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ABSTRACT

Active Nanophotonics

for Quantum- and Classical-Optics Applications

Lei Zhu, PhD

The University of Texas at Arlington, 2012

Supervising Professor: Michael Vasilyev
This thesis presents theoretical and experimental developmidat ioteraction
enhancement between the photon and matter.

We propose one single photon emitter by integrating a single /C4&®
guantum dot into a plasmonic nano-cavity. We experimentally obsereetidnal
spontaneous emission with angular half-width of about 10 degrees dr@mngle
CdSe/ZnS quantum dot positioned in a slit nanoaperture surrounded by geriodi
corrugations.

Aware of the intrinsic loss limitation of single-photon emitiased on
plasmonic nano-cavity, we go on to exploit the relationship betweefiuthrescence
decay times of CdSe/ZnS core-shell quantum dots and the refrantier of the

surrounding medium. We report measurements of the fluorescenag tlees of



CdSe/ZnS core-shell quantum dots at the air-dielectric ineeffacseveral dielectrics
with different refractive indices. The results are in agreemthta simple theory that
accounts for the impact of the refractive index on the densityta#ssand magnitude of
the vacuum field, as well as for the local-field correctiondaghe quantum dot. The
results suggest that, by embedding the quantum dots into a high-thelextric
material, one can reduce the spontaneous decay time to sub-nanosealenahile
preserving high quantum efficiency.

In order to manipulate the nanopatrticle, we propose and demonstratmpdas
optical tweezers fabricated at the tip of a single mode ofitiea. We trap sub-micron-

size particles in 3 dimensions by this simple tool.

Vi



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ... e e e en e iii
AB S T R A C T et e e n s %
LIST OF ILLUSTRATIONS ...t e e e e s e e e e e e ennn e e eeenes X
LIST OF TABLES ... e e e e e e e e e e e e nnnn e e XV
Chapter Page
1. INTRODUCTION. .. o e e e e e e ee e e e eennans 1
2. SHAPING SPONTANEOUS EMISSION PATERN BY PLASMONIC
NANO C AV T Y Lt ettt e e et e e e e e erar e e e e e eraaa e e g
2.1 QUANTUM OPLICS .euuieeeeie ettt e e et e e e e e e e e e eeeas 7
2.1.1 History of Quantum OPLICS.........ccovviiiiiiiiiiiiiiicieee e 7
2.12 What is QUaNtumM OPLICS.......uuuurrrmiiiiiiieeeeeeeeeeeeeeeeieiiii e 8
2.2 Single-Photon EMITIEr .....oooviiiiiii e 10
2.2. 1 MOUIVALION.....iiiiiit ettt 10
2.2.2 Characteristics of an Ideal Single-Photon Emitter................ 11
2.3 QUANTUM DOt ...eiiiiii e e aaa 12
2.4 Quantum Electrodynamics and Purcell Effect...........ccccooiiiiiie. 15
2.4.1 Interaction between Light and Atoms in Free Space............ 15
2.4.2 Cavity Quantum Electrodynamics and Purcell Effect.......... 19
2.5 SUrface PlasmMONICS ........uuuuiiiiiiiiiiiiicceeeee e e 23

vii



2.6 SAMPIE DESIGN ... 29

2.7 Sample Fabrication ... 32
2. 7.2 Wafer Cleaning .......oooooiiiiiiiiiiiiiceee e 34
2.7.2 Silver Thin Film DeposSItioNn ..........coovveiiiiiiiiiiiiiiie e 35
2.7.3 Surface Plamsonic Nanostructure
Fabrication on the Silver Thin Film..........ccccccooiiienee, 38
2.8 Measurement Experiment Set-up and ResultS...........cccceeeeevviviivviiiinnnns 50
2.9 “DONUL” WaVEGUIAES ....uueeeieiiiee e e eee ettt s e s e e e e e e e e e e e e eeeeeeeennnnnes 57
2.10 CONCIUSIONS.....ciiiieiiiiiii ittt e e 59
3. SPONTANEOUS DECAY OF CDSE / ZNS CORE-SHELL QUANTUM
DOTS AT THE AIR-DIELECTRIC INTERFACE ... 61
G0 == (o (o | (o 18 [o [P 63
3.2Samples Fabrication and Experimental Setup ..........cccceevieieiiiiieiinnneee. 69
3.3 Results and DISCUSSION .......ccceeiiiiiiiiiiiiiiiiie et 76
3.4 Conclusion and OULIOOK ............eeiiiiiiiiiiiiiiiii e 78
4. SINGLE MODE FIBER-BASED SURFACE PLASMONIC OPTICAL
TWEEZERS ... 79
4.1 OPLICAl TWEEBZEIS ....ceeeeeeeeeeeeeeete s e e e e et e e e e e e e e e aaeeeees 79
4.1.1 Brownian MOUION .......cccoiiiiiiiiieeaeiiieee e 79
4.1.2 Physical Principle of Optical Tweezers............cccccevvevvvvvnnnns 81
4.1.2.1 Ray-optics Approximation...........ccceeevvvvvvnniiinenenn. 81
4.1.2.2 Rayleigh Approximation ...........ccccceeeeeeveevveevnnnnnnnns 84
4.3 Surface PlaSmMONIC TWEEZEIS .......ccceiiiiiiiiiieeeiaitieee e 86

viii



4.4 SAMPIE DESIGN . .ceeeeeeeeeeeee et e e et e e e e e e e e e e e e e 89

4.5 Sample Fabrication and Experimental Setup...........ccccceeeeevvvivveviiiinnnns 99
4.6 Results and DISCUSSION ........uuviiiieiiiiiiiieee e 107
4.7 Conclusion and OULIOOK ...........uuvriiieiiiiiieeee e 111
5. CONCLUSION AND PROSPECTS ... 112
REFERENGCES ... e e e nnn e 115
BIOGRAPHICAL INFORMATION. ...ttt e 134



LIST OF ILLUSTRATIONS
Figure Page

2.1 (a) Band diagram of a two band model for direct gap semiconductor.

(b) Optical transitions in finite size semiconductor nanocrystals.............ccccceeeeeeeeennns 13
2.2 Potential well formed in the conduction and valence bands of a quantum dot ........... 14
2.3 Core/Shell structure of CdSe/ZnS Quantum DOtS. .........ciiiiiiiiiiiiieecccce e, 15
2.4 Optical transitions between the quantized energy levels:

(a) absorption (b) SPONtANEOUS EMISSION .....uuiiiiiiiee e e e e e e e e e e eeeeaenees 16
2.5 Refraction of light at an interface of two materials .............ccccoovviiiiiiicccciie e, 24
2.6 Surface-plasmon polariton diSPEersioN CUIVE. ..........coeeuuvvivuiiiiiaiieeeeeeeeeeeeeeeeeeenennn 27
2.7 Schematic view of @ grating COUPIE .......ccoviiiiiieeecce e e e e e e 28
2.8 TEM wave around metal NAN0@PEITUIe..........ccovviveeeiiiiiiiieieee e e e e e e e e e e 30

2.9 Azimuthal intensity emission patterns for various wavelengths,

for geometry N, h, d, a ={10, 160 nm, 500 nm, 40 NM}. .....coorriiiiiiiiiiiiiiiee e, 32
2.10 Thermal Evaporator DepoSition SYSTEM. ........uuuuiiiiiiiieee et 37
2.11 Physical principle of focused ion beam

(a) imaging, (b) deposition, and (C) MIllING .........uveiiiiiiii e 41
2.12 Schematic diagram of the Carl Zeiss 1540XB FIB SYyStem ........cccceevvveiiieeieiiiiieeiinnns 42
2.13 Schematic diagram of FIB MilliNg. ........oiiiiiiiiiiiiiiiieeeeeesre e 45
2.14 Fabrication of a slit nano-aperture surrounded by periodic corrugations.................. a7
2.15 Absorption and emission spectra of CdSe / ZnS quantum dot................cceevvvvveennnnns 48
2.16 Placement of a quantum dot into the Cavity............ceevviiiiiiiiiiii e 49

X



2.17 (a) Near field image of the green laser beam
(b) Near field fluorescence of quantum dot............oovvviiiiiiiiiiie e, 49

2.18 Experimental setup for direct spectrally resolved far-field measoteme.......... 51
2.19 (a) Structure 060x 80x 300nmwaveguides (b) SEM image of the waveguide ...... 52
2.20 Transmission spectra of t68x 80x 300nmwaveguide ............coovvvvevvevvviiiiciieeeeenn. 53

2.21 (a) Modeling predictions for angular emission pattern from the nanostrwiture
N=7 grooves on each side of the bitl 10 nm depth of the grooves, aleb00nm
groove period
(b) Experimentally measured transmission pattern (without quantum.dots)..54

2.22 Spectrograms of fluorescence from a single Quantum Dot (a) Angusmission
spectrum without quantum dots for the central slit nanostructurdwitigrooves
on each side of the shit:110 nm depth of the grooves (b) Emission spectrum
from the same structure with a single QD. (c) Angularly-integratetramé
fluorescence from the CdSe/ZnS core-shell quantum dot positioned inside the slit
L= TaTORr= T 1T (UL PRSP 55

2.23 (a) Wavelength-integrated spectra of fluorescence from the CdSeiZnshell
guantum dot positioned either inside the slit nanoaperture, or on non-corrugated
silver film, or on glass. (b) Angularly-integrated spectra of fluoresdeom the
CdSe/zZnS core-shell quantum dot positioned either inside the slit nanoaperture, or
on non-corrugated silver film, or 0N glass. .........coooviiiiiiiieic e 56

2.24 Angular distribution pattern (a) Angular emission spectrum with a singhugoua
dot inside the central slit nanostructure WY grooves on each side of the slit

(b) Angular emission pattern with quantum dot on the silver film...........ccccccceeeeennn. 57
2.25 Schematic and notation for hole and donut waveguides .............coovvvviiiiiiiiiiiiiinene on. 58
2.26 Transmission spectra of “donut” and hole waveguides............cccceeiiiiiiiiiiiiiiiiiinn. 59

3.1 (a) lllustration of Lorentz-Lorenz / Clausius-Mossotti relationship eatvthe
macroscopic electric fielgy and the local fieldE, seen by the atonaf = 1) or
guantum dotsf = g407). (b) Enhancement of the radiative decay rate, compared to
the rate in free space, by the refractive ndekthe dielectric surrounding the
guantum dot. The solid blue line corresponds to the case of complete embedding of
the quantum dot into the dielectric host [EQ. (3.10)]. The solid red line corresponds

Xi



to the quantum dot positioned at the air-dielectric interface. The dashed purple line

shows the asymptotic dependenYB..............cooveeeoeeeeeeeeeeeee e .68
3.2 Schematic picture of the measurement SYStEM ...........ccoivviiiiiiiiiiiiiiiiee e e e 69
3.3 Physical principle of TCSPC SYStEM. ....uuuuiiiiiiii e e e e e e e e e e e eeeeaeaannnan e 71

3.4 (a)Experimental setup. Quantum dots deposited on the dielectric are positioned on a
3D piezo-electric translation stage with 50 nm resolution. (b) Spontaneous decay
time as a function of refractive index of the dielectric host or interfaee. T
theoretical curves are Eqg. (3.11) and Eq. (3.9) for the air-dielectric ietéblae)
and liquid (green), respectively. Data for low-index dielectrics fa@tably with
the simple dipole-on-the-surface model of Eq. (3.11). However, the silicon sample
shows considerably slower decay compared to the predicted values and requires a
more complicated model of Eq. (3.13) (red), accounting for the distance between
the quantum dot and the SUIMACE. ...........ciiiiiii e 72

3.5 (a) Examples of the raw individual time-decay measurements used in ggriéatin
data points in Fig. 3.4 (b). The straight lines are the exponential fits yielding
13.6, 4.6, and 25.6 ns for toluene, silicon, and,C@Spectively. (b) Scanning
electron microscope image of quantum dots deposited on a silicon substrate. (c) The
confocal fluorescence image of quantum dots deposited on a glass substrate. Red
circles show the single dots selected for measurements after imagsi|® These
three dots satisfy the three important criteria: the brightness and theelot si
correspond to a single dot particle, and these dots have largest mean square average
distance from the neighbors (the typical distance is largeripan........................ 75

4.1 Schematic diagram of optical trapping by gradient force (a) whemrdueid
displaced from the beam center, the larger momentum change of the more intense
rays cause a net force to be applied back toward the center of the laser. (b) when the
bead is in the center of the laser, the net force works on the bead is zero and the
DEAA IS STADIE ... 82

4.2 Schematic diagram of optical trapping by scattering fdegeWhen the bead is
displaced from focus of the laser, the momentum change of ¢hedd rays causes
a force towards the laser focus (b) When the bead is in thedjpcglthe scattering

force and the weight of the bead is balanced. ..., 83
4.3 lllustration of a circular Fresnel zone plate. ...........oooeuiiiiiiiiiiiii 90
4.4 schematic diagram of Fresnel zone plate ..o 91

Xii



4.5 The first design of single mode fiber optical tweezers
by conventional Fresnel Zone plate.............coooviiiiiieeiiiiicer e 93

4.6 (a) Refractive index profile of the first design of plasmonic opticatzemes in x-y
plane.
(b) Refractive index profile of the first design of plasmonic optical-twsanex-z
1= 1SR 94

4.7 Intensity distributions of the first design.
(a) in x-z plane (b) design in y-z plane,
(c) The intensity profile of the focus spot in x-direction,
(d) The intensity profile of the focus spot in z-direction. ..........cccceevveeeieeeiiiieiieeieiiiinns 95

4.8 The second design of single mode fiber optical tweezers
by conventional Fresnel Zone Plate. ... 96

4.9 Intensity distribution of the second design.
(a) in x-z plane, (b) in y-z plane.
(c) The intensity profile of the focal spot in x-direction,
(d) The intensity profile of the focal spot in z-direction...........cccceevveeeeieeiiiiiiieeeiiiiinns .97

4.10 (a) Refractive index profile of the subzone design
of plasmonic optical-tweezers in x-y plane.
(b) refractive index profile of the subzone design
of plasmonic optical-tweezers in X-z Plane. ... 98
4.11 Intensity distribution of the subzone design
(a) in x-z plane, (b) in y-z plane.
(c) the intensity profile of the focus spot in x-direction,
(d) the intensity profile of the focus spot in z-direction... .........ccccvvvviiiiiicciiiiieeeenn. 99
4.12 Thermal evaporation system for the silver thin film deposition on the fiber 1ip1....
4.13 Schematic diagram of the fiber in FIB camber...............oiiiiiiiiiiiiieeceeeeeeeeeiiiens 102
4.14 SEM images of the second design and third design.
(a) and (b) SEM images of the second design
(c) and (d) SEM images of the third desSign.........c.ccee e, 103
4.15 Schematic of the optical tweezers and the laser system ...........cccovvvvvvviiiiciciieneeenn. 104

4.16 (a) SEM image of the 1 micron silicon dioxide beads on a silver thin film.

Xiii



(b) Cross section of the optical tweezers in the chamber filled with bearos

WALET SOIULION ...ttt e e e e e e e e e e e e e e e e e s e a s bbb b e eeees 104
o N ey d o 1= 4 gL ] LIRS LU | T 105
4.18 Time lapse frames of beads sorting by trapping and releasing.................. 108......

4.19 Displacements of the trapped bead by 120mw power
(a) The position of a 1 micron trapped bead in the first 100 frames
(b) Histogram of the trapped bead displacement in x-direction
(c) Histogram of the trapped bead displacement in z-direction............ccccccceeeeevennnn. 110

Xiv



LIST OF TABLES

Table Page
2.1 Properties of the Second-Order Correlation Function for Classical Light. ................. 12
2.2 Semiconductor ManufaCturing PrOCESSES ..........uuuuuuuiiiiiieeeeeeeeeeeeeeeeeeeenn e eeaeaeaes 33
2.3 Cover Glass Substrate Cleaning PrOCESS ........ciiiiiiiieeeeiiieiiieeiiieisse e e e e e e e e aaeeeeeeaanen 35
2.4 Advantages and Disadvantages of Fine 10n Beam ...........cccccovvvvviveeviiiiiiiiiiiee e 44
4.1 Parameters of our Fresnel Zone Plate Design in Water and Toluene. .............ccccceeun... 92
4.2 Fabrication Processes of the Single Mode Fiber

based Plasmonic OptiCal TWEEZEIS .......cooveiiiiiiiiiiiiieee et 100

XV



CHAPTER 1

INTRODUCTION

Optics is an ancient yet full of vigor branch of physics. BackO0 BC, people
from ancient Egypt, Greece and Babylon have already triedetgalsshed crystal to
make lenses to control the optical path of light. Coming to the Bsaraie, optics also
stepped into a rapid developing time. Geometrical optics has beerdbuily this
period. Following the “rebirth” of physics, optics also stepped ih® new age —
guantum optics in the beginning of twentieth century. From last ddoatieentieth
century until now, with the development of semiconductor industry and modern
fabrication technology, quantum optics has become a subjecte@itlapplications in
the world and a thriving field with ever broadening horizons.

Quantum optics considers light to be composed of particles (photongjemed
particles also have wave behaviors. Each patrticle carrieentrgy equal tho , where
h is Planck's constant andis the frequency of the light. The word ‘photon’ was coined
by Gilbert Lewis in 1926 [1]. Right now quantum information processsghe
practical use of quantum optics. This subject includes three matbranbhes:
Quantum cryptograph, Quantum computing and Quantum teleportation. In the 1980s,
scientists have developed the fundamental concepts of quantum cryptogtaphyis

the use of quantum mechanical effects to perform cryptograpsiks tar to break



cryptographic systems [2] and in 1992 C. H. Bennet first experitheptaved this
principle [3]. The concept of quantum key distribution is the most irapbpart of
qguantum cryptography, which forms the basis for secure datamissmisn. Quantum
computing is to use the quantum mechanics to enhance the computationabpawer
computer. Quantum teleportation is to use the quantum mechanics tfertrdres
guantum state of one particle to another. Single photon emitter which is the sousce emi
exactly one photon in response to a trigger pulse, is one of the npmstamt tools for
guantum information processing.

To date, single-photon sources are still notoriously difficult to makee
method to build it is either heavily attenuating a laser ortiegcsingle atoms. The
drawback is that these schemes are often too complex and deoodotgmone photon
deterministically in every pulse. The source should consissimigde emissive species,
e.g., atom, and an extra trigger pulse excites the electron efrtissive species to an
upper excited state. After emitting a photon, the atom relaxe tground state. Single
photon is an idea carrier for the quantum-information science. Photonts,qubere
information is encoded in the quantum state of the photon using polarization,
momentum and energy, are an ideal choice for many applicationsjsbephotons
travel at the speed of light and will not interact stronglyhwiteir environment over
long distances, which results in lower noise and loss and photons caanijaulated
with linear optics. Several systems have been investigatesirfgle photon source.

Currently the popular single photon systems are made by semicondquatdum dots



[1-4], mesoscopic quantum wells [5], single molecules [6-8], singma [9], single
ions [10] and color centers [11, 12]. An ideal single photon somotgd be: a single
photon can be emitted at any arbitrary time defined by the userthe source is
deterministic, or “on-demand”), the probability of emitting a Enghoton is 100%, the
probability of multiple-photon emission is 0%, subsequent emitted photons
indistinguishable, and the repetition rate is arbitrarily flstited only by the temporal
duration of the single-photon pulses, perhaps) [13]. Many benefits ofuguaiat such
as high quantum efficiency, environmental stability and easyratien into larger
fabricated structures such as microcavities [14-16] make thet@uatot one of the
best candidates to make a single-photon emitter. Semiconductor quantisnusicilly
referred as “artifact atom”, which has a discrete enstgycture for the electrons and
holes [2-4, 17, 18]. In the weak excitation and coupling regime, atoax@lectron-
hole pair) can be produced by a trigger pulse. The rate of spontammiason of a
guantum dot can be significantly modified due to the Purcell ff8¢t when the dot is
placed into a resonant cavity. In order to control the spontaneousi@miate of a
guantum dot, a lot of different microcavities have been made ingutiese using
distributed-Bragg-reflection (DBR) mirrors, micro-pillar, modisk, microsphere,
micro-toroid or photonic crystal cavities [3, 14, 20, 21-23].

The Purcell factor is proportional to the Q-factor of the cavitydéd by the
volume of the cavity. The above micro-cavities have volumes exce@difig Another

drawback of these cavities is that it is very hard to controémhission direction of the

are



light that couples out of the cavity. Surface Plasmon (SPsigface electromagnetic
wave propagating along the interface between any two matesisiee the real part of
the dielectric function changes sign across the interface,isargknerated by the
coherent electron oscillations. Research on SPs has become a padjoosf the
fascinating field of nanophotonics and is of interest to a widetrsjpef scientists,
from physicistsm chemists and materials scientists to h&ifogThe two main
ingredients of plasmonics — surface Plasmon polaritons and localidadesplasmons.
These two concepts were clearly described as early as 180@vkEr, surface Plasmon
polaritons have been rediscovered in a variety of different cordiéxbe end of 20th
century. This “second birth” of SPs and recent rapid development afrcasa this
area [24-26] occurred after scientists realized that SP modastallic nanostructures
may lead to the localization of light signals far beyond the adiffon limit for
electromagnetic wave in dielectric media. The limits of$Rs waves are only decided
by the atomic structure of matter, dissipation and the spasig¢tiion of light [27, 28].
Therefore, we can use this advantage of the surface plasmoak® an extremely
small cavity. Another important application of SPs is plasmonic -aatennas, which
can provide efficient coupling between the localized and free-gpapagating light
modes [29]. In chapter 2 of this dissertation, we propose a surfasraqule single
photon emitter. A CdSe / ZnS semiconductor quantum dot has been edenrat
surface-plasmonic nano-slit cavity, and then a surface-plasmonieanégimna has been

fabricated on one end of the cavity [30, 31]. With this nano-structureaweontrol



both the spontaneous emission rate and the far-field radiation pdttdr@a guantum
dot.

However, everything has two sides. One of the drawbacks of thig shgton
emitter is low efficiency. Because of the surface plasmstniccture, a lot of loss of the
radiation of the quantum dot is introduced. Hence, we re-study ttre@aavity-based
single-photon sources; the emission rate increase originates Woim resonant
enhancement of the local density of states and from the dielgctperties of the
material surrounding the quantum dot [32]. Thus, it is hard to separat®@pdre the
impacts of these two contributions on the total emission rate. \talafluence of the
nearby metal on the quantum-dot emission has received a Idgeofi@t recently [33,
34], the studies of the role of the surrounding dielectric in quanturfitdotscence
have been rather limited. Damped-oscillator-like dependence oluttregcence decay
time on the distance between the quantum dot and silicon substraiemasstrated in
[35]. In [36], the reduction of the decay time on a glass surfacpa@u to the decay
time in free space was shown. The impact of the interactitimnaran ensemble of
guantum dots on the emission spectra was studied in [37] for sevdaaestypes. In
Chapter 3, we report measurements of the fluorescence deesyair@dSe / ZnS core-
shell quantum dots at the air-dielectric interface for sewigdéctrics with different
refractive indices [38]. The results are in agreement wiilmpls theory that accounts
for the impact of the refractive index on the density of states magnitude of the

vacuum field, as well as for the local-field correction inside the quantum dot.



One important characteristics of single photon emitter is thgta e photon is
emitted, i.e., the probability of multiple-photon emission is 0%. Tcfgathis rule,
only one quantum dot should reside in the cavity. However, manipuateguantum
dot and placing it to one location within nanometer-scale accurasgarehallenging.
Chapter 4 we introduces a new type optical tweezers based onl @pacawhich is
very easy to operate.

The thesis focuses generally on the development of semiconductor quantum dot
based single photon emitter and related work. It contains three parts. Chppiposes
a single-photon emitter by integrating one CdSe / ZnS quantumntiotsurface
plasmonic cavity and demonstrates collimated spontaneous emissmrirbeasuch a
cavity with plasmonic antenna. Chapter 3 introduces a simple theargdt@unts for
the impact of the refractive index on the density of states agditade of the vacuum
field, as well as for the local-field correction inside ttpgantum dot, and reports
measurements of the fluorescence decay times of CdSeideSiell quantum dots at
the air-dielectric interface for several dielectrics vdiffierent refractive indices that are
in good agreement with the theoretical results. Chapter 4 deacsiegle mode fiber-
based plasmonic optical tweezers and demonstrates optical trappmgyon- and sub-
micron-sized particles. This optical tweezers is proposed toipolate a single
guantum dot. Chapter 5 summaries all the work and discusses the regasrch

directions.



CHAPTER 2
SHAPING SPONTANEOUS EMISSION PATERN BY PLASMONIC

NANOCAVITY

2.1 Quantum Optics

Quantum optics is the field of research in physics that dethl wptical
phenomena that can only be explained by treating light as a stfephotons rather
than as electromagnetic waves.

2.1.1 History of Quantum Optics

In 1899, by assuming light radiation is quantized, Max Planck correctiie e
blackbody radiation. By doing this, he also solved the ultraviolet caypdist problem
that had been puzzling physicists for many years. Six yetss ita 1905, Einstein
applied Planck’s quantum theory to explain the photoelectric effé@l [These
pioneering ideas laid the foundations for the quantum theories of fighatams, but in
themselves did not give direct experimental evidence of the quantune oéthe light.
In 1926, the word ‘photon’ was coined by Gilbert Lewis. [40] In the falhgwyears,
although the understanding of the interaction between light and nateevihg these
developments was crucial for the development of quantum mechaniaghadea little
effort was invested in looking for quantum effects directly assatisvith the light

itself.



Until 1956, Hanbury Brown and Twiss brought people’s attention back to
guantum optics. Their experiments on correlations between thegistairitensities
recorded on two separated detectors provoked a storm of controversyrT fly.
experiments have been considered a landmark in this field, be¢smysepgened the
door to more sophisticated experiments on photon statistics that wanltually lead
to the observation of optical phenomena with no classical explanatitime lyear of
1960, there was one of the most important inventions in the history ot eplaser,
which gave people a lot of hopes to this field. Glauber described ntas stalight
which have different statistical properties from those of dadight in 1963 [42].
Fourteen years later, Kimble, Dagenais, and Mandel's experiraefitmed these non-
classical properties and demonstrated photon antibunching for theiffies{43]. In
1985, Slusher, Hollberg, Yurke, Mertz, and Valley observed squeezed biafour-
wave mixing in an optical cavity [44].

In recent years, single-photon interference, Bell's inequaldgiation, quantum
cryptography, quantum phase gate and Bose—Einstein condensation of aterhedra
done [45-49].

2.1.2 What is Quantum Optics

So far, people divide optics into three distinct areas: Geometyteals, Physical
optics and Quantum optics. Geometrical optical is also calledptgs, which means
the wavelength of the light can be neglected. Physical ostitise second stage of

optics, which is based on the fact that light is an electroniagmave. The behavior of



light can be solved by Maxwell’'s equations for physical opticgiugntum optics, light
is composed of particles (photon) and these particles also have wesargdoe Each
particle carries one quantum of energy equabtpwhere h is Planck’'s constant amd
is the frequency of the light. Statistical mechanics idiuhedament of most concepts of
guantum optics: light is described in terms of field operators cfeation and
annihilation of photons—i.e. in the language of quantum electrodynamideeréht
state is frequently used to approximately describe the outpusiofjke frequency laser
above the laser threshold, and exhibits poissonian photon number staigtimeans
of nonlinear optics, a coherent state can be transformed into &zeduasherent state,
which can exhibit super- or sub- Poissonean photon statistics. Thactiderbetween
light and atom is also an important part of quantum optics. In quaopdics, atom is
considered as quantum mechanical system with a discrete empagyum with the
transitions between the energy eigenstates being driven laps$oeption or emission of
light quanta. Quantum information processing is the potential apphcafi quantum
optics. This subject includes three main sub-branches: Quantum cagip@uantum
computing and Quantum teleportation. The fundamental concepts of quantum
cryptography were developed in the 1980s [2] and the first experimemtaf of
principle was given in 1992 [3]. The concept of quantum key distributidineisnost
important part of quantum cryptography, which forms the basis fouresedata

transmission. Quantum computing uses the quantum mechanics to enhance the



computational power of a computer. Quantum teleportation uses the quantum

mechanics to transfer the quantum state of one particle to another.

2.2 Single -Photon Emitter

A photon is an elementary excitation of a single mode of elmeignetic field
[50]. The basic idea of the single-photon source is that the scuwoédsemit exactly
one photon in response to a trigger pulse. The source should consisigieéasiissive
species — an atom and a trigger pulse excites the electtbre emissive species to an
upper excited state. After emitting a photon, the atom relaxes to the ground state
2.2.1 Motivation

A major driver of the research into single photon sources is the exploswihgro
of the field of quantum-information science [51, 52]. Quantum-informatieolves the
encoding, communication, manipulation and measurement of information ity us
guantum objects. Photonic information is encoded in the quantum state pfidtos
using degrees of freedom such as polarization, momentum and enkiglyane called
“photonic qubits”. Since photons travel at the speed of light and intessadtly with
their environment over long distances, which results in lower namgk loss and
photons can be manipulated with linear optics, they are an ideal dboicgany of

these applications.

10



2.2.2 Characteristics of an ideal single-photon source

The ideal single-photon source [13] should be the one with high quantum
efficiency — the source is “on demand”, low noise — a single phot@80% and the
probability of multiple photon emission is 0%, and high speed — the tiepetate is
arbitrarily fast. The quantum efficiency and speed of a siplgtgon emitter is not hard
to check. The statistics of the single-photon sources can be enaedttby the second-

order correlation function [42, 53].

(AR AR L,):)
() (A t,))

Wheren denotes the photon-number operators and :: denotes operator normal ordering.

2.1)

0@kt —t,) =

For an ideal single-photon emitter, the cross-correlation funiotne two outputs of
the beamsplitter igy® (0) = With g@(z) > g?(0). Since after emission of a single
photon, the emitter must be excited again before a second photon caittee; éncan

never emit two photons at the same time. The properties of thedseoder correlation

function are listed in table 2.1 [54].
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Table 2.1 Properties of the second-order correlation function for clasgidgb4].

Light source Property Comment

All classical light g?0=> 1 g®(0) = 1when power is constan

9?0 =9%( )

Perfectly coherent light g@(r)= 1
Gaussian chaotic light g”(zr) =1+ exp[-z(zr/z,)’]

Lorentzian chaotic light g (r) =1+ expl-2z|/7,]

Applies for all
7, =coherence time

7, =lifetime

2.3 Quantum Dot

There are several systems that have been investiged candidates for single

photon source. Currently the popular single phatysiems are made by semiconductor

guantum dots [1-4], mesoscopic quantum wells [Bgle molecules [6-8], single atoms

[9], single ions [10] and color centers [11, 12]any the benefits of quantum dots, such

as high quantum efficiency, environmental stabibtyd easy integration into larger

fabricated structures make a quantum dot one obés¢ candidates to make a single-

photon emitter.

Quantum dots are tiny particles of a semiconduntaterial whose excitons are
confined in all three spatial dimensions. They areated with methods such as
molecular beam epitaxy, where the process of sskmabled (Stranski-Krastanov)

growth forms tiny islands of smaller-band-gap semiconduetmbedded in a larger-

12



band-gap semiconductor [55]. Chemical synthesen@her popular method to use to
produce colloidal quantum dots for single-photoarse applications [56].

The usefulness of quantum dots stems from the émbeproperties of bulk
semiconductor crystals. Direct gap semiconductars absorb a photon to excite an
electron promoted directly from the valence bani ithe conduction band. In this
process, an electron-hole pair (excitons) is cteatehe material as shown in Fig. 2.1
(a) [57]. However, as the size of the structureobses comparable to or even smaller
than the natural length scale of the electron-lpalies, the carriers are confined by the
boundaries of the structure. This phenomenon wisctalled “quantum size effect”,
leads to atomic optical behavior in nanocrystalthasbulk bands become quantized as

shown in Fig. 2.1 (b).

, (@) (b)
Conduction Conduction

band AE (k) band AE (k)

. _|_*® Electron

Electron
T hu Thu

Hole >

RN RSN ~

K gole K

// -"\
/’ "'
/ @
Valence Valence
band band

Figure 2.1. (a) Band diagram of a two band modedlficect gap semiconductor.
(b) Optical transitions in finite sigemiconductor nanocrystals [57].
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Colloidal quantum dots follow the same effect. Hasic physics underlying it could
be explained by locating photoexcited carriers ithieee-dimensional potential well
shown in Fig. 2.2 (b). The confinement causes #lence and conduction bands to be
guantized into a ladder of hole and electron lev@lserefore the spectra from a
guantum dot exhibit a series of discrete electrdransitions between these quantized

levels. Sometimes, quantum dots are refereed ‘tartfgcial atoms”.

QD
Conduction  bo-o____
band | ______
__.___

A

\ 4
__O___
valence | 777"
band 777777

Figure 2.2. Potential well formed in the conductéomd valence bands of a quantum dot.

Since the electron and hole energy levels are thamsio the amount of
confinement, the energy gap of excitons in QDgriangly size dependent. The smaller
QDs have stronger confinement making the energylayger. Similarly, a larger size
gives a smaller energy gap. Hence, quantum dots rfrath the same material can
achieve different emission colors by changing tls&ze [58]. For larger (small) size

guantum dots, the emission is more towards the(b&e). Colloidal QDs make it
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possible to have the desired particle size whiclkemat easy to find QDs with the
energy spectrum we need and high quantum efficiem@n at room temperature.
Currently, CdSe QDs with a ZnS shell (see Figug @&re commonly used and studied.
The Core/Shell structure diminishes chemical dantagee fluorescence core. ZnS is
optically transparent to the emission range; tloeeethere are no photon losses for

visible light emission due to the shell [58].

Figure 2.3. Core/Shell structure of CdSe/ZnS Quarihots.

2.4 Cavity Quantum Electrodynamics and Purcell &ffe

2.4.1 Interaction between Light and Atomsin Free Space

First of all, let us take a look at the interactioetween light and atoms. The
guantum treatment of the interaction between lmyid atoms is usually developed in
terms of the two-level atom approximation. The gipte behind this phenomenon is
depicted in Fig. 2.4. In Fig. 2.4 (a), it shows #ixsorption process. The atom is initially

in the lower level, and a light beam of frequencys illuminated on the atom and

15



makes it jump to the excited state, at the same &mhoton is absorbed from the light
beam. Similarly, in the emission process shownig E.4 (b), the atom is initially in
the excited state. After a time (the radiativetilifee of the excited state), a photon of
frequencyo is emitted. These two processes (absorption andsem) together are

called a transition.

E2 o E2
ho /\/\/\PT l/\/\/\p ho
& E1 E1

(a) (b)

Figure 2.4. Optical transitions between the quaakienergy levels:
(a) absorption (b) spontaneous emission.

To understand the transition process, we needitbfsbm Schrodinger equation:

~ oy
Ay =inl" | .
in— (2.2)
H=H,(r)+ V() 2.3)
v =ef- £, (2.4)
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WhereH is the Hamiltonian operatod’ is the wave function of the quantum system,
\7(t) is potential energy}—]o(r i the Hamiltonian operator in free spaeg,is the
dipole moment of the electron ar&i igtthe electrical field of the light.

P} 1) = ¢, ()P, (Ne™ + ¢, ()P, (e =" (2.5)
where gand ¢ are the wavefunction amplitude coefficients fag ftate 1 and state 2 of
the atoms, Eand k are the two energy levels. Suppose the polarizaifche light is
x-direction. Then from equation (2.4), we can ¢pet perturbation matrix elements:

e /. _
V(1) = —=2(e +e'” [1x|2 2.6
20 =72 (e +e Jix2) 2o
Now the dipole matrix element is given by:

= —e<2|>)(|1> 2.7)

Let us introduce a concept- Rabi frequency:

Qg =|u1280/ﬂ| (2.8)
Eventually, we obtain:
i i(0-0o —i(0+oq
&= EQR(e( AR (o () I (2.9)
& = IEQR (et pgloreolye (1) (2.10)

In order to understand the behavior of the atorarauting with the light, the
two above equations need to be solved. To solvaetheo equations (2.9) and (2.10),
we need to consider two cases (basically two @iffeboundary conditions): weak field
limit and strong field limit.

17



The weak field limit is for the low-power light sae. In weak field limit, the
atom is initially in the lower level and the electfield amplitude is small. Therefore,
the perturbation is weak and the transitions nundbemall. We can get the boundary

conditions for equations (2.9) and (2.10):

=1, & =0, (2.11)
& = %QR (e7(0moolt 1 glleraoltye (2.12)
We can finally obtain:
0 =~ uEuloot @19
€N

whereu(w, )is the spectral energy density.

For the strong coupling, the intensity of the ligldurce is strong and the
population of the excited state is significant.wié now consider the case of exact

resonance withw = 0, then we can simplify equations (2.9) and (2.10):

&:i—ZQRCZ(t) (2.14)

65 =i—2QRCl(t) 12)

Solving equations (2.14) and (2.15), we can obtain:
C,(t) = cosQ, t/2) (216

C,(t) =sin(@Q t/2) (217
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From equations (2.16) and (2.17), we can see thetrehs oscillate back and forth
between the two levels at the Rabi angular frequefbis oscillatory behavior in
response to the strong-field is called Rabi ogalfaor Rabi flopping.
2.4.2 Cavity Quantum Electrodynamics and Purcell Effect

In 2.4.1, we briefly introduce the interaction beeém photons and atom in free
space. Now let us explore the special case - ttezaiction between photons and an
atom inside a cavity, and then introduce Purcédagf

There are a lot of different types of cavities. Hmmplest one consists of two
plane mirrors. The fundamental principle behind séhecavities is Fabry-Perot
interference. Assume the reflectivities of the tmorors are R and R, no absorption
or scattering losses, and then the transmisBisngiven by [54]:

1

L PRS2’ (2.18)
where = 4””}\"““ (2.19)
is the round-trip phase shift, and
£ TRiR,)™ 10)
1- /RR,

is the finesse of the cavity.
For the quality of a cavity, the quality factor (&ctor) is very important to

know. Before we come to the Q factor, we need tser the photon lifetime. For a
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light source at the center of a symmetric and liigésse cavity witlR, =R, =R~ 1
the photon lifetime:

nL

= e 271
T = SR 1)
The photon decay rate:

k=1h, (2.22)

The quality factor of the cavity is:

®

= 2.23
Q v (2.23)

where o is the angular frequency of the light ana is the resonant mode width in the
cavity.

Now, we know the properties of the cavity and famsition process of an atom in
free space. Next step is about analyzing: whatha@fipen if an atom is inside a cavity?
At resonance, the strength of the atom-cavity auion is determined by three
parameters:

1) the photon decay rate of the cavity

2) the free-space atom decay rate

3) the coupling parametep

The electric dipole interaction energy is given by:
AE =|1,,€. (224

The coupling parametep:g
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5 12
Hqp®
—| 12 2.25
" (Zgonvoj 2.29

whereV, is the volume of the cavity.

From equation (2.25), we can understand that theplow parameter is
determined by the dipole moment, the angular fraqueind the volume. The same as
the coupling between the atom in free space antighig the coupling strength between
the atom and the cavity can be classified as e#itteng or weak. Single-photon emitter
can be classified as weak coupling. In this chapter only introduce a single photon
emitter, so we only describe the weak coupling here

Weak coupling happens if the coupling parameges gmaller than the loss rate,
which means the photons are lost from the cavistefathan the interaction time
between the atom and the cavity. The most impoeé#att that the cavity imposes on
the atom is the change of the spontaneous emiszierof the atom. From the Fermi’s

golden rule, we obtain the transition rate for gpoaous emission:
2n 2
W="5M. "gle) (2.26)

where g(w) Is the density of states:

2
oV,

n’c’

g(o)= 2.27)

M1, is the matrix element of the electric dipole iatgion between the state 1 and 2:

M. = Uq,M@0

= 2.18
2= ge v, 18)
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From equation (2.26), we can obtain that the spa&was emission rate is dependent on
the density of stateg(w) and electric dipole interaction 1 From the normalized

Lorentzian function, we can know:

2 Aw?
g(a)o)

= 2.29
1A, 40, -0,)* + Ao’ (2:29)

where w is the angular frequency of the atom transitiond & is the resonance

frequency of the cavity.

Whenw, = a,:

g(®,) = 2 _ X (2.30)

Ao, 7o,

Cc
We now introduce one of the most important concémtssingle photon emitter - the

Purcell factor Fwhich is defined by:

W cav

FP - Wfree

2.31)
By putting equation (2.27), (2.28), and (2.30) itite Purcell factor (2.31), we obtain:

FP _ :.’)q%./ﬂ)3 (2)32

An*V,
From the Purcell factor (equation (2.32)); we cat e spontaneous emission rate
which can be modified by the Q factor of the cadhd the volume of the cavity. If the
Fp is greater than one, the spontaneous emissionsratereased. Therefore to increase

the speed of the single photon emitter, we ne@dctease the Q factor of the cavity and
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reduce the volume of the cavity. Another paramefésct which affects the Purcell

factor is the dipole moment orientation of the atétare we will not discuss about it.

2.5 Surface Plasmonics

The single-photon emitter described in this chapgemade of metallic nano-
cavity and utilizes surface plasmons for couplingfree space via plasmonic nano-
antenna. Therefore it is necessary for us to imitech phenomenon — surface plasmon.
Surface Plasmon is a surface electromagnetic wagpagating along the interface
between any two materials where the real part efdielectric function changes sign
across the interface, and is generated by the enhetectron oscillations. Recently,
surface plasmons (SPs) have become as a majoropatte fascinating field of
nanophotonics and are of interest to a wide spectoll scientists, from physicists,
chemists and materials scientists to biologists.

The two main ingredients of plasmonics — surfacasiplon polaritons and
localized surface plasmons were clearly descrilsedaanly as 1900. However, surface
plasmon polaritons have been rediscovered in &tyaof different contexts at the end
of 20th century. This “second birth” of SPs andergaapid development of research in
this area [24-26] occurred after scientists redlizdat SP modes in metallic
nanostructures may lead to the localization oftligignals far beyond the diffraction
limit for an electromagnetic wave in dielectric needThe limits of the SPs waves are
only decided by the atomic structure of mattersigigtion and the spatial dispersion of

light [27, 28].
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Before we discuss SPs, it is necessary to introthie@vanescent wave. Let us
consider the phenomenon of total internal reflectidn electromagnetic plane wave
that propagates in a medium with refractive indexan be described by an electric field
E:

E = E,explimi —ik x—ik y—ik,2) (2.33)
whereE, is the amplitude of the electric field, is the angular frequenclg, k,, andk;

are the wavevector componentjty andz directions.

Dielectric

X

Ny

Figure 2.5. Refraction of light at an interfacewb materials.

When the electromagnetic plane wave reaches tadant between two media 1 and 2
with refractive indices nand n, respectively (Fig. 2.5), we know relationship bedw

n; and i from the Snell’s law:

n,sino. = n, sif (2.34)
Ky =Ko =K, (2.35)
To calculate {, we obtain:
2n., No
kyz = nf(T)Z(Ez—smza) (2.36)
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When the incidental angle: is greater than the total internal refection angle
(sina>n,/n;), the right part of eq. (2.36) is negative dgdis imaginary. In this case,
the traveling wave in medium 2 is parallel to thierface:

E, = Esexpi-k,, y)exp(iot —ik, X) (2.37)
From equation (2.37), we can find the amplitudetid electric field exponentially
decaying along the y-direction, which the wave pggies along the interface of the
two media. This field is denoted as the evanesioeldt Surface plasmon is one kind of
evanescent field. Now let us take a look at theetsion relation for the surface
plamson. By solving Maxwell's equations for theotlomagnetic wave at an interface
between two materials with relative dielectric ftions ¢; ande, with the appropriate
continuity relation, the boundary conditions are:

k, k

Lz g (2)38
& &
And
K2+k2 =g, (D)2 i=12 (2.39)
C

From equations (2.38) and (2.39), we can obtaindispersion relation for a wave

propagating on the surface:
2
=2 Ef2 2 240)  andk, =2(—E ) =12 (2.41)

B C g +¢g,

In the free-electron mode of a metal, the metdlikdectric function is [59]:
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2

e(0)=1-—2 42)
@

2

ne
where o, =
g,m

is the plasmon frequency of the free electron das.more

sophisticated Drude mode, the dielectric functibthe free electron gas:

2
(O]

gw)=1-——2 (2.43)
o’ +iyw

where , is the damping of the conduction electron osadfat

Combining equation (2.40) and (2.43) and ignorihg tdamping of the conduction
electron oscillatiory, the wave vector,kgoes to infinity as the frequency approaches
the surface plasmon frequency:

o)
0, =—— 2.44)

* fl+e,

If the &, =1, then from equation (2.40) and (2.44), we getase-plasmon polariton

dispersion curve compared to the light line showred in Fig 2.6 [60].
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Figure 2.6. Surface-plasmon polariton dispersiane({60]

From Fig. 2.6, we can find that the dispersion euior light (blue line) has no
point of intersection with the red curve apart frtme origin. This implies that in this
geometry “normal” light can not generate a surfatasmon directly. For the single
angular frequency, the corresponding wavevectasar much different. To solve this
momentum mismatching problem, we can use evanesmermling of light from a
medium with higher dielectric index. Another wayuse a metal layer on which a
periodic structure is prepared as illustrated i 2i7. When light withk = 27/ - nsind
falls on a diffraction grating structure, difframti orders m is generated [61]. The net

parallel wavevector can be written as:

=k, +m— 2.45
jnet = Ky M5 (2.45)
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where A is the periods of the grating. From Eq. (2.45),98e that the grating structure
adds a momentum to the incidental light. When @ealel momentum is equal to the

momentum of the surface plasmon, the SPs will negted.

Figure 2.7 Schematic view of a grating couple

As we know, one of the main benefits of surfacesiplan is to channel light
efficiently into nanometer scale volumes. Varioyses of metallic nanostructures have
been proposed for guiding SP modes including tmekal films [62,63], chains of
metal nanoparticles [64, 65], cylindrical metal oards and nanoholes [66], nanogaps
between metallic media [67-69], slot waveguidesT1{] sharp metal wedges [72-76],
nanogrooves in metal substrates [75-82], and hyllaedmonic waveguides [83]. All of
these SPs modes can be used for achieving subwgttellcalization of the guided
signals. Subwavelength plasmonic structures canm etsmcentrate light energy into
nanoscale regions as small as a few nanometer83625]. Finally, a plasmonic nano-

antenna can use to couple SPs to free-space ligkesn[29]. For the plasmonic
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circuits, active nanoplasmonics is also one impdnpart, which can generate, modulate
the field phase or amplitude, and detect outputatech without converting SPs modes
to free space. In our single photon emitter dewee,used the plasmonic nanoguiding
and nano-antenna functions which can conertvide quantum dot emission pattern

into a collimated beam.

2.6 Sample Design

By using surface plasmon, light can be couplednt@xremely small volume.
With the decreasing of the volume of the cavityg #pontaneous emission rate of the
atom inside the cavity will increase, which medms speed of the emitter will be faster.
Another advantage of surface plasmon is to conhelfar field radiation pattern by
nanostructures. In 2002, a counter-intuitive phesoom of narrow-beam emission from
a subwavelength nanoaperture surrounded by corongatvas experimentally reported
[86]. We integrated single CdSe / ZnS core-shedinum dot into these subwavelength
structures to build a single-photon emitter. Thidoal issue for such sub-wavelength
structures, however, is the efficiency of couplthg light between them and a desired
free-space mode without much loss due to scattémbogother modes. One example of
a subwavelength metal cavity is a narrow slit mada metal film, which is equivalent
to a rectangular box with metal walls. One dimensal such box can be made

arbitrarily small [87].
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Incident TEM field

Figure 2.8. TEM wave around metal nanoaperture.

We are specifically concerned with the particul® @eometry, in which the
subwavelength metal slit (nanoaperture) is surredndby periodic corrugations
(grooves) as shown in Fig. 2.8. The problem ofrddfion from the corrugated metal-
nanoaperture can be treated using scalar diffra¢ckieory [88]. In the structure of Fig.
2.8, the slit and each groove can be consideredl ket waveguides supporting only
the fundamental TEM mode. The incident TEM fieleisting a corrugated output face.

Then, for the plane z=0, we can obtain:

E.(X)= %tan(kh) f:Hél)(k|x— X|)Ex)dX  (for grooves) (2.46)
and

E, =2A, —% Ij:Hél)(k|x— X|) E,(x")dx’ (for slit) (2.47)
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wherek is the wavevector, d is the period of corrugatianss the width of the central
slit and h is the depth of grooveszlirection andH; is a Hankel function describing

cylindrical wave from a 2D point source. Eventualgne can obtain the far-field

intensity emission pattern as:

. E gk
(o kesnt.an), [Ee

i ka2 "t A -|A -E"

(2.48)

where 1 (9)is the ratio of the power sent per unit anglén directiont to the total
power emitted by the slit.

To compute the electrical and magnetic fieldshatdutput face of a corrugated
subwavelength metal nanoaperture, we need to cansid following parameters:

e N, number of grooves on either side of the cenpaltare

h, depth of the groove

a, the width of the slit and groove

d, periods of grooves

A, wavelength of the TM-field incident on nanoapsestu
For example, ifN, h, d, a = {10, 160 nm, 500 nm, 40 nm}, the azimuthal

intensity emission pattern is shown in Fig. 2.9[89
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Figure 2.9. Azimuthal intensity emission patterosvarious wavelengths,
for geometryN, h, d, a= {10, 160 nm, 500 nm, 40 nm}.

2.7 Sample Fabrication

With the fast evolution of integrated circuit fadation processes, several nano-
structure fabrication technologies have been deeelo Surface plasmonic nano-
structure can be made using existing semiconddatmication techniques. Table 2.2
gives an overview of the different process stepd th wafer undergoes during its
fabrication in the clean-room. To fabricate thé slirrounded by periodic corrugations

plasmonic structures, we semiconductor fabricaparcesses in green boxes in table
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2.2: wafer wet clean, physical vapor depositiothography (FIB), etching (FIB) and

testing.

Table 2.2 Semiconductor Manufacturing Processes

1
Photolithography
1
lon implantation
L1
Etching (Dry, Wet)
0

Plasma ashing

o

Thermal treatments

s

Chemical vapor deposition
L

Physical vapor deposition (PVD)

0

Chemical-mechanical
planarization
[

-

Wet Cleans \

Wafer Processing

Wafer testing

0
Wafer backgrinding
0
Die preparation
0
IC packaging

1
IC testing
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2.7.1 Wafer Cleaning
Our surface plasmonic nano-structures are falagican silver thin film which is
deposited on microscope cover glass. The wafenitiggrocess is very important for
semiconductor chip fabrication, and so it is forface-plasmonic nano-structure
fabrication. The RCA clean is a standard set ofewafeaning steps in semiconductor
manufacturing. Here, we transplant the RCA cleaacgss to our nano-structure
substrate — cover glass clean process. In 1965n&Wdfern developed the basic
procedure while working for RCA (Radio Corporatioh America). It involves the
following steps:
1. Removal of the organics
2. Removal of thin oxide layer
3. Removal of ionic contamination
For our fabrication processes, we do not need doywabout the removal of
oxide layer. Therefore, we skip the step 2 and ardg step 1 and 3. The detailed

substrate-cover glass cleaning process is showabla 2.3.
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Table 2.3 Cover Glass Substrate Cleaning Process

H,S04/H,0, 90-110C Strips organics
(3:2) 10min
DI water Rinse Room Temperature
NH4OH_/ |‘_|2002/H20 70-90~.C Strips organics
(1:1:10) 5-10min Metals and particles
HCL/ H,0,/H,0 80-90 C Strips alkali ions and
(1:1:10) 5-10min metals
DI water Rinse Room Temperature

2.7.2 Slver Thin Film Deposition

Methods of thin film deposition are usually sepeadainto two main categories:
Chemical Vapor Deposition (CVD) and Physical Vapeposition (PVD). In each case
the wafer is placed in a deposition chamber andtdaents of the film are delivered
through the gas phase to the surface of the stbsiraere they form the film. For
CVD, the wafer (substrate) is exposed to one orenvottatile precursors, which react
and/or decompose on the substrate surface to peatieadesired deposit. In the case of
PVD, physical methods are used to produce the itoast atoms which pass through a

low-pressure gas phase and then condense on tk&atab For our silver thin film
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deposition, we choose to use PVD method. PVD teglas are generally more versatile

than CVD methods, allowing for the deposition ahakt any material.

There are a variety of different PVD methods:

e Thermal Evaporation Deposition: the source material is placed in a crucible,
which is heated by an electric filament, melted ahélasts away some into
highly ionized vapor to be deposited onto the gabest

e Electron beam physical vapor deposition: the material to be deposited is
heated to a high vapor pressure by electron beanmsaransported by diffusion
to be deposited by condensation on the substrate.

o Pulsed laser deposition a high power laser ablates material from the targe
a vapor.

e Sputter deposition: a glowing plasma discharge knocks the mater@hfthe

target and sputters some away as a vapor for substedeposition.

The principles of all PVD systems except sputterire very similar. A
schematic of a simple evaporator system is showfign2.10. The source material is
heated in a vacuum chamber which has initially bpamped down to 10 torr.
Evaporated atoms from the source condense on tfeces of the wafers. The heater
can be of the resistance type, by a tungsten fikirheated up when current passes
through it (thermal evaporation system). Or an arideater is used, in which a high-
energy electron beam is focused onto the sourcerialain a crucible using magnetic
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fields (electron beam physical vapor depositiortesy3. Another method is the source
heated by a pulsed laser (pulsed laser deposiyisters). Since the evaporated atoms
are transported through a high-vacuum atmospheyg; Mtle gas-phase scattering

occurs. Therefore, evaporated particles can tidivettly to the substrate.

Wafer holder and wafers

High
vacuum

Silver source

Vacuum System

Figure 2.10. Thermal Evaporator Deposition System.

For our experiment, we use thermal evaporator slgpo system (AJA ATC
orion series). The purity of the deposited film elegs on the quality of the vacuum and
on the purity of the source material. 99.99% pusityer pellets has been used in the
experiment. The deposition thickness resolution oof AJA thermal evaporator
deposition system is 0.1 angstrom. At a given vacyuessure, the purity of the film

will be higher at higher deposition rates, but thisans uniformity is bad. Therefore, we
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use 1 angstrom per second deposition rate, whidsgielativly high film purity and
good uniformity. To obtain this deposition rate?.8 ampere’s of current has been used.

Lower vacuum pressure gives higher purity and bemé&ormity of the thin film. For

our experiment, we pump the vacuum pressure tahess x 10 °torr each time.
2.7.3 Surface Plamsonic Nanostructure Fabrication on the Slver Thin Film

After cleaning the substrate and depositing theesithin film, we do the
lithography and etching on the film. For applicagoin visible and near-infrared
spectral ranges, the plasmonic structures nee@ takyicated with a precision on the
order of tens of nanometers. Conventional micraedaccs fabrication methods, such
as visible and UV lithography and broad-beam iah.etan not control the feature sizes
on such scales. There are two main methods for féfseication of plasmonic
nanostructures: electron beam lithography combingti either lift-off or etching
process, and direct writing by focused ion bearB)HElectron beam lithography is not
the most efficient process for plasmonic structuia@srication and requires further
processing- lift-off or etching processes beforefthal device is created. While robust,
this process also does not provide sufficient Baiy for quick prototyping.

On the other hand, focused ion beam (FIB) millisgwidely accepted as a
method of choice for rapid prototyping of electorand photonic devices which
requires critical parameters at the sub-wavelesgtie. The FIB fabrication process
uses a finely focused beam of ions that can beatg@rat low beam currents for

imaging or high beam currents for site specifictgging or milling. This process is
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similar to the processes that combined lithograghg etching. FIB can sputter away
bulk material with nanoscale spatial accuracy. FiBeapproach offers a simple method
to structuring bulk materials, by providing a ma&sd process that circumvents the
pitfalls of resist-based lithography processes #n excellent method for fabrication of
plasmonic structures on dielectric substrates.

The FIB systems have been commercialized sinc@sl9Bst primarily for the
large semiconductor manufacturers. FIB systemsapg@n a similar way to a scanning
electron microscope except, rather than an elestlam, by using an ion beam
(usually Gallium). The most important charactecstand consequences for the sample
interaction are: 1) ions are larger than electtba:penetration depth of the ions is much
lower than the penetration of electrons of the samergy; 2) ions are heavier than
electrons; 3) ions are positive and electrons agative.

There are basic three usages of FIB: imaging, sigpo, and milling [90]. As
shown in Fig. 2.11 (a), the gallium ion beam Hits sample surface and sputters a small
amount of material. The sputtered material leakesstirface as either secondary ions or
neutral atoms. As the primary beam rasters on dngpke surface, the signal from the
sputtered ions or secondary electrons is collebie@ detector and then to form an
image. In our experiment, Carl Zeiss crossbeam AB4tas been used, which is a dual
beam (e-beam and ion beam) system. At low primegrbcurrents, very little material
is sputtered and this 1540XB system can easilyeaehiSnm imaging resolution

(imaging resolution with Ga ions is limited by sjgwming and detector efficiency).
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However, the disadvantages of FIB image are thdécudifies of imaging non-
conducting samples (which is also a disadvantageEdfl) and also the damage to the
surface of the sample by the ion beam. FIB can la¢sosed for a deposition system by
ion beam induced deposition. This deposition pre@surs when a gas is introduced
to the vacuum chamber and allowed to chemisorb th@@ample as shown in Fig. 2.11
(b). The precursor gas will be decomposed intotiteland non-volatile components by
scanning an area with the ion beam. The volatile wal be pumped out by high
vacuum pump and the non-volatile component will agmon the surface as a
deposition. Another main application of FIB is mlask micro/nano-milling machine.
The removal of sample material is achieved usitggh ion current beam, which is a
physical sputtering process of sample materialllestrated schematically in Fig. 2.11
(c). By scanning the ion beam over the substratihefsample, an arbitrary shape can

be formed.
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Figure 2.11. Physical principle of focused ion beam
(a) imaging, (b) deposition, and (c) milling.
For our single-photon emitter cavity fabricationg only use the milling
function of the FIB. After we finish the sample fedation by FIB, we will use the
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electron beam to take the images. As we discuss&hapter 2.4, from Purcell effect
we know the smaller the volume, the faster the spmous emission rate, therefore, we
need to fabricate the cavity as small as possibte. our Carl Zeiss 1540XB FIB

system, it is a dual beam system shown in Fig 2.12.

y '
r"llforil/t/)’(‘eam -

E-béam gun W gun

—

Figure 2.12 Schematic diagram of the Carl ZeisOXBIFIB system

The electron beam is vertically illuminated on shweface of the sample and the
ion (Gallium) beam is at 54° angle with the elestlleam. Before using the FIB, we
need to optimize the system. The first thing thatnged to do is to find the coincident
point. The coincident point is defined as the positn the chamber where the SEM and
FIB are both focused on, and scanning the sameodrtbe specimen as shown in Fig.

2.12. Once the sample is tilted 54°, it must beeiin the chamber in order to achieve

42



coincidence between the SEM and the FIB optics.15d40XB, the coincident working
distance is just slightly less than 5mm from thé/S&bjective lens’s bottom. Secondly,
similar to e-beam lithography, in order to obtaood pattern, the beam should be well
adjusted. There are two main parameters whichaffdict the beam quality: focus and
astigmatism. To optimize the beam, focus and astigm correction should be
properly adjusted in high magnification. Howeves, rmentioned in the FIB imaging
part, to obtain the image by ion beam, the ion bealhrscan the surface of the sample,
which induces some damage to the sample. This darmag be neglected at lower
magnification. With the increasing of the magnifioa, the scanning area of the ion
beam becomes smaller and the damage of the suffélce sample becomes worse. To
reduce this milling effect, a fine ion beam (fingos and low ion current) should be
used. But a smaller ion current means the enerdynamentum of the ion is smaller,
the secondary electrons or secondary ions genebgtélde ion beam will be less, the
signal generated by the detector will be weakex,ittage will be not sharp and so it is
not easy to correct the focus and astigmatism.n@mpositive side, the fine ion current
provides narrower beam waist, which is perfect falling a small nano-structure.
Again, as the old saying, coin has two sides. Finébeam gives narrower beam waist,
but also weak beam. If we want to mill to certaepth, it will take very long time by
fine ion beam. After long time milling, the sidewaf the structures will be v-shaped
instead of the perfect vertical one. The summartheffine ion beam is shown in table

2.4.
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Table 2.4 Advantages and disadvantages of finbéam

Fine ion beam Advantages Disadvantages

(fine current)

Image No surface damage Weak signal, not sharp

Milling Narrower beam waist Longer milling time,

v-shaped sidewall

To use the fine ion beam, we should consider gotid and bad sides of it. The
1540XB FIB system provides current channels from ip 50nA. We find 5pA is a
good choice for our cavity fabrication. This cuitrdose not damage the surface in high
magnification, but provide a sharp image; it doestake too long the mill the cavity,
but gives a narrow beam and makes a good straighical sidewall of the cavity. The
dose that we use is 100nc / cm. When the curresg,dtructure and size of the pattern
are chosen, the beam diameter and mill time aeglfif the beam size and mill time are
decided, is there any other factor which can aftbet feature of the structure? This
guestion brings us to think about the FIB scanmirgghod. In FIB, milling is performed
by a precise pixel-by-pixel movement shown in RAdl3. The distance between the
centers of two adjacent pixels is called the psgelcing and the amount of time that the
beam remains on a given target pixel is calleddilell time [90]. The spacing distance
should not be too long; otherwise the mill will no¢ continuous. Also this distance

should not be too small; otherwise the mill timdl e too long. After optimization, we
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find 15nm is a good choice. Now only one factor-thveell time is not chosen. The

dwell time will decide the moving speed of the lm@am. Here we need to introduce a
new concept “single pass and multiple passes”.|&ipgss means the ion beam only
mill each pixel once and the moving speed of thenbés slow. Multiple passes means
the ion beam can mills each pixel multiple timed #me moving speed of the beam is
fast. Multiple passes can provide flat channeldteind vertical sidewalls. Therefore
we use multiple passes to fabricate our samplené passes is a good number for our

sample.

Pixel spacing Beam diameter lon
1 1 1 1 1 1 1 1 beam 3
| > | — | Moving
| | | | | | | | direction
1 1 1 1 1 1 1 1
| 1 1 1 1 1 1 1 Of beam
1 1 1 1 1 1 1 1
| | | | | | | | —>
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 e — 1 1 o — 1 1 e — 1 1 e — 1 _
- RN - RN - RN - RN ,’_ Ty
| K ( ) ( ) ( ) _ )

Metal thin film

Figure 2.13 Schematic diagram of FIB milling

In order to fabricate a good sample by FIB, heectlae fabrication steps and tips:

1. Find the coincident working distance.
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2. Find the best milling current. The rule to find timéling current is the milling
time is not too long in this current and the FIBage should be sharp enough to
correct the focus and astigmatism.

3. Correct the focus and astigmatism. Like in all oth@croscopes, a standard
object needs to be used to do the correction. [EM,S gold standard (gold
nano-particles) is a good choice. However, it canbe used for FIB (the gold
standard can be easily damaged by the ion beanm)s@gestion is to mill a
circle by FIB, take a sharp SEM picture of thisclgrand then use this SEM
image as a standard to correct the focus and aatiiggmfor FIB.

4. Choose the dose.

5. Choose the pixel spacing distance and dwell titme ifiumber of the passes)

The sample of a slit nano-aperture surroundegdoipdic corrugations is shown
in Fig. 2.14. The widths of the central nano-aperand the corrugations are 60nm and
40nm. The thickness of the silver thin film is 3@@nThe central nano-aperture is
cutting through the film and depth of each periodicrugation is about 110nm. The
periodicity of grooves is 500nm. The length of demtral slit and periodic corrugations
is 20 microns. We use a length (in this case 20ang) that is much larger than the
characteristic parameters of the nano-structurg-direction to make the structure

satisfy the 2D situation.
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Top view Typical cross-section

20 um

Figure 2.14. Fabrication of a slit nano-apertureawnded by periodic corrugations.

To make a single-photon emitter, we need to iatiega gain medium (in our
experiment, we use a single quantum dot) into #vity In the experiments, we use the
CdSe/zZnS core/shell quantum dots from Ocean Naho#gh an octadecinine ligand
layer, a central wavelength of emissiogn= 630 nm, and a spectral width of ~25 nm.
These dots are available in powder form, whichlbager shelf life than quantum-dot
solutions. The typical diameter of the core/shigiamd’s structure is 10...15 nm. The

absorption and emission spectrum is shown in Fib O1].
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Figure 2.15. Absorption and emission spectra ofeéCd&S quantum dot.

To deposit the single CdSe / ZnS quantum dot (@) the cavity, we spin
toluene solution with QD on the surface of the mébam, as shown in Fig. 2.16. By
appropriate choice of dot concentration in the tsmuand several deposition attempts,
one dot can be placed in the area of interestsidenof the slit cavity. Radiation of the
neighboring dots is avoided by high-contrast optsedectivity (about 5 microns) of the

measurement.
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L Dot on metal
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Dot on glass

/

Silver 300nm film on
glass

Far field analysis

Figure 2.16. Placement of a quantum dot into tivéyca
By assuming quantum efficiency of a dot and itospson cross-section, and by
measuring powers and beam profiles of excitatiah farorescence beams, the number

of dots under investigation can be evaluated frioesé fluorescence measurements.

(a) (b)

Larger
aperture
view

Figure 2.17. (a) Near field image of the greenrasam.
(b) Near field fluorescence of quantum dot.
We use a 532nm pulse laser to illuminate the mumardot. The power of the
green laser is about 1.2 microwatts and the beaffilgors shown in Fig. 2.17 (a). Then

we use bandpass filter to block the excitation s®uand then we can obtain the near-
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field fluorescence image of the quantum dot showirig. 2.17 (b). The absorption
cross-section of the quantum dot can be found fieference [91]:

I ,

Cabs = COL? rQD(:ore (2)49

The relationship between the excitation power dradfiuorescence power is shown in

equation (2.50):

I:)625nm -

dozy NAZ 47 Ny
n =2 C,(X— rSDcore$ I:)532nm ’ (250)
}“625 47[ 1 432 43 A 532nmbeam

AbsCrosssection

where R,,,.,andP,,,,, are the powers of the pump laser and the fluorescé&om the

guantum dotyis the quantum efficiency of the quantum dot, NAthe numerical

aperture of the objective lens aAds the area of the laser beam. From equation )2.49
we can calculate the number of dotgdNsince we know the absorption cross-section of

the quantum dot at 532nm. In our sample, we cowdt the N,, = 1when the

fluorescence power is abolibx 10 watt.

2.8 Measurement Experiment Set-up and Results

After we fabricate the cavity and integrate thege quantum dot into the
cavity, we need to analyze the emitter. The expembal setup for direct spectrally
resolved far-field measurement is shown in Fig82We analyze the structure by a
confocal fluorescence microscope in diascopic ¢m@ssion) illumination mode with

collecting dry objective with NA=0.85. The colledtéight is processed by a modified
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version of spatially resolving spectrometer [92hqad in the Fourier plane of the
objective. This allows us to directly measure aagulresolved emission spectra from
the corrugated pattern. After putting a mirror abdlie image-plane aperture, we can
obtain the near-field fluorescence image of thentiwa dot by near-field CCD camera.

Angle

Cooled
CCD

Far-field imaging
camera

spectrometer

Near-field
CCD
camera Image-plane

aperture

Epi-excitation

Removable
dichroic
beam splitters

Transmission
excitation

_______________

Condenser

Halogen lamp

illumination aperture

Fig. 2.18. Experimental setup for direct spectredigolved far-field measurement.
First, we measure the transmission &@x80x 300nmwaveguides on a cover
glass substrate. The structure is shown in Fig 21i® the transmission spectrum is
shown in Fig 2.20. Quality factorf(/ Af ) is about 10, which is in a good agreement
with the propagation loss and reflection coeffiti@stimations for a silver slit of

80%x600x300nm dimensions. Purcell factor of 10 caexpected in such cavity:
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Figure 2.19. (a) Structure &0x 80x 300nmwaveguides. (b) SEM image of the
waveguide.
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Figure 2.20. Transmission spectra of 6 80x 300nmwaveguide.

The spatially resolving spectrometer shown in Zi8 allows us to directly
measure angularly resolved transmission and emisspectra from the corrugated
pattern; the fabricated structure is shown in RAd.4. Spectrograms of white light
transmittance from the nanostructure with7 grooves on each side of the ghit110
nm depth of the grooves, aE500 nm groove period are shown in Fig 2.21: the
spectrogram in Fig 2.21 (a) is the theoretical jgtezh, and the spectrogram in Fig.
2.21 (b) is the experimental result. These two ltesare in a good agreement. As
illustrated in Fig. 2.21 (b), the peak of the spatt is around 600nm, which is matched
well with the emission peak of the CdSe / ZnS quantdot. Also the angular

distribution of the transmission spectrum is naedwlown to 20°.
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Figure 2.21. (a) Modeling predictions for angulari€sion pattern from the
nanostructure wittN=7 grooves on each side of the Bkt110 nm depth of the grooves,
andd=500 nm groove period. (b) Experimentally meastradsmission pattern
(without quantum dots).

Next, we position several colloidal CdSe/ZnS csiiell quantum dots with
average emission peak near 630 nm into the ceslitadnd calculate the number of
guantum dots by the method introduced in chapted2Spectrograms of fluorescence
from a single Quantum Dot inside the central slishown in Fig. 2.22 (b). Fig. 2.22 (a)
is the same as rotated Fig. 2.21 (b) and is usetidw the region of the spectrogram,

magnified in Fig. 2.22 (b). Then we integrate trensmission power of Fig. 2.22 (b)

over the angular distribution to obtain Fig. 2.22 (
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Fig. 2.22. Spectrograms of fluorescence from alsi@Qgantum Dot (a) Angular
transmission spectrum without quantum dots forcerral slit nanostructure with=7
grooves on each side of the gti110 nm depth of the grooves (b) Emission spectrum

from the same structure with a single QD. (c) Aagytintegrated spectra of
fluorescence from the CdSe/ZnS core-shell quantoinpalsitioned inside the slit nano-
aperture.

We also compare the emission pattern of singlentyua dot in the slit
surrounded by corrugations under 532nm with thetspe@nd angular patterns obtained
from single quantum dots on non-corrugated siliar &nd on glass, as shown in Fig.
2.23. The emission spectrum and angular patterrstame/n in Figs. 2.23 (a) and (b)
respectively. We can easily see a drastic reduatidghe angular spread of the quantum

dot’s spontaneous emission in the presence of aheigated nanostructure [30]. The

structure concentrates most of the emission intsirgle peak compatible with
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numerical apertures of common optical fibers, thgrpromising a great improvement

in the fluorescence collection efficiency for fuguguantum-optics applications.
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Figure 2.23. (a) Wavelength-integrated spectrduairéscence from the CdSe/ZnS
core-shell quantum dot positioned either insidestitenanoaperture, or on non-
corrugated silver film, or on glass. (b) Angulanhyegrated spectra of fluorescence
from the CdSe/ZnS core-shell quantum dot positiaiter inside the slit
nanoaperture, or on non-corrugated silver filmpoglass.
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Figure 2.24. (a) Angular emission spectrum witlingle quantum dot inside the central
slit nanostructure withN=7 grooves on each side of the slit. (b) Angularssion
spectrum with a single quantum dot on the silMen.fi

2.9 “Donut” Wavequides

One potential way to reduce the size of the casitp fabricate a cylindrical 3D

structure. Fig. 2.25 shows our design of “hole” &hahut” waveguides.
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Figure 2.25. Schematic and notation for hole antutdwaveguides.

The transmission spectra shown in Fig. 2.26 confirat the larger transmission
through the “donut” waveguide at longer wavelengthing to the absence of the cutoff
frequency in the “donut” waveguide, which is exgecfrom a coaxial cable analogy.
We have investigated several designs of nano-apertin view of their resonant
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properties. We found that the most compact and stobw fabrication errors metal
waveguides structures are the “donut” waveguiddsera’Q/V ratio of 10 can be

repeatedly obtained at 600 nm wavelength.
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Figure 2.26. Transmission spectra of “donut” ankk lveaveguides.

2.10 Conclusions

We have demonstrated narrowing of the far-fieldbféscence pattern from a
guantum dot positioned inside a rectangular (skioaperture surrounded by periodic
corrugations

Most (80%) of the emerging spontaneous emissiotoigentrated in a beam

with angular half-width at half-maximum of ~10°
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This indicates the potential for using such a wgated nanostructure for
efficient coupling into and out of the slit metalnocavities designed for enhancement

of nonlinear- and quantum-optical effects
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CHAPTER 3
SPONTANEOUS DECAY OF CDSE / ZNS CORE-SHELL QUANTUDDTS AT

THE AIR-DIELECTRIC INTERFACE

As introduced in chapter 2, singl®{on sources are important for secure
communication lines and linear-optics-based quant@emputing. For these
applications, the single-photon sources need sugmif improvements in efficiency and
speed. Because of the high internal quantum efitgieof quantum dots, the quantum-
dot-based single-photon sources are a promisingloewment direction [94, 95].
However, the nano-scale engineering of such sourassmany challenges, including
embedding of the quantum dot into an optical medarm resonator structure without
fluorescence quenching [96], as well as dealinghwilte short-term instabilities
(blinking) [97,98], long-term instabilities (chemaic degradation) [99], and
homogeneous broadening of the dot's radiation spectdue to interaction with
phonons. One promising way of increasing the quardats’ emission rate (and, hence,
the potential speed of quantum communication) issi@ the electric field enhancement
by metals and metallic resonant structures [10Q,].1Blowever, the presence of a
material with free electrons (metals) near the aleb induces a strong non-radiative
relaxation [102], which limits the benefits of thapproach. In the microcavity-based
single-photon sources (e.g., see review [3]), théssion rate increase originates from
both resonant enhancement of the local densitytates and from the dielectric
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properties of the material surrounding the quantiatn Thus, it is hard to separate and
compare the impacts of these two contributionshantotal emission rate. While the
influence of the nearby metal on the quantum-dotssion has received a lot of
attention recently, e.g. [103, 34], the studiesth@ role of surrounding dielectric in
guantum-dot fluorescence have been rather limiDeanped-oscillator-like dependence
of the fluorescence decay time on the distance dmwhe quantum dot and silicon
substrate was shown in [35] and the reduction ef diecay time on glass surface
compared to the decay time in free space was shawB6]. The impact of the
interaction within an ensemble of quantum dotstenamission spectra was studied in
[37].

In this chapter, we experimentally investigate #féect of the surrounding
dielectric material on the reduction of the flum®sce decay time of quantum dots. A
dot at the surface of a high-refractive-index digie is coupled to the denser vacuum
field of the dielectric and thus experiences aefladecay. We derive simple theoretical
expressions that predict up to one order of madaitmprovement in the decay rate.
We analyze experimentally the lifetime of long-wiavgth ¢ ~ 630 nm) CdSe / ZnS
core-shell quantum dots either deposited in diffeveays on a surface of four dielectric
media or dissolved in the liquids of referenceu¢ole and hexane. The experimental
data measured for low-index dielectrics< 2) match well with the model of a dipole

equally shared between two interfacing media, whitehigh-index dielectricsn(> 2),
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such as silicon, the correction factors due toeotibns and evanescent-field coupling

are required.

3.1 Background

The spontaneous emission rate of an atom in fraeesis given by [104]:

Viree-space™ — ~ €
P T 3

1 8n? 1
2(d)’ —— (3.1)
NEoho

wheree<d> is the dipole moment of the transitidnjs the Plank’s constanty is the
emission wavelength in vacuum, agds the permittivity of vacuum.

When the electric field interacts with an atomsivery easy just to consider the
field is the average macroscopic electric field.wdwger, at a microscopic level we
would clearly expect E to vary with position soaatual dipole within the material may
well experience a rather different electric fiekttbw can we improve the model to get a
more reliable connection between macroscopic measemts and microscopic models?
This is done by taking into account local fieldeets. We assume that the actual E -

field seen by a dipole, its local field, £, is given by the sum:

E = Ea + EIor + Esph (32)

local
wherek, is the average macroscopic fiels, is the Lorentz field due to polarization
charge andEgphis the contribution from the material inside therfroved” sphere but

excluding the central dipole. By symmetry, Onedlof the intracavity field arises due
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to fields that are perpendicular to the interfasdsle two thirds are associated with
tangential fields, the Lorentz field is:

P
E = 3.
lor 380 3)

For a cubic system because of the Rymmetry, we havg,,, =0.

Finally, we end up with the result:

= E+i (3.4)

EIocaI - 3
€9

wherd® = ¢ xE, the express of the local field becomes:

_(E+2) g (3.5)

local —
3

E

By considering the local field correction, the s@eous emission rate for an atom in a

dielectric host medium with dielectric permittivigyiediumis [102]:

2
medium _ / € mediium +2
Yatom ~ Yfre&spac Smedium[ 3 (36)

The atom transitions are initiated by the intexfee of vacuum fields coming
from different modes. Each mode contains vacuureenwiith zero-point energy of one
half of a photon. The density of modes in the digie is n® times higher than in free
space, but the vacuum field varianca@igimes lower. Therefore, the probability of the
atom “ignition” is increased times [factor with the square root @feqiumin Eq. (3.6)].

Equation (3.6) also considers that atom is conthinea small (less than the average
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inter-atomic distance) empty virtual spherical taviormed inside the continuous
dielectric medium. The atom sees a higher locadl fitean the average macroscopic
field [the former can be expressed as the latteltipiad by a factor €mnegiunit2) / 3
coming from Lorentz-Lorenz, or Clausius-Mossottguation, as illustrated in Fig.

3.1(a)], and the resulting radiative decay is faftan that in free space.

The optical transition of a quantum dot can beeximated as a two-level atom
with a large electron orbit and, therefore, witHaage dipole momene<d>. The
background vacuum field interacts with this dipobeoment and induces the
spontaneous emission. In contrast to the atom,qtletum-dot electron levels are
spread over thousands of atoms and, thereforeracttevith averagemacroscopic
vacuum field. There is no Clausius-Mossotti factorconventional understanding.
Instead, the difference between the dielectric @oris of the quantum-dot materigl:
and the mediungmegium Where typicallyeqot > emedium, reduces the field inside the dot
by a factor §mediumt2) / €q0rt2). This factor comes from considering a spherieadity
filled by material of permittivityeqo, formed inside the continuous dielectric medium of
permittivity emedium i-€. Clausius-Mossotti relation acts in the opgosdirection: the
dielectric constant of the dot reduces the vacuefd bf the outside medium and hence

slows down the decay. The decay rate of a quantainmdracuum is

2
3
Yggte PEe= Yfre&spac{ J (3 . 7)

Egor +2
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Wherey e . IS the decay rate in vacuum of a two-level systeth the same large

dipole moment as that of the quantum dbtdg“atom” with the refractive index of 1).

The expression for the quantum-dot decay ratedrdiblectric medium is:

2
medium __ / Smedium+ 2
Ydot - Yfre&spaoe 8medium£ (38)

€yt T2

After normalization to the quantum-dot’s free-spdeeay rate of Eq. (3.7), the factor

gqot + 2 IN EQs. (3.7), (3.8) cancels out, yielding thiowing expression:

2
i —( €medium+ 2
medium __ _ free-space medium
Y dot = Y dot Smedium( j (39)

3
This expression no longer depends on the refractdex of the quantum-dot material.

This result can also be obtained from Eqg. (3.6phbyng thaty (. 4. iN EQ. (3.7) is a

fictitious non-observable quantity, and the inve@dausius-Mossotti factor in Eq. (3.7)

can be incorporated int@, .. o.. by simply redefining the dipole moment of the

guantum dot in Eq. (3.1).

The real core/shell quantum dots have a complextsire (core-shell-ligands)
which practically do not affect the coupling wittaouum fields. For the sake of
simplicity, the quantum dot can be considered t@lmncentric two-sphere structure
(core-ligands) with a core diameter much smallantthat of the ligands. In this case,
the local-field correction factor stays the same:

. . igands T 2 .
Emesim* 2 g replacedy Emedum ™ 2 gt £ _ Emegiumt 2 (3.10)

Egor + +2 gy t2 €got +2

€ ligands
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This means that Eqgs. (3.8), (3.9) are also apgdbctt the core-shell quantum dots.
Thus, the dependence of the quantum-dot decayorathe dielectric constant of the
host medium (3.9) is similar to Eq. (3.6) for aromt and is applicable to dots
completely immersed into the host dielectric. Thpidal situation described by this
formula is the dot immersed in a liquid.

Another typical situation is the dot attached tdig@lectric surface (e.g. glass,
sapphire or silicon). If the center of the dot ssiamed to be placed exactly at the
dielectric interface, this situation can be appmmaded analytically in a simple way
[105]. The resulting decay rate is the sum of thk-tate into the air and the half-rate

into the dielectric. Using Eq. (3.9), we obtains@xperimentally observable rate as

free-space medium free-space

2
interface Yo +Yo Yo 8me ium-i_2 .
Yd;tf ~ Jdot 5 dot dt2 {1_._\/%( d3 ) ] (3 11)

Figure 3.1(b) illustrates the dependence of theaglerates of a dot on the

medium’s refractive index-=./ for the cases of complete immersion [solid blue

medium

line, Eq. (3.9)] and air-dielectric interface [sblied line, Eq. (3.11)]. We see that, for
high-index dielectrics, the rate enhancement inbthié host scales as #°/9 (dashed
purple line) and can exceed 100, whereas the eahsent at the interface is about one
half of that in the bulk dielectric.

In particular, for a dot embedded in silicanx 3.5), the decay enhancement
factor can reach the value of 80. However, the -Jmglex dielectrics and

semiconductors often demonstrate optical losses.n&ar-field longitudinal component
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of the dot’s radiating field gets absorbed and igbuates to the non-radiative losses. The
total decay time of the dot in the dielectric hisgihe inverse of the sum of radiative and
non-radiative decay:
T= Ly = L+ Ly (3.12)
For the dot embedded into the high-index dieleatri semiconductor such as
silicon, the radiative decay time can be reduceasndim several nanoseconds; however,

the non-radiative part of the decay, if significantly degrade the efficiency.

1000

T n%9
Quantum dot in dielectric host

B e . .
g 100 Quantum dot at air-medium interface //
T T 9 i
] b e
= //
g 10 e
©
EZ 81 + 2 a4 / ’
Lorentz-Lorenz:|— = /
E e,+2 .
4
l 4
1.0 1.5 2.0 2.5 3.0 35 4.0
(a) (b) Refractive index n

Figure 3.1. (a) lllustration of Lorentz-Lorenz / abkius-Mossotti
relationship between the macroscopic electric figldnd the local fieldE, seen
by the atomd,= 1) or quantum dotef = €40). (b) Enhancement of the radiative
decay rate, compared to the rate in free spacé#hdyefractive index of the
dielectric surrounding the quantum dot. The solkeHine corresponds to the
case of complete embedding of the quantum dot tilodielectric host [Eq.
(3.10)]. The solid red line corresponds to the dquendot positioned at the air-
dielectric interface [Eq. (3.11)]. The dashed perphe shows the asymptotic
dependence®9.
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3.2 Samples Fabrication and Experimental Setup

In the experiments, we use the CdSe/ZnS -core/dipgdintum dots with
octadecinine ligand layer (Ocean Nanotech), whighthe same as the ones used in
chapter 2. Our measurements of the fluorescencensity have confirmed the
manufacturer-specified quantum efficiency of theofescence in toluene solution of
about 50%.

The measurements are performed using avalancherplumunting module,
start-stop counter (PicoHarp 300 from Picoquant Bjnibwo Inverter and Attenuator
Modules (SIA 400 from Picoquant GmbH ), functionngeator, laser driver and a

home-made pulsed blue laser system arranged infeyawation shown in Fig. 3.2.

Single Photon Sample 405nm

counting Module < < diode pulse
laser
Inverter/Attenuator Function Laser driver
Module Generator -
CH1 l
CHO
(photon) (SYNC)
PicoHarp 300 ‘ Inverter/Attenuator
Module Computer
USB R

Figure 3.2. Schematic picture of the measuremesiesy.
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Data from the PicoHarp 300 are transmitted todbmputer and analyzed for
time delay probability distribution. Usually thisemsurement system is called time-
correlated single photon counting (TCSPC) systermhiciv means repetitive
measurements of the time interval between an diwitgpulse and the first detected
fluorescence photon [106].

The principle of time correlated single photon dmupis the detection of single
photons and the measurement of their arrival timesespect to a reference signal,
usually the light source. Time correlated singl®etph counting is a statistical method
and a repetitive light source is needed to accummudasufficient number of photon
events for a required statistical data precisidre probability of registering more than
one photon per cycle is very low; the histogrampbbton arrivals per time bin
represents the time decay one would have obtaineth fa time-resolved analog
recording. Fig. 3.3 illustrates how the histogranormed. Pulsed laser is used to excite
the fluorescence. The time difference between attait and emission is measured by
electronic device (in our experiment, we use PigpHz00). Since the PicoHarp 300
input channels are designed electrically identitaith can handle an input voltage
range of O to -1 V. Therefore, the excitation anussion pulses are connected to the
PicoHarp 300 through the pulse inverter with atégian (SIA 400) as shown in Fig.

3.2. In some cycles, there will actually be no pingt The occurrence of a photon or an
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empty cycle is entirely random and it only dependsthe efficiency of the emitter

(assuming there is no loss in the collection ofdigmal).

Start Stop

Laser pulse:

i Fluorescenc
i photon

v

i i i i

Start-stop time Start-stop time
At, At,

Figure 3.3. Physical principle of TCSPC system.

The histogram is collected in a block of memorfieve one memory holds one
time bin. These time bins are referred to as tihmnaoels. After many time bins have
been collected, a histogram counts versus chawnlélepresent the fluorescence

intensity versus time.
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Figure 3.4(a) Experimental setup. Quantum dots deposited onitgleatric are
positioned on a 3D piezo-electric translation stagh 50 nm resolution. (b)
Spontaneous decay time as a function of refraatidex of the dielectric host or
interface. The theoretical curves are Eq. (3.18)Ba. (3.9) for the air-dielectric
interface (blue) and liquid (green), respectiv@®wta for low-index dielectrics
fit acceptably with the simple dipole-on-the-suganodel of Eq. (3.11).
However, the silicon sample shows considerably staecay compared to the
predicted values and requires a more complicatedehad Eq. (3.13) (red),
accounting for the distance between the quantunamidthe surface.

Our TCSPC experiment set-up is shown in Fig. 3)4 Iaour experiment, a
home-made pulse generator sent a rate of ~30 kétzriehl pulse to the blue diode
laser. At the same time, an 30 kHz electrical tonieference signal (sync) from the
function generator as a “start” signal is senthe start-stop counter (PicoHarp 300
from Picoquant GmbH). The pump excitation pulsesatelength 405 nm coming at a
rate of ~30 kHz from the diode laser are refledtgdhe dichroic beam splitter and then
through a numerical aperture NA = 0.95 objectivesldluminate on the quantum dot.

For each measurement of the time decay, betweed0@0nd 300,000 time-delay

samples are taken. The fluorescence is collectea ¥Iggle-mode fiber from the image
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plane of a dot formed by a 1:40 telescope. Thdesidgt measurements have a strongly
pronounced blinking behavior [97]. To avoid thetalison of lifetime data by the
parasitic surface-state fluorescence, we discdrghredton counting events occurring
during the dark state of the quantum dot (“off”tstabf blinking). The resulting
fluorescence decay times, shown in Fig. 3.4 (3, aistained by averaging several
individual measurements, examples of which aregmtes! in Fig. 3.5 (a). In addition to
the dependence on the refractive index of the hwtium, the decay time is also a
function of the dot concentration, of the statetlod dielectric surface, and of the
deposition method. Two methods are used in ourrerpats: spin-on of the quantum
dots dissolved in toluene and spin-on from the tgwiuin toluene with PMMA [107].
The first method brings high repeatability in theasurements of decay time; the
second brings a higher chemical long-term stabdftfluorescence efficiency but with
less reliable results in terms of the decay timethBdeposition procedures are
performed as follows. The quantum dots are stored powder form. Prior to the
sample preparation, a small piece of quantum-datdeo (typical size ~ 100—-15am)

is diluted in toluene to reach the concentratiorBe10" dots/cni. Then solution is
quickly spun-on to the desired surface. In the a#sthe second method, the weight
percentage of PMMA in toluene is chosen to be aftol#b to form a 10—-20 nm film
over the surface. A typical scanning electron nscope image of the quantum dots
deposited on a silicon substrate is shown in Fig.(8). The experimental setup shown

in Fig. 3.4 (a) has a confocal scanning capabfiity visualizing and measuring the
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spatial distribution of the fluorescence. Figure) 3hows a typical placement of dots at
the surface of a glass as observed by the conflocakscence setup prior to the time-
decay measurements. To eliminate the impact oebtapaced quantum dots (clusters)
on the lifetime data, we select for the measurementy the isolated dots with the
average intensity and small size in the observedocal fluorescence image. Similar
pictures are obtained for the three other dielestriThe fluorescence count rates
decrease as the refractive index of the dielentdeases: count rates from the quantum
dots on the surface of silicon are almost an oofi@enagnitude smaller than those at the
surface of Caf This reduction agrees with the reduction in tblkection efficiency by

a factogreesrcg(p metece) - @rising from the fact that most of the light emt by the dot

goes into the high-index dielectric and is notectd by the objective on the free-space
side of the interface. Hence, there is no indicattd change in the intrinsic 50-%

fluorescence efficiency of the quantum dot with it&keactive index of the interface.

74



Time (ns)

0 20 40 60 80 100 120
4-5 | | | | T\ |
1 — Toluene
4.0 RN — Toluene fit
- 35 t e Silicon
Z — Silicon fit
c AN
3 30 : ‘ —cCaF2
225 : | — CaF2 it
> >
(@]
- 2.0 A

0 10 20 30 40 50 60
(a) Time (ns)

Figure 3.5. (a) Examples of the raw individual tideray measurements used in
generating the data points in Fig. 3.4 (b). Thaight lines are the exponential
fits yielding t = 13.6, 4.6, and 25.6 ns for toluene, silicond adak,
respectively. (b) Scanning electron microscope enaigquantum dots deposited
on a silicon substrate. (c) The confocal fluoreseeimage of quantum dots
deposited on a glass substrate. Red circles shevsitigle dots selected for
measurements after image analysis. These threesdi¢$y the three important
criteria: the brightness and the dot size corredgoma single dot particle, and
these dots have largest mean square average @idtame the neighbors (the
typical distance is larger thag).

The time decay of individual dots strongly fluceesmtfrom one dot to another.
This is most likely due to the following factorsiet dot size diversity, as well as the
variations in the orientation of the dots at thetmary and in the distance between the
dots and the interface. Accurate measurement oflélcay requires averaging the data
from several dots. Points for dielectric interfaces$-ig. 3.4 (b) are averaged over 5-9
single-dot measurements. Points for liquids areagerl over 3—4 measurements with
various concentrations. The quantum dots withoutViAshow fast degradation of the
fluorescence efficiency. For example, in toluenehekane solution the typical long-
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term decay time of fluorescence count rate is al3 hours, while the long-term
decay time for the dots on the surface of dieleatithout PMMA varies between 1 and
10 hours. Additional verification measurements hslrewn that the long-term decline

of the fluorescence count rate did not affect theréscence decay time for a given dot.

3.3 Results and Discussion

Measurements of the decay time for quantum dotthersurface of a dielectric
and for dots in toluene and hexane are presentéwir3.4(b). The data are in a good
agreement with theory. With the increase of theative index, the time decay of the
dot becomes consistently shorter. The resultddards fit Eq. (3.9) well, with only one

fitting parameter — decay time in free spacey ;=== 35 ns. The dots on the

dielectric interfaces, on the other hand, do ntbWothe simple equally-shared-dipole
model: although the data for< 2 are in a reasonable agreement with the thelbey,
measured decay time for high-index material (sil)cisz significantly longer than that
predicted by Eq. (3.11).

The reason for this discrepancy is that the simpbelel (3.11) of a dipole equally
shared between the two intefacing media is not wailed for high-index dielectric.
Position of the dot is inherently asymmetric widlspect to the surface boundary (dot is
not centered on the interface, but is positiongghsl above it instead). In the case of a
high-index dielectric, the characteristic penetratiength of the evanescent vacuum
field from the dielectric becomes comparable wité teal distance between the dot and
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the surface, and hence the ratio of the dot's a¢ogpb the two media’s continua of
modes changes significantly. For the high-indexecdlse solid angle of propagating
modes from the dielectric half-space (light con)aled to the dot becomes much less
than Z, and the main contribution on the dielectric subenes from the evanescent
field. On the air side, the density of states isdifded by a strong reflected field.
Without attempting an exact analytical solution, heve phenomenologically modified
Eq. (3.11) to account for the contributions of @vanescent and reflected fields at small
distances from the interface by introducing an egmtial coupling factor [108, 109]:
| 1 —ﬁam ot 2 (3.13)

aor R ey 1+2e 4 [m(“;] —1} :

Equation (3.13) fits well the ensemble of the aledi data, using the distance parameter

a =40 nm and; = 1/y"=> = 35 ns.A posteriori measurements of the surface of silicon

revealed the presence of 25-nm-thick thermal oxideich, along with 10...15 nm
guantum-dot size estimate, justifies the non-zexioier of the parametex used in the
fitting.

In our model, we have not considered the presehd¢ke non-zero imaginary
part of the refractive index. This imaginary paxtsés only in silicon case, where the
energy of the emitted photons exceeds the bandgapmay lead to increase in the
non-radiative recombination rate. Even though atadlo not indicate any decrease in
the quantum dot emission efficiency for silicon, are planning to conduct a separate
study with a different type of quantum dots whosession energy is below the silicon
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bandgap to verify this.

The obtained results confirm the model's predicod the significant decay rate
increase at the surface of a dielectric: decay tle@eases from 35 ns in free space to
~5 ns on silicon surface. Complete embedding ofgh@ntum dot into a high-index
material is expected to reduce the decay time dobananosecond scale. By designing
the high-index dielectric in a shape of a semi-sphfor example, one can efficiently
collect the fluorescent photons on the dielectide sAdditionally, this purely dielectric
broadband mechanism of the decay time reductiorbeatombined with the dielectric
resonant cavity design. Such structure can motigyemission spectra of the quantum

dot and allow the generation of photons-on-demaraisingle-mode regime.

3.4 Conclusion and Outlook

We have analyzed the theoretical dependence afdbay rate on the refractive
index for a quantum dot either in a dielectric nuedlior at the boundary of two media.
Theory predicts up to 80-times increase in the &pwous emission rate for the dots
embedded into a high-index dielectric. The expeni®meonducted with CdSe/ZnS core-
shell quantum dots show a reasonable agreementhettheory. This indicates that one
can expect to design and fabricate the colloidalrtum-dot-based single-photon
emitters with near-nanosecond or even sub-nanodeamtay times and high

fluorescence efficiency.
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CHAPTER 4

SINGLE MODE FIBER-BASED SURFACE PLASMONIC OPTICALWEEZERS

The ability of plasmonic nano-structures to comida light to sub-micron
volumes opens up the possibility of their use iticgh trapping of particles (optical
tweezers).

4.1 Optical Tweezers

4.1.1 Brownian Motion

For the optical trapping, Brownian motion of thertcles is the one of the main
enemies that need to be defeated. Particles susppenca fluid are always moving.
Diffusion is a common phenomenon observed fromntlowement of particles. Apart
from diffusion, there is another interesting pheeaon that can be observed. It is
called the Brownian motion. This phenomenon isalieced by a well-known botanist
Robert Brown. In 1827, when he used a simple moops to study the action of
particles contained in the grains of pollens [11#,noticed the pollen jiggles around.
However, he could not find what caused the motibthat time. Many explanations
have been given to explain this phenomenon; howeweere of them could convince the
scientists. There are two key characteristics obwBrian motion: persistence and

randomness. In 1905, Einstein published paper @or#tically analyze the Brownian
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motion. His theory has two parts: first, he used thffusion equation for Brownian
particles, in which the diffusion coefficient idated to the mean square displacement
of a Brownian particle; second, he related theuditin coefficient to measurable
physical quantities. Einstein showed that by meaguhis quantity, one could prove
that “the kinetic energy of the motion of the centf gravity of a particle is
independent of the size and nature of the paréinld independent of the nature of its
environment" [111].

However, only after the kinetic energy of molesuleas understood, scientists
realized that the Brownian motion is caused by kimetic energy of the molecules
suspended in liquid or gas. The main physical gwlacof Brownian motion is that the
mean kinetic energy of any molecule of a liquidgas is equal to the mean kinetic
energy of a particle suspended in this ambiencg][Ilhe mean kinetic energy of the

motion can be written as:
(B)=okT (4.1)

where k is the Boltzman constant and T is the teatpee. From equation (4.1), we can
see that the mean kinetic energy of Brownian moisgoroportional to the temperature
and just as Einstein said, this energy is notedlab the size of the particle. Therefore,
in order to trap a particle stably, the potentiallvgenerated by the optical tweezers
should be significantly larger than the mean enafgthe particles; we will detail this

well depth in chapter 4.1.2.
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4.1.2 Physical principle of optical tweezers

Back to 1873, James C. Maxwell theoretically deduthe radiation pressure of
light based on his electromagnetic theory [113]weeer, before the invention of the
laser, the force generated by the light radiaticas wery weak and had almost no
application. In 1970, Arthur Ashkin, a scientist nikiag at Bell Labs, published a
seminal paper [114] reporting that focused lasemnisecan be used to accelerate and
trap micrometer-sized transparent particles. In619&hkin and colleagues reported the
first observation of optical tweezers pheromonéaus laser beam capable of holding
microscopic particles stable in three dimensiod$[1The laser radiation pressure soon
has been used to cool and trap atoms [116, 114.t®the picoNewton and nanometer
ranges of force and distance, optical traps hawn hesed for studying biological
systems [118]. Throughout the 1990s and afterwacsntists used optical trap force
to investigate structural properties of biologigalymers such as DNA [119, 120],
whole cells [121], and microtubules [122].
4.1.2.1 Ray-optics approximation

If the size of particle is much larger than thepping wavelength (usually more
than ten times larger), the trapping phenomenorbeagxplained by ray optics.

Usually an optical trap is formed by tightly fooug a laser beam with an
objective lens of high numerical aperture (NA). Tdielectric particle near the focus
will be trapped by the force due to the transfemmmentum from the scattering of

incident photons. These optical forces can be s&pdiinto two types: first, a scattering
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force, in the direction of light propagation; sedpa gradient force, in the direction of
spatial light gradient. As shown in Fig. 4.1 (ajransparent particle is illuminated by a
collimated beam with an intensity gradient. Whetramsparent particle is displaced
from the laser beam center and moves to the leth@ffocus, the larger momentum
change of the more intense rays cause a net forpash the particle back to the focus
spot (the center of the beam). When the partidgssin the center of the beam, the

resulting lateral force is zero as shown in Fig(@®)1

(@) (b)

D I N

Fnet

Fu Fa

Figure 4.1. Schematic diagram of optical trappiggytadient force (a) When the bead
is displaced from the beam center, the larger momneichange of the more intense
rays causes a net force to be applied back tovaardenter of the laser. (b) When the
bead is in the center of the laser, the net foraksvon the bead is zero and the bead is
stable.

In addition to keeping the patrticle in the intepsienter of the laser beam, a

focused laser also keeps the patrticle in a fixadl @osition. The momentum change of
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the focused rays by the scattering light causes e ftowards the laser focus shown in
Fig. 4.2. In Fig. 4.2 (a), the particle is belole tfocus point. The scattering force
generated by the laser beam will push the parbalkk to the focus point. Eventually,
the particle will stay slightly above the focus spbown in Fig. 4.2 (b). In this location,
the net force of the scattering force compensatabd weight of the particle. All the
above discussions, we neglect the surface reflecia absorption from the particle.
The force working on the particle at a particulsspthcement from the focal spot is

linearly proportional to the total laser power.

Figure 4.2. Schematic diagram of optical trappiggtattering force. (a) When the
bead is displaced from focus of the laser, the nmume change of the focused rays
causes a force towards the laser focus (b) Whebdhd is in the focal spot, the

scattering force and the weight of the bead isruzaid.
In reality, it is impossible to neglect the effaaft the surface reflection. The
momentum change by the light reflected back from shrface of the particle will

generate a force to push the particle forward.aFstable trap, this force is cancelled by

the scattering force. If the pushing force is lartpan the scattering force, the particle
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will be pushed away from the focus and thus canbeattably trapped. The reflectance

depends on the ratim=n e/ Nyum DEtWEEN the relative refractive index of the

microsphere and the surrounding medium. Lamgeimplies more surface refection,
larger pushing force and thus more difficulty imapping. To increase the scattering
force, higher numerical aperture lens should bé.use
4.1.2.2 Rayleigh Approximation

When the trapped particle is much smaller tharmtheelength of the trapping
laser, the conditions for Raleigh scattering atesfed and the particle can be treated as
a dipole. In this regime, the scattering and gmaidierces are separated. The optical
forces can be calculated analytically with Rayleggattering theory [115, 123]. The
scattering force is due to absorption and radiatiblight by the dipole. We consider a

nano-particle with radiusand a relative indem (m=n I Ny ium)- The force is

particle
£ 12&¢°r® m?-1,, P

= . 4.2
scat 3C7Lg (m2 N 2) medium ( )

Wherelp is the intensity of the incident light, c is theeed of light in vacuumi,, is the

wavelength of the trapping laser. From the Eq.)(4# can find that the scattering
force is in the direction of the propagation of theident light and is proportional to the

intensity. The time average gradient force on thtigle:

£

grad

:(B.V)EZ Znnmzdiumrs (m2 _1)V| 4.3)

where p is the induced dipole of the particle.

84



From equation (4.2), we can obtain the trappingmial formed by the gradient
force:

r’ m -1

medium (

C m? +1

3 2nn

V= )l (4.4)

Therefore, the total force generated by the lighttee particle is the sum of scattering
force and the gradient force. When the particlstably trapping at the focus, the net
force is zero. To form a stable trap, the net fand the displacement of the particle

from the focus should have opposite signs. Fronatagpu (4.2) and (4.3), we could find

the scattering force is proportional t& while the gradient force is proportionalrfo
The scattering force decreases much faster thagrétuent force with the decreasing of
the size of the particle.

The stability condition on the dominance of thelkveard axial gradient force is
independent of power and therefore there is anatbedition for Rayleigh trapping.
Another trapping condition is that the potentialllveeepth should be at least ten times
larger than the average kinetic energy of the gagi[115]. As was previously point
out, the particles have Brownian motion becausi@fkinetic energy. To stably trap a
particle, the time to pull a particle into the tistpuld be much less than the time for the
particle to diffuse out of the trap by Brownian mat Due to the fact that the kinetic
energy of a particle follows the Maxwell Boltzmadistribution at thermal equilibrium,
the particle has a probability that its instantarsekinetic energy is much larger than its
average kinetic energy. Only if the potential wagbpth is much larger than the kinetic

energy of the particle, we have large chance tb thel particle to the trapping spot.
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Also the kinetic energy of particle is independeftthe size, but the potential is

proportional ta®. Therefore it is very hard to trap small size jokes.

4.3 Surface Plasmonic Tweezers

To increase the potential well depth, we can giptrease the power of the
laser. However, this method will not increase tihadgent force at all; also too much
power may damage the particle. In order to traplissiree particles tightly, two factors
should be considered: first, there should be enopgier work on the particle
(potential well depth ten times larger than kinetieergy of the particle); second, the
“shape” of this potential well which determines tradient force should be sharp. As
introduced in chapter 2, surface plasmon has twan neharacters: surface field
localization and local field enhancement, whicpesfect for small particle trapping.

In the early 1990s, people have proposed to uaeeseent fields for optical
trapping [124-128]. Experimental research on safatasmon-based trapping was
started by two pioneering experiments which studg enhanced force field at a
homogeneous gold and water interface. In 2006, &afthavez et al. reported the
micron size dielectric beads were trapped on tlggoneof a gold surface where the
surface plasmon was generated [129]. In the samue Yelpe et al. probed the SP force
field and measured the force magnitude by usingquiio force microscopy [130].

The first experimental implementation of SP-basagping was demonstrated

by micro-sized gold disks coated on glass subsifd&#&, 132]. In the experiment, a
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basic SP-structure has been used and the surfasengh has been generated by
Kretschmann configuration. There are no flow andvemtion in the polystyrene
solution. The polystyrene beads have been pushedafd by the evanescent wave
along the incident direction of the laser beamhat glass-water interface [131]. When
the beams come to the position where SP field llmsmum intensity, they get trapped.
Similar to conventional optical trapping, this Sieézers also generate scattering force
and gradient force. When these two forces get batinthe beads could be trapped
stably. In this type of SP-trapping, both forcepeated on the illumination direction and
polarization of the laser beam. The magnitude ef gbattering force increases as the
angle decreases, meanwhile the gradient forceses @ntrolled by the incident angle.
Therefore, the trapping properties can be easilglifienl by changing the balance
between the two forces. Another advantage of tRigr&pping is the trapping times of
up to several hours can be achieved for an incideser intensity of 70W/m?, which is
about two orders smaller than the intensity requiby the conventional optical
tweezers.

Although this simple Kretschmann configuration gwiddisks based surface
plasmon tweezers has advantages: easy to con&rdirdpping properties and lower
incident laser power, it is very difficult to trdbe beams whose size are smaller than 1
micron for the limits of the localized surface ptam intensity and symmetry of this
structure. Much higher control of surface plamohelds can be achieved through

plasmonic antenna structure. Due to the high Ipedliand intense hot spots within the
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gap region generated by the gap antenna, scientisgmtly have paid much attention
for it. Grigorenko et al. first used gap antenmasgsist conventional optical tweezers
[133]. In the experiment, they used 1064 nm laganbto illuminate the gold cylinders
and 200 nm polystyrene beads have been trappdu iarttenna hot spot. The trapping

volume is beyond the diffraction.

After the work of Grigorenko et al., different fage plasmonic antennas were
designed and used for optical tweezers. However,SR resonances lead to local
heating of the metal and heat dissipation to tmesading fluid. These thermal effects
will result in convection, thermophoresis and evegher intensity may cause heat
damage to the trapping specimen. Therefore mopgpitrg mechanisms need to be
exploited. The power of conventional optical tweezes usually dependent on the
average kinetic energy of the particle and no mcatibns are applied to the potential
well during the trapping procesalthough the average kinetic energy of the particle
within the trap is given bg/2kT , the instantaneous velocity follows a Maxwell—-
Boltzmann distribution, in which the energy can asionally significantly exceed the
average value. Therefothe potential depths usually are ten times highan tthe
average kinetic energy of the particle to compens$at the occasionally high energy
events. Without the high energy cases, a dept®/2kT well will be enough to hold
the particle. If a feedback system is introducedrdoognize and reconfigure the
potential well to compensate the high energy evehespower of the tweezers will be

significantly reduced. Theoretically, the feedbagktem is used to control the trapping
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potential by adjusting the laser intensity or theptposition. In practice, the feedback
system can increase the effective stiffness oftitéye [134], producing a force clamp
[135] and allowing the object to be further confiney adding an external source of
damping [136]. In order to trap single gold nantipbes within the gap of a gold
antenna, a feedback system has been used to ctmrglotential by monitoring the
antenna resonance shift. This work is reported dhyréhang and co-workers [137].
Owing to the advantage in small size particleppitag, SP tweezers have a lot
of application in bioscience. Also SP tweezers piay a key role in the development
of future integrated analytical platforms. In atphysics and quantum information, SP
tweezers could be an important tool and strong fitetiee research based on cold

neutral atoms.

4.4 Sample Design

The principle of fiber optical trap is the samefrege space optical trapping, but
with the Gaussian laser beam delivered throughpséicad fiber. If a spatial phase mask
(for example) lens is mounded on the end of thecalfiber, the Gaussian beam will be
focused at some distance from the fiber tip. Stheesize of the single mode fiber core
is very small (usually less than 10 microns, depeod the wavelength), it is very
difficult to fabricate the high numerical aperturgcro-lens and integrated on the fiber
tip. Therefore, it is very difficult to make a fl8D optical trap by a single mode optical

fiber.
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As we introduced in chapter 2, Surface plasmomaniohs are electromagnetic
surface waves formed through strong interactiowben electromagnetic field and free
electron oscillations at a metal-dielectric integaOne unique property of the SPPs is
their high confinement near the interface and msigally localized in a small volume.
SPs focusing becomes one main application. Thisnma nanofocusing is typically
achieved using tapered metallic guiding nanostrestsuch as tapered metal rods [138,
139], sharp metal wedges [140, 141] and the tapeegtbgap between two metallic
media [142]. Beyond these, conventional Fresneézaate (FZP) structures also have
been used for nanofocusing: by fabricating a wedlighed Fresnel zone plate on the top
of the fiber tip, and then a high numerical apertonicro-lens with a fiber can be made.

A conventional optical binary amplitude FZP cotssisf a series of concentric
opaque and transparent ring-like zones, which eansed as either a lens or a reflector

as illustrated in Fig. 4.3.

Figure 4.3 lllustration of a circular Fresnel zqitate
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When used for lens, the energy collection is pentat by the transparent zones for the
transmission zoneplate. For our optical tweezesgde we used this function of the
FZP. And the opaque zones can be used as theti@ilegoneplate. But unlike lenses or
reflection mirrors, FZP uses diffraction instead reffraction or reflection. Light
illuminated on the zone plates will diffract frorhet opaque zones. The schematic of
FZP is shown in Fig. 4.4. Constructive interferen€e&SP fields is obtained at a focal

distancd from the FZP when Fresnel zone ragljj satisfy:

m?A?  mif
LU LS 4.5
Pm A o (4.5)

wheremis an integer (also called Fresnel zone numbas)the wavelength of the light

to be focusedf is the distance from the center of the zone platde focus, and is

the refractive index of the surrounding material.

Figure 4.4. Schematic diagram of Fresnel zone plate
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Unlike the conventional zone plates made by mital of Cr, Al or Ni, the
plasmonic FZP is a device consisting of a quartssate coated with silver thin film.
Our plasmonic FZP is made of single-mode fibercbpted with silver thin film which
is embedded with a zone plate structure. We usei@piSMF-28™ 1550nm fiber to
fabricate the optical tweezers. Since diameterhef ¢ore of this fiber is only 8.2
microns and the mode-field diameter is only aboditndicrons [143], we can only
fabricate two transparent Fresnel zones on the fibe

The radii of the Fresnel zones designed for dffeisurrounding materials are

shown in Table 4.1. The focal length of this desga microns.

Table 4.1. Parameters of our Fresnel Zone PlatggDés \Water and Toluene.

p (pm) Water (=1.32) Toluener(=1.49)
m
1 1.64 1.53
2 2.46 2.29
3 3.19 2.95
4 3.86 3.56
5 451 4.14
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First, we design a conventional Fresnel zone plateernative opaque and
transparent half-wave zones. The structure of t&gd is shown in Fig. 4.4. The
numerical computational analysis of the electroneéigrfield is carried out using finite-

difference and time-domain (FDTD) algorithm.

D

Figure 4.5. The first design of single mode fibptical tweezers
by conventional Fresnel zone plate.

For our simulation, we use the commercial FDTD oiednamed Fullwave
(from Rsoft Company). A 350-nm-thick silver film @eposited on the end of the
single-mode fiber. The core of the single moderfiee8 microns. The light propagates
along z direction as shown in Fig. 4.5. The inctdemave is circularly polarized and
wavelength is 1550nm. Fig. 4.6 (a) and (b) show réfeactive index profile of our
plasmonic optical-tweezers design. The power ofitclental light is set to 1. In our
3D FDTD simulation, the time step and mesh sizédd&fs and 50nm respectively. We
also used non-uniform grid in the simulation. Trexfectly matched layer boundary

condition was applied at the computing domain bamied.
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Figure 4.6. (a) Refractive index profile of thestidesign of plasmonic optical-tweezers
in x-y plane. (b) Refractive index profile of thest design of plasmonic optical-

tweezers in x-z plane.

Simulated intensity distribution of the first dgsiof the Fresnel zone plate is
shown in Fig. 4.7. In Fig. 4.7 (a), the simulati@sult shows the focal length of the

tweezers is 2m, which is identical to our desired design. The immamm intensity is in

the focus spot, which is about 7.35. The full wdaf maximum (FWHM) of the

intensity of the focal spot in x-direction is ab@@0nm and is close to the diffraction
limit, whereas the FWHM of the intensity of the &spot in z-direction is about 1.84
microns as illustrated in Fig. 4.7 (d). Therefotiee particle trapped by this optical
tweezers should be more stable in x- and y-diractiban in z-direction and
displacements of the trapped patrticles in x andrgetion should be smaller than in z-

direction.
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Figure 4.7. Intensity distributions of the firstsitgn. (a) in x-z plane (b) design in y-z
plane, (c) The intensity profile of the focus spox-direction, (d) The intensity profile

of the focus spot in z-direction.

Second, from the intensity distribution in FigZ 4we notice that the light is well
focused. Therefore, the potential well is formedtfee particle to overcome the kinetic
energy. However, to design an optical tweezers hwvban trap particle very stably and
tightly, two factors should be considered and gpotential well is only one of them.
Another factor is the gradient force working on theeticle should be larger than the
scattering force. In our design, single mode opfibar has been used. The light in the
fiber is a Gaussian beam, and then most of theesag force working on the particle

should from the center of the first Fresnel zonbgm intensity is higher). Therefore,
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our second design is to block the central parthef Eresnel zone and reduce the

scattering force, which is shown in Fig. 4.8.

g%(* (=

Figure 4.8. The second design of single mode fipéical tweezers
by conventional Fresnel zone plate.

Simulated intensity distribution of the secondige®f the Fresnel zone plate is
shown in Fig. 4.9. In Fig. 4.9 (a), the simulati@sult shows the focal length of the

tweezers to be @2m, which is identical to our desired design. The mmasn intensity is

in the focal spot, which is about 7.96. The fullweéhalf maximum (FWHM) of the

intensity of the focal spot in x-direction is ab@@0nm and is close to the diffraction
limit whereas the FWHM of the intensity of the fbspot in z-direction is about 2.15
microns. The intensity distribution of the secorasbign is very similar to the first one.

Surprisingly, the maximum intensity in the focabss even higher.
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Figure 4.9. Intensity distribution of the secongida. (a) in x-z plane, (b) in y-z plane.
(c) The intensity profile of the focal spot in x-glition, (d) The intensity profile of the
focal spot in z-direction.

Although the simple Fresnel zone plate antenrth aiternative opaque and
transparent half-wave zones is easy to fabrichwretare some issues of this simple
design that we found in the measurement. Firstlpoit & hard for the particles to reach
the focal spot because of the scattering light ftbensecond transparent ring (the third
Fresnel zone). Secondly, some particles will bppea in the second transparent ring
(details can be found in the measurement part)aviad these issues, we design the
third structure by the subzone technique. The essehthe subzone technique is to

divide each full wave zone into several finer sute Our design is eight cutting-

through concentric rings, whose refractive indemtoar images are shown in Fig. 4.10.
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The first five rings are location in the first Fne$ zone i=1), and the sixth, seventh

and eighth rings are located in the third Fresnakzn=3).
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Figure 4.10. (a) Refractive index profile of thdzane design of plasmonic optical-
tweezers in x-y plane. (b) Refractive index profifdhe subzone design of plasmonic
optical-tweezers in x-z plane.

Simulated intensity distribution of our subzoneida of the Fresnel zone plate
is shown in Fig. 4.11. Compared to the first twaidges, the maximum intensity is
much lower in the focal spot, which is about 1.Z%e full wave half maximum
(FWHM) of the intensity of the focal spot in x-diteon is about 800nm and is close to

the diffraction limit, whereas and the FWHM of thensity of the focal spot in z-

direction is about 1.6 microns.
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Figure 4.11. Intensity distribution of the subzalesign (a) in x-z plane, (b) in y-z
plane. (c) the intensity profile of the focus spok-direction, (d) the intensity profile of

the focus spot in z-direction.

4.5 Sample Fabrication and Experimental Setup

The single-mode-fiber based plasmonic optical aeee fabrication processes

are shown in Table 4.2.

99



Table 4.2 Fabrication Processes of the Single Molder based Plasmonic Optical
Tweezers

Single mode fiber stripping, cleaving and cleaning

ags

Silver thin film deposition on the fiber tip

-

Fresnel zone plate fabrication on the fiber tip

ags

Fiber slicing and connecting to the laser source

e Step 1: Optical fiber stripping, cleaving and clegn

Stripping and cleaving are the standard fiber

e Step 2: Silver thin film deposition on the fibgp ti

We used thermal evaporator system to deposit ihefitm on the tip of fiber. The
fiber is taped on the surface of the holder by vattape, and the tip is facing to the
source shown in Fig. 4.12. To make the film unifome rotate the substrate. One
needs to pay attention to is the fact that theevadad from the thickness monitor is
not accurate, because the distance between thetifiloand the source is different
from the one between the holder and the sourcefibaetip is closer to the silver

bowl.
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Wafer holder and wafers
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High
vacuum

Silver source

Vacuum System

Figure 4.12. Thermal evaporation system for theesithin film deposition on the
fiber tip.

e Step 3: Fresnel zone plate fabrication on the fiiper

The zone plate fabrication is done by the FIB.réh&re two main differences
from the regular sample fabrication by FIB. Firbab, the optical fiber needs to be
taped on the stage very tightly. Second, in orddalricate the structure exactly on
the core of the fiber, the marks are needed.

To make the fiber tip coaxial with to the ion beame use the SEM tape to fix
the fiber on a 45-degree tilt sample stage and tilerthe stage 9 degree as
illustrated in Fig. 4.13. After the fiber is taped the stage, the SEM tape is pressed

by tweezers multiple times to make the fiber amuetaontact tightly. This press
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process will make the fiber tip very stable, with shaking and moving during FIB

milling.

Electron
beam

Optical
fiber

Figure 4.13. Schematic diagram of the fiber in EéBnber.

In order to fabricate the structure on the corehef fiber, we mill two marks
which are 7 microns away from the center pointheffiber shown in Fig. 4.14. The
reason to choose 7 microns is: 7 microns is bigjoggn the radius 4 microns of the
core of the single mode optical fiber, but not tao away from the center point.
Therefore the marks will not be on the core offther and then they will not affect
the light radiation pattern; and also they are fantaway from the center point

which will provide a high accuracy of the alignment
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() (d) |

Figure 4.14. SEM images of the second design ardidesign.
(a) and (b) SEM images of the second design
(c) and (d) SEM images of the third design

e Step 4: Fiber slicing and connecting to the laserce

We splice the sample and an APC-connectorized mateh and then connect it to a
laser source. This laser system has a semicondiaster, a circulator and a high-
power EDFA as shown in Fig. 4.15. Since theresgang reflection in our design,
we put an optical circulator to protect the EDFAldhe laser. The reflected light

that comes back to the circulator will be absorbga@ 30dB attenuator.
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Figure 4.15. Schematic of the optical tweezersthadaser system.
To demonstrate the action of nhanometric opticaeers, solid silicon dioxide
beads are used as shown in Fig. 4.16 (a). In tpere®ents, 1 micron size silicon
dioxide spheres are diluted into perfusion chambeesle by assembling two

coverslips with vacuum grease shown in Fig. 4.26 (b
(a) (b)

Glass beams solution

coverslips

7‘0\ 4

Optical

= R
N/

“acuurm grease

Figure 4.16. (a) SEM image of the 1 micron silichoxide beads on a silver thin
film. (b) Cross section of the optical tweezershia chamber filled with micro-
beams water solution.
The experimental set-up is shown in Fig. 4.17olm experiment, the

optical tweezers sample is mounted on a three-dimaeal mechanical translation

stage. The HBO 100 illuminator (from Carl Zeissuged to illuminate the sample.
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The light is collected by a Carl Zeiss N-Achropk&8x/0.95 dry objective lens. The

trapping action images and videos are studied ®@greon EOS 5D Il camera.

Halogen lamp
12v 100w

Single mode

Optical fiber ﬂ

Amplified
laser
source

63X

objective  x, y and z direction

lens mechanical translation
stage

Ootical \ ° coverslips k :\': SLR camera
ica Q_a
ﬁbper o /'

mirror

Vacuum grease

Figure 4.17. Experimental set-up.

To analyze the optical trapping properties, it necessary to measure
displacements of objects in the optical trap, dr&htsome position detectors will
need to be used. There are several methods taddisplacement detection.

e Imaging methods

The most intuitive detection methods simply use ithage of the trapped bead.
These methods use conventional bright-field or phascroscopy to produce an
image that is cast onto an electronic detector. diput of this detector is then
processed to produce a position signal in two dsimars. The chief difference

between methods lies in the type of detector uski can be a “scanning” type of
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sensor such as a CCD in which pixels or image elesa@re accessed sequentially
to produce a video; or it may be a multi-segmenpasition-sensitive photodiode
type of sensor where a continuous analogue signptadduced. The latter type of
detector generally provides higher bandwidth. A poomise type of detector could
be the linear array type of CCD or photodiode whiagight be ideal for multiple
bead applications.
¢ Quadrant photodiode detector
In this method, multi-element (quad cell) photodisdare used, which consist of
several separate active areas. Within a certaigeran light intensities, the output
voltage of a photodiode scales linearly with thiemsity of light incident upon the
diode. The light incident upon each quadrant in@RD generates a voltage. The
analog circuitry then outputs a voltage &nhd \{ which are proportional to the
actual x and y position of the incident beam. A lilght scatters in a predictable
way off of the spherical beads, this informatiom ¢e used to recover actual bead
position within a narrow range around the centethef trap. With nothing in the
trap (or a trapped bead exactly centered in thpg,tthe laser beam is tightly focused
on the center of the QPD, giving¥nd \{ signals of zero. When a trapped bead
moves slightly away from the trapping center, tasel spot moves on the QPD
causing V and \ to vary accordingly.

Although Quadrant photodiode detector provides d@secting speed and high

accuracy, it is very hard to do the alignment faury design because of the
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reflection and scattering from the fiber tip. Wéested the imaging method with a
CMOS video camera to exploit the displacement ef tlapping particles. In our
experiment, the image size of the video is 192080 and the frame rate is 30Hz.
First, we record the video and then convert thewithto images (30 images per
second). After we obtain the images, we track tmations of the trapping particle
for each image by imaging processing method. Frbm distributions of the

displacements, we can evaluate the trapping lesmle.

4.6 Results and Discussion

In this section, we present our experimental imm@etations of the single-
mode-fiber based plasmonic optical trapping bysteond design. Fig. 4.18 shows the
main experimental result of this chapter-opticapping of 1 micron beads near the
surface of single mode fiber tip in three dimensioFhe threshold of trapping power of
the laser is 60mw. At t=0s, the bead shown in &i§j8 (a) is trapped in the center of the
core of the fiber end. It seems as if a pair ofdsda trapped, however, the one on left
side is the bead which is trapped and the rightietige reflection of the bead from the
silver thin film on the end of the fiber. At t=10#en we turn off the laser, the bead is
released from the trapping as shown in Fig. 4.)83bveral seconds later, we turn on
the laser and then another bead is coming to thesfepot of the Fresnel zone plate as
shown in Fig. 4.18 (c). At t=24s, this bead is p@gh by the laser as illustrated in Fig.

4.18 (d).
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Figure 4.18. Time lapse frames of beads sortingdpping and releasing.
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In Fig. 4.19 (a), the image illustrates the positof a bead trapped by 120mw
laser measured at different times with a 30 fraperssecond video. Fig. 4.19 (b) and
(c) are the histograms of particle displacementHertrapping bead. The FWHM of the
Gaussian distribution of displacements of the ksatlis power in x-direction is 600nm
and in z-direction is about 300nm, which are ineagnent with our simulation design.
Our simulation results show that the FWHM of thewpo of the focal spot in z-
direction is about twice as big as the spot inneation. Therefore, the confinement of

the tweezers in z-direction should be much wedkan tn x-direction.
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Figure 4.19. Displacements of the bead trappedruiiémw power. (a) The position
of a 1-micron trapped bead in the first 200 franfleshistogram of the trapped bead
displacement in x-direction, (c) histogram of thegpped bead displacement in z-

direction.
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4.7 Conclusion and Outlook

In this chapter, we have demonstrated a subwagtkeoptical trapping by
single-mode optical-fiber-based plasmonic tweezaystem. The proposed tweezers
provide a subwavelength trapping volume for thegnag nanoparticles and open new
exciting possibilities in different fields of phygsi and bioscience. This system could be
easily operated and integrated with other experimen

The future work of this tweezers system is to eitghe trapping limit and find
the smallest-size particle that could be trapperyoBd the 3D trapping, this system has

potentials to also rotate the particle by usingtatangular momentum of light.
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CHAPTER 5
CONCLUSION AND PROSPECTS
Conclusion

The main achievements of this thesis can be suineabas follows:

e Shaping spontaneous emission pattern by plasmanicoavity
We have demonstrated narrowing of the far-fieldbféscence pattern from a
guantum dot positioned inside a rectangular (sbthoaperture surrounded by periodic
corrugations. Most (80%) of the emerging spontasesmission is concentrated in a
beam with angular half-width at half-maximum of <1This indicates the potential for
using such a corrugated nanostructure for efficmmipling into and out of the slit

metal nanocavities designed for enhancement oimeanrt and quantum-optical effects

e Spontaneous decay of CdSe / ZnS core-shell quatbdsrat the air-
dielectric interface
We have demonstrated that the spontaneous emigsiime of a quantum dot
can be significantly reduced by placing it at thieerface between air and a dielectric
medium. Higher refractive index of the dielecteadis to shorter lifetimes. The distance

from the quantum dot to the interface plays an irtga role in limiting the amount of
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this reduction at high refractive indices. With jpeo placing of the quantum dot with

respect to the dielectric, sub-nanosecond lifetiooesd be achieved.

¢ Single mode fiber-based surface plasmonic opticeetrers
We designed a new type @tical tweezers [1[][] single-mode-fiber-based
surface plasmonic optical tweezers. The subwavéighgee dimension optical
trapping has been achieved using one standarcesingtie optical fiber for the first

time to our knowledge. The threshold trapping powfehe laser is 60mw.

Future prospects

The main issue of the single-photon emitter madentagrating single quantum
dot into a plasmonic nano-cavity is the huge legsch will decrease the efficiency of
the emitter. However, the small volume and radmatiirection control are two great
advantages of such an emitter. The design of plagnmano-cavity structures with low
loss (high Q) is therefore an important future chilen.

In the long term, we want to develop a full quamtoetwork system made of
single quantum dot in plasmonic nano-cavity, comicating via the exchange of
single photons through optical fiber.

Conventional optical tweezers can trap a singlentyum dot. We hope that, with
some enhancements our single-mode-fiber-based ptasnweezers can trap single

guantum dot. This fiber-based optical tweezersem®y to operate, which opens this
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technology to other fields, in particular, more laggiions in bioscience should be

exploited.
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