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Abstract

This thesis presents a route towards a single photon source based on erbium-doped
nanocrystals, fabricated with methods that use double nanohole optical tweezers.
Single photon sources are an exciting quantum technology and erbium is good can-
didate as it emits in the low-loss fiber optic C-band, but it is a weak emitter. Double
nanohole apertures can be designed with plasmonic resonances to enhance the lo-
cal electric field. In this thesis, double nanohole optical tweezers are used to isolate
and enhance the emission of erbium-doped nanocrystals, with the tuned geometry
showing a factor of 50 additional enhancement over rectangular apertures. With
the enhanced emission, nanocrystals with discrete levels of erbium emitters are de-
tected and isolated in real-time, based on their level of emission. This real-time pro-
cess demonstrates a major improvement over typical post-processing approaches.

A novel method to anchor nanocrystals in a double nanohole using a photo-
chemical thiol reaction was investigated which yielded 40% of nanoparticles an-
choring within 2 pym of the DNH, with 5% inside. This is useful as otherwise the
trapping laser must be maintained to keep the nanocrystal in the trap. Another
challenge is coupling to an optical fiber, for which a method to combine trapping
and coupling was explored. Colloidal pattern transfer is presented as a low-cost
fabrication method for nanoaperture optical fiber tweezers, with fiber-based trap-
ping demonstrated using 40 nm polystyrene nanospheres and hexagonal boron
nitride. The preliminary results from these methods show great potential, and
with further refinement they may lead towards a method to fabricate a low-cost

fiber-coupled single photon source based on erbium-doped nanocrystals.



iv

Table of Contents

Supervisory Committee ii
Abstract iii
Table of Contents iv
List of Figures vii
List of Symbols xiii
Glossary Xiv
Acknowledgements XV
1 Introduction 1

1.1 Motivation . . . . . . ... 1

1.2 Thesis Contributions . . . . . . . ... ... ... ... 3

1.2.1 Isolating and Enhancing Single-photon Emitters for 1550 nm

Quantum Light Sources Using Double Nanohole Optical Tweez-

ers [12] . . . . . . e 4

1.3 Outline . ... ... ... ... ... o 4

2 Theory and Prior Work 6
2.1 Single Photon Sources . . .. .. ... ... ............... 7

2.1.1 Characteristics of Single Photon Sources . . . . .. .. ... .. 8



2.2 Erbium as a Low-loss Single Photon Source . . . . .. ... ... ...
2.3 Emission Rate Effects on Quantum Emitters . . . . .. ... ... ...
2.3.1 Quantum Rate Enhancement . . ... .. ... .........
2.3.2 Fluorescence Quenching . . . . .. .. ... ...........
2.3.3 Phonon RelaxationRates . . . .. ... ... ... .......
2.4 Isolating Single Emitters . . . . ... ... ... ... .. ... . ... .
25 Optical Tweezers . . . . ... ... ... .. ... ... . ... . ...
2.5.1 Single-Beam Optical Tweezers . . .. ... ... ........
2.5.2 Nanoaperture Optical Tweezers . . ... ... ... ......
2.5.3 Fiber-based Nanoaperture Optical Tweezers . . .. ... ...
2.6 Nanoparticle Anchoring with Chemical Methods . . . . . . . ... ..
2.6.1 Gold-ThiolBonding . . ... ... ................

2.6.2 Photochemical Protection . . . . ... .. .. ... ... ....

Methods

3.1 A Path to an Integrated Fiber-Coupled Single Photon Source . . . . .

32 Optical Trapping . . . . . . . ... .
321 Sample Encapsulation . . . ... ... ... . ... . ......
322 Trapping . . . . . . ...

33 Spectroscopy . . . . ... e

3.4 Nanofabrication . . . . ... ... ... . o o Lo
3.4.1 Double Nanohole Apertures . ... ... ............

342 Nanoparticles . . . ... ... ... o Lo

Experiments
4.1 Optimizing DNH Geometry . . . .. ... ................
411 Experiment . ... ......... ... .. ... . ..

4.1.2 Results & Discussion . . . . . . . . . i i e

11
14
15
16
17
18
19
21
22
23
24
25
26

28
28
29
29
30
33
33
34
35



42 Observing Discrete Emission Levels . . . .. ... ... ........
421 Experiment . ... ............. .. ... . ...
422 Results & Discussion . . . ... ..................
4.3 Anchoring Nanoparticles . . . ... ... ... ... ..........
431 Experiment . ... ......... ... .. ... ..
432 Results& Discussion . . . ... ..................
4.4 Fabricating Nanoaperture Optical Fiber Tweezers . . . ... ... ..
441 Experiment ... ........ ... .. ... .. ..

442 Results&Discussion . . . ... ... ...
5 Evaluation & Comparison
6 Conclusion
Bibliography
Appendices

A Appendix A: UV Light Timing Program
Al Hardware . . ... .. .. . . .. ...
A2 ProgramCode . . ... ... ... .. ... ... .. ...

A3 ExampleCommands . . ... .......................

vi

71

75

77

93



vii

List of Figures

2.1

2.2

2.3

24

Illustration of a two-level single emitter which is excited by a laser
pulse to produce a single photon. The transition from the ground

state to the excited state caused by the laser pulse is shown in blue.

The transition from the excited state to the ground state and the sin-

gle photon emission are showninred. . . . ... ... ... ...... 7
Erbium energy diagrams. (a) Optical transition diagram showing
absorption transitions (black solid lines), radiative transitions (coloured
solid lines), excited state absorption (dashed lines), and multiphonon
relaxation (curly lines) (Adapted from Suyver et al. [11]) (b) Optical
transitions of Erbium within a magnetic field. The 4115 /2 is split into

8 Kramer’s doublets, Z; to Zg, and the *I;5 /2 is split into 7 doublets,

Y; to Y7. Each doublet is shown split into two further states corre-
sponding to spin up, +, and spin down, —. Adapted from Bottger et

al. [35]. . . . 13
Three-level quantum system with a virtual state. Relaxation from

state 2 to state 3 occurs at the rate .. Relaxation from state 3 to

state 1 can occur radiatively or non-radiatively at the rates 7y, and yn,. 15
[lustration of a phonon vibration excited by a light pulse that cou-

ples into the rest of the system. The example system consists of me-

chanically linked particles, similar to a crystal structure. . . . . . . . . 17



2.5

2.6

2.7

3.1

3.2

3.3

Ray optics illustration of optical trapping. The beam intensity, E, is
maximum in the middle of the beam waist in a medium with refrac-
tive index n. The force exerted on the particle, with refractive index
m, by rays 1 and 2 are labeled F; and F,. The resulting gradient force
is labeled Fg;aq which moves the particle into the center of the beam.
[Mustration of a thiol end group on a larger particle bonding to the
Au surface. This forms a sulphur bond that connects the two.

Photochemical reaction of p-hydroxyphenacyl (pHP) in aqueous me-

dia with the intermediate shown. Adapted from Klén et al. [88]

(a) Schematic of a typical optical trapping setup. (b) Exploded dia-
gram of the encapsulated sample. The gold substrate is shown on
the bottom with the adhesive spacer and analyte above. The gold
DNH sample is shown at the top of the diagram. The trapping laser
is shown focused on the DNHinred.. . . . . ... ... ... .. ...
Trapping signal labeled with common parameters used to describe
trapping. Signal is of the transmission, as measured by the APD,
through a DNH during trapping of (a) hBN in water and (b) NaYF,
nanocrystalsinhexane. . . . . ... ... . oo Lo oL
Image of a double nanohole taken with a scanning electron micro-
scope (SEM), labeled with the critical dimensions. The aperture di-
ameter, d, is the diameter of each nanohole. The cusp separation, c,

is the distance between the two centralcusps. . . . . . ... ... ...

viil

20

25

26



3.4

4.1

4.2

(a) TEM image of NaYF; nanocrystals with a nominal diameter of
26.2 £ 2.7 nm. (b) Cross-sectional diagram of a NaYF,; nanocrystal
(grey) coated with oleic acid (red) and DSPE-PEG (blue). The top
layer of DSPE-PEG has methyl end-groups (black) and is function-
alized with photoprotected thiol end-groups (yellow) in a ratio of

10:1. . 0 0 o

Measuring the emission spectra from single nanocrystals. (a) Up-
conversion emission spectra from a 26.2 nm nanocrystal observed
for a sample with 32 nm average cusp separation. The counts can
be compared for 400, 550 and 650 nm emission peaks. Collected by
a spectrometer with a 10 ms acquisition time. (b) Downconversion
emission spectra from a 16.9 nm nanocrystal observed for a sam-
ple with 32 nm average cusp separation. Collected by a spectrome-
ter with 1 s acquisition time. (c) Schematic energy level diagram of
Yb3* sensitizer and Er®" activator in nanocrystals. Radiative energy
transfer (solid lines), non-radiative energy transfer (dotted lines),
cross-relaxation (dashed lines), and multiphonon relaxation (curly
lines). (Adapted from Suyveretal. [11]) . . . ... ... ... .. ...
Investigating the influence of the DNH cusp separation on emission
enhancement. Emission from 17 nm and 26 nm nanocrystals at 400
nm, 550 nm, 650 nm for varying DNH cusp separations. Emission

counts at 400 nm are multiplied by 5 for visibility. . . .. ... .. ..

iX

36



4.3

4.4

4.5

Optical trapping of Yb-Er-doped NaYF, nanocrystals with DNH. (a)
Image of NaYF,; nanocrystals with nominal diameter of 26.2 nm. (b)
Image of a fabricated DNH structure with 32 nm cusp separation
and 222 nm aperture diameter, taken with scanning electron micro-
scope. (c) Schematic of a trapped nanocrystal in a DNH aperture on
a gold sample. (d) Schematic of optical tweezer setup. (e) Optical
transmission through a 32 nm DNH aperture in a metal film trap-
ping a 26.2 nm nanocrystal, as measured by the APD voltage. Laser
is turned on at 0 s. (f) Magnified region showing the APD voltage
change shortly after the laser is turned on and trapping time mea-
surement. . . ... L
Simulated electric field intensity. (a) Visualization of the electric field
intensity inside of a DNH with 32 nm cusp separation. (b) Electric
field intensity for DNHs with 22.7 nm, 32 nm, 40 nm, and 45 nm
cusp separations. Normalized to the incident intensity. . . . ... ..
Measuring discrete emission levels from low counts of erbium emit-
ters. (a) Emission counts from nanocrystals showing discrete levels
corresponding to different amounts of active erbium emitters. Col-
lected by a spectrometer with a 1 s acquisition time. (b) Poisson
probability mass functions (PMFs) for the experimental (A = 1.68)
and synthesis (A = 2.48) and experimental probabilities for the num-

ber of Eremitters. . . . . . . . . . . . . ...



4.6

4.7

4.8

Attachment events of nanoparticles inside or near a DNH. (a) Single
nanoparticle, 41 nm from center. 26 nm cusp separation, 9.5 mW
power, 5s UV exposure. (b) Double nanoparticle cluster, 85 nm from
center. 29 nm cusp separation, 4.5 mW power, 10 s UV exposure. (c)
Multiple nanoparticle cluster in a DNH, 30 nm from center. 30 nm
cusp separation, 4.5 mW, 20 s UV exposure. (d) Single nanoparticle,
152 nm from center. 45 nm cusp separation, 14.7 mW power, 6 s
UV exposure. (e) Single nanoparticle outside of DNH, 240 nm from
center. 36 nm cusp separation, 11.2 mW power, 6 s UV exposure.

Distributions of the parameters controlled in the anchoring experi-
ments showing the yield of particles attached within 2 pm for vary-
ing (a) cusp separation, (b) laser power, and (c) UV exposure time.
(d) Total yield of nanoparticles attached within 2pum of the DNH

shown for both all events as well as for a subset with UV exposures

The fiber attachment process. (a) Scanning electron microscope (SEM)
image of a DNH aperture used to fabricate a NAFT. (b) Image of the
face of a cleaved fiber taken through a microscope with 50x mag-
nification. (c) Schematic of the optical setup used to fabricate the

nanoaperture optical fiber tweezers. . . . ... ... ..o oL

xi

53



4.9

4.10

411

Al

(a) Diagram showing alignment of the 8.2 um fiber core with a DNH
aperture found using SEM. Constellation mapping is done to find
the DNH, the top inset (i) shows a camera image taken by trans-
mitting light through the sample with the coloured circles matching
the apertures between the camera and SEM images. The bottom in-
set (ii) shows the illuminated fiber core visible through the sample,
with the surface being illuminated in reflection. The relevant area on
the SEM image is shown with the green circle. (b) An unsuccessful
tiber attachment using an FC/PC connector with a ferrule. (c) A suc-
cessful fiber attachment on a cleaved fiber, with excess gold visible
around the edges of the fiber. . . . . .. ... ... .. ... .. ...,
Schematic of a NAFT showing a DNH aligned with the core being
illuminated with a laser (DNH enlarged to show features). . . . . . .
Schematic of trapping setups used with a NAFT, and trapping events
recorded using each setup. The blue part of the line indicates trap-
ping while the red part indicates no trapping. (a) Transmission mode
setup monitors trapping with a femtowatt photodetector. (i) Trap-
ping of 40 nm polystyrene and (ii) hexagonal boron nitride (hBN)
are shown. (b) Reflection mode trapping setup uses a WDM split the
reflected emission at 1550 nm from trapped erbium doped nanocrys-
tals for detection. Events from (i) hexane and (ii) erbium-doped

nanoparticles dispersed in hexane are shown. . . . . . ... ... ...

Schematic of the UV timing circuitry and external connections. . . . .

xii

66



List of Symbols

Symbol Name

44
%
p
Y
€0
&r
n
A
Ho

Ur
T

Foq e E ST HTOTR RO

polarizability
attenuation
propagation constant
decay rate

vacuum permittivity
relative permittivity
quantum efficiency
wavelength

vacuum permeability
relative permeability
time delay

angular frequency

counts
wavenumber
refractive index
power

quality factor
time
transmission
radius

volume

HOM interference visibility

electric field vector
dipole moment vector
position vector

vector differential operator

time average
perpendicular
parallel

Unit
Cm2Vv-!
dBkm !
radm™!

Fm!
1)
(1)

Hm!

(1)
s

rads—!

(1)
-1

(1)
W (s

1)
S
(1)

(1)

Vm1
Cm

xiii



Glossary

APD Avalanche Photodiode

CCD Charge-coupled Device

CMOS Complementary metal-oxide-semiconductor
CwW Continuous Wave

DAQ Data Acquisition

DNH Double Nanohole

EDFA  Erbium-Doped Fiber Amplifier

HBT Hanbury-Brown-Twiss

HOM  Hong-Ou-Mandel

HWP Half-wave Plate

IR Infrared

LP Linear Polarizer

LPF Long-pass Filter

MMF  Multi-mode Optical Fiber
NA Numerical Aperture

NAFT  Nanoaperture Optical Fiber Tweezers
NIR Near-infrared

NP Nanoparticle

pHP p-hydroxyphenacyl

PVC Polyvinyl Chloride

RMS Root Mean Square

SEM Scanning Electron Microscope

SPF Short-pass Filter

SMF Single-mode Optical Fiber

SNSPD Super-conducting Nanowire Single Photon Detector
uv Ultraviolet



XV

Acknowledgements

I would first like to thank my supervisor, Dr. Reuven Gordon, whose valuable sup-

port and insight throughout my studies I greatly appreciate.

I am appreciative of my collaborators and colleagues in the Nanoplasmonics
Research Group for their support and encouragement, including Zohreh Sharifi,
Ghazal Hajisalem, Ryan Peck, Mirali Shariatdoust, Hao Zhang, Behnam Khosravi,
and Elham Babaei. I would also like to thank my collaborators in the Department

of Chemistry, Dr. Frank C.J.M. van Veggel and Adriaan Frencken.

I also am grateful for the training and support from the faculty and staff in the
Centre for Advanced Materials and Related Technology (CAMTEC) and the Ad-

vanced Microscopy Facility (AMF).

Finally, I thank my family, my partner, and my friends for their motivation,

love, and support.



Chapter 1

Introduction

This thesis focuses on a specific candidate for single photon sources, erbium-doped
nanocrystals, and explores their optical properties and methods to enhance their
emission using double nanohole (DNH) optical tweezers, a method to anchor the
nanocrystals within a DNH, and a method to fabricate nanoaperture fiber tweez-
ers (NAFT). These techniques show a potential path towards an integrated fiber-

coupled erbium single photon source.

1.1 Motivation

Quantum technologies are being looked to by many as one part of the solution
for the rapidly growing global need for faster, more secure, and more specialized
computing and communication [1]. At the basis of these quantum technologies, to
make them useful and feasible for widespread adoption, there is a need to commu-
nicate quantum information between devices [2]. This can be done by transmitting
quantum light, using spin states encoded in photons emitted by a single photon
source [3], [4]. While there are many candidates for this and the field is growing
quickly, an ideal single photon source is yet to be found [5].

The discovery of a high-quality single photon source that can be manufactured

at scale for low-cost and easily integrated into devices would be disruptive for
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the field of quantum technologies [6]. Single photon sources have been a major
topic of study recently, but they remain expensive and unreliable to manufacture.
Making single photon sources with high-quality characteristics such as low-loss
transmission over optical fibers and long quantum coherence times would make
research into quantum communication much more accessible, opening the door
for a new era in quantum information science [5].

In this thesis, optical trapping is used to explore the optical properties of erbium-
doped nanocrystals as a candidate for single photon sources and methods for pro-
ducing integrated devices are developed. Erbium-doped nanocrystals can be pumped
with low-cost lasers and exhibit luminescence at low-loss telecommunication wave-
lengths, ideal for transmission over fiber optic links [7]. Sources of single photons
required a single nanocrystal containing a single active erbium emitter to be iso-
lated [8].

Optical trapping is used to evaluate their feasibility as quantum light sources
as it allows single particles to be isolated. Metallic nanostructures can be used
with optical trapping to enhance the incident field and increase the optical forces,
allowing evaluation of particles under 100 nm [9]. To measure the optical prop-
erties of single erbium-doped nanocrystals, they are optically trapped and excited
using plasmon-enhanced double nanohole apertures. These nanostructures can
also enhance the brightness of the light emitted by the erbium-doped nanocrys-
tals, overcoming the low brightness typical of erbium emitters [10], [11]. With
this enhanced brightness we are able to observe discrete levels of emission from
the erbium-doped nanocrystals that correspond to the number of active erbium
emitters present, which allows us to select nanocrystals with single active erbium
emitters.

A photochemical method to permanently anchor nanocrystals inside of a DNH

aperture while optically trapped was also explored. Emission enhancement and
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isolation of erbium-doped nanocrystals can be applied in combination with the
photochemical method and has the potential to yield a method to permanently an-
chor nanocrystals with single active emitters in place. This device could be used for
quantum control at cryogenic temperatures, allowing for on-demand single photon
production which can be coupled to an optical fiber for quantum communication.
A potential candidate for direct fiber-coupling was also explored where a metallic
aperture was fabricated on the tip of an optical fiber which was successfully used
for optical trapping. Going further, the optical trapping and anchoring could be
performed with an aperture on the tip of an optical fiber with the ultimate goal of
producing a fully integrated fiber-coupled single photon source for manufacturing

at scale.

1.2 Thesis Contributions

This thesis discusses novel methods based on optical trapping to use erbium-doped
nanocrystals for quantum light sources. Four experiments demonstrate a route to

a low-loss fiber-coupled single photon source:

1. The geometry of double nanohole apertures was tuned to maximize the emis-

sion from optically trapped erbium-doped nanocrystals.

2. Nanocrystals with single active erbium emitters were isolated using optical

trapping with double nanohole apertures.

3. Anovel method to selectively anchor nanoparticles within a double nanohole

aperture during optical trapping was explored.

4. A low-cost fabrication method for integrated fiber optic nanoaperture tweez-

ers was developed.
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The author has contributed to one published work that is discussed in this the-

sis. The contributions of the individual authors are listed in the following section.

1.2.1 Isolating and Enhancing Single-photon Emitters for 1550 nm
Quantum Light Sources Using Double Nanohole Optical Tweez-

ers [12]

This work focused on using DNH optical tweezers to isolate dilutely erbium-doped
nanocrystals and measure their emission to find nanocrystals with single erbium
ions. This work builds upon previous work in our group by Alizedehkaledhi et al.
which used rectangular apertures [10], [13]. This new study showed that the DNH
structures significantly enhanced the emission, allowing for nanocrystals with sin-
gle erbium ions to be detected much more quickly.

The experiment was designed by Zohreh Sharifi and Reuven Gordon. The
experiments were carried out by Zohreh Sharifi and Michael Dobinson. Ghazal
Hajisalem assisted with the experimental setup. Mirali Seyed Shariatdoust per-
formed the FDTD simulations. Adriaan Frencken and Frank C.J.M. van Veggel
synthesized the nanocrystals. The manuscript was primarily written by Michael
Dobinson, with contributions from all other authors. The experiments described in

sections 4.1 and 4.2 were based on this work.

1.3 Qutline

This section gives an outline of the thesis chapters with a short description of their

contents.

Chapter 1 introduces the topics of this thesis and provides the motivation behind

the experiments.
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Chapter 2 discusses the relevant previous work in the area of quantum light sources,

optical trapping, and single emitter isolation.

Chapter 3 describes the experimental methods used and outlines the path towards
an integrated fiber-coupled single photon source based on the four experi-

ments.
Chapter 4 presents the experiments and discusses the experimental results.

Chapter 5 synthesizes the results of all experiments and compares them to other

works.

Chapter 6 concludes the thesis and describes possibilities for future work.



Chapter 2

Theory and Prior Work

Single photon sources have been a major topic of research for many years but an
accessible and low-cost high-quality source for manufacturing at scale is yet to be
found [14], [15]. There are a wide range of candidates but single photon sources
based on erbium ions are a leading candidate due erbium’s emission at low-loss
tiber optic telecommunication wavelengths and long coherence times. There are
two challenges to be overcome with erbium emitters - their relatively low bright-
ness (compared to other sources) and isolating single emitters with a reliable and
scalable method [8], [13].

In this thesis we look at two approaches that can overcome these challenges.
Metallic nanostructures such as the DNH are used to increase the brightness of er-
bium emitters by enhancing the emission rate through confinement of the source
and enhancement of the local electric field with plasmonic resonances [16]. Op-
tical trapping can also be combined with metallic nanostructures to isolate single
emitter sources for evaluation. A photochemical method that is used with optical
trapping to selectively and permanently anchor surface-modified single emitter
nanoparticles inside of a nanostructure is also explored. A method for fabricating
integrated nanoaperture optical fiber tweezers is also considered as emission from
trapped particles can be directly coupled into the fiber. This chapter details the

relevant prior work and theory in these areas.
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2.1 Single Photon Sources

A device which is triggered to emit a single photon at a time is type of quantum
emitter and is considered a single photon source. Single photon sources are unique
as quantum information can be encoded in the emitted photon to make it a “pho-
tonic qubit.” This information is typically encoded in the form of the polarization
or energy of the photon [5]. Photonic qubits are a good choice for many quantum
information science applications as they do not interact strongly with the envi-
ronment, travel at the speed of light, and linear optical systems can be used to
measure and manipulate them [5]. There is a wide range of candidates for sin-
gle photon sources which include single emitters based on individual ions [8], [17],
atoms [18], or molecules [19], [20], and other emitters based on solid-state technolo-
gies such as quantum dots [6], [21], colour centers [22], and atomic ensembles [23].
While there are many competing technologies, this section discusses single emitter
sources; the advantages, disadvantages, and mechanisms of other types of single

photon sources systems are outside of the scope of this thesis.

Single Emitter

Laser Pulse Single Photon

FIGURE 2.1: Illustration of a two-level single emitter which is excited

by a laser pulse to produce a single photon. The transition from the

ground state to the excited state caused by the laser pulse is shown in

blue. The transition from the excited state to the ground state and the
single photon emission are shown in red.

The specific mechanisms of single emitter systems can vary, but in general an

optical or electronic signal causes the system to enter an excited state where a single
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photon is emitted upon relaxation. Figure 2.1 shows a simplified schematic of a
two-level single emitter system. In this schematic, a laser pulse excites the single
emitter from the ground state, g, to the excited state, e. On radiative relaxation
back to the ground state, a single photon is emitted. The radiative emission rate of
the system is limited by the excited state lifetime and the relaxation time from the
excited state back to the ground state [24].

Several applications in quantum computing, such as quantum teleportation
protocols to send and receive quantum states, demand sources that can not only
produce single photons but also require the initial and subsequent photons to be
indistinguishable [2], [25]. Quantum cryptography protocols which use quantum
key distribution demand single photons be sent securely over a channel as multi-
ple photons encoded with the same quantum information could be measured by

eavesdroppers to compromise the channel’s security [26].

2.1.1 Characteristics of Single Photon Sources

A single photon source can be evaluated on a wide range of metrics, the follow-
ing sections describe some of the most important characteristics and how they are

measured.

Determinism

A deterministic source is capable of emitting a single photon on-demand, each
input pulse produces a single photon. The determinism of a single photon source
can be evaluated as the quantum efficiency, 7, calculated by the ratio of the number

of output photons, Ny, to the number of input pulses, N;:

_ Mo
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Consistency

The consistency of a single photon source is evaluated based on the probability
of single photon emission. An ideal single photon source is consistent with a
100% probability of single photon emission and 0% probability of multiple photon
emission. The consistency can be evaluated by measuring the degree of second-
order coherence using Hanbury-Brown-Twiss (HBT) interferometry which directs
the light source through a beamsplitter to two photodetectors [27]. This experi-
ment allows the probability of detecting multiple photons to be measured as a true
single photon source will never activate both photodetectors at the same time. The
resulting metric is the ¢(?(0) which is zero for an ideal single photon source. This
metric is calculated using the observed time averaged photon number, n(t), for a

varying time offset, T:

2.2)

Indistinguishability

In an ideal single photon source, the initial and subsequent photons are identical in
every way. The property of indistinguishability can be measured by the visibility
of the two-photon interference, known as the Hong-Ou-Mandel (HOM) effect [28].
This measurement is performed with interferometry. One approach uses a Mach-
Zehnder interferometer, where the light source is directed through a polarizing
beamsplitter, interfering the transmitted signal with a time-delayed version of the
reflected signal, and then detecting the coincidence counts with two photodetec-
tors [6]. Indistinguishable photons will both be directed to the same detector and
the coincidence rate will be zero for no time delay with an ideal single photon

source.
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The visibility of the HOM interference, V), is measured in this approach by ro-
tating the polarization of the reflected signal to be parallel or perpendicular to the
transmitted signal, then measuring the area under the ¢(?) () curve for T near zero
for each case, A” and A | , with zero time delay [6]. For measuring practical sources,
corrections can be needed to account for a finite ¢(?)(0) [6]. The visibility is calcu-
lated simply by the maximum and minimum coincidence counts, Cmax and Cpin,

or by the parallel and perpendicular measurements mentioned previously:

Y — Cmax — Cmin _ Al - A||
Cmax AL

(2.3)

Repetition Rate

The repetition rate of a single photon source is determined by the maximum rate at
which input pulses can be applied to produce single photons. For an ideal single
photon source, this rate is arbitrarily fast, limited only by the duration of the single
photon output pulses [5]. Practical sources are limited by their radiative emission
rate and quantum efficiency. The input signal rate must be maintained at less than

the maximum repetition rate of the single photon source.

Loss

Loss can occur in the coupling to a channel, as well as over the channel itself, and
is and important parameter to be minimized for single photon sources. An ideal
single photon source coupled to an ideal channel has zero coupling and zero chan-
nel losses. For practical sources and channels, one of the most common optical
channels today is the single-mode optical fiber which is widely used in telecom-

munications for classical communication. The highest performance optical fiber
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links have losses as low as 0.14 dB/km and operate in the infrared C-band, 1530-
1565 nm [29]. The channel loss is calculated for a specific distance, I, for a channel

with an attenuation factor at a specific wavelength, a.(A):

Lechannel = @c(A)1 (2.4)

The coupling losses can also be considered alongside the channel losses. These
losses depend on the emission characteristics of the source and the specific channel
properties. The total loss is calculated in units of dB using the ratio of the sent from

the source and the photons received at the other side of the channel, Ny and Ny:

N
Liotar = 10 10g10 (ﬁg) = Lcoupling + Lchannel (2.5)

2.2 Erbium as a Low-loss Single Photon Source

There are several rare-earth ions, including Pr3t, Ce®t,and Er®t, that are good can-
didates for single photon sources as they exhibit stable emission and allow quan-
tum state control [30]-[33]. Minimizing channel losses over optical fibers is a key
motivation for finding a rare-earth ion based single photon source that operates in
the low-loss infrared C-band, 1530-1565 nm. It is convenient then that the basic
component of the widely used erbium-doped fiber amplifier (EDFA), the erbium
ion, produces emission in the C-band and maintains high quality characteristics for
quantum control [34]-[36]. To create a single photon source, a single erbium ion is
embedded in a larger host crystal which can be physically manipulated and cou-
pled to a channel. The single erbium emitter can optically excited with laser pulses

to emit photons in the range of 1530-1565 nm [36]. These properties of erbium ions
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make them a good candidate for single-photon sources for quantum communica-
tion over fiber, however the characteristics of specific erbium-based single emitter
devices must be evaluated individually.

Erbium’s optical properties have been of interest for many years in telecom-
munications applications, with the 1.5 um transition being widely used in EDFAs
for long-distance optical fiber links [7]. The spectroscopic properties of the erbium
ion and erbium-doped materials have been explored in-depth, with well-studied
optical transitions, linewidths, and dephasing times [35], [36].

Figure 2.2a shows several common optical transitions of erbium, including ground
state (dashed lines) and excited state (dotted lines) absorption transitions, several
visible and NIR radiative transitions (solid lines), and intermediate phonon relax-
ation (curly lines). The energy levels are denoted by the atomic term symbols in
the form 2°*!L;, where S is the spin quantum number, L is the orbital quantum
number, and ] is the angular momentum quantum number [36]. Erbium materials
have limited brightness due to long excited state lifetimes, on the order of 10 ms
for most host crystals which limits the photon emission rate [36]. These materials
also exhibit narrow linewidths in high magnetic fields, as narrow as 78 Hz at 5T in
dilutely-doped Y;,SiOs at 2K [36]. This narrow linewidth gives significant margin
for emission rate enhancement which can increase the brightness, typically at the
expense of linewidth [37].

Figure 2.2b shows the electronic structure of an erbium ion in a host crystal.
The electronic crystal field causes Stark splitting of the energy levels of the Er®*
ion by Kramer’s theorem into J + 1/2 doublets, i.e. 8 states for the 415 /2 level and
7 states for the *I;3,, level [7]. These doublet states are further separated through
Zeeman splitting where an external magnetic field affects the energy difference be-
tween the split spin-up and spin-down states for an electron in that energy level.

This changes the energy of the electron the emitted photon which corresponds to
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FIGURE 2.2: Erbium energy diagrams. (a) Optical transition diagram
showing absorption transitions (black solid lines), radiative transi-
tions (coloured solid lines), excited state absorption (dashed lines),
and multiphonon relaxation (curly lines) (Adapted from Suyver et
al. [11]) (b) Optical transitions of Erbium within a magnetic field. The
4115 /2 is split into 8 Kramer’s doublets, Z; to Zg, and the 45 /2 is split
into 7 doublets, Y; to Y7. Each doublet is shown split into two further
states corresponding to spin up, +, and spin down, —. Adapted from
Bottger et al. [35].
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the spin state of the excited electron; this is detectable by small shift in the wave-
length of the photon [8]. For practical applications, low temperatures can be used
to maintain the lowest energy state in the Stark manifold to excite the transitions
shown in figure 2.2b [38].

Erbium has been shown to be a good candidate for quantum communication
as its quantum state can be controlled through coherent spin and optical transi-
tions [34], [35]. This persists even when embedded in a solid-state host crystal as
the active 4f electrons are shielded by the 5s and 5p electrons which reduces exter-

nal phonon coupling [36].

2.3 Emission Rate Effects on Quantum Emitters

When a quantum emitter such as a fluorescent nanoparticle is optically confined,
its emission is influenced by the confinement. This can lead to an increase in the
spontaneous emission rate of the particle due to the high density of optical states
within the small volume as the reflected field interacts with the emitter, referred to
as the Purcell effect [24], [38]. The confinement can also lead to a reduction in the
emission rate when too close to the interface due to phonon coupling, referred to
as fluorescence quenching [24].

Figure 2.3 shows a three-level quantum emitter system. State 1 is the ground
state from which it is excited to state 2, a virtual state. This state relaxes to state 3
with the energy released at the rate, y,e1ax. The system can then decay from state
3 to state 1 either radiatively or non-radiatively, with the total decay rate being a

combination of the radiative and non-radiative decay rates, 7y, and ynr.
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FIGURE 2.3: Three-level quantum system with a virtual state. Relax-
ation from state 2 to state 3 occurs at the rate y,..x. Relaxation from
state 3 to state 1 can occur radiatively or non-radiatively at the rates

¥y and Ynr.

2.3.1 Quantum Rate Enhancement

Emission occurs by radiative relaxation in a quantum emitter system, which is
limited by the radiative decay rate, 7,. However, the system can also relax non-
radiatively by phonon vibrations, heat, and other unwanted coupling [24]. The
surroundings of a quantum emitter can affect both the radiative and non-radiative
emission rates [39], [40]. If the radiative rate is enhanced, the overall emission rate
increases, whereas if the non-radiative rate increases, the emission is quenched.

The overall quantum efficiency of the system, 7y, is calculated by the following [24]:

Tr

= 2.6
Yr + Ynr ( )

1o

Simple resonant cavities can be designed to confine a quantum emitter to in-
crease the spontaneous emission rate by the Purcell effect, this is also known as
quantum rate enhancement. The Purcell factor, Fp, is equivalent to the magnitude
enhancement of the emission rate, /(. For a simple resonant cavity it is calcu-

lated using the quality factor, Q, and mode volume, V, of the cavity:
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Metallic nanostructures can be designed to both confine the quantum emitter
and use plasmonic effects to enhance the local electric field [24]. Plasmonic en-
hancement from the nanostructures can concentrate the field which can increase
absorption and affect both the radiative and non-radiative decay rates [39]-[42].
This increased local field in turn increases the relaxation rates according to Fermi’s

golden rule [24].

2.3.2 Fluorescence Quenching

A fluorescent particle can transfer excitation energy to its surroundings in many
non-radiative forms including phonon coupling [24]. This occurs due to the dif-
ference in the electronic states of the system and its surroundings, such as when
a quantum emitter particle is embedded in a solid, in a liquid medium, or near
an interface [24]. This may be significant when the emitters are embedded near
the surface of a particle, such as in lanthanide-doped nanocrystals [43], [44]. All
of these cases can cause a reduction in the the quantum efficiency, as the excita-
tion energy is converted and absorbed by the surroundings rather than emitting a
photon [24].

Figure 2.4 shows an example of a system in which a light pulse excites a par-
ticle which is strongly coupled to its surroundings. In this case, the light pulse is
converted to a phonon and the energy is transferred to the surrounding environ-
ment, rather than resulting in radiative relaxation. When near an interface or in a
strongly coupled system, heat, surface modes, and unwanted waveguide modes
can also couple energy away from radiative pathways, resulting in fluorescence

quenching [24].
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FIGURE 2.4: Illustration of a phonon vibration excited by a light pulse
that couples into the rest of the system. The example system consists
of mechanically linked particles, similar to a crystal structure.

Fluorescence quenching is typically a negative effect for nanoparticles that are
quantum emitters as the emission is significantly reduced when the particle is near
an interface or embedded in media. With a uniform distribution of active emitters
in the small volume such as a nanoparticle, a significant proportion of the active
emitters which are near enough to the surface can couple to their surroundings and
become quenched. This can be minimized with careful preparation of the nanopar-

ticles using a passive shell to cover the active region [43].

2.3.3 Phonon Relaxation Rates

Phonon scattering in a system is limited to a specific rate, depicted as a relaxation
rate, Yrelax, from the virtual state shown in figure 2.3. It should be noted that quan-
tum rate enhancement by confinement does not necessarily affect the phonon re-
laxation rates in the same way as the absorption and radiative rates. The virtual
state lifetime can become the limiting factor when the other rates are maximized.
The erbium ion system shown in figure 2.2a must undergo a non-radiative tran-

sition from the *I;; /, level to the *I;3,, when excited with 980 nm light, before it
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can radiatively decay back to the ground state [7]. This excited state lifetime is
on the order of microseconds and has the potential to limit the repetition rate of
an erbium-based single photon source to the kilohertz regime [7]. To overcome
this, the system can instead be excited with 1480 nm light which can excite the sys-
tem to a virtual state with slightly higher energy than the *I;3,, energy level [7].
The lifetime of this virtual state can be significantly shorter, on the order of 10’s of
nanoseconds [7]. This nonradiative relaxation rate, A, is calculated for a single

phonon in an erbium doped host crystal using the following equations [7]:

Ayg(T) = B[n(T) + 1]e PAE (2.8)

where B is a constant dependent on the host material, B = —log(¢)/hw, AE is
the energy gap, and n(T) is the Bose-Einstein occupation number of the phonon
mode [7]:
. -1
n(T) = (ekBT — 1) (2.9)

As values for B and B have not been reported for NaYF,, a similar crystal, LiYF,,
has been used in literature as a close approximation, i.e.,, B = 6.4 x 10’ s~ and g =
3.6 x 1073 cm [45]. In this case, the single phonon relaxation rate was calculated to
range from (4.0-8.5 ns) "}, for a typical energy gap between 50-100 cm~!. It is clear
from this calculation that if the #I; /2 relaxation rate is limiting emission, it may
be favorable to excite to a lower energy virtual state to exploit the faster phonon

decay.

2.4 Isolating Single Emitters

Single emitters are good candidates for single photon sources, and erbium emit-

ters have particularly promising properties, but a scalable method to isolate single
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emitters which reliably produce emission is still a topic of research [14]. A variety
of techniques have been explored to isolate a wide range of single emitter candi-
dates such as lanthanide ions [30], [37], [46], artificial atoms in silicon [22], and
quantum dots [6], [21], [47], but all current methods rely on either searching in a
random distribution, or ion implantation.

Methods that search random distributions of emitters require significant post-
processing time to find and couple to the single emitters as they must be differ-
entiated from multiple emitters and devices that do not emit [22]. This issue also
exists with emitters embedded within devices such as photonic crystals, as each
device must be probed to determine if a single emitter is appropriately coupled
to the device after fabrication [37]. Ion implantation shows high accuracy for im-
planting single emitters into photonic integrated circuits, but the implanted ions
are not always active [46]. This has been demonstrated for praseodymium ions
with a reported yield of 50% [46].

Our group has recently demonstrated a new method that allows for active sin-
gle emitter sources to be found and isolated in real-time, rather than post-processing
the distribution. This method was developed by Alizadehkhaledi et al. in 2020 us-
ing erbium-doped NaYF, nanocrystals with nanoaperture optical trapping to both
enhance the erbium emission and isolate the nanocrystals with single active emit-
ters [10], [13]. In this method, the erbium-doped nanocrystals are optically trapped
in a rectangular aperture and the emission of the isolated emitters is measured in

real-time to determine if the trapped nanocrystal has a single active emitter.

2.5 Optical Tweezers

Optical tweezers use optical forces to hold particles in space, typically using a fo-

cused laser. Conventional optical tweezers employ a single focused beam and are
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effective for dielectric particles in the Rayleigh and Mie regimes that are larger
than ~100 nm without requiring excessive optical powers that can damage the
particles [48]. Nanoaperture optical tweezers can probe much smaller particles
with low optical powers, allowing single proteins in the single nanometer range
to be trapped without damage [49], [50]. Despite the wide range of applications
for nanoaperture optical tweezers, their adoption remains limited partly due to the
complicated optical setup and nanofabrication requirements [51]. Integration of a
nanoaperture on an optical fiber can lower the barrier of entry for nanoaperture op-
tical trapping, as it eliminates the need for nanofabrication and optical alignment
for the end-user. Methods to fabricate these nanoaperture fiber tweezers have been
demonstrated using focused-ion beam milling on the fiber face [52] and template-

stripping [53].

FIGURE 2.5: Ray optics illustration of optical trapping. The beam in-

tensity, E, is maximum in the middle of the beam waist in a medium

with refractive index n. The force exerted on the particle, with refrac-

tive index m, by rays 1 and 2 are labeled F; and F,. The resulting

gradient force is labeled Fg,q which moves the particle into the center
of the beam.
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2.5.1 Single-Beam Optical Tweezers

Optical trapping exploits the the gradient force exerted by a focused laser on a par-
ticle which has a different refractive index than the surrounding media. The utility
of this effect was first discovered by Ashkin et al. in 1986 and has since expanded to
become a widely used technique for holding and manipulating nanoparticles [48].
The focused beam exerts a gradient force Fyaq, which is a restoring force that main-
tains the particle in the most intense region of the field.

Figure 2.5 shows, from a ray optics approach, how the refraction from rays of
light entering the particle exert forces on the particle due to a change in the di-
rection of their momentum vector. The gradient force restores the particle to the
position of highest intensity and is balanced against the scattering force to hold the
particle in an optical trap. However, this ray optics approach only holds for parti-
cles in the Mie regime that are larger than the wavelength of the incident light [48].

Smaller particles in the Rayleigh regime, 2r < 0.2A, can be trapped with a single
focused beam, but the intensities required are very large and can cause significant
heating and damage [48]. This is due to Rayleigh scattering which exerts a force in
the direction of the incident power which scales proportional to r® [48]. This scat-
tering force must be balanced with the gradient force to keep the particle trapped,
which is challenging for smaller particles as the gradient force scales proportional
to r3 [48]. In this regime the gradient force depends on the electric field gradient
VE, the refractive index of the medium n,, and the particle n,,, where the effective

index of the particle m = n,/ny, [48]:

)VE2 (2.10)
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2.5.2 Nanoaperture Optical Tweezers

Nanoapertures and other metallic nanostructures have been investigated for im-
proving optical tweezers for decades as they exert radiation forces and have sig-
nificant effects on the local electric field [54]-[56]. A variety of structures have
been proposed such as metal tips [57], patterned surfaces [58]-[60], and nanoaper-
tures [9], [61]. Nanoapertures in particular are of interest to the field of optical
trapping as they have been shown to improve the trap stiffness through an effect
known as ‘self-induced back-action” (SIBA), which uses a nanoaperture to enhance
the local electric field while the particle being trapped influences the optical trans-
mission to maintain the trap [49].

The theory of SIBA was described and experimentally confirmed by Juan et
al. in 2009, showing that particles under 100 nm could be trapped with low laser
power [49]. This work builds upon the 1999 theory of Okamoto and Kawata which
showed that a particle near a nanoaperture is drawn towards the aperture from the
radiation force, and that this force can overcome gravity and thermal forces [54].
SIBA also relies on the influence of the dielectric particle on the transmission through
the aperture. When a particle with a higher refractive index than the surrounding
media enters the subwavelength aperture, the change in the refractive index of
the aperture increases the transmission through the aperture according to Bethe’s

aperture theory [62]:

nr

T (7)4 (2.11)

This change in transmission corresponds to a change in the photon flux, and
thus photon momentum, through the aperture. If the trapped particle attempts to
exit the aperture, due scattering or thermal forces, the effective size of the aperture

and transmission decreases, increasing the optical forces on the particle, restoring
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it back into the aperture. This momentum balance results in the particle becoming
optically trapped within the aperture. A variety of different apertures have been in-
vestigated in past works including rectangular [63], double nanohole (DNH) [64]-
[67], and bowtie apertures [68]-[70].

Apertures in metal films also exhibit plasmonic resonances which can be tuned
by changing the shape of the aperture and can enhance the local electric field within
the aperture [71]. This can provide a stronger restoring force for stiffer trapping
and, for fluorescent particles, can increase the excitation energy intensity [64], [71].
Nanostructures can also be designed to have multiple plasmonic resonances [10],
[71], [72]. Optical tweezers have also been adapted to benefit from thermophoretic
forces [73], [74] and nanopore technologies [75]-[77] which can aid in bringing par-
ticles to the region of interest.

Nanoaperture trapping is particularily appealing for biological studies as it en-
ables label-free study of biomolecules, can be performed in heterogenous solu-
tions, and may be used to study conformational changes of proteins [78]-[80]. The
binding dynamics of single molecules to single proteins can also be probed with

nanoaperture trapping, a feature that is of great interest for drug discovery [81]-

[83].

2.5.3 Fiber-based Nanoaperture Optical Tweezers

Optical fibers with tapered tips can be used directly in solution to optically trap
large particles and nanoapertures patterned on the tip of optical fibers allow for
trapping much smaller nanoparticles [84]. A major challenge with nanoaperture
optical trapping is the experience needed to build and align an optical trapping
setup, as well as need for nanofabrication facilities and experience [51]. Optical

trapping of single proteins and other biomolecules is a promising area that has not
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yet fully embraced nanoaperture optical trapping and could benefit greatly from
more accessible fiber-based devices [51].

Developing an accessible device which integrates a nanoaperture on the tip of
an optical fiber would allow the end-user to use a simple setup contained entirely
in fiber which requires minimal optics and nanofabrication experience, expanding
the technique to many more researchers. Several methods have been explored for
fabricating optical fibers with nanoaperture tips using focused-ion beam milling
on the tip of the fiber [52], [69] and template stripping [53], [85]. However, these
fabrication methods rely on expensive top-down manufacturing techniques such
as focused-ion beam milling and scanning electron microscopy which limits their
accessibility.

Optical trapping with nanoaperture optical fiber tweezers operates on a princi-
ple similar to SIBA and is performed by exciting the structure with a laser coupled
directly to the fiber. The transmission through the aperture and the reflection from
the fiber face are both signals that can be measured to detect trapping and moni-
tor the dynamics of the trapped nanoparticles [53], [69]. Another major advantage
of integrating the nanoaperture on the tip of an optical fiber is that the emission
from a trapped fluorescent nanoparticle can be coupled into the optical fiber [85].
This coupling is typically weak for subwavelength particles due to broad scatter-
ing [49], but it has been shown that the coupling may be improved by integrating

a grating [85].

2.6 Nanoparticle Anchoring with Chemical Methods

A method to anchor nanoparticles to a gold nanostructure was explored in this
thesis which uses two chemical reactions: gold-thiol bonding and photochemical

protection. Gold-thiol bonding is the reaction that is responsible for thiol groups
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attaching to gold surfaces. Photochemical protection has many applications and is

used to protect part of a larger molecule until triggered by light.

2.6.1 Gold-Thiol Bonding

The strong affinity of sulfur with gold causes a bond to be formed between thiol
(-SH) end-groups and gold surfaces [86]. Figure 2.6 shows this reaction in which
the molecule of interest has a thiol (-SH) end group which is adsorbed onto the
gold surface. The thiol group first forms a weak bond through physisorption be-
fore the S-H bond is broken through chemisorption to form an Au-S bond [87].
This reaction is applied to anchor nanoparticles by modifying the surface of the
nanoparticles to add thiol end-groups. This reaction is used widely in nanofabri-

cation to create self-assembled monolayers (SAMs) of organic molecules [86].

—_—
SH
S
/
Au Au Au Au Au Au
Au Au Au Au

FIGURE 2.6: Illustration of a thiol end group on a larger particle bond-
ing to the Au surface. This forms a sulphur bond that connects the
two.
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2.6.2 Photochemical Protection

Photoremovable groups are used to protect groups on a molecule until a photo-
chemical reaction is triggered [88]. Ultraviolet light is a common trigger used in
many types photochemical reactions due to its high photon energy which is easily
absorbed [88]. A specific photochemical reaction is of interest in this thesis, the
reaction of a photoremovable protecting group 2-bromo-4"-hydroxyacetophenone
which is bonded to nanoparticles coated with a DSPE-PEG-SH layer which is used
in the experiment presented in section 4.3. As the precise bonding of the group
to the nanoparticle surface has not yet been confirmed for our experiments, the
known reactions of one of the likely resulting groups, p-hydroxyphenacyl (pHP)
will be discussed.

Applications of photochemical protection cover a wide range of biological and
other applications and p-hydroxyphenacyl is of particular interest due its rapid
release rate [88]. This group has enabled biological applications such as rapid pho-
totriggered release of bioactive phosphates [89] and for protection of peptides for
rapid activation of biological receptors [90]. Similar photochemical methods have
also been used in UV-triggered thiol-yne ‘click” reactions in which a photochemi-
cal reaction triggers bonding between surface-modified particles and the surface-

modified substrate [91].

O 0O
X hv
aqueous
HO media o HO

FIGURE 2.7: Photochemical reaction of p-hydroxyphenacyl (pHP) in
aqueous media with the intermediate shown. Adapted from Klan et
al. [88]



Chapter 2. Theory and Prior Work 27

Figure 2.7 shows the general reaction of p-hydroxyphenacyl, with the interme-
diate step shown [88]. In this reaction, the photoremovable group is bonded to a
larger molecule through the atom marked with the red X which can be a reactive
group such as a thiol. This is what the photoremovable group protects, as without
it the end-group of the larger molecule can react. When UV light is applied, the
photoremovable group detaches to become inert in the solution. The molecule can
then react using the now-exposed group. If the protected reactive group is a sul-
phur atom, de-protection allows the larger molecule to bond to gold through the

exposed thiol.
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Chapter 3

Methods

The experiments presented in this thesis use optical trapping methods with nanofab-
ricated structures to evaluate the properties of erbium-doped nanocrystals. A pho-
tochemical method to anchor the nanoparticles and a method to fabricate the struc-
tures at the end of an optical fiber are also investigated. The following sections de-
tail the goals of the experiments and describe the experimental methods used for
optical trapping and spectroscopy, as well as the sample preparation and nanofab-

ricaton methods.

3.1 A Path to an Integrated Fiber-Coupled Single Pho-
ton Source

In this thesis, four experiments depict a route towards using erbium-doped nanocrys-
tals as single photon sources through optical trapping methods. These experiments

as well as as their goals are listed below:

Optimizing DNH Geometry Maximize the brightness of trapped erbium-doped

nanoparticles by tuning the DNH aperture geometry.

Observing Discrete Emission Observe discrete emission levels dilutely erbium-

doped nanoparticles optically trapped in double nanohole apertures.
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Anchoring Nanoparticles Explore a photochemical method to selectively anchor

trapped nanoparticles in the DNH aperture.

Fabricating Nanoaperture Fiber Tweezers Develop a low-cost method to fabricate

optical fibers with DNH apertures at the tip for fiber-based trapping.

The combination of these methods have the potential to yield a fiber-coupled
single photon source based on erbium-doped nanocrystals anchored in a double

nanohole aperture.

3.2 Optical Trapping

Optical trapping is performed by a focused laser using the optical setup shown in
tigure 3.1a. The transmission through a nanoaperture is measured which indicates
if a particle is trapped by a distinct jump in the transmission and a change in the
variation of the signal. The size of the particle can be determined by the amplitude
of this variation. Different particles yield different sized jumps and RMS variation
amplitude, as well as different characteristic behaviour and time to trap [64]. The
particle’s behaviour when entering and while inside an optical trap is observed
by these characteristics of the transmission and can be affected by the geometry
and mass of the particle, as well as the solvent. Light scattered by the trapped
particle can also be measured. To perform optical trapping, a sample is prepared
containing the analyte in contact with DNH apertures. This section details sample

encapsulation and the optical trapping processes.

3.2.1 Sample Encapsulation

A sample is prepared by encapsulating the analyte in a sealed well in contact with

the double nanohole substrate. Samples are prepared by placing a 0.12 mm thick
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FIGURE 3.1: (a) Schematic of a typical optical trapping setup. (b) Ex-

ploded diagram of the encapsulated sample. The gold substrate is

shown on the bottom with the adhesive spacer and analyte above.

The gold DNH sample is shown at the top of the diagram. The trap-
ping laser is shown focused on the DNH in red.

adhesive spacer (Grace Bio-labs, SecureSeal) on a glass coverslip. The analyte (typi-
cally 10 pL) is pipetted into the well and the gold double nanohole sample is placed
in contact on top. This is placed in the optical trapping setup in the inverted con-

tiguration as shown in figure 3.1b.

3.2.2 Trapping

Optical trapping is observed by measuring the transmission of the laser through
the aperture using an avalanche photodetector (APD). The change in the trans-
mission level and the signal variation are key parameters to confirm trapping of a
particle. This gives information about the size of the particle and can give insight
into whether a particle undergoes a deformation in the trap, or if multiple particles

are trapped [80].
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FIGURE 3.2: Trapping signal labeled with common parameters used

to describe trapping. Signal is of the transmission, as measured by

the APD, through a DNH during trapping of (a) hBN in water and (b)
NaYF, nanocrystals in hexane.
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Figure 3.2a shows a typical trapping signal in which a hexagonal boron nitride
(hBN) particle is trapped in a DNH. The trapping signal shows the transmission
through the DNH as measured by the APD. When trapping occurs, there is a
distinct change in the level of transmission, the difference between the original
transmission level and the final level is referred to as the jump height. The jump
height can vary depending on the size and refractive index of the particle being
trapped [9].

Figure 3.2b shows a trapping signal from NaYF, nanocrystals dispersed in hex-
ane being trapped in a DNH. When trapping in non-polar solvents such as hexane,
a large oscillation after turning on the laser is the indicator for trapping [10]. This
oscillation is consistent for trapping in hexane but is not observed in water and is
not caused by the monitoring circuit electronics. Hydrodynamic interactions com-
bined with the trapping potential are a possible cause of this effect, but it has not
been analyzed in detail.

Before a particle is trapped, the transmission signal has a particular noise dis-
tribution which can be measured by the variance of the signal. A histogram of the
transmission signal can be fit with a Gaussian distribution and the full-width at
half-maximum, FWHM, of this fit is also an indicator for trapping. When a particle
is trapped, the movement of the particle causes the variation in the transmission
signal to increase, causing a larger FWHM to be measured. This can be seen clearly
in figure 3.2a. The character of the noise also gives information about the trapped
particle and autocorrelation of the signal can give information about the size of the
particle and its state [64]. Further investigation of the oscillations from trapping
in non-polar solvents (figure 3.2b) is needed as they may also yield information
about the trapped particle. Typically only a single particle is trapped at a time. In
some rare cases, multiple particles can become trapped in an aperture. This can be

trivially determined by the presence of multiple jumps in the transmission.
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The time from when the laser excites the aperture to when a particle is trapped
is referred to as the time-to-trap and can be seen in figure 3.2. This time is typically
on the order of seconds for trapping in polar solvents such as water and millisec-
onds for non-polar solvents such as hexane. The substrate can also have an effect
on this parameter as the surface charges of glass are much higher than for plastic
which can repel particles and increase the time-to-trap [92]. Thermal effects can
also play a role as the laser causes local heating of the DNH which can repel ther-
mophobic particles. Surfactants such as sodium dodecyl sulfate (SDS) can be used

to overcome the thermophoretic force to increase the trapping efficiency [73].

3.3 Spectroscopy

The optical setup used for trapping can also measure the light emitted by trapped
nanoparticles. A spectrometer in the reflection path measures the power spectrum
of the reflected light, with the incident laser light being removed with filters. De-
pending on the setup, either a bifurcated fiber or a flip mirror allows the visible
and NIR spectra to be collected by two separate spectrometers. The visible spec-
trum is measured by an Ocean Optics QE65000 spectrometer, with a wavelength
range of 350-1130 nm. The near-infrared spectrum is measured by a BaySpec NIRS-
0900-1700, with a wavelength range from 890-1760 nm. Before measurements, the
spectrometer is allowed to cool down for 30 minutes to ensure minimal thermal

background noise.

3.4 Nanofabrication

The four different experiments required fabrication of DNH apertures and nanopar-

ticles with a wide range of properties. The general nanofabrication processes are
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detailed below and the specific DNH apertures and nanoparticles used in each ex-

periment can be found in their relevant section.

3.4.1 Double Nanohole Apertures

A colloidal lithography method, used extensively by our group, was used to fab-
ricate the DNH apertures used in the experiments [93]. This technique is fast and
low-cost compared to traditional top-down methods that use focused ion beam
(FIB) milling. In brief, monodisperse polystyrene nanospheres in ethanol are drop-
coated on a glass substrate and allowed to evaporate. This forms a colloidal mask
with a distribution of spheres on the surface of the substrate with single isolated
spheres as well as larger planar structures with two or more spheres in direct con-
tact with each other. This is followed by plasma etching which reduces the size of
the deposited polystyrene spheres and allows the final aperture diameter and cusp
separation to be tuned with precision [93]. Next, a 7 nm titanium adhesion layer
followed by a 70 nm gold layer are typically sputtered onto the substrate using the
Mantis QUBE sputtering system which has high film adhesion and surface unifor-
mity [94]. If fabricating samples designed for colloidal pattern transfer, no titanium
adhesion layer is used to facilitate removal of the gold layer.

After sputtering, the polystyrene spheres can be removed either by sonicating
the sample in ethanol or using adhesive tape to remove the spheres [92]. Damage to
the gold surface during removal of the polystyrene spheres is uncommon but can
occur with excessive sonication or tape removal if the adhesion to the substrate is
poor. This can be avoided by ensuring good adhesion with thorough cleaning of
the substrate prior to fabrication and using sonication durations under 10 minutes.

This results in a gold film with a variety of single, double, and clustered nanoholes.
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Figure 3.3 shows an SEM image of a DNH produced using this colloidal lithog-
raphy method. Different aperture diameters and cusp separations, labeled d and
¢, are achieved by tuning the plasma etching time [93]. The initial size of the

polystyrene spheres can also be changed to vary the size of the apertures.

FIGURE 3.3: Image of a double nanohole taken with a scanning elec-

tron microscope (SEM), labeled with the critical dimensions. The

aperture diameter, d, is the diameter of each nanohole. The cusp sep-
aration, ¢, is the distance between the two central cusps.

3.4.2 Nanoparticles

The main nanoparticles used in this thesis are NaYF, nanocrystals. These nanocrys-
tals can be doped for upconversion with a Yb sensitizer and Er activator, or with Er
alone. The surface can also be modified for dispersion in water and functionalized
with photoprotected thiol groups. The NaYF, nanocrystals analyzed in this thesis
were synthesized by Adriaan Frencken of Frank van Veggel’s group.

The synthesis was based on previously reported work for lanthanide-doped
hexagonal-phase NaYF; nanocrystals used for upconversion [95]. The properties

of NaYF, as a host crystal have also previously been studied for a wide range
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of lanthanide dopants including Tm, Er, Yb, and Eu [11], [45], [96], [97]. The
NaYF; nanocrystal was chosen as the host-lattice allows highly efficient substitu-
tion of the yttrium with erbium and ytterbium dopants and has low energy phonon
modes [11], [36].

Figure 3.4a shows a TEM image of a distribution of hexagonal NaYF, nanocrys-
tals with a nominal diameter of 26.2 £ 2.7 nm. When designed for upconversion,
the NaYF4 nanocrystals are doped with 18% Yb and 2% Er. This allows for sig-
nificant energy transfer upconversion to occur, allowing strong emission [11]. The
nanocrystals can also be dilutely doped with low levels of erbium to investigate the
properties of nanocrystals with discrete levels of emitters. The doping levels per
nanocrystals are expected to follow a Poissonian distribution, with a uniform dis-
tribution expected within the nanocrystal volume. Both of these doped nanocrys-

tals are dispersed in hexane for the work presented in this thesis.

FIGURE 3.4: (a) TEM image of NaYF; nanocrystals with a nominal

diameter of 26.2 £ 2.7 nm. (b) Cross-sectional diagram of a NaYF,

nanocrystal (grey) coated with oleic acid (red) and DSPE-PEG (blue).

The top layer of DSPE-PEG has methyl end-groups (black) and is

functionalized with photoprotected thiol end-groups (yellow) in a ra-
tio of 10:1.

Figure 3.4b shows a diagram of the photoprotected nanoparticles that were ex-
plored in the anchoring experiments. The surface of NaYF; nanocrystals can be

modified for different applications. These photoprotected nanoparticles consist of
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a NaYF, core which is capped with a 1 nm thick oleic acid layer to which DSPE-
mPEG and DSPE-PEG-SH are attached. The ratio mPEG to PEG-SH is 10:1. The
DSPE-PEG-SH was capped with the photoremovable group 2-bromo-4'- hydrox-
yacetophenone. This allows the thiol to be de-protected with triggered with UV
light, which enables the nanoparticle to bind to a gold surface.

Other nanoparticles were used for testing purposes as they have consistent be-
haviour which can be used to confirm operation of the trapping setup. These parti-

cles include hexagonal boron nitride (hBN) nanoflakes and polystyrene nanospheres.



38

Chapter 4

Experiments

The experiments presented within this chapter show several of the steps that form
a path to an integrated fiber-coupled erbium single photon source. First, the ge-
ometry of DNH apertures are tuned to maximize the brightness of erbium-doped
nanocrystals so that nanocrystals with single erbium emitters can be detected and
isolated. Second, discrete levels of emission are observed from dilutely erbium-
doped nanocrystals, which are expected to correspond to the number of active
emitters. Third, a photochemical method to anchor nanoparticles within a DNH
aperture is presented with the goal to anchor trapped single emitters. Finally, the
colloidal pattern transfer method is presented to fabricate integrated nanoaperture
optical fiber tweezers.

The experiments presented in sections 4.1 and 4.2 aim to improve the emission
enhancement and isolation speed of erbium-doped nanocrystals by using double
nanohole apertures, building directly upon the optical trapping-based isolation
method developed in our group by Alizadehkhaledi et al. [10], [13]. Section 4.3 ex-
plores a new method to permanently anchor trapped nanoparticles in place using
phototriggered gold-thiol bonding of surface modified nanoparticles. The final ex-
periment in section 4.4 investigates a low-cost method of producing nanoaperture
optical fiber tweezers which builds upon work by Ehtaiba and Gordon in which

similar devices were produced with a more costly template stripped method that
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requires focused ion beam milling [53].

The results presented in sections 4.1 and 4.2 were originally written by M.
Dobinson and have been published in the Journal of Chemical Physics and reprinted
with permission of AIP Publishing [12]. Sections 4.3 and 4.4 are newly presented

in this thesis and were written and performed by the author.

4.1 Optimizing DNH Geometry

The emission of Yb/Er-doped nanocrystals was measured for different cusp sepa-
rations to find the optimal DNH geometry to maximize emission. The plasmonic
resonances of the DNH aperture can be shifted by tuning the cusp separation so it
was selected as the critical dimension to tune to maximize the enhancement [98],
[99]. The optical trapping and emission measurements were performed with Yb—
Er-doped nanocrystals with 18% Yb and 2% Er. These nanocrystals are bright
compared to dilutely Er-doped nanocrystals which makes small changes in en-
hancement easier to detect. As these nanocrystals are of a comparable size and
have near-identical absorption and emission wavelengths to the dilutely Er-doped
nanocrystals studied in later experiments, they serve as a useful tool to tune the

geometry using the upconversion emission.

4.1.1 Experiment

Apertures with cusp separations from 23-95 nm were fabricated, following the
procedure detailed in section 3.4.1, to evaluate the effects of the DNH geometry
on emission enhancement from the Yb-Er-doped nanocrystals. Scanning electron
microscopy (SEM) was used to measure cusp separations and aperture diame-

ters of the DNH apertures. Two sizes of nanocrystals, 16.9 = 1.3 nm and 26.2 &



Chapter 4. Experiments 40

2.7 nm were used to evaluate emission enhancement from a range DNH aper-
tures and were dispersed in hexane in concentrations of 1.3 x 10!2 and 5 x 10'2
nanoparticles/cm? for trapping. The smaller nanocrystals were used to probe the
enhancement for cusp separations from 23—45 nm while the larger were used for
32-96 nm. Using two sizes of nanoparticles also allowed the effect of the particle
size on the emission enhancement to be observed.

The nanocrystals were optically trapped using the setup described in section 3.2.
A 980 nm laser is used for both excitation and trapping of the nanocrystals. As the
particles are dispersed in hexane, trapping is confirmed by oscillation shown in
tigure 3.2b. Spectroscopy was performed for visible wavelengths to compare the
DNH geometries. NIR spectroscopy was also performed for limited events with
the geometry that maximizes the emission to confirm emission at 1550 nm. The
transmission signal from the APD as well as the spectroscopic measurements were

recorded.

4.1.2 Results & Discussion

(Reproduced in part from [12], with the permission of AIP Publishing)

Figures 4.1a and 4.1b show the emission of a single Yb—Er-doped NaYF, nanocrys-
tal trapped in a DNH aperture with 32 nm average cusp separation. Emission
peaks are apparent in Fig. 4.1a near wavelengths of 400 nm, 550 nm, and 650 nm.
Figure 4.1b shows the emission at 1550 nm of a single Yb—Er-doped NaYF4 nanocrys-
tal trapped in a DNH aperture, which we could not observe in our previous mea-
surements [10]. The linewidth in Figure 4.1b is limited by the emission band of
4I13/5 —* I15/, levels. Plasmonic resonances found in simulation are much broader.

Because the 1550 nm peak is entirely the result of Er, it is not expected to vary
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FIGURE 4.1: Measuring the emission spectra from single nanocrystals.
(a) Upconversion emission spectra from a 26.2 nm nanocrystal ob-
served for a sample with 32 nm average cusp separation. The counts
can be compared for 400, 550 and 650 nm emission peaks. Collected
by a spectrometer with a 10 ms acquisition time. (b) Downconver-
sion emission spectra from a 16.9 nm nanocrystal observed for a sam-
ple with 32 nm average cusp separation. Collected by a spectrometer
with 1 s acquisition time. (c) Schematic energy level diagram of Yb*"
sensitizer and Er’" activator in nanocrystals. Radiative energy trans-
fer (solid lines), non-radiative energy transfer (dotted lines), cross-
relaxation (dashed lines), and multiphonon relaxation (curly lines).
(Adapted from Suyver et al. [11])
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significantly in linewidth due to the shifting plasmonic resonances with different
nanoholes because the nanoholes show much broader resonances in this region of
the spectrum.

We have not previously observed emissions at 400 nm and 1550 nm from single
Yb-Er-doped NaYF, nanocrystals. The 400 nm upconversion emission is from the
2H, /2 —4 5 /2 transition in erbium [11]. The 1550 nm downconversion emission
is from the I3 /2 —4 5 /2 transition [7]. These transitions can be seen in the en-
ergy diagram shown in Figure 4.1c. Observing these two transitions from single
nanocrystals for the first time in our group is possible due to the higher enhance-

ment achieved using the double nanoholes.

600
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FIGURE 4.2: Investigating the influence of the DNH cusp separation

on emission enhancement. Emission from 17 nm and 26 nm nanocrys-

tals at 400 nm, 550 nm, 650 nm for varying DNH cusp separations.
Emission counts at 400 nm are multiplied by 5 for visibility.

Figure 4.2 shows the emission of the two sizes of Yb-Er-doped NaYF4 nanocrys-
tals using DNH apertures with varying average cusp separations. It illustrates how
the size and shape of the aperture can impact the overall emission. Several mea-
surements on different DNHs within each sample were taken to confirm that the
measured emission is from a single trapped nanoparticle. The average of these
single trapping events is taken to form the final count. The normalized standard

deviation over different measurements of a single 26.2 nm nanocrystal was 2.4%,
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4.3% and 6.5% and for a single 16.9 nm nanocrystal it was 3.3%, 5.6%, and 4.8%,
for the 400, 550 and 650 nm emission. The laser power is maintained at ~9 mW
(as measured before the 100 x objective) to simultaneously excite the structure and
trap the particle.

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

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

These results show that the resonance wavelengths shifts as the cusp separation

changes. The colloidal lithography method used to prepare these samples adjusts
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the cusp separation by changing the plasma etching time, this also affects the di-
ameter of the apertures. Changing both the cusp separation and aperture diameter

like this can impact both the enhancement factor and resonant wavelengths.
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FIGURE 4.3: Optical trapping of Yb-Er-doped NaYF,; nanocrystals
with DNH. (a) Image of NaYF,; nanocrystals with nominal diameter
of 26.2 nm. (b) Image of a fabricated DNH structure with 32 nm cusp
separation and 222 nm aperture diameter, taken with scanning elec-
tron microscope. (c) Schematic of a trapped nanocrystal in a DNH
aperture on a gold sample. (d) Schematic of optical tweezer setup.
(e) Optical transmission through a 32 nm DNH aperture in a metal
film trapping a 26.2 nm nanocrystal, as measured by the APD volt-
age. Laser is turned on at 0 s. (f) Magnified region showing the APD
voltage change shortly after the laser is turned on and trapping time
measurement.

To probe this further we look at FDTD simulations (Lumerical FDTD ver. 2020
R2.3). The simulations calculated the electric field inside the cusp of the DNH
structure where the particle would be trapped as shown in Fig. 4.3c. The structures
were modeled from SEM images similar to Fig. 4.3b. A total of four different DNHs

were modeled around the peak of interest at 32 nm cusp separation. Figure 4.4a
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shows the simulated electric field intensity inside the cusp of a 32 nm DNH struc-

ture.
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FIGURE 4.4: Simulated electric field intensity. (a) Visualization of the

electric field intensity inside of a DNH with 32 nm cusp separation.

(b) Electric field intensity for DNHs with 22.7 nm, 32 nm, 40 nm, and
45 nm cusp separations. Normalized to the incident intensity.

Figure 4.4b shows the simulation result of the relationship between the near-
tield electric field intensity (normalized to the incident intensity) and wavelength
inside the cusp of DNH structure with different cusp separations. It can be seen
that the 32 nm cusp separation has the greatest overall electric field intensity. There
are two main resonant peaks for each of the simulated DNH structures. The struc-
ture with 32 nm cusp separation has peaks at 720 nm and 940 nm. The simulations
were performed based on single SEM images and as the resonance frequencies are
sensitive to the curvature of the cusps and the exact separation it is expected that
the peaks differ slightly from the experimental results. The simulations show that
multiple resonances can be used to enhance both excitation and emission wave-
lengths. There is minimal field enhancement seen in the simulations at 400 nm,
but experimental results show increased overall emission at that wavelength. This
suggests that the main effect is seen at the excitation wavelength, increasing the

energy transfer, with additional resonances for other wavelengths.
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4.2 Observing Discrete Emission Levels

This experiment measures the emission from optically trapped dilutely Er-doped
NaYF, nanocrystals using DNHs with the geometry found in section 4.1 to maxi-

mize enhancement, a 32 nm cusp separation.

4.2.1 Experiment

The nanocrystals evaluated in this experiment have a nominal 2.48 Er /nanoparticle
and a diameter of 22.7 £ 2.4 nm. The nanocrystals were dispersed in hexane with

0'2 nanoparticles/cm? for trapping. The visible emission

a concentration of 4 x 1
was measured for 100 trapping events. It is expected that the distribution of the
erbium ions in the nanocrystals follows a Poisson distribution. It is also expected
that the emission will form discrete levels which correspond to the discrete counts
of erbium ions present in the nanocrystals.

The setup described in section 3.2 is used for optical trapping. Excitation and
trapping of the nanocrystals is by a 980 nm laser and the visible emission is col-
lected. Trapping is performed in hexane and is confirmed by oscillation shown

in figure 3.2b. The transmission signal from the APD as well as the spectroscopic

measurements are recorded.

4.2.2 Results & Discussion

(Reproduced in part from [12], with the permission of AIP Publishing)

After finding that a DNH cusp separation of 32 nm shows the best enhance-
ment with Yb-Er-doped nanocrystals, we applied this finding to search for and

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

emission spectrum for each event.
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FIGURE 4.5: Measuring discrete emission levels from low counts of

erbium emitters. (a) Emission counts from nanocrystals showing dis-

crete levels corresponding to different amounts of active erbium emit-

ters. Collected by a spectrometer with a 1 s acquisition time. (b) Pois-

son probability mass functions (PMFs) for the experimental (A = 1.68)

and synthesis (A = 2.48) and experimental probabilities for the num-
ber of Er emitters.

Figure 4.5a shows the upconversion emission from 640 nm to 680 nm of single
nanocrystals as measured with a 1 s integration time. It can be seen that the emis-
sion is separated into discrete levels. We attribute these levels to the discrete num-
bers of erbium emitters in the nanocrystals, from zero to seven individual active
emitters. The integrated emission counts give a clear way to distinguish between
the distinct numbers of active erbium emitters. The experiment demonstrated a
mean of 1.68 £ 0.17 active erbium emitters per nanocrystal. Compared to the ex-

pected mean from the synthesis, this gives a yield of 0.67 £ 0.07 which is consistent
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with previous findings from our group [13].

Figure 4.5b shows the probability distributions of Er emitters per nanocrystal as
expected from the synthesis and experimental means. This distribution makes the
assumption that all Er®* ions can emit photons. However, it is expected that sur-
face quenching significantly reduces the emission from Er>* ions near the surface
of the nanocrystal [43]. A quenched layer of 1 nm leads to quenching of 24% of the
Er’* ions in the volume. This seems to be a plausible explanation considering the
statistical uncertainty in the experimental results.

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

The emission measurements were collected with a spectrometer with a 1 s ac-
quisition time. This is an improvement by over a factor of 40 compared to previous
results from our group which required a 30 s acquisition time and produced even
tewer counts [13]. This is consistent with the finding in Section 2 and makes it
clear that DNHs can be used to improve the process of isolating single emitters.
We believe that this level of enhancement will allow for detecting and isolating
single emitters at 1550 nm; however, improvements in the optical setup for that

wavelength are required.
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4.3 Anchoring Nanoparticles

A photochemical method of anchoring erbium-doped nanocrystals inside of a DNH
aperture was explored in this experiment. Surface-modified nanocrystals can be
optically trapped in DNH apertures and a UV phototriggered reaction causes the
nanoparticles to anchor in place. This experiment explores this novel technique as
a step to isolating a single erbium emitter in a DNH for maximum emission.

Erbium-doped NaYF,; nanocrystals can be synthesized with a polymer coating
with a proportion of thiol end group which readily attach to gold. To prevent
these from immediately attaching to the gold surface, they can are protected with a
photoremovable group, 2-bromo-4’- hydroxyacetophenone. When exposed to UV
light at 340 nm, this group disassociates from the nanoparticle, de-protecting the
thiol group and allowing the particle to bind to gold.

A nanoparticle trapped in a DNH aperture is held close to the gold walls of
the aperture by the high field intensity at the tips of the cusps [98], [99]. While the
nanoparticle is trapped, a photochemical reaction can be triggered by UV exposure
to bind the nanoparticle to the gold inside of the DNH aperture, anchoring it in
place. Plastic substrates were used in this experiment as prior works have shown
that plastic substrates have lower surface charge than glass substrates which also
has benefits for trapping stiffness and time-to-trap [92]. It is thought that due to the
lower surface charges the trapped particles are closer to the metal structure where
the electric field intensity is highest, which is beneficial for anchoring.

This experiment was used as a first step to narrow down the wide range of
variables in the anchoring process to make the procedure more repeatable and re-
liable. The optical power, cusp separation, and UV exposure time were varied in

this experiment. More details on these parameters are listed below:
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DNH Geometry The cusp separation & aperture diameter of a DNH aperture af-
fects the local electric field intensity which dictates how close the nanoparticle

is held to the gold walls of the aperture.

Optical Power Higher optical powers yield stiffer trapping and higher field inten-
sity, which also controls how close the nanoparticle is held to the gold walls.
However, the polymer coating on the nanoparticles and the PVC substrate

are sensitive to heat and can be affected by excessive power.

Exposure Time A sufficient proportion of the nanoparticle’s photoremovable groups
must be exposed to the UV light for anchoring. Long exposure times can en-
sure that the photochemical reaction is triggered but it also may have nega-

tive effects such as anchoring multiple particles.

The optical trapping, anchoring, SEM imaging, and analysis were performed
by Michael Dobinson. The DNH apertures were fabricated by Elham Babaei. The

nanoparticles were synthesized by Adriaan Frencken of Dr. Frank van Veggel’s

group.

4.3.1 Experiment

A range of DNH apertures were fabricated using the colloidal lithography method
discussed in section 3.4.1 with the modification of using 22x22x0.17 mm PVC
cover slips rather than glass as the substrate. The apertures were fabricated using
200 nm polystyrene spheres with plasma etching to produce apertures with nom-
inal cusp separations ranging from 30 to 85 nm. Photoprotected surface-modified
NaYF; nanocrystals were synthesized as described in section 3.4.2. Three types of

nanocrystals were synthesized: undoped NaYF, nanocrystals with photoprotected
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thiol groups, NaYF4 nanocrystals doped with a nominal 1.8 Er/NP with photopro-
tected thiol groups, and undoped NaYF,; nanocrystals with a polymer-coating and
no photoprotected thiol groups. The undoped nanocrystals were used in the ini-
tial anchoring tests. After confirming that UV exposure can trigger the anchoring,
the doped nanocrystals were used in attempts to detect discrete emission levels
to determine if the results from the experiment in section 4.2 could be applied to
anchor nanoparticles with a specific doping level. The doped nanoparticles were
also proposed to test if the emission varied between the trapped particle in solu-
tion and the particle when attached in the DNH out of solution. The nanocrystals
with no photoprotected thiol groups were used as a control to confirm that the UV
exposure was the catalyst for anchoring.

The nanoparticles solutions contained particles with a nominal diameter of
38 nm. The initial solutions had a nanoparticle concentration of ~10 mgmL~! with
an additional ~40 mg mL~! of polymer micelles which had a diameter of ~12 nm.
This high micelle concentration caused difficulties trapping so the solution was
centrifuged to remove them. This also reduced the concentration of the NaYF,
nanoparticles, yielding a final concentration of ~100 pgmL~!. This solution was
used at both full concentration and diluted 10 x with deionized water for trapping.
Prior to trapping the nanoparticle solution was sonicated for 10 minutes.

Optical trapping was performed with the setup described in section 3.2, with
a green light source at 550 nm for imaging and UV light at 340 nm to trigger the
photochemical reaction. Green light was used to ensure that the reaction was not
triggered unintentionally, as 550 nm is far from the absorption band of the photore-
movable group, which is expected to begin at wavelengths less than 360 nm [88].
The UV light was focused onto the DNH sample with the 10x objective, with
the light incident on the apertures passing through the gold film to expose the

nanoparticles and the remaining UV light being blocked. Trapping and excitation
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of the nanocrystals was performed using a single 980 nm laser with optical pow-
ers ranging from 2-30 mW, with some brief tests of up to 100 mW, as measured
before the 100 x objective. The polarization was rotated to maximize transmission
through the DNH. Trapping was performed in water and confirmed by a jump in
the transmission, similar to that shown in figure 3.2a. The UV source was acti-
vated using an electronic circuit for precise timing (see Appendix A). The trans-
mission signal from the APD and the timing of the UV source were recorded. NIR
spectroscopy was used to measure the downshifting luminescence of the erbium-
doped nanocrystals. The DNH samples were imaged using SEM before and after
anchoring.

The anchoring procedure was carried out by first optically trapping a nanopar-
ticle, with the trapping confirmed by the transmission signal from the APD. To
anchor the trapped nanoparticle, the UV source was activated to expose the sam-
ple for a specific duration. This exposure de-protects the thiol and allows it to bond
to the gold on the inside of the DNH. Typical exposure times ranged from 0.5 ms to
20 s, with some test exposures of up to 10 mins. The trapping laser was maintained
for a period after UV exposure to allow the thiol group time to bind to the gold.

The laser is then turned off and the DNH sample was released from the spacer
and cover slip by a 12 h ethanol bath. Ethanol was used as it does not affect the
PVC substrate, but requires a longer contact time than the acetone bath used for
glass substrates. After release, the DNH sample was rinsed with ethanol and dried
with nitrogen before imaging with SEM to confirm anchoring. Anchoring was con-
tirmed by the presence of a nanoparticle with the correct 38 &= 3 nm diameter in the
exposed DNH aperture. The previous SEM images of the DNH are compared to
confirm that the particle is newly anchored and not a fabrication defect or contam-
ination. The distance from the center of the exposed DNH to the nearest anchored

nanoparticle was measured for nanoparticles that did not anchor within the cusp
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FIGURE 4.6: Attachment events of nanoparticles inside or near a
DNH. (a) Single nanoparticle, 41 nm from center. 26 nm cusp separa-
tion, 9.5 mW power, 5s UV exposure. (b) Double nanoparticle cluster,
85 nm from center. 29 nm cusp separation, 4.5 mW power, 10 s UV ex-
posure. (c) Multiple nanoparticle cluster in a DNH, 30 nm from center.
30 nm cusp separation, 4.5 mW, 20 s UV exposure. (d) Single nanopar-
ticle, 152 nm from center. 45 nm cusp separation, 14.7 mW powet, 6 s
UV exposure. (e) Single nanoparticle outside of DNH, 240 nm from
center. 36 nm cusp separation, 11.2 mW power, 6 s UV exposure.
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region of the DNH. Nanoparticles closer than 2 pm from the exposed DNH were
considered to be anchored as a result of the anchoring process. The yield was cal-
culated for these cases as well as for anchoring within the DNH. A distance of 2 pm
was chosen to give margin for the alignment of the laser with the aperture and is

twice the diameter of the minimum spot size of the focused laser.

4.3.2 Results & Discussion

The photochemical reaction was successful in anchoring the nanoparticles to the
gold surface. It was observed that exposing the the surface-modified nanoparticles
to UV light caused them to anchor on the gold surface, which was not observed
without UV exposure. The nanoparticles without the photoprotected thiol groups
also did not anchor to the gold surface, with or without UV exposure. Out of a total
of 98 UV exposure events, 39 events were successful in anchoring within 2 pm of
the DNH. Of those 39 events, five resulted in the nanoparticle becoming anchored
inside of the DNH aperture, a overall yield of 5%.

Figure 4.6 shows SEM images of anchoring events of single and clustered nanopar-
ticles inside of and at the edge of DNHs. Before and after images are shown for the
two anchoring events in figures 4.6a,b. The nanoparticle cluster in figure 4.6b con-
sisted of two 38 nm particles stacked vertically with a small horizontal offset of
~5 nm while the cluster in figure 4.6¢ consisted of many 38 nm particles (four visi-
ble). It is not clear if the clusters are formed by multiple trapping during anchoring,
or if they were present in the solution prior, despite sonication.

Figures 4.7a,b,c shows how the cusp separation, laser power, and UV exposure
time were varied in this experiment and the resulting yields. Each parameter was
adjusted see how they affect the anchoring process. The proportion of anchoring

events within 2 pm is listed for each range. It can be seen in the first plot that
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FIGURE 4.7: Distributions of the parameters controlled in the anchor-

ing experiments showing the yield of particles attached within 2 pm

for varying (a) cusp separation, (b) laser power, and (c) UV exposure

time. (d) Total yield of nanoparticles attached within 2 pm of the DNH

shown for both all events as well as for a subset with UV exposures
above 3 s.

apertures with cusp separations above 80 nm had a low yield of 19%, while the
best yield of 56% was seen for the 40-60 nm range. The second plot shows that
the laser power did not have a significant influence in the anchoring success, with
only a slight increase in yield for higher powers. The final plot shows a clear im-
provement for longer UV exposure times, with exposures under 4 s having 30%
yield which increases up to 71 % for exposures above 64 s. It is worth noting that
the typical ranges for anchoring events that occurred inside of the DNH differed
slightly. In those events, cusp separations were from 23-45 nm, power ranging
from 4.5-15 mW, and UV exposure times between 5-20 s.

Figure 4.7d shows the attachment yield for the photochemical anchoring pro-
cess. Approximately 40% of the 98 total events showed the nanoparticle attaching
within 2 um of the DNH aperture. As shown in figure 4.7c, the data made it clear
that short UV exposure times were not sufficient for anchoring. The yield increases

to 57% when the range is limited to anchoring events which used UV exposures
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over 3 s.

Overall, no events resulted in the nanoparticle anchoring in the middle of the
cusp region as expected. The majority of anchoring events resulted in the nanopar-
ticle anchoring outside of the DNH, but within 500 nm of the cusp region. The rea-
son for this behaviour is unknown but there are several possible causes that can be
investigated. Following the completion of the experiment, it was realized that the
polarization for maximum transmission is not consistent with the polarization for
maximum field intensity for 980 nm excitation of DNHs [100]. As the polarization
used for trapping was set for maximum transmission, the position of maximum
tield intensity is not certain which may be a factor in the attachment positioning.
Another possible cause may be the nanoparticle being released before the thiol can
bond to the gold. Self-assembled monolayers (SAMs) are based similar thiol reac-
tions which have adsorption times reported over a wide range, from milliseconds
to hours [101]. In future experiments, the laser dwell time after exposure should be
controlled to evaluate this parameter. Finally, there is a chance that prolonged UV
exposure can inhibit adsorption or even destroy the bond after forming. The Au-S
bond can be delicate as the thiol bond changes from a weak physisorbed bond to
a strong chemisorbed bond. This takes some time and requires a well-prepared
surface and in some cases the bond does not become chemisorbed [87], [102]. Thiol
bonds have also been reported to have a mobility which can lead to diffusion away
from the initial bonding point, although this is a slow process [86]. The energy of
UV light has also been shown to cause oxidation of SAMs in some cases and can

cause C-5 bond scission [103], [104].
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4.4 Fabricating Nanoaperture Optical Fiber Tweezers

A low-cost method to fabricate nanoaperture optical fiber tweezers (NAFT) using
colloidal pattern transfer is explored in this experiment. These devices consist of a
DNH aperture in a thin gold film which is aligned with the core of an optical fiber.
The final device can be used in an all-fiber setup for optical trapping where the tip
is dipped in the analyte. This all-fiber setup can remove the challenging alignment
requirements of conventional nanoaperture optical trapping.

The colloidal pattern transfer method transfers DNH apertures in a gold film,
which are fabricated by colloidal lithography, to the face of a cleaved optical fiber.
An optical setup is used to align the core of the fiber and the DNH, which is fol-
lowed by bonding with UV-cured optical adhesive and lift-off of the fiber to detach
the gold from the substrate. This device can then be connected to a fiber-based op-
tical trapping setup.

This experiment was limited in scope and served as a proof-of-concept for the
colloidal pattern transfer technique. This technique was used to fabricate NAFTs
for trapping polystyrene nanospheres, hexagonal boron nitride, and erbium-doped
nanocrystals. Several modifications to the DNH fabrication process were required
to produce suitable apertures and a specialized optical setup was designed for
aligning and attaching DNH apertures to an optical fiber. Two fiber-based trap-
ping setups were also made for this experiment for trapping in transmission and

reflection modes.

4.4.1 Experiment

The colloidal lithography method presented in section 3.4, with minor modifica-
tions, was used to fabricate DNH apertures. No Ti adhesion layer was used to

facilitate removal of the Au film from the glass substrate. The DNH samples used



Chapter 4. Experiments

58

XYZ-stage #1 spectrometer

light
source

XYZ-stage #2

LED CMOs
| BS .., |: camera

M2 D1

HWP POL laser

S—E

FIGURE 4.8: The fiber attachment process. (a) Scanning electron mi-

croscope (SEM) image of a DNH aperture used to fabricate a NAFT.

(b) Image of the face of a cleaved fiber taken through a microscope

with 50x magnification. (c) Schematic of the optical setup used to
fabricate the nanoaperture optical fiber tweezers.
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in this work were fabricated using 300 nm polystyrene spheres in a solution of
0.001% w /v with no plasma etching. This is a more dilute solution than typically
used and results in a sparse distribution of apertures with few DNHs. The sparse
distribution is desirable as the DNH chosen for fabrication must be separated from
all other apertures by at least the fiber core’s radius to avoid crosstalk, 4.1 pm for
single-mode fiber. After sputtering, the DNH samples were briefly sonicated in
ethanol until the gold started to detach from the glass substrate, 3-8 minutes. The
sonication process damaged the gold surface, however it is necessary to detach the
polystyrene spheres and large areas of the gold surface remained usable. The re-
sulting samples yielded DNH apertures with cusp separations of 68 &= 9 nm with
diameters of 268 £ 15 nm.

Figure 4.8a shows an image of a suitable DNH for fabrication a NAFT with the
colloidal pattern transfer method, captured with a scanning electron microscope
(SEM). The sparse distribution of apertures required for the process resulted in the
likelihood of apertures being DNHs rather than single holes was very low. SEM
was used to find viable DNH apertures to fabricate the NAFT devices, however this
can also be done without SEM using polarization and transmission analysis [92].

Figure 4.8b is a microscope image taken with 50 x magnification of a cleaved
tiber face, taken during inspection. This fiber was acceptable and a NAFT was
fabricated on it with the colloidal pattern transfer method.

Figure 4.8c shows the optical setup used to fabricate the NAFTs using an in-
verted long working distance microscope with a laser and light source for imaging
and precise alignment. The setup consists of an 850 nm laser which is collimated
using a FiberPort (Thorlabs, PAF-X-7-B) and polarized before passing through a
70:30 beamsplitter (Thorlabs, BS023) and focused on the sample with a long work-
ing distance 50 x microscope objective (Mitutoyo, 50x Plan Apo SL). A cleaved

single-mode optical fiber with the jacket removed and the coating stripped is held
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above the sample in a fiber chuck (Newport, FP-1). The other end of the fiber
connects to a 50:50 1 x 2 fiber splitter (Thorlabs, TM200R5F1B). One path of the
tiber splitter is connected to a spectrometer (Ocean Optics, USB4000) with the other
path being illuminated by a focused white light source. A 20 dB fiber attenuator
was used when working with higher laser powers to protect the spectrometer. The
tiber chuck and the sample are held on separate three-axis stages for alignment. A
CMOS camera (Thorlabs, DCC1645C) in the reflection path of the beamsplitter is
used to image the sample. An LED light source enters the beam path by a short-
pass dichroic mirror (Thorlabs, DMSP1180R) that reflects ~50% of visible light and
passes ~90% of light at 850 nm. A long working distance microscope (Wild, M5A),
mounted on a swing-arm stand, and a visible light source are used to observe the
surface of the sample. A UV light source is used to set the UV-cured optical adhe-
sive.

The colloidal pattern transfer method is used to fabricate NAFTs by aligning
the core of a cleaved fiber with a DNH aperture in gold film fabricated by colloidal
lithography. A UV-cured adhesive is used to transfer this gold pattern to the fiber
tip. Careful preparation of the optical fiber is critical for success. The following

describes the procedure in detail:

1. Preparation The DNH aperture sample is affixed to a plain glass slide with the
gold side facing upwards using an adhesive spacer before being placed in
the inverted microscope. The sample is moved to find the DNH of interest by
translating XYZ-stage #2 using constellation mapping combined with SEM
images, or polarization and transmission analysis. In this step it can be help-

tul to illuminate the sample from the top with a visible light source.

2. Fiber Cleaving A single-mode optical fiber (Corning, SMF-28) with an FC/APC

connector is first scissor cut to a length of at least 2 m. Approximately 20 cm
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of the jacket and strength member are then removed. The 242 + 5 ym buffer-
/ coating layer is removed by stripping the fiber with a stripping tool (Clauss,
NN254). This reveals the fiber cladding with a 125 £ 0.7 um diameter. The
bare fiber is cleaned with isopropyl alcohol and then cleaved (Sumitomo,
FCP-22L). The cleave is examined with a microscope from the side to ensure
that it is flat. The face of the cleave is also examined (fig. 4.8b) to ensure that
there are no visible marks from the cutting blade that go deeper than 10% of
the face diameter. It is critical that this cleave is performed correctly as any
contaminants can affect the bonding to the gold. The fiber is re-cleaved if
found to be inadequate. The cleaved fiber is then carefully loaded into a fiber

chuck.

3. Alignment The optical fiber is then aligned with the DNH by maximizing the
transmission of the laser into the optical fiber using the spectrometer, as well
as by viewing the light emitted from the fiber on the camera. This is done by
translating the fiber using XYZ-stage #1, keeping the sample fixed. Adequate
coupling for rough alignment is typically achieved with the fiber tip within
200-500 pm of the gold surface. The angle of the fiber face is important to
maximize coupling and can be adjusted using the fiber chuck. Care must be
taken to ensure that the fiber tip does not contact the gold surface. In this
step, the polarization of the laser can also be changed to observe a change in

the transmission through the fiber to confirm that it is aligned with a DNH.

4. Bonding After alignment, the fiber is lifted from the sample by raising XYZ-
stage #1. A ~1uL drop of UV-cured optical adhesive (Norland Products,
NOA 61) is pipetted onto a clean glass slide. The adhesive is carefully ap-
plied to the tip of the cleaved fiber by dipping the fiber into the drop. The

excess adhesive is removed by carefully bringing the adhesive on the face of
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the fiber in contact with the clean glass slide. This is repeated until minimal
adhesive is present on the fiber face, monitored using the LWD microscope.
The optical fiber is then lowered back to the previous position on the gold
DNH sample so that the adhesive barely contacts the surface. The alignment
of the fiber may have changed during this process so the position of the fiber
should be re-adjusted for maximum transmission. Once aligned, the adhe-

sive is cured for a minimum of 5 minutes with an external UV light source.

5. Release The fiber is slowly lifted directly upwards using XYZ-stage #1 to release
the gold from the glass surface. Care must be taken with the finished device

as it is delicate and can be damaged during handling and cleaning.

6. Inspection The fiber is kept mounted in the inverted microscope while the DNH
sample is removed. The camera is used to confirm that the gold has not
shifted off of the core region during release. The laser can also be used
to confirm that the transmission levels and polarization dependence have
not changed significantly from before attachment. Following inspection, the
NAFT can secured in a protective housing and connected to a fiber-based

setup for trapping.

4.4.2 Results & Discussion

The colloidal pattern transfer technique was used to successfully fabricate NAFT
devices which were used to trap polystyrene and hexagonal boron nitride nanopar-
ticles in transmission mode. Trapping of erbium-doped nanoparticles in hexane
was also attempted in reflection mode but no emission at 1550 nm was observed,

although there was a small difference in the APD signal compared to pure hexane.



Chapter 4. Experiments

63

FIGURE 4.9: (a) Diagram showing alignment of the 8.2 um fiber core
with a DNH aperture found using SEM. Constellation mapping is
done to find the DNH, the top inset (i) shows a camera image taken by
transmitting light through the sample with the coloured circles match-
ing the apertures between the camera and SEM images. The bottom
inset (ii) shows the illuminated fiber core visible through the sample,
with the surface being illuminated in reflection. The relevant area on
the SEM image is shown with the green circle. (b) An unsuccessful
fiber attachment using an FC/PC connector with a ferrule. (c) A suc-
cessful fiber attachment on a cleaved fiber, with excess gold visible
around the edges of the fiber.
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While the fabrication of the NAFT devices was challenging, the fiber-based opti-
cal trapping setup required minimal tuning could be set up for trapping quickly
which allowed for easy evaluation of the NAFTs.

Significant effort was required to find good DNH candidates as the sparse dis-
tribution yielded mostly single nanoholes with few DNHs which were challenging
to find with SEM. This step has much room for improvement as it is possible to
tind DNH apertures using the laser in the inverted microscope setup shown in
figure 4.8 by varying the polarization and monitoring the response in the trans-
mission signal [92]. This process has potential for automation which could yield
significant advantages for fabrication time.

Figure 4.9a shows how the optical fiber is aligned with a DNH aperture on
the sample. The main image was taken using SEM to find a suitable DNH for
fabrication. The large green circle marks the size of the fiber core and it can be
seen that there is sufficient space for the DNH to be bonded without crosstalk. The
scratch in the bottom left served as a fiduciary mark so that it could be found using
the camera. Constellation mapping was used to confirm the location of the DNH,
as shown in the top inset, by shining a light through the top of the DNH sample
and observing the apertures with the camera. The matched DNH apertures are
indicated in the figure using rings with matching colours. The bottom inset shows
the same area but with the top light source removed and the core of the optical
fiber visible as a circle of light which transmits through the gold. The lower LED
is used to illuminate the surface slightly for alignment. This circle of light from the
core is only visible when the optical fiber is within approximately 200-500pm of
the gold surface.

Initial fabrication efforts focused on using fibers with prepared FC/PC connec-
tors rather than cleaved fibers. This was intended to reduce the preparation work

required, but the size of the ferrule lead to severe warping of the gold surface upon
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release. Due to the large surface area of the ferrule and the inconsistent adhesion of
the gold to the glass substrate, some areas would lift off sooner than others during
release, leading to warping and tearing of the gold. The slightly convex face of the
FC/PC connector may have also contributed to the release issues, this could po-
tentially be mitigated by flat polishing before fabrication. The ferrule also limited
the UV exposure in the center of the fiber which in some cases caused areas to not
cure fully, even with long exposures.

Figure 4.9b shows an attempt using a ferrule where the gold surface was dam-
aged during release. Ridges and tears caused by the release are clearly visible
under a microscope with 50x magnification. Further inspection of this device, by
observing the light transmitted through the core with the inverted microscope, re-
vealed that the core and DNH were no longer aligned and was unusable.

Figure 4.9c shows the face of a NAFT after the release process. The smaller
surface area of the cleaved fiber did not cause warping or tearing on release. Minor
peeling of the gold outside of the fiber region is visible, which was common but this
does not affect operation in most cases and can be trimmed if desired.

The fabrication process was challenging as it requires precise alignment and
careful manual movement of all stages. The critical step in the colloidal pattern
transfer process is translation of the fiber to meet the gold surface for bonding after
applying the adhesive. The position must be closely monitored with the micro-
scope to ensure that the adhesive only barely contacts and does not press into the
gold surface. The epoxy is viscous and kept out of the DNH apertures by sur-
face tension, but this action can cause epoxy to be enter into the DNH. Damage
to the surface or the fiber core can also occur in severe cases. Several attachment
attempts appeared successful as the DNH aperture was cleanly detached and re-
mained aligned with the core, but they could not be used for trapping. This may

be due to the UV-cured epoxy filling the DNH aperture when the fiber contacts the
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surface.
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FIGURE 4.10: Schematic of a NAFT showing a DNH aligned with the
core being illuminated with a laser (DNH enlarged to show features).

A NAFT was fabricated using the DNH shown in figures 4.8a and 4.9a with
the colloidal pattern transfer technique. Figure 4.10 shows a model of a NAFT
with the relevant features and dimensions. This device was used to successfully
trap 40 nm polystyrene nanospheres and hexagonal boron nitride (hBN). Trapping
in hexane was also attempted with Yb/Er-doped NaYF; nanocrystals, although
neither a clear trapping signal nor emission at 1550 nm was observed. Between
each trapping event, the device was cleaned by gently soaking in acetone followed
by ethanol and then let dry. The fabricated devices were found to be delicate and
care was taken during handling and cleaning. Contact of the gold on the fiber
face with any solid surface caused immediate damage. The stripped section of the
optical fiber is also prone to damage.

Figure 4.11a shows the optical setup used for trapping nanoparticles with the
tabricated NAFT in transmission mode as well as trapping events with 40 nm
polystyrene spheres and hBN. This setup allows for the laser to remain in fiber
until reaching the DNH aperture with no alignment required. In this work, a fiber-

coupled 980 nm laser (JDS Uniphase, SLDO-27-7552-160-LD) with a 980 nm fiber
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FIGURE 4.11: Schematic of trapping setups used with a NAFT, and
trapping events recorded using each setup. The blue part of the line
indicates trapping while the red part indicates no trapping. (a) Trans-
mission mode setup monitors trapping with a femtowatt photodetec-
tor. (i) Trapping of 40 nm polystyrene and (ii) hexagonal boron nitride
(hBN) are shown. (b) Reflection mode trapping setup uses a WDM
split the reflected emission at 1550 nm from trapped erbium doped
nanocrystals for detection. Events from (i) hexane and (ii) erbium-
doped nanoparticles dispersed in hexane are shown.
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isolator (Thorlabs, IO-F-980APC) connects to a fiber polarization controller before
transmitting through the DNH aperture on the fiber tip. The fiber is mounted to
a Z-stage so that it can be dipped into the analyte for trapping. The transmis-
sion is measured using a femtowatt photodetector placed below the sample, with
a neutral density (ND) filter to limit the light received and prevent saturation. The
polarization can be adjusted with the polarization controller to maximize transmis-
sion for the DNH. To optically trap with this setup, a glass slide is prepared with
a 0.12 mm thick adhesive spacer (Grace Bio-Labs, SecureSeal) filled with 10 puL of
the analyte. The slide is placed in the slide holder and the optical fiber is lowered
to contact the solution using the Z-stage. The laser is turned on with low power
and the polarization is adjusted for maximum transmission. The power is then in-
creased for trapping. A DAQ is used to measure and record the transmission signal
from the femtowatt photodetector.

Two trapping events observed using the fabricated NAFT are shown in fig-
ure 4.11a. The first trapping event was observed using a 0.1% w/v solution of
40 nm polystyrene nanospheres. The second trapping event was observed for a
5.41ug mL~! solution of hexagonal boron nitride (hBN). The laser power was main-
tained at ~50 mW for both events, as measured after the isolator. The untrapped
state is shown in red and the jump and increase in the variation indicates the tran-
sition to trapping, shown in blue. After the laser is turned off at and back on at, the
signal returns to the untrapped state, as seen by the low variation. The trapping
setup was sensitive to movement and small changes in the height of the fiber above
the femtowatt photodetector corresponded to large signal changes. There was drift
in the signal observed during long recording periods which appeared to be caused
by drift in the Z-axis of the stage. These trapping results are consistent with prior

work by Ehtaiba and Gordon [53].
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Figure 4.11b shows the optical setup used for trapping erbium-doped nanopar-
ticles with 1550 nm fluorescence in reflection mode. This setup is similar to that
shown in figure 4.11a with the removal of the photodetector and addition of a
1 x 2 980/1550 nm wave-division multiplexer (WDM; Thorlabs, WD9850AB) in
the reflection path with a detector. The WDM has low insertion loss and allows the
980 nm laser to excite the DNH for trapping with 19 dB isolation from the reflec-
tion path. The detectors used were either a spectrometer directly coupled to the
tiber (Agilent, 86142B) or an APD (Thorlabs, APD120A), connected using a fiber
collimator (Thorlabs, F220APC-1550). With this setup, the reflected laser light as
well as the fluorescence of trapped particles can be used to detect when trapping
occurs. As the isolation of the WDM is not perfect, a small proportion of the 980 nm
laser signal is reflected into the 1550 nm arm. This is beneficial for reflection mode
measurement with the APD, but it can be a problem for spectroscopy or photon
counting. If more sensitive applications are required, a second WDM can be used
to further remove the 980 nm component. To optically trap with this setup, a vial is
filled with analyte into which the NAFT is dipped into by translating the Z-stage.
The laser is turned on with low power and the polarization is adjusted for mini-
mum reflection. The power is then increased for trapping. When using an APD, a
DAQ is used to measure and record the reflection signal.

Optical trapping of 26.2 nm doped NaYF; nanocrystals (18% Yb, 2% Er) in re-
flection mode was attempted, yielding the result shown shown in figure 4.11b.
The laser power was maintained at ~50 mW for both events, as measured after
the isolator. This measurement was performed with the APD and fiber collimator
to measure the reflection from the DNH. The first plot shows a control attempt in
pure hexane where a brief jump in the reflection is seen when the laser is turned
on before settling to a nominal value. This behaviour was consistent for hexane.

When trapping the NaYF, nanocrystals in hexane, the large jump seen for pure
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hexane was not observed, rather the signal appears to rise relatively slowly. Sim-
ilar behaviour has been observed by others but measurement with a spectrometer
showed no emission at 1550 nm [105]. These results are not conclusive as the cou-
pling of the nanoparticle emission is poor and may not be easily detectable.

The observed fiber-based trapping events showed a minimal jump in the trans-
mission compared to typical results for comparable apertures in an inverted mi-
croscope trapping setup (fig 3.1). With 40 nm polystyrene, a jump of 0.2% was
observed in the fiber trapping event, compared to typical jumps of 3-5%. In a typ-
ical trapping setup, the laser is convergent and tightly focused to a beam spot of
a few microns. In fiber-based trapping, the laser is approximately Gaussian inside
of the 8.2 pm core and diverges as it exits the fiber. The DNH aperture lies approx-
imately 8 ym away from the fiber face due to the epoxy layer [53]. The beam area
increases over this distance as it diverges, lowering the power density. The area of
the DNH aperture is small compared to the beam area, resulting in a large propor-
tion of the light hitting the gold interface rather than passing through the DNH.
The 70 nm gold layer used in this experiment is not opaque to 980 nm light, ap-
proximately 0.05% is transmitted [106]. This can be a significant proportion of the
transmitted light which adds to the background of the signal transmitted through
the DNH. A large background level reduces the size of the jump as a proportion
of the total signal, and may be responsible for the observed difference, although
further investigation is required to confirm this.

Due to time constraints, only a single device was successfully fabricated which
was able to repeatedly trap nanoparticles. A total of sixteen other devices were
tabricated but trapping was either not achieved or was not repeatable with these

devices.
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Chapter 5

Evaluation & Comparison

The experimental results presented in chapter 4 show that these methods have po-
tential and could lead to an integrated fiber-coupled single photon source with
turther development. Tuning the DNH geometry to enhance the emission allowed
discrete emission levels to be observed, but the nanoparticle anchoring and fiber
attachment techniques need further refinement to significantly improve yield and
reduce the fabrication time. Before these techniques are combined, the photon
characteristics of the erbium-doped nanocrystals should first be evaluated, both
with and without the surface modification.

Observation of discrete emission levels from erbium-doped nanocrystals is a
promising result which shows that nanocrystals containing specific numbers of
active emitters can be isolated out of solution using optical trapping. This is a dis-
tinct improvement over both the post-processing and ion implantation methods
discussed in section 2.4 as it can be performed in real-time and particles without
active emitters can be easily ignored. With the 1 s integration time used in this ex-
periment, single emitters can be isolated in seconds which has enormous potential
for combination with the photochemical method to anchor the emitter in place after
detection. This rapid detection time was made possible by the significant emission
enhancement from the tuned DNH apertures, substantially increasing the emission

rate to a level detectable in seconds.
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While these isolated nanocrystals may contain single active emitters, this has
not yet been confirmed using HBT interferometry to measure the second order cor-
relation, ¢(?(0). Additionally, confinement within the DNH aperture may have
an effect on the coherence and indistinguishability of the emitted photons which
should be assessed with HOM interferometry [107]. Before performing these mea-
surements, other factors that affect the coherence should be considered to yield the
best results. One factor is Raman scattering which reduces the coherence as some
energy is absorbed into the system. The excitation to the *I;; /, level with 980 nm
light follows Stokes Raman scattering for the 414 /2 —4 I /2 emission pathway,
reducing the coherence of the emission [108]. Instead, excitation with 1480 nm can
be used for the *I;5/, <3* I3/, emission pathway as Rayleigh scattering preserves
coherence [109]. Other coupling effects between the single emitter and the environ-
ment, such as electron-phonon and electron-plasmon, as well as the positioning of
the nanoparticle and localized heating caused by the enhanced electric field, can
have negative effects on the coherence of the emission [36], [110].

Selective anchoring of nanoparticles using a photochemical method with opti-
cal trapping is another novel technique that shows promise based on the prelimi-
nary results. While the experiment had a low overall yield, particularly for anchor-
ing within the DNH, this was not unexpected for a novel method combining opti-
cal trapping with photochemistry. A similar anchoring method has been demon-
strated previously using UV-triggered self-assembly with thiols in ‘Click” chem-
istry, but this employs a significantly more complicated two-part reaction which
also requires a surface-modified substrate [91]. Phototriggered reactions based
on upconversion emission have also been used with surface-modified lanthanide-
doped nanocrystals for biomedical applications, however it lacks the placement
specificity required for our application [111]. The proposed photochemical anchor-

ing method is comparatively simple and requires minimal sample preparation, and
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would be an ideal if the yield can be improved.

A wide range of apertures, exposure times, and optical powers were used in the
anchoring experiment, and by iteratively improving on the process, it is likely that
the number of variables can be reduced. This preliminary work has shown that
brief UV exposures are not sufficient to trigger anchoring, and that further tuning
of the technique has promise to increase the yield. Additionally, as mentioned in
the experiment, the trapping was performed using the polarization tuned for max-
imum transmission which is not consistent with prior work where the opposite
polarization yielded maximum field intensity in the cusp region [100]. The other
polarization should be explored as better placement specificity is required before
this method can be considered functional. The emission of anchored particles may
also vary if the device is used in air, and further investigation is needed to de-
termine if the emission is comparable to the results seen for the hexane-dispersed
nanocrystals of sections 4.1 and 4.2.

Fabricating nanoaperture optical fiber tweezers has been performed previously
in our group, but the experiment presented in this thesis significantly lowers the
cost by using colloidal pattern transfer rather than template stripping [53], [85].
Template stripping requires the DNHs to be produced with focused-ion beam milling
which has significant costs but, as the attachment is an external process, this method
could be reasonably scaled with many templates milled on each chip [53]. Other
methods have used focused-ion beam milling to fabricate the DNH directly on the
tiber, but this requires additional steps to etch the fiber core for alignment and
it does not scale well as only a few fibers can be held within the machine for
milling [52]. The colloidal pattern transfer method requires minimal fabrication
time for the DNH samples, but is bottlenecked by the time to find suitable DNHs
and the manual fiber attachment process.

This method relies on finding isolated DNHs in a sparse distribution, whichis a
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time consuming task regardless of whether SEM or polarization analysis is used to
identify DNHs. Automation of this searching technique could result in a scalable
and rapid search method. The stability and precision of the fabrication setup was
also an issue during this experiment, constant manual adjustment was required
to perform the fabrication steps while combating mechanical drift and backlash.
This is acceptable for a lab environment but if this is to be made a truly accessible
technology, major improvements will be necessary to ensure reliable production.
While fabrication was a challenge, the fiber-based trapping setups used in this ex-
periment showed promise as they required no adjustment or alighment to operate.

Overall, these techniques are effective but they have room for several improve-
ments and the yields must be improved before moving to the next steps. Erbium-
doped nanocrystals are a promising candidate for single photon sources which can
be enhanced and isolated using DNH aperture optical trapping. The literature has
also shown that erbium-doped nanocrystals have useful optical and quantum char-
acteristics, but these need to be confirmed in a DNH. The initial results from the
nanoparticle anchoring method showed that it can be used to anchor the surface-
modified nanoparticles on the gold surface. The method suffered from limited
control and low yield, but these both have potential avenues for improvement. Fi-
nally, the colloidal pattern transfer method showed that nanoaperture optical fiber
tweezers can be produced for a low cost per attempt, but with significant time

investment.
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Chapter 6

Conclusion

This thesis has demonstrated a path towards a fiber integrated single photon source
based on erbium-doped nanocrystals through four experiments which encompass
a wide range of nanofabrication, photochemical, and optical trapping techniques.
Employing nanoaperture optical trapping with DNHs allows for simultaneous iso-
lation and enhancement of erbium-doped nanocrystals. This is built upon with a
photochemical method intended to enable optically trapped nanoparticles to be
selectively anchored within a DNH aperture. Finally, the colloidal pattern transfer
method was presented as a low-cost fabrication method for nanoaperture optical
fiber tweezers. This process can make nanoaperture optical trapping more accessi-
ble, and provides a platform for developing a fiber-coupled single photon source
tabricated with optical trapping and photochemical anchoring.

The geometry of DNH apertures were shown to have a significant effect on
the emission enhancement of optically trapped erbium-doped nanocrystals. This
geometry was tuned to maximize the enhancement which showed improvement
over rectangular apertures by a factor of 50. This enhancement allowed nanocrys-
tals with discrete levels of active emitters to be detected and isolated in real-time.
A novel photochemical anchoring method based on a UV-triggered thiol reaction
showed 40% success for anchoring nanoparticles within 2 pm from DNHs, and

5% yield for anchoring within DNHs. This method still shows potential as future
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works can further vary the range of parameters to develop the process. Finally,
a colloidal pattern transfer method for producing integrated nanoaperture optical
fiber tweezers was demonstrated. Optical trapping with a fiber-based setup was
demonstrated using the nanoaperture optical fiber tweezers for 40 nm polystyrene
and hBN. While the fabrication process proved to be challenging, the fiber-based
trapping setup showed enormous utility with simplified sample preparation and
no need for alignment.

The methods and experimental results presented in this thesis show significant
promise and demonstrate a possible route to an integrated fiber-coupled single
photon source. While the individual methods still need significant refinement be-
fore the final device can be realized, many of the advantages, shortcomings, and
potential improvements for the methods have been envisaged. Additional future
work to measure the photon statistics is of high importance as the characteristics of
the actual device are critical for high-quality quantum control and communication.
The development of an accessible fiber-coupled single photon source at 1550 nm
would be a disruptive quantum technology, and these novel methods outline a po-
tential path towards one which requires a focus on scaling and a directed effort to

improve yields.
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Appendix A

Appendix A: UV Light Timing

Program

To accurately control the UV source, a short program was written. This program
allows the user to turn on the UV source for a specified duration and the circuit
allows this to be measured by the DAQ so that the APD signal can be analyzed for

the period during which the UV source is on.

A.1 Hardware

The lighting source consists of two LEDs, one UV and one green LED. The green
LED is used to illuminate the sample to find the DNHs and perform trapping. A
green LED is used rather than a white LED to avoid accidental triggering of the
photochemical reaction.

Figure A.1 shows the schematic of the UV light timing circuit. A microcontroller
(Arduino Uno) controls the UV LED using a transistor output circuit. The micro-
controller interfaces with a PC for control over serial. A DAQ is used to monitor
the UV LED voltage so that it can be synchronized with the APD signal, which is
collected by the same DAQ.
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FIGURE A.1: Schematic of the UV timing circuitry and external con-
nections.

A.2 Program Code

LISTING A.1: Timed Output Program

L . . S

*

*

Timed Output
created 15 June 2021 | modified 16 January 2022
by Michael Dobinson

Turns the output pin on for the amount of time specified
by the

user over the serial port.

Procedure:

1. Connect to Arduino board over serial port @ 9600 baud
2. Wait for message "Connected." from Arduino

3. Send a blank message to establish connection, e.g. " "
4. Send a number in seconds to turn on the output pins
for that

duration, e.g. "12.6"
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* 5. Output pins will turn on for the specified duration
and you

* will receive a confirmation message, e.g. "LED ON for
12.6s

* 6. Repeat from step 4 for additonal timed outputs

x Note: Terminal must be set to output newline "\n" on
enter

*/

// initialization, runs on reset
void setup () {
Serial.begin(9600); // start serial @ 9600 baud

while (!Serial) { // wait to connect
; // do nothing

// initialize pins 12 & 13 (LED_BUILTIN) as outputs.
pinMode (12, OUTPUT) ;
pinMode (LED_BUILTIN, OUTPUT);

// send messages until first response is received

establishContact () ;

void loop () {
// wait for user input over serial

if (Serial.available() > 0) {
String str = Serial.readString(); // get incoming byte
if(str.indexOf ("\n") > -1){ // check message content
float num = str.toFloat(); // convert user string
to float
Serial.print ("LED ON for "); // respond to user

Serial.print (num) ;
Serial.println("s");

// set output pins HIGH for the duration specified (if

>10us)

if(num > 0.00001) {
unsigned long startTime = millis(); // start timer
while(millis () - startTime <= num%1000)

{
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// turn on outputs (HIGH)
digitalWrite (LED_BUILTIN, HIGH);
digitalWrite (12, HIGH);

}

// turn off outputs (LOW) after duration elapsed
digitalWrite (LED_BUILTIN, LOW);
digitalWrite (12, LOW);

}
lelse(
// message invalid, send "unknown"
Serial.println ("unknown");
}
}
}
// send a string to establish contact until receiver
responds
void establishContact () {
while (Serial.available() <= 0) {

Serial.println("Connected."); // send an initial

string

delay (300);

A.3 Example Commands

Below is the example input/output for turning on the UV LED for 10.5s. The Ar-

duino sends the following message every 300ms until user input is received:

Connected.

Begin connection by sending a message, this should be blank. After establishing

a connection, send the duration you would like to turn on the outputs for, e.g. 10.5s:

Blank Message

10.5

The Arduino will respond and turn on the output for the specified duration:

> LED ON for 10.5s
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