielectric nanoparticles smaller than 100 nm [109, 110,
111, 112]. Double nanohole [4, 113], bowtie [114, 115] and rectangular [116] aper-
tures allow for trapping particles as small as a few nanometeres (including single
proteins [2]). Nanoapertures at the end of an optical fiber have been used for moving
particles around [115]. Additionally, optical trapping using nanoapertures have made
it possible to study protein-DNA interaction [5] and understand vibrational modes of
nanoparticles [6, 49] as well as estimating their molecular weight and sizes [117, 50].

A critical component of aperture-based optical trapping is the fabrication of
nanoapertures in thin metallic films. Most of the existing works use focused-ion
beam lithography or electron beam lithography [118, 119]. Template stripping of-
fers an alternative method for creating apertures but this technique depends on fo-
cused ion beam milling or electron beam lithography for fabricating the initial tem-
plate [120, 121]. Here we present a colloidal based method for fabricating double
nanoholes with gaps of 60 nm in a 70 nm gold film and decreasing cusp size to 10 nm
as well as study their use in trapping of nanoparticles and proteins. Many other
works have used colloidal lithography to fabricate plasmonic sturctures and nanopar-
ticles [122, 123, 124, 125, 126, 127, 128, 129, 130]. Single apertures have been used for
trapping 200 nm polystyrene particles with this approach [55]. Also, double nanoholes

have been fabricated by this approach and their nonlinear-optical properties investi-
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gated [131]. That work produced gaps in excess of 180 nm, so they were likely not

useful for trapping smaller particles.

B.1.3 Fabrication

Figure B.1 shows the process flow for fabricating the double nanoholes by colloidal
lithography. Microscope slides (12-550-A3, Fisherband) were plasma cleaned for 15
minutes at high power (Harrick, PDC-002) and sonicated (3510, Branson) for 8 min-
utes in an ethanol bath. 30 pL of 200 nm 0.01% w/v polystyrene in ethanol was pre-
pared and drop-coated uniformly on each microscopic slide. The polystyrene spheres
were allowed to attach to the slides while the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>