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ABSTRACT

In this thesis, an approach for developing single-photon sources at the 1550 nm wave-

length will be demonstrated, based on optical trapping of luminescent upconverting

nanoparticles. A single-photon source is a source that emits a single photon at a

time, and hence it is a source of quantum bits that constitutes the basic building

units in quantum computers and quantum communications. The approach exploits

the plasmonic properties of gold �lms and the waveguiding characteristics of single-

mode optical �bers (SMFs). We start by planar nanofabrication of subwavelength

nanoapertures in a thin gold �lm based on �nite di�erence time domain simulations

for a peak transmission at the wavelength in question. Subsequently, using ultraviolet-

curable epoxy adhesion material, a nanoaperture patterned on a gold �lm can be

transferred to an SMF tip forming a nanoantenna enhanced optical �ber tweezer

(NAFT). As a �nal step in building the optical tweezer, a test of the capability of the

integrated optical �ber tweezer to trap 20 nm, and 30 nm polystyrene nanospheres,

as well as luminescent upconverting nanoparticles (UCNPs), has been experimentally

realized with encouraging results. In addition to the optical trapping of the lumines-

cent nanoparticles, the nano aperture antenna can improve light coupling into the

low-loss optical �ber guiding channel. Also, it could have a positive in�uence on en-

hancing the photon-emission rate through the Purcell e�ect. Furthermore, we have

combined NAFT with a low-insertion-loss wave splitter, a wavelength-division multi-

plexer (WDM), to allow measuring the 1550 nm photon-emission statistics on a cooled

superconducting nanowire single-photon detector (SNSPD) at ∼ 2.4o K. Eventually,

nanoantenna enhanced optical �ber tweezers can play an essential role in optical

trapping towards developing single-photon sources and the emerging technology of

quantum information processing, computation, and cryptography.
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Chapter 1

Introduction

1.1 Research, brief introductory

Exciting a single luminescent nanoparticle and e�ciently coupling its emission into

a low-loss guiding channel are two signi�cant challenges in developing single-photon

sources (SPSs). A SPS is a quantum radiator that emits, perhaps on demand, a single

photon at a time. Examples of nanoparticles that can be utilized to generate such non-

classical photons include upconverting nanoparticles (UCNPs), quantum dots (QDs),

and single-molecules (SMs), among others. These nanoparticles, when optically ex-

cited, radiate photons in all directions with di�erent radiation rates depending on

the type and composition of the radiating nanoparticle. Some nanoparticles, e.g.

semiconductor quantum dots, have high radiative transition rates, γ (∼ 109s−1), com-

pared to other nanoparticles which have low radiation rates, e.g. UCNPs (∼ 103s−1).

Nanofabricated plasmonic nanoaperture antennas, however, can be used to enhance

the spontaneous decay rate and directivity of a nanoemitter by coupling its photon

emission with the antenna subwavelength plasmonic mode [1]. Furthermore, cou-

pling radiation from an emitting nanoparticle into an integrated low-loss channel,

e.g. a standard telecommunication optical �ber waveguide, enhances collected signal
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strength and, hence, photon detection. Luminescent nanoparticles, in addition to

their potentially wide use in di�erent application areas such as bioimaging and life

sciences, can play an essential role in developing SPSs and the emerging technologies

of quantum information processing, computation, and cryptography.

1.1.1 Single-photon source

A single-photon source is a light source that emits a single photon at a time. An

example of such emission is the spontaneous radiation from a single atom. A single

quantum-emitter, e.g. a single atom, can be represented by a simple two-energy-

level system as shown in Fig. 1.1a. In this system, the ground state, Eg, and the

excited state, Ee, energy levels are separated by an energy gap, Egap = Ee − Eg. An

electron at the Eg level can be excited to jump into the Ee level if it gains equivalent

energy (Eexc = Egap). This excited electron returns (by a deactivation or relaxation

process) to the Eg level and releases the excessive energy radiatively (spontaneously),

represented by the blue solid arrow and the symbol γr in Fig. 1.1a, or nonradiatively,

represented by the blue dashed arrow and the symbol γnr. The total relaxation rate

of the system is the sum of the two deactivation rates, i.e. γ = γr + γnr.

The photon emission rate, γr, and the nonradiative decay rate, γnr, di�er from

one photon emitter to another a�ected by the internal electronic distribution, the

quantized energy levels of each, and by the physical and chemical properties of the

emitter. However, the spontaneous emission rate is not an intrinsic property of the

emitter, rather, it can be in�uenced by the electromagnetic environment of the emitter

(e.g. a combination of a radiating photon source and an optical antenna).
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Figure 1.1: (a) Illustrative 2-level atomic energy system. Eexc represents
exciting photon energy; Eg, Ee, and Egap represent the ground, excited,
and gap energy levels respectively. γr and γnr correspond to the radiative
and nonradiative deactivation rates of the system. (b) Schematic energy
level diagram (not precise) for Yb3+-Er3+ energy transfer under 980 nm
excitation. Some of the upconversion (∼ 550 & 660 nm) and downconver-
sion (∼ 1540 nm) emissions are illustrated. The dashed arrows indicate
energy transfer (ET) and the most left vertical arrow shows the direction
of energy-level increase, modi�ed and reprinted from Ref. [2].

1.1.2 Lanthanide-based UCNPs as 1550 nm wavelength pho-

tons source

Lanthanide-based upconverting nanoparticles are chemically adapted solid-state par-

ticles, with size < 100 nm, and composed of low phonon energy host materials, e.g.

�uorides, chlorides, oxides, and bromides, doped with some prede�ned amounts of spe-

ci�c lanthanide ions. Examples of lanthanide ions used as dopants in the host material

include erbium Er3+, thulium Tm3+, holmium Ho3+, and ytterbium Yb3+. Hexagonal

phase (β-) sodium yttrium �uoride (NaYF4) crystals have been co-doped with erbium

ions (Er3+) and ytterbium ions (Yb3+) and introduced as some of the most e�cient

upconversion nanoparticles to date [3,4]. The Er3+ ions, called activators, emit light
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when excited through an energy transfer process provided by the Yb3+ ions, called

sensitizers, within the host material. In contrast to quantum dots, these chemically

adapted nanoparticles can produce photons in the visible band (e.g., ∼ 550 nm and

∼ 660 nm) as well as in the near-infrared band (e.g., ∼ 1550 nm) when pumped at

980 nm wavelength. Furthermore, β-NaYF4:Yb3+/Er3+ nanoparticles possess good

chemical and photo stabilities, are nontoxic, are resistance to photobleaching, and

can emit light at room temperature. The emission spectra for this type of UCNPs,

measured with two di�erent optical spectrometers, show several colors (see Fig. A.2

in Appendix A.1). UCNPs, however, have low upconversion e�ciency where, based

on integrating sphere measurement setups, the green-light quantum yield was found

to be 0.005 % for core and 0.3 % for core-shell for 30 nm β-NaYF4:20%Yb3+/2%Er3+

UCNPs, with incident power density equal to 150 W/cm2 [5]; and 0.43 % for core

25 nm β-NaYF4:17%Yb3+/3%Er3+ UCNPs, with incident power density equal to

410 W/cm2 [6].

Energy transfer and up and downconversion of energy in a Y3+/Er3+ co-doped

nanocrystal can be simpli�ed, as shown in Fig. 1.1b. The Y3+ ion absorbs some of

the excitation energy and transfers it to the Er3+ ion, which emits light in the visible

(∼ 550 & 660nm) and the near-infrared (1540 nm). Due to the screening e�ect in

lanthanide ions, luminescence from Er3+ under 980 nm is always in the same region

and at the same color.

It is worth mentioning here at the beginning of this research that our use of the

term UCNPs does not mean that the nanoparticles can only upconvert energy. It is

just a common name (throughout this thesis) for the nanoparticles (or nanocrystals),

e.g., NaYF4 : Yb3+/Er3+, that are doped with lanthanide ions, and the process of

energy conversion within these nanoparticles does not necessarily mean the upcon-

version of photon energy but also the downconversion as well.
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1.1.3 Optical low-loss guiding channel

An optical �ber channel is more e�cient than an open-air channel in guiding and

coupling light emission from a nanoscale emitter to a photon detector. A 1550 nm

optical �ber channel is characterized by: low propagation loss, typically 0.2 dB/km

(0.0002dB/m) [7, 8]; extremely wide transmission bandwidth; and mechanical �exi-

bility property. The low-loss property allows for long-distance guidance of the light

signal, whereas the mechanical �exibility allows for easy coupling with the photode-

tector input terminal and improves photon detectability. The challenge in using the

optical �ber to guide a wave is how to e�ciently couple a light wave, e.g. emis-

sion from an excited nanoparticle, into the �ber channel. Although an optical �ber

waveguide has a small numerical aperture, a typical acceptance angle is ∼ 8° for stan-

dard 1.55µm single-mode �ber (SMF); this challenge can be overcome by bringing

the radiating nanoparticle close to the optical �ber facet and utilizing a directional

antenna.

1.1.4 Plasmonic nanoantenna

A plasmonic nanoantenna is a metallic nanostructure that can con�ne near �eld elec-

tromagnetic energy in a subwavelength dielectric volume because of the �eld localiza-

tion. An example of such metals is gold (Au), which is characterized by a dielectric

constant of negative real part. Nanoantennas can be classi�ed into two classes, the

nanoparticles class and the nanoaperture class. Nanoparticle optical antennas can

be made of nanowires, or plasmonic nanorods, e.g. a dipole nanoantenna made of

gold nanorods. Nanoaperture optical antennas are made of subwavelength-size holes

in plasmonic metal �lms, e.g. a double nanohole milled in an Au �lm. However,

nanoantennas have been widely used in di�erent application areas including Raman

signal detection and optical trapping, and as coupling devices in optical circuits.
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In accordance with the Purcell e�ect, the radiation rate of an optical emitter lo-

cated in the gap of a nanoantenna can be enhanced by coupling its radiation with

the gap �eld mode, by a factor that is inversely proportional to the �eld mode vol-

ume [9, 10]. Based on this principle, the emitter radiation rate can then be signi�-

cantly modi�ed by shrinking the �eld-mode volume, assuming that the nanoantenna

is perfectly tuned to the particle's emission wavelength.

1.2 Research objectives and approach

The objective of this research is to propose an optical tweezer composed of an aperture

type nanoantenna integrated with an optical �ber waveguide for enhancing optical

trapping and developing single-photon sources. The concept is based on trapping

a luminescent nanoparticle in a high �eld subwavelength volume and coupling the

emission into a standard low-loss guiding channel, the optical �ber. Our approach to

accomplish this involves several phases. First, fabrication of a nanostructured trap,

which is a nanoaperture antenna in a thin planar gold �lm, using nanofabrication

facilities represented in a focused ion beam (FIB) and a scanning electron microscope

(SEM). Second, through a template stripping, the planar nanostructured aperture can

then be transferred to the tip of a single-mode optical �ber, forming an integrated

nanoaperture optical �ber tweezer. Subsequent phases include testing the ability of

the integrated optical tweezer for trapping nanoparticles, coupling light into a SMF

channel, and making photon detection measurements using a high sensitivity cooled

superconducting nanowire single-photon detector (SNSPD).

Figure 1.2 schematically illustrates the various work steps that have been fol-

lowed throughout this research. It is worth noting that throughout the three research

phases, the �nite di�erence time domain (FDTD) method has been used as the nu-

merical technique for antenna design and near- and far-�eld calculations. However,
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Figure 1.2 � A schematic diagram shows the various phases of the research work.
Phase (i): nanofabrication of the aperture nanoantennas using FIB and SEM. Phase
(ii): template-stripping and integration of nanoantenna with the optical �ber. Phase
(iii): optical trapping test and single-photon measurements.

the �rst phase is concerned with the nanofabrication and characterization of metallic

nanoapertures using the FIB and SEM. In the second phase, we applied the ap-

proach of template stripping to transfer the nanofabricated metallic antenna onto

the SMF tip. Details about the setup used in the transferring process will be demon-

strated in Chapter 3. In the third phase, we tested the nanoantenna enhanced optical

�ber tweezer for trapping nanoparticles (UCNPs) and measured the photon-emission

statistics.

1.3 Thesis overview

Chapter 2 gives a general background review of the subject and discusses some rel-

evant theoretical considerations. Chapter 3 discusses the fabrication of the nanoan-

tenna and its integration with the single-mode optical �ber waveguide. Chapter 4

presents experimental results obtained by using the nanofabricated antenna enhanced

optical tweezer. The results include trapping polystyrene nanospheres and UCNPs.
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Chapter 5 demonstrates the enhancement of light coupling into the SMF channel

through the use of a circular grating structure around the nanoantenna that we are

going to place at the �ber tip. The measurement of light emitted by UCNPs using

a single-photon detector will be discussed in Chapter 6. Eventually, a concluding

summary for the research work will be given in Chapter 7.
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Chapter 2

Background and Theory

2.1 Background

In classical information theory, digital processing, transmission, detection, computa-

tion, and storage of information are quanti�ed using the two-state digital binary bit.

According to quantum mechanics, a photon can have an in�nite number of quan-

tum states (quantum bits, qubits), which may result in developing ultra high-speed

and ultra-secure quantum communication and computation systems [11�13]. These

emerging SPS-based systems have raised interest in developing nanotechniques aiming

to produce reliable and stable on-demand SPSs.

Nonclassical light sources, quantum sources, can be thought of as sources that

produce on-demand single photons or sources that produce heralded single photons,

also known as entangled photons [14]. Heralded single-photons are correlated photon

pairs of nonclassical wavepackets where each wavepacket's peak time is known by

observing the other wavepacket in the photon pair. An example of such a correlated

photon-pairs source is the splitting of a single photon into two photons in a spon-

taneous parametric downconversion (SPDC) �uorescence [15]. In an SPDC process,

an incident photon from a pump laser with angular frequency ωi on a �uorescent
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crystal simultaneously produces two photons with angular frequencies ω1 and ω2 in a

nonlinear process under energy conservation, ωi = ω1 +ω2. Alternatively, on-demand

single-photons, as brie�y de�ned in Section 1.1.1, are nonclassical wavepackets whose

peak time can be triggered on demand [16, 17], and the photons are emitted one at

a time (antibunched wavepackets). On-demand single-photon sources can be single-

molecules (or single atoms or ions), QDs, defect color centers (e.g. nitrogen vacancy

centers in diamond lattice), UCNPs, and others.

2.1.1 Single atoms and molecules

The �rst experimental observation of the antibunching behavior of photons emitted

from a beam of sodium atoms was obtained in 1977 [18], followed by extensive re-

search e�orts aiming to produce sources of antibunched photons with better photon

number emission statistics. One approach was the trapping of a single quantum

emitter in vacuum at low temperatures. For instance, an antibunched photon emis-

sion at ∼ 560 nm from a laser-cooling trapped magnesium ion (Mg2+) was observed.

In this experiment, an ultrahigh-vacuum chamber (∼ 10−11 mb) and a laser-cooling

mechanism were utilized to achieve the nonclassical light emission [19].

Single molecules also have been proposed for creating single-photon sources. An

example of single molecules that �uoresce in the visible band is the terrylene molecules

embedded in crystalline p-terphenyl at low concentration, ∼ 10−11 moles of terrylene

in one mole of p-terphenyl [16, 20]. The terrylene emits at around 579 nm when it

is excited by a 532 nm wavelength continuous-wave laser at room temperature. In

the �rst study, both Poissonian and sub-Poissonian photon emission statistics were

observed using a scanning confocal microscope setup. The Poissonian distribution of

photon counting was obtained when the laser (a pulsed laser) beam is not focused

on a single molecule, whereas the sub-Poissonian distribution of photon counting was
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obtained when the laser beam is positioned on a single molecule.

2.1.2 Quantum dots and vacancy centers

Semiconductor QDs have also been used for realizing SPSs. Due to the quantum

size e�ect, QDs have an attractive characteristic that allows their light emission to

be controlled by changing their size and shape [21�24]. There have been studies

demonstrating single-photon emission using QDs embedded in photonic structures,

e.g. photonic crystal cavities [25, 26], photonic nanowires [27�29], and pillar cavities

[30,31]. However, single-photon emissions of rate ∼ 5×109 s−1 and ∼ 4.4×10−4 degree

of antibunching have been achieved at ∼ 1550 nm by embedding a self-assembled

indium arsenide (InAs) QD in an indium phosphide (InP) photonic cavities [32,33].

Although QDs have a fast single-photons radiation rate, they su�er from photo-

toinstability. Also, the single-photon emission from a QD is a�ected by the QD size

and temperature and requires a cryostat environment for a stable generation.

Diamond also has been widely used as a host matrix for single atoms (vacancy-

centers), e.g. nitrogen (N), nickel (Ni), silicon (Si), and others. Diamond is charac-

terized by a wide spectrum transparency and high refractive index [34]. The nitrogen

vacancy (NV) center in diamond has emerged as an attractive SPS in the visible range.

Examples of antibunched photon emission, and coupled into a SMF, at ∼ 660 nm from

NV-centers in diamond were demonstrated in [35,36] with an antibunching degree of

< 0.2.

It is worth noting that the sources mentioned above of single-photons have emis-

sion spectra which depend on the electronic transitions in the excited atoms. For ex-

ample, a photon emission from the nitrogen atom in a diamond matrix under 532 nm

excitation would be at ∼ 660 nm wavelength [36]. Also, most of the semiconductor

QDs, in�uenced by their size and shape, radiate in the visible and near infrared (NIR)
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range of the optical spectrum when excited by ultra violet or visible photons [21].

However, some luminescent materials are not reliable and have photoinstability is-

sues. For example, QDs su�er from the blinking phenomenon, an undesirable e�ect

that causes random �uctuations in the emitted photons, which adversely a�ect their

potential use as SPSs [37,38].

2.1.3 Nanaocrystals

Single lanthanide ions, in crystal hosts, have also been demonstrated as potential

sources of single photons. For example, optical detection with nonclassical photon

statistics has been demonstrated using praseodymium ions (Pr3+) doped in yttrium

garnet crystals (YAG) [39], and erbium ions (Er3+) doped in yttrium orthosilicate

substrate YSO [40]. Electron transition in single erbium ions implanted into a silicon

channel of a single-electron transistor has also been exploited to measure photo-

induced changes in current �ow [41]. It is worth noting here that in the examples

given, there was not a single and isolated lanthanide ion; instead, there were a bunch

of ions in a host material probably with low concentration.

On the other hand, Er3+ and Yb3+ doped nanocrystals, particularly the β-NaYF4

: 20%Yb3+/2%Er3+ nanocrystals, are characterized by their broad emission spectrum

and photostability. For instance, multiple and easy to separate emission peaks in the

visible and in the NIR spectrum ranges can be obtained from these UCNPs when

excited by a 980 nm cw laser (see Fig. A.2 in Appendix A.1). Regarding photosta-

bility of these UCNPs, a constant emission intensity which remains stable for a long

time (e.g. for 1 hour of continuous laser illumination) without any blinking has been

demonstrated [42]. To our knowledge, these nanoparticles have not yet been demon-

strated as a potential quantum photon emitter. In addition to the low upconversion

e�ciency of such UCNPs (see Section 1.1.2), the reasons for them not being used
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as SPSs could be any or all of the following: the large number of photon emitters

contained in each single nanoparticle, the di�culties in isolating a single UCNP, and

the fact that lanthanide ions have long emission lifetime transients. However, accord-

ing to a recent theoretical study [43], the number of Er3+ ions in a single β-NaYF4 :

20%Yb3+/2%Er3+ nanoparticle (size range in the study between 10 nm and 100 nm)

is relatively high (see Fig. A.4 in Appendix A.1).

Last but not least, the β-NaYF4:Yb3+/Er3+ UCNPs have been demonstrated as

the most e�cient upconversion luminescent material [44, 45]. Most of the previous

work connected to UCNPs, particularly the sodium yttrium �uoride (NaYF4) host

crystals doped with lanthanide ions, was focused on improving emission color tun-

ability and enhancing the upconversion luminescence of the UCNPS. These nanopar-

ticles have emission spectra extending over the visible and the near-infrared range,

e.g. 545 nm, 660 nm, and 1536 nm. Particles sizes have been demonstrated from 5 nm

up to 200 nm [45,46].

2.1.4 Photon emission enhancement using plasmonic struc-

tures

Single-photon emission from single molecules, vacancy-centers, and QDs, has also

been demonstrated through the use of plasmonic nanostructures, optical �bers, and

a combination of both. Plasmonic nanocavities have the ability to localize and sup-

port high �eld intensity modes in a subwavelength volume where a single emitter

can be positioned (with di�culty) and excited to emit photons. Plasmonic struc-

tures also have the potential to enhance the intensity and emission rate of radiation.

Development in nanotechnology has made the fabrication of complex subwavelength

nanostructures in metals easy. Unlike semiconductor-based microcavities, the small

size of nanocavities is a great advantage because of the in�uence of the cavity mode
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volume on the emission rate of a light source. On the other hand, the low-loss waveg-

uiding property of optical �bers has also been exploited to collect and guide light

emission from radiating sources.

A considerable amount of literature has been published in the �eld of photon

emission rate enhancement. For example, an increase in the radiation rate by a

factor of ∼ 1000 has been demonstrated using a gap plasmon nanocavity composed

of a silver nanowire on a silver substrate separated by a ∼ 5 nm dielectric bilayer of

aluminum dioxide (Al2O3) and the �uorescent dye molecule tris-(8-hydroxyquinoline)

aluminum (Alq3), which has multiple emission peaks in the visible band [47]. A similar

study [48] uses a ∼ 80 nm silver nanocube positioned over a metal �lm with an 8 nm

dielectric gap that contains �uorescent Ru dye (ruthenium metal complex), which

has an intrinsic lifetime of ∼ 600 ns measured on a glass substrate. The excitation

wavelength is 535 nm, and the emission is at ∼ 620 nm. Radiated light was collected

using an objective lens with a numerical aperture NA = 0.9. The enhancement in the

radiative rate obtained in this study was in the range of ∼ 850 times.

Subwavelength metallic nanoapertures of various shapes have also been demon-

strated to be e�ective tools for optical trapping and for enhancement of emission in-

tensity, directivity, and decay rate of �uorescent molecules and nanoparticles [49�55].

In these studies, appropriate objective lenses have been used, which play a signi�cant

role in the trapping process, to localize a high electric �eld intensity and to collect

radiation from the nanoaperture. For instance, in [54, 55], high numerical aperture

objective lenses, NA > 1, have been used in setups equipped with a 3D piezoelectric-

stage for precise alignment of the nanostructure with the laser beam.
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2.1.5 Optical �ber probes

Many attempts at integrating metal nanoapertures with optical �bers have been

successfully realized, allowing for the elimination of cumbersome microscopes, sam-

ple holders, piezoelectric aligners, etc. Non�uorescent 20 nm and 40 nm dielectric

nanospheres have been trapped using a double nanohole milled in a gold �lm, coat-

ing the tip of an SMF, has been demonstrated [56]. In this case, the nanoaperture

is directly excited by the laser beam propagating within the �ber channel. Trap-

ping was observed by monitoring transmission through the nanoaperture. In this

research, a cleaved end SMF is �rst coated with ∼ 100 nm gold layer, and then a

double nanohole is milled on its top using the FIB. This study shows not only easy

trapping of nanoparticles, but also that nanoaperture-�ber integration can be utilized

as a �uorescence sensor of radiation nanoparticles.

Direct coupling of light emission from luminescent nanoparticles into optical �ber

waveguides is an increasingly important area of research in developing single-photon

sources. An alignment-free single-photon emission coupling from a nitrogen vacancy

(NV) center in diamond into a tapered SMF has been demonstrated [36]. In this

approach, Van Der Waals forces were exploited to stick a 200 nm cross-section tapered

single-mode diamond micro-waveguide onto a tapered section of a ∼ 500 nm cross-

section single-mode optical �ber. The NV was pumped by a 532 nm laser, and an

antibunched photon emission, at ∼ 660 nm wavelength, was collected at both ends of

the SMF. The antibunched generated photons showed a ∼ 0.15 normalized second-

order correlation function at zero delay time on a Hanbury-Brown and Twiss setup

where the SMF was used as a wave-splitter.
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2.2 Theory

2.2.1 Spontaneous decay rate

The radiative decay rate (or the lifetime) of a nanoemitter photonic spontaneous

emission can be a�ected by the surrounding environment. It has been demonstrated

that an emitter in front of an electromagnetic re�ector [57], or within a cavity that

is resonant to the emission wavelength [58] will experience some degree of in�uence

on its spontaneous emission rate as well as on its angular luminescence distribution.

According to quantum electrodynamics theory, the spontaneous decay rate of a two-

level quantum system of a nanoemitter is given by

γ =
π ωo
3 εo ~

|χ|2 ρ(ro, ωo) (2.1)

where ρ(ro, ωo) is the local density of states of the system and is de�ned as follows

[59,60]:

ρ(ro, ωo) =



ωo
2

π2c3
homogeneous free space,

6ωo
πc2

[
nχ · Im

{ !
G (ro, ro, ωo)

}
· nχ

]
nonhomogeneous space.

(2.2)

In Eqs.(2.1) and (2.2), ωo is the emission, or the atomic transition, angular frequency;

χ is the transition dipole matrix element, or the dipole moment of the atomic system;

ro is the location of the dipole moment; εo is the free space permittivity; ~ ωo is the

di�erence in energy between the initial and �nal electronic states; c is the speed of

light in free space;
 !
G (ro, ro, ωo) is the dyadic Green function evaluated at the position

of the radiating dipole; and nχ is the unit vector in the direction of the dipole moment.
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2.2.2 Purcell e�ect

Purcell enhancement is the increase in the spontaneous decay rate of an emitter that

occurs when the emitter is placed close to an object, e.g., a nanoantenna. A Purcell

factor can be de�ned as the ratio of the decay rate of the emitter in the vicinity of the

object to its decay rate when placed in free space, and is given by the formula [60]

Fp =
γ

γo
. (2.3)

Based on the two-level system of Fig. 1.1, the photon emission decay time, τ , can be

expressed in terms of the radiative decay rate as

τ =
1

γr
, (2.4)

which can be obtained from a time-resolved photon emission measurement by observ-

ing the change in the photo detected radiation intensity as a function of time [61].

This change in the photon intensity (photon-count-rate) is usually monoexponen-

tial and represents the repetition speed of electromagnetic energy radiation from the

quantum emitter and is a key feature in developing single-photon sources. It is ob-

vious from Eq.(2.1) that increasing the LDOS at the nanoemitter position results

in shortening the lifetime. It has also been demonstrated that the ratio of Eq.(2.3)

is mathematically equivalent to the ratio of a classical dipole radiated power (rate

of energy dissipation) in a given environment to its free space radiated power, as

follows [60]:

Fp =
γ

γo
=
P

Po
. (2.5)
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For optical cavities and �eld con�ning structures that are perfectly matched with the

emitter, the Purcell factor can also be expressed in terms of the quality factor, Q,

and the mode volume, V , as follows [9, 10, 62,63]:

Fp =
3

4π2
Q

(
λ/n

)3

V
, (2.6)

where λ/n is the resonance emission wavelength in the medium surrounding the emit-

ter, and n is the medium index of refraction. Equation (2.6) shows that the Purcell

factor can be enhanced by either a resonant cavity that has a high Q-factor, a small

mode volume, or both.

Based on the Purcell e�ect, therefore, the emission lifetime of an emitter can be

modi�ed by changing its surrounding environment. For instance, Fig. 2.1 shows

Figure 2.1 � Emission lifetime of europium ion as a function of distance, d,
in front of a gold mirror, from Reference [64]. We approximately added the
blue dashed line to indicate the intrinsic lifetime of the Eu3+ ion at the 612 nm
emission wavelength.
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lifetime experimental data results, taken from Reference [64], for a europium ion

(Eu3+) complex that radiates at 612nm as a function of distance d from a planar gold

mirror. The �gure shows a noticeable increase in the radiation rate as the emitter

comes closer to the mirror (d < 100 nm), and it increases faster to higher values

when it is only a few nanometers from the mirror.

2.2.3 Photon antibunching

Photons emitted from a light source are referred to as bunched if they propagate more

likely close to each other in time than far apart from each other. Conversely, photons

are classi�ed as antibunched if they are more likely to be produced far apart in time

than close to each other.

A single-photon source is a nonclassical-light quantum emitter of antibunched

photons with a second-order correlation function, g(2)(τ), which satis�es the inequality

1 > g(2)(0) > 0, where τ is the photon arrival delay time as depicted in the two-

photodetector model shown in Fig. 2.2 [65]. The arrangement of beam splitter, photon

detectors, and timing electronics in Fig. 2.2 is usually referred to as a Hanbury Brown-

Twiss (HBT) interferometer [66]. Based on this arrangement, the intensity correlation

g(2)(0) of the incident light from the source can be measured. It is very obvious

from Fig. 2.2 that, for an ideal single-photon source, there is no chance for both

the detectors D1 and D2 to observe photon incidence simultaneously; consequently,

g2(0) = 0. The interferometer works by recording the relative delay time between

the detection of a photon at each of the two photodetectors. For example, detector

D1 starts measuring the number of photons in the input intensity �eld I(t) at time

t and stops when detector D2 registers a photon detection from the input intensity

�eld I(t+ τ), after a time delay τ . The second-order correlation function of the two
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Figure 2.2: Hanbury Brown-Twiss interferometer. The incident
light (photons) is divided by the beam-splitter, BS, and the outputs
are detected by two photodetector units, D1 and D2, which are con-
nected to a timing and coincidence electronics.

optical light intensities can be expressed as follows:

g(2)(τ) =

〈
I(t)I(t+ τ)

〉〈
I(t)

〉〈
I(t+ τ)

〉 , (2.7)

where I(t) and I(t + τ) are the intensities at times t and t + τ ; τ is the delay time;

and the angle brackets,
〈 〉

, denote time averaging [14, 65]. A normalized intensity

correlation can therefore be obtained by building a histogram of the start-stop delay

times between the photon numbers recorded through detectors D1 and D2.

2.2.4 Photon indistinguishability

Single-photons can take di�erent quantum states, and therefore, in some applications,

for instance, quantum communications and information processing require indistin-

guishability in the generated photons. Sometimes we need to use multiple single-

photon sources in the SP-based quantum system, e.g., an optical quantum transceiver

that needs identical sources. In this case, the two single-photon sources are required

to be indistinguishable. However, the indistinguishability of single-photons means

that the photons have to be identical (have the same quantum state, e.g., same po-
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larization and momentum). The indistinguishability of two photons can be measured

using HOM interference (Hong-Ou-Mandel interferometer, see Fig. 2.3). In the �g-

ure, the two input photons, ρa & ρb, will interfere if they both exit the same path,

otherwise they will coincide with each other with some probability P(τab), where τab

is the arrival delay time at the beam splitter between the two photons. A closer value

of P to zero indicates better indistinguishability between the two photons [67,68].
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d
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Figure 2.3: HOM interferometer (left). The coincidence of the two
photons ρa & ρb schematically illustrated in the right sketch. τab is the
arrival delay time at the beam splitter.
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Chapter 3

Integration of nanoaperture antenna

with optical �ber

3.1 Introduction

Metallic optical nanoantennas, of varying geometrical structures, have been widely

used for a variety of purposes. These antennas are characterized by their small size (a

fraction of the optical wavelength) and by their ability to localize a high �eld inten-

sity in a nanoscale volume. Examples of such plasmonic nanoantennas include: the

double nanohole, used in optical trapping [54, 56]; the single dipole with circular re-

�ector, used for Raman signals spectroscopy [69,70]; the circular-hole with plasmonic

corrugations, used for �uorescence emission directivity enhancement [52]; the bowtie

structure, used for enhancing photon emission from semiconductor materials [50] and

for enhancing �uorescence of light emitting single molecules [71]; and so on.

A common feature of most optical nanoantennas is the subwavelength plasmonic

gap where electromagnetic �eld energy can be con�ned in a nanoscale volume. This

is very important, as it is a key feature in utilizing an optical nanoantenna to trap
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nanoparticles and to enhance emitter radiation and directivity and as an imaging and

spectroscopic scanning probe, etc.

As nanoscience and nanotechnology developed, the fabrication of small-scale an-

tenna structures of di�erent geometries and sizes has become possible. The FIB [72]

and SEM [73] are e�cient tools that have been widely utilized to directly structure

and characterize nanoscale patterns. All nanoantenna structures used in this work

have been fabricated and characterized using these nanotechnological facilities avail-

able at the University of Victoria.

Using nanoantennas, weak emission from a �uorescent nanoparticle and radia-

tion directivity can both be competently enhanced. Since most photodetectors are

�ber-coupled devices, the integration of a radiative source with a low-loss optical

�ber channel is a challenging task but one that has many bene�ts. For example, it

eliminates the need for cumbersome optical devices. Also, with a proper antenna

structure, signal strength can be enhanced. Therefore, the main focus of our research

in developing SPSs is to integrate a nanoantenna structure with a low-loss optical

�ber channel, the optical tweezer.

In this chapter, the integration of a bowtie metallic nanoantenna structure with

an SMF will be demonstrated.

3.2 Nanoantenna fabrication and numerical simula-

tion

In this section, we show the integration steps of a nanofabricated metallic nanoaper-

ture antenna with an SMF channel. The integration is performed using an optically

curable epoxy material, Norland Optical Adhesive 61 (NOA 61). More data on NOA

61 regarding its refractive index and optical transmission is provided in Appendix B.
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The integration parts can be better visualized by referring to the schematic diagram

shown in Fig. 3.1. We used gold, Au, as the metal base-structure to produce the

metallic nanoaperture antenna. Gold is a plasmonic material una�ected by air and

by most chemical solutions. For the optical channel, we used the standard 1550 nm

SMF-28 from Corning.

3.2.1 Fabrication

After measuring the emission spectrum of the UCNPs of interest (see Fig. A.2 in

Appendix A.1 for the setup used in the measurement), we used the FIB for milling

the bowtie-shaped aperture nanoantenna shown in Fig. 3.1. The FIB is an ionic

microscope system that generates a powerful beam of high mass gallium ions, Ga+3,

which can be focused through a set of electrostatic lenses and de�ectors [72]. Although

using the FIB allows nanofabrication of complex structures in the nanoscale, nanohole

milling in metal �lms with such focused beams usually leaves some defects in the

milled hole edges and walls, e.g. rounded edges and nonuniform gaps (see e.g. [74,75]).

Producing holes with sharp edges and right corners becomes extremely di�cult as

the hole size decreases to < 100 nm. However, in the FDTD simulations, we have

partially corrected these defects by approximating a tapered wall gap, as can be seen

in Figures B.2 and B.3 in Appendix B.

Since we are integrating the nanoantenna with a standard optical �ber of a cir-

cular cross-section, the nanohole is best milled at the center of a circular Au �lm of

diameter 125µm and thickness 100 nm with a high accuracy. Figure 3.2 shows an

SEM sample images of a 90 degree cleaved end SMF and FIB milled Au circular �lm

and a nanoaperture bowtie antenna. Typical nanofabrication dimensions are given in

the �gure caption. The ring was fabricated at 1 k× magni�cation and the aperture

at 35 k×. The gold appendages at the edge of the circular gold �lm in the image of
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(a) A schematic diagram of the nanoantenna-
SMF integration.

(b) Aperture bottom view

Figure 3.1 � Schematic diagrams. (a) The integrated nanoaperture antenna with
SMF. (b) An enlarged bottom view of the nanoaperture antenna centered in the Au
�lm. Typically, dimensions W , H, and G are ∼ 275, 175, and 40 nm. A schematic
diagram for the top side of the aperture can be seen in Appendix B.
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Fig. 3.2b are for discharging the tip when later imaging in the SEM. They also serve

as alignment markers to show the orientation of the nanoaperture.

(a) SEM image of a 125µm diameter
jacket stripped SMF.

(b) SEM image of a 125µm Au gold
�lm milled using FIB at 1 k×.

(c) SEM image of a nanoaperture
antenna milled using FIB at 35 k×.

Figure 3.2 � SEM images. (a) A cleaved end SMF cut at 90o and prepared for template
stripping. (b) A 100 nm Au �lm after being milled using the FIB. The ring inner
diameter is 125µm and the outer diameter is 140µm. (c) SEM image for the plasmonic
aperture. The average aperture gap is ∼ 60 nm between the cusps.

The fabrication of the nanoaperture-optical-�ber-tweezer, NAFT, has been ac-

complished through several steps, which are described in the following subsections.

3.2.1.1 Creating a 100 nm thick gold �lm

We evaporate gold onto a glass substrate of ∼ 1mm thick and ∼ 1 cm2 in area to

form a 100 nm thick Au �lm. Figure 3.3 is a photograph of some of these �lms. The

gold was evaporated onto small-size precut glass substrates to avoid further cutting

after evaporation. This approach keeps the �lm surface clean for FIB milling and
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later SEM imaging. It is worth mentioning that the gold was evaporated directly on

the glass surface without any adhesion material to facilitate the transferring of the

gold onto the �ber tip in later steps.

Figure 3.3 � A photograph of a 100 nm thick gold �lms evaporated on ∼ 1mm glass
substrates. The size of each sample is ∼ 1 cm×1 cm

3.2.1.2 FIB milling

In this step, the Hitachi FB-2100 focused ion beam system is used to mill the pre-

de�ned pattern structures. The patterns are basically bitmap images of the bowtie

nanoaperture and the circular gold �lm. Figure 3.4 shows sample shapes of such pat-

terns. These patterns can be made using any graphics software that supports BMP

�le format, e.g., Adobe Photoshop. Also, the patterns have to be created within an

area of 2000 × 2000 pixels taking into consideration the magni�cation at which the

pattern needs to be cut when using the FIB.

The FIB-2100 machine has di�erent Ga+3 ions �ux density cutting beams, with

40 kV acceleration voltage. High �ux density beams have short milling time and are

usually used to cut large area patterns at low magni�cation, e.g., the ring pattern

shown in Fig. 3.4a. Lower �ux density beams, on the other hand, can be deliberately

chosen to �ne cut small area features, e.g., the bowtie pattern shown in Fig. 3.4b.

Typical examples of relatively high and low �ux density beams provided by the FB-
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2100 system are the 40.1.300 and 40.1.15 beams where; the numbers xx.y.zzz denote to

the beam accelerating voltage, beam convergence mode, and the beam selected-area

aperture (Hitachi FB-2100 data manual).

Due to technical problems, e.g. heat, the di�culty of accurately aligning the

milling beams, and astigmatism, it is extremely di�cult to cut a nanohole that ex-

actly matches its predesigned, or FDTD de�ned, shape. Consequently, the pattern

illustrated in Fig. 3.4b, for instance, is not the optimal shape, rather, it is a shape

designed to reduce the e�ects of heat, inaccuracy in beam alignment, and beam astig-

matism. The black colour in the bitmap patterns in Fig. 3.4 represents the area that

will be scanned and milled by the FIB. The e�ect of changing the FIB milling pa-

rameters, e.g. scanning time, direction and dwell time, can be exploited to determine

the �nal shape of the structure.

� i � o

(a) A bitmap image of the ring pattern used
to FIB the circular Au �lm. Typical numerical
values for �i and �o are 125µm and 145µm.

w

h
(b) A bitmap image
of the pattern used
to produce the bowtie
antenna aperture with
the FIB. Typical nu-
merical values of w
and h are 265 nm and
165 nm.

Figure 3.4 � Sample bitmap patterns used to produce the FIB milled structures shown
in Figures 3.2b and 3.2c.

The goal of using the FIB is to nanofabricate, in a planar approach, multiple

circular gold �lms with a nanoaperture at the center of each �lm. This approach
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is fast and scalable and requires a single milling beam alignment. Previous e�orts

at integrating metal nanoapertures with �bers have been operated on the �ber tip

directly, which is complicated and not scalable. However, to adapt the approach

to large-scale production, the challenge is to perform a standard planar fabrication

along with �ber tips. Figure B.1 in Appendix B shows an example of a planar

nanofabricated structure that we used for template stripping of gold onto the �ber

tips.

3.2.1.3 Nanoaperture-SMF integration

Several approaches to transferring metal nanostructures onto di�erent substrates have

been investigated. These include template-stripping of arrays of gold nanotip wedges

evaporated on a sharply etched silicon substrate onto a glass surface using epoxy [76]

and template-stripping of collections of di�erent nanostructures (like holes, wires,

pyramids) from a planar silicon substrate onto a stretchable polydimethylsiloxane [77].

The template-stripping approach has also been used to create a high quality and

Figure 3.5 � (a) Scanning electron microscope (SEM) image of the integrated NAFT.
The inset shows the plasmonic aperture milled at the center of the NAFT; the scale-bar
is 0.5µm. (b) Schematic diagram of the integrated NAFT (not to scale). The epoxy
used is the Norland optical adhesive 61 (NOA 61), a photopolymer liquid that cures
when exposed to ultraviolet light.
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ultra sharp near-�eld imaging probe (with a sharp gold apex on a tungsten wire) [78].

Multiple template double nanoholes on silicon substrate have also been template-

stripped onto a glass substrate using epoxy for optical trapping [79].

Sample

Polarizer

3D stage#1

3D stage#2

Elevation angle

adjustment

Jacket-removed &
90o cleaved end SMF

Collection lens

Multi-mode �ber

OSA

LED Laser

UVLS

LWDM

(a) Template-stripping setup schematics.

Nanoaperture

(b) FIB-milled gold sample.

Figure 3.6 � Schematic diagram of the setup used for template-stripping of the gold
FIB milled circular gold �lm on an SMF tips (a), and (b) shows a FIB milled gold sample
with multiple circular gold �lms. LED is an abreviation for light emitting diode, OSA
is an optical spectrometer analyzer, UVLS is an ultra-violet light source, and LWDM is
a long working distance microscope.

Here, we used a carefully aligned stripping approach to get the nanoaperture in the

metal �lm aligned with the core of a standard cleaved-end SMF. This approach is a

standard planar nanofabrication technique that allows for broad adoption. Figure 3.5

shows an SEM image and a schematic for the integrated NAFT, where the FIB
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structured gold �lm is directly transferred to the SMF tip in a template-stripping

process. Figure 3.6 shows a schematic diagram for the setup used in the process.

To integrate the nanoaperture with the SMF, we started by horizontally placing

the FIB milled gold sample on the lower 3D-stage shown in Fig. 3.6. The upper

3D-stage was used to hold the SMF. The gold sample has multiple nanoapertures;

each was centered in a circularly milled gold sub-�lm. Figure B.5 in Appendix B.4

shows more detail regarding the transferring process.

3.2.2 FDTD simulation

The FDTD method is one of the most widely used numerical techniques to solve

electromagnetic problems involving complicated scatterers and antenna structures.

The method is based on discretizing Maxwell's equations in space and time with

central di�erence approximations.

In this research, the FDTD software release 2017b, version 8.18.1365 from Lumer-

ical Solutions Inc., is used to simulate the near and far-�elds for the nanoaperture

optical �ber tweezer, NAFT. As previously mentioned, one of the purposes of the

antenna is to achieve a gradient �eld force suitable for trapping nanoparticles in the

aperture's gap. On the other hand, particle emission enhancement and coupling into

the �ber channel are essential too. Based on these requirements, in the FDTD sim-

ulation, we used a 980 nm plane wave source to simulate a 3D region composed of

the three layers indicated by the dashed red rectangle in Fig. 3.1a. We used the

980 nm wavelength because the experimental research phase on UCNPs requires a

laser excitation at this wavelength to excite the nanoparticles to emit light at the

peak wavelength of ∼ 1540 nm. To simulate the emission from a nanoparticle, we

used a dipole source radiating at 1540 nm wavelength and located at the center of the

aperture's bottom. However, in both simulations, the FDTD simulation region was
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bounded by a PML and the whole computation space was nonuniformly divided into

3D di�erential cells.

3.2.2.1 980 nm plane wave source FDTD simulation

In this part of the FDTD simulation, the total-�eld scattered-�eld (TFSF) source is

used to estimate the electric �eld spatial intensity distribution around the nanoaper-

ture antenna. A TFSF source is a plane wave source with numerical boundaries that

enclose an entire �eld region, i.e. the incident and scattered �elds. The rest of the

computational space outside of the enclosed region contains only the scattered �eld.

Using this kind of FDTD numerical electromagnetic source allows the nanostructure

scattered �eld to be isolated from the source incident wave �eld. In this simulation,

we used a normally incident 980 nm plane wave with an incident power density of

∼ 0.5µmW/m2.

Figure 3.7 shows the electric �eld intensity distribution over three orthogonal

planes within the FDTD simulation region caused by a y-polarized plane wave source

excitation of the nanoaperture antenna in the gold �lm. Figures 3.7a and 3.7b show

the electric �eld intensity |E|2 in the xy-plane exactly at the water-gold-�lm inter-

face (we used water here as a default suspensor for nanoparticles). The hot spot at

the center of image (a) shows the high con�nement of the electric �eld within the

aperture gap. Image (b) gives a clearer picture of the localized electric �eld within

the nanoantenna aperture. Details about the FDTD simulation region, data record-

ing monitors, the orientation of the excitation source, and the computation space

structure are given in Fig. B.4 in Appendix B.3.

The purpose of integrating the plasmonic nanoaperture with the optical �ber

waveguide is to use it for trapping nanoparticles suspended in a liquid chemical, e.g.

water, ethanol, hexane, among other chemicals; and enhance and inject radiation
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into the optical channel. Figures 3.7c, 3.7d, 3.7e, and 3.7f show the spatial electric

�eld intensity distribution in the xz- and yz-planes, which include the nanoaperture

antenna and a large portion of the suspension medium (water in this case). Indeed,

this �eld distribution reveals a high gradient force �eld vector in the suspension

medium towards the antenna aperture center. More discussion about the gradient

trapping force is provided in Chapter 4.

3.2.2.2 1540 nm dipole source FDTD simulation

In this part of the simulation, we looked at the nano aperture dimensions (i.e. W and

H in Fig. 3.1b) that yield a good transmission enhancement at the 1540 nm wave-

length. Taking into considerations the average UCNPs' size (∼ 30 nm), we adjusted

the aperture's gap G to ∼ 40 nm.

Figure 3.8d illustrates the light transmission spectrum of the nanoaperture when

it is illuminated using a plane wave source. A transmission peak at ∼ 1550 nm was

obtained for a nanoaperture dimensions of W = 275 nm and H = 175 nm, with a

40 nm gap. The gold �lm thickness was kept �xed at 100 nm. The excitation source

was a wide spectrum TFSF source with wavelength ranging from 0.30µm to 2.50µm.

The scattered �eld was collected and recorded at a 25 nm distance from the aperture

surface in the epoxy region using a 2D FDTD �eld monitor that extends 10.0µm

along each of the x and y axes.

Figures 3.8a and 3.8b show the 2D electric �eld intensity (in log scale) in the xz-

and yz-planes. In this simulation, we used a single wavelength dipole source to record

the electric �eld distribution in two orthogonal planes in the epoxy region. The epoxy

region separates the gold �lm and the optical �ber channel. Although, the simulation

region is relatively narrower in the xy-plane (10µm×10µm), both �gures reveal a

wide emission beam from the nanoaperture.
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(a) Base-10 logarithmic scale, log10, of the
nanoaperture electric field intensity |E|2
in the xy-plane at z = 100 nm of the 3D
FDTD simulation region.

(b) Zoom-in view of the aperture field
shown in subfigure (a).

(c) Base-10 logarithmic scale, log10, of the
nanoaperture electric field intensity |E|2 in
the xz-plane of the 3D FDTD simulation
region.

(d) Zoom-in view of the aperture field
shown in subfigure (c).

(e) Base-10 logarithmic scale, log10, of the
nanoaperture electric field intensity |E|2 in
the yz-plane of the 3D FDTD simulation
region.

(f) Zoom-in view of the aperture field
shown in subfigure (e).

Figure 3.7: 980 nm excitation near �elds. Color bars show �eld intensity
in base 10 logarithmic scale.

To give a clearer picture of the radiation pattern of the nanoaperture in the epoxy

region, we used the FDTD method to transfer the aperture's near-�eld into a far-
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�eld. Figure 3.8c shows the polar plot of the nanoaperture far �eld in two orthogonal

planes (the xz-plane or φ = 0o-plane and the yz-plane or φ = 90o-plane, where φ is

the azimuthal angle). As a matter of concern, the small NA of the SMF constitutes an

extremely di�cult challenge in the performance of the integration of the nanoantenna

with the optical �ber. The small acceptance angle of the SMF (∼ 11o) overlaps with

only∼ 10−15 % with the nanoantenna beam solid angle in the epoxy region, assuming

the optical �ber waveguide and the antenna are vertically aligned.

(a) Base-10 logarithmic scale, log10, of the
electric field intensity |E|2 normalized to the
maximum value in the xz-plane of the epoxy
layer due to a y-polarized dipole radiating at
1540 nm.

(b) Base-10 logarithmic scale, log10, of the
electric field intensity |E|2 normalized to the
maximum value in the yz-plane of the epoxy
layer due to a y-polarized dipole radiating at
1540nm.

(c) Normalized polar plot of the electric field
intensity |E|2: in the xz-plane (azimuthal an-
gle, φ = 0o-plane; green line), and in the yz-
plane (φ = 90o-plane; black line).

(d) Scattered light transmission through a
10µm × 10µm imaginary surface located 25nm
away from the bowtie aperture of dimensions,
W = 275 nm, 175 nm, and G = 40nm. the gold
film is 100 nm thick.

Figure 3.8: 1540 nm dipole source simulation �gures. (a) Electric �eld
intensity |E|2 in the xz-plane, (b) electric �eld intensity |E|2 in the yz-
plane, (c) Polar plot of |E|2 in the two orthogonal planes, and (d) scattered
�eld transmission spectrum.
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3.2.2.3 Discussion

The simulation results illustrated in Fig. 3.7 show the con�nement of the electric �eld

intensity in the subwavelength aperture gap of the bowtie antenna. The spatial �eld

distribution illustrated in Figures 3.7c and 3.7e shows an obvious gradient in the �eld

strength. It is high at the gap position and low at the far positions. This gradient in

the �eld strength gives an indication of the electric force �eld vector and its direction

which is important for optical trapping.

The simulation illustrated in Fig. 3.8 for the 1540 nm dipole emitter, on the other

hand, shows a good enhancement of the antenna aperture for the 1540 nm emission

wavelength. The directivity is also relatively good for a single antenna element.

3.3 Summary

In this chapter, we showed the fabrication steps of the nano aperture optical �ber

tweezer (NAFT). We used the template-stripping method to transfer a circular metal-

�lm, containing a nanoaperture at the center, onto the SMF tip. Also, we demon-

strated the results of FDTD simulations regarding the bowtie nanoantenna radia-

tion and transmission characteristics at 1540 nm (UCNPs luminescence), and 980 nm

(trapping wavelength).



37

Chapter 4

Optical trapping using the

nanoaperture optical �ber tweezer

4.1 Introduction

In this research, the nanoantenna discussed in the previous chapter has two prelimi-

nary functions. The �rst is to localize a high electric �eld intensity in a subwavelength

volume when excited by a laser beam. An electric force �eld vector will be established

due to the gradient of the localized electric �eld intensity within and around the an-

tenna gap. This gradient in the intensity acts as the trapping force of the optical

tweezer. The second function of the antenna is, upon trapping a nanoemitter, to

enhance the light emission rate and radiation directivity of the trapped nanoparticle.

These two concepts are schematically illustrated in Fig. 4.1. A laser beam of

excitation wavelength λexc and power density, W/m2, hits a plasmonic subwavelength

aperture (shown as a black strip with a hole in Fig. 4.1) with a gap size G and

produces a localized electric �eld intensity E within the gap. This nanoaperture-

supported electric �eld will, �rst, establish a gradient electric force �eld vector, which
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is required for trapping nanoparticles suspended in the liquid chemical as illustrated

in Fig. 4.1a. Secondly, once a luminescent nanoobject is drawn into the gap, it will

be excited by the localized electric �eld and starts emitting photons as schematically

illustrated in Fig. 4.1b.

Suspension

Fg

λexc

(a) Nanoparticle trapping.

Suspension

Fg

λexc + λem

(b) Trapped nanoparticle emission
enhancement.

Figure 4.1 � Schematic sketch illustrates the two main func-
tions of the optical nanoantenna. The symbol Fg, represents a
gradient force �eld vector.

Taking advantage of previous work on trapping using aperture type nanoantennas,

e.g. DNH [56], along with knowledge of the UCNPs' size and emission spectra, we

found, based on FDTD simulations (some of which are discussed in Section 3.2.2),

that the proposed bowtie shape was a good design option.

4.2 Optical trapping

Optical trapping is the use of electromagnetic radiation, particularly laser light, to

locate small particles. These particles can be of a size comparable to or greater than

the wavelength of the trapping electric �eld, or they can be of smaller size down to less

than ∼ 10−2 of the wavelength. However, the interaction of the incident electric �eld
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and the particle's electrons, in a Rayleigh scattering regime, results in an oscillating

dipole moment that is proportional to the particle polarizability α, and to the strength

of the electric �eld vector E, as follows [80]:

p = n2
m r

3
(m2 − 1

m2 + 2

)
E = αE (4.1)

where r is the particle's radius, and m = np
nm

, which is the relative refractive index

of the particle, de�ned as the ratio of the particle's refractive index to that of the

surrounding medium. This oscillating dipole moment scatters the incident �eld and

changes its momentum.

A Rayleigh particle (r << λ, where λ is the wavelength of the incident �eld)

submerged in an electromagnetic radiation beam can be moved to the position of the

highest electric �eld intensity of the beam. Two electromagnetic force �eld vectors

spatially in�uence the net motion of the particle. One is the scattering force �eld

vector Fs, and the other is the gradient force �eld vector Fg [81]. The scattering force

can be expressed as

Fs =
Io
c

128π5r6

3λ4

(m2 − 1

m2 + 2

)2

nm us, (4.2)

and the gradient force can be expressed as

Fg =
nm
2
α∇|E|2 ug =

n3
mr

3

2

(m2 − 1

m2 + 2

)
∇|E|2 ug, (4.3)

where Io is the intensity of the radiation beam, us is the unit vector in the direction of

the radiation beam, and ug is the unit vector in the direction of the point of highest

�eld intensity as illustrated in Fig. 4.2.

Equation 4.2 shows that the scattered �eld force scales with the optical inten-

sity of the radiation �eld and acts in the direction of the incident �eld. Di�erently,
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|Fg |ug

|Fs|us

Direction of beam propagation

Nanoparticle, radius r

Figure 4.2 � A schematic diagram illustrates the two
trapping force vectors on a Rayleigh particle in a fo-
cused Gaussian beam. The dark spot at the minimum
of the beam width represents the beam waste where the
intensity of the �eld is highest.

Equation 4.3 shows that the gradient �eld force is proportional to the gradient of the

electric �eld intensity and acts in the direction of the �eld's highest concentration. It

should also be noticed that the scattering force scales with the 6th power of the par-

ticle's size, whereas the gradient force scales with the 3rd power of the particle's size,

which makes it dominant over the scattered �eld force for subwavelength particles,

< 100 nm.

4.3 Near-�eld trapping using NAFT

Conventional optical tweezers, which use microscope setups, focus laser beams to

trap micron and submicron particles [81]. Because of di�raction limitations, it is

challenging to trap particles less than 100 nm in size, while keeping beam intensity

within reasonable limits. Furthermore, Equation 4.3 shows that the gradient force

�eld vector is proportional to the 3rd power of the particle size. Therefore, trapping

smaller particles requires an enhancement of the electric �eld intensity, which can be
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provided by plasmonic nanoapertures.

An enhancement to the near-�eld optical trapping using nanoapertures in metal

�lms is the self-induced back-action e�ect (SIBA) [82]. The SIBA e�ect is an interac-

tion of the trapped object with the enhanced �eld within the trap. Small size particles

can move faster in a suspension than bigger size particles, due to temperature �uctu-

ation and low friction with the surrounding. Consequently, as the particle gets drawn

into the trapping gap (potential well), unbalance in the system momentum occurs

due to change in refractive index and this causes a restoring force to be established to

balance the change in the particle's momentum and hence to enhance the particle's

position in the trap.

Single and dual SMF waveguides (probes), which remove the need for a cum-

bersome microscope setup, have also been used for optical trapping . They are still

subject to di�raction and can only trap relatively large particles [83�93]. Figures 4.3a

and 4.3b schematically illustrate the use of single and dual optical �ber probes for

trapping micrometer-sized dielectric particles.

(a) Trapping micrometer-sized particles using
single-�ber probe. Figure reprinted from [83].

(b) Trapping micrometer-sized par-
ticles using dual-�bers probes. Fig-
ure reprinted from [93].

Figure 4.3 � Schematic diagrams show the use of single and dual optical
�bers to trap micrometer-sized particles. More details can be found in
the relevant references.

To overcome the di�raction limitation, nanoholes in metal �lms have been exploited to



42

con�ne a high �eld intensity in a subwavelength volume scale. For example, double

nanohole plasmonic nanoapertures, milled in a 100 nm thick gold �lm, have been

successfully used to trap 20 nm dielectric nanospheres [54,94]. Fig. 4.4 shows a narrow

gap nanoaperture used in a cumbersome microscope setup to trap the 20 nm dielectric

beads.

Figure 4.4 � A metallic double-nanohole aperture, in a complex trap-
ping setup, used for trapping 20 nm polystyrene nanospheres in a sub-
wavelength gap. Figure reprinted from reference [94].

Di�erent metallic nanoapertures have also been integrated on the tips of optical �bers,

taking advantage of the superior waveguiding properties of the latter. For example,

a near-�eld scanning aperture probe has been constructed using nanofabrication of a

∼ 100 nm circular hole on the end face of a metal-coated tapered optical �ber [95].

Another example is the direct nanofabrication of a double-nanohole on the tip of a
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gold-coated optical �ber which has been used as an optical tweezer for trapping 20

and 40 nm size dielectric polystyrene nanospheres [56]. Our approach to integrating

the metallic nano-aperture with the optical �ber, NAFT, is a template-stripping

of planar nanofabricated nanoapertures. This direct planar nanofabrication of the

nanoapertures on a metallic �lm is di�erent from previous research [56,96], in which

nanofabrication was carried out on the �ber tip in the FIB.

In this section, the trapping results obtained by using NAFT are demonstrated.

We show results of trapping 20 nm and 30 nm polystyrene nanospheres as well as the

NaYF4:20%Yb3+/2%Er3+ UCNPs.

4.3.1 Trapping 20 nm and 30 nm polystyrene nanospheres

Figure 4.5a shows the setup used to trap nanoparticles using the NAFT. The setup

comprises a �ber-coupled 980 nm laser, �ber polarization control paddles, the inte-

grated NAFT, a suspension vial, a neutral density �lter, and a femtowatt photodetec-

tor. The neutral density �lter was used to prevent saturation of the photodetector.

The setup is �exible and compact. It is free of any microscope imaging optics or

optical beam-alignment systems.

We used the same integrated NAFT for trapping two di�erently sized polystyrene

nanospheres (refractive index 1.5731 [97]) of diameters 20 nm and 30 nm suspended

in deionized-water with a percentage of 0.1 %w/v. The optical power incident on the

nanoaperture was estimated to be ∼ 0.5mW/µm2 for ∼ 50mW of laser power. The

polarization was oriented along the y-axis (see Fig. B.5c). Figures 4.5b and 4.5c show

the time windows of the trapping events of the two nanoparticles as detected by the

photodetector and recorded by a data acquisition unit. Both insets show small jumps

of around 0.7 % and 0.9 %, respectively. A particle trapping release signature is also

illustrated in Fig. 4.5d for the 30 nm polystyrene bead when the laser power is turned
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Figure 4.5 � (a) Schematic of the experimental setup used for trapping 20nm
and 30nm polystyrene nanospheres, where I(λ) (red pulse) represents the laser
signal and v(t) (purple waveform) represents the output voltage. (b) 20nm particle
trapping signal record. Trapping event in this time-window occurred after 13.585
seconds from turning on the laser. The inset is just an enlarged view of the trapping
jump. (c) 30nm particle trapping signal record. Trapping event in this time-window
occurred after 44.175 seconds from turning on the laser. The inset is an enlarged
view of the trapping jump. (d) The 30nm particle release signature in response to
turning o� the laser power.

o� and on. With deionized water alone, no jumps were observed. The experiment was

repeated to achieve multiple trapping events for each particle size and on multiple

�bers.

4.3.2 Trapping of UCNPs

The erbium-doped UCNPs ( β-NaYF4:20%Yb3+/2%Er3+) are the source of 1550 nm

photon emission in this study of single-photon sources. The emission from a cluster
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of such nanoparticles was measured, and their emission spectrum in the wavelength

ranges between ∼ 350 nm to ∼ 1700 nm is shown in Fig. A.2 in Appendix A. Having

good trapping test results for the optical tweezer, trapping a single UCNP from these

synthesized crystals is, therefore, a signi�cant step in the study of photon emission

statistics for these nanoparticles. For this purpose, we used the setup shown in

Fig. 4.6b, which is simple and consists of the trapping medium (hexane), the NAFT,

a 980/1550 nm optical �ber wavelength division multiplexer (WDM), and an APD.

In the setup schematic diagram, the WDM has three ports (�bers); the red �ber

represents the 980 nm port; the blue �ber represents the 1550 nm port; and the black

�ber represents the common port. The WDM was designed to split or combine waves

at the two di�erent wavelengths. The excitation laser beam (∼ 20mW at λ = 980 nm)

is inserted into the 980 nm arm of the WDM through an isolator and a polarizer (see

Fig. 4.5a). Coupling of radiation (due to re�ection, emission, or both) into the core of

the SMF from the nanoantenna is guided to the APD aperture through the 1550 nm

arm of the WDM and some density �lters (not shown in the �gure).

Unlike the trapping setup we used to trap the polystyrene nanospheres, which

is based on change in transmitted �eld (or forward radiation) to register a trapping

event, the setup we used to trap the UCNPs, which is shown in Fig. 4.6b, is based

on the backward coupling of the �eld. A change in the refractive index in the gap of

the nanoantenna causes the �eld intensity (radiation) to increase by a small amount

which can be observed by the APD. Any potential emission from the trapped particle

would also add to the �eld intensity coupled into the �ber. In this setup we used a

1× 2 WDM coupler that is characterized by a low insertion loss (≤ 0.3dB, and high

transmission ∼ 90%) at the desired wavelength, and a high suppression to the wave

at the speci�ed wavelength of the other arm of the WDM.

Figure 4.6 shows an example of trapping time-records for UCNPs suspended in
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(i)

(ii)

(a) (b)

980 nm Laser in APD

WDM

SMF (NAFT)

Suspension

with NPs

without NPs

Figure 4.6 � β-NaYF4:20%Yb3+/2%Er3+ UCNPs trapping. (a) Trap-
ping signal trace. (b) Schematic diagram for the trapping setup. The
suspension is 1.5mg of UCNPS in 1.0mL of hexane. Longer trap signal
traces can be found in Appendix B.6.

hexane. Plots of Figures 4.6(a)i and (a)ii demonstrate two trapping signals obtained

experimentally using the setup shown schematically on the right of the �gure. Fig-

ure 4.6(a)ii shows the case when the trapping medium is a pure hexane (no UCNPs).

The signal in Fig. 4.6(a)i illustrates the case when the trapping medium contains
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suspended UCNPs; suspension was sonicated for half an hour. It is worth noting here

that the starting time of both signals represent the moment the laser was switched

on. It is also obvious from the time trace of the two signals that they are di�erent

and have negligible time correlation at their start times.

The two fundamental di�erences between the No-trap and Trap signals can be

observed through two markers in the sampled signals. The �rst is the change in

signals average values, and the second is the signal amplitude �uctuation around the

average. In the No-trap signal, the average value is mostly constant over time, and

the signal �uctuation around the average is relatively small compared to that of the

Trap signal. In the Trap signal time trace, there is a little positive jump in the signal

average which is most probably caused by a nanoparticle being drawn into the high

�eld region of the nanoantenna, trapped. Also, in the Trap case, the signal has a

bigger �uctuation amplitude than that of the No-trap case.

To enhance our intuition that the time-trace of what we called a Trap signal re�ects

an event (a trapping event) caused by a change in the electric �eld intensity in the

trapping gap, we looked at the correlation of each of the two signals. Figure 4.7c

demonstrates the auto-correlation of the trapping signals (signal time slots are shown

in (a) and (b)), which �rst shows the non-similarity between the two signals, and

secondly, it shows that the No-trap signal decays a little faster than the Trap signal

(the latter has greater correlation than the former) and this agrees with previous

results on trapping a 20 nm polystyrene nanosphere in a DNH optical trap [94].

4.4 FDTD simulation of the trapping jump

In this section, we discuss the positive trapping jumps of the 20 nm and 30 nm

polystyrene nanospheres. Using the FDTD technique, the change in far-�eld elec-

tric �eld intensity can be investigated by positioning a 25 nm polystyrene nanosphere
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(a)

(b) (c)

Figure 4.7 � Trapping signals correlation: (a) 32 seconds of No-trap
signal trace. (b) 32 seconds of Trap signal trace. (c) The normalized
auto-correlation of each of the two signals. Each of the two trapping
signals time windows given in (a) and (b) represent a 32 s time-slot taken
from the full APD records as illustrated in Fig. B.8 in Section B.6.

in the aperture gap. As is well known, the far-�eld of an antenna can be measured

by probing the near �elds over an enclosing surface [98�100]. Numerically, however,

we can record the near �eld amplitude and phase at points on a virtual surface in

the numerical computation space, which can be located very close to the near �eld

source. We used a 5µm × 5µm × 2.3µm 3D FDTD simulation region divided, along

the z-axis, into three main material regions: the epoxy region, 1.2µm; the gold �lm

region (includes the nanoaperture), 0.1µm; and the water region, 1.0µm, with the

nanoaperture centered in the simulation region in the xy-plane. The aperture size

extends 225 nm in the x-dimension, 175 nm in the y-dimension, and 100 nm in the

z-dimension. To excite the structure, a y-polarized 980 nm plane-wave source located

in the epoxy region at 1.0µm away from the gold �lm. To calculate the near �eld,

however, a �eld data monitor recorder with a virtual planar surface, which is only

2.5 nm away from the nanoaperture surface in the +z-direction, is used. The �eld
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monitor records all the six electric and magnetic �eld components. The total number

of the 3D cells generated is 52, 032, 946, from which 252, 000 uniform cells, with a

total size of 225 nm × 175 nm × 100 nm, �ll the whole aperture region for the sake of

improving simulation accuracy. The size of each of these uniform grids is 2.5 nm ×

2.5 nm × 2.5 nm, whereas the cell size in the rest of the computation space is nonuni-

form. Besides, the simulation accuracy of the FDTD calculator was set to level 5/8 to

reduce numerical simulation errors, the time stability factor to 0.95, and the FDTD

simulation auto-shuto� to 1×10−5. The auto-shuto� value is a measure of the energy

left in the simulation region, and it is used to end the numerical calculations upon

reaching this value.

0.9562 ,-,-----,--- --,---- --,--- ---.-------,-------,----'�---,------,---� 

0.9560 

0.9558 

0.9548 

0 

--- x-plane, NP 
-- x-plane, WP 

---y-plane, NP 

--y-plane, WP 

3 

Ml t 

(a)
Gold

4 5 6 

0 x I 0-4 [degrees] 

25 osphere 

1.0 

0.5 

0 

7 8 9 10 

NP WP Diff.

x

y

;

Figure 4.8 � x-plane (blue lines) and y-plane (red lines) far-�eld normalized power
for the no-particle (dash-dotted lines) and with-particle (solid lines) cases. Patterns
are FDTD calculated 50mm away from the nanoaperture for a cone-half-angle of
0.63° dictated by a photodetector aperture diameter of 1.1mm. Inset (a) shows an
enlarged view of a central part of the yz-plane (x = 0 plane) of the 3D simulation
region with the 25 nm particle located in the tapered aperture. Insets (b), (c), and
(d) show the no particle (NP), with particle (WP), and the di�erence (Di�.) in
electric near �eld intensity at 2.5 nm away from the aperture's water-side surface.
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Figure 4.8 shows the normalized far-�eld power emerging from the aperture, calcu-

lated within a cone speci�ed by the photodetector aperture, both with and without

the nanoparticle (25 nm). The observed step in the power pattern is nearly 0.079 %

when the particle enters the hole. This step is too small compared to the measured

trapping jump, but reasonable considering that we did not place the particle at the

highest intensity point and that there are di�erences between an idealized antenna

structure and the one fabricated. Another FDTD simulation (see Fig. B.9 in Ap-

pendix B), with the 25nm particle placed close to one of the nanoantenna gap crusts,

shows a little better enhancement in power radiation and a jump of about 0.083%.

4.5 Summary

We have shown in this chapter the use of the optical �ber tweezer, NAFT, as an easy

way to trap nanoparticles where 20 and 30 nm size polystyrene nanospheres trapping

has been demonstrated. More importantly, trapping of light-emitting UCNPs has also

been discussed, and a new trapping setup that uses the WDM has been illustrated.

We showed in the trapping experiments that no cumbersome microscope nor other

conventional optics are needed in the trapping process. The success in trapping the

UCNPs is a crucial start for continuous work on the study of photon emission from

a single UCNP, and it motivates us with the hope that we may get able to measure

their photon statistics. Besides, we have demonstrated numerically, using the FDTD

method, the positive trapping jumps for the polystyrene nanosphere.



51

Chapter 5

Plasmonic enhancement of light

coupling into the SMF

5.1 Introduction

The coupling of electromagnetic �eld radiation into SMF waveguide channel is the

most critical issue in building an e�cient optical �ber tweezer. Since any impair-

ments in the �eld intensity coupling, from communication perspectives, have a direct

impact on the whole optical detection process. This issue is evident, particularly

when extremely-low light emission intensity sources are concerned, e.g. luminescent

single molecules and nanoparticles. As we previously mentioned in Section 1.1.3, the

single-mode optical �ber has a low attenuation rate over the standard communication

window (∼ 1500−1600 nm), but it also has a small numerical aperture that in�uences

its ability to support a randomly incident radiation beam. We also have shown in

Section 3.2.2.2, through an FDTD simulation, that the radiation pattern of a point

source positioned at the center of a nanoaperture bowtie antenna has a broad angular

�eld distribution and that only a fraction of the scattered power can be injected into
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a low acceptance angle channel, the SMF. However, improving power coupling into

the optical �ber can be achieved through enhancing the directivity of the antenna's

radiated �eld. Nanoantenna performance betterment can be accomplished through

harnessing the plasmonic properties of the gold �lm that contains the nanoaperture

antenna by performing periodic discontinuities in the surface around the nanohole to

enhance directivity and electric �eld intensity.

In this chapter, we discuss the numerical aperture concept of the SMF and in-

troduce the basics of surface plasmon polariton waves that can be supported by a

metal-insulator interface; and also, the experimental work that we carried out for

improving power coupling into the SMF from the nano aperture antenna integrated

at the �ber tip.

5.2 A quick insight about the optical waveguide

5.2.1 Geometrical description

In this section, we present a brief description of the optical �ber structure and the

mechanism of total internal re�ection that leads to waveguiding within the �ber.

Optical �ber waveguides are fabricated from a high purity silica glass, which allows the

di�usion of electromagnetic energy with shallow propagation loss. Further advantages

of optical �ber channel are the enormous spectrum, electrical isolation, immunity

to interference and crosstalk, ruggedness and �exibility, and small size and weight.

An optical �ber channel is classi�ed as a multi-mode �ber (MMF) channel or as

a single-mode �ber (SMF) channel. The main di�erence between the two kinds of

channels is the core size. However, a single-mode optical �ber waveguide has a tiny

core diameter, which is in the range of ∼ 8.0 − 10.0µm, and allows the propagation

of the fundamental electromagnetic hybrid mode only, the HE11 mode. Fig. 5.1a
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is an optical microscope image that shows a typical single-mode optical �ber in size

comparison with a sharpened pencil tip. The frontmost part of the �ber (see Fig. 5.1a)

is a bare �ber, where the primary bu�er coating (jacket) has been removed using a

micro-stripper.

(a) SMF in comparison to

a sharpened pencil.

Core n1

Φ ∼ 8.2µm

Cladding n2

Φ ∼ 125µm

Jacket

Φ ∼ 240µm

(b) A schemtaic diagram

of SMF Core, cladding, and

jacket.

Figure 5.1 � Typical single-mode optical �ber (a), and

schematic diagram (b).

Figure 5.1b shows a schematic for a typical structure of a single-mode optical �ber

waveguide, a standard SMF that we have used in all of our experimental work pre-

sented in this thesis. It consists of a transparent silica glass core of size 8.2µm and

refractive index n1, surrounded by an optically transparent cladding cylinder of size

125µm and slightly smaller refractive index n2, and the whole structure is surrounded

by a primary protection jacket. Typical values for n1 and n2 are 1.4707 and 1.4640

(based on e�ective refractive index of 1.4679 and NA = 0.14 at 1550 nm). Ultimately,

optical energy propagating in the �ber waveguide is supported by both the core and

cladding, where most of it is con�ned in the core.
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5.2.2 Numerical aperture

Propagation of light within the optical �ber waveguide can be described using simple

ray optics as illustrated in Fig. 5.2. For an incident ray, which makes an angle φoi

with the �ber axis (z-axis), on the interface between a medium of refractive index

no and the �ber's core, re�ection and refraction occurs due to the index mismatch.

Depending on the ratio no
n1
, the refracted ray in the core region tends to bend away

from the z-axis (ratio > 1) with a refraction angle φ1t greater than φoi , or it bends

towards the z-axis (ratio < 1) with φ1t is less than φoi. Using Snell's law of refraction,

the incidence and refraction angles of the impinging ray can be related to each other

as follows [101]:

no sinφoi = n1 sinφ1t. (5.1)

When the refracted ray in the cladding becomes parallel to the interface with the core,

z

φoi φor

φ1t

φ

φ2t

2θa

no

n1 n2

CoreCladding

Figure 5.2 � Ray optics picture of total inter-
nal re�ection in single-mode step index �ber.
All incident rays for which φ ≥ φc are totally
re�ected within the �ber core.

i.e. at φ2t = 90o, the incident ray makes an angle that is less than 90o (typically, it is

very close to 90o). Therefore, based on the relation n1 > n2, there is a critical angle

φc = sin−1(n2

n1
) for which all rays within the �ber core with φ > φc will experience
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total internal re�ections, remain con�ned within the �ber core, and propagate over

the optical channel.

The maximum value for the incident angle φoi that satisfy the condition of total

internal re�ection is referred to as the acceptance angle, θa, of the optical �ber and,

according to Eq. 5.1, is related to the critical angle as follows:

no sin θa = n1 cosφc = (n2
1 − n2

2)
1
2 . (5.2)

The term no sin θa is known as the numerical aperture (NA), which represents the

1.0 1.5 2.0 2.5 3.0

no

0.0

2.5

5.0

7.5

10.0

12.5

15.0

θ
◦ a

NA =0.14

NA =0.25

Figure 5.3 � SMF acceptance angle, θa, as a function of the surrounding
medium refractive index no for NA = 0.14 and NA = 0.25. The red dots
on the curves highlight the acceptance angle of the SMF when the external
medium has no = 1.54, the NOA61 epoxy index at 1550 nm wavelength.

capacity of the optical �ber to collect light. The graph in Fig. 5.3 is a plot of Eq. 5.2

for a range of no values with n2 set to a typically value of 1.464. For the case of a 0.14

NA, the plot shows that the acceptance angle has a maximum value of∼ 8.0o when the

external medium refractive index has a value of 1 (air), and decrease to lower values

as the index increases. In contrast, when the �ber NA is 0.25, the acceptance angle
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reaches 14.5 degrees. However, at ∼ 1.54 refractive index, which is a typical value for

the epoxy material at 1540 nm wavelength, the full acceptance angle is ∼ 10.5◦ for

0.14NA SMF, and ∼ 18.5◦ for 0.25NA SMF.

5.3 Surface plasmon polaritons

5.3.1 Metal-dielectric interface SPPs

The existence of electromagnetic �elds at the interface between a metal and a dielec-

tric material pushes the metal free electrons at the surface to oscillate, and a new

surface plasmon polariton (SPP) wave of energy con�ned to the interface can be cre-

ated. The creation of such SPP wave requires that its propagation constant has to be

greater than the wavevector of light on the dielectric material side of the interface,

and that the two materials have opposite sign dielectric constants. The SPP energy

con�nement can be visualized as a result of the interaction of the transverse magnetic

wave (with the electric �eld vector in the transverse plane perpendicular to the metal

surface) with the metal surface charges. The SPP normal electric �eld component

exponentially decays with distance from the surface (evanescent near �eld) [102,103],

see Fig. 5.4. Solving Maxwell's electromagnetic equations at the interface between an

insulator, with a real and positive dielectric constant εd, and a metal region of rela-

tive complex permittivity εm with negative real part, leads to the following dispersion

relation [104]:

β =
ω

c

√
εdεm
εd + εm

, (5.3)

where β is the wavevector of the supported SPP wave propagating at the interface

between the two regions (note that it is declared as Ksp in Fig. 5.4). More details

regarding the derivation of Eq. (5.3) can be found in Appendix C.1.

Figure 5.5 is a plot for both of the gold dielectric constant εg(ω), and the dispersion
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Figure 5.4 � A schematic sketch shows the metal-dielectric interface
in a 2D-view. Red line represents evanescent SPP wave propagat-
ing in the x−direction and decaying into the metal and dielectric
materials, and perpendicular to the interface.
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Figure 5.5 � Left: gold εm(ω) = ε,m(ω) + j ε,,m(ω). Right: dispersion
relation of Eq.(5.3) of a SPP at the interface between a Drude gold
(plasma frequency ωp = 1.323×1016 rad. s−1, and damping frequency
ζ = 1.26× 1014 rad. s−1) and epoxy dielectric material (n = 1.541).

relation of Eq. (5.3) for the gold-epoxy structure in the wavelength range from 100 nm

up to 2000 nm. The dispersion curve for the SPP lies to the right of the epoxy material

light line ω = cKd, where Kd is the wavevector of light in the epoxy region. The

SPP dispersion curve shows that electromagnetic energy con�nement to the interface

is more signi�cant when the electromagnetic �eld oscillating frequency is closer to
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the surface plasmon frequency (e.g. UCNPs green/red emission at ∼ 600 nm) than

when the �eld oscillates at lower frequencies (e.g. UCNPs emission at ∼ 1540 nm).

This wavelength dependence of SPPs in�uences the degree plasmonics to enhance

nanoantenna �eld radiation intensity and directivity.

There are several ways to couple light to SPPs waves at a metal-dielectric interface.

One method is through a prism that can be positioned directly, or with a nanometer-

scale dielectric separation, on a negative permittivity thin metal �lm, Kretschmann

and Otto con�gurations [105, 106]. Another way to excite SPPs at a single metal-

dielectric interface is through shining light on a metal �lm that has protrusions,

subwavelength holes, or periodic corrugations in the metal �lm [102,103,107�109].

5.3.2 Plasmonic grating

Figure 5.6 shows a schematic diagram of a rectangular grating, with a period Λ,

composed of a metal and a dielectric (insulating) material. The momentum carried

by a di�racted optical wave, of wavelength λ and a wavenumberKd = Kond, whereKo

and nd are the free-space wavenumber and the dielectric material refractive index, at

the grating surface can be enhanced to match the energy con�nement requirements of

a SPP wave at the interface. The x-component of the wavevector Kd of the di�racted

×

x

z

metal
ǫm, µm

dielectric
ǫd, µdθ

Kd

Kx Λ

W
t

Figure 5.6 � Di�raction of light at the surface of a metal-
dielectric grating
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optical wave parallel to the surface could be modi�ed as following [102,110]:

Kx ±mKg = K
′

x, (5.4)

where Kx is the x-component of the wavevector of the di�racted optical wave, m is an

integer, Kg = 2π
Λ

represents the wavenumber of the grating, and K
′
x is the modi�ed

wavenumber in the x-direction. Assuming nonmagnetic materials, the increase in

momentum, to match that of a surface plasmon polariton wave, for the horizontal

component of the di�racted optical wave given in Eq. (5.4) can be rewritten as follows:

Ko nd sin(θ)±mKg = Ko

√
εd εm
εd + εm

, (5.5)

where θ is the angle made by the di�racted wave with the normal to the grating

surface, as shown in Fig. 5.6. Equation (5.5) shows that the di�racted wavevectors

at the grating can be transformed into surface plasmon by taking up δKx = Kg and

con�ne high �eld intensity at the gold �lm surface. The opposite can also take place

where SPPs supported by the grating at the �lm surface can lose momentum (same

δKx) so that coupling of energy into a radiating light can occur.

5.4 Beaming light through a bow-tie nanoaperture

at the tip of a single-mode optical �ber

In the previous sections, we mentioned that coupling light emission into a small nu-

merical aperture SMF is a critical issue. In this section, we demonstrate numerical

and experimental data regarding improving light coupling into the SMF using a sub-

wavelength metallic nanoaperture at its tip. More precisely, we demonstrate light

coupling into the SMF through enhancing radiation intensity from the nanoaperture
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using a circular grating with a numerically optimized grating period.

5.4.1 Background

Substantial e�orts have been devoted to improving light transmission through sub-

wavelength apertures in a metal �lm since the reemergence of the plasmonics �eld

motivated by the advancement in nanotechnology and nanoscale microscopy in the

past two decades. Although a single nanoaperture can increase the �eld focus in-

tensity in subwavelength dimensions, which makes it an essential element in optical

tweezers [111�114] and plasmon-enhanced photon emission [115�118], it also scat-

ters light in a broad radiation space resulting in poor directivity [119, 120]. This

broad scattering limits the single nanoaperture use in applications requiring narrow-

beam radiation. However, single and multiple (arrays) nanoapertures on thin metallic

�lms have been widely used in manipulating light transmission and luminescence de-

tection enhancement from a variety of �uorophores, e.g., emission from quantum

dots [121�124], nitrogen-vacancy centers and molecules [125�128].

Several approaches have been proposed to improve photon emission using sub-

wavelength apertures. One strategy is to texture a planar metal surface containing

the nanoaperture deliberately. For instance, periodic sculpting of straight grooves on

both sides of a nanoslit [121,129�132] and circular grooves around a central photons

source [126, 127, 133�137] are two examples that show improvement in the transmit-

ted �eld intensity and directivity. Another approach to improve emission from single

emitters, which has been theoretically proposed and demonstrated, is the use of a ta-

pered metal probe with surface corrugation at the tip to enhance radiation directivity

from a near light emitter [138]. In these previously mentioned con�gurations, photon

detection can be e�ciently achieved, with increased detection system complexity, by

proper alignment of an objective lens with the planar structure that contains the sub-
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wavelength aperture, or the emission source, which is not always easily achievable. An

e�cient method to collect photons from a single emitter is to directly couple radiation

to a �ber channel, which can e�ciently guide the signal to a light detector aperture.

Di�erent techniques of integrating a single nanoaperture with an optical �ber waveg-

uide have been demonstrated. These nanoaperture optical �ber integrated probes

have the advantage of making a �exible, alignment-free, compact, and easy excite-

collect system [56,139�144]. In other words, placing a plasmonic nanoantenna at the

tip of an optical �ber channel will allow e�cient radiation coupling into the �ber core.

The design of such nanostructures often incorporates SPPs that con�ne light to the

metal-dielectric interface and thereby enhance �eld intensity in the subwavelength

aperture. Above all, adding corrugations on the transmission side of the integrated

nanoaperture to enhance light coupling into the SMF core is still challenging and has

not yet been demonstrated.

Plasmonic gratings have been extensively studied due to their geometric structure

e�ect on SPPs. The momentum of these electromagnetic surface waves, waves that

are supported by and con�ned to a dielectric-metal interface, can be harnessed to

enhance the emerging �eld intensity and directivity of a plasmonic nanoaperture by

modulating the interface periodically, a grating. Indeed, an optical grating has many

geometrical parameters that can be controlled to achieve the performance required

at a particular wavelength. Accordingly, analytical and numerical studies have been

demonstrated for optimizing the grating structure, e.g., period, groove depth, and

�rst groove center radius for circular gratings [145,146].

In previous studies, separate dielectric and plasmonic gratings were utilized to

couple light into an optical �ber channel, or a detector aperture (for example, a rel-

atively high numerical aperture lens) [122, 147�151]. An alternative approach, also

using a grating structure, is to directly integrate a grating-�anked nanoaperture in a
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metal �lm with the SMF tip. This approach has the advantage over an objective lens

scheme, where the radiation source can be placed very close to the �ber facet reduc-

ing collector-source alignment time and eliminating the cumbersome microscope lens

system. Although low guiding losses characterize a regular communications SMF, it

has a small NA that makes coupling of a divergent optical power from a nanoaperture

into the �ber core di�cult.

Here, using design supported with FDTD analysis, we experimentally demonstrate

the enhancement of a 1536 nm free-space wavelength electromagnetic �eld radiation

emerging from a nanoaperture that is directly placed at the SMF tip. The aperture

is bow-tie-shaped and �anked with circular grooves in a 100 nm thick gold �lm. The

grating can be tuned to a chosen wavelength through its geometric parameters. How-

ever, the interest in integrating the corrugated metal �lm with the �ber tip arises

because it can e�ectively participate in supporting SPP waves on the metal surface,

which can enhance the �eld emerging from the nanoaperture.

5.4.2 Plasmonic structure and integration with optical �ber

To realize the integration of a grating-supported plasmonic nanoaperture in Au �lm

with the optical �ber tip, we followed three steps. First, we sputtered a 100 nm

thick Au-�lm on a 1.0 cm× 1.0 cm smooth-surface glass substrate of 1.0mm thickness.

Second, we used the FIB to perforate the structures, shown in Fig. 5.7, in the metal

�lm. After that, we used the previously described stripping method to transfer the

structured gold �lm onto the SMF tip [144]. The milled circular �lm shown in Fig. 5.7a

has a diameter of 130µm (the outer FIB milling diameter is 144.8µm). The bow-tie

nanoaperture, Fig. 5.7c, which has dimensions of 350 nm× 170 nm in the xy plane,

100 nm thick, and an average gap of 60 nm along the z-axis, was milled at the center of

the circular grooves that were dug centered in the circular Au �lm. A schematic view
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Figure 5.7 � Scanning electron microscope (SEM) images. Image (a) shows one
of multiple 130µm diameter circular Au �lms performed by milling rings of outer
diameter 144.8µm using the FIB. The showing ring contains a grating (bullseye)
structure at the center, which is shown enlarged in Image (b), �anking a center
bow-tie hole. The hole is zoomed and shown in Image (c). The grating has a
period of 980 nm; an outer diameter equals 9.8µm and depth of ∼ 25 nm. The
aperture has the dimensions 350 nm× 170 nm in the xy-plane and a 100 nm depth,
and 60 nm average gap at the center. The dark spot at the center of Image (b) is
due to SEM electron beam focusing. The small wing appears at the right-top of
the �lm ring is for discharging when imaging the �ber tip using the SEM. Section
A-A in (b) is schematically illustrated in Fig. 5.8b.

for the grating is shown in Fig. 5.8b, where Λ (optimized to 980 nm) is the grating

period, t is the grating depth, and a (980 nm) is the �rst groove center radius. The

grating period was optimized using the FDTD method based on �xing the groove

depth to ∼ 25 nm at the 1536 nm wavelength. Also, we performed several FDTD

simulations at di�erent groove depths, though, limiting our design to 25 nm groove

depth to minimize direct transmission through the gold and ensure that the milling

process could be prevented from going too deep given the tolerances of around 10 nm.

Besides, and through practical experience, we found that increasing grooves depth

causes the process of stripping-o� the gold �lm from the glass substrate unsuccessful.

Gold has a complex dielectric function εm = ε′m + jε′′m = −112.80 + j10.97 at

1536 nm wavelength, where ε′m and ε′′m are the real and imaginary parts of the relative

permittivity [152]. Between the Au �lm and the epoxy layer, a weak SPP wave can be

guided at the interface with a wavenumber determined from the materials' dielectric

constants as given by Eq. (5.3). At 1536 nm wavelength, Eq. (5.3) shows that a

surface plasmon polariton mode with wavelength λsp = 2π/<{Ksp} = 986 nm can be
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supported at the gold-epoxy interface, where < means the real part. The grating is

designed to match the momentum of the surface plasmon to the propagating beamed

light. The corresponding skin depth at this wavelength for gold is ∼ 6 nm [153,154].

5.4.3 FDTD numerical simulations

To �nd the period for the grating that gives the best improvement in the �eld intensity

and directivity, we used FDTD (Lumerical, FDTD Solutions Version 8.18.1365). We

maximized the far-�eld transmitted power that is contained within a cone de�ned

by the SMF acceptance angle (the angle α in Fig. 5.8b) as a function in the grating

period, Λ.

To de�ne our FDTD computation space, taking into considerations computer

capacity to process data, we enclosed only a 15µm× 15µm of the Au �lm containing

both the �ve-grooves grating and nanoaperture in the xy-plane and a 12µm along

the z-axis, using perfectly matched layer boundaries. Along the z-axis, the simulation

region extends from −2.0µm to 10.0µm as illustrated in Fig. 5.8a. Also, along the

same axis, the Au �lm extends from 0.0µm to 0.1µm, and the epoxy layer extends

from 0.1µm to 10.0µm. In addition to the far-�eld power calculations, this 3D

simulation region allows for a direct numerical calculation of the electric �eld intensity

at the expected position of the SMF tip (∼ 8µm from the Au �lm surface). The

maximum extension of the grating in the xy plane considered in the FDTD simulation

is 13µm, which is 2µm smaller than the simulation region extension in the xy plane.

Figure 5.8b shows a cross-sectional schematic diagram for the grating (section A-A

in Fig. 5.7b) together with part of the SMF in an integrated picture. Our estimation

for the adhesion layer thickness, 8µm, is based on SEM imaging (not shown here).

The excitation source used in this FDTD simulation is a plane wave of 1536 nm wave-

length, polarized along the y-axis and positioned at z = −1.6µm in the simulation
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Figure 5.8 � (a) xz-plane view of the FDTD simulation region. (b) A schematic
diagram showing a cross-sectional view (section A−A in Fig. 5.7b) of the grating
and part of the SMF in an integrated form. Dimensions of Λ, a, t, and h are,
980 nm, 980 nm, 25 nm, and 100 nm. The grey region, labelled as Po, represents
the total emerging power from the nanoaperture without grating, while the blue
cone represents the maximum possible acceptable power by the SMF, Pc. The
angle α represents the SMF acceptance angle. (c) FDTD simulation results for
the ratio Pc/Po at di�erent grating periods, Λ. Inset (i) shows the electric �eld
intensity at 8µm away from the bow-tie hole in a non-corrugated Au �lm. Inset
(ii) shows the �eld intensity at 8µm away from the bow-tie hole in an Au �lm
with 5 annular grooves grating surrounding the hole, Λ = 980 nm. Inset (iii) shows
the �eld intensity when there is no hole at the grating center. The color bar scale
represents the �eld intensity in (V/m)2.

region with a propagation vector in the +z-direction.

The simulation results depicted in Fig. 5.8c show the percentage of the maximum

possible acceptable power by the �ber, Pc, relative to the total power, Po, launched by
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the nanoaperture without a grating at di�erent grating periods, Λ. The graph shows

a peak at 980 nm grating period that is in agreement with the SPP wavelength. It

is noted that the wavelength of light in the epoxy is 17 nm longer than this period

(i.e., the SPP wavelength is closer). Pc/Po at this period is 55 % which is three times

its counterpart (Pc/Po = 18 %) when no grating is used with the nanoaperture. We

also show, in the same �gure, the electric �eld intensity in the dielectric medium

(at 8.0µm away from the Au �lm in the +z-direction) for three cases for 10mW

incident power: without grooves (inset i), with �ve grooves of Λ = 980 nm around

the nanoaperture (inset ii), and with grooves but no hole at the center (inset iii).

Inset (iii) of Fig. 5.8c shows that the 100 nm Au �lm is not completely opaque to

electromagnetic power �ow, although its thickness is 13 times the skin depth. It also

shows the con�nement of the transmitted �eld caused by the grating. However, in

all of the FDTD simulations, the optical �ber was not included, and we calculated

the far-�eld power assuming a similar extension of the propagation medium (NOA61

epoxy, 1.541 refractive index at 1536 nm).

The SMF full acceptance angle 2α, which is de�ned by its NA, is ∼ 10.5o. This

angle is small and presents a signi�cant obstacle in coupling electromagnetic radiation

into the SMF core. The data points shown in Fig. 5.8c draw a line of a peak value

at the 980 nm grating-period, which corresponds to about 3 times improvement in

power con�nement.

A light ray emerging from the aperture with a wave number Kd (see Fig. 5.8b)

can be transformed into a plasmonic wave by increasing its momentum through the

grating de�ned by the grating constant, ∆Kx = 2π/Λ as follows [102]:

Kx = ndKo sin(θ) + ∆Kx = Ksp , (5.6)

where Kx is the modi�ed wave number component in the x-direction (see Fig. 5.8b).
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Quantitatively, from Eq. (5.6), at the 1536 nm excitation-wavelength, the surface

plasmon polariton wavelength λsp is 986 nm, which is very close to the optimum

grating period, Λ = 980 nm that we obtained from the FDTD simulation.

5.4.4 Experimental results and discussion

Based on the results obtained from the FDTD simulations, which are shown in

Fig. 5.8c, we fabricated two groups of circular Au �lms with a bow-tie-shaped hole

at the center of each �lm, using the FIB. In one group, we sculpted the Au �lm with

circular grooves surrounding the hole, and in the other group, we left the Au �lm

surface smooth. As mentioned earlier, the stripping approach was used to transfer

the structured Au �lm onto the tip of an SMF [144].

Figures 5.9a and b show schematic diagrams of an SMF tip with non-corrugated

Au �lm (left �ber in Fig. 5.9a), and a corrugated Au �lm (left �ber in Fig. 5.9b). The

cleaved end SMF on the right side, which has the same core and cladding size as that

of the left SMF, represents the �ber-coupled source beam guiding channel (note that

only part of the �ber cladding, which extends ∼ 60µm along the radial dimension,

is shown in all �gures). The source power is 10mW provided from a laser diode at

a wavelength of 1536 nm through the cleaved end SMF with a manual polarization

controller. Also, we used both con�gurations to measure the photon counts per second

coupled into the SMF through the two di�erent metal structures. However, during

the experiments, we maintained the two �bers separated by a distance, d, of ∼ 25µm,

and aligned along the z-axis as shown in Fig. 5.9. It is worth mentioning here that

each of the optical �bers was tightened to a 3-axis translation stage with di�erential

adjusters, to allow for precise alignment and best response, through a long focal length

microscope.

Similarly, Fig. 5.10 shows the photon collection through an objective lens (× 20,
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Figure 5.9 � Fiber-�ber experimental setup partial schematic dia-
gram: (a) Au �lm, h = 100 nm, not corrugated, and (b) the �lm has
5 circular grooves of Λ = a = 980 nm and t ∼ 25 nm.

NA = 0.4) and the excitation is through the nanoaperture integrated optical �ber as

indicated by the blue arrow in the �gure. The separation, s, in this case, is dictated

by the lens focal length, ∼ 2.5mm. It is worth noting in Fig. 5.9 and in Fig. 5.10 that

the outgoing wavelength is labeled as λg to emphasize the fact that emission from the

nanoaperture can be di�erent from the excitation source wavelength, for example for

luminescence studies. Also, we refer to these two schematic diagrams as "�ber-�ber�

and "�ber-lens� partial setups for the sake of di�erentiation.

Figure 5.11 shows the average photon counts obtained from multiple experimental

measurements. The data show clearly the e�ect caused by the plasmonic grating

on the emerging �eld from the nanoaperture. Even though the 100 nm thick gold

�lm is not 100 % opaque, the grating has e�ectively in�uenced the transmitted �eld

and enhanced its intensity in a narrower beam. The di�erences in photon counts

in both experiments indicate that an enhancement factor of > 2 (2.2 for the �ber-
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Figure 5.10 � Fiber-lens experimental setup partial schematic dia-
gram: (a) Gold �lm, h = 100 nm, not corrugated, and (b) the �lm
has 5 circular grooves of Λ = a = 980 nm and t ∼ 25 nm.

�ber experimental setup shown in Fig. 5.9, and 2.4 for the �ber-lens con�guration of

Fig. 5.10) is achieved due to the presence of the circular grating in the Au �lm around

the nanoaperture. The photon counts measured through the objective lens were

higher due to its sizeable numerical aperture, even though there is a large discrepancy

in the refraction index of glass and air. Although the e�ect of the grating on one side

of the metal �lm is noticeable, a dual grating system of circular grooves on both sides

of the gold �lm would have a better coupling e�ciency [127,155,156].

Fresnel re�ection, on the other hand, is small at the �ber-epoxy interface (∼

7.2 × 10−4, for 1.46 �ber core index and assuming s-polarized electric �eld), due to

the slight di�erence in the index of refraction between the two media. The experi-



70

 0

 5000

 10000

 15000

 20000

 25000

 30000

 35000

NG WG

In
te

n
si

ty
 [

cp
s]

 0

 50000

 100000

 150000

 200000

 250000

 300000

NG WG

In
te

n
si

ty
 [

cp
s]

(a) (b)

Figure 5.11 � Average photon-counts, with error bars, obtained
from multiple experimental measurements. (a) Fiber-Collection
con�guration, and (b) Lens-Collection con�guration. The bars
in the �gure were labelled as NG and WG to denote no grooves
and with grooves nanoantenna.

mentally measured data are in reasonable agreement with the FDTD data that show

an enhancement factor of 3. The obtained results are also promising, particularly

when considering the possibility of the radiation �eld source located within the nano

aperture [56, 144, 157]; for instance, through optical trapping of a quantum emitter

where a low-loss SMF channel can e�ciently collect the emerging radiation through

the grating.

5.5 Summary

In this chapter, we have discussed multiple points that are relevant to light coupling

into the �ber core of the single-mode optical �ber. We presented a brief description

of the optical �ber structure, the concept of total internal re�ection and the �ber

numerical aperture, surface plasmon waves, and the plasmonic grating. We have also

demonstrated a ∼ 2 − 3 times enhancement in light coupling e�ciency through a

bow-tie nanoaperture at the tip of an optical �ber, beaming to the SMF waveguide.
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Due to the low optical transmissivity of a single nanoaperture in a metallic screen,

we measured the photon counts per second to observe the grating in�uence on power

coupling into the detection channel. We demonstrated two experiments for observing

radiation enhancement from nanoapertures that we placed at the �ber tip. Based on

the experimental results, the beamed �eld strength within the acceptance angle of the

optical �ber, or of the objective lens, was enhanced by a factor of greater than 2 in

both cases. Furthermore, we also used the FDTD numerical technique to show that

by tuning the rectangular grating period to the plasmonic wavelength, the radiation

intensity (directivity) is enhanced, and this agrees well with the experimental results

obtained. This achievement can have a positive e�ect on supporting light emission

and detection of nanoscale luminescent objects, e.g., light-emitting quantum dots,

single molecules, and upconverting nanoparticles.
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Chapter 6

Photon emission measurements

6.1 Introduction

This chapter is mainly devoted to show photon emission counting measurements at

1550 nm wavelength produced by NaYF4 : 2%Er+318%Yb+3 upconverting nanopar-

ticles under near infra-red (NIR) continuous-wave (CW) laser excitation of 980 nm.

More precisely, we are going to use a photon-counting data to estimate emission decay

time τ , and the second-order correlation function g(2)(τ) of an optical signal input to

an HBT optical detection setup. The input photon stream is an electromagnetic �eld

that is generated in an optical trapping process using the NAFT and guided in an

optical �ber channel to the HBT photon counter. Basic information on the erbium

contained UCNPs have been given in Chapter 1, and a measured emission spectrum

at 980 nm CW excitation can be found in Fig.A.2 in Appendix A.

In the previous chapters, the focus was on realizing the plasmonic enhanced optical

�ber tweezer (NAFT) and improving light coupling into the �ber channel through a

plasmonic grating around the tweezer trapping nanoaperture. Here, in this part of

the work, our focus is on photon statistics of light that can be captured by the optical

tweezer and coupled into the optical �ber channel. In order to do the photon counting



73

measurements, the light coupling into and propagating in the optical tweezer �ber

waveguide is fed to a �ber-coupled superconducting-nanowire single-photon detector

(SNSPD) operating at 2.4 ◦K.

6.2 Classi�cation of light

Light consists of photons; each carries a discrete quantum of energy equal to ~ω where

~ is the reduced Planck's constant (6.626
2π
× 10−34J.s) and ω represents the frequency.

Depending on the properties of a light source, the statistical distribution data of a

stream of emitted photons measured in a photon-counting experiment determine the

kind of the light source. There are three fundamental types of light (photons) that

can be identi�ed through photon statistics for any stream of photons. Figure 6.1

g(2)(τ)

τ

2.0

1.0

0.0

0.0

Figure 6.1 � A sketch diagram showing photon statis-
tics (2nd-order coherence function) for three classes of
light. The Gaussian blue line represents chaotic light
(bunched light), the red line represents a nonclassical
light (antibunched), the horizontal black line represents
a perfectly stable wave with g(2)(τ) = 1, and the green
line represents a mixed state of light.

depicts a second-order correlation function sketch for the three types of light. The

�rst (Gaussian blue line) represents a chaotic light, e.g., sun light, in which the

photons have a bunched photon statistics. Second, the coherent light (black horizontal
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line), e.g., a laser light, in which the photons have a constant photon statistics, and

�nally, the quantum light (red line) in which the photons have an antibunched photon

statistics which are di�erent from the previous ones. The electric �eld of such type

of light is quantized and not classical, and it is usually referred to as a nonclassical

light, e.g., emission from a single atom. Another state of light is a mixed state in

which both bunched and antibunched photon statistics can be observed for a stream

of photons (green line) [65, 158,159].

6.2.1 Photon bunching and antibunching

Photons within a photon-stream generated by a monochromatic light source carry the

same energy. Photon-streams from di�erent sources have di�erent photon statistics.

However, if photons in a stream are more likely to arrive closely spaced in time than

further apart, then the photons have a bunching property (classical �eld), and the

source is a classical photons source. The opposite e�ect is if the wavepackets in the

photon-stream are more likely to arrive far apart in time than close together, the

photons are antibunched (quantized �eld), and the source is a nonclassical photons

source. Examples of classical bunched photon-streams are those emitted from thermal

and laser sources, whereas antibunched photon-streams can be obtained from, e.g., a

single excited molecule or a QD. However, light can be attenuated to have a photon

variance less than the photon mean number, which is a property of sub-Poissonian

photon distribution, but still lacks the antibunching property of nonclassical light [18,

158�160].

6.2.2 Second-order correlation function, g(2)(τ)

Distinguishing di�erences in photon-statistics of light emitted by di�erent sources

can be looked at by measuring the second-order correlation function g(2)(τ). Each
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of the sketch lines in Fig. 6.1 represents a particular photon statistics for a speci�c

weighted series of energy packets. Therefore, measuring the g(2)(τ) gives an excellent

description of photon sources from the bunching and antibunching scale point of view.

That is to say, the shape of the g(2)(τ) curve determines the photon statistics of light

emission from a source.

6.3 Single-photon detectors

An ideal form of an SPD is a photon sensor that produces a current pulse in response

to one photon (at any optical wavelength) exciting its active area, the photosensitive

aperture. Such a device would be able to distinguish single photons with 100 %

detection e�ciency. Also, a perfect SPD would have insigni�cant (zero valued) latency

time, timing jitter, dead time, and be free of any dark counts or afterpulsing sources.

Realistically, such a device does not exist; instead, several photon detectors with

limited e�ciencies are available, which can be used in single-photon measurements.

Examples of these detectors include photomultiplier tubes, semiconductor devices,

and superconducting nanowire photon detectors. Our experiments regarding single-

photon measurements, which we demonstrate in this chapter, were conducted using

a cryogenic superconducting nanowire single-photon detector from Single Quantum.

6.3.1 Photomultiplier tubes detectors

Photomultiplier tubes (PMTs) are based on their operation on two phenomena. The

photoelectric e�ect (using a photo-sensitive material) and the subsequent generation

of electrons (dynodes made of secondary-emissive materials). A few electrons emitted

from a metal plate due to photon excitation can be accelerated (typical acceleration

potential ∼ 1000V) and multiplied, using multiple dynodes in a vacuum tube, to
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produce a measurable current. Therefore, the energy of individual photons of light

can be transformed into an electric current. PMTs typically have a dead time of

∼ 10 ns, which is too long for high rate photons. Also, PMTs have limited sensitivity

to long wavelength photons, wavelengths that are > 800 nm [14,161].

6.3.2 Semiconductor-based single-photon detectors

An example of semiconductor-based SPDs is the SPAD, single-photon avalanche

diode. SPAD is a semiconductor pn junction device with a micrometer scale light-

sensitive area. The device exploits the internal ampli�cation mechanism that occurs

due to an impact ionization generated by a high electric �eld vector in the pn junc-

tion, where a relatively large electrical current pulse can be generated in response to

an incident photon on the sensitive area of the diode. Besides their low cost, small

size, ruggedness, low power consumption, and high reliability, semiconductor-based

SPDs have higher detection e�ciency, especially in the red and near-infrared region

of the optical spectrum [162].

6.3.3 Superconductor-based single-photon detectors

To measure the minimal amounts of energy packets, an extremely sensitive photon de-

tector with excellent timing resolution is required. Superconducting-nanowires single-

photon detectors (SNSPDs) have emerged as a practical choice for photon counting.

Recent SNSPDs allow photon counting in less than 100 picoseconds of time, which

makes them very useful when measuring photon emissions from quantum emitters

that have nanoseconds emission-lifetimes or longer. However, the basic principle of

photon-detection in such SNSPDs is based on the superconductivity of a current bi-

ased cooled nanowire that constitutes the detector aperture. The nanowire is usually

structured in the form of a meandered-bridge that constitutes the active detection
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area.

Furthermore, the SNSPD nanowires are maintained at cryogenic temperatures,

usually below the critical temperature of the nanowire material. When a photon hits

the nanowire, it creates a hotspot (a resistive region formed on the superconduc-

tor nanowire due to absorption of photon energy) and a�ects the bias current that

passes through the nanowire bridge-structure [14]. Di�erent superconducting micro-

bridge nanowire sizes have been experimentally implemented; a nanowire of width

0.2µm, 1.0µm long, and 5.0 nm thick; another meandered nanowire to cover an area

of 10µm×10µm have been demonstrated. Fig. 6.2 shows a schematic that describes

a nanowire electric circuit model [163�166].

An SPD, in general, is characterized by a bunch of attributes and performance

parameters. One attribute is the detection e�ciency, which is a measure of the

probability that the detector will sense an incident photon, and it depends on the

wavelength. Other critical characteristic properties include dark count rate and tim-

ing jitter of the detection system. The dark count rate is the average photon count

registered by the SPD without any incident light, and it shows the minimum count

rate level below which speci�c real photons cannot be detected. The timing jitter is

an indication of the SPD response speed and is determined by its time response func-

tion. However, in SNSPDs, the nanowire can be meandered over a large surface area

to achieve a high detection e�ciency, e.g., ∼ 20µm × 20µm [167]. In this research,

we use an SNSPD system that is characterized by a detection e�ciency of ∼ 85 % at

the wavelength 1550 nm, and timing resolution of 81 ps, from Single Quantum1.

In the following sections, we demonstrate single-photon measurements on photon

emission from a doped, Erbium (2%) and ytterbium (18%), sodium yttrium �uoride

nanocrystals. These measurements represent phase number 3 of the research plan

1Single Quantum is a company, founded in 2012, which develops and manufactures single-photon
detection systems based on the technology of superconducting nanowires
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described in Section 1.2.
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Figure 6.2 � Simple SNSPD schematics. (a) A nanowire
with a hot-spot caused by a photon incidence. The lines
and arrows represent current passes in the nanowire. (b)
Electric circuit model.

6.4 Single-photon sources

Single-photon sources are characterized by the emission of antibunched wavepackets

and nonclassical photon statistics. The quality of the single-photon source can be

determined by measuring the photon second order coherence function g(2)(0). How-

ever, single-photon sources can be broadly classi�ed into two categories: on-demand

single photons sources (deterministic), where the wavepackets emission time can be

controlled, and sources of heralded pairs of entangled photons where the wavepacket

emission time is determined by the detection of one photon of the photon-pair.



79

6.4.1 Deterministic source

Deterministic single-photon sources generate single photons on demand when trig-

gered at a prescribed time. This type of on-demand single-photon sources can be

obtained using pulsed laser excitation of a single quantum emitter, e.g., an isolated

atom. Furthermore, the on-demand generation of single-photons may require that

the process has to be of high e�ciency and that the generated photons have to be

indistinguishable. A simple sketch of a 2-level quantum emitter can be seen in Fig.

1.1 in Section 1.1.1.

6.4.2 Nondeterministic source

An example of nondeterministic single-photon sources is the photon-pairs generated

in a parametric down-conversion (PDC) process using nonlinear crystals. In the PDC

interaction, a high energy pump photon is converted into two photons (conventionally

denoted to as signal and idler) as shown in Fig. 6.3.

pump photon, λexc Bulk
material

χ(2)

signal photon, λ1

idler photon, λ2

Figure 6.3 � Schematic diagram of single-
photon generation using PDC process.

The conversion of the pump-photon wavelength into two longer wavelengths heralded

photons is due to the nonlinear properties of the pumped material. The PDC process

is sometimes referred to as a three-wave mixing process where the medium exhibits

a nonlinear polarization susceptibility χ(2). The two photons generated from this

nonlinear process are heralded photons, which means that detecting one photon gives

a sign to the existence of the other photon [67, 168]. Practically, the PDC approach
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to produce single photons is widely used in the quantum key distribution technology

due to simplicity, high brightness, hight generation rate of photons, and the wide

range of photon spectrum selectivity that can be attained using di�erent pumps and

di�erent nonlinear crystals.

6.5 Photon counting experiments

In this section, we explore and demonstrate the experimental results that we ob-

tained from photon-counting experiments using a two-channel SNSPD. The photon

source we have used in our photon-counting experiments is neither a single quantum

emitter nor a nonlinear material based single-photon source. Instead, it is hexagonal

NaYF4 nanocrystals doped with erbium ions. The average size of these nanoparticles

is ∼ 25 nm, which might contain thousands of luminescent lanthanide ions, Er3+. Fur-

thermore, the energy transfer between the sensitizers and activators (photons source)

within the UCNP can be considered as a random process, which means that the num-

ber of useful activators is a probabilistic distribution; it could be high or low. Also,

it has been demonstrated that every single UCNP absorbs much more photons than

it emits, i.e., it has a meager quantum yield of < 1% [5].

6.5.1 Arti�cial photon-counting

As a leading forward step before demonstrating the real photon-counting experimen-

tal work results of light emission from the UCNPs, it is wiser to intuitively show

some possible results that we might obtain using arti�cially simulated data. For this

purpose, a virtual random-number based beam splitter (RNBBS), as an essential

2-channel HBT setup component, can be introduced to divide an arti�cially gener-

ated input photon-stream into two random streams n1(t) and n2(t+ τ), as shown in
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Fig. 6.4(a). The random numbers used by the RNBBS have a uniform distribution

in the interval (0, 1) with mean equals 0.5, which are an excellent choice for split-

ting the input beam. The virtual output photons are captured and stored as time

vectors where every individual element in each vector indicates a time of arrival for

every individual photon-click at each channel path. Consequently, statistical corre-

lation processing can be applied to the virtually stored data, and an image on the

virtual-photon statistics g(2)(τ) can be obtained.

The intensity form of the second-order correlation function g(2)(τ) given by Eqn. (2.7),

can be expressed in terms of random variables representing the number of clicks (pho-

tons) as [65,169]

g(2)(τ) =

〈
n1(t)n2(t+ τ)

〉〈
n1(t)

〉〈
n2(t+ τ)

〉 . (6.1)

The numerator of Eqn.(6.1) represents the cross-correlation between the two random

variables, n1(t) and n2(t + τ). A value of less than 1 for g(2), at zero time lag,

would indicate an antibunched nonclassical kind of light; otherwise, if g(2)(0) = 1, it

indicates a coherent state of light, or a chaotic light if g(2)(0) > 1.

The three di�erent photon statistics of light can be estimated through a virtual

simulation where arti�cial photon-streams of approximate relevant statistical proper-

ties can be produced for each kind of light. The fake photons can be then randomly

divided into two random streams that can be detected at two virtual channels, as

shown in Fig. 6.4(b). Building on that, for the case of quantum light, pure uniformly

spaced time impulses can be generated and statistically tested. For instance, Fig-

ures 6.4(c,d) show the second-order correlation function g(2)(τ) of 10, 000 recorded

uniformly time spaced photon clicks at the virtual two photodetectors. The obtained

g(2)(τ) shows that the two stored time vectors have zero correlation value at zero time
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Figure 6.4: (a) Virtual HBT setup with arti�cial input photon-stream. (b) Sam-
ple (�rst 20 clicks) of the uniformly spaced photon stream (1 time unit, e.g., msec.,
spacing was assumed). (c,d) g(2)(τ) plots; the �rst emphasizes the average line
graph, and the second emphasizes the change in g(2)(τ) as the coincidence time
window changes.

lag. Also, the g(2) curve settles to the value 1 for increased time lags. Similarly, other

randomly generated photon-streams with approximate chaotic and coherent proper-

ties can also be arti�cially generated and simulated through the virtual HBT setup.

Graphical results for the later two types of photon streams are shown in Fig. C.2 in

Appendix C for each type of light.

6.5.2 Experimental photon emission counting

In this section, we discuss the photon-counting results of light detected in a trapping

experiment of erbium-doped UCNPs using a 980 nm CW laser. Figure 6.5 shows a
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Figure 6.5 � Schematic diagram for the experimental setup.

schematics of the experimental setup where the optical tweezer (NAFT) constitutes

an essential part of the setup and through which the nanoparticle can be trapped

and excited to emit light. The WDM allows for pumping using the 980 nm laser, and

the backpropagation of light at the 1550 nm wavelength. In the setup, there are two

WDMs to minimize back-propagating electromagnetic �elds due to (i) re�ections at

the optical �ber connectors used to form the overall optical path, (ii) scattering at the

NAFT tip, due to the metal �lm, and (iii) the cross-talk between the WDM ports.

Also, to provide further blocking to backward propagations, we added a long-pass

�lter of rejection wavelength equal to 1250 nm. The excitation laser power output

from WDM1 was in the range of 40mW, but only ∼ 1/4 of it reaches the optical

tweezer tip due to the use of Fiber-Connector holder in the �ber path between the

fabricated NAFT and the WDM. Moreover, at the �lter end side, we have the optical

�ber splitter (50 : 50± 5%), which is connected to channels Ch1 (1550 nm), and Ch2

(1310 nm) of the cryogenic SNSPDs.

In the same way, as we previously demonstrated in Chapters 3 and 4, the nanoan-

tenna at the �ber tip con�nes a high �eld intensity in the gap that allows trapping of

the hexane-suspended phosphorescent UCNPs. Once a nanoparticle gets trapped in

the nanoaperture, absorption of energy becomes possible, as the UCNPs have already

been synthesized to absorb energy at 980 nm. Part of the absorbed energy will be

internally transferred to the luminescent erbium ions, and emission at 1550 nm as well
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as at 550nm and 660 nm becomes possible, assuming energy quenching is insigni�cant.

The average size of the UCNPs is about 25 nm, which roughly means that thou-

sands of erbium ions are contained in the nanoparticle structure. This massive number

of ions means, in case of e�cient energy transfer to the erbium ions that multiphoton

emission may occur. Eventually, any possible light emission from the UCNP/s can

be only partially coupled into the optical �ber channel and guided to the SNSPDs

where photon click timestamps can be recorded.

6.5.2.1 Experimental results

Figure 6.6 shows the results that we have obtained from the photon-counting experi-

ment. The shown data represent 5.0 minutes of timestamps registered by the SNSPD

using two channels. For comparison, two experiments were carried out to obtain the

results given in the �gure, one for the case when the hexane does not contain UCNPs,

and the other for the case when the hexane contains 0.1mg/ml of the UCNPs. The

data given in Figures. 6.6(a,b) represent histograms for the registered timestamps at

each channel (ch1 & ch2 in the �gure) of the single-photon detector. The gray win-

dow shows the time of data considered in lifetime calculation given in Figures 6.6(c,f).

The evaluated decay times (1.60msec and 1.52msec) can be conceived as the constant

times for the sources of the photons arrived at the SNSPD. Figures 6.6(d,e,g,h) show

the second-order correlation function for the two situations computed for 5.0 sec time

slot (shown in green color in (a,b)). In both cases, the g(2)(τ) curve seems slightly

�uctuating around the 1.0 value, which means that the detected light is mostly co-

herent, a laser. Results of two more time slots data analysis, within the speci�ed gray

rectangle, produce approximately similar results, see Fig. C.3 in Appendix C.
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Time slot = 5 sec., starts at 147.3065 sec.

Max. coin. t-window used= 10msec.

(a)
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Figure 6.6 � UCNPs trapping and photon emission measurements using two-channel
SNSPD. (a) Photon-counts histogram for pure hexane probed with NAFT using a CW
980 nm pump laser. (b) Photon-counts histogram for 0.1mg/ml concentration UCNPs
suspension, using hexane. (c)-(e) show, respectively, the photon-arrival lifetime, g(2)(τ),
and the contour plot of g(2)(τ) versus coincidence time window, for the pure hexane
case. (f)-(h) show, respectively, the photon-arrival lifetime, g(2)(τ), and the contour
plot of g(2)(τ) versus coincidence time window, for the UCNPs suspension. The text
in the left bottom corner of the �gure shows the duration of the time slot, which we
used to process the measured data for the two cases. It also indicates the maximum
coincidence time-window, in msec, which we used to estimate g(2)(τ).

6.5.2.2 Results discussion

The experimental data we obtained using the setup illustrated in Fig.6.5 reveal that

photons detected by the SNSPD have more coherent statistical properties than any

other type of light. In other words, the average second-order correlation function

re�ects more likely a coherent state of light. This constant state could be due to the

detection of more 980 nm photons than any others since the re�ection at the �ber tip

is high and the cross-talk isolation between the WDM ports is not too high. Another

reason could be that there has been no trapping occurred, and hence no other light

has been detected. Likewise, there might be an emission from a trapped particle, but

there were very few emitted photons that were covered by the presence of the 980 nm
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signal.

Figure 6.6(b), the normalized photon counts, shows a clear jump in the count

rate at the moment when the laser was switched on. This jump (noticed every time

the laser is switched on), recorded by the SNSPD, enhances the interpretation that

most of the photons arriving at the channel detectors have more likely coherence

property. However, there might be trapping events of a UCNP, but its light emission

and coupling into the SMF channel might be too weak that, on average, it could not

be seen by the SNSPD.

On the other hand, the g(2)(τ) contours image of Fig. 6.6(h) shows that chaotic

behavior of the photons hitting the nanowires of the SNSPD can be revealed at wide

coincidence time windows. In the same �gure, narrowing the coincidence time window

gives more chance for the coherent and quantum characteristics of photons hitting

the nanowires to appear. Also, the g(2)(τ) contours in both (e) and (h) images show

that detected photons, for coincidence time windows of less than ∼ 2.0msec, have a

g(2)(τ) that is constant (∼ 1.0) and independent of time τ .

Finally, the erbium-doped UCNPs experimental photon-counting results, obtained

using our nanofabricated optical �ber tweezer (NAFT), can be better improved if a

pulsed 980 nm laser was used to excite the nanoparticles. Exciting a few quantum

emitters using a CW laser, however, is possible and gives good results regarding

g(2)(τ), but information about emission lifetime becomes uncontrollable as demon-

strated in [18, 19]. In either case, better experimental results would be obtained

through fusion splicing the optical �ber terminals of the optical waveguide channel in

the setup instead of using standard joint connectors. Fusion-splicing has the advan-

tages that it eliminates noise insertion and re�ections. Furthermore, from the data

obtained regarding photon-number counting, the 980 nm photons were not adequately

�ltered.
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Ultimately, it is worth mentioning here that all the results of the previous photon-

counting tests are only preliminary and have not been repeated many times due to

technical malfunction in the only available nanofabrication unit (FIB).
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Chapter 7

Conclusion

In this thesis, we have demonstrated the phases of nanofabrication, integration, and

usage of a simple optical tweezer for trapping luminescent nanoparticles and photon-

counting measurements. The optical tweezer integrates the plasmonic properties of

metals - more speci�cally, their ability to localize a high �eld intensity in a small gap

- and the low-loss waveguiding properties of single-mode optical �bers. Plasmonic

structures with tiny gaps can con�ne high �eld intensity in the subwavelength gap,

which is essential in trapping particles of size ≤ 100 nm. The single-mode optical

�ber, on the other hand, provides an excellent low-loss channel for guiding light over

long distances at the 1550 nm.

The plasmonic nanoantenna has three main functions: it acts as an optical trap,

trapping nanoparticles in its gap; it improves light emission beaming towards the

optical �ber core; it enhances the radiation rate according to the Purcell e�ect. It

is worth noting that the core size of a single-mode optical �ber is ∼ 9µm, whereas

the plasmonic aperture size is ∼ 0.3µm. Accordingly, light coupling from a radiating

nanoparticle trapped at the center of the plasmonic nanostructure into the optical

�ber will undoubtedly be more e�cient when the antenna and �ber are combined.

Our approach to achieving the research goals was to divide the work-plan into three
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stages: the nanofabrication stage, the integration stage, and the experimental stage.

In order to combine a subwavelength hole in a thin gold �lm with a single-mode

�ber, we �rst performed planar nanofabrication of bowtie aperture nanoantennas,

using the focused ion beam technology. Second, we used the template-stripping ap-

proach, utilizing ultra-violet curable epoxy as an adhesion material, to transfer a

patterned gold �lm onto the optical �ber's tip. It is worth noting that aligning the

�ber core with the nanoantenna along a common optical axis is a critical step in

the integration process. For this reason, we used a low power laser beam injected

into the �ber and monitored on an optical spectrometer for maximum transmission.

Eventually, we have con�dently realized a new optical �ber tweezer with a metal

nanoantenna at the tip. We also think that our trapping technique will have a pos-

itive impact on replacing the current complicated optical trapping methods, which

make use of costly and cumbersome optics.

In the experimental stage, we successfully trapped 20 nm and 30 nm polystyrene

nanospheres as well as the upconverting nanoparticles, β − NaYF4:20 %Yb3+/2 %Er3+.

What distinguishes our integrated nanoaperture �ber tweezer (NAFT), is that it

replaces bulky microscope optics required in conventional trapping setups. It also

enables faster experimental trapping e�orts and with less expensive optics. In addi-

tion to the experimental work, particularly in the case of trapping the polystyrene

nanospheres, we also used the FDTD numerical method to investigate the positive

trapping jumps by comparing far-�eld intensities of light transmitted in both trap-

ping and no-trapping situations. We showed through the FDTD simulation results

that the positive trapping jump sensed by the APD is due to a minor increase in

the detected radiation intensity caused by the trapping of the particle in the antenna

high-�eld gap.

Since every single photon in photon-counting measurements is valuable, we fur-
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ther improved the performance of light coupling into the SMF through surface cor-

rugation, grating. The output metal-surface of the nanoantenna (from the 1550 nm

light emission perspective) was textured with concentric circular grooves around the

nanoaperture. Experimentally, we achieved an improvement in the light-beaming of

factor ∼ 2.4.

We also did some photon-counting measurements using a superconducting nanowire

single-photon detector. The photons source we used was the erbium-yttrium co-doped

NaYF4 nanocrystals, where NAFT was an essential part of the experiment's setup.

The preliminary results we obtained about the photon-statistics of light emission

from the UCNPs were not satisfactory as the 980 nm CW excitation laser photons

were more likely to hit the single-photon detector nanowires as observed through the

photon-counting and g(2)(τ). In the end, it was impossible to quantify the numerical

data we obtained, e.g., lifetime and g(2)(τ), and relate it to our proposed source due

to the domination of the high CW laser signal.
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Appendix A

A.1 UCNPs: image and emission spectrum

Figure A.1 shows a TEM image of the commercial UCNPs, β − NaYF4:20 %Yb3+/2 %Er3+,

from Sigma_Aldrich. The average size of the particles is 30 nm. Figure A.2 shows

the emission spectrum of a dense group of particles on 100 nm gold �lm that are

excited by a ∼ 0.25mW laser at 980 nm wavelength. A schematic diagram of the

experimental setup used to measure the emission spectra for the UCNPs is shown in

�gure A.3.

According to the source, these UCNPs have the following properties:

� Physical form: Lyophilized, white crystal

� Excitation wavelength: 976 nm

� Emission maximum: 545 nm

� Morphology: Rods

� Diameter: 10 - 60 nm

� Bioconjugate: PEG (no bioconjugation)

� Crystal Host: Sodium Yttrium Fluoride (NaYF4)
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� Activators: Ytterbium (Yb), Erbium (Er)

� Crystal Formula: NaYF4, Yb, Er

Figure A.1 � TEM image of the β −NaYF4:20 %Yb3+/2 %Er3+ UCNPs. image source
SIGMA-ALDRICH, product number 42923, http://www.sigmaaldrich.com/content/
dam/sigma-aldrich/docs/Sigma/Datasheet/10/42923dat.pdf

Figure A.2 � Emission spectra of the β −NaYF4:20 %Yb3+/2 %Er3+ UCNPs. λexc =
980 nm and incident power density on the dichroic mirror is ∼ 0.25 mW/µm2.

http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Datasheet/10/42923dat.pdf
http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Datasheet/10/42923dat.pdf
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SP/LP �lters

Figure A.3 � Schematic diagram of the experimental setup used to measure the
β −NaYF4:20 %Yb3+/2 %Er3+ emission spectra shown in Fig. A.2. Two optical spec-
trometers used in this setup; 350 - 1100 nm (OceanOptics, QE65000), and 1100 - 1750
nm (OceanOptics NIR 512). SP and LP are abbreviations for Short and Long Pass
�lters.

A.2 UCNPs: molecular weight vs size

Figure A.4 shows the molecular weight of the β − NaYF4:x%Yb3+/y%Er3+ versus

the particle's size based on theoritical study [43].

Figure A.4 � Theoretical molecular weight of β −NaYF4:x%Yb3+/y%Er3+ for di�er-
ent particle size. Taken from Reference [43].
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Appendix B

B.1 Nanofabrication

Figure B.1 below illustrates a planar nanofabricated multiple circular gold �lms where

each ring centers a nanohole, the nanoantenna. A typical nanoaperture can be viewed

in Fig. B.5c. Any of the circular �lm can be easily template stripped onto a �ber tip.

Figure B.1 � An SEM image of planar nanofabricated multiple 100 nm thick circular
gold �lms. Each circular �lm has a nanoaperture at its center that centers a nanohole.
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B.2 Bowtie nanoantenna structure and FDTD

simulation

Figure B.2 below shows the bowtie nanoantenna top and bottom views. Figure B.2a

shows the side of the aperture that is in contact with the �ber's cleaved end through

the epoxy layer. The schematic in Fig. B.2b shows the outer side of the bowtie

aperture nanoantenna. The actual FDTD software generated aperture structure is

shown in Fig. B.3.

x

y

(a) Top aperture view

x

y

(b) Bottom aperture view

Figure B.2 � Top (a) and bottom (b) views of aperture gap
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Figure B.3 � 3D schematic diagram as generated by Lumerical FDTD software. (a)
shows the upper gap (∼ 40 nm). (b) shows the bottom gap (∼ 95 nm). (c) xz−sectional
view, and (d) is the yz−sectional view.
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B.3 980nm plane wave source FDTD simulation

Figure B.4 schematically shows an yz-plane view of the FDTD simulation region

which consists of: an epoxy layer, a 100 nm gold �lm with the bowtie aperture in

its center, water region. A plane wave source polarized along the y-axis as shown in

Fig. B.4b is used to excite the aperture from the epoxy side. It was injected in the

computational space as a plane wave at z = −2.305µm. A 2D monitor is located in

the xy-plane on the �lm surface (z = 0.1µm) to record all the �eld data including

the aperture nanoantenna. The refractive index and the size of each of the 3D

PML

Water

Au Aperture

Epoxy

2D XY-monitor

2D XZ-monitor

2D YZ-monitor

y

z

(a) 980 nm yz-plane FDTD 3D simulation region.

x

y

E

W

H
G

(b) Epoxy-side of the
bowtie aperture with the
red arrow represents po-
larization of electric �eld
of the incident plane wave
shown in (a).

Figure B.4 � Schematic diagram (yz-plane view)of the FDTD simulation region for
the electric �eld intensity pro�les shown in Fig. 3.7. The simulation region size is
10µm×10µm×5µm. The 2D monitors have dimensions over the entire plane space of
each in the FDTD region. The XY-monitor is located at z = 0.1µm, the XZ-monitor
is located at y = 0, and the YZ-monitor is located at x = 0 perpendicular to the
XZ-monitor.
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simulation regions as well as the aperture size are summarized in Table B.1. The 3D

shape of the bowtie hole is shown in Fig. B.2 and its refractive index was set to 1.33

(assuming the hole is �lled with water).

Table B.1 � FDTD simulation data used to produce results shown in Section 3.2.2.1.

Layer/structure Dielectric constant, ε Maximum span, x ×
y × z (each in µm)

Epoxy layer 10× 10× 2.5
980 nm 2.3898
1540 nm 2.3746

Gold �lm 10× 10× 0.1
980 nm −39.897 + i2.7534
1540 nm −113.46 + i11.050

Water 1.7689 �lls the aperture vol-
ume

Aperture 1.76893 0.275× 0.175× 0.100

B.4 Template stripping of the nanoaperture

Figure B.5a shows the various fabrication and integration steps for the NAFT. In

step 1, we evaporate a 100 nm thick gold �lm on a clean glass substrate without an

adhesion layer. The SEM images(b) and (c) show step 2, where we use the FIB to cut

the evaporated gold �lm into multiple circular �lms, each of 125µm inner diameter

and has a bowtie-shaped nanoaperture at the center. We chose the 125µm diameter

for the circular �lms to match the size of the SMF.

Step 3 shows that multiple circular gold �lms with apertures were milled in a single

sample, allowing for the production of many optical �ber probes with a nanoantenna

at the tip from a single FIB nanofabrication run. In step 4, we use the setup in

Fig. B.5d to align the optical �ber channel with the nanoantenna, perpendicular to
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Figure B.5 � (a) Schematics for the di�erent NAFT integration steps. (b) SEM image
of a 100 nm Au �lm after being milled using the FIB, the ring inner diameter is 125µm
and the outer diameter is 140µm. (c) SEM image for the plasmonic aperture. The
aperture gap is ∼ 70nm along the y-axis. The black arrow shows the optimum polariza-
tion for maximum �eld con�nement and transmission. (d) Schematic for the setup used
to integrate the NAFT. LD is laser source (980 nm), EAC is azimuthal and elevation
angle controller, LDM is long distance microscope, UV is ultra-violet light source, CL
is collimator, MMF is multimode �ber, and OSA is an optical spectrometer.

the gold �lm. Next, we retract the cleaved-end optical �ber probe using the upper

3D-stage and insert a glass-slide with ∼ 5.0µL drop of UV-curable epoxy (Norland

NOA 61). The cleaved-end �ber can then be carefully immersed in the epoxy drop

for a few seconds and retract it up to allow removing the epoxy glass-slide. We then

moved the �ber probe so that it is about ∼ 100 − 500µm o� the targeted circular

gold �lm. Also, we used the top and bottom 3D-stages to align the �ber with the

nanoantenna in the targeted gold �lm by sending light through the optical �ber probe

and monitor it on the other side of the �lm. To improve the alignment process, we

used a �ber polarizer where a maximum transmission through the nanoantenna was

easy to observe on the spectrometer. Ultimately, at the point of contact, we cure the

epoxy to become hardened with a UV light for about 5 minutes.

As shown in step 5, we retracted the �ber, using the upper 3D-stage, with the
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gold �lm attached to the tip. Finally, to provide a mechanical protection for the

integrated optical �ber probe, we use a plastic cone (or a glass tube) as shown in step

6. The gap between the �ber-head and the cone-base can be purposely adjusted.

B.5 Curable epoxy

The ultra-violet curable epoxy used in integrating the optical tweezer is from Norland

Products Inc. The epoxy type used is Norland Optical Adhesive 61 (NOA 61). It is a

colorless liquid photopolymer that cures when exposed to ultraviolet light. Figure B.6

below shows a graph of the refractive index of the material at 25 oC for a wide range

of optical wavelengths. Transmission through this material versus wavelength is also

shown in Fig. B.7.

(980nm,1.5459)

(1540nm,1.5410)

Figure B.6 � Epoxy NOA61 index of refraction at 25 oC. Graph reproduced according
to the formula given by Noland Product Inc.: n = 1.5375 + 8290.45

λ2
− 2.11046×108

λ4
, where

λ is in nm.
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Figure B.7 � Epoxy NOA61 spectral transmission. Graph copied from Noland Prod-
ucts Inc.: https://www.norlandprod.com/adhesives/noa%2061.html

B.6 Nanoparticles optical trapping

Figure B.8 shows long time traces for UCNPs (β-NaYF4:20%Yb3+/2%Er3+) trapping

signals recorded using Avalanche Photo Detector, APD. The time signal that is shown

in Fig. B.8a is for the case when a pure hexane is used as a trap medium, whereas

the time that is signal shown in Fig. B.8a is for the case when the trap medium is a

suspension of hexane contains UCNPs, 1.5mg/mL. The trapping signal time record

shows a repeatable short time trapping events (∼ 150ms). The two time signal were

obtained using the setup illustrated in Fig. 4.6b.

The highlighted portions of the two signals appearing as light-red in Fig. B.8

represent the time samples that have been discussed in Section 4.3.2 to demonstrate

the trapping process of UCNPs using the optical �ber tweezer, NAFT.

https://www.norlandprod.com/adhesives/noa%2061.html
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Figure B.8 � UCNPs' trapping signal traces with 10 kHz sampling frequency. (a)
No-trap signal and (b) trap signal. More details on the highlighted (red-colored) time
windows are given in Section 4.3.2. The high lighted time domains are not exact in this
�gure.

B.6.1 Trapping-jump of a 25nm polystyrene nanosphere in

water

Figure B.9 shows the FDTD simulation of a 25 nm polystyrene nanosphere located

close to one edge of the bowtie nanoantenna trapping gap. The simulation results

show an increase in the APD received power when the particle is positioned (trapped)

at the high �eld strength within the antenna gap.
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Figure B.9 � FDTD simulation of a 25 nm polystyrene nanosphere trap-
ping jump (top panel). The sphere is not centered in the gap (bottom
right panel), rather it is positioned close to the gap crust.
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Appendix C

This appendix contains two parts that are devoted to giving more details about

theoretical and experimental approaches handled in Chapters 5 and 6. In the �rst

part (Section C.1), we demonstrate the dispersion relation of electromagnetic �elds

supported at a metal-dielectric interface. This part is crucial because it shows how

electromagnetic energy, in the form of surface plasmon polariton waves, can be bound

to a metal-dielectric interface. This con�ned electromagnetic energy can be exploited

to enhance light transmission through nanoaperture/s perforated in metal �lms, as

we have demonstrated in Chapter 5.

In the second part (Section C.2), we demonstrate photon-counting results for

arti�cial and experimental data that were partially handled in Chapter 6. The ex-

perimental results shown in this part reveals the photon statistics of light detected

by a two-channel SNSPD using the NAFT in optical trapping measurements on the

UCNPs. We have also supported the real data photon statistics calculations by sim-

ulating the arti�cial photon streams.
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C.1 Dispersion relation of SPP wave at a metal-

dielectric interface

Nobel metals are characterized by a dielectric constant, εm = ε
′
m + jε

′′
m, where, as-

suming non-magnetic material, each of the real and imaginary parts can be expressed

as [104]:

ε
′

m = 1− ω2
p

ω2 + ζ2
, (C.1)

ε
′′

m =
ζω2

p

ω(ω2 + ζ2)
, (C.2)

where ω is the excitation frequency, ωp is the plasma frequency, and ζ is the electron

collision frequency.

Figure C.1 shows a geometry of an interface of gold, of relative permittivity εg, and

dielectric material of positive and real dielectric constant εd. Assume a p-polarized

TMx wave with time-harmonic electromagnetic �eld components (Ex, Ez, Hy), of the

form ejωt, that propagates in the positive x-direction with a propagation constant β.

Starting with Faraday's and Ampere's laws of Maxwell's curl equations,

∇× E = −jωµH (C.3)

∇×H = jωεE (C.4)

moreover, because the geometry of the interface is uniform in the y-direction ( ∂
∂y

= 0),

these curl equations can be rearranged into the following three equations:

∂Ex
∂z

+ jβEz = −jωµHy (C.5)

∂Hy

∂z
= −jωεEx (C.6)

βHy = −ωεEz (C.7)
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Concerning Fig. C.1, an SPP mode is characterized by a decaying �eld away in the

×
x

z

metal
εm, µo

dielectric
εd, µo |Ez|

Ksp

Figure C.1 � Metal-dielectric interface. The red line represents an evanescent SPP
wave that propagates in the positive x−direction and decays into the metal and the
dielectric material, and perpendicular to the interface.

z-direction in the two regions forming the interface and propagating in the positive

x-direction. Therefore, we can assume a solution of the form:

Ei = (Ex
i, Ez

i)e−αi|z|e−jβx (C.8)

Hi = Hy
ie−αi|z|e−jβx (C.9)

i =


d ∀ z ≥ 0

g ∀ z ≤ 0

(C.10)

where d and g denote either the upper region (dielectric) or the bottom region (gold),

and αi is a positive real-part number representing decay factor. Ex, Ez, Hy represent

�eld component amplitudes. By substituting these solutions into Equations (C.5)-

(C.7) for each region, we get the following two sets of equations:

αdEx
d − jβEzd = jωµoµdHy

d (C.11)

αdHy
d = jωεoεdEx

d (C.12)

βHy
d = −ωεoεdEzd (C.13)
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and

αgEx
g + jβEz

g = −jωµoµgHy
g (C.14)

αgHy
g = −jωεoεgExg (C.15)

βHy
g = −ωεoεgEzg. (C.16)

We can further, using Eqs.(C.13) and (C.16), rearrange the two sets of equations so

that, in terms of the electric and magnetic �eld amplitudes, they become functions

of only the �eld component amplitudes Ex and Hy, as follows:

αdEx
d =

j

ωεoεd
(Ko

2µdεd − β2)Hy
d (C.17)

1

αd
Ex

d =
−j
ωεoεd

Hy
d (C.18)

αgEx
g =

−j
ωεoεg

(Ko
2µgεg − β2)Hy

g (C.19)

1

αg
Ex

g =
j

ωεoεg
Hy

g, (C.20)

where Ko is the free-space wavevector. Solving the two sets of the previous equations

yields dispersion relations in the two regions of the following form:

αi
2 = β2 −Ko

2µiεi, (C.21)

which shows that the surface wave propagation constant must be greater than the

propagation constant of light in either of the two media.

Using Equations C.18 and C.20, and applying the boundary conditions at the

interface, Ex
d = Ex

g and Hy
d = Hy

g, we can get the following relation:

αd
εd

+
αg
εg

= 0. (C.22)

Substituting αd and αg of Equation (C.22) into Equation (C.21) and solving for
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β, yields the following general surface plasmon wave dispersion relation:

β = Ko

√
εdεg

(µdεg − µgεd)
(εg + εd)(εg − εd)

, (C.23)

which, for nonmagnetic media, turns to the most known SPP dispersion relation,

β = Ko

√
εdεg
εg + εd

. (C.24)

C.2 Single-photon measurements

C.2.1 Arti�cial data simulation

The data demonstrated in Fig. C.2 represent arti�cial generated photon-streams data

for the purpose to virtually simulate (in an approximate way) the photon-statistics

of the three di�erent kinds of light. The virtual HBT setup used in simulating these

results is illustrated in Fig. 6.4. Figure C.2, parts (a,b,c), were presented in Chap-

ter 6 and they are repeated here only for comparison. The other two �gure groups,

parts (d,e,f) and (g,h,i), represent the chaotic and coherent light photon statistics,

respectively. The following matlab code shows the generation of the three arti�cial

photon-streams:

Listing C.1 � Matlab code for arti�cial photon-stream generation

1 N = 10000;% Total time points (photon−clicks).
2 mu_ChaS = 100;% Chaotic mean (arbitrary)

3 variance_ChaS = 1.5*mu_ChaS;% (for chaotic light, variance > mean)

4 sd_ChaS = sqrt(variance_ChaS);% standard deviation

5 rand_Chaotic = sort(rand(1,N)).^2;% squared random sequence (increase bunching)

6 rand_Chaotic = rand_Chaotic/max(rand_Chaotic);% normalize

7 %^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^

8 to_LaserS = 0;% zero initialization

9 lambda = 1000;% exponential rate constant (for coherent light generation)

10 %^^^^^^^^^^^^^^^^^^^^^^^^^

11 dELTA = 1.0;% time spacing

12 t_increment = 0;% loop time increment

13 m= 1;% determines time step size

14 dt = m*dELTA;% step size
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15 for i =1:N % looping

16 %^^^^^^^^^

17 % Quantum:

18 %^^^^^^^^^

19 t_increment = t_increment + m*dELTA;

20 t_QuaS(i) = t_increment;% Quantum photon−stream time vector

21 %^^^^^^^^^

22 % Chaotic:

23 %^^^^^^^^^

24 t_ChaS(i) = mu_ChaS + sd_ChaS * rand_Chaotic(i);% Chaotic photon−stream time vector

25 %^^^^^^^^^^

26 % Coherent:

27 %^^^^^^^^^^

28 t_LaserS(i) = to_LaserS + (−1/lambda) * log(1 − rand('double'));% Coherent photon−stream time vector

29 to_LaserS = t_LaserS(i);

30 end

31 %^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^

32 % Shift to zer, normalize, and expand over N time units (msec.):

33 %^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^

34 t_QuaS = t_QuaS − t_QuaS(1);

35 t_QuaS = t_QuaS/max(t_QuaS);

36 t_QuaS = t_QuaS*N;

37

38 t_ChaS = t_ChaS − t_ChaS(1);

39 t_ChaS = t_ChaS/max(t_ChaS);

40 t_ChaS = t_ChaS*N;

41

42 t_LaserS = t_LaserS − t_LaserS(1);

43 t_LaserS = t_LaserS/max(t_LaserS);

44 t_LaserS = t_LaserS*N;

C.2.2 Real experimental data

Figure C.3 shows the experimental results regarding photon statistics, in terms of the

second-order correlation function g(2)(τ), for the erbium-doped UCNPs, suspended

in hexane (0.1 mg
ml
). The results are shown for three apart time slots of 5.0 seconds

each, within the total recorded photon clicks by the SNSPD at channels ch1 and ch2.

Also, the experiments have been repeated several times for two cases; �rst, for pure

hexane, where the optical tweezer (NAFT) was placed in hexane suspense that does

not contain UCNPs, and second, for the case where the hexane contains erbium-doped

UCNPs. Figures C.3(d,e,f) have been demonstrated and discussed with more details

in Chapter 6.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure C.2 � UCNPs trapping and photon emission measurements using two-channel
SNSPD. (a-c) photon-counts histograms, g(2)(τ), and the contour plot of g(2)(τ) versus
coincidence time window, for the suspended UCNPs in hexane. Data given in (b) and
(c) are the results of processing 5 sec time slot of total of 5minutes recorded timestamps
using 2-channel SNSPD. (d-f) and (g-i) are the same as (a-c) but for di�erent time slot
locations as shown in (d) and (g).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure C.3 � UCNPs trapping and photon emission measurements using two-channel
SNSPD. (a-c) photon-counts histograms, g(2)(τ), and the contour plot of g(2)(τ) versus
coincidence time window, for the suspended UCNPs in hexane. Data given in (b) and (c)
are the results of processing 5 sec time slot of total of 5minutes recorded timestamps
using 2-channel SNSPD. (d-f) and (g-i) are same as (a-c) but for di�erent time slot
locations as shown in (d) and (g).
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