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NanophotonicDevicesfor Chip-scaleSingle Photon Sources
Yu Shi, PhD

University of Pittsburgh2023

Single photon sources that can emit entangled photons in a deterministic way are critically
needed in realizing photdmsed quantum information processing in various areas, such as
communication, computing and sensing/metrology.

In this thesis, we proposed and developed the following nanophotonic devices that are
designed to serve as essential building blocks ofstepe single photon sources: singleantum
dot (QD)based LED; plasmonic chiral coupler; and midry waveguidéandpass filter. In our
QD-LED structure, CdSe/zZnS coeshell QDs are placed in windegtched nanochannel areas
inside MOS and are electrically pumped by injecting electrons and holes through a vertical
junction structure. In generating single photonsewgaoit the biexciton/exciton emission cascade
occurring inside a QD: entangled photon pairs emit with handedness (i.e. oridgift-circular
polarized) and as a superposition state of two mutually exclusive and orthogonal product states.
Our fabricatedQD-LEDs successfully demonstrate single photon emission at room temperature,
as characterized by coincidence measurement using a HaBlmywy-Twiss measurement setup.

We also designed higherformance plasmonic chiral coupler structure for use with the
QD-LEDs. First, we modeled a QD emitter as a circuladjarized (CP) dipole and analyzed the
electrodynamics occurring in the ndeald regime. CRdipole neatfield is found to harbor a large
energy flux circling around and possess spin angular momentum. Our chiral coupler is designed

such that the curvatwiaduced angular momentum matches the spin momentum of dipole near



field. As a result of this momentum matching, our chiral coupler demonstrates high polarization
selectivity, high throughput extraction, and high Purcell enhancement.

We designed hyperbolic metamaterial structure that supportdoksvlooselybound
surface plasmons (SPs). The motivation of this study is to overcome the intrinsic losses of SP
waveguides and to enable long range propagation-gdaje or beyond). We iegtigated the
tradeoff relationship between propagation length and lateral confinement of SP fields and
designed a hyperbolic metamaterial system such that propagation length can be increased by many
orders of magnitude over conventional limits by supgirgsthe tangential component of electric
field in metal layers.

We designed and fabricated 3lSi-based photonic waveguide devices (midngy
bandpass filters and waveguide couplers) on SOI substrate for future integration WitB33D

and chiral couplers.
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1.0 Introduction

Single photonare fundamentally different frotight from thermal sourcdske light bulbs
or coherentsources like laser and are the most promising solution to sending quantum
information (quantum bits, or qubits) to remote destinatilolezal single photons are individually
generated, have well defined polarization states, and exhibit antibunching phen¢bhena.
Entangledsinglephotonsgenerated by single photon sourpéesy an increasingly important role
in the emerging field of quantum information technologyith applications tosecure
communication, computing, and sensing/metroldgyas been almost 50 yeacethe first
single photonsource createldy excitation ofmercury atomsn 1974 Now there are many ways
to excite single photongcludingsingle atoms in fine optical cavities, special single molecules,
andsolid-state defects in crystal and nanowilesaddition to thee methods, quantum dots (QDs)
are a popular single photon source, well known for their unique size dependent characteristics; the
researchers pioneering the study received the 2023 Nobel Prize in Chemistry.

In current quantum photonics technology, entangled photon®ftee generated by
optically pumping nonlinear crystals or nanomate@alsnentionedHowever, optical pumping is
probabilistic with low conversion efficiend2] Moreover, this technique involves bulky optical
components and is not conducive to compact integration that would allow high throughput
collection/distribution and highate transmission of single photons.

In this study, we address these challenging issues by developing nanoscale single photon
devices and integrating them on a silicon chip for deterministic generatiordeioand entangled
photons by electrical driv&hesinglephoton source is based on quantdat (QD)light-emitting
diode (LED) structurewhere coreshell QDs areplaced in nanohote Compared with the other

1



methods, quantum dots have distinguished advantages for integrating \weise8i chigscale
devices. First, the sizes of quantum dots are usually just about tens of nanometenbaradided
into the structures of any semiconductor devices. Setkadhe other methods mentioned above
the emission of quantum datan be excited bgptical pumping (photoluminescencéutthey
can alsobe excitedby the electrical injections (electroluminesce)ji8ed4], whereas the other
methods cannotn photoluminescencaevhen quantum dots@reexcited by external light sources
they absorb photonsand their electrons and holes trdiasi to higher energy stateghen emit
photons whemeturning to the ground statda. electroluminescence, when current goes through
the quantum dots under certain bias, electrons and holiegegted into the quantum dots directly.
Because of the nanoscale sizes, the quantum dots only provide discrete energy levels, prevent the
free movement of electrons and holes, confinentimside the dots and make them more likely to
recombineandrelease energy as photons. Since electroluminescence skips tiermeedrating
el ectrons and holes by external high eamergy
semiconductor devicdBased on thee many advantagesrom the quantum dotswe focused on
makingsinglephoton source with QDs.

In quantum mechanics and quantum optics, the emission of photons from a quantum dot is
often modeled as a simple electric dipole transjtimown as thdidipole approximatiodbased
on both the conservation of angular momentum amdilarity betweenenergy transition in
guantum dots andscillating chargen classical electromagnetisim Chapter2.0, modelling
guantum dots a<ircularly polarizeddipoles, we theoretically analyzed the spin angular
momentum distribution aduch dipoldields, especially the nearfietdharacteristicsA spiral field
which hardly radiates into the far field propagation was observed in the near field regime of such

circularly polarized dipoles.



In theluminescenc®f QDs,there may be more than one electhmte pair injectedinto
one guantum dotwithin the lifetime of an excitanElectrorthole pairs athis biexciton state
partially decay through neradiatve Augerrecombination, but also partiallgcombire into two
cascad@hotong5] Especially under specific conditiarssich as cavity or waveguidat is useful
to generée polarizationentangled photonthroughbiexciton/exciton relaxation cascadehich
are usually called signal and idler photon in quantommunicationSincethe two photonsome
from the sameibxciton, they are entangledtime polarization stateAnd theseentanglegphotons
are useful inquantum entanglement studies such as quantum key distriboti@uantum
communication. To separatehe differently polarizedentangled photonandto extract the near
field emissionfrom the dipoles we designea plasmonic chiral coupler structussd simulated
its performancen Chapter3.0. The reason to choogpdasmoric waveguide is based on their same
spindependent characteristBurface plasmon isnown to be a kind of spitocking propagation
When the entangled photons coupled into the plasmonic wavefagky on theornservation of
spin angular momentunthey need to matctvith the spindirection of the surface plasmon.
Therefore, 6r the chiral coupler whichavetwo branchesvith different spinlocking directiors,
the dipole emission will be separated into the different waveguides.

In Chapter4.0, we focused orthe fabrication and measuremewofsour singlephoton
sourceand came up with ouD-LED structuresThe QDLED structure is based on tbheganic
light-emitting diode(OLED) structure[6] The layers ofa typical OLED include substrate
cathode, transpareahode made bipndium tin oxide (ITO)prganicholeelectrontransport layers
andemission layewhich usually contaimorganicfluorescent material$Ve desiged QDLEDs
with the commonluminescent layereplacedwith CdSe/Zis coreshell quantum dotsPoly(3,4-

ethylenedioxythiophenepolystyrene sulfonat@®EDOT:PS$was useds the maiimole transport



layer (HTL). PEDOTis known for its high electrical conductivity, transparency, flexibility, and
good filmforming properties. It is commonly used as a hole transport material or electrode
material in organic electronic devic&ince PEDOT is usually used asype material, our Qb
LED was processed mainly or or n"-Si substrate to form thgn junction ofa diode.To align
energy levelsreducethe barrierheight and improvehec ar r i e r sefiiciency, Poéyanyli o n
carbazolgPVK) was placed betven theQDsand PEDOT which is also a common polymer in
organicelectroluminescent deviceBo balance the injection ratio of electrons and hdiesgethe
n-type substrate can provide plenty of electrovesalsatried onthe effect of usinghin ITO layer
aselectron barrietayer. And based orthis fabrication of PEDOT QIED, we achieved strong
emission from QDandmeasuredhe spectrunof QDsbemission

In Chapter 5.0, to evaluate the single photon performance, we dunadence
measurements withoth single photon detectors (SPB3$ well agime-correlated single photon
counting(TCSPC) device Thesesingle photon measuremersisowed the numbers of photons
we received through theeam splitters and theiistogrammode measurement resulBased on
the resultswetried to optimize the injection conditions aravised the structureBspeciallyafter
the PEDOT QEBELEDs were testedwe noticed thatamong the layers d@D-LED, the organic
layers especiallythe PEDOT layemay have a stabilitproblemdue to the thermal degradation
duringt h e @mission As a solution, we developea thin nickel oxide (NiO) layer as
replacemenfor the PEDOT hole transport layadith the NiO QDLEDs, the single photon
emissiorwasmuch more stable thamith the organidayers Although the total emitted intensity
was reduced, better antibunching results were achieved, indicating less multiphoteonemiss

With the single photon source developed, a plasmonic waveguide was designed to extract

and separate the photons of differpatarizationas mentioned earliePlasmonic metamaterials



commonly involve metals or metallic alloys that exhibit negative real permittivity. Under
illumination a metal/dielectric interface can support a surfemend wave carrying
electromagnetic energy in the form of collective oscillation of electrorsalteal surface plasmon
polaritons (SPPsRlasmonis, which can be viewed as photonics performed by electrons, enables
novel phenomena, e.g., negative refraction, field concentration and cloaking, and promises many
other far reachingew applicationdn chaper 6,we furtherstudiedhyperbolic metamateriahnd
related waveguides that support leless surface plasmons suitable for use in -Saoigle
interconnects.Metamaterials are artificial materials composed of different elements with
subwavelengtfscale structures designed to make functional interactions with incident waves.
this study, utilizing the surfacebound wavesvith thin metal or metamateriaeaimed to realize
eitherlow-loss propagatioor spinselectivelydirectional propagation, or both.

Beside theeffort on asingle photorsource and potential metamaterial wavegsjitte the
chip-scale intgration, we also degned and fabricated several optical componertich are
commonly usedn optic communicationsbut remade anduitable to the nanscale source and
metal or metamaterial structur@s Chapter7.0. Ring resonators and directional couplefs
compact sizaverestudied to providesignalmanipulationsuchasthe narrow bandpass filtering
of QD emission etc.Togethemwith all the topicsn this dissertationye tried to preserg possible
implementatiorof the nanophotonicon-chip devicesbased orthe single photon sourc&rom
theory to simulatiomndfrom fabricationdo measurementsvelearneda lot about thisctivearea

for theincoming quantunnformation applications



2.0 Spin Texture and Near-field of Dipole

Emission from an oscillating dipole is an elemental form of electromagnetic (EM) radiation
and has been extensively studied since the dawn of quantum tA@ogmitting quantum dot
usually can be approximately analyzasl a dipole sourcéJnlike the wellestablished fafield
regime, it is relatively recent that the ndéi@td regime started revealing a variety of novel
phenomena and has drawn increasing atteffidri¥] Nearfield experiments commonly involve
a dense object as a probe, which is brought into close proximity of a dipole to enable extraction of
an otherwis@o radiatingenergy flux{14] Here a dense object normally refers to metal or dielectric
particles of nanoto microscale and serves as an antenna that reradiates incident light into
characteristic directions. As such, the resolution of this technique is governed by probe
dimensions,and its practical limits are typically of 4fm order or larger. Moreover, the
measurement output is basically a convolution of a probe response function and an original input
signal. In other words, the overall result depends on details gfreglessessuch as how input
field couples to probe field and how they radiate away intfidéd.

Here we note the following outstanding issues: the nature of eitatfgobe coupling
widely varies depending on details (material, structure, geometry, configuration, etc.); and the
underlying mechanisms are not clearly established yet, although majancathents have
recently been made in understanding the subject phendidted8] Given the current state of our
knowledge base of this field, it is highly desired to elucidate governing principles at a fundamental
level such that they can explain a variety of diffedlenking experimental observations in a

unified framework and everan predict ultimate performances.



In this worf20] we address these issues by investigating the-deeagield regime (e.g.,
<< 10nm distance from a dipole emitter operating at optical frequency) and by exploring the
governing mechanisms of eabupling of dipole field to surface plasmons. Specificallyg
directly calculate dipole fields in all regimes referring to explicit analytical expressions, which list
multiple terms of different orders in distance dependence and therefore readily distinguish near
field evanescent waves from a-feeld radiatingone. In an alternative approach, dipole fields
could also be analyzed by employing angular spectrum analysis, in which fields are transformed
into wavevector space and then classified into evanescent diefdspropagating wavegl4]
Compared to this transform method, our approach offers an advantage that we can directly map
out all important field variables on a physical (spac®) domain.

We focus on analyzing energy flow (Poynting vector) and spin angular momentum (SAM)
distributions, both calculated from electric and magnetic fields discussed above. Being governed
by a conservation principle, SAM vect& plays an important role in analyzing dynamical
evolution of EM phenomena. Poynting vedarelates to momentum density vecth’r(fa , Where
cis the speed of light, and to wavevedtpand both vectors abide by conservation principles. In
evanescent waves carrying transverse spins, the relationship between transverse SAM and
Poynting vectors is known to resemble the duality of electric and magnetic[fi8]der example,
the curl operation o results inS, vice versa, similar to the curl relationsf andH-fields in
Maxwel |l 6s equations. Thi s SandPwauls besimitahtethobeo und a |
for E- andH-fields, except that the tangential and normal boundary conditiort3 dad S will
swap their expressions because of their eppsduct relationship in terms of field vectos (

and/or H). Overall, the tangential components of spin angular momen®marfd linear



momentum K) are expected to satisfy conservation requirements, which usually manifest in
different forms such as continuity or phasatching condition at an interface.

Based on the classical electromagnetic analysis outlined above, we discovered the
followings: existence of a nedield energy flow circling around in the azimuthal direction; this
rotational energy flux rapidly grows proportional to the inverse cubestdrdiar; atr =1 nm, for
example, it becomes five orders of magnitudes greater thdielthradiation; the nediield wave
carries transverse spins with skyrmildte spin texturg21-25] the spin vector orients upward at
the north pole, flips down at equatorial region and then flips up again around the south pole. We
also designed a plasmonic coupler stru¢2665] that demonstrates chiral extraction of near
field rotational energy; a {shape Ag nanowire waveguide is simulated for transfer coupling of
dipole field to surface plasmons; the radius of curvature oshdpe part is designed to provide
orbital angular momenta (OAM) matched to the SAM of an incident photon; maximum chiral

coupling occurs when the conservation conditions are met for both angular and linear momenta.

2.1 Spin Texture and Energy Flow Distribution

Consider an electric pohdtipole (Figure 2.1(a)) with dipole momen tum = ‘@

placed at the origin of spherical coordinates: a polarization vector lies gty fhlane and rotates

about the dipole axis (theaxis). After some work, we obtain electric and magnetic fitdand

H) expressed in SI unif86] (Appendix A.J).
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wherer is a distance from the dipole at the oridims a propagation constant; amd® and
v denote unit vectors of spherical coordinates, ( )d-, is tlie permittivity; and is the
permeability of ambient medium.

Spin angular momentum densitg is defined as| » — -3 I F F ‘O

) I3° 3 .[19 where] is the angular frequency of time harmonic oscillaton ; Im

denotes the imaginary part of a complex number. SAM density is determined as:

Q. . QL
- 2 Al-& iiOIE—P —O B+ (2-3)

Themagnetid i el d6s cont r i bu$widelyvarteodedgemdinggon sagial n d e |
distance: null in the nedield; relatively minor in the intermediate field; and the same amount as
theE-f i el dbds ¢ ont-fieid keginmeifppendixk A).t he f ar

An energy flow density, i.e., timaveraged Poynting vectBr is defined as ¥2 REf x H)

and is determined as

: 0 Q. .
> n_ o Al 6 ¢ — — OEk (2-4)

The radialdistance dependence of thed- and(i-components df andP vectors is plotted
forr in the range of 1 nm to 1 um at 68& wavelengthKigure2.1(b)). The spin vector in near
field contains the azimuthal compone&)( see E(q2-3). But its size is much smaller (by three
orders of magnitude at= 5 nm) than the radial( and polarangle &) components: sdéigure

2.1(b) (left). As such, it is not clearly visible in the 3D plotFogure2.1(d).



Each arrow irFigure2.1, (c) to (e), and(g) to (i), indicates the magnitude and orientation
of spin or Poynting vector on a local reference frach€i) on sphere surface. Aear field, spin
vectors align along the dipole axis in the polar regidins {0 deg or ~180 deg) and orient to the
polar angle direction in the equatorial region=(~90 deg).To help visual understanding of spin
vector orientations in both hemisphereigjure2.1(c) shows the nedield spin vector distribution
plotted on the circle of the crasection (cuthrough the center) of the sphere. The spin vector
orients to the +direction at both north and south poles, and it flips toithdirection at the
equator wih its size twice of that at poldsigure2.1(g) shows the fafield spin vector distribution
plotted on the circle of the center crasstion of the sphere. The spin vector orients to the +z
direction in both polar regions and reduces to zero in the equatorial region.

Poynting vectors orient to the azimuthal direction: ségure 2.1(b) (right) and (e)
calculated at =5 nm. The orthogonal relation 8fandP vectors confirms the dipole field carries

transverse spins in the ndald regime.
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Figure 2.1. Spin Texture and Energy Flow Distribution of an Electric Dipole with Circular Polarization. (a) A

Y

dipole momentmm °

placed at the origin of spherical coordinatesThe dipole axis is along the-

direction. (b) The distancer dependence of spin density and energy flow: the magnitudes of spin vect&, (S«
and Sq: left panel) and Poynting vector (Pr and Pq: right panel). The angular (d, (i) distribution of spin vector
(c) & (d) and Poynting vector €) calculated atr =5 nm. Spin vector plot on the circle of a crossection of a
sphere €). Spin vectors orient orthogonal to energy flow direction revealing transverse spins at near field) (
Spin (S, Sv) and Poynting Pa) vector distributions plotted as a function of polar angle ). Note a skyrmion

texture (c) & (d) of spin vector distribution: spin flips once when scanned along thegolar angle direction (d:

from 0 to 7 )d Q) dsthilkutioa of gpin Veator (g and (h) and Poynting vector () calculated atr =
1 em. Spin vector plsectionofa sphened). Spinsmoreht paralbef (antparallel)dos s

energy flow direction in the polar regions, revealing longitudinal spins at far field.j) Spin (Pr) and Poynting

(S) vector distributions plotted as a function of polar angle.
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Transverse spins are intrinsic to evanescent waves, and their threeatoit form a right
handed triad{ | =, where{ h|} and= represent the orientation of spin and momentum
(Poynting) vectors and evanescent direction, respecti¥élyl7] This relation dictates spin
momentum locking and manifests timeversal symmetry.

At far field, both spin and Poynting vectors become orientating to the radial direction:
energy flows mostly towards the dipole axis (thedirections) while spins align parallel
(antiparallel) to the energy flow direction in the northern (southern) hemisghigued?2.1, (g) to
(1), calculated at = 1 pm). This parallel/antiparallel relation 8fandP vectors indicates that a
time-reversal symmetry breaking occurs in theffeld regime of a circularly polarized dipole.

The spin vector distribution in the nefgld regime shown above reveals an optical
skyrmion, specifically, of Nédlype]21-25] spin flips once along the polar angle direction on a
local reference frame when traversed from the north pole to the south pole on sphere surface. Note
here that the spin texture is defined on sphere surface, and tHipspaunt induced by curvature
itself is not taken into account in this count. This skyrmion spin texture is maintained independent

of radial distance as long as they remain within the-helar regime kr << 1).

2.2 Near-field Stored Energy Flux versusFar-field Radiation Power

The neaifield distributions of spins and Poynting reveal another novel fedtigar€2.1,
(c) to (e): existence of a confined wave that circles around a dipole with its intensity steeply rising

(r° order) for closer to a dipole.

12



The total flux of this stored energy flow is determined dppendix A.2J:
. |} » %= ——— . Here the area of the integral iadiusr fromrit o D p dffomr angl

0 tlet 6s ras paaiBforadipole moment, wheeis electron chargi37] and 633
nm wavelength in free space. The total energy flwalsulated to be 6.6 x 7Q)/s (or 2.1 x 1&
photons/sec) when assuming the lower limit of integral 3 nm.

Let ds compare this ener gy f | ApgendiwiAB:h t he
. ||- » X>= ——1n . Assuming the same parameter values as above, tHiglthradiation is

calculated to be 2.2x18J/s. This amount corresponds to spontaneous emission rate off&0x10

1 or emission lifetime of 1.4 ns.

The ratio of the nedield trapped energy flux to the radiation flux s——. Atr; =3

nm (kr. = 0.03 fora= 633 nm), for example, this trapped energy flux is ~3000 times greater than
that of the radiatigcomponent; at; = 1 nm, it becomes ~8xi@mes.

This finding, existence of a hightensity energy flux in the deep bottom néatd (r of
~1 nm) region, opens up an interesting avenue in altering fundamental properties of dipole
emission. A fraction of this large energy flux would be far greater than the radiation power.
Extracting such a large amount of energy flux out of a dipole waslalt in major enhancement
of spontaneous emission rak@r example, extracting ~1 % of this flux at r ~ 1 nm would result

in enhancing the spontaneous emissionlgte1000 times.
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2.3 Near-field Confined Wave: Conformal Relation to Surface Plasmons

The time evolution and spatial distribution of a nield-confined traveling wave are
analyzed. Let 0 sd=c90 deg at ditanag (kb << 1)c TehaEdieldocomponent
responsible fol§(r) is: D8 Q Q ¢» '@ .TheE- andH-field terms responsible for
Prare:p M e Q Q »q D0 Q QP

The E-vector elliptically rotates on thel plane with angular frequency, generating
spins that orient to the polar angle directinRecall that théH-field in the neaffield regime
does not contribute t8.) The E-field phase also advances along thdirection while rotating
around the dipole axis. This phase change in the azimuthal direction corresponds to geometric
phase and explicitly appears in tBdield andH-field expressionsQ in Egs.(2-1) & (2-2). In
this cycloidal proces&-v ect or makes a 2  clockwisadeendromtipeerz 0 s C i
side while looking down toward thie-direction (Figure 2.2(a) right), while circling around the
dipole, counterclockwise seen from the +4side while looking down toward thiez-direction
(Figure2.2(a) left).

Poynting vectors orient to the azimuthal directid}n (% ): recall thatP represents a time
averaged energy flow and is determined as a vector product dfi-fledd and theE-field
component that is #pphase with thél-field. Spin vectors orient orthogonal to energy flow vectors

-|| P forming transverse spins; both vectors obey the-spmentum locking principlﬁ

F -
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Figure 2.2. Spatial Distribution and Time Evolution of Electric Fields with TransverseSpins: (a) Circularly
polarized dipole field for d = 90 deg. The spatial distribution ofE-vector orientation at a given time point (left
panel). The green arrows denot&-vector orientation and the red arrows are after aT/4-time lapse, whereT
is the period of oscillation.E-vector rotatescounter-clockwise advancing its phase to the(rdirection. E-
vector at a given location elliptically rotates along the clockwise orientation (right panel). Spin vectors orient
to the transverse direction (the-z-direction) and Poynting vectors to the azimuthal direction (the -
direction). (b) Surface plasmon field on a planar metal surface. At a given time poinE-vector rotates
clockwise advancing its phase to thdi-direction (left panel). E-vector at a given location rotates counter
clockwise (right panel). Spin vectors orient to the transverse direction (the zdirection) and Poynting vectors

to the propagation direction (the #x-direction).

The electrodynamics of this nefld confined wave resembles surface plasmon (SP)
propagation on planar interfacg38, 39| Figure2.2(b) shows SP fields propagating along the +

direcion:F D € 'Q Q O « © e ;3 »DO®Q 'Q » TheE-field rotates on
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the &, y) plane and generates spins that orient t-tieection. A conformal relation is found to

exist between the two coordinate systems. For example, consider a transfornmat@n

‘Q  wherezdenotes a complex numbeab "QroThis maps a rectilinear coordinate ¥) patch

(“ o “NHB o Hintoapolarcoordinate (,)pafichft 1 HYyt « ¢“). This
conformal mapping preserves local geometry, that is, angles between coordinate lines in an
infinitesimal space. Since spin vector represents the angular momentum of fetiicgvector,

spin angular momentum is conserved in this conformal mapping.

The strong confinement of dipole ndalds observed in this work is consistent with a
recent report on understanding lighatter interactions with photonic quasipartidiég]. Photonic
guasiparticles are quantized tdhear moni ¢ sol uti ons of Maxwel | 0
inhomogeneous and dispersive medium, e.g., radiations from bound electron emitters. Certain
types of photonic quasiparticles are known to confine EM dieldwn to the scale of a few
nanometers, e.g., surface plasmons in 2D materials. The conformal relation observed in the present
work suggests that the nefalds of a rotating dipole might be viewed as photonic quasiparticles
and potentially offer an intesting venue to explore introducing quantum mechanical concepts to

classical electromagnetic analysis.

2.4Energy Flow Vortex and Photonic Orbitals

Thetrajectory of an energy flow is governed by the orientation of Poynting vector at each
point and can be plotted by integrating the unit vector overpianameter spadé.3] Energy flow

lines are calculated for different polar angleg(re2.3, (a)to (c)): d=5 and 175 deg; 45 and 135
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deg; and 90 deg. The flow lines form a vortex of numerous turns in the near field; gradually spiral
out in the midfield; and asymptotically approach a straijhe exit at far field. The relation &

andP vector orientations evolves from being transverse in the near field regime to longitudinal at
far field.

For the case off = 90 deg, the vortex profile is comprised of a large number of orbits in
the near field regionXppendix A.4. For example, the winding number is estimated to be®x10
for radial distance of 3 nm to 5 nm; 1x10for r of 5 nm to 10 nm. This densedpaced spiraling
trajectory is consistent with the observation that Poynting vectors at near field orient
predominantly to the azimuthal directidfigure2.1(b), right).

Quantization of light in free space is a leestablished concept, and their quantum
mechanical calculation is known to well converge to classical EM analysis, especialfiefdfar

A rotating dipole is a good model of an atom emitting a photon deeiagation from an excited

state to a ground state: this model can serve as a testbed to validate the convergence of both

analyses. As shown above, the dipole emission rate calculated frotfieddfanalysis is found to
be in good agreement with a quantmechanical calculation of spontaneous emission rate of an
atom[40]

The farfield radiation from a rotating electric dipole is known to carry angular momentum
(AM), and their orbital and spin AM distributions have been repdr&d42] For example,
Khr ap k o[l penfoomedby classical electrodynamics analysis, revealed that the OAM flux
in far-fields is twice of the SAM flux, being consistent with our observation (see below) that the
OAM value in farfields is bounded to two timesgRof SAM value ). In the neafield regime
(kr<< 1), the OAM becomes zer o, and d42)lalgo t he

shows that the ratio of an energy flux to an OAM flux is equak t¢angular frequency),
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corresponding to the wekinown relationship between photon energy () and angular

momentum g).

@ b) [Faime]  (©

199, 100 5 7 100,
RN et N 1ts
50 { v 50 Z Q' 50 S I . ]P
AR B
-100 L 8 -100 g nl St 100 L ¢ ] y l R
-100 \\ /-100 100 N\ 7400 4100 B35 100
<A / . >
//”’7/ 100 100 T\ //7’77/ 100”100 *“\“\ //”77/ 100100 1\\‘\“\

(d) (e) (f)

-500 z I f I
E o °
500 : i | '
500 0
X (nm)

Figure 2.3. Energy Flow Lines and PoyntingVector Distributions. Trajectories calculated for three different
polar angles: @) d = 90 deg; b) d= 45 or 135 deg; and¢) d = 5 or 175 deg. &) to (c): Plotted for r of 10 nm to
100 nm. The innermost part of a trajectory (shown with a spherexr < 10 nm) is excluded in this plot in order
to reduce computational load: the flow lines make a large number of windings at near field (e.g., £¥6r r of
5 nm to 10 nm). The densehkgpaced vortex profiles are not clearly resolved in these plots. Spins orient
orthogonal to energy flow direction (transverse spins) at near field. The three unitectors (spin, energy flow,
and evanescent direction) form aight-handed triad{ || = . (d) An energy flow trajectory plotted on an
equatorial plane (= 90 deg): a flow line spirals out to far field asymptotically approaching a straightine

exit. The orbital angular momentum value ranges from 0 akr = 0 to2 at kr = 1.03 (marked with a red circle)

and 2 at kr = Hb. Note that the asymptotic line at far field is displaced from a dipole by distanag#=a =~ . ( E

and F) The angular @ , ) dépendence of energy flow distributions calculated at near fielkf << 1) (€) and at
far field (f). The arows denote spin angular momentum (red) and Poynting (blue) vectors at the locations

where the likelihood of finding a photon is maximal.
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In this work, we postulate that the spiraling eneflgy trajectories with an ofhifted exit
line in farfields can be associated with a notional photon that carries OAM. Here it should be
noted that the energy flow lines should not be interpretedlighline of a moving particle with
zero dimension. Rather it should be viewed as that of a photon whose EM field distribution is
spread in local space.

We analyzed the orbital angular momentum (OAM) associated with an energy flow line.

The OAM of a photon on a given trajectory is determined as a-prodsict of a position vector

and a linear momentum vectos: 2°q} P2 Qi——, where | is a unit vector of

Poynting vectoff » v 0 (see Eq(2-4) for P). Figure 2.3(d) shows a sample trajectory
plotted ford = 90 deg. The OAM value, with reference to the origin at the dipole, is bounded
between 0 and® 0 atkr = 0;0 atkr = 1.03; and 2 at™Qi Hb. Note that the asymptotic line
drawn to the fafield trajectory is displaced a distandeof& ~ f rom t he di pol e:
OAM along this line remains constant at. Zoncerning the polar angle dependence at far field
(kr >> 1), the OAM value takes a maximunmj2atd = 90 deg and decreases to @at0 or 180

deg.

In our current formulation for OAM calculation, we postulate that the energy flow lines in
far-fields are associated with a photon carrying momentum quai@aalong the energy flow
direction (||-) As a result of this quantum postulation, the OAM value in the above expression
naturally takes the units of angular momentum quamtaBy contrast, the SAM does not involve
momentum 9°Q). Therefore, this formula cannot be applied to calculate SAM v§iBs.

From a quantum mechanicpkrspective, a hypothetical wafienction of a notional
photon emanating from a dipole emitter can be viewed as a superposition of all plausible
trajectories depicted by the energy flow distributions described above. The ardjulgr (G
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dependence of Poynting vector distributiow i® E-at near field and-(A I S+ 1) at far field;
and reveals a toroidal shape or a delveb shape, respectivelfFigure2.3, (e)and(f)). The arrows
denoteS andP vectors at select locationSigure2.3(e)); and at the locations where the likelihood
of finding a photon is maximaF{gure2.3(f)).
The EM wave distributed in neaffield regime of a dipole also exhibits a special
relationship between the radidstanceand i velocity. As a transversgavewhich is naturally
indicating standing wave / evanescent fi¢tey phasigroupvelocity may not be the same s
speed of lightSome alculatiorsin earlierresearchg44-48] pointed out thain nearfield regime
(kr<<1) the instantaneoyshaségroupvelocity increases rapidlwhen approaching the dipoli
the other handhe velocitygradually approaches the speed of lghthe wave propagates towards
far-field. Considering the spiraling out energy flow lines in the +iedd regime of circularly
polarized dipolesfor an extreme close distan¢beinfinite velocity represents &eld spreading
time close to 0.
As discussed above, a conformal relationship is fouhdltbbetween the dipole neéield
on t he equat ¢§)randée supategplasmons dn a planrihterface. We also analyzed
the energy flow lines and revealed spiraling trajectories around the dipole axis. A related question
arises: what would be the wave velocity of the Hesd confined energy flow circlinground the
dipole? Below is our analysis.
Consider an evanescent wave circling around
ron the equ-=atowrrd allhipsl aervean(fescent wave can be v
of surface plasmons Q FPE) QonwaQplmanaNot atehét
this mapping the [StPr pnofifdagsmsdtoma ziomwstt manlt ¢ o mp c

vector in the spheriicfalp. chloe dwa@e ese | dpdhiiatsyer e ®
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of this evanebeeameswapeoporti onal otdher advioalds

velocity becomes zero when approaching the di
In the case dlinearly-polarizeddipoles thereare reports that the phase velocity of dipole

fields becomesuperuminal (greater than the speed of light in free space) when approaching the

dipole[45] However, it should be noted that the energy flow linea lafearly-polarizeddipole

arenot spiral but oriemtg to the radial direction.
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3.0 Chiral Coupling and Purcell Enhancement

In both cases of optical and electrical pumping of a colloidal CdSe/ZnSlecellequantum
dot, by carefully choosing proper excitation conditions, werealize single photon emissiph
5, 49]. As shown inFigure3.1, under electrical excitation, electrons and holes are injected into a
coreshell quanturdot, forming (a) exciton/ (b) biexciton states. Soon after the injection, a
relaxation cascade occurs with excitmekciton states emitting a pair of photons. Depending on
the spin states of recombining electrons and holes, theedrmitbtons are circularly polarized:
right-circular polarization (RCP) or lettircular polarization (LCP)Further the polarization states
of each photon pair are entangladce the two photons come from the same biexc#éod, can
be expressed as a superposition of two mutually orthogonal stat®s, [FRO These entangled
photons are usefgluantim information processing applicatiosisch as quantum key distribution
or quantum communication. To separate the differently polarized entangled photons and to extract
the near field emission from the dipoles, we designed lagmmpnic chiral coupler structuesd

simulated the performance.
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Figure 3.1: Excitation/Biexcitation of QD: C and V indicate the empty statsin conduction band and valence

band of a QD. During electroluminesce, electron and hole inejcted and recombinefh) Single excitation, in
which single photon is excited by the recombination of one electrdmole pair. (b) Biexcitation occurs when
two pairs of electron-hole injected into the same QDn a lifetime of exciton and recombine in a cascadeway

to generate @tangled single photons.

3.1 Structure and Mechanismof Plasmonic Coupler

The plasmonic coupler structure for chiral extraction of dipole field energy intovgRs
designed and simulatedeeFigure3.2 (a) and(b) for a U-shape Ag nanowire waveguide (cross
section, 50nm width and &fn height).In this design a circularly polarized dipole emitter (dipole
axis along the-direction) is located close to the waveguide surfagen3listance from the inner
sidewall and off from the corner in the diagonal directidre dipole axis orients to tlzedirection.

A finite-difference timedomain (FDTD)simulation demonstrates chiral couplirgigure3.2(c)):
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The polarization selectivity is estimated to be ~1Rigre 3.2(d)). For a leftcircular polarized
dipole, excited SPs propagate to the Agidie branch seen from the top (to the-tfte branch
seen from the dipold)ere the radius of curvatufeof a U-shape surface (the inner sidewall) is

designed such that the OAM of a SP waveguide matches the SAM of aadgrhdton|[34, 35
OAM =» o} QY Kk 0 =SAM, wheréY — andasis the SP wavelength in

the Ag waveguideFora= 633 nmaspis calculated to be 339 nm corresponding®te 54 nm.

(a) (b)
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Figure 3.2. Chiral Coupling of Dipole Field into Surface Plasmons (a) Schematic of gplasmonic coupler. A
circular -polarized dipole emitter is placed close to the bottom corner of the inner sidewall of aghape Ag
waveguide (crosssection, 50nm width and 50-nm height; arc angle of 120 deg).k) The radius of curvature R
(= 54 nm) of the circular part is designed to produce a curvaturégnduced OAM of » well matching the SAM
of surface plasmons excited on metal surface; a dipoéanitter is placed atd = 3 nm from the sidewall. €)

Dipole field gy s preferentially couples to the left arm of waveguide seen from the top (or to the right arm
seen from the dipole). d) SP field intensity ;s distributions measured after 1.16um propagation from the

dipole emitter. The polarization selectivity is estimated to be ~113. This structure demonstrates Purcell
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enhancement of ~17The following refractive index values are assumed for Ag at 638m wavelength: @

2=0 . 6 3,35 710.0562+ 4.2776i[50]

From a phase matching perspective, i.e., the conservation of linear momentum along the
tangential direction, the propagation direction of excited SPs should match the orientation of
i nci dent |l ight 6s Poynti ng FWNgue2lldyandFigure3(e). t o t h
In other wordsthe dipolefield mustbe coupledo the leftside waveguide (viewed from the dipole
side) in thiscircularpolarizeddipole case. At the same time, angular momenta must be conserved
as well. The-component of the SAM vector projection to the inner sidewall of Ag waveguide has
the following angular dependenge: o0 E--Note that dipole spin vectors become orienting to
the +z-direction for polar angld < 35 deg Figure2.1(c) andFigure2.3(e)): therefore, the angular
momentum matching condition can be met only for those polar angles, and those photons will
excite SPs propagating to the isitle waveguide. Speaking more specifically, the angular
momentum conservation requirement must be meatd®st incident photon spin and the curvature
induced OAM on local surface of Ag waveguide.

The coupling efficiency between an electric dipole and a waveguide mode is proportional
to mm O, Wherep is the dipole moment anf is the electric field of the mode. The coupling
efficiency takes a maximum value whemandE vectors are parallel to each otfigt] A similar

relationship holds between the SAM vecforof dipole field and the spin vectdlr of surface
plasmons on metal surface, and the coupling efficiency is proportioﬁZaDH) . SAM vectorgy

can be expressed referring to its rotating dipole momedit ® ) [mm == .Similarly, surface

plasmon spin vect®spis® ) 1{° { . After some work, we obtain:
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The dot produc{|” 3| is found to take a maximum when the polarization vepiaf

dipole field is parallel toth&f i el d of SP fi el ds, basically th

golden rule above.

3.2 Purcell Enhancementof Chiral Couplers

We also calculated Purcelhhancement of dipole emissi@®-56] Using a monitor box
that surrounds a dipole emittas shown irFigure 3.3, we measured the total power emanating
from the dipole (through the box faces) for two different cases: with and withewhiralAg
waveguideln thesecondtase, he monitor boxvas placed enclosing the dipole only and excluding

the Ag waveguide.

(a) (b)
o3 |
I S|

Figure 3.3. Calculating Purcell Factor. with (a) free space (b) the samechiral Ag waveguidein Figure 3.2.

The yellowline indicates the power transmission colleébn box.
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For the left case, since the dipole emission propagates in free thggu®yer transmission
wascalculated to bd.04 to 1.08 (normalized to the original dipole poweijleally it should be
one because namplifying and no lossre there. The slighhismatchwas from thedivergent
fluctuation during simulabn causedy thenon-perfectmeshing and boundary conditions.

For the one with chiral waveguide on the righ,mentioned ifrigure 3.2, the reading of
totalenergy fluxtransmitting oubf the box wad.7.15~ 15.87 from the different sizes of monitors.
Purcell factor is calculated by taking the ratio of the two pow#tsand without Ag waveguides
which is also ~I. This means 17 times more eneeygracted out through the Ag waveguidais
was also observed in many other plasmonic strucfogs.

Purcell enhancement isually found at theano emitters inside or near a caviltymore
intrinsic aspect, he emitters areonfined andresonatan those structures aridereforeemission
enhancedSimilarly, surface plasmoar plasmonic structures always hake strong confinement,
we also achieved significant Purcefihancement when applying them to our digotétter.

The Purcell factor for chiral coupler also dependamuther parameter, the lateral distance
from dipoleemitterto the waveguideReviewthe case ifFigure 3.2, whenwe placedhe dipole
emitterat distance d = 3 nifinom the inner sidewall and off from the bottom corner in the diagonal
direction.Polarization selectivityvas measured to be 118 mparinghe ratio the magnetic field
intensitySCs measured afterl.16 um propagation from the dipole emittéind thePurcell factor

is measured to be 17.
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Figure 3.4 Chiral Coupling with Different Distancesof Dipole Emitter : (a) Schematic of a Ushape Ag

waveguidewith dipole emitter placed close to the bottom corner of a Ag waveguidd € 3 nm). (b) dipole

emitter placed in the center ofcurvature (d = 54 nm). (c) Magnetic field |[H| profile of case (a)at 1nm below
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Ag waveguidebottom surface (d) Magnetic field |H| profile of case (b)(e) H-field intensity profile scanned

after 1.16 pm propagation from a dipole emitter of case (a)(f) H-field intensity profile of case (b).

However, for dJ-shape Ag waveguideith the sameadius of curvature R = 54 nri0-
nm width, and 56im height Andwith the sameircularly polarized dipolemitter, but which was
laterally placed at the center ofitvature(d = R = 54 nm)Figure3.4) andvertically still close to
the bottom cornelPolarization selectivityvasmeasured to benly 7, still calculatinghe ratio of
the magnetic field intensityOs measured after 16Jum propagation from the dipole emitté&nd
Purcell factor is measured to Bel.

The results support thdeing close to metal surface, a higitensity energy flux can
couple to SPs on a Ag waveguiiteform of theincreased Purcell factofhis canbe explained
together with therery dense and strong nearfield power of the circularly polarized dipulen
the dipoleemitterbecame closer to the coupler, larger amount oftireradiatng power was

coupled into the plasmonic waveguide and beeéfihe Plasmon enhancement.

3.3 Selectivity of Chiral Waveguide

In Figure 3.2, we showed that the selectivity of our chiral waveguide was about 100:1
comparing the maximum magnetic field intensity at the same propagation distance in the two
branches. To achieve this high selectivitpe importantparameter of the circularly polarized
dipoleis the radius of curvature.

In Figure 3.5. A linear straight Ag waveguide (5tm width and 5éhm height) with a

circularly polarizeddipole emitterplaced at distance d = 3 nm from the inner sidewall and close
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to the bottom cornePRolarization selectivitypased orgCs is measured to 5. Purcell factor is

measured to be8l
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Figure 3.5 Chiral Coupling with a Straight Waveguide (a) & (b) Schematic of astraight Ag waveguide with
dipole emitter placed close to the bottom corner of a Ag waveguidée € 3 nm). (c) Magnetic field |H| profile at
1nm below Ag waveguidebottom surface (d) H-field intensity profile scanned afterdifferent propagation

length.
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Anotherinterestingstructureis shownin Figure3.6, the radius of this chiral waveguide is
very small, only 3nm. The circularly polarized dip@mitter wasput at the same distanes
previous structures d=3nm. Tleatracted fieldwas very strong, but the asymmetmas almost

totally lost.
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Figure 3.6 Chir al Coupling with Very Small Radius of Curvature: (a) Schematic of achiral Ag waveguide
with 3nm radius and alsodipole emitter placedin the center(d = R= 3nm). (b) Magnetic field |HP profile at

1nm below Ag waveguidebottom surface.

To further confirm the resultsf the above two structures, we did gradualgngedadius
with the same other conditions including the 3nm distamce50nm thickness and width tbie
Ag waveguide SeeFigure 3.7, the radiusvaschanged from 15nm to 200nm from up to down
The selectivity of chiral couplingfirst increased till R=54nm which is matching the theoretical
calculation mentioned i€hapter233.1 Furtherincreasingthe radiuswould not improve the
selectivitybetter butdegraded it.This further proved our hypothesis tliat the chiral coupling,
we need to satisfy thequirement of matchinthe OAM of a SP waveguidendthe SAM of an

emitted photon
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Figure 3.7 Chiral Coupling with Different Radius of Curvature: The radius of curvature
R=15/30/54/100200nm from up to down.(a) Magnetic field |H| profile at Lnm below Ag waveguidebottom

surface (b) H-field intensity profile scanned after1l.155umpropagation.

The otherparameter thatay affect the selectivity of chiral couplingwshether placing
the dipoles vertically in the center or at the bottorwaveguide as we did in the structures above.
This off-corner diagonatonfiguration is to minimize image dipole formation: otherwise, this
effect would cancel out the horizontal component of dipole moment and will result in a linearly
polarized vertical dipol§57-62] adversely affecting chiral coupling. Poynting vectors of a linear
dipole orient outward with a radially symmetric distribution and therefore are not suitable for chiral

(asymmetric) coupling of dipole fiel@ut we should also be noticed tha¢ tkffect of thiscorner
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excitation performance may vary depending on sime of the chiral waveguideand the

wavelengths oplasmon.

3.4 Further Discussion

Previously we shoved that circularly polarizedelectric dipols harbor a neafield
concentrated wave which orbits around with an energy flux significantly larger (five orders of
magnitudes at ~hm radial distance) than ffield radiation. This neafield wave is found to carry
transverse spins and reveal skyrmiginstexture (Néetype). By performing electromagnetic
analysis and numerical simulation, we demonstrate chiral extraction of dieléaiotational
energy flux: the confined energy flow isitecoupled to surface plasmons thre metal surface,
whose curvature is designed to provide orbital angular momentum matched to spin angular
momentum of dipole field, that is, to facilitate sirbit interaction. Strong coupling occurs with
high chiral selectivity (~113) and Purcell enhaneein(~17) when both linear and angular
momenta are matched between dipole field and surface plasmons. Existence eihtehgity
energy flux in the deepottom neadfield region (r ~ 1 nm) opens up an interestingramein
altering fundamental properties of dipole emission. For example, extracting ~1 % of this flux
would result in enhancing spontaneous emission rate by ~1000 times.

The large amount of energy flux trapped deep inside afreeuregion corresponds to an

electromagnetic energy flow associated with a rotating dipole moment and its electromagnetic
field. The fieldstored energy of dipole ne@eld is expressed as—, wherer: is the lower limit

of volume integral of energy density and dipole monpeig assumed to bee. (Appendix A.5.
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Assumingri: = 1 nm, the electromagnetic energy is calculated to be 42% X0this amount
corresponds to 12% of the photon energy at the assumed wavelgngthl(96 eV fora-= 633

nm). Moreover, this energy expression is found to hold the following relationship with the trapped
energy flux derived above: the ndaald energy flux equals a product of oscillation frequency (

and fieldstored energyAppendix A.5. This supports the notion that the large energy flux is a
manifestation of fielestored energy that is spinning fast at optical frequency.

The photon distribution analyzed in this work resembles the electron cloud model of an
atom, in which the angulad(, ) dedpendence of probability density corresponds to eigenfunctions
oftheSchr "di nger equation for hydrogen atom and
with two quantum numbers (orbitahnd magnetian). Similar to electron orbitals, photons reveal
an orbital structure whose angular momentum (AM) values are bounded to an integer multiple of
9. 20 for OAM; ando for total AM. Here the quantum nature of both cases (discreteness of
angular momenta) is ascribed to the compactness of sphere on which photons and electron
wavefunctions are defined. The ndiaid-trapped photonic orbitalsv(O EJ revealed in the
present workigure2.3(e)) can be viewed as a possible electromagnetic model that may explain
the nonradiating nature of the electron orbitals associated with the ground state of a stable
atom[63-65]

It is well known in plasmonics field that photon emission from a dipole emitter placed in
close proximity of metal surface easily quenches and becomes unobservable at far field.
Researchers reported that when a dipole emitter like dye molecule, quantum dot or other
nanoparticle is placed at a distance around or less than 10nm from metal nanoparticles or a metal
surface, théluorescence observed at far fielmemmes veaker, that is, being quenchiggb-70]

This quenching effedhas beerextensivelystudiedin various aregsespecially irbiosensingand
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chemical detectioarea[68, 70, 71] An interesting question then arises related to our finding that
extracting a neatfield energy flux out of a dipole wouleksult in enhanced emission rates: what
is the connection between the two observations, which are apparently contradicting.

In generalthe quenching effestreported in liteaturemanifestthemselvessa dramatic
change (drop) ofiuorescence lifetime and iEmissionintensity observed at far fieldThere are
many detailed theories to explain the dynawicquenchingphenomenan different aspects and
different distance rangés.g.,from 0.1nm to 10nMm[66, 67, 71, 72] A brief summay can bethat
whena dipole emitter and metal arelose to each othea,strong interactioroccursbetweerthe
emitter and metalsurface;exciing plasmonmodes and mangf them are rapidly damped
dissipating the energy into hedt should be noted that there are important differences in
experiment configurationsetweerour structure anthose caseonventional work mostly dealt
with planar metal surfacer metal nanoparticlesn which a dipole emitter is placed with variable
gap.In the metal nanopatrticle case, the dipole festdites thdocalized surfacelpsmongLSP)
inside méal, whose energy alsauickly dissipates intdeatin a processimilar tothe case of
propagating S®on a planar surface. Note also thatal nanoparticle experiments aypically
done at the characteristic wavelém@f localized SPresonance, for example, ~530 nm for Au
nanoparticlesfor surfaceenhanced Ramanpsctroscopy (SERS)The use of this resonance
wavelengthis to maximize the induced fielstrength on metal surfacéhe resulting effect is
basicallya huge increase of plasmon lpggich goes tdast dissipation o8P energynto heat.

In our case, thalipole neaifield energy isfirst coupled to SP®n asmall section of
plasmonic nanowire atal couplerand then the excited SPs are routed to-llosg dielectric
waveguideswvith intendeddestinations at far fieldOur strateg here isto minimally use a metal

nanowiresection just sufficientfor chiral coupling and then immediately transfer the power to
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low-loss dielectric waveguide3his design intends tminimize plasmon lossesvhich would
otherwise be unavoidable in c@mtional couplingso that the dipole emission power can be
delivered to far fieldvithout much attenuatiomy contrastconventionafluorescenceuenching

on metalsurfaceresults inaloss ofenergy fluxthatcould otherwisebe obsenedaccessd at far
field. In our casewith proper design of plasmonic waveguigied couples (see Chapter.1.3)

we demonstrate thamission enhancemeo&novercomeplasmon losseand other coupler loss
we achievel negative insertion losshat is, stronger intensityutputat far fieldcompared to tht

of conventional couplingAlso, the amount of a nedield trapped energy flux is much greater
than that of faffield radiating power: notthat this latter component is the only power observable
in conventional faffield experiments.

In sum, our case differs significantly in the following aspects: extract a portion of this large
power and outouple them as SP modes via a momentuatched chiral coupler and thereafter
send out for fafield observation. Another factor that may play arportant role is the balance
between supply and consumption. When a QD emits a photon, it cannot emit another one until the
QD is refilled with a pair otlectronand hole. With the nedield extraction concept discussed
above, the emission rate of QD Milcrease, that is, exciton lifetime will decrease: that means
QDs needto be refilled with electrotole pairs as quickly gsossible Otherwise emission will
cease immediately as all are consumed: this loaly like so-called luminescence quenching in
conventional experimentk colloidal coreshell QDs, the exciton lifetimes are ~20 ns. Therefore,
injecting electronhole pairs into QD at a rate faster than this consumption rate would suffice for
continual emission at increased rates

With a plasmonic coupler, SP losses might be significéBjt.SP propagation loss,

however, can be alleviated to an insignificant level by reducing the length of a metal waveguide
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section to minimum and by transfer coupling of SPs into alt®s dielectric waveguidgby],
which will alsobe discussed i@hapter7.1.3 A high-efficiency chiral coupler structure with high
polarizationselectivity and Purcell factor is expected to play an important role in developing single

photon source chips that offer high rate of generation and transmission of photof7gubds.
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4.0 Basic Single Quantum-Dot Light-Emitting Diode (QD-LED)

Previously weexploredthe nearfield emission andpinselective couplingf a circularly
polarized dipolewhich show a gootheoreticapotentialin aphotoniccircuit. In pradical devices,
sucha dipole emitteis possibleusing semiconductoguantumdots (QDs). Compared with the
other methods, quantum daige and availability in colloidal solution make them easily integrated
into semiconductor deviceEBmission of quantum dots cére excited by the electrical injections
(electroluminescencks), 4], similar to existing_ED structures.

Reseeachersalso reportedthat in case ofphotduminescencei t amsostimpossible to
generate sigle photons with very faint laser puiséor which thephotons obeyPoissonian
statisticq 3] Using electroluminescencere can controthe injectionlevelseven in lowinjection
currentandgeneratavith some amount aleterninism.

Consideing single photorenissionperformanceusingphotoluminescence, the biexciton
state requires simultaneous absorption of two photons within the lift time of an exciton. In the
electroluminescence of QDs, due to special carrier dynamic that it has two-rthacgen
channelsthere aranore involved statewhich have much shorter lifetime than the excitdhe
probability of forming biexciton is much less than (~1/10 of) the photoluminescence, which is
usually morepreferredn improving the single photon performar{ég

Anotherpracticalreason iswith laserpumping,althoughusually can be done applying
combinations of filterdbased on wavelength or polarizationt 6 s carmbricHallerayeto
separate th&aser pumping and thghotoluminescencd-or electroluminescence, we circumvent
this issue entirely and simplify our system allowing high levels of integration into monolithic
devices.
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The electricakxcitation of single QDs in the active region of a semiconduetojupction
is also robustompared tomthersimilarmethodsn electrically driversingle photon emissiasuch
as using Coulomb blockadeby making nanostructurem a mesoscopigunction4, 77]. The
emission is stronger aralso room temperature operation becomes possible. Practiuediges
the epitaxiallygroning QDs, one can use prgynthesized QDs which amgeparedseparately
before the fabricatioof QD-LED. They can betored in solutions which are gas apply through

spin coatingandcan bediluted into different concentrationt® control the spacing between QDs

4.1 DeviceStructure and Operating Principle of QD-LED

Startingfrom our previous nanophotonic devices basediaw-voltage emission of 2D
electron gg& 8], in ourfirst proposed device structure, singler an ensemble dfcolloidal core
shell QDs will be placed on nanoscale junction areas that are defined by nanoholes,- or nano
trenches, etched into an oxide layer at the junction interface F{§a®4.1.)

The 2D electron gas (2DEG, ~1 nm thickness) at SiO2/Si interface will then be injected
into individual QD (< 10 nm diameter), while holes being injected into the QD from-tyyeep
transport layer placed on top.

This structure, a semiconductor QD trapped in a hanohole window, is designed to achieve
both highly localized injection and strong confinement of carriers into ast@leQD. This nano
junction doubleheterostructure is expected to greatly improve phgesreration efficiency under

electricalpumping.

40



(a) (b) (c)

Energy (eV) Energy (eV)
2 2
3 /A 3
| o
PEDOT 4 4
: CdSe QDs ITO n-si
Si0, 5 o) PEDOT 5 PEDOT
n-Si 6 U 6
N\ l_l
7 7 7

Figure 4.1: Structures of QD-LED: (a) layers view; (b) energy band diagram through the openings, electrons
and holes can recombine at the CdSe QDs; (c) band diagram through oxide, no emission will occur due to

blocked carriers

In the diagram above, Aluminum works as the cathode and Indium Tin Oxide (ITO) works
as the anodeTO is a transparent, thifiim conductor.It allows the emitted light to shine through
without significant obstructionlThis transparencynakesit ideal for applications where you need
both electrical conductivity and optical transparency, such as LEDs.

Poly(3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) is an organic
polymer which can work as heteansporting layer and deliver holes from ITO to the junction.
The electrical conductivityof PEDOT is higha n d i ttrénsparentoghe LED emissions.
PEDOT is also aelatively soft material and has go#idxibility, which iscommonly used in
organic electronic devices, such as organic photovoltaic (solar) cells, organentigtibhg diodes
(OLEDS), and organic fieleffect transistorsQFETS).

Poly(9-vinlycarbazole) (PVK)s also @&ommonpolymerin the field of organic electronics
and optoelectronicVK itself is nota strongemitterin the visible spectrum, and t typially

used as a host material for other organic compounidsanother holdransporting layer to reduce
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the energy barridnetween PEDOT an@dSe QDandhelpful toimprove the hole injection rate
It alsoprovides a soligstate environment fapDsto emit light

Thermally grown oxide layer is chosen to be ~20nm thick to avoid direct tunneling.
Electrons will accumulate at the interface between, it rSi and form twedimensional
electron gas (2DEG) when proper bias is applied. A nanohole window opened in this oxide layer
will confine the current flow into the QDs trapped inside nanohdlks oxide layers essential
Since the top layers are all conductive, without the oxide layep;tyyee layers and-8i substrate
would directly connect and forrmany leakge pathsMost of the current would disperse and
recombine at the entire surfa€@nly a verylittle part of thecurrent injectectan go into the QDs,

andthus theefficiency of QD emissiorould bevery low.

4.2 Fabrication of BasicQD-LED

For the QDLED structures proposed above, the device fabrication involves three major
steps. The first step is the substrate preparation including thermal oxidation and backside
metallization. The second step is patterning nanoholes on an oxide layerafiti®le patterning
was done by using electrdieam lithography (EBL) and inductively coupled plasmaactive
ion etching (ICPRIE) process. CdSe/ZnS QDs were placed on the nanetluiied substrate by
spin coating, followed by another round of spinteapof organic layers. Finally, we deposited

an ITO electrode in the sputtering system. The entire process flow is shéigueest.2 below.
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Figure 4.2. Procesd-low of the QD-LED Fabrication: Oxide was grown thermally and then backside Al

contact was done. QDs werplacedafter the patterning of oxide layer. Organic layers and top electrode were

added at last.
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4.2.1Thermally Grown SiOz and Backside Al Contact

In this QD-LED structure, the very first step is to grow an oxide layée. grow high
quality silicon oxidethroughthemal oxidation.

Prior to thermal oxidationa strict cleanng processis required Solvent cleaningwith
acetone and methanpfimarily removeghe solvable organiempuritieson the surfaceStancard
RCA cleaningincludes 1. Removing organic and particléy 70~80°Cheatedde-ionized (DI)
water :NH4OH : H20. in 5:1:1 ratig around 10mins2. Removng thin oxide layer angbart of
ionic contaminations b2% HF, etch aboul5s; 3. Removingnetallic contaminats by70~80°C
DI water : HCI : HO2 in 6:1:1 ratio.

Followingthe cleaing, wafeiswereplaced in an oxidation furnace at 96Gor 30 minutes
in ambient air Temperature calibrated by thermal couatel multimeterOxide thickness was
~20nm as measured by a surface profiler.

After oxidation of silicon substrate, to make a backside Ohmic contact, we need to remove
the thermal oxide on the back. Here, we first smpatedand bakedhe S1827 photoresist dhe
front side for protection from chemical etching. Affmotectingthe fronsidg we immersed the
sample intca standardouffered HF (BHF) for 4 minutes. After oxide removal, a 156thick Al
was deposited by thermal evaporation with base vacuum bel8Wd® and growth rate ~ 0.3
nm/s.Forthen-Si substrateAl usuallyhadrelativelygood ohmic contaceven without anyurther
annealingandis readyas the backsidelectrodeas depositedVe can also dslight annealingn
the forming gas (90% N 10% H) at 380°C fojust5 minsif needed to forna good contacBut
further annealing such as increasing the time or raising the tempexsatsineot preferreds it

would degrade #hcontact performance due tlee unwanted diffusiorof p-type Al and rtype Si
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4.2.2E-bean Lithography and ICP-RIE to Pattern Nanoholes on SiQ

For a singleCdSe/zZis QD with ~630nmemission wavelengththe diameter is=10 nm
diameteror lesg79] In the primary design ahis work, we ainedfor the diameter of nanoholes
etched on Si@to be ~20 nm so that single QD can be trapped into the nanddeddly, if we
spin coat the QDs in largspacing, thiswill avoid multipleQDs sitting in the same hole and
emittingat the same time, which is not good ¥erifying the single photoemissionfrom single
QDs

However becaus¢he intrinsic quantum efficienayay not be high and the spacwfgQDs
may be much larger, there may be @Ds emitting in the holesThus,we also preparethore
options in the size of nanoholeksigned from 20nm to 1um

To achieve nanometer s ourpatternwe turn toe-beam lithographyascommonmask
or masklesdithography with UV lightor laser has a resolution limit around lummnimum
Polymethyl methacrylate (PMMAas used as the mask layer in E880 A4 PMMA wasspin
coated a#t000rpmand 1min, followed by 10mins baking at 175°C

After the exposure, the PMMA was developed in 3:1 MIBK:IPA for 90sec and rinsed in
IPA for 1min. We also tried to add 30s sonication during the developing toenetyethe PMMA
residue at the bottom, which was exposed somehow, but not able to be developed thoroughly due
to the high aspect ratio as the thickness of 950 PMMA A4 is ~200nm and the smallest nanoholes
were just several tens of nm. Before further etching thtenos into SiQ, we bakedhe samples
shortly on hotplate at 100°C for 90s to imprdkie stability of PMMAjust after the developing

PMMA.
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EHT= 2.00kV Signal A = InLens Date: 15 Dec 2020 ﬁ

WD= 4.1mm Mag= 918X System Vacuum = 3.64e-06 mbar

200 nm EHT = 2.00 kY Signal A = InLens Date: 15 Dec 2020
WD= 4.1mm Mag= 48.20KX  System Vacuum = 3.54e-06 mbar

Figure 4.3. EBL Patterns of Nanoholes on PMMA afterDeveloping (a) Array with different dosage and
different diameter of nanoholes, dosagearied in 0~30QuC/cmz2, decreases from bottom to toand designed
radius were 10nm~100nmdecrease from left to right; (b) nanoholes designed to be 10nm radius and

measured with ~40nm diameter under SEM.
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To make a sufficienly exposed but not overexposed pattern with EBL is always
challenging.The small patternalwaysrequired more precise focusing and exposure in higher
dosage to guarantee tlagerdevelopingdown to thebottom of PMMA.

We tested different dosagjtor different diameters of nanoholes during the EBL writing
and checked the resulting patterns under SEM after developmerkigsee4.3). Since the €
beam diverged inside the 200+#thick PMMA and broadened the real exposed area, we found that
even the besBEM measurementtill showed a little bilarger size ofnanohole pattermafter
exposure and development, compaethe originaldesignpattern.

Next, to transfer thenandiole patterns from PMMA to SiQayer. We usedhductively-
coupledplasmareactiveion-etching (ICP-RIE). Compared to theegular RIE, ICPRIE added
extra voltage bias to confine theon plasmamovement in one direction. Thisd to a more
directional etching, better resolution and less undefBut. it will also lower theet c hi ngd s
chemicakelectivityb e ¢ a u doserto atplidysicabombingprocessompared to the normal RIE

Figure4.4 shows the optical microscope images of holes and lines taken before and after
PMMA removal. The patterns on PMMA were transferred to the oxide layer without a noticeable

change in pattern dimensions.
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(@)

(b)

Figure 4.4. NanoHoles andL inesunder Optical Microscope obj mag = 100x the designed linewidths and
diameters are Jum, 1um, 200nm and 200nm from left to right(a) after EBL writing and developing before

ICP-RIE; (b) after ICP-RIE before PMMA removal; (c) after PMMA removal.

Thegaeswe used in ICRRIE to etch the Si@wereCF; and Q, in flow rates of 27sccm
and 3sccm respectively. Noticed that these galsesetched our PMMA masind SiWe need to
very carefully control the etchintyme to avoid etching away the top mask layer and ih&
bottom Silayer. For a 100W ICP power and 150W RF poweéching, 45s was enough to etch
away the thin Si@layer, but stillguarantee@nough thickness diie top PMMAmask as shown
in Figure4.4 (b).

As mentioned abovédf, we chose thinner PMMK, it would improve the accuracy of EBL
However, this was riskguring the ICPRIE because the thin PMMA mask may be all gone

Thereforewe maintaiedthe ~200nmPMMA thicknessunchanged for the QIRED fabrication.
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After the ICRRIE etching,the sample was soaked in acetone for more thhours to
remove the PMMA mask arfdllowed with IPA and DI water cleaWithout the thick PMMA,
the small patterns on Si@ecame mordifficult to find because thexide layer was only ~20nm
and contrast was low. But wewld still find the small patterns such as nanoholes designed to be
200nm diameteto confirmthe ICP-RIE existedon the SiQ. And more precise tests to check
whetherthe etchingvasenough or not were done throuidle FV probe station and confired no

insulating oxide remained in the holegreasonablamountof currentfrom nA to mA level

4.2.3Placementof CdSe QDs and Coating of TofConductive Layers

In our QDLED fabricationwe utilized commerci@y synthesize€€dSe/ZnS QDsolution
prepared in Toluen&.heywere addednto thenanohole etche8iO, windowsby spin coatingt
2000rpm forlmin and baked at 80°C for 30minBSor undiluted QD solution with 10mg/mL
concentration, thepin coatedQDs stacked together arappeaed to be more than monolayer
thickness. By diluting the QD concentration down to ~1/188 QDs were mostly separated with
an average spacing ~190. Also, theQDs were no more thanonolayerFigure4.5 belowshows

the dilution effect on QD distributioafter spin coated
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EHT= 2.00 kV Signal A= InLens Date: 9 Dec 2020
WD= 4.0 mm Mag= 5284KX  System Vacuum = 2.57-06 mbar — WD= 4.2mm

) -
Signal A= SE2 Date: 9 Dec 2020
Mag = 5293KX  System Vacuum = 1.18e-06 mbar

Figure 4.5. SEM Images of QDs withDifferent Concentration Coated on the SiQ Layer and Nanoholes (a)
10mg/mL, the QDs are stacked and form thick multilayersi{b) 0.1mg/mL, QDs are much separated and
become discrete single layer. Just a few QDs aggregate into islands. The QDs drop into a nanohole with

230nm diameter are less than ten.

After the spin coating of QDss we introduced earlien Chapter4.1, we need to add the
PVK and PEDOT as hole transport layéreese organic transparent and conductive layave
similar valence bandevelsandmake smootheband alignment wheworking togetherwhich is
ideal for efficient injection.

PVK was prepared by mixirsDmgPVK powder withLOmL chlorobenzeneAfter mixing,
the PVK solution needs to be stirred overnight veittnagnet Before every usage, the solution
should beheated to 80°C arstirred for30mins The PEDOTsolutionwasa commerciaproduct
of CleviosBut we cannot directly apply the a@&EDOT
formed large particles which are not good for spin coaagore spin coating, we udayringe
and 0.45um filteto remove the large particles and increased the purity and uniformity of PEDOT

solution.Also, PEDDT did not adhere well to the surfagdering the spin coatingvhich was solved
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by mixed with0.25% Triton %X100. Before usage, PEDOfeeds to be sonicated 30mins so it can
mix well.

After the PVK and PEDOWere prepared, theyere spin coated on top of the CdSe/ZnS
QDs one by one. Theyere allspin coatedt the same 2000rpm fdmin and baked at 120°C.
PVK had athickness of 20nm and PEDOT was thickekll the QD and organic layetegether
will have ~100nm thickness.

Finally, we add the ITO electrode to complé&d®-LED fabrication Since PEDOT isa
very soft materialand eady scratched byour probe we cannot directly use it as electrode
Moisture may also easily smeato the PEDOTand the QDs iPEDOT isnot covered witlother
more stable materialThe ITO dotsweredeposited on the PEDOdnd covered the underneath
nanoholes areas a electrode and protection The deposition ratef ITO is ~1A/s to guarantee

the uniformity andstability of ITO.

(a)

Figure 4.6. A Basic QD-LED Sample with PEDOT and ITO on the top (a) direct view; (b) view in the
microscope. 1pmwide, 500unilong lines pattern were near the center of ITO dot and visble as indicated in

the red dash circle.

As shown inFigure4.6, dter all the layersvere addedthe PEDOTtop surfaceshoweda

deepblue color and the ITO dot shed a white to orange colorThe nanopatterns under the
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transparent layerstill could be visibleunder optical microscopé&utthesizes of patterns needed

to be large enougfsuch as 1um diametedue to theRayleighresolution limitwith visible light.

4.3 Electroluminescenceof BasicQD-LED

OncethebasicQD-LED fabricatedit is almost readio betested Beforeapplying thebias,
one more step wasountingthe QDLED sampleon the copper plate witpallium. Then we ould
apply the biabetween the top ITO and bottayallium/copper platéy probingand connecting to

the pulse generator

Figure 4.7. Electroluminescence fromDifferent Nanopatterns (a) nanoholes withlum diameter; (b)
nanoholes with20um diameter; (c) 500um-long nano lines with 1um (left) and 500nm (right)linewidths; (c) a
crossbar marker with 50umwidth. The magnifications were not the samand camera exposure time = 8s.
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To check the availabilitpf QD-LED to emit light,we first gradually increased the current
injected intoa QD-LED until anemissiorwasclearlyseen Figure4.7 shows optical micrographs
of electroluminescence different nano patterns on tigD-LED drivenat 3.5-4V biasby pulse
generatarThe pulse width was 10us and pulse period was 1d0usinescence could be seen
through human eyes and was captured by the camera connected with midroaodgseexposure

Thesebias and pulse conditions wearet yet optimizedto realizesingle photon emission
But as a initial me a s u r e nstllnnportantta bégin witha strong enough emissiao that
we canmeasure the wavelength of emission aathparethe effecs of differentparameters such
as the sizes of nanoholebke voltages applied and so, avhich will be discussed more in the

Chapters.0.
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Figure 4.8. ElectroluminescenceSpectrum from CdSe/ZnS QDsPlaced in 20pmNanoholes.

The QD emission spectrum was measured BCB® spectromete(EdmundOptics)for
VIS-NIR rangg(350-1050nm) We aligned one end ofraultimode opticafiber above the emitting

dot and connected thather end into thepectrometerA samplewith 20pm-diametemanohole
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arrays was electricallydriven andprovided emissionfor measurementHere we chosea large
patternbecause the emission was easier to be aligi&dand coupled into the fiber

Spectal measurementesults areshown inFigure 4.8, the cental wavelengthof our
Cd Se/ Zn 8misQddsasat 6333nm with a full width half maximum (FWHM)50 nm
Since the emission wavelengtif QDs aresizedepender9], the size variation of colloidal core
shell QDscausedhis spectral broadenind\nd thebandwidth ofemissionwell agrees with the

data on the spesheet from the supplier.

4.4 Short Conclusionof Basic QDLED Structure

We introduced a basic structure ttealize the electroluminescence@bs based on the
well-known OLED structure Fabricationof this QD-LED hadhigh resolution ohanopatterning
through EBLand ICRRIE which we showed reasonably good resaksseerin Chapter4.2 In
construcing the LED layersand testingQD-LED, compared tohecryogenic temperatungsed in
someother researdB0], our QD-LED were compose@nd operated in a more conveniemm
temperaturenvironmentwvhile still showing strongemission. This confirmed tHeasibility ofour
QD-LED structurefrom top to bottom layers

However there were also many probleme met with these basic QCED samplessuch
aslarge hteral leakage current frothe injecting dot to the field,and vertical leakage froitop
field area to bottom through possilderfacedefects During the measurement$ some samples
we tried to manually scratclsolated lines around the injectiifO electrodeas shown irFFigure
4.9 to solve the lateral leakagBecausehe PEDOT and PVK spin coated layers were relatively

soft compared to the inorganic materials such as [8y@r underneatand ourtungsten probdyy
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carefully scratching andaking any peeledoff PEDOT residueaway from the isolationwve could
achieve pA current when measuring from the ITO electrode to the PEDOT oBigitleh i s di dn 6"
mean we solved the problem frahe structuretself and we still had room to improve our QD

LED structures.

Figure 4.9. Manually | solation and Thermal Degradation of Basic QDLED

Another big problem for ourQD-LED was the thermaldegradation during the
measurementAlso shown inFigure4.9, theimagewascaptured after several times of injection
andemissiornof Figure4.7(b). We muld see at soneole patterns, the sizes of hotrdargedand
the colorchanged. This phenomenon or deformatias due to thécal heat generateduring
the current injectiorOrganicmaterialsgspecially PEDOToulddecomposeto volatile products
under heat and formed b u Isdbiriside of thel ay er s . Af ter decomposit
conductivity also droppeldased on theV we measured and also in other reseaf@igswhich
wasdangerousor our deviceTo quantify the QELED performance anginprove our structure to
avoid the above problemsianyrevisions were done along with the single photon measurements,

which will be thoroughly discussed in the Chagigrbelow.
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5.0 Coincidence Measurementind Revision ofQD-LED Structures

In Chapter4.0, we talked about thévasic structurefabrication andthe basic emission
profile of our CAS&nS QD-LED. | t 6 s i mpeadfy thaa@Ds sitindhis semiconductor
junction can receive the holes and electrons frortype and ntype materialside and show
reasonable electroluminescence.

Next, we seekto utilize dngle photons in applications such as quantum key distriqution
guantum sensors and qubits in quantum compug.QD emission should have a we#fined
frequency and polarized photons could be generated one by one at the excit@vetatecase
of utilizing entangled single photoms quantumcommunication othe spindependenthguiding
into theplasmonicwavegudesas we introduced in Chapt8r0, th e  Q D 6 emisgian ishould
still come from the singlexcitonunderelectroluminescence as mentioned in the introduction part
of Chapted.0.Ther ef or e, shdw@eod sngls phatan peafdrmatufeour QD-LED.
To quantify this coincidence measurements warplemented

As a common techniquased to characterize the properties of single photon squmces
typical coincidence measurement setup,thetons generated fromsingle photon sourcerere
split into twofibersusing a beam splitteithe twobeans then passigthrough separatkesingle
photondetectos (SPD) which cangenerateamplified electric signals (electrehole pairs)rom
the singlephotors absorbedoy avalanche photodiode$hen SPDs wereconnected ta time-
correlated single photon counting (TCSPC) dethes records the arrival time of the photamsi
calculate/integrate the coincidesvents.

Whenphotonscollected bySPDs with thearrivaltime( t 1,  trezqrdedn & éejtain
time rangeand certain time bin siz& emission life timeg)the correlatomarked eachpair of
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photons(tl and t2)asone coincidenceevent,output thehistogramas a discrete convolution in
time-domainwhich indicateshe repetitiorcountsof thecoincidenteventsn the axis othearrival
time differencgq} divided by the time bin size

Figure5.1 shows how a histograplot can be calculated from the singldh ot on det ect
signals.In Figure5.1(a), photons arrived the two detectors always at differentdimdesvery time
only one detectoreceived signalThe red linesndicatethe cancidert events between the two
channelsand photons. The purple lines indicate the time dedagpositions of these coincident
events in thdistogram plotigure5.1(b)). We can see in this case, at #eeo delay of histogram
plot, thereis a 0 readingFor an ideal single photon source, since photons are emitted one by one,
all photons arrive at different timgsand none of the photons has a z&nwe spacing. It should
be 0 count athegpt =ofthistogram mode measurements

However if multiple photonsareemitted at the same time, split by the beapiitter,and
entered theletector at the same timléke the ones at=1 and t3 shown inFigure5.1(c). The
histogram shown ifrigure5.1(d)thenhasa r ea di n g dndicatihg tlaete argpphotdns O .

emitedtogethefcorrelated
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Figure 5.1 How to Calculate Histogram (a) Photons arrive at different time; (b) Histogram of (a) shows a
zero count at zero delay(c) Some photons arrive at thesame time (d) Histogram of (c) shows2 counts at

zero delay.
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In single photon measurements, peopften use §0) to indicate the single photon
performances well The function & calculateshe degree o$econdordercoherencdetween
photonsdetected in the two channelad quantifiesvhether photons are more likely to arrive at
certain time intervals together (positive correlation) or independently (no correlation).

& 0z¢ 0 tO

, , (5-1)
2 F50& 5 70O

In this formula:

oni(t)ais the average number of photons deteatazhannel Jatthe time t.

tno( t &idkhe average number of photons detected in charatgh2t me t + U

n(t) is the actual number of photons deteetethe time t

Uis the time delay between two detection events.

In case ofime delayl}:0, andthe twochannelshave equal possibility to detect the photon.
ony(t)ais equal toony(t)a

c & 02¢8 00 & o2& 00
T = =
& o0& o0 & 00O

Furthermore,n ideal single phota emissiononly one photon could be detected in one

(5-2)

channel.

cn S5 P 53)

Comparingthe histogranplot andg? function, theyboth indicate the correlation between
the photons measureat certain time delaywhile histogram readingses the exaatounts of
coincident eventgy’ functionrepreserd the probabilitywhich can be regarded or calculated as a

normalized histogram results
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5.1 Coincidence MeasuremenSetups

We introducedhow single photon performance can dpgantified through coincidence
measurementsAs mentioned earliera typical coincidence measurement seingiudes an
emission collectora beamsplitter (usually 5050 split ratio)to split thegenerated photonato
two beans, two single photordetectos for sensitivelycollectingthe individual photonsanda

time-correlating eventimerto record the arrival timand calculate correlation

(a)

Spot Size

Working Distance

Lensed Tip

Figure 5.2 Lensed Tip Fiber for Collecting the Emission (a) Sketchof a lensed tip fiberfrom the ThorLab;
(b) Realalignment of lensed tip fiber for enission collection and tungsten pobes for electrical connection.

Top left was the fiber and bottom right was the tungsten probe.

The setup for such measuremens shown inFigure5.3. To collectemitted light from
QD-LED, first we aligned a lenseip fiber above tha@anoholeslectricaly injectedFigure5.2
andFigure5.3 (b). Then the fiber was connecteda narrowbandpass filter in front of the beam
splitter. (Figure5.3 (a) to (c))The front filter provided two benefit§irstly, althoudh the single
photon measurementgereimplemented in @arkenvironment with the room light turned efifid

machine light indicators covered with black taffeeremight still be weakresidualfluorescee
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or light through the tape frorthe working machinesrhese ight signals are not relevant to our
QD-LED and mostly in different wavelengths, which canbbmcked by the front filter. Second,
for our QDLED itself, although we assumed the emission was frongqula@tum dotsHowever,
Si is alsoa non-nggligible source ofphotonemission Whenelectrorhole pairsinjectedinto Si
diode since Siprimarily has a indirectbandgap, the recombinati@ifficiency is not as high as
the direct bandgap materials. But Si also$eondary direct bandgap which nsightly absob
the electrorhole pairs and illuminateThe emission from Si is believed to havenuchlonger
wavelength thathe 630nm wavelength of our Q[&2, 83] So applying the front filters will also
help toeliminatemostof the photon contamination from Si emission.

Si emission may occur in our single photon detec(ran MPD), which consiss of
epitaxial siliconsingle photonavalanchediodes (SPAD) and integratedtive quenching Circuits
(IAQC). Whenanincidentphotonenterenedetectorandwasabsorbed by th8PAD,secondary
photonmay begeneratd there and could go back to the fibers and injecttmthe other detector,
causing artificialextra photon countsThis is well knownand described asnaafterglow
phenomenon a$ingle photon detectorand includedn the backscatteringhenomena of single
photon measuremen®ther possibldackscatteringphotonscould acur due tomany reasons
including light scattering in the optical components and reflections from the surécke
connedbns. In these casegspecially the afterglowio matter ifthe extra photon idetected by
the ame detector or bthe otherdetectorjt leads to a false coincidence eveiitis can result in
a distorted measurenteof the correlation betwedheemitted photonsSince the wavelengths of
these backscattered photaare distributedn a widewavelength rangeThe narrow bandpass
filters canalsohelp tosuppressoisecounts Similar as the front bandpaier, we alsoappied

narrow bandpass filteedter the beam splitter aral front of the SPDsseeFigure5.3 (c).
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Multi-Mode Fiber

w. Lensed Tip Single Photon Detector
' 1
Bandpass Filter
2 50-50
Q\ Beam Splitter
e,c, \ Ny I' l Time-
P Correlator

Q‘
QD Copper Plate

Figure 5.3 Setup of SPD Measurementga) & (b) Lensedtip fiber for emssion collection and tungsten prbes

for electrical connection (c) Beam splitter, U-benchw. bandpass filtersinside and single photon detectors(d)
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Time-Correlated SinglePhoton Counting (TCSPC) deviceconnected wlaptop. (e) Schematic diagram for

entire SPD measurementsetups

After splitting into two beams anfbllowing detectionby the two SPDs, the emitted
photons were converted into electrical signals and input into thectimelated single photon
counting (TCSPC) machine (MultiHarp 15@jgure 5.3 (d)) to calculate the counts and
correlations. The MultiHarp 150 supports time bins size (= time resolution of histogram) as small
as 10ps. Also, it can measure in the configuration of both the histogram mode atagtect
time-resolved (TTTR) modes. BhTTTR modes include T2 and T3 mode. While T2 records the
events from all input channels independently and arrival time of the event with respect to the
overall measurement start, T3 uses a channel as periodic sync signal (usually from a pulsed lasers)
andrecords the time interval between other inputs and sync. In our single photon measurements,
because we were using-50 beam splitter and the two channels are equally important, we mainly
used two channels in T2 mode to count the number of emitted photons unit time from each
channel or used histogram mode to check the correlation between the two channels.

For the fibers connectinthe filters,splitter,and detectorswe used standard muthode
fibers to minimize the insertionloss between fiberand connectors atevices.Both lensedip
fiber and beam splittewere based on muithode fibers. Becausthe sizes of corare very
differentfrom mult-modefiber to singlemode fiberthere will be a largeoupling loss withthe
singlemode fiberand the collection efficienayould bevery low, which is not good for owsingle

photon measurement.
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5.1.1Measurelnsertion Loss

Following setup assembhlye tested thsertion loses between the componsfrom the
front U-bench filter stage to the splitter ahdck filter stagesonnected with mukmode(MM)
fibers Here we ued a semiconductor laser diode as light source and optical spectrum analyzer
(OSA)to measure the poweBy addingthe components in the middle of laser and OSA, we can

observe the power transmissicmanged and estimate the insertion loss.

Table 1. Fiber Insertion Lossin the Setup ofSingle Photon Measurement

Light Pathway (OI\/ISmA/I\BIz?(l)( power
#1Laseri OSA 4.29nW4.71nW
#2 Laseri MM fiber i OSA 5.15nW/5.30nW
#3Laseri Beam Splitter R-27 OSA 1.03nW/1.05nW
#4 Laseri MM fiber 1 Beam Splitter R-271 OSA 1.06nW/1.09nW
#5 Laseri Filter Stage (wo. filter) MM fiber i OSA 4.48nW

#6 querl Filter Stage (wo. filter) Beam Splitter R-27 MM 1.19nW/1.23nW
fiberi OSA

#7 Laseri Filter Stage (wo. filter) Beam Splitter R-27 OSA | 919pW/959pW
#8 Laseri Beam Splitter R-27 OSA 1.19nW/1.22nW
#9 Laseri Beam Splitter R-17 OSA 908pW/1.15nW

From theTablel below, we can see the muiftiode fiber has little insertion loss, regardless
of position. Adding the filter stage (comparing #2 & #5) incurred a small loss of about 10%. The
main transmission loss appeared when a beam splitter was added into the gath. lded
indicated two 5660 multtmode beam splitters tested. And each beam splitter has 4 ends: T, R,1
and 2.The total power before the splitter was ~4.5nW and the sum of both two output ends of
splitter was only ~2.4nW, indicating a loss ~3dB. Another thing we can get from these

measurements is when choosing the right beam splittér §nd right input end (R), the two
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outputs (1 and 2) had very similar power (1.15nW and 1.19nW) (comparing #8 and #9), which
matched with the 580 ratio.
For theinsertion loss between from the fiber to detector, the datasheet neshtnommum
about 80% coupling efficiencyn short we can image when weetyl unit powerfrom the lensed
tip fiber collection, after it passeadrough theéront and bacKilter stages and splittethe detector
can receive 6.2 unit (ideally 0.5 unit due to the splitting), whidh not perfect buusually

acceptald.

5.1.2Suppress theRandom Noise Counts

During single photon measurementandom noise counts originate mainly from two
sourcesThe first onas the dark counts of thaetectorsin semiconductoavalanche photodiodes
dark counts occur when avalanches are triggered by electrical carriers that are thermally generated
All single-photon detectors exhibit dark counts in the absence of ightnumber of dark counts
is decided by the quality and manufactofehe detectorsandusually unchangeabksincei t 6 s
difficult to eliminatethe thermalactions From M P D alatasheet, thdark counts per second
should bedess than 50Whentransferred into histogram modesults, this random noismuld
appear in any time delagnd increase thminimum levelof coincidentevent countsThe noise
counts were proportional to tkeatire collectiontime andmaximum timedelayfor coincidence
calculation

The second part of noise courdse from weak fluorescencein background.In our
experimentsthe fibers andgtages were covered by a tlayercoveture,which hasone layer of

thick vinyl film and one layer of thick black clatt{fSeethe blackones inFigure5.3 (c).) 1 t 6 s
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already known that adding the bandpass filters just aftéetised fiber collection could filter out
many non QD emissions. Howeveétr,was found that withouthis thick black covertutethe
backgroundluorescencecan enter thdibers halfway through the thin cladding and connectors

which are after th&ont filter.

Table 2. Photons Counted w/woBlack Coverture & w/wo. Front Filter

Photons Counteth 1s | wo. black coverture | w. black coverture w. black coverture
(T2 mode) (room light) (roomlight) (dark)

wo. filter Up to ~300000 ~70000 ~30

w. 3nm filter ~6500 ~500 ~0

Here, to show the blocking effect clearly, we counted the photons under room light with
and without the coverture of black cloth and film and without anyL@D sample. Room light
can be a good example of background noise, although we never turn itranréatimeasurements
with results shown iTable2. We also tested the covered setups under dark environment as we
kept in real measurements. And the noise counts from the background light could be suppressed
to a very low level. The readings of photon counts have already subtracted the noise counts from

dark current and empty bins.

5.1.3Eliminate Satdlite Peaks from Afterglow/Backscattering

Besidesrandom noisdriggered by themally generated carrieiaside theSPD another
undesirablesignalis from the afterglowphenomenaliscussedreviously Since the afterglow
photons areloselyrelatedexcitedto/by the original photonscollected by the detect®rAnd they
usuallybecomedetectedoy the other detectdhroughbackwardpropagatbn after acertain time

delay The histogram modeesuls showed clear satellite peakdue to these afterglow photons
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The intensity of satellite peaks increases or decreases together with the entire photon counts and
histogram counts. And the contrast cannot simply be lower by increasing or decreasing the photon
counts.In Figure5.4 (a)(b)(c) emission from QELED was collected and coupled into the lensed
tip fiber. After this,t h e r e Gme fileemnl frpnt of the beam splitter and tlsngle photon
detectors connected to the beam splitter direEtlym the (a) to (cwe changed fromo bandpass
filter, a 3nm banpassfilter to a0.6nm bangassfilter. By narrowing the passband, the photons
passing through the front filter became less and less, so wasstbgram counts. However, as
indicated by the red dash circles, the satellite pstiksexistedin all the three cases, even the
narrowest bandpass filtene This is becausthetransport path dadfterglow photonfrom original
detector tdoeam splitteandto the other detectoras not affected by the front bandpass filter

The only way teeliminate the artificial photons from afterglasvaddingbandpaséilters
between the beam splitter atigk detectoras what we did ifrigure5.3. Since thavavelengtis
of afterglowphotons arevery different from the origial photon, thg are blocked by these back
(of the beam splitter) filterandno more entering the other detecfbhnis will not require a very
narrow bandpass filter, even just changing tHeedch filter stage frorthe front of the splitter to
the back of splitteseems tdhelp suppresghe satellite peaksa lot It is possible thathese U
bencles (FBP-A-FC fiberto-fiber coupler)also have @ effective frequencyrangedue to some
antireflection coatings, which can partially regarded as a bandpass filter as viflcourse,
adding narrow bandpass filsanto the Ubenclesfurther improveghe suppression of afterglow

(Figure5.4 (d)) and should beegarded as standard operation
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Figure 5.4 Satellite Peaksn Histogram from Afterglow Phenonmena (a)no front filter ; (b) a 3nmbandpass
filter put in front of the beam splitter; (c) a 0.6nm bandpass filter; (d) move the kbench filter stagefrom in
front of the beam splitter to in front of the detectors 3nm filter applied. The histogram measurements arelh

from the illnumination of QDs electrical driven at6~7V, 30nspulse width and210nspulse period.

5.1.40ther Settings ofSingle Photan Measurements

Several parameteshould be controlled so as to rdfed the correlatiorof photons when
measuring histogram$ut can be ugel to improve the histogram plot qualignd should be
chosercorrectly.

First isthe threshold voltagériggered by the correlatoAs the amplitude ofNIM output
of our single photon detectas -700mV, the trigger levebf correlatorshould bearoundhalf of

the input signalwhich we set te400mV as recommended.
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Figure 5.5 Zero-Delay Position Checked by LaserHistogram of a laser pulsanjection, which splitted into 2
channels Set-25ns and +25ns delay in channeldnd 2 respectively. Trigger at the same edge. The histogram

showedthe laser peak position at 49n#dicating the zero delay position.

The second parameter is the input delay. In the NHdtip, we can apply positive or
negative time delay to the input channels in a certain range. For a single photon measurement,
since we wanted to see the antibunching phenomena in both sides aroutelagrave shifted
the zero delay a little bit to the right. To do this, we appliegbas delay at input 1 and a +25ns
delay at input 2. Then the original 0 delay of histogram now shifted to 50ns. To double check the
zeraodelay position, we measured thistbgram of signals from a laser with a very narrow pulse
width in the smallest time bin size. As shownFigure 5.5, since we know laser is a coherent
source which §0) =1, the counts in histogram plot will be proportional to intensity of laser pulse
and they are the same shape. Thus, the peak position is the zero delay in histogram. We/can see
applying the-25ns and +25ns into the two channéte zercdelayposition wasnoved b 49ns,
which was verycloseto the 50ns setting.

The last thing is time bin sizé bistogram measurements. Te¢wrelator can support time

bin size as small as 10ps. However, sinceetitee amount of time bins limited, the maximum
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time delay range to calculate the correlation betwieemhotons collected in different channsls
proportional to thdime bin size Also, the CdSe/ZnS emissidifetime is about30ns.Photons
collected n the samdifetime windowcan be regarded agingexcited at the same tim€here is
no need t@eeparate coincidenexents with a resolution much shorter thhalifetime of exciton
In most of our single photon measuremettts histogram measuremevasdone with aesolution

from 160ps to 10240pandanentire histogram time range fromdOus to~640ps.

5.2 Tuning QD Emissiors Under Different Electrical Drive Conditions

In thechaptembove, waliscussedhowto configureasingle photon measuremefterthe
emission was collecte@pecifically, we focus on how to measure photmwrrectly and nothing
aboutadjustingthe emission of QDs.

QDs under electroluminescen@an exhibit highly adjustable emissions under different
injection conditions due to the various injecting stafage to the complekandstructure the
currententeedinto QD-LED showed differentresponseunder different bias rangeBecausef
the switch betweenlifferentcarrierdynamics Last, when injecting witha verynarrow pulse the
response speed of QLED also needs to bmnsideredSpecific experiments were done to explore

the effects of different injectioconditionsasdiscussed below.

5.2.1Adjust Biasfor QD-LED Based onl-V Characteristics and Thermal Precautions

For a QDLED based on the organic HTL PEDOT & PYBommon 4V characteristics

were measured as show Figure5.6. Two QD-LED samplesoatedwith very different amounts
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of QDsweremeasured fromlV to 1Vand 0~5V A 3mg/ml concentrationndiluted QDsolution
was usedfor the first (greensampleduring spin coatingwhile the second (blue) one used
100,000x diluted (in Toluene) QD solutida make the QDs much more separatddre, the
samples were well isolatexhdadded thick silicon monoxide layer to kespay from lateral or
vertical leakage currenwhich will be discussed more in the ChagEes:

Both samples showed rectified/Icurves nicely that almost 0 leakage current in negative
bias Figure5.6 (a)) and an exponentially increasing current in positive Isimgi(e5.6 (c)). This
indicated a welldefined pn junction characteristic of our QDED.

Comparing thé-igure5.6 (a) & (b) or the curves iRigure5.6 (c), an important observation
is between the two extreme | evel .Thécur@@btgedsusc ov er
voltage showed clearly different trends which indicated the diffem@sthanisms of carrier
transport and how the quantum dots involved into it.

In the undiluted sample, due to the fully covered QDs layer on the junction ared/ the |
washeavily influencedIn the 100000x diluted QDs sample, there were only a few of QDs placed

in the 10um diameter holes, and the current mostly just passed through the PVK-&i.the n
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Figure 5.6 |-V Characteristics of PEDOT QD-LED: (a) measured from-1V to +1V betweentop ITO anode
and bottom Al cathnode; (b) measuredfrom O to 5V; (c) the loglog scale of(b). Current injected to QDs
inside 10um diameter holescoated in different concentration The green dash lineepresents a QDLED
degradedafter long-time and high-voltageinjection. The PEDOT QD-LED was optimized with isolation,

thick SiO insulating layer and smallelectrodearea.

At alow voltagebias,thebiaswas not high enough tmake both electron and holesnel

throughthe energybarrier of coreshell QDs (seeFigure4.1). The junction and QDsvere in a
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spacechargelimited conductionThe extra QDs in undilutesampledid little help or added more
difficulty for conducting the current.

When voltage increased &wound 24V, near thigypical threshold/oltageof QDs both
electrons and holewere injected into the QDsThe recombination irQDs formed efficient
channe$ andimproved the conductioherefore, thelog-log slopeof 1-V showed a jump um
theundilutedQD sample, but almost no changehighly diluted QD one.

Whenthe voltagencreased furthemorecarrierswere injectedinto the materialsAnd a
larger ratio ofcarriersjust formedthe ohmicconduction.The ohmic conductiowas known to be
lower efficiency than the confined injection and recombination in (Hosthe loglog slope
dropped.

While the undiluted sample showed-aegjime |-V characteristicue to the QDs presence,
thehighly diluted sample just showed an almost unchanged divdeharacteristics. This surely
confirmed the role QDs played in the carrier dynamics of @EBD. And this 3regime vV
performance was also reportednanyotherQDsresearchs[84]

As shown inFigure5.6, we cardeterminghe threshold voltage of our QCED was about
2~3V. Whenthe QDLED biased at this level, the QDs start to emit phot@vigh a higher bias,
the QDs are stilhble to illuminate, and emit more photphsecause more carriers angectedand
more recombination occurgiowever thisis not the preferred case for our single photon source.

Electroluminescence of QDs involvesnypossiblecarrier state Thehigher ordestates
require multiplecarriers injected into the QD at the same t[Bjeln another word, when more
carriers injected into the QDs, which is the case of applyingehiglas, the possibility of exciting
electronhole pairs in higher order states beconmeseasedThe higher order statescombine

eitherthrough norradiatve Auger recombination arascadenulti-photon enmssions The former
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onecontributedo heatrelated problemand the latter ondisturbsthe single photon performance

of our QDs.
cps | (A)
2x103 : : : 8x10-4
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Figure 5.7 Current and Numbers of Photons versus Bias emissionmeasured from the sameaindiluted QD-
LED dot in Figure 5.6. Blue line indicates thedetected counts per second (cps) of eretd photons Red line is
the I-V charateristics. Green linerespresent the ratio of Photons/Currentas an effieiency from injection to

emission in an arbitary scale.

Since part of the recombination under high bias becomesratiative, the quantum
efficiency of electroluminescence also dragsich has been observed in other woi&S]. The
Figure5.7 showed the relationship between injection current and number oédpfitbtons from
our same undiluted PEDOT QDED samplein Figure5.6. For a single photosource purpose,
we should aimoperatingclosely above the turon voltage so we couldachieve the highest
guantum efficiencandmainly single photon emission.

One moreimportant reason to keep the bias at low level is to control the thermal

degradation of QELED. For a PEDOT sample, when lodaat generated during the injection
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was out of control. The organic layeear the holes will decompogse]easerolatile compounds
inside the layers, reshape the struct(ifggure5.8 (b), right)and reducés conductvity. In Figure
5.6 (c), the dash green ling the IV measured after thendiluted sample degraded in a way shown
in Figureb.8, we noticed that after the degradation, theltmgslope seems to be similar as before,
but the current level shiftednd became smaller. This is equivalent moirecreasd resistance

caused by thdegradation of organic layer.

(b)

o tilt spot det 'mode HV mag® WD HFW [I7077 I m—C L ——
52.0° 80 ETD SE  5.00kV 650x 7.1mm 319 ym 4:11:58 PM Ebeam

Figure 5.8 Thermal Degradationin Nanoholes and Lines (a) after measured inhigh volatges,from left to
right, the PEDOT QD-LED sample showed gradually increasing area of degradation. (kgfter the emissionin

the left, the degradation along lines was checked under SEM

As mentioned above, under a high biased voltage, there are two kinds of recombination
related to heat generation. One is the Auger recombination of the higher order excited states inside

QDs. The other one is the ohmic conduction of the carriers at theoonThese twomethods
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probably worked together in generatihg local heatBecause ongendduring measurements of
the organic QELED samples ishe degradation usually appeaadngwith the strongemission
first. The strong illuminatingpnesmeans theyget morecarriers injected and more noadiatve
recombinatiorand heatThis heat quickly degraded the conductivity of our-QED. But even
after the cleaemissiordisappeared, the degradation was still extendifigchwas caused by heat
from ohmic conduction

Furthemore, since we have thin oxides insulating layer between the top conducting
layers and bottom-8i substrateoutside the nanoholethe voltage appliedn the oxide layer
cannot exceed tHaeakdowrnvoltageof this thin SiG layer, which is a hard limiof the maximum
bias.

Overall, it may be useful toperate the QELED underahighvoltageto achieve biexciton
and entangled photonBut for tre single photon emissiopurposejn most of oursinglephoton
measurementsf QDs, wekept asthe appliedvoltageaslow as possiblendi t jd@stmore than
the QDL E D iurs-on voltage a lité to avoid low efficiency recombinatipmulti-level emission

andsuppress the heat.

5.2.2Pulse Width, Repetition Rate and Duty Cycle.

When onditioning the emission frorthe QD-LED, the most important parameterthe
voltage appliedihjection level as introduced abowo matter the QDare driverin acontinuous
wave (CW)mode likedirect current (DCinjection orin a pulsed mode like high frequency square
wave signalsHowever, for the different injeetg methods especially the pulsed injectisysome

parametersalso affect the emission of QCED a lot.
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Table3 below showsghe photon counts from QD-LED injected at 3\tonsistentlyDue

to the fluctuatiorin the lensed probe alignmeandthe emission stabilitduring measurements

the readings oscillated in small rang®st the trendof theemissiorversus pulse parameters were

clearand plotted irFigure5.9.

Table 3. QD EmissionUnder Different Pulse Injection

Pulse Period (us| Pulse Width |is) | Duty Cycle(%) | # of Photons (count peecond) *
100 10 10 3834~3953
10 1 10 3677~3712
10 2 20 6054~6149
5 0.5 10 3527~3556
5 1 20 68386960
2 0.2 10 2861~2925
1 0.1 10 2625~2660

*The original T2 mode data were collected in 3sThe samenumber of empty/dark counts was subracted

from the raw data and the counts were normalized to per second value.
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Figure 5.9 QD Emissionunder Different Pulse Injections (a) Pulses had same 10% duty cycléut period
varied from 100pus tolps and pulse widths changed from 10us to 100n#®) Compared two different duty
cycles of pulsanjections under two repetition rates: 5us9.2 MHz, 10us=0.1 MHz. The diameter of holes was

2um.

Adjustingpulse widhs, we can observéag frequency respsecharacteristics of our QD
LED. In Figure5.9 (a), we kept the duty cycle unchanged, and gradually decreased the periods
and pulse widthssimutaneously For high frequency andnarrower pulseinjection the
displacenentcurrent and capacitance effgtayed an important role.

For our baic QDLED design shown in Chaptdr0, a 20nm thin oxide layers placed
between the top and bottom conductive layerstaadTO electrodehadl.5mm diameterAt the
same time, if the PEDOT layer was not scratched/isolated thvele would begpossible lateral
connection tdhe field area. All thesmeans a large electrode area asdallspacingdistance in
the capacitance calculatiofhereforethe capacitance e firstQD-LED design wa significant.
Because of thisour device can bapproximated as an RC circaibd thereal voltage appliedo
the devicehasa resporetime delay to thesourcevoltage. Wherpulse becamegery narrow the
real voltagdell beforereaching its maximurand the effective injection level dropp&b,we can
see inFigureb5.9 (a), theemissionin narrow pulse injection was weaker.

If we keepthe pulse widtls unchanged anddjust the repetition rate, which indicate a duty
cycle difference of pulse injection suchkgure5.9 (b), the photons emitted increased directly.
Because largerduty cycle simplyequalsmore activeemittingtime in every unit time window
andthe count of photons definitely increasdut we also notickthat the improvementrom
increased duty cyclex high frequencynjection was a little more than the one of lofrequency.

This can be explaineoly thereal emissiortime profile. The realinjection currenfrom pulses is
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not the samesquare waves sourcebuta smoother curvéVhenduty cycle increased ihigher
repetition rate anaharrower pulses, (but before the frequency response dropisg, effective

injection increasga larger ratidhan the opposite ones

(a) (b)
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Figure 5.10 QD Emission underPulse Injectionswith Another Hole Diamemter: (a) Pulses hadhe same

10% duty cycle. (b)Comparing different duty cycles. The diameter of holes was 10um.

The frequency response of QD emissisrstill sampledependenand may have small
differences between samplésFigure5.10, the emission was measured from the sampifécase
5.9, but fromanother device with larger hole patteri¢ith the larger holeshe ratiobetween
currentconducteddirectly through the holesindthe displacement curreptrobably improved
Therefore, the capacitance effect seems to beTésstrequency response dropped much slower
or kept in the same level befairgecting with very narrow pulse&nd the improvement from
duty cycle was also clear.

Based on thelata abovewe know that t 6 s better t onaongdumat e 0L
frequency rangerThis is very true if we just want to get stroglgctroluminescence. Howevéoy
our QD-LED, one important goal is to achieve single photon emissaw®ally, if the pulse width

of injection issimilar orshorter than the lifetime of excitptne QD will only be excited one time
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from one pulseThe possibility ofmultiple injectioninto the same QD frorasingle pulse is much
lower, which is goodor single photon performance. @marrow pulse mmendedor the
pulsal injectionmeasurements o e £amtéatlictCW measuremersietup Both injecting methods
could showgood single photon performangk.3-5] In CW or wide pulsénjection, thehigh order
excitation statesnay occur due toepeated injection in longgulsetime and affect the single
photon performance. Bun electroluminescencehe possibility to formhigh order stateand
multi-photon emissiogan ke suppresseldly more precisdias contrallf only one QD isemitting
single photongontinuouslyor multiple single photons from one wide pulggth fine resolution
detectors and correlatdhe carelation between these photaren still be separated.

Based on the discussion abovegur single photon measuremetitg stategyfor pulsed
injection was first, to set a minimumemission levelwith enoughphotonsfor correlation
calculation Second, findhe minimum voltageneededn low frequency injection to achieve this
emissionlevel. Third, reduing pulse widthas smallas possible before the frequency response
heavily droppedFinally, increagng the bias slightly tocompensate fothe possible loss in
frequency responséastly, increasng the dutycycle canefficiently increase theveakemission
level, but itis risky andnot commonly usetlecausehe heat sinkvith continuousnjectionwill
be muchmore difficultandmay cause serious thermal degradation.

When measuringh CW mode the strategy was a little different, wesedthe pulse width
in a medium range whiclkias muchongerthan theemission lifetimeo simulate the CW injection
With a largerpulse width, the goutside zero delay wasiore flatand less affected by the

consistencykspormsetime/transition regiomf pulse injection
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5.3 Revision of QDLED Structure

Previously, we discussed theeasurement setufom input source, collecting fibeto
detectos and correlatar By optimizing the measurement conditionse learned many
characteristics of our QIRED as well.

However, also shown in some previous reswdthough the basic QRED structure
guaranteedhe strongemission when testing with more strict single photon emission conditions
there were several problems stided to be solvedkirst, asdiscussedn the last pageshe QD
LED working under high frequency operation showed significant loss due to th&lesn
frequency respons@he realvoltage appliedn our sample was lower than source b&escond,
without scratched isolatiorwhen applying bias between the ITO and substthiinjection
efficiency to QDswaslow due to bypass leakageThird, afteremissiorinjection, theorganic
layers thermally degraded amdimbeed the emissionTo overcome tbseproblems, we re

designed ou@QD-LED structure

5.3.1Improve the FrequencyResponse

For aQD-LED driven bypulsesignal the transition timén rising/falling edgedecides how
fast thereal voltage applied to the @@an switch in response the outputof pulse generator
Assuming our QELED is aRC circuit,the transient e s ponse time U can be e

t Y o (5-4)
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Here, R is the resistance and C is the capacitdhteepul se wi dt h is | es
amplitude ofvoltage applied to QDwill be much less than the supply. case we want tdrive
the QDLED with pulses narrower than the lifetimef exciton,both the resistance and capacitance
should be as low as possible.

Capacitance is usually in the form of:

Fol 5 (5-5)

Inour QDLED structurel) i s t he di ethednsulating matedafoxice)Aant o f
is the effectiveelectrodearea of ouinjection. d is thespacingdistancgoxide thicknesshetween
the conductivdayers Obviously, to decrease the capacitamee should do two thingseduce the
electrode size and increase the oxide thickness.

For athermally grown S0, the thicknesss proportional to the square root of timie
increase the oxidthicknessto more thana hundred nanometessill not be convenientAs an
alternative we deposited-130nmthick silicon monoxide (SiOdn top of SiQ. Like SiOy, SiO is
alsoan insulatingmaterial. Togdter theyworked as a thick insulating layéeeFigure5.11),
increased thd several timesnddecreased the.C

The effectiveareais definedby where thebias is applied across tdelectriclayer,or the
area ofconductingayersfacing each othawn both sides of thexide. To reduce this area, we did
two things.The first one is reducing the size of ITO electrode. This was done by changing the
shadow mask patteio a smaller one (from 1.5mm diameterOt&7mm)during the sputtering

deposition of ITO.Considering the alignment difficulties and room of probimwe di dn ot u

smaller ITO dot.
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(a)
ITO

Figure 5.11 Reduce the Capacitance of QRLED: (a) BasicQD-LED strcutrue with a small d and a large A

(b) Revised QDLED strcuture with a large d and a small A.(c) & (d) Top viewscorresponding to (a) & (b).

The second one to reduce effective area A
decreasing the area of the SiO window in the structures where SiO layer is added. As shown in
Figure5.11, yellow lines indicate the effective area A and purple lines indicate the distance d. By
revising the structure from (a) to (b), the effective area will be much smaller. The patterning of
SiO windowcan be achieved by liiff deposition of SiOEtching is not preferred in pattering
SiO, becausthe silicon monoxide does not etch uniformly and often teffidue with common
HF etching.

We spin coatd positivephotoresist on the sampddter the SiQ etching andexposed the
entire surfacexcept the square window of holes patteffhe exposureould be doneavith laser

(of maskless aligner) or bright field mag&pending on the desighfter exposure and developing,
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the holes area was covered withotoresist block. Then we deposited the SiO through thermal
evaporation antifted off the photoresigib open the square window again.

From the Eq5-4), we know the resistance R may alsftbect thefrequency response.
However, in such ¢hin layered PEDOT QED structure the resistancérom the conductive
layersalong the vertical injectiors very small The main resistance came from the very small
holes patterns which bottleneckedhe current.In our measurementjevices with small holes
usuallyhave smaller curremtown to several nAAnd the high frequency operation became very
difficult. To operate with pulse injection, ineamylater fabricatios we measuretoles with 500nm
-10um diameter, whichcould provide confined injection and alsbe compatible with high

frequency injection.

5.3.2Reduce theBypass Leakage

For the PEDOT samples, since the top surfa
the injected current can laterally transport, find a surface defect from the thin oxide layer or sample
edges and escape to the substrateA(as the top right ofFigure 5.12). This leakage current
bypasses ouQD-LED and reduces the performandgesides reducing the capacitance and
displacement current through oxide lagerB in the bottom right dfigure5.12, adding thick SiO

layer also reducgheleakage through the surface defegthin oxide.
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Figure 5.12 PossibleBypass Leakags. The insulating layersand isolationswere approximated as capacitors
in the circuit. A representsthe isolaton. B indicates the capcitor effect of oxide layerdlhe quality of A & B

affect the ratio of current injected to QDsor bypassas leakage

Because th€@Ds andorganic layers are sensitit@ moistureand easy to be oxiged i t 6 s
difficult to patterdisolate the top layers througjthography omvetetchingor RIE. In the previous
section, ve introduced the isolatiazould be done through manually scratching by tungsten probe
under microscopeHowever,sometimes t 6 s di f f i cul t isdlaton was adame wh et h
thoroughlyin this methoeforeextral-V measurements
With the thickSiO layer addedwe developed more stable isolation through feioas
beam (FIBmilling. In the FIBmilling, heavy Gdium atomsbombardedhedemarcatedsolation
areaBy carefulcontrol of the milling time angdower density, we camake the milling stop in the
middle ofthick SiO layersandseparate the top conductive layers to form a good isol&efore

the thick SiO layewas addegdthe FIB milling was difficult to controbecause the organic layers
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were etched away veryickly and the Si@layer was too thin to let thmilling stop just in the

middle.

prarnmss
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Figure 5.13 FIB Isolation on QD-LED. FIB milling with dfferent set depths: (a) 200nm (b) 200nm(c) 300nm
Notice that our milling etched into different materials, so the set depttwasnot the real depth, just a reference
value based on the millingspeedof Al. (d)A 3-terminal QD-LED devicebefore andFIB isolation. (e)&(f) The

same device after FIB isolation under SEM and optical microscope.
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In Figure5.13(a) to (c), the linewidtlof FIB milling wasset to be 500nrand the set depth
testal from 100nm to 300nm (referred to élich rate, not real depth for our sampker a100nm
set deptl{Figure5.13(a)), themilling stopped at the organic layers, due tortbeenough etching
of organic layersand nonuniformity, remained organic materiatst in the trenches and still
connecting theetched edgedlso, the linewidthof isolation wassmallerthan the otherdn this
case the FV measured from the isolated area to the outasrdawasas large as11pA (Figure
5.14 (a)).

When we increased the set depth of FIB milling to 200nm or 3(@Gigure5.13 (b)(c)),
due to the slower etching rate in StBe milled surface was much smooth&nd leakagecurrent
dramaticallydecreased to 160p@igure5.14 (b)), which indicated a goodalation.

A global view of3-terminal QDLED sampé before and afteisolated by the FIB milling
was shown irFigure5.13 (d) to (f). The set deptiof milling waschoseras 250nniTo ensure the

isolation can be done correctthe linewidth was increased to 1.5um

(2.

Figure 5.14 Lateral Leakge Current after FIB Isolation on QD-LED. (a) FIB milling with 100nmset depth

(b) 200nmset depth.
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(a) FIBisolation

N

| |

n-Si

Al 120nm

PEDOT:PSS 50nm’
Total: ~250nm { PVK . 30nm

Figure 5.15 FIB Isolation Applied in 3-Terminal QD-LED. (a) Cross-section view ofa 3-terminal QD-LED.

(b) top view sketch (c) top view under optical microscope

Here, we mentioned &terminal QDLED structure. Thisstructureis very similar to the
revised one ifrigure5.11(b). The number ofSiO windows is increased to 3 ama bottom ITOis
addedbetween Si@and orgarg laye in theSiO windows The 3 windows are separated by SiO
and FIB isolatiorand only connected bhéextra bottom ITO layeMWhile theQDs can be biased
through the center window, tlsgle connectiosare supposed tapply bias onthe thin oxide and
adjust the carrier @omulation under it to iprove the injection efficiency.The detailed
fabrication process of the-t8rminal QBDLED will be introduced inAppendix Figure5 and

Appendix Figureb.
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Back to theFigure5.12, the FIB isolation helps reducdeakage througleonnection A
for the samples with organic layers which dificult to pattern and remove tle®nduction in the
field area.However, sincehis FIB machine is more for characterization purpose not fabrication
purpose. Aligning the isolatioand focusing the ion beam along a large samgiewery time
takingand low efficient.

To solve the lateral leakage into field area and surface gefagdemswe can replacthe
PEDOT and PVK layer with other conductive matettiat can be patternedere, we tried nickel
oxide as the hole transport layardlocally deposiedit by sputtering with shadowasktogether
with the ITO on the topfter the QDs coate@vith PMMA or not)

Since the new NiO QILED structuredo e s Imadet conductive layers oof the ITO
electrodethe lateral leakagalong thetop surfacewvhichis SiO isnaturally impossibleAnd no

moremanual or FIB isolatioms neededl @ 1V <160pA)

5.3.3Improve Stability (Thermal and M echanical)

During the previous stydof different injectiors, one common problem is thermal
degradation ofthe QDLED. From theapparent deformation and bubldeneratio during
electroluminescencgave cannfer thatthe degradation was from the thick organic tayad less
likely to be from the small QDdf the QDsd e gr ade d, itdéds more | ikely
observed at allThe weak stability of organic layers mag due to thaincompleted solvent
evaporation andxtramoisture capturedshenspin coated and bak&dair ambient.
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To further remove the possible moisture and solvieapped inside ganic layers, after
spin coating and baking, befdree deposition of ITO, we put tlisample into the vacuum chamber
and pumped overnighDeposit ITOimmediatelyaftertaking out of the vacuum chambérter
such a vacuum treatmetite emission of QELED can lasimuch longer, from justeconds and
few minutes taneor two hours.

The other method to increase the stability of-LED is the same as what we didl
reducing lateral leakage. We casplace the organic material with inorgariole transport
material such as nickel oxide. By doing thiree QDLED emission became even more stable and
keptsimilar photonscouns for >5 hours measurement

Another benefit of replacing PEDOT and PVK with Ni©the mechanic stability also
improved. Since PEDOT and PVK are smfjanic materials, the ITO deposited on top of PEDOT
and PVKis easy to be punched acratched which is not good for long time@robing or
connectionsWhen ITO deposited on hard NiD,t 6s mor e di f f iFQwd5i16 t o be
(b)). Here, the thickness of NiO wa85nm.

The emissionof PEDOTQD-LED and NiO QDLED was also compared Figure5.17.
With the same injection condition$iet maximunreadingof PEDOTQD-LED (Figure5.17(c))
was 34291 cpsvhen collected near the edfgubtracted the background and empty couts)

emissionunder the large electrode angas very non uniform.
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Figure 5.16 Mechanic Stability of Different QD-LED . Probe scrtached inthe same wayacross(a) ITO on

PEDOT. (b) ITO on NiO.

Figure 5.17 Compare Emissionof QD-LED w. PEDOT or NiO as HTL. QD-LEDs were diven at 4V, pulse
width =10us, period=100us.No oxide layer and nohole patterns(Planar sample, QDs coad everywhere
without confinement). (a) PEDOT sample (b) NiO sample (c) emissionfrom PEDOT QD-LED, 8s capture

(d) emissionfrom NiO QD-LED, same 8s capture time of camera

For a NiO QDLED, the peak intensity afmissionwas 17494 cps, whickas weaker than
the PEDOT caseBut the advantage of NiO QIED is it hasmuch better uniformityFigure

5.17(d)).

5.3.4Improve the Conductivity of NiO Samples.

Above wedevelopedD-LED with NiO as hole transport layer and eliminated the use of
PEDOT and PVKThe QDLED structure can be simplifies shown irFigure5.18. For the NiO,
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one thing wewere concerned abowtas the resistance of NiO. The resistivity of NiO highly
depend on the deposition methdebr the NiO deposited through thermal evaporatiemnoticed
that everdirectly probingtwo nearby point®n a 30nmplanarNiO layerwithout any isolation
the lateral current levehas as low as <5nAror the thick PEDOT and PVK, simildateral

measuremenisually ha current ~10pAThis meansheNiO has aelativelylargeresistance

ITO 100nm
NiO 15nm

Figure 5.18 RevisedQD-LED Strcuture with NiO and PMMA.

As a result, the threshold voltage of QDsb©d
voltage drop oMNiO layer became more. And compared to the PEDOT case, the increased R from
NiO, also affected the frequency response and degrade the injection efficiency.

To improve the conductivity of NiO, we switched the deposition from thermal evaporation
to sputteringnsidea mixedAr and Q ambient As compared ifrigure5.19, thetransmissiorine
model(TLM) measuremestwith Al linesona50nm-thick NiO sputtered in Ar onlpr mixed gas
has been reported. For the Ar only environment,sinattered NiO ha sheet resistance of
524Mq and a cont act enrhesams to thenspudteriognin 821 Miip.of Wh
ArO2mixeda mbi ent, the sheet resistance decreased

2 4 . 5Tkegoxygen involved sputtering of NiO increased the conductivity of NiO a lot.
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With the better conducting NiO, the Ni@w should be locally deposited and aligned

together with the IT@lectrodesputtered on it to avoid lateral leakaggeshown irFigure5.18.

(b) Linear Regressionof R: Ar only
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Figure 5.19 TLM Test of Sputtering NiO with Different O 2 Ratio . (a) the NiO sputtered in Ar only (left) gas
flow and 10:5Ar : Oz ratio mix ed gas flow(right) . The substarte is glass sildeAl deposited on the different
NiO with TLM patterns as indicated within red dash circles.(b) TLM measurement on NiO sputtered with

Ar gas only. (c) TLM measurement on NiO sputtead with 10sccm Ar + 5sccnOz.

5.4 Single Photon Performance othe RevisedQD-LEDs

Previously we introduced mamgvisionson the QD-LED structures From the basic
PEDOT QDLED to a more complesiO added PEDOT QIED structuresas shown irFigure

5.11 anda FIB isolation involved structure iRigure 5.15. Next, with simplified isolation by
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changing thénole transport layer from PEDOT aR¥K to NiO, we als@chieved better stability
of the devices.
From the improved structures, the single photon measursmwengtested on the QD

LEDs.

5.4.1RevisedPEDOT QD-LED.

For the3-terminalPEDOTQD-LED sample added with SiO and isolated by FIB as shown
in Figure 5.13 to Figure 5.15. The FV characteristicsand single photon measurements are
summarizedn Figure5.20.

The 3terminal QBLED only biasedetweerthe top center electrodeigure5.20(c)) and
bottomand same operation as terminal QDLED.Cur r ent after the i njec
or degrade fast due to the extra vacuum treatment after spin coating organicTlageusrentat
1V biasincreasedrom 540nA to 705nAafter thefirst injectiors. (Although it still degraded after
long measurements, and current droppedné.) This is common for QELED samplesBefore
injection, theinterface statesvere notstable,andsome channels may hatldn layes not well
corducting such agery thin oxide With carriers continuously injected, theerface states became
moreconsistent and reactiyvand thenot well conductinghin layers broke dowrdue to the voltage
appliedon it. For the QDLED samples, usually theurrent and emission leveicreasest the
beginning of injection, becomes stable for a while decreasewhen degradation occurs.

This PEDOT QDLED samplealso showeda good frequency responseé&ee Table 4,
without filters, biasedat 3V with 1us pulseperiod and 100ns pulse width, the maximphoton
count collected from the samplewere 313100-484250 per second When thepulse griod
decreasetb 200ns angbulse width decreased 30ns,the maximumphoton cound i ddediease
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but increased t875667 due to a largeluty cycle.Eventhe pulse width reduced to only 15~20ns
and 100ns pulse peri@s shown irFigure5.20 (e) & (f), there was stila significantnumberof
photong71035) measured in T2 modéethreshold voltage of this sample was?#2/. Because
for a fixed 100ns period and 15ns pulse wigdthenmeasuedat the same position froBV, 2.75V

to25vV, t herebs cl| emittedphotontoantsi ng of t he

Table 4. Photon Countsof Revised PEDOT QDLED in Different Pulse Injections

Pulse Period| Pulse Width | Bias| w/wo. 3nm bandpasg # of Photons (count per
(ns) (ns) V) filters second) *
1000 100 3 wo 313100~484250
200 30 3 wo 875667
100 15 3 wo 71035
100 15 2.75 wo 8087
100 15 2.5 wo 907
100 20 3 w 2172%27117

*The original T2 mode data were collected irls. Number of empty/dark counts was subtracted from the raw

data.
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Figure 5.20 SPD Measuremenbf a Revised PEDOT QBLED , (a) |-V from -1~+1V beforeinjection; (b) I-V

from -1~+1V after injection; (c) 3-terminal sample looking from the top; (d) strong emissioncaptured by

camera, 8s exposure time; (epmin histogram measurementinjected pulse width=15nspefore adding

96



bandpass filters totally histogram counts in~10us window 310000;(f) 2min histogram measurement
injected pulse width =20nsafter adding 3nm bandpass filters total histogram countsin ~10us window =

217000 Red dash line indicates the zeralelay position.Time bin size = 2560ps.

Comparison betweerh¢ histogram mode results before and &dtem bandpass filtex
applied(Figure5.20 (e) & (f)) showed an importar@ntibunchingphenomenaBeforewe applied
the filters, the collected photogame togethefrom many differenfQDs with slightly different
wavelengths due to the size variation of QB&hough we had already used the very narrow
pulses (15~20ns)which is shorter than the common emission lifetime of CdSe QDs in room
temperatureZ0~40ng)79,80],it 6 s di f f i c bunchingwleencslleceng tfromeultiplen t i
QDs(g?(0)>0.97)

After the 3nm bandpass filters appliedieasurement, only very few of the QBih very
similar emission wavelengths could pass through narrow ftligether The possibilityof photon
collectedfrom only oneQD every timebecame higheigndthe histogram was more likely to be
antibunching(g?(0) =~0.85) Due to te undiluted @s used in this samplevenwith the narrow
bandpass filters, theghotonswere stilladded from multiple QDs, and the antbunching was not
perfect yetWe also tried diluted QD®ut the more diluted QDs had smaller photon counts, it
needsmuchlongercollection time to get enough coincidence counts to revealritibunching

curve, vhich was still difficult for a PEDOT sample.
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5.4.2Single Photon Performanceof NiO QD-LED.

With the hole transport layer changed to inorganic NiO, the stability of QD emisgisns
i mproved, i t 6 s mothewealpsinglesphdion emissiawith enleray €aliection
time. As aNiO QD-LED with structure shown ifrigure 5.18, the NiO thickness was further
reduced to ~15nm for smaller resistance tamd-on voltage. V& also added thin PMMA layer
with a similarthickness of QDdn case the QDwere spin coated with diluted QD solution and
becamanuch more separatethis PMMA layerwassupposed to blocthe directrecombination
bypasgg QDsin the emptyareabetween QDs atliO and RSi interface

The PMMA was diluted withtoluenein a ~1:120ratio and spin coated separately or
together with the QD®By carefully calibrating the thickness BMMA through dilution, i didn&
fully cover theQDs, but present as self-aligned thin insulating layesurrounding QDsThe
structureworks similarly agplacingQDs irto nanohole®f the same size patterneda thinoxide
as mentioneth thevery beginningo confine the injection.

The NiO QBLED was driven by different butwider pulsesrom 10us to 500ns pulse width
a n d more ltkea CW injection.Thehistogram mode resultsf the single photomeasurements
are shown irFigure5.21. For the NiO QBLED with 100x diluted QDs coatethe emission level
was lowerthe undiluted PEDOT case shownrFigure5.20, andhadless possibility otacled
emission from a lot of QDsThe multiple histogram measuremest revealed consistent
antibunchingcorrelatiors of the photons detectddom different devicesunder different pulse

injections at differentimes
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Figure 5.21 Histogram Measuremens of a RevisedNiO QD-LED. Three 50nm bandpass filters appliedn
front of the beam splitter and detectors The zero-delay position wasshifted to 50ns by addingsOns delay
between the correlatod mput channels.The red dash line indicates the zeradelay position. (a) 30mins
collectionfrom emissionunder 100us period/10us pulse width BV injection, time bin size = 160psshowing
mpt =0 ~ 1; (oPptiGerzaomin of (a), mpt = 0; {cllconPent the discrete events irfb) to a more continous
curve with 10ns time bin size (d) 1hr collection from another deviceunder 3us period/ 500nspulse width /
3.5V injection; (e) another 1hr collection repeated on the samdevicein (d) with same injection; (f) adding (a)

& (c) together as a longer time meas@wment.

As a comparisonye alsoprepared someeferencedNiO LED sampledy not adding QDs
during the fabrication procesSince the electrehole pairs recombined in the Si could also
generatesome emission under higher b[82, 83], we did the same histogram measurements on
these Si emissior{seeFigure5.22) whichare known to be different with a single photon emission.

The emissions from Samplewere weaker than the samples, to get enouglounts, we
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increased the duty cye(10% to 20%pr voltages to a little bit higherbecause the degradation of
Si was less worrisome

At the zero delayhich was shifted to 50ns by addidglay between thmput chanels
(heretheda x i s i n hi showmmarrdngtines)tph e oPDs 6 emi ssi on al w

dip (antibunching)while the Si emissioshowing peak or flat.
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Figure 5.22 Histogram Measurements of the SEmission from NiO LED wo. QDs Measurements were
mostly the same as the real QBamples Filters still applied, (a) (b) (c) 1hr collections,measured from

different devices. None of them showed similar antibunching as th@D emission.

One argumenhere may béhe entirecoincidence countaere still low even in the hour
long measurements atttk fluctuatiorof detectioror noise signals maye involvedl t 6 s t rue t
sincethenoise counfrom the thermadtark currentn detectorss a fixed number per unit tin{g5

histogram countper mininal 0 Os ot , itwould Becbetier ibur emissiorcan be stronger
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and a larger S/N ratid-or the hisbgram measurements abowthough we tried to keep the

voltage at a minimum range to avoid multiphoton emissiaves still achievednuch higher

histogram counts thantheno(@~ 6 0 hi st ogram count s ghterfiltersni n i n
applied, about 5~10 times more. Inthe ®® hi st ogram results, althou
change depending on the collection time and injection, we can firetitfedip ratio were very

consistent in the many measuremen$s1~indicating a §0) = ~0.2 On other hand, thpeak to

deep ratioof the fluctuation in the histogramof Si emissios was mostlyjust about2:1. The
consistently different ratio and shapecofrelation calculation indicate the different mechanism

and type of emission®rove theslectroluminescence dfiO QD-LED under such conditiorss a

single photon emission.

5.5 Quick Conclusion

In this chapter, wextensively introduced thgarameters involved ithe generation and
characterization of single photon source based onLED structures. The structuresere
developed with differenpatterns,the isolation methods to the matesialsedto improvethe
performancer compromiseat some goals

With a revised PEDOT QIRED and dense QDswe achieved strong emissgat low
voltage highfrequency,and narrowpulse operatiowhile the singlephoton performancevas
reluctantly acceptable. With a revised NiO QBED and much less QDsve traded in some
intensity of emissiomand receivedbetter single photon performance with improggability.

Besides the LED structures, we also devetb-ET structures(Appendix Figure7-

Appendix Figurell) in which QDs placed at thérainsource channels and injection could be
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controlled bythe gate voltageThis is for the future integratiowith our SiN waveguides and
couplers based on SOl waférom the QBLED single photon emitter to the plasmonic chiral
coupler and other SiN waveguides, precise alignment between QDs / nanoholes to the narrow
waveguides may still be challengiagd would need improvement

For the QDBLED emitter, we still have room to improve single phopoaperties, such as
efficiency and purity of single photon emission. This task would involtmizing the QD
concentration and placement of individual QI2s$s also desirable to further improve the stability
of our device structurgB6]. We can also try to improve the efficiency of injection by introducing
intermediate layers between NiO and QDs to reduce the bararrier transpoii87] Forbetter
extraction/collection of emigtd photons we just started applyingn index matchingnethod and

it needs more rigorous experiments
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6.0 Surface-bound Waves inMetamaterial Structures

Surface plasmons (SPs) carry electromagnetic energy in the form of collective oscillation
of electrons at metal surface and commonly demonstrate two important features: strong lateral
confinement and short propagation lengths. In this work we have insestighe tradeff
relationship existing between propagation length and lateral confinement of SP fields in a
hyperbolic metamateriadystem andexplored loosening of lateral confinement as a means of
increasing propagation length. By performing firdi€ference timedomain (FDTD) analysis of
Ag/SiO; thin-film stacked structure we demonstrate long range (~100 mm) propagation of SPs at
1.3 um wavelengtl8g].

In designing lowoss looselybound SPs, our approach is to maximally deplete electric
fields (both tangential and normal components to the interface) inside metal layers and to support
SP fields primarily in the dielectric layers part of metamaterial.hSuighly-localized field
distributions are attained in a hyperbolic metamaterial structure, whose dielectric tensor is
designed to be highly anisotropic, that is, Imss dielectric (R¢) > 0; Im(J ~ 0) along the
transverse direction (i.e., normal teetinterface) and metallic (large negative Eeélong the
longitudinal direction, and by closely matching external dielectric to the normal component of
met amaterial 6s dielectric tensor. Suppressing
to naturally result in weakigonfined SPs with peetration depths in the range ofl® um. An
effectivemedium approximation method is used in designing the metamaterial waveguide
structure, and we have tested its validity in applying to a minimally stradotorelayer case (i.e.,
composed of one or two metal layers). L-tm8s looselybound SPs may find alternative
applications in faffield evanescentvave sensing and optics.
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6.1 Introduction

Supporting a surfaebBound wave at metal/dielectric interface, plasmonic metals enable
novel phenomena (e.g., negative refractsut-diffraction-limited focusing field concentration
and cloaking)89-95]. Surface plasmons (SPs) commonly demonstrate relatively strong lateral
confinement and short propagation lengths, for example, penetration depth of ~20 nm in metal and
~300 nm in dielectric side and propagation length of ~300 um for the case of Agitei@ace at
1.3 um wavelength. Whereas strong confinement of SP fields is viewed one of the most enabling
naturesof plasmonic phenomena widely exploited in rAfealid optics, short propagation lengths
are a major limiting factor in exploring chgtale (> ~1 cm) integration of plasmonic circuits and
devices. The nature of this large plasmon loss is basically Ohenjaesistive, being caused by
electron scatterings constantly occurring in mjel93, 96]. The amount of energy loss, which
eventually goes to Joule heating, can be expressed ds <O s ,[36] where Em denotes
electric field inside meta), - i s the i maginary part o¥ismet al ¢
angular frequency of light.

In this work we have investigated the traafé relationship existing between lateral
confinement and propagation length of SPs supported in a hyperbolic metamaterial system and
explored the opposite regime of SP phenomena, i.e., the case of loose cenfiaech long
propagation length. In other words, loosening of lateral confinement is explored as a possible
means of increasing propagation lengths for potentididht optics applications.

In dire need of mitigating this intrinsic problem, i.e., large losses, plasmonics research
community has exerted a great deal of efforts to extend propagation lengths into more practically
useful rangd88, 97-114]: a variety of plasmonic waveguide structures have been proposed and

demonstrated with improved performances, such as metal stripe, nanowgresws, gap, and
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dielectric/metalayered structure. Among them, a tfilm metal/dielectric core waveguide
structure, which is the subject of this current paper, is considered the most extensively studied:
see, for exampl e, B e r-fange 8uwsfacer piamonse amd rpfergnees on
thereif113. In the early 198QsSarid showed that a thin metal film sandwiched by symmetric
dielectric cladding can support lomgnge SH®7]: the SP fields supported by a thin metal core
deeply penetrate into dielectric at both sides, and therefore the fraction of fields in-ihdlogsg

metal film part becomes insignificant, resulting in long propagation lengths. To suppdosew

SPs he metal thickness needs to be typically smaller than penetration depth, ~20 nm. Due to the
large ratio of dielectric constants of metal to dielectric, the noE¥fald strength in metal is
significantly weaker than that in dielectric, therefore, the confinement factor of beam power into
the metal core is usually very small.

Stegeman and Burke analyzed a dowddetrode waveguide structure that comprises a
dielectric layer sandwiched by two metal films forming a mdtelectricmetal thredayer core
structur¢98]. Four different types of surfadeund modes were identified, whose field
distributions are governed by the types of symmetry involved in mutual coupling of SP fields
bound to opposing metal surfaces. One of the symmetric modes (SC mode) shows excessively
long propagation length (~10 mm) under the condition that the SP wave vector asymptotically
approaches the propagation constant in external cladding dielectric and that the core dielectric
thickness remains small.

Recently Babicheva et al. reported metal/dielectric multilayecked hyperbolic
metamaterial as a medium to support lvagge SH414]. By applyingthe effective medium
approximatios, a metamaterial/dielectric interface is shown to supporttange plasmons when

external dielectric becomes weiat ched to the nor mal component
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tensor- e 2 A ; . A waveguide structure that comprises multilagercked metamaterial as
a core or cladding was also analyzed.

While a variety of metal/dielectristacked structures have been proposed for-tange
surface plasmons, it is our view that this subject field has been lacking a consistent approach to
designing lowloss surfacglasmon waveguide structures. In thisyiea we attempt to develop a
simple unified understanding of how plasmon losses can be reduced/suppressed in metal/dielectric
structures. It is noteworthy that the bulk of literature on {margge SPs have commonly reported
observing a tradeff relationship between lateral confinement and propagation length, i.e., longer
propagation lengths lead to more looskbund SPs. However, in most literatureplasmonic
field, which has been exploiting the strong confinement aspect of SP fields thisffrhde been
viewed to be a drawback limiting the application potential to more conventiondieldavptics,
and has not been fully explored for alternative appbaoat In this paper we exploit this tradé
relationship and investigate the opposite regif@asmon operation, i.e., loosely bound and low
loss, as opposed to strongly bound and large loss in conventional SPs.

In establishing a design methodology applicable to a variety of different metal/dielectric
layered structures, we are particularly interested in structures that involve a minimum number of
metal layers. As an example of this minimal structure, we analyaegguide structures that
employ a small number (one or two layers) of thin metal filmsnf{©0Ag) in the core layer part
and demonstrate loAgnge (~100 mm propagation length) and looselynd (310 pm
penetration depth) propagation of SPs.

In designing the metamaterial waveguide structure, we employ an effecttiem
approximation method. Effective medium theory, in general, assumes a large number of periods

of layered structure, and a natural question arises on its applicability tosthefametamaterial
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with a small number of periods. In this work we investigated the validity of this approximation
applied to the doubllayer metal core case. This result is then compared with that of alternative

design of minimal structure, that is, a single metal laysz e@veguide.

6.2 Low-lossM etamaterials DesignPrinciple

In designing lowloss plasmonic metamaterials that support loebelynd SPs, our
strategy is to suppress electric fields (therefore, Ohmic loss) in metals to a negligible level.
Specifically we start with a metallodielectric hyperbolic metamaterial sirgitti5-120, and
design the dielectric constants such that electric fields in metal layers become fully suppressed (
~ 0) while desired surfadeound wave fields (primarily, normal fields) are maintained only in
dielectric layers part of the metamaterial. This design requirement is met by exploiting an extra
degree of freedom offered by an anisotropic metamaterialsystet is, by designing the
dielectric tensor to be very different in two directions: Jlmss dielectric along the transverse
direction (normal to the surface); highly metallic in the longitudinal direction (parallel to the
surface). The tangential ¢igitudinal) component of electric fields in metamaterial can be reduced
to a negligible level by closely matching external dielectric to the transverse dielectric tensor, while
the normal (transverse) component of electric field in metal layers is sugbhiesemploying a
thin-film metal/dielectric stack possessing a large dieleciitstant ratio.

Let 6s i ma ghoume wase popagafing alang the interface of isotropic dielectric
(&) and anisotropic uniaxial metamateri&k)( whose optical axis is aligned normal to the
interface: referring to Cartesian coordinates, the dielectric tensors take the followingfgrm,

Uh.nandGh xx= Gh zz= Ghtfor metamaterial, anth = Gy = G .= (& for external dielectric. In view
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of the transverse nature (i.e., TM polarized) of surtzmend wave and referring to a wave vector
expressiorlQ QUM E, t he Maxwenl I'® s—) ean beadeconmpased(into two

parts:

Ot | (6-1)
AT YOk (62)

Here subscripts andt denote the normal and tangential components, respectively, of fields
(E andH), wave vectork) and dielectric tensot), From this equation set the surfdueund wave
is predicted to possess the following properties: propagation charactdgstg governed by
normal component-  of dielectric tensor, whereas transverse confinenzenis(determined by
tangential component of dielectric tensor. Applying a boundary condition to the interface it
can be shown that the decay constatio of evanescent fields in both sides is determined by their

dielectric constant ratio of tangential components:

- tm
mr B 9

In order to support lovilosslooselyb ound SPs the metamateri al
required to satisfy the following conditions: tangential component should be m&afic
Tt for evanescent confinement in both sides;(i ; 1T ; hormal component should be low
loss dielectricZ A ) - x 1 forlong propagation lengthy (I 'Q x 1t ; tangentiaE-
field should be suppresse®* 1 for loose confinement * 1. These requirements can be
met in a highly anisotropic hyperbolic metamaterial system.

The wave vector in each medium is governed by the following relationship:

Eon AR Eone (6-4)

j Em | Em (6-5)
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whereko is the freespace propagation constant. Combining these equations with the one
derived above for a decay constant ratio we obtain the following expressions for propagation

constant) and decay constarty(, in dielectric side) of surfackound wave:

tm bopitm T Eopitm bwfEo; (6-6)

Em bmjkoy T e pitm  EmlE (6-7)

From Eq(6-6) it can be shown that propagation constait k« = b) will asymptotically
approach - Q asUhnbecomes equal t@. Presuming lowoss dielectric foky, the propagation
constank: becomes positive real with a negligible imaginary par&Q 1) 1°Q x 1 This
implies that we can achieve long propagation lengthgc) [ °Q ) provided thatnormal
component of dielectric tensor of metamateigatlosely matched to external dielectric § e
- ). Similarly, from Eq(6-7), lateral decay constant becomes zero (i.e., loosely confined) as

- ¥T-  approaches 1.

6.3 Hyperbolic Anisotropic Metamaterial

Hyperbolic materials are materials which can show hyperbolic (or indefinite)
dispersiof115120. One of their principal components of the electric or magnetic effective tensor
will have the opposite sign to the other two principal components. These anisotropic materials can
have many distinctive properties. Recently Babicheva et al. reported nedtatiic multilayer

stacked hyperbolic metamaterial as a medium to supporréomge SH414. In this work121],
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alternating layers of Ag and SiQuill be stacked to form the hyperbolic metamaterial. The
thickness of every single layer is under sudvelength scale and the dielectric constants of all

layers can be approximated by the effective dielectric functions.

6.3.1Effective Medium Approximation s of Metallodielectric Thin-film Stack

Letbébs consider i mpl ementing a wuniaxi al hy
alternak layers of metal- and dielectric- thin films in the vertical direction. By applying
the effective medium approximatisnthe dielectric tensor () of the multilayered metamaterial
can be expressed as follows:
tore [ i (6-8)
trn [ i: (6-9)
where- j denotes the dielectric constant along thelame tangential direction, and
corresponds to the normal, thickness directiorfi = 1, 2) represents the isotropic dielectric
constant of component materials {or metal and for dielectric).f denotes the fraction of metal

layer, that is, the ratio of metal thickness to bilayer period.

(a) (b)
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Figure 6.1. Dielectric Constants of Ag/SiQ-stackedM etamaterialswith Different Filling Factors of Ag (a) &

(b) under 1300nm incidence, permittivity in tangential& normal direction; (c) & (d) under 633nm incidence,
permittivity in tangential & normal direction; Blue, real part of the complex dielectric constantsRed:
imaginary part. Calculation assuming @1 3 0 Q 7-88.94+#0.06i si02¥)2.0%: @6 3 3grm, U

1830+0.480®i ,sio2¥)2.123

When the ratio of silver increases, in the tangential direction, the real gaatroittivity
decreases and the imaginary part increases. The metamaterial becomes more metallic. To satisfy
the excitation of surfaebound wave, the metamaterial needs to be metallic in tangential direction
and we s hotbedesskhareOp Th& méatis the minimum ratio of Ag should not be too
small. Under different incident wavelengths, this minimum ratio is around 10%.

Il n nor mal direction, i f t hgwilfgradually mageaseact or
until it suddenly turns to negative valugy(F90%, see the discontinuity Figure 6.1(b)&(d)).
The i magi namwy alsp ancréase ovth tHé Ag ratio. Because the electric field
corresponding to propagating wave vechtar i s
dielectric material. Here we can see when the Ag fraction is small enough, such as smaller than

40 %, t 1 @n He tegs than £avhich is 100x smaller than the pure silver case. For a Ag
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rati o cl ose pntwil belf@ther redudeceto + #1( LCombi ni ng tWhe pos

very smal |l anhad( B e,gunetcansee withimn (alarge range of Ag fraction, the
metamaterial is anisotropic that is metallic in tangential direction and keep the normal direction be
low-loss dielectric.

The effective dielectric functions are useful for us to design the desired permittivity values.
However, the accuracy of @éreffective medium approximatigrdependson the smoothness of
field distribution in the alternating layers. For better accuracy the pgietetratingmetamaterial
side should be uniform from layer to layer or slowly varyihgkeep the uniform field distribution

inside the Ag layers, we need to make the silver layers thin enough.

6.3.2Simulationsto Approximate Effective Index of Metamaterial

In order to test the maximum allowed Ag thickness for the effective medium theory, we
carried out numerical simulationBigure 6.2 shows some simulation results of field distribution
inside different thicknesses of Ag while using the same Ag fraction. Multilayer metamaterials were
used as inner cladding layers in a Dielectric/Meta/Dielectric/Meta/Dielectric struTheecore
and metamaterial cladding layers are 50@hiok. The metamaterial claddings include multilayers
of Ag and SiQ with a fixed Ag fraction of 50%, but the thicknesses of each layer and each period

are various
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(a)

Extemnal
Cladding

Figure 6.2. Estimation (Simulation) of Effective Dielectric Constant showing the magnetic field amplitude |H|
of the TM surface-bound wave in a Dielectric/Meta/Dielectric/Meta/Dielectric 5layer structure under
1300nm wavelength incidenceT hicknesses of eachinglelayer: (a) 10nm; (b) 25nm; (c) 50nm.Using

simplified approximations of the dielectric constantofp ur e maige-l 0 & b Li={2.1 @1300nm.

In such a structure, to support surfdmind waves along the interfaces between dielectric
core and metamaterial claddings normal to the interface, the permittivity of core dielectric should
have a smaller real part than the permittivity of metamatefiahce,by increasing the core
dielectric constant while keeping the multilayer metamaterial unchanged, we can find a turning
point that SPs in core suddenly become unsupported. This ipdicatesthat the effective
permittivity of the multilayer metamatal is approximately equal t@( slightly smaller than) the

permittivity of dielectric core. (But as our metamaterial is dieledikkee in normal or in other
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words fitransparento for tangenti al l i ght prop

modes in cladding layers which are higheo s s and wi |l |l di sappear i n <
As theturning pointsshown inFigure6.2, for differert thickness of Adayer,the real part

of effective dielectric const anpthanged fromddd a mat e

to 3.30, while the theoretical calculation gives-t&29with the 50% Ag fractionThese turning

pointapproximated permittivities differ with the calculations from effective dielectric functions

that just depend on the filling factomspecially in the thick Ag casBut when the thickness of

the single Ag layer becomes thin enough (~10nm), the results will matchHeed br the 10nm

case, the matching is already ~97%.
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Figure 6.3. PlasmonicPropagation with Different Thicknesses of Ad ayer Under 1300nmWavelength
Incidence Curves are scanned along the central axisofcorBi el ectri ¢ consayj=i0042i, @1300n

(kioz = 2.1 Homogeneous metamaterialith 50% fraction of Ag: Ghn= 4. 29 + mG-46.95%8i4i , U
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For these different thicknesses of Ag layers, the SP performances are also compared in
Figure6.3. The metamaterial claddings include multilayers of Ag and ®ith a fixed Ag fraction
of 50%, but the thicknesses of each layer and padlod varyfrom 10nm to 50nm. Thaleal
homogeneous metamaterial cladding at the same Ag fraction and the bulk Ag cladding cases are
simulated as references as well. Toee dielectric constants are flexible from 3.20 to 4.10 and
designed to match with the metamaterial cladding in each case for minimum propagation loss.

Agai n, i thabifsthe pnetamateridl cladding piles up from thick layers, the result
will be like the bulk Ag cladding case. Conversely, if it stacks from very thin films, the
performance will be like a homogeneous anisotropic metamaterial using the theoretieatlyesff
dielectric constants calculated at the same Ag fraction. For the multilayer cases, the simulation
results are oscillating due to the interference from the conventional guided modes in cladding

layers mentioned in the last paragraph
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6.4 Surface PlasmongPropagatein Various Structures

6.4.1Surface Plasmons onSingle I nterface

To analyze the surfadsound waves supported by our designed metamateavial,
employedone of the most elementgeometries that is,a singleinterface ofdielectric and

metamaterial as shown kigure6.4.

metamaterial (g,,,)

Figure 6.4. Surfacebound Wave on aSingle Dielectric/M etamaterial I nterface.

6.4.1.1Analytical Calculations

Reviewing conventional metal/dielectric interface we cdarive the following
relationships of wave vectors inside each medium and the boundary conditions (B.C.) at the
interface: see Eq$-10). Here, Qand - are the wave vectors and permittivities. Different
subscripts indicate the different media and directionsnex.d means metamaterial or dielectric

material;t or n means tangential or normal to the surfa@eis the wave vector in vacuum.
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In our anisotropic metamaterial case, because the dielectric constants are anisotropic in

(6-10)

normal and tangential directions, the equations change slightly:

(6-11)

From the new equations, we can solve out the expression of shdand wave vector on

a single dielectric/metamaterial interface:

Eo e
— tm
B OER Em (612

Etmﬁ

Since the propagation length of a surfaceind wave is usually defined as—, for a

low-loss SP propagation, should have an imaginary part as small as posdgibten Eqg6-12),

this small imaginary padanbe achieved, when - .

6.4.1.2Key Parameter &)

From the above expression, we can determine the conditionsatich the dielectric
constants and- j for a long propagation length. Based tiat requirementwe define an
important permittivity differenc&/- Y Q - . To support a lowoss surfacéound

wave,the following conditions need to be met

First, from Eqg6-11), we can also get the derivation'@fin different sides:
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(6-13)

As for the dielectric constants, if we ignore the ety small imaginary part and simply

just focus on the real partie can have:

tat- By W ogugd e
tofe Oge«Fumid (6-14)
ObserveEqs(6-13) and (6-14), we can find it- ¢ -, the’Q will be a real. However,

for a surfacebound mode, the wave in the lateral direction should be evanescent aig thust
be a1 imaginary numberSo, the first requirement &f is thatY- should bea positive value.
Practically, the effective permittivity of metamaterial can be adjusted by changing the Ag
ratio. For a welldesigned , the imaginary part will be very small. As theof a common
dielectric material such as silica can be regarded as a real number; the real part of the normal
dielectric constant in the metamateial} j , plays an important role to match with theand
the similarity between them can be simply quantified thratghThis permittivity difference
shows a direct influence on the propagation length and penetration depth (commonly defined
as—hr "M Ho MAomEE | h OE O
The relationship between the surfdmand wave vectors ané is shown agrigure6.5
below. Here we use the fixed dielectric constants of metamaterial calculated from the effective

functions at 10% Ag. The dielectric constant in dielectric layers is changing to get a di¥ferent

The conventional Ag/Glass interface case is added as reference for comparison.
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Figure 6.5. Effects of Y& on the Surface-bound Wave Vectors (a) propagating wave vectors and propagation
length (b) transverse decay constant and penetration depth. Underl 300 nm i nci &esr2280; gl ass:
metamaterial with 10%Ag / 90%SiOz: m&-7 . 0 1 + 0 .m2=®2.833240.00014%1i. These effective values are

b as e da 0-88.94+2.05i sio2 £2.0%.

When the permittivity values are closely matching, @&  will reduce to a 10x smaller
value. The closer permittivities are, the smalif  will be. The propagation length of surface
bound wave propagating on metamaterial is able to be improved to more than 1 mm. At the same
time, with the increasing propagation length, the lateral confinement will be weaker than the
conventional case. Thiselationship can be explained by combining the two equation sets

mentioned in Cl&.2, decomposed Maxwell 6s e@Q®avii-oOOh and

and ) i-  Op respectively. A weaker confandithement ¢
in metamaterial side a wealigs for the metallic tangential permittivity. This weaker tangential

field will give us less Ohmic loss and thus a longer propagation length. This relationship is intrinsic

and powerful in adjusting the propagation length and camsb&il in many applications, but it

also may be problentfor other cases. For a 1mm propagation length, the penetration depths here
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are several hundred nanometers and a few microns, in metamaterial side and in dielectric side

respectively.

6.4.1.3Imaginary Partof Met amat &ri al 6s

Figure 6.6 shows théOd4af of the surfacdbound wave propagating on two different
metamaterial/dielectric interfaces. The permittivities of dielectric material and the metamaterials
are set to be equal except tl- ; . One metamaterial is assumed to have a real dielectric
constant in normal direction while the other one adds a value 0f?4R104- ; . We can see
for the real- j case, when the metamaterial and dielectric layer have very similar normal
dielectric constants, tHi®d&f can be sharply reduced to an extreme small valué) (But after
the imaginary part is added, the minimum limit@&f is increased to ~3x10 WhenY- is still
large, the main loss comes from the mismatch between two materials and the influence

from"Oa- § is insignificant.

=
=
&)
E
- real €
10 ¢ i
- - = complex €y
O'? 1 1 1 1 1 1 1 1 1
353637 38394041 42434445

&

Figure 6.6. The Effects of k0%, asalimiton 05 : y-direction is the normal direction and ., .
Effective dielectric constants used: reat; = 4.5 & complext,, = 4.5 +i0.004. The range dim is

corresponding toY& from 0 to 1. Both cases £ = -48.9 + i1.0 (50%Ag).
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The most ideal design for an anisotropic metamaterial should have a feahlue.
However, as shown earlier Figure6.1, in the practical metamaterial, by lowering the Ag ratio
we can reduce the imaginary part-of; as low as 10, but it will still exist andsomehow
constrain the potential best performance.

Other parametersuch as- j and - are alsomportant in some ways fdhe plasmon
propagation.For example; p is theone providing negative dielectric constant to excite the
surfacebound modes and works together with  to changey-. However, we don
have much room to choose the value qf. First,- is seleatd, then we need to matehy; with
it and the Ag fraction will be decided at the same time. For a fixed Ag fraction, ghis already
beknown The good part is j itself just has a small influence dhe performance of SPs. Back
to Figure6.5(a) andFigure6.6, the metamaterials between them are designed and calculated with
different Ag fractions, 10% and 50%. The ;; changed from7 to -48, but if we exclude the
influence from the changes iDda- | , the resultsvill be similar. Similarly, to match with these
two different Ag ratios; shiftsfrom 2.28 to 4.5, but th®©d! vs.Y- curvesarealmostin the

same changing speed

6.4.1.4Simulations on Single Interface
To validate the analytical results, FDTD simulations of SPs on single
dielectric/metamaterial interfaces were carried dugure 6.7 shows the field components

scanning along lateral direction of two different simulations.
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Figure 6.7. TransverseScans ofSurface-bound Wave along M etaDielectric I nterface: (a) homogeneous
anisotropic metamaterial, (b) 20nm-Ag/90nm-SiO2 stacked hyperbolic metamateria) (c) zoom-in of (b).
Interface at y=0: >0 metamaterial side, <0 dielectric sideG | a ssiss= 2.2801 Homogeneous metamaterial:

Ghi=-7.0140.26i, hn=2 . 332+0. 00014 1i ; Mua%-88194+9.66r sone208tmat eri al :

In the first simulation, the metamaterial is designed tbdmogeneousnd the dielectric
constants use the ideally effective values at 10% Ag fraction. This homogeneous case will avoid
the influence from the thickness of Ag layer and just show the effect of anisotropic permittivities.
In the second simulation, we keep thelectric material the same as the first simulation, but the
metamaterial changes from homogeneous to multilayer Ag&idcture. The dielectric constants
used inthesecond structér dondét i nclude any effective appro

Ag and SiQ, which can be used to test the accuracy of effective theory in the plasmonic structure.
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