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Abstract 

Nanophotonic Devices for  Chip-scale Single Photon Sources  

 

Yu Shi, PhD 

 

University of Pittsburgh, 2023 

 

 

 

 

Single photon sources that can emit entangled photons in a deterministic way are critically 

needed in realizing photon-based 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 of chip-scale single photon sources: single-quantum-

dot (QD)-based LED; plasmonic chiral coupler; and micro-ring waveguide bandpass filter. In our 

QD-LED structure, CdSe/ZnS core-shell QDs are placed in window-etched nanochannel areas 

inside MOS and are electrically pumped by injecting electrons and holes through a vertical 

junction structure. In generating single photons, we exploit the biexciton/exciton emission cascade 

occurring inside a QD: entangled photon pairs emit with handedness (i.e., right- or left-circular 

polarized) and as a superposition state of two mutually exclusive and orthogonal product states. 

Our fabricated QD-LEDs successfully demonstrate single photon emission at room temperature, 

as characterized by coincidence measurement using a Hanbury-Brown-Twiss measurement setup. 

We also designed high-performance plasmonic chiral coupler structure for use with the 

QD-LEDs. First, we modeled a QD emitter as a circularly-polarized (CP) dipole and analyzed the 

electrodynamics occurring in the near-field regime. CP-dipole near-field is found to harbor a large 

energy flux circling around and possess spin angular momentum. Our chiral coupler is designed 

such that the curvature-induced angular momentum matches the spin momentum of dipole near-
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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 supports low-loss loosely-bound 

surface plasmons (SPs). The motivation of this study is to overcome the intrinsic losses of SP 

waveguides and to enable long range propagation (chip-scale or beyond). We investigated the 

trade-off 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 suppressing the tangential component of electric 

field in metal layers. 

We designed and fabricated Si3N4-based photonic waveguide devices (micro-ring 

bandpass filters and waveguide couplers) on SOI substrate for future integration with QD-LEDs 

and chiral couplers. 
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1.0 Introduction  

Single photons are fundamentally different from light from thermal sources like light bulbs 

or coherent sources like lasers, and are the most promising solution to sending quantum 

information (quantum bits, or qubits) to remote destinations. Ideal single photons are individually 

generated, have well defined polarization states, and exhibit antibunching phenomena. [1]. 

Entangled single photons generated by single photon sources play an increasingly important role 

in the emerging field of quantum information technology, with applications to secure 

communication, computing, and sensing/metrology. It has been almost 50 years since the first 

single photons source created by excitation of mercury atoms in 1974. Now there are many ways 

to excite single photons, including single atoms in fine optical cavities, special single molecules, 

and solid-state defects in crystal and nanowires. In addition to these 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 photons are often generated by 

optically pumping nonlinear crystals or nanomaterials as mentioned. However, optical pumping is 

probabilistic with low conversion efficiency.[2] Moreover, this technique involves bulky optical 

components and is not conducive to compact integration that would allow high throughput 

collection/distribution and high-rate 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 generation of on-demand entangled 

photons by electrical drive. The single photon source is based on quantum-dot (QD) light-emitting 

diode (LED) structures where core-shell QDs are placed in nanoholes. Compared with the other 



 2 

methods, quantum dots have distinguished advantages for integrating with Si-based chip-scale 

devices. First, the sizes of quantum dots are usually just about tens of nanometers and can be added 

into the structures of any semiconductor devices. Second, like the other methods mentioned above, 

the emission of quantum dots can be excited by optical pumping (photoluminescence), but they 

can also be excited by the electrical injections (electroluminescence)[3, 4], whereas the other 

methods cannot. In photoluminescence, when quantum dots are excited by external light sources, 

they absorb photons, and their electrons and holes transition to higher energy states, then emit 

photons when returning to the ground states. In electroluminescence, when current goes through 

the quantum dots under certain bias, electrons and holes are injected 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, confine them inside the dots and make them more likely to 

recombine and release energy as photons. Since electroluminescence skips the need for generating 

electrons and holes by external high energy photons, itôs more compact and integrable into a 

semiconductor device. Based on these many advantages from the quantum dots, we focused on 

making single photon 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 transition, known as the ñdipole approximationò based 

on both the conservation of angular momentum and similarity between energy transition in 

quantum dots and oscillating charge in classical electromagnetism. In Chapter 2.0, modelling 

quantum dots as circularly polarized dipoles, we theoretically analyzed the spin angular 

momentum distribution of such dipole fields, especially the nearfield characteristics. A spiral field 

which hardly radiates into the far field propagation was observed in the near field regime of such 

circularly polarized dipoles.  
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In the luminescence of QDs, there may be more than one electron-hole pair injected into 

one quantum dot within the lifetime of an exciton. Electron-hole pairs at this biexciton state 

partially decay through non-radiative Auger recombination, but also partially recombine into two 

cascade photons.[5] Especially under specific conditions, such as a cavity or waveguide, it is useful 

to generate polarization-entangled photons through biexciton/exciton relaxation cascade, which 

are usually called signal and idler photon in quantum communication. Since the two photons come 

from the same biexciton, they are entangled in the polarization states. And these entangled photons 

are useful in quantum entanglement studies such 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 a plasmonic chiral coupler structure and simulated 

its performance in Chapter 3.0. The reason to choose plasmonic waveguide is based on their same 

spin-dependent characteristic. Surface plasmon is known to be a kind of spin-locking propagation. 

When the entangled photons coupled into the plasmonic waveguide, based on the conservation of 

spin angular momentum, they need to match with the spin direction of the surface plasmon. 

Therefore, for the chiral coupler which have two branches with different spin-locking directions, 

the dipole emission will be separated into the different waveguides.  

In Chapter 4.0, we focused on the fabrication and measurements of our single photon 

source and came up with our QD-LED structures. The QD-LED structure is based on the organic 

light-emitting diode (OLED) structures.[6] The layers of a typical OLED include substrate, 

cathode, transparent anode made by indium tin oxide (ITO), organic hole/electron transport layers,  

and emission layer which usually contains organic fluorescent materials. We designed QD-LEDs 

with the common luminescent layer replaced with CdSe/ZnS core-shell quantum dots. Poly(3,4-

ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) was used as the main hole transport 
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layer (HTL). PEDOT is known for its high electrical conductivity, transparency, flexibility, and 

good film-forming properties. It is commonly used as a hole transport material or electrode 

material in organic electronic devices. Since PEDOT is usually used as p-type material, our QD-

LED was processed mainly on n- or n+-Si substrate to form the p-n junction of a diode. To align 

energy levels, reduce the barrier height, and improve the carriersô injection efficiency, Polyvinyl 

carbazole (PVK) was placed between the QDs and PEDOT, which is also a common polymer in 

organic electroluminescent devices. To balance the injection ratio of electrons and holes, since the 

n-type substrate can provide plenty of electrons, we also tried on the effect of using thin ITO layer 

as electron barrier layer. And based on this fabrication of PEDOT QD-LED, we achieved strong 

emission from QDs and measured the spectrum of QDsô emission.  

In Chapter 5.0, to evaluate the single photon performance, we did coincidence 

measurements with both single photon detectors (SPD) as well as time-correlated single photon 

counting (TCSPC) devices. These single photon measurements showed the numbers of photons 

we received through the beam splitters and their histogram mode measurement results. Based on 

the results, we tried to optimize the injection conditions and revised the structures. Especially after 

the PEDOT QD-LEDs were tested, we noticed that among the layers of QD-LED, the organic 

layers, especially the PEDOT layer, may have a stability problem due to the thermal degradation 

during the QDsô emission. As a solution, we developed a thin nickel oxide (NiO) layer as 

replacement for the PEDOT hole transport layer. With the NiO QD-LEDs, the single photon 

emission was much more stable than with the organic layers. Although the total emitted intensity 

was reduced, better antibunching results were achieved, indicating less multiphoton emission.    

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

and separate the photons of different polarization as mentioned earlier. Plasmonic metamaterials 
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commonly involve metals or metallic alloys that exhibit negative real permittivity. Under 

illumination a metal/dielectric interface can support a surface-bound wave carrying 

electromagnetic energy in the form of collective oscillation of electrons, so-called surface plasmon 

polaritons (SPPs). Plasmonics, 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 reaching new applications. In chapter 6, we further studied hyperbolic metamaterials and 

related waveguides that support low-loss surface plasmons suitable for use in chip-scale 

interconnects. Metamaterials are artificial materials composed of different elements with 

subwavelength-scale structures designed to make functional interactions with incident waves. In 

this study, utilizing the surface-bound waves with thin metal or metamaterial, we aimed to realize 

either low-loss propagation or spin-selectively directional propagation, or both.   

Beside the effort on a single photon source and potential metamaterial waveguides, for the 

chip-scale integration, we also designed and fabricated several optical components which are 

commonly used in optic communications, but remade and suitable to the nano scale source and 

metal or metamaterial structures in Chapter 7.0. Ring resonators and directional couplers of 

compact size were studied, to provide signal manipulation such as the narrow bandpass filtering 

of QD emission, etc. Together with all the topics in this dissertation, we tried to present a possible 

implementation of the nanophotonic on-chip devices based on the single photon source. From 

theory to simulation and from fabrications to measurements, we learned a lot about this active area 

for the incoming quantum information applications.  
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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 theory. An emitting quantum dot 

usually can be approximately analyzed as a dipole source. Unlike the well-established far-field 

regime, it is relatively recent that the near-field regime started revealing a variety of novel 

phenomena and has drawn increasing attention.[7-13] Near-field experiments commonly involve 

a dense object as a probe, which is brought into close proximity of a dipole to enable extraction of 

an otherwise no radiating energy flux.[14] Here a dense object normally refers to metal or dielectric 

particles of nano- to micro-scale 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 10-nm 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 of sub-processes, such as how input 

field couples to probe field and how they radiate away into far-field.  

Here we note the following outstanding issues: the nature of emitter-to-probe coupling 

widely varies depending on details (material, structure, geometry, configuration, etc.); and the 

underlying mechanisms are not clearly established yet, although major advancements have 

recently been made in understanding the subject phenomena.[15-19] 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 different-looking experimental observations in a 

unified framework and even can predict ultimate performances. 
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In this work[20] we address these issues by investigating the deep-near-field regime (e.g., 

<< 10-nm distance from a dipole emitter operating at optical frequency) and by exploring the 

governing mechanisms of out-coupling of dipole field to surface plasmons. Specifically, we 

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 far-field radiating one. In an alternative approach, dipole fields 

could also be analyzed by employing angular spectrum analysis, in which fields are transformed 

into wave-vector space and then classified into evanescent or far-field-propagating waves.[14] 

Compared to this transform method, our approach offers an advantage that we can directly map 

out all important field variables on a physical (space-time) 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 vector S plays an important role in analyzing dynamical 

evolution of EM phenomena. Poynting vector P relates to momentum density vector ╟ὧϳ , where 

c is the speed of light, and to wavevector k; and 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 fields:[19] for example, 

the curl operation of P results in S, vice versa, similar to the curl relations of E- and H-fields in 

Maxwellôs equations. This suggests the boundary conditions for S and P would be similar to those 

for E- and H-fields, except that the tangential and normal boundary conditions for P and S will 

swap their expressions because of their cross-product relationship in terms of field vectors (E 

and/or H). Overall, the tangential components of spin angular momentum (S) and linear 
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momentum (k) are expected to satisfy conservation requirements, which usually manifest in 

different forms such as continuity or phase-matching condition at an interface. 

Based on the classical electromagnetic analysis outlined above, we discovered the 

followings: existence of a near-field energy flow circling around in the azimuthal direction; this 

rotational energy flux rapidly grows proportional to the inverse cube of distance r; at r =1 nm, for 

example, it becomes five orders of magnitudes greater than far-field radiation; the near-field wave 

carries transverse spins with skyrmion-like spin texture;[21-25] 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 structure[26-35] that demonstrates chiral extraction of near-

field rotational energy; a U-shape Ag nanowire waveguide is simulated for transfer coupling of 

dipole field to surface plasmons; the radius of curvature of a U-shape part is designed to provide 

orbital angular momentum (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 point-dipole (Figure 2.1(a)) with dipole moment ▬  
Ѝ
● Ὥ◐ 

placed at the origin of spherical coordinates: a polarization vector lies on the x-y plane and rotates 

about the dipole axis (the z-axis). After some work, we obtain electric and magnetic fields (E and 

H) expressed in SI units [36] (Appendix A.1). 
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where r is a distance from the dipole at the origin; k is a propagation constant; and ►, Ᵽ and 

ⱴ denote unit vectors of spherical coordinates (r, ɗ, ű). ‐ is the permittivity; and ‘ is the 

permeability of ambient medium. 

 Spin angular momentum density S is defined as ╢► ‐Ͻ)Í╔ᶻ ╔ ‘Ͻ

)Í╗ᶻ ╗ ,[19] where is the angular frequency of time harmonic oscillation Ὡ ‫ ; Im 

denotes the imaginary part of a complex number. SAM density is determined as: 
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The magnetic-fieldôs contribution to this spin density S widely varies depending on radial 

distance: null in the near-field; relatively minor in the intermediate field; and the same amount as 

the E-fieldôs contribution in the far-field regime (Appendix A.1). 

An energy flow density, i.e., time-averaged Poynting vector P, is defined as ½ Re(E* x H) 

and is determined as 

 
╟►

ὴ

φτ“‐Ѝ‘‐

Ὧ
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σ ÃÏÓς— ► ς
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ὶ

Ὧ

ὶ
ÓÉÎ— ⱴ  (2-4) 

 

The radial-distance dependence of the r-, ɗ- and ű-components of S and P vectors is plotted 

for r in the range of 1 nm to 1 µm at 633-nm wavelength (Figure 2.1(b)). The spin vector in near-

field contains the azimuthal component (Sű): see Eq.(2-3). But its size is much smaller (by three 

orders of magnitude at r = 5 nm) than the radial (Sr) and polar-angle (Sɗ) components: see Figure 

2.1(b) (left). As such, it is not clearly visible in the 3D plot of Figure 2.1(d).  
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Each arrow in Figure 2.1, (c) to (e), and (g) to (i), indicates the magnitude and orientation 

of spin or Poynting vector on a local reference frame (ɗ, ű) on sphere surface. At near field, spin 

vectors align along the dipole axis in the polar regions (ɗ = ~0 deg or ~180 deg) and orient to the 

polar angle direction in the equatorial region (ɗ = ~90 deg). To help visual understanding of spin 

vector orientations in both hemispheres, Figure 2.1(c) shows the near-field spin vector distribution 

plotted on the circle of the cross-section (cut-through the center) of the sphere. The spin vector 

orients to the +z-direction at both north and south poles, and it flips to the ïz-direction at the 

equator with its size twice of that at poles. Figure 2.1(g) shows the far-field spin vector distribution 

plotted on the circle of the center cross-section 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: see Figure 2.1(b) (right) and (e) 

calculated at r = 5 nm. The orthogonal relation of S and P vectors confirms the dipole field carries 

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

dipole moment ▬  
▬

Ѝ
● ░◐ placed at the origin of spherical coordinates. The dipole axis is along the z-

direction. (b) The distance r dependence of spin density and energy flow: the magnitudes of spin vector (Sr, Sɗ 

and Sű: left panel) and Poynting vector (Pr and Pű: right panel). The angular (ɗ, ű) distribution of spin vector 

(c) &  (d) and Poynting vector (e) calculated at r = 5 nm. Spin vector plot on the circle of a cross-section of a 

sphere (c). Spin vectors orient orthogonal to energy flow direction revealing transverse spins at near field. (f) 

Spin (Sr, Sɗ) and Poynting (Pű) vector distributions plotted as a function of polar angle (ɗ). Note a skyrmion 

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

from 0 to ˊ). The angular (ɗ, ű) distribution of spin vector (g) and (h) and Poynting vector (i) calculated at r = 

1 ɛm. Spin vector plot on the circle of a cross-section of a sphere (g). Spins orient parallel (antiparallel) to 

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

(Sr) vector distributions plotted as a function of polar angle. 
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Transverse spins are intrinsic to evanescent waves, and their three unit-vectors form a right-

handed triad: ╢ ╟ ▪, where ╢ ȟ╟ and ▪ represent the orientation of spin and momentum 

(Poynting) vectors and evanescent direction, respectively.[16, 17] This relation dictates spin-

momentum locking and manifests time-reversal symmetry. 

At far field, both spin and Poynting vectors become orientating to the radial direction: 

energy flows mostly towards the dipole axis (the +z-directions) while spins align parallel 

(antiparallel) to the energy flow direction in the northern (southern) hemisphere (Figure 2.1, (g) to 

(i), calculated at r = 1 µm). This parallel/antiparallel relation of S and P vectors indicates that a 

time-reversal symmetry breaking occurs in the far-field regime of a circularly polarized dipole.   

The spin vector distribution in the near-field regime shown above reveals an optical 

skyrmion, specifically, of Néel-type:[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 the spin-flip count 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 near-field regime (kr << 1). 

 

2.2 Near-field Stored Energy Flux versus Far-field Radiation Power 

The near-field distributions of spins and Poynting reveal another novel feature (Figure 2.1, 

(c) to (e): existence of a confined wave that circles around a dipole with its intensity steeply rising 

(r-5 order) for closer to a dipole.  
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The total flux of this stored energy flow is determined as (Appendix A.2): 

╟᷿►ϽÄ═  .  Here the area of the integral is: radius r from r1 to Ð; polar angle ɗ from 

0 to ˊ. Letôs assume: ὴ ρ ὲάϽὩ for a dipole moment, where e is electron charge;[37] and 633-

nm wavelength in free space.  The total energy flux is calculated to be 6.6 x 10-7 J/s (or 2.1 x 1012 

photons/sec) when assuming the lower limit of integral r1 = 3 nm. 

Letôs compare this energy flux with the total radiation power. (Appendix A.3): 

╟᷿►ϽὨ═ ὴ. Assuming the same parameter values as above, this far-field radiation is 

calculated to be 2.2x10-10 J/s. This amount corresponds to spontaneous emission rate of 7.0x108 s-

1 or emission lifetime of 1.4 ns.  

The ratio of the near-field trapped energy flux to the radiation flux is  . At r1 = 3 

nm (kr1 = 0.03 for ɚ = 633 nm), for example, this trapped energy flux is ~3000 times greater than 

that of the radiating component; at r1 = 1 nm, it becomes ~8x104 times.  

This finding, existence of a high-intensity energy flux in the deep bottom near-field (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 would result in major enhancement 

of spontaneous emission rate. For example, extracting ~1 % of this flux at r ~ 1 nm would result 

in enhancing the spontaneous emission rate by ~1000 times.   
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2.3 Near-field Confined Wave: Conformal Relation to Surface Plasmons 

The time evolution and spatial distribution of a near-field-confined traveling wave are 

analyzed. Letôs consider the case of ɗ = 90 deg at distance ro (kro << 1). The E-field component 

responsible for S(r) is: ╔►ȟὸᶿὩ Ὡ ς► Ὥⱴ . The E- and H-field terms responsible for 

P(r) are: ╔►ȟὸᶿὩ Ὡ ► ; ╗►ȟὸᶿὩ Ὡ Ᵽ.  

The E-vector elliptically rotates on the r-ű plane with angular frequency ɤ, generating 

spins that orient to the polar angle direction Ᵽ. (Recall that the H-field in the near-field regime 

does not contribute to S.) The E-field phase also advances along the ű-direction while rotating 

around the dipole axis. This phase change in the azimuthal direction corresponds to geometric 

phase and explicitly appears in the E-field and H-field expressions: Ὡ  in Eqs. (2-1) & (2-2). In 

this cycloidal process, E-vector makes a 2ˊ rotation per oscillation, clockwise seen from the +z-

side while looking down toward the ïz-direction (Figure 2.2(a) right), while circling around the 

dipole, counter-clockwise seen from the +z-side while looking down toward the ïz-direction 

(Figure 2.2(a) left).  

Poynting vectors orient to the azimuthal direction (╟ ⱴ): recall that P represents a time-

averaged energy flow and is determined as a vector product of the H-field and the E-field 

component that is in-phase with the H-field. Spin vectors orient orthogonal to energy flow vectors 

╢ Ᵽ forming transverse spins; both vectors obey the spin-momentum locking principle ╢

╟ ▪.  
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Figure 2.2. Spatial Distribution and Time Evolution of Electric Fields with Transverse Spins: (a) Circularly 

polarized dipole field for ɗ = 90 deg. The spatial distribution of E-vector orientation at a given time point (left 

panel). The green arrows denote E-vector orientation and the red arrows are after a T/4-time lapse, where T 

is the period of oscillation. E-vector rotates counter-clockwise advancing its phase to the +ű-direction. 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 +ű-

direction). (b) Surface plasmon field on a planar metal surface. At a given time point, E-vector rotates 

clockwise advancing its phase to the -ű-direction (left panel). E-vector at a given location rotates counter-

clockwise (right panel). Spin vectors orient to the transverse direction (the +z-direction) and Poynting vectors 

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

 

 

The electrodynamics of this near-field confined wave resembles surface plasmon (SP) 

propagation on a planar interface.[38, 39] Figure 2.2(b) shows SP fields propagating along the +x-

direction: ╔►ȟὸᶿὩ Ὡ Ὁ ◐ ὭὉ ● ; ╗►ȟὸᶿὩ Ὡ ◑. The E-field rotates on 
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the (x, y) plane and generates spins that orient to the z-direction. A conformal relation is found to 

exist between the two coordinate systems. For example, consider a transformation ᾀm Ὡ

Ὡ  where z denotes a complex number ὼ Ὥώ). This maps a rectilinear coordinate (x, y) patch 

( “ ὼ “Ƞ Њ ώ Њ) into a polar coordinate (r, ű) patch (π ὶ ЊȠ π • ς“). This 

conformal mapping preserves local geometry, that is, angles between coordinate lines in an 

infinitesimal space. Since spin vector represents the angular momentum of rotating E-field vector, 

spin angular momentum is conserved in this conformal mapping. 

The strong confinement of dipole near-fields observed in this work is consistent with a 

recent report on understanding light-matter interactions with photonic quasiparticles.[40] Photonic 

quasiparticles are quantized time-harmonic solutions of Maxwellôs equations in an arbitrary 

inhomogeneous and dispersive medium, e.g., radiations from bound electron emitters. Certain 

types of photonic quasiparticles are known to confine EM fields down 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 near-fields of a rotating dipole might be viewed as photonic quasiparticles 

and potentially offer an interesting venue to explore introducing quantum mechanical concepts to 

classical electromagnetic analysis.     

 

2.4 Energy Flow Vortex and Photonic Orbitals 

The trajectory of an energy flow is governed by the orientation of Poynting vector at each 

point and can be plotted by integrating the unit vector over time-parameter space.[13] Energy flow 

lines are calculated for different polar angles (Figure 2.3, (a) to (c)): ɗ = 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 mid-field; and asymptotically approach a straight-line exit at far field. The relation of S 

and P vector orientations evolves from being transverse in the near field regime to longitudinal at 

far field.  

For the case of ɗ = 90 deg, the vortex profile is comprised of a large number of orbits in 

the near field region (Appendix A.4). For example, the winding number is estimated to be 2x108 

for radial distance r of 3 nm to 5 nm; 1x107 for r of 5 nm to 10 nm. This densely-spaced spiraling 

trajectory is consistent with the observation that Poynting vectors at near field orient 

predominantly to the azimuthal direction (Figure 2.1(b), right).  

Quantization of light in free space is a long-established concept, and their quantum 

mechanical calculation is known to well converge to classical EM analysis, especially in far-fields. 

A rotating dipole is a good model of an atom emitting a photon during relaxation 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 from a far-field analysis is found to 

be in good agreement with a quantum mechanical calculation of spontaneous emission rate of an 

atom.[40] 

The far-field radiation from a rotating electric dipole is known to carry angular momentum 

(AM), and their orbital and spin AM distributions have been reported.[41, 42] For example, 

Khrapkoôs work,[41] performed by 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 far-fields is bounded to two times (2ᴐ) of SAM value (ᴐ). In the near-field regime 

(kr << 1), the OAM becomes zero, and only the SAM remains. Goughôs EM analysis[42] also 

shows that the ratio of an energy flux to an OAM flux is equal to ɤ (angular frequency), 
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corresponding to the well-known relationship between photon energy (ᴐand angular (‫ 

momentum (ᴐ).  

 
 

Figure 2.3. Energy Flow Lines and Poynting Vector Distributions. Trajectories calculated for three different 

polar angles: (a) ɗ = 90 deg; (b) ɗ = 45 or 135 deg; and (c) ɗ = 5 or 175 deg. (a) to (c): Plotted for r of 10 nm to 

100 nm. The inner-most part of a trajectory (shown with a sphere: r < 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., ~107 for r of 

5 nm to 10 nm). The densely-spaced vortex profiles are not clearly resolved in these plots. Spins orient 

orthogonal to energy flow direction (transverse spins) at near field. The three unit-vectors (spin, energy flow, 

and evanescent direction) form a right-handed triad ╢ ╟ ▪. (d) An energy flow trajectory plotted on an 

equatorial plane (ɗ = 90 deg): a flow line spirals out to far field asymptotically approaching a straight-line 

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

and 2ᴐ at kr = Њ. Note that the asymptotic line at far field is displaced from a dipole by distance d = ɚ/ˊ. (E 

and F) The angular (ɗ, ű) dependence of energy flow distributions calculated at near field (kr << 1) (e) and at 

far field ( f). The arrows 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 energy-flow trajectories with an off-shifted exit 

line in far-fields can be associated with a notional photon that carries OAM. Here it should be 

noted that the energy flow lines should not be interpreted as a flight line 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 cross-product of a position vector 

and a linear momentum vector: ► ᴐὯ╟ ⱣᴐὯὶ Ⱦ , where ╟ is a unit vector of 

Poynting vector ╟ ►ὖ ⱴὖ (see Eq. (2-4) for P). Figure 2.3(d) shows a sample trajectory 

plotted for ɗ = 90 deg. The OAM value, with reference to the origin at the dipole, is bounded 

between 0 and 2ᴐ: 0 at kr = 0; ᴐ at kr = 1.03; and 2ᴐ at Ὧὶ Њ. Note that the asymptotic line 

drawn to the far-field trajectory is displaced a distance d of ɚ/ˊ from the dipole: therefore, the 

OAM along this line remains constant at 2ᴐ. Concerning the polar angle dependence at far field 

(kr >> 1), the OAM value takes a maximum (2ᴐ) at ɗ = 90 deg and decreases to 0 at ɗ = 0 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 quanta (ᴐὯ) along 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 quanta ᴐ). By contrast, the SAM does not involve 

momentum ᴐὯ). Therefore, this formula cannot be applied to calculate SAM values.[43] 

From a quantum mechanical perspective, a hypothetical wave-function 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 angular (ɗ, ű) 
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dependence of Poynting vector distribution is ⱴ ÓÉÎ— at near field and ► (ÃÏÓ— + 1) at far field; 

and reveals a toroidal shape or a dumb-bell shape, respectively (Figure 2.3, (e) and (f)). The arrows 

denote S and P vectors at select locations (Figure 2.3(e)); and at the locations where the likelihood 

of finding a photon is maximal (Figure 2.3(f)).  

The EM wave distributed in near-field regime of a dipole also exhibits a special 

relationship between the radius/distance and its velocity. As a transverse wave which is naturally 

indicating standing wave / evanescent field, the phase/group velocity may not be the same as the 

speed of light. Some calculations in earlier researches[44-48] pointed out that in near-field regime 

(kr<<1) the instantaneous phase/group velocity increases rapidly when approaching the dipole. In 

the other hand, the velocity gradually approaches the speed of light as the wave propagates towards 

far-field. Considering the spiraling out energy flow lines in the near-field regime of circularly 

polarized dipoles, for an extreme close distance, the infinite velocity represents a field spreading 

time close to 0.  

As discussed above, a conformal relationship is found to hold between the dipole near-field 

on the equatorial plane (ɗ = 90°) and the surface plasmons on a planar interface. 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 near-field confined energy flow circling around the 

dipole?  Below is our analysis.  

Consider an evanescent wave circling around the origin of spherical coordinates at distance 

r on the equatorial plane (— ωπЈ. This evanescent wave can be viewed as a conformal mapping 

of surface plasmons (SPs) on a planar interface: Ὡ ᵐὩ Ὡ ; ώᵐὩ ᵐὶ. Note that in 

this mapping the SP propagation constant ‍ transforms to ὶ‍ as an azimuthal component of wave 

vector in the spherical coordinates; this results in ὶ‍ ρ. The wave velocity (i.e., phase velocity) 
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of this evanescent wave ὺ   becomes proportional to radial distance. In other words, the 

velocity becomes zero when approaching the dipole. 

In the case of linearly-polarized dipoles, there are reports that the phase velocity of dipole 

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

dipole.[45] However, it should be noted that the energy flow lines of a linearly-polarized dipole 

are not spiral but orienting 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/ZnS core-shell quantum 

dot, by carefully choosing proper excitation conditions, we can realize  single photon emission [1, 

5, 49]. As shown in Figure 3.1, under electrical excitation, electrons and holes are injected into a 

core-shell quantum-dot, forming (a) exciton/ (b) biexciton states. Soon after the injection, a 

relaxation cascade occurs with exciton/biexciton states emitting a pair of photons. Depending on 

the spin states of recombining electrons and holes, the emitted photons are circularly polarized: 

right-circular polarization (RCP) or left-circular polarization (LCP).  Further the polarization states 

of each photon pair are entangled, since the two photons come from the same biexciton, and can 

be expressed as a superposition of two mutually orthogonal states, RLỚ + LRỚ. These entangled 

photons are useful quantum information processing applications such 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 our plasmonic chiral coupler structure and 

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

band of a QD. During electroluminesce, electron and hole inejcted and recombined. (a) Single excitation, in 

which single photon is excited by the recombination of one electron-hole pair. (b) Biexcitation occurs when 

two pairs of electron-hole injected into the same QD in a lifetime of exciton and recombined in a cascade way 

to generate entangled single photons. 

 

3.1 Structure and Mechanism of Plasmonic Coupler 

The plasmonic coupler structure for chiral extraction of dipole field energy into SPs were 

designed and simulated:  see Figure 3.2 (a) and (b) for a U-shape Ag nanowire waveguide (cross-

section, 50nm width and 50nm height). In this design a circularly polarized dipole emitter (dipole 

axis along the z-direction) is located close to the waveguide surface: 3-nm distance from the inner 

sidewall and off from the corner in the diagonal direction. The dipole axis orients to the z-direction. 

A finite-difference time-domain (FDTD) simulation demonstrates chiral coupling (Figure 3.2(c)): 
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The polarization selectivity is estimated to be ~113 (Figure 3.2(d)). For a left-circular polarized 

dipole, excited SPs propagate to the right-side branch seen from the top (to the left-side branch 

seen from the dipole).Here the radius of curvature R of a U-shape surface (the inner sidewall) is 

designed such that the OAM of a SP waveguide matches the SAM of an emitted photon:[34, 35] 

OAM = ► ᴐὯ╟ ◑ᴐὯ Ὑ ḳ ◑ᴐ = SAM, where Ὑ   and ɚsp is the SP wavelength in 

the Ag waveguide. For ɚ = 633 nm, ɚsp is calculated to be 339 nm corresponding to R = 54 nm.   

 
 

Figure 3.2. Chiral Coupling of Dipole Field into Surface Plasmons. (a) Schematic of a plasmonic coupler. A 

circular -polarized dipole emitter is placed close to the bottom corner of the inner sidewall of a U-shape Ag 

waveguide (cross-section, 50-nm width and 50-nm height; arc angle of 120 deg). (b) The radius of curvature R 

(= 54 nm) of the circular part is designed to produce a curvature-induced OAM of ◑ᴐ well matching the SAM 

of surface plasmons excited on metal surface; a dipole emitter is placed at d = 3 nm from the sidewall. (c) 

Dipole field ȿ╗ȿ 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 ȿ╗ȿ  distributions measured after 1.16-µm propagation from the 

dipole emitter. The polarization selectivity is estimated to be ~113. This structure demonstrates Purcell 
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enhancement of ~17. The following refractive index values are assumed for Ag at 633-nm wavelength: @ 

ɚ0=0.633ɛm, nAg = 0.0562 + 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 

incident lightôs Poynting vector (i.e., to the azimuthal direction: Figure 2.1(d) and Figure 2.3(e)). 

In other words, the dipole field must be coupled to the left-side waveguide (viewed from the dipole 

side) in this circular-polarized dipole case. At the same time, angular momenta must be conserved 

as well. The z-component of the SAM vector projection to the inner sidewall of Ag waveguide has 

the following angular dependence: ρ σÓÉÎ—. Note that dipole spin vectors become orienting to 

the +z-direction for polar angle ɗ < 35 deg (Figure 2.1(c) and Figure 2.3(e)): therefore, the angular 

momentum matching condition can be met only for those polar angles, and those photons will 

excite SPs propagating to the left-side waveguide. Speaking more specifically, the angular 

momentum conservation requirement must be met between 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 ▬ᶻϽ╔, where p is the dipole moment and E is the electric field of the mode. The coupling 

efficiency takes a maximum value when p and E vectors are parallel to each other.[51] A similar 

relationship holds between the SAM vector ╢ of dipole field and the spin vector ╢  of surface 

plasmons on metal surface, and the coupling efficiency is proportional to ╢ᶻϽ╢ . SAM vector Sd 

can be expressed referring to its rotating dipole moment pd: ╢ ᶿ)Í▬ᶻ ▬ . Similarly, surface 

plasmon spin vector Ssp is θ)Í╢ᶻ ╢ . After some work, we obtain:  
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 ╢▀
ᶻϽ╢▼▬θ 2Å▬▀ Ͻ2Å╔▼▬ )Í▬▀ Ͻ)Í╔▼▬

2Å▬▀ Ͻ)Í╔▼▬ )Í▬▀ Ͻ2Å╔▼▬  

(3-1) 

 

The dot product ╢ᶻϽ╢  is found to take a maximum when the polarization vector pd of 

dipole field is parallel to the E-field of SP fields, basically the same relationship as the Fermiôs 

golden rule above.  

3.2 Purcell Enhancement of Chiral Couplers 

We also calculated Purcell enhancement of dipole emission.[52-56] Using a monitor box 

that surrounds a dipole emitter as shown in Figure 3.3, we measured the total power emanating 

from the dipole (through the box faces) for two different cases: with and without the chiral Ag 

waveguide. In the second case, the monitor box was placed enclosing the dipole only and excluding 

the Ag waveguide.  

 

Figure 3.3. Calculating Purcell Factor: with  (a) free space; (b) the same chiral Ag waveguide in Figure 3.2. 

The yellow line indicates the power transmission collection box. 
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For the left case, since the dipole emission propagates in free space, the power transmission 

was calculated to be 1.04 to 1.08 (normalized to the original dipole power). Ideally it should be 

one, because no amplifying and no loss are there. The slight mismatch was from the divergent 

fluctuation during simulation caused by the non-perfect meshing and boundary conditions.  

For the one with chiral waveguide on the right, as mentioned in Figure 3.2, the reading of 

total energy flux transmitting out of the box was 17.15 ~ 15.87 from the different sizes of monitors. 

Purcell factor is calculated by taking the ratio of the two powers with and without Ag waveguides 

which is also ~17. This means 17 times more energy extracted out through the Ag waveguide. This 

was also observed in many other plasmonic structures.[56]  

Purcell enhancement is usually found at the nano emitters inside or near a cavity. In more 

intrinsic aspect, the emitters are confined and resonate in those structures and therefore emission 

enhanced. Similarly, surface plasmon or plasmonic structures always have the strong confinement, 

we also achieved significant Purcell enhancement when applying them to our dipole emitter. 

The Purcell factor for chiral coupler also depends on another parameter, the lateral distance 

from dipole emitter to the waveguide. Review the case in Figure 3.2, when we placed the dipole 

emitter at distance d = 3 nm from the inner sidewall and off from the bottom corner in the diagonal 

direction. Polarization selectivity was measured to be 113, comparing the ratio the magnetic field 

intensity ȿὌȿ measured after ~1.16 µm propagation from the dipole emitter. And the Purcell factor 

is measured to be 17. 
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Figure 3.4 Chir al Coupling with Different Distances of Dipole Emitter : (a) Schematic of a U-shape Ag 

waveguide with  dipole emitter placed close to the bottom corner of a Ag waveguide (d = 3 nm). (b) dipole 

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

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

 

However, for a U-shape Ag waveguide with the same radius of curvature R = 54 nm, 50-

nm width, and 50-nm height. And with the same circularly polarized dipole emitter, but which was 

laterally placed at the center of curvature (d = R = 54 nm) (Figure 3.4) and vertically still close to 

the bottom corner. Polarization selectivity was measured to be only 7, still calculating the ratio of 

the magnetic field intensity ȿὌȿ measured after 1.16 µm propagation from the dipole emitter. And 

Purcell factor is measured to be 2.4. 

The results support that being close to metal surface, a high-intensity energy flux can 

couple to SPs on a Ag waveguide in form of the increased Purcell factor. This can be explained 

together with the very dense and strong nearfield power of the circularly polarized dipoles. When 

the dipole emitter became closer to the coupler, larger amount of the non-radiating power was 

coupled into the plasmonic waveguide and benefited the 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 selectivity, one important parameter of the circularly polarized 

dipole is the radius of curvature. 

In Figure 3.5. A linear straight Ag waveguide (50-nm width and 50-nm height) with a 

circularly polarized dipole emitter placed at distance d = 3 nm from the inner sidewall and close 
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to the bottom corner. Polarization selectivity based on ȿὌȿ is measured to be 5.5. Purcell factor is 

measured to be 18.  

 

Figure 3.5 Chir al Coupling with a Straight Waveguide: (a) & (b) Schematic of a straight Ag waveguide with 

dipole emitter placed close to the bottom corner of a Ag waveguide (d = 3 nm). (c) Magnetic field |H| profile at 

1nm below Ag waveguide bottom surface. (d) H-field intensity profile scanned after different  propagation 

length. 
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Another interesting structure is shown in Figure 3.6, the radius of this chiral waveguide is 

very small, only 3nm. The circularly polarized dipole emitter was put at the same distance as 

previous structures d=3nm. The extracted field was very strong, but the asymmetry was almost 

totally lost. 

 

Figure 3.6 Chir al Coupling with Very Small Radius of Curvature : (a) Schematic of a chir al Ag waveguide 

with 3nm radius and also dipole emitter placed in the center (d = R= 3nm). (b) Magnetic field |H|2 profile at 

1nm below Ag waveguide bottom surface. 

 

To further confirm the results of the above two structures, we did gradually changed radius 

with the same other conditions including the 3nm distance and 50nm thickness and width of the 

Ag waveguide. See Figure 3.7, the radius was changed from 15nm to 200nm from up to down. 

The selectivity of chiral coupling first increased till R=54nm which is matching the theoretical 

calculation mentioned in Chapter 233.1. Further increasing the radius would not improve the 

selectivity better but degraded it. This further proved our hypothesis that for the chiral coupling, 

we need to satisfy the requirement of matching the OAM of a SP waveguide and the SAM of an 

emitted photon.  
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Figure 3.7 Chiral Coupling with Different Radius of Curvature : The radius of curvature 

R=15/30/54/100/200nm from up to down. (a) Magnetic field |H| profile at 1nm below Ag waveguide bottom 

surface. (b) H-field intensity profile scanned after 1.155um propagation. 

 

The other parameter that may affect the selectivity of chiral coupling is whether placing 

the dipoles vertically in the center or at the bottom of waveguide as we did in the structures above. 

This off-corner diagonal-configuration 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 dipole,[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 field. But we should also be noticed that the effect of this corner 
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excitation performance may vary depending on the size of the chiral waveguides and the 

wavelengths of plasmon.  

 

3.4 Further Discussion 

Previously, we showed that circularly polarized electric dipoles harbor a near-field 

concentrated wave which orbits around with an energy flux significantly larger (five orders of 

magnitudes at ~1-nm radial distance) than far-field radiation. This near-field wave is found to carry 

transverse spins and reveal skyrmion spin texture (Néel-type). By performing electromagnetic 

analysis and numerical simulation, we demonstrate chiral extraction of a near-field rotational 

energy flux: the confined energy flow is out-coupled to surface plasmons on the metal surface, 

whose curvature is designed to provide orbital angular momentum matched to spin angular 

momentum of dipole field, that is, to facilitate spin-orbit interaction. Strong coupling occurs with 

high chiral selectivity (~113) and Purcell enhancement (~17) when both linear and angular 

momenta are matched between dipole field and surface plasmons. Existence of a high-intensity 

energy flux in the deep-bottom near-field region (r ~ 1 nm) opens up an interesting avenue in 

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 a near-field region corresponds to an 

electromagnetic energy flow associated with a rotating dipole moment and its electromagnetic 

field. The field-stored energy of dipole near-field is expressed as , where r1 is the lower limit 

of volume integral of energy density and dipole moment p0 is assumed to be r1e. (Appendix A.5). 
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Assuming r1 = 1 nm, the electromagnetic energy is calculated to be 4 x 10-20 J: this amount 

corresponds to 12% of the photon energy at the assumed wavelength (ᴐeV for ɚ = 633 1.96 = ‫ 

nm). Moreover, this energy expression is found to hold the following relationship with the trapped 

energy flux derived above: the near-field energy flux equals a product of oscillation frequency (ɤ) 

and field-stored energy (Appendix A.5). This supports the notion that the large energy flux is a 

manifestation of field-stored 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 angular (ɗ, ű) dependence of probability density corresponds to eigenfunctions 

of the Schr dinger equation for hydrogen atom and are expressed as spherical harmonics specified 

with two quantum numbers (orbital l and magnetic ml). Similar to electron orbitals, photons reveal 

an orbital structure whose angular momentum (AM) values are bounded to an integer multiple of 

ᴐ: 2ᴐ for OAM; and ᴐ 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 near-field-trapped photonic orbitals (ⱴ ÓÉÎ—) revealed in the 

present work (Figure 2.3(e)) can be viewed as a possible electromagnetic model that may explain 

the non-radiating 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, the fluorescence observed at far field  becomes weaker, that is, being quenched [66-70] 

This quenching effect has been  extensively studied in various areas,  especially in biosensing and 
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chemical detection area.[68, 70, 71] An interesting question then arises related to our finding that 

extracting a near-field energy flux out of a dipole would result in enhanced emission rates: what 

is the connection between the two observations, which are apparently contradicting. 

In general, the quenching effects reported in literature manifest themselves as a dramatic 

change (drop) of fluorescence lifetime and its emission intensity observed at far field. There are 

many detailed theories to explain the dynamics of quenching phenomena in different aspects and 

different distance ranges (e.g., from 0.1nm to 10nm).[66, 67, 71, 72] A brief summary can be that 

when a dipole emitter and metal are close to each other, a strong interaction occurs between the  

emitter and metal surface; exciting  plasmon modes and many of them  are rapidly damped 

dissipating the energy into heat. It should be noted that there are important differences in 

experiment configurations between our structure and those cases. Conventional work mostly dealt 

with planar metal surface or metal nanoparticles on which a dipole emitter is placed with variable 

gap. In the metal nanoparticle case, the dipole field excites the localized surface plasmons (LSP) 

inside metal, whose energy also quickly dissipates into heat in a process similar to the case of 

propagating SPs on a planar surface. Note also that metal nanoparticle experiments are typically 

done at the characteristic wavelength of localized SP resonance, for example, ~530 nm for Au 

nanoparticles for surface-enhanced Raman spectroscopy (SERS). The use of this resonance 

wavelength is to maximize the induced field-strength on metal surface; the resulting effect is 

basically a huge increase of plasmon loss, which goes to fast dissipation of SP energy into heat.   

In our case, the dipole near-field energy is first coupled to SPs on a small section of 

plasmonic nanowire chiral coupler and then the excited SPs are routed to low-loss dielectric 

waveguides with intended destinations at far field. Our strategy here is to minimally use a metal 

nanowire section, just sufficient for chiral coupling, and then immediately transfer the power to 
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low-loss dielectric waveguides. This design intends to minimize plasmon losses, which would 

otherwise be unavoidable in conventional coupling, so that the dipole emission power can be 

delivered to far field without much attenuation. By contrast, conventional fluorescence quenching 

on metal surface results in a loss of energy flux that could otherwise be observed/accessed at far-

field. In our case, with proper design of plasmonic waveguide and couplers (see Chapter 7.1.3), 

we demonstrate that emission enhancement can overcome plasmon losses and other coupler loss: 

we achieved negative insertion loss, that is, stronger intensity output at far field compared to that 

of conventional coupling. Also, the amount of a near-field trapped energy flux is much greater 

than that of far-field radiating power: note that this latter component is the only power observable 

in conventional far-field experiments.  

In sum, our case differs significantly in the following aspects: extract a portion of this large 

power and out-couple them as SP modes via a momentum-matched chiral coupler and thereafter 

send out for far-field observation. Another factor that may play an important 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 of electron and hole. With the near-field extraction concept discussed 

above, the emission rate of QD will increase, that is, exciton lifetime will decrease: that means our 

QDs need to be refilled with electron-hole pairs as quickly as possible. Otherwise, emission will 

cease immediately as all are consumed: this may look like so-called luminescence quenching in 

conventional experiments. In colloidal core-shell QDs, the exciton lifetimes are ~20 ns. Therefore, 

injecting electron-hole 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 significant.[73] 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 a low-loss dielectric waveguide [55], 

which will also be discussed in Chapter 7.1.3. A high-efficiency chiral coupler structure with high 

polarization-selectivity 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 photon qubits.[74-76]  
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4.0 Basic Single Quantum-Dot Light -Emitting Diode (QD-LED)  

Previously, we explored the near-field emission and spin-selective coupling of a circularly 

polarized dipole, which show a good theoretical potential in a photonic circuit. In practical devices, 

such a dipole emitter is possible using semiconductor quantum-dots (QDs). Compared with the 

other methods, quantum dots size and availability in colloidal solution make them easily integrated 

into semiconductor devices. Emission of quantum dots can be excited by the electrical injections 

(electroluminescence)[3, 4], similar to existing LED structures.  

Researchers also reported that in case of photoluminescence, itôs almost impossible to 

generate single photons with very faint laser pulses for which the photons obey Poissonian 

statistics.[3] Using electroluminescence we can control the injection levels even in low injection 

current and generate with some amount of determinism.  

Considering single photon emission performance, using photoluminescence, 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 charge-injection 

channels, there are more involved states which have much shorter lifetime than the exciton. The 

probability of forming biexciton is much less than (~1/10 of) the photoluminescence, which is 

usually more preferred in improving the single photon performance.[5] 

Another practical reason is with laser pumping, although usually can be done by applying 

combinations of filters based on wavelength or polarization, itôs still a common challenge to 

separate the laser pumping and the photoluminescence. For electroluminescence, we circumvent 

this issue entirely and simplify our system allowing high levels of integration into monolithic 

devices.  
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The electrical excitation of single QDs in the active region of a semiconductor p-n junction 

is also robust compared to other similar methods in electrically driven single photon emission such 

as using Coulomb blockade by making nanostructures in a mesoscopic junction[4, 77]. The 

emission is stronger and also room temperature operation becomes possible. Practically, besides 

the epitaxially growing QDs, one can use pre-synthesized QDs which are prepared separately 

before the fabrication of QD-LED. They can be stored in solutions which are easy to apply through 

spin coating and can be diluted into different concentrations to control the spacing between QDs.  

4.1 Device Structure and Operating Principle of QD-LED 

Starting from our previous nanophotonic devices based on low-voltage emission of 2D 

electron gas[78], in our first proposed device structure, single - or an ensemble of ï colloidal 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. (See Figure 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 the p-type 

transport layer placed on top. 

This structure, a semiconductor QD trapped in a nanohole window, is designed to achieve 

both highly localized injection and strong confinement of carriers into a core-shell QD. This nano-

junction double-heterostructure is expected to greatly improve photon generation efficiency under 

electrical pumping. 
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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 anode. ITO is a transparent, thin-film conductor. It allows the emitted light to shine through 

without significant obstruction. This transparency makes it ideal for applications where you need 

both electrical conductivity and optical transparency, such as LEDs.  

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) is an organic 

polymer which can work as hole-transporting layer and deliver holes from ITO to the junction. 

The electrical conductivity of PEDOT is high, and itôs also transparent to the LED emissions. 

PEDOT is also a relatively soft material and has good flexibility,  which is commonly used in 

organic electronic devices, such as organic photovoltaic (solar) cells, organic light-emitting diodes 

(OLEDs), and organic field-effect transistors (OFETs). 

 Poly(9-vinlycarbazole) (PVK) is also a common polymer in the field of organic electronics 

and optoelectronics. PVK itself is not a strong emitter in the visible spectrum, and itôs typically 

used as a host material for other organic compounds. It is another hole-transporting layer to reduce 
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the energy barrier between PEDOT and CdSe QD and helpful to improve the hole injection rate. 

It also provides a solid-state environment for QDs to emit light. 

Thermally grown oxide layer is chosen to be ~20nm thick to avoid direct tunneling. 

Electrons will accumulate at the interface between SiO2 and n-Si and form two-dimensional 

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 nanoholes. This oxide layer is essential. 

Since the top layers are all conductive, without the oxide layer, the p-type layers and n-Si substrate 

would directly connect and form many leakage paths. Most of the current would disperse and 

recombine at the entire surface. Only a very little part of the current injected can go into the QDs, 

and thus the efficiency of QD emission could be very low. 

4.2 Fabrication of Basic QD-LED 

For the QD-LED 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 layer. This nanohole patterning 

was done by using electron-beam lithography (EBL) and inductively coupled plasma ï reactive 

ion etching (ICP-RIE) process. CdSe/ZnS QDs were placed on the nanohole-etched substrate by 

spin coating, followed by another round of spin coating of organic layers. Finally, we deposited 

an ITO electrode in the sputtering system. The entire process flow is shown as Figure 4.2 below. 



 43 

      

 

Figure 4.2. Process Flow of the QD-LED Fabrication: Oxide was grown thermally and then backside Al 

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

added at last. 

 



 44 

4.2.1 Thermally Grown SiO2 and Backside Al Contact 

In this QD-LED structure, the very first step is to grow an oxide layer. We grow high 

quality silicon oxide through thermal oxidation.  

Prior to thermal oxidation, a strict cleaning process is required. Solvent cleaning with 

acetone and methanol primarily removes the solvable organic impurities on the surface. Standard 

RCA cleaning includes: 1. Removing organic and particles by 70~80°C heated de-ionized (DI) 

water : NH4OH : H2O2 in 5:1:1 ratio, around 10mins; 2. Removing thin oxide layer and part of 

ionic contaminations by 2% HF, etch about 15s; 3. Removing metallic contaminants by 70~80°C 

DI water : HCl : H2O2 in 6:1:1 ratio.  

Following the cleaning, wafers were placed in an oxidation furnace at 950°C for 30 minutes 

in ambient air. Temperature calibrated by thermal couple and multimeter. Oxide 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 spin-coated and baked the S1827 photoresist on the 

front side for protection from chemical etching. After protecting the frontside, we immersed the 

sample into a standard buffered HF (BHF) for 4 minutes. After oxide removal, a 150nm-thick Al 

was deposited by thermal evaporation with base vacuum below 10-5 Torr and growth rate ~ 0.3 

nm/s. For the n-Si substrate, Al usually had relatively good ohmic contact even without any further 

annealing and is ready as the backside electrode as deposited. We can also do slight annealing in 

the forming gas (90% N2 / 10% H2) at 380°C for just 5 mins if needed to form a good contact. But 

further annealing such as increasing the time or raising the temperature was not preferred as it 

would degrade the contact performance due to the unwanted diffusion of p-type Al and n-type Si. 
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4.2.2 E-bean Lithography and ICP-RIE to Pattern Nanoholes on SiO2 

For a single CdSe/ZnS QD with ~630nm emission wavelength, the diameter is ~10 nm 

diameter or less.[79] In the primary design of this work, we aimed for the diameter of nanoholes 

etched on SiO2 to be ~20 nm so that single QD can be trapped into the nanohole. Ideally, if we 

spin coat the QDs in larger spacing, this will  avoid multiple QDs sitting in the same hole and 

emitting at the same time, which is not good for verifying the single photon emission from single 

QDs.  

However, because the intrinsic quantum efficiency may not be high and the spacing of QDs 

may be much larger, there may be no QDs emitting in the holes. Thus, we also prepared more 

options in the size of nanoholes, designed from 20nm to 1um.  

To achieve nanometer sizes in our pattern we turn to e-beam lithography as common mask 

or maskless lithography with UV light or laser has a resolution limit around 1um minimum. 

Polymethyl methacrylate (PMMA) was used as the mask layer in EBL 950 A4 PMMA was spin 

coated at 4000rpm and 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 to help remove the 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 the patterns into SiO2, we baked the samples 

shortly on hotplate at 100°C for 90s to improve the stability of PMMA just after the developing 

PMMA. 
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Figure 4.3. EBL Patterns of Nanoholes on PMMA after Developing: (a) Array with different dosage and 

different diameter of nanoholes, dosage varied in 0~300µC/cm2, decreases from bottom to top and designed 

radius were 10nm~100nm, decreased 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 sufficiently exposed but not overexposed pattern with EBL is always 

challenging. The small patterns always required more precise focusing and exposure in higher 

dosage to guarantee the later developing down to the bottom of PMMA. 

We tested different dosages for different diameters of nanoholes during the EBL writing 

and checked the resulting patterns under SEM after development (see Figure 4.3). Since the e-

beam diverged inside the 200nm-thick PMMA and broadened the real exposed area, we found that 

even the best SEM measurement still showed a little bit larger size of nanohole pattern after 

exposure and development, compared to the original design pattern. 

Next, to transfer the nanohole patterns from PMMA to SiO2 layer. We used inductively-

coupled-plasma reactive-ion-etching (ICP-RIE). Compared to the regular RIE, ICP-RIE added 

extra voltage bias to confine the ion plasma movement in one direction. This led to a more 

directional etching, better resolution and less undercut. But it will also lower the etchingôs 

chemical selectivity because itôs closer to a physical bombing process compared to the normal RIE. 

Figure 4.4 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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Figure 4.4. Nano Holes and L ines under Optical Microscope, obj mag = 100x: the designed linewidths and 

diameters are 1µm, 1µm, 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.  

 

The gases we used in ICP-RIE to etch the SiO2 were CF4 and O2, in flow rates of 27sccm 

and 3sccm respectively. Noticed that these gases also etched our PMMA mask and Si. We need to 

very carefully control the etching time to avoid etching away the top mask layer and into the 

bottom Si layer. For a 100W ICP power and 150W RF power etching, 45s was enough to etch 

away the thin SiO2 layer, but still guaranteed enough thickness of the top PMMA mask, as shown 

in Figure 4.4 (b). 

As mentioned above, if we chose thinner PMMA, it would improve the accuracy of EBL. 

However, this was risky during the ICP-RIE because the thin PMMA mask may be all gone. 

Therefore, we maintained the ~200nm PMMA thickness unchanged for the QD-LED fabrication. 
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After the ICP-RIE etching, the sample was soaked in acetone for more than 2 hours to 

remove the PMMA mask and followed with IPA and DI water clean. Without the thick PMMA, 

the small patterns on SiO2 became more difficult to find because the oxide layer was only ~20nm 

and contrast was low. But we could still find the small patterns such as nanoholes designed to be 

200nm diameter to confirm the ICP-RIE existed on the SiO2. And more precise tests to check 

whether the etching was enough or not were done through the I-V probe station and confirmed no 

insulating oxide remained in the holes by reasonable amount of current from nA to mA level.  

 

4.2.3 Placement of CdSe QDs and Coating of Top Conductive Layers 

In our QD-LED fabrication, we utilized commercially synthesized CdSe/ZnS QDs solution 

prepared in Toluene. They were added into the nanohole etched SiO2 windows by spin coating at 

2000rpm for 1min and baked at 80°C for 30mins. For undiluted QD solution with 10mg/mL 

concentration, the spin coated QDs stacked together and appeared to be more than monolayer 

thickness. By diluting the QD concentration down to ~1/100, the QDs were mostly separated with 

an average spacing ~100nm. Also, the QDs were no more than monolayer. Figure 4.5 below shows 

the dilution effect on QD distribution after spin coated. 
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Figure 4.5. SEM Images of QDs with Different Concentration Coated on the SiO2 Layer and Nanoholes: (a) 

10mg/mL, the QDs are stacked and form thick multilayers; (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 QDs, as we introduced earlier in Chapter 4.1, we need to add the 

PVK and PEDOT as hole transport layers. These organic transparent and conductive layers have 

similar valence band levels and make smoother band alignment when working together, which is 

ideal for efficient injection.  

PVK was prepared by mixing 50mg PVK powder with 10mL chlorobenzene. After mixing, 

the PVK solution needs to be stirred overnight with a magnet. Before every usage, the solution 

should be heated to 80°C and stirred for 30mins. The PEDOT solution was a commercial product 

of Clevios. But we cannot directly apply the PEDOT solution because itôs easily aggregated and 

formed large particles which are not good for spin coating. Before spin coating, we used syringe 

and 0.45µm filter to remove the large particles and increased the purity and uniformity of PEDOT 

solution. Also, PEDOT did not adhere well to the surface during the spin coating, which was solved 
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by mixed with 0.25% Triton X-100. Before usage, PEDOT needs to be sonicated 30mins so it can 

mix well. 

After the PVK and PEDOT were prepared, they were spin coated on top of the CdSe/ZnS 

QDs one by one. They were all spin coated at the same 2000rpm for 1min and baked at 120°C. 

PVK had a thickness of ~20nm and PEDOT was thicker. All the QD and organic layers together 

will have ~100nm thickness.  

Finally, we add the ITO electrode to complete QD-LED fabrication. Since PEDOT is a 

very soft material and easily  scratched by our probe, we cannot directly use it as electrode. 

Moisture may also easily smear into the PEDOT and the QDs if PEDOT is not covered with other 

more stable material. The ITO dots were deposited on the PEDOT and covered the underneath 

nanoholes area as an electrode and a protection. The deposition rate of ITO is ~1A/s to guarantee 

the uniformity and stability of ITO. 

 

Figure 4.6. A Basic QD-LED Sample with PEDOT and ITO on the top: (a) direct view; (b) view in the 

microscope. 1µm-wide, 500um-long lines pattern were near the center of ITO dot and visble as indicated in 

the red dash circle.   

 

As shown in Figure 4.6, after all the layers were added, the PEDOT top surface showed a 

deep blue color and the ITO dot showed a white to orange color. The nanopatterns under the 
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transparent layers still could be visible under optical microscope, but the sizes of patterns needed 

to be large enough (such as 1µm diameter) due to the Rayleigh resolution limit with visible light.  

4.3 Electroluminescence of Basic QD-LED 

Once the basic QD-LED fabricated, it is almost ready to be tested. Before applying the bias, 

one more step was mounting the QD-LED sample on the copper plate with gallium. Then we could 

apply the bias between the top ITO and bottom gallium/copper plate by probing and connecting to 

the pulse generator. 

  

Figure 4.7. Electroluminescence from Different Nanopatterns: (a) nanoholes with 1µm diameter; (b) 

nanoholes with 20µm diameter; (c) 500µm-long nano lines with 1µm (left) and 500nm (right) linewidths; (c) a 

crossbar marker with 50µm width. The magnifications were not the same and camera exposure time = 8s. 
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To check the availability of QD-LED to emit light, we first gradually increased the current 

injected into a QD-LED until an emission was clearly seen. Figure 4.7 shows optical micrographs 

of electroluminescence of different nano patterns on the QD-LED driven at 3.5~4V bias by pulse 

generator. The pulse width was 10µs and pulse period was 100µs. Luminescence could be seen 

through human eyes and was captured by the camera connected with microscope in an 8s exposure.  

These bias and pulse conditions were not yet optimized to realize single photon emission. 

But as an initial measurement, itôs still important to begin with a strong enough emission so that 

we can measure the wavelength of emission and compare the effects of different parameters such 

as the sizes of nanoholes, the voltages applied and so on, which will be discussed more in the 

Chapter 5.0.   

 

 

Figure 4.8. Electroluminescence Spectrum from CdSe/ZnS QDs Placed in 20µm Nanoholes. 

 

The QD emission spectrum was measured by a CCD spectrometer (Edmund Optics) for 

VIS-NIR range (350-1050nm). We aligned one end of a multimode optical fiber above the emitting 

dot and connected the other end into the spectrometer. A sample with 20µm-diameter nanohole 
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arrays was electrically driven and provided emission for measurement. Here we chose a large 

pattern because the emission was easier to be aligned with and coupled into the fiber.   

Spectral measurement results are shown in Figure 4.8, the central wavelength of our 

CdSe/ZnS QDsô emission was at 633.3nm with a full width half maximum (FWHM) ~50 nm. 

Since the emission wavelengths of QDs are size-dependent[79], the size variation of colloidal core-

shell QDs caused this spectral broadening. And the bandwidth of emission well agrees with the 

data on the spec sheet from the supplier.  

4.4 Short Conclusion of Basic QD-LED Structure 

We introduced a basic structure to realize the electroluminescence of QDs based on the 

well-known OLED structure. Fabrication of this QD-LED had high resolution of nanopatterning 

through EBL and ICP-RIE which we showed reasonably good results as seen in Chapter 4.2. In 

constructing the LED layers and testing QD-LED, compared to the cryogenic temperature used in 

some other research[80], our QD-LED were composed and operated in a more convenient room 

temperature environment while still showing strong emission. This confirmed the feasibility of our 

QD-LED structure from top to bottom layers. 

However, there were also many problems we met with these basic QD-LED samples, such 

as large lateral leakage current from the injecting dot to the field, and vertical leakage from top 

field area to bottom through possible surface defects. During the measurements of some samples, 

we tried to manually scratch isolated lines around the injecting ITO electrode as shown in Figure 

4.9 to solve the lateral leakage. Because the PEDOT and PVK spin coated layers were relatively 

soft compared to the inorganic materials such as SiO2 layer underneath and our tungsten probe, by 
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carefully scratching and taking any peeled-off PEDOT residue away from the isolation, we could 

achieve pA current when measuring from the ITO electrode to the PEDOT outside. But this didnôt 

mean we solved the problem from the structure itself and we still had room to improve our QD-

LED structures.  

 

Figure 4.9. Manually I solation and Thermal Degradation of Basic QD-LED 

 

Another big problem for our QD-LED was the thermal degradation during the 

measurement. Also shown in Figure 4.9, the image was captured after several times of injection 

and emission of Figure 4.7(b). We could see at some hole patterns, the sizes of holes enlarged, and 

the color changed. This phenomenon or deformation was due to the local heat generated during 

the current injection. Organic materials, especially PEDOT could decompose into volatile products 

under heat and formed ñbubblesò inside of the layers. After decomposition, the PEDOTôs 

conductivity also dropped based on the I-V we measured and also in other researches[81], which 

was dangerous for our device. To quantify the QD-LED performance and improve our structure to 

avoid the above problems, many revisions were done along with the single photon measurements, 

which will be thoroughly discussed in the Chapter 5.0 below.  
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5.0 Coincidence Measurement and Revision of QD-LED Structures 

In Chapter 4.0, we talked about the basic structure fabrication and the basic emission 

profile of our CdSe/ZnS QD-LED. Itôs important to verify that QDs sit in this semiconductor 

junction can receive the holes and electrons from p-type and n-type material side and show 

reasonable electroluminescence.  

Next, we seek to utilize single photons in applications such as quantum key distribution, 

quantum sensors and qubits in quantum computing. Our QD emission should have a well-defined 

frequency and polarized photons could be generated one by one at the exciton state. Even in case 

of utilizing entangled single photons in quantum communication or the spin-dependently guiding 

into the plasmonic waveguides as we introduced in Chapter 3.0, the QDôs main emission should 

still come from the single exciton under electroluminescence as mentioned in the introduction part 

of Chapter 4.0. Therefore, itôs essential to show good single photon performance of our QD-LED. 

To quantify this, coincidence measurements were implemented.   

As a common technique used to characterize the properties of single photon sources, in a 

typical coincidence measurement setup, the photons generated from a single photon source were 

split into two fibers using a beam splitter. The two beams then passed through separated single 

photon detectors (SPD), which can generate amplified electric signals (electron-hole pairs) from 

the single photons absorbed by avalanche photodiodes. Then SPDs were connected to a time-

correlated single photon counting (TCSPC) device that records the arrival time of the photons and 

calculate/integrate the coincident events. 

When photons collected by SPDs, with the arrival time (t1, t2, t3é) recorded in a certain 

time range and certain time bin size (< emission life time), the correlator marked each pair of 
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photons (t1 and t2) as one coincidence event, output the histogram as a discrete convolution in 

time-domain which indicates the repetition counts of the coincident events in the axis of the arrival 

time difference (ȹt) divided by the time bin size. 

Figure 5.1 shows how a histogram plot can be calculated from the single photon detectorsô 

signals. In Figure 5.1(a), photons arrived the two detectors always at different time and every time 

only one detector received signal. The red lines indicate the coincident events between the two 

channels and photons. The purple lines indicate the time delays and positions of these coincident 

events in the histogram plot (Figure 5.1(b)). We can see in this case, at the zero delay of histogram 

plot, there is a 0 reading. For an ideal single photon source, since photons are emitted one by one, 

all photons arrive at different timings and none of the photons has a zero-time spacing. It should 

be 0 count at the ȹt=0 of histogram mode measurements. 

However, if multiple photons are emitted at the same time, split by the beam splitter, and 

entered the detector at the same time, like the ones at t=1 and t=3 shown in Figure 5.1(c). The 

histogram shown in Figure 5.1(d) then has a reading of 2 at ȹ(t)=0. Indicating there are photons 

emitted together/correlated. 
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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 the same time; (d) Histogram of (c) shows 2 counts at 

zero delay. 
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In single photon measurements, people often use g2(0) to indicate the single photon 

performance as well. The function g2(Ű) calculates the degree of second-order coherence between 

photons detected in the two channels and quantifies whether photons are more likely to arrive at 

certain time intervals together (positive correlation) or independently (no correlation).  
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In this formula: 

ἂn1(t)ἃ is the average number of photons detected in channel 1 at the time t. 

ἂn2(t+Ű)ἃ is the average number of photons detected in channel 2 at the time t+Ű 

n(t) is the actual number of photons detected at the time t. 

Ű is the time delay between two detection events. 

In case of time delay Ű=0, and the two channels have equal possibility to detect the photon. 

ἂn1(t)ἃ is equal to ἂn2(t)ἃ. 
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Furthermore, in ideal single photon emission, only one photon could be detected in one 

channel. 
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Comparing the histogram plot and g2 function, they both indicate the correlation between 

the photons measured at certain time delay. While histogram reading uses the exact counts of 

coincident events, g2 function represents the probability which can be regarded or calculated as a 

normalized histogram results. 
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5.1 Coincidence Measurement Setups 

We introduced how single photon performance can be quantified through coincidence 

measurements. As mentioned earlier, a typical coincidence measurement setup includes an 

emission collector, a beam splitter (usually 50-50 split ratio) to split the generated photons into 

two beams, two single photon detectors for sensitively collecting the individual photons, and a 

time-correlating event timer to record the arrival time and calculate correlation.  

 

Figure 5.2 Lensed Tip Fiber for Collecting the Emission: (a) Sketch of a lensed tip fiber from the ThorLab ; 

(b) Real alignment of lensed tip fiber for emission collection and tungsten probes for electrical connection. 

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

 

The setup for such a measurement is shown in Figure 5.3. To collect emitted light from 

QD-LED, first we aligned a lensed tip fiber above the nanoholes electrically injected Figure 5.2 

and Figure 5.3 (b). Then the fiber was connected to a narrow bandpass filter in front of the beam 

splitter. (Figure 5.3 (a) to (c)) The front filter provided two benefits. Firstly, although the single 

photon measurements were implemented in a dark environment with the room light turned off and 

machine light indicators covered with black tape, there might still be weak residual fluorescence 
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or light through the tape from the working machines. These light signals are not relevant to our 

QD-LED and mostly in different wavelengths, which can be blocked by the front filter. Second, 

for our QD-LED itself, although we assumed the emission was from the quantum dots. However, 

Si is also a non-negligible source of photon emission. When electron-hole pairs injected into Si 

diode, since Si primarily has an indirect bandgap, the recombination efficiency is not as high as 

the direct bandgap materials. But Si also has secondary direct bandgap which may slightly absorb 

the electron-hole pairs and illuminate. The emission from Si is believed to have a much longer 

wavelength than the 630nm wavelength of our QDs.[82, 83] So applying the front filters will also 

help to eliminate most of the photon contamination from Si emission.  

Si emission may occur in our single photon detectors (from MPD), which consists of 

epitaxial silicon single photon avalanche diodes (SPAD) and integrated active quenching Circuits 

(iAQC). When an incident photon entered one detector and was absorbed by the SPAD, secondary 

photon may be generated there and could go back to the fibers and injected into the other detector, 

causing artificial extra photon counts. This is well known and described as an afterglow 

phenomenon of single photon detectors and included in the backscattering phenomena of single 

photon measurement. Other possible backscattering photons could occur due to many reasons, 

including light scattering in the optical components and reflections from the surfaces at the 

connections. In these cases, especially the afterglow, no matter if the extra photon is detected by 

the same detector or by the other detector, it leads to a false coincidence event. This can result in 

a distorted measurement of the correlation between the emitted photons. Since the wavelengths of 

these backscattered photons are distributed in a wide wavelength range. The narrow bandpass 

filters can also help to suppress noise counts.  Similar as the front bandpass filter, we also applied 

narrow bandpass filters after the beam splitter and in front of the SPDs, see Figure 5.3 (c).  
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Figure 5.3 Setup of SPD Measurements: (a) &  (b) Lensed tip fiber for emssion collection and tungsten prbes 

for electrical connection. (c) Beam splitter, U-bench w. bandpass filters inside and single photon detectors. (d) 
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Time-Correlated Single Photon Counting (TCSPC) device connected w. laptop. (e) Schematic diagram for 

entire SPD measurement setups 

 

After splitting into two beams and following detection by the two SPDs, the emitted 

photons were converted into electrical signals and input into the time-correlated single photon 

counting (TCSPC) machine (MultiHarp 150, Figure 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 and time-tagged 

time-resolved (TTTR) modes. The TTTR 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) 

and records the time interval between other inputs and sync. In our single photon measurements, 

because we were using 50-50 beam splitter and the two channels are equally important, we mainly 

used two channels in T2 mode to count the number of emitted photons in one unit time from each 

channel or used histogram mode to check the correlation between the two channels. 

For the fibers connecting the filters, splitter, and detectors, we used standard multi-mode 

fibers, to minimize the insertion loss between fibers and connectors or devices. Both lensed tip 

fiber and beam splitter were based on multi-mode fibers. Because the sizes of core are very 

different from multi-mode fiber to single-mode fiber, there will be a large coupling loss with the 

single-mode fiber and the collection efficiency could be very low, which is not good for our single 

photon measurement. 
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5.1.1 Measure Insertion Loss 

Following setup assembly, we tested the insertion losses between the components from the 

front U-bench filter stage to the splitter and back filter stages connected with multi-mode (MM) 

fibers. Here we used a semiconductor laser diode as light source and optical spectrum analyzer 

(OSA) to measure the power. By adding the components in the middle of laser and OSA, we can 

observe the power transmission changed and estimate the insertion loss. 

 

Table 1. Fiber Insertion Loss in the Setup of Single Photon Measurement 

Light Pathway 
OSA peak power 

(Min/Max) 

#1 Laser ï OSA 4.29nW/4.71nW 

#2 Laser ï MM fiber ï OSA 5.15nW/5.30nW 

#3 Laser ï Beam Splitter  R-2 ï OSA 1.03nW/1.05nW 

#4 Laser ï MM fiber ï Beam Splitter  R-2 ï OSA 1.06nW/1.09nW 

#5 Laser ï Filter Stage (wo. filter) ï MM fiber ï OSA 4.48nW 

#6 Laser ï Filter Stage (wo. filter) ï Beam Splitter  R-2 ï MM 

fiber ï OSA 
1.19nW/1.23nW 

#7 Laser ï Filter Stage (wo. filter) ï Beam Splitter  R-2 ï OSA 919pW/959pW 

#8 Laser ï Beam Splitter  R-2 ï OSA 1.19nW/1.22nW 

#9 Laser ï Beam Splitter  R-1 ï OSA 908pW/1.15nW 

 

From the Table 1 below, we can see the multi-mode 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 path. Here,  and  

indicated two 50-50 multi-mode 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 splitter () and 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 50-50 ratio. 

For the insertion loss between from the fiber to detector, the datasheet mentioned minimum 

about 80% coupling efficiency. In short, we can image when we get 1 unit power from the lensed 

tip fiber collection, after it passed through the front and back filter stages and splitter, the detector 

can receive ~0.2 unit (ideally 0.5 unit due to the splitting), which is not perfect but usually 

acceptable. 

 

5.1.2 Suppress the Random Noise Counts 

During single photon measurements, random noise counts originate mainly from two 

sources. The first one is the dark counts of the detectors. In semiconductor avalanche 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 light. The number of dark counts 

is decided by the quality and manufacture of the detectors, and usually unchangeable since itôs 

difficult to eliminate the thermal actions. From MPDôs datasheet, the dark counts per second 

should be less than 50. When transferred into histogram mode results, this random noise could 

appear in any time delay and increase the minimum level of coincident event counts. The noise 

counts were proportional to the entire collection time and maximum time-delay for coincidence 

calculation. 

The second part of noise counts are from weak fluorescence in background. In our 

experiments, the fibers and stages were covered by a two-layer coverture, which has one layer of 

thick vinyl film and one layer of thick black cloth. (See the black ones in Figure 5.3 (c).) Itôs 
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already known that adding the bandpass filters just after the lensed fiber collection could filter out 

many non QD emissions. However, it was found that without this thick black coverture, the 

background fluorescence can enter the fibers halfway through the thin cladding and connectors 

which are after the front filter.  

 

Table 2. Photons Counted w/wo. Black Coverture &  w/wo. Front  Fil ter 

Photons Counted in 1s 

(T2 mode) 

wo. black coverture 

(room light) 

w. black coverture 

(room light) 

w. black coverture 

(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 any QD-LED sample. Room light 

can be a good example of background noise, although we never turn it on during real measurements 

with results shown in Table 2. 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. 

5.1.3 Eliminate Satellite Peaks from Afterglow/Backscattering 

Besides random noise triggered by thermally generated carriers inside the SPD, another 

undesirable signal is from the afterglow phenomena discussed previously. Since the afterglow 

photons are closely related/excited to/by the original photons collected by the detectors. And they 

usually become detected by the other detector through backward propagation after a certain time 

delay. The histogram mode results showed clear satellite peaks due 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 Figure 5.4 (a)(b)(c), emission from QD-LED was collected and coupled into the lensed 

tip fiber. After this, thereôs only one filter in front of the beam splitter and the single photon 

detectors connected to the beam splitter directly. From the (a) to (c), we changed from no bandpass 

filter, a 3nm bandpass filter to a 0.6nm bandpass filter. By narrowing the passband, the photons 

passing through the front filter became less and less, so was the histogram counts. However, as 

indicated by the red dash circles, the satellite peaks still existed in all the three cases, even the 

narrowest bandpass filter one. This is because the transport path of afterglow photons from original 

detector to beam splitter and to the other detector was not affected by the front bandpass filter.   

The only way to eliminate the artificial photons from afterglow is adding bandpass filters 

between the beam splitter and the detectors as what we did in Figure 5.3. Since the wavelengths 

of afterglow photons are very different from the original photon, they are blocked by these back 

(of the beam splitter) filters and no more entering the other detector. This will not require a very 

narrow bandpass filter, even just changing the U-bench filter stage from the front of the splitter to 

the back of splitter seems to help suppress the satellite peaks a lot. It is possible that these U-

benches (FBP-A-FC fiber-to-fiber coupler) also have an effective frequency range due to some 

antireflection coatings, which can be partially regarded as a bandpass filter as well. Of course, 

adding narrow bandpass filters into the U-benches further improves the suppression of afterglow 

(Figure 5.4 (d)) and should be regarded as standard operation. 
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Figure 5.4 Satellite Peaks in Histogram from Afterglow Phenonmena: (a)no front filter ; (b) a 3nm bandpass 

filter put in front of the beam splitter; (c) a 0.6nm bandpass filter; (d) move the U-bench filter stage from in 

front of the beam splitter to in front of the detectors, 3nm filter applied. The histogram measurements are all 

from the illnumination of QDs electrical driven at 6~7V, 30ns pulse width and 210ns pulse period.  

 

5.1.4 Other Settings of Single Photon Measurements 

Several parameters should be controlled so as to not affect the correlation of photons when 

measuring histograms, but can be useful to improve the histogram plot quality and should be 

chosen correctly.  

First is the threshold voltage triggered by the correlator. As the amplitude of NIM output 

of our single photon detector is -700mV, the trigger level of correlator should be around half of 

the input signal, which we set to -400mV as recommended. 
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Figure 5.5 Zero-Delay Position Checked by Laser: Histogram of a laser pulse injection, which splitted into 2 

channels. Set -25ns and +25ns delay in channel 1 and 2 respectively. Trigger at the same edge. The histogram 

showed the laser peak position at 49ns indicating the zero delay position. 

 

The second parameter is the input delay. In the Multi-Harp, 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 around zero delay, we shifted 

the zero delay a little bit to the right. To do this, we applied a -25ns 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 

zero-delay position, we measured the histogram of signals from a laser with a very narrow pulse 

width in the smallest time bin size. As shown in Figure 5.5, since we know laser is a coherent 

source which g2(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 by 

applying the -25ns and +25ns into the two channels, the zero-delay position was moved to 49ns, 

which was very close to the 50ns setting.  

The last thing is time bin size of histogram measurements. The correlator can support time 

bin size as small as 10ps. However, since the entire amount of time bins is limited, the maximum 
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time delay range to calculate the correlation between the photons collected in different channels is 

proportional to the time bin size. Also, the CdSe/ZnS emission lifetime is about 30ns. Photons 

collected in the same lifetime window can be regarded as being excited at the same time. There is 

no need to separate coincidence events with a resolution much shorter than the lifetime of exciton. 

In most of our single photon measurements, the histogram measurement was done with a resolution 

from 160ps to 10240ps, and an entire histogram time range from ~10µs to ~640µs.   

5.2 Tuning QD Emissions Under Different Electrical Drive Conditions 

In the chapter above, we discussed how to configure a single photon measurement after the 

emission was collected. Specifically, we focus on how to measure photon correctly and nothing 

about adjusting the emission of QDs.   

QDs under electroluminescence can exhibit highly adjustable emissions under different 

injection conditions due to the various injecting states. Due to the complex band structure, the 

current entered into QD-LED showed different response under different bias ranges. Because of 

the switch between different carrier dynamics. Last, when injecting with a very narrow pulse the 

response speed of QD-LED also needs to be considered. Specific experiments were done to explore 

the effects of different injection conditions as discussed below.  

5.2.1 Adjust  Bias for QD-LED Based on I -V Characteristics and Thermal Precautions 

For a QD-LED based on the organic HTL PEDOT & PVK, common I-V characteristics 

were measured as shown in Figure 5.6. Two QD-LED samples coated with very different amounts 
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of QDs were measured from -1V to 1V and 0~5V. A 3mg/ml concentration undiluted QD solution 

was used for the first (green) sample during spin coating, while the second (blue) one used 

100,000x diluted (in Toluene) QD solution to make the QDs much more separated. Here, the 

samples were well isolated and added thick silicon monoxide layer to keep away from lateral or 

vertical leakage current, which will be discussed more in the Chapter 5.3.  

Both samples showed rectified I-V curves nicely that almost 0 leakage current in negative 

bias (Figure 5.6 (a)) and an exponentially increasing current in positive bias (Figure 5.6 (c)). This 

indicated a well-defined p-n junction characteristic of our QD-LED. 

Comparing the Figure 5.6 (a) & (b) or the curves in Figure 5.6 (c), an important observation 

is between the two extreme level of QDsô coverage (solid blue and green) cases. The current versus 

voltage showed clearly different trends which indicated the different mechanisms 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 area, the I-V 

was heavily influenced. In the 100000x diluted QDs sample, there were only a few of QDs placed 

in the 10µm diameter holes, and the current mostly just passed through the PVK to the n-Si. 
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Figure 5.6 I -V Characteristics of PEDOT QD-LED: (a) measured from -1V to +1V between top ITO  anode 

and bottom Al cathnode ; (b) measured from 0 to 5V; (c) the log-log scale of (b). Current injected to QDs 

inside 10µm diameter holes coated in different concentration. The green dash line represents a QD-LED 

degraded after long-time and high-voltage injection. The PEDOT QD-LED was optimized with isolation, 

thick SiO insulating layer and small electrode area. 

 

At a low voltage bias, the bias was not high enough to make both electron and holes tunnel 

through the energy barrier of core-shell QDs (see Figure 4.1). The junction and QDs were in a 
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space-charge-limited conduction. The extra QDs in undiluted sample did little help or added more 

difficulty for conducting the current. 

When voltage increased to around 2~4V, near this typical threshold voltage of QDs, both 

electrons and holes were injected into the QDs. The recombination in QDs formed efficient 

channels and improved the conduction. Therefore, the log-log slope of I-V showed a jump up in 

the undiluted QD sample, but almost no change in highly diluted QD one. 

When the voltage increased further, more carriers were injected into the materials. And a 

larger ratio of carriers just formed the ohmic conduction. The ohmic conduction was known to be 

lower efficiency than the confined injection and recombination in QDs. So, the log-log slope 

dropped. 

While the undiluted sample showed a 3-regime I-V characteristic due to the QDs presence, 

the highly diluted sample just showed an almost unchanged diode I-V characteristics. This surely 

confirmed the role QDs played in the carrier dynamics of QD-LED. And this 3-regime I-V 

performance was also reported in many other QDs researches.[84] 

As shown in Figure 5.6, we can determine the threshold voltage of our QD-LED was about 

2~3V. When the QD-LED biased at this level, the QDs start to emit photons. With a higher bias, 

the QDs are still able to illuminate, and emit more photons, because more carriers are injected and 

more recombination occurs.  However, this is not the preferred case for our single photon source.  

Electroluminescence of QDs involves many possible carrier states. The higher order states 

require multiple carriers injected into the QD at the same time.[5] In another word, when more 

carriers injected into the QDs, which is the case of applying higher bias, the possibility of exciting 

electron-hole pairs in higher order states becomes increased. The higher order states recombine 

either through non-radiative Auger recombination or cascade multi-photon emissions. The former 
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one contributes to heat related problems and the latter one disturbs the single photon performance 

of our QDs.  

 

Figure 5.7 Current and Numbers of Photons versus Bias: emission measured from the same undiluted QD-

LED dot in Figure 5.6. Blue line indicates the detected counts per second (cps) of emitted photons. Red line is 

the I-V charateristics. Green line respresent the ratio of Photons/Current as an effieiency from injection to 

emission, in an arbitary scale. 

 

Since part of the recombination under high bias becomes non-radiative, the quantum 

efficiency of electroluminescence also drops which has been observed in other works [85]. The 

Figure 5.7 showed the relationship between injection current and number of emitted photons from 

our same undiluted PEDOT QD-LED sample in Figure 5.6. For a single photon source purpose, 

we should aim operating closely above the turn-on voltage, so we could achieve the highest 

quantum efficiency and mainly single photon emission.  

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

degradation of QD-LED. For a PEDOT sample, when local heat generated during the injection 

3.0 3.5 4.0 4.5 5.0
0

5×102

1×103

1.5×10 3

2×103

0

2×10 -4

4×10 -4

6×10 -4

8×10 -4

V (V)

cps I (A)

Photons

Current

Effiency



 75 

was out of control. The organic layer near the holes will decompose, release volatile compounds 

inside the layers, reshape the structures (Figure 5.8 (b), right) and reduce its conductivity. In Figure 

5.6 (c), the dash green line is the I-V measured after the undiluted sample degraded in a way shown 

in Figure 5.8, we noticed that after the degradation, the log-log slope seems to be similar as before, 

but the current level shifted and became smaller. This is equivalent to an increased resistance 

caused by the degradation of organic layer. 

 

Figure 5.8 Thermal Degradation in Nanoholes and Lines: (a) after measured in high volatges, from left to 

right, the PEDOT QD-LED sample showed gradually increasing area of degradation. (b) after the emission in 

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 the junction. These two methods 
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probably worked together in generating the local heat. Because one trend during measurements of 

the organic QD-LED samples is the degradation usually appeared along with the strong emission 

first. The strong illuminating ones means they get more carriers injected and more non-radiative 

recombination and heat. This heat quickly degraded the conductivity of our QD-LED. But even 

after the clear emission disappeared, the degradation was still extending, which was caused by heat 

from ohmic conduction. 

Furthermore, since we have thin oxide as insulating layer between the top conducting 

layers and bottom n-Si substrate outside the nanoholes, the voltage applied on the oxide layer 

cannot exceed the breakdown voltage of this thin SiO2 layer, which is a hard limit of the maximum 

bias. 

Overall, it may be useful to operate the QD-LED under a high voltage to achieve biexciton 

and entangled photons. But for the single photon emission purpose, in most of our single photon 

measurements of QDs, we kept as the applied voltage as low as possible and itôs just more than 

the QD-LEDôs turn-on voltage a little to avoid low efficiency recombination, multi-level emission 

and suppress the heat. 

5.2.2 Pulse Width, Repetition Rate and Duty Cycle. 

When conditioning the emission from the QD-LED, the most important parameter is the 

voltage applied / injection level as introduced above. No matter the QDs are driven in a continuous 

wave (CW) mode like direct current (DC) injection or in a pulsed mode like high frequency square 

wave signals. However, for the different injecting methods, especially the pulsed injections, some 

parameters also affect the emission of QD-LED a lot. 
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Table 3 below shows the photon counts from a QD-LED injected at 3V consistently. Due 

to the fluctuation in the lensed probe alignment and the emission stability during measurements, 

the readings oscillated in small ranges. But the trend of the emission versus pulse parameters were 

clear and plotted in Figure 5.9.  

 

Table 3. QD Emission Under Different Pulse Injection 

Pulse Period (µs) Pulse Width (µs) Duty Cycle (%) # of Photons (count per second) * 

100 10 10 3834~3953 

10 1 10 3677~3712 

10 2 20 6054~6149 

5 0.5 10 3527~3556 

5 1 20 6838~6960 

2 0.2 10 2861~2925 

1 0.1 10 2625~2660 

*The original T2 mode data were collected in 3s. The same number of empty/dark counts was subtracted 

from the raw data and the counts were normalized to per second value.  
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Figure 5.9  QD Emission under Different Pulse Injections: (a) Pulses had same 10% duty cycle, but period 

varied from 100µs to 1µs and pulse widths changed from 10µs to 100ns. (b) Compared two different duty 

cycles of pulse injections under two repetition rates: 5µs=0.2 MHz, 10µs=0.1 MHz. The diameter of holes was 

2µm. 

 

Adjusting pulse widths, we can observe the frequency response characteristics of our QD-

LED. In Figure 5.9 (a), we kept the duty cycle unchanged, and gradually decreased the periods 

and pulse widths simultaneously. For high frequency and narrower pulse injection, the 

displacement current and capacitance effect played an important role.  

For our basic QD-LED design shown in Chapter 4.0, a 20nm thin oxide layer is placed 

between the top and bottom conductive layers and the ITO electrodes had 1.5mm diameter. At the 

same time, if the PEDOT layer was not scratched/isolated well, there would be possible lateral 

connection to the field area. All these means a large electrode area and a small spacing distance in 

the capacitance calculation. Therefore, the capacitance in the first QD-LED design was significant. 

Because of this, our device can be approximated as an RC circuit and the real voltage applied to 

the device has a response time delay to the source voltage. When pulse became very narrow, the 

real voltage fell before reaching its maximum and the effective injection level dropped. So, we can 

see in Figure 5.9 (a), the emission in narrow pulse injection was weaker. 

If we keep the pulse widths unchanged and adjust the repetition rate, which indicate a duty 

cycle difference of pulse injection such as Figure 5.9 (b), the photons emitted increased directly. 

Because a larger duty cycle simply equals more active emitting time in every unit time window 

and the count of photons definitely increases. But we also noticed that the improvement from 

increased duty cycles of high frequency injection was a little more than the one of lower frequency. 

This can be explained by the real emission time profile. The real injection current from pulses is 
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not the same square wave as source, but a smoother curve. When duty cycle increased in higher 

repetition rate and narrower pulses, (but before the frequency response drops), the effective 

injection increased a larger ratio than the opposite ones. 

 

Figure 5.10  QD Emission under Pulse Injections with  Another Hole Diamemter: (a) Pulses had the same 

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

 

The frequency response of QD emission is still sample-dependent and may have small 

differences between samples. In Figure 5.10, the emission was measured from the sample as Figure 

5.9, but from another device with larger hole patterns. With the larger holes, the ratio between 

current conducted directly through the holes and the displacement current probably improved. 

Therefore, the capacitance effect seems to be less. The frequency response dropped much slower 

or kept in the same level before injecting with very narrow pulses. And the improvement from 

duty cycle was also clear. 

 Based on the data above, we know that itôs better to operate our device in a medium 

frequency range. This is very true if we just want to get strong electroluminescence. However, for 

our QD-LED, one important goal is to achieve single photon emission. Ideally, if the pulse width 

of injection is similar or shorter than the lifetime of exciton, the QD will only be excited one time 
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from one pulse. The possibility of multiple injection into the same QD from a single pulse is much 

lower, which is good for single photon performance. The narrow pulse recommended for the 

pulsed injection measurements doesnôt contradict CW measurement setup. Both injecting methods 

could show good single photon performance.[1, 3-5] In CW or wide pulse injection, the high order 

excitation states may occur due to repeated injection in longer pulse time and affect the single 

photon performance. But in electroluminescence, the possibility to form high order states and 

multi-photon emission can be suppressed by more precise bias control. If only one QD is emitting 

single photons continuously or multiple single photons from one wide pulse, with fine resolution 

detectors and correlator, the correlation between these photons can still be separated. 

Based on the discussion above, in our single photon measurements, the strategy for pulsed 

injection was, first, to set a minimum emission level with enough photons for correlation 

calculation. Second, find the minimum voltage needed in low frequency injection to achieve this 

emission level. Third, reducing pulse width as small as possible before the frequency response 

heavily dropped. Finally, increasing the bias slightly to compensate for the possible loss in 

frequency response. Lastly, increasing the duty cycle can efficiently increase the weak emission 

level, but it is risky and not commonly used because the heat sink with continuous injection will 

be much more difficult and may cause serious thermal degradation. 

When measuring in CW mode, the strategy was a little different, we used the pulse width 

in a medium range which was much longer than the emission lifetime to simulate the CW injection. 

With a larger pulse width, the g2 outside zero delay was more flat and less affected by the 

consistency/response time/transition region of pulse injection. 
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5.3 Revision of QD-LED Structure 

Previously, we discussed the measurement setups from input source, collecting fiber, to 

detectors and correlator. By optimizing the measurement conditions, we learned many 

characteristics of our QD-LED as well. 

However, also shown in some previous results, although the basic QD-LED structure 

guaranteed the strong emission, when testing with more strict single photon emission conditions, 

there were several problems still need to be solved. First, as discussed in the last pages, the QD-

LED working under high frequency operation showed significant loss due to the non-ideal 

frequency response. The real voltage applied on our sample was lower than source bias. Second, 

without scratched isolation, when applying bias between the ITO and substrate, the injection 

efficiency to QDs was low due to bypass leakages. Third, after emission/injection, the organic 

layers thermally degraded and cumbered the emission. To overcome these problems, we re-

designed our QD-LED structure. 

 

 

5.3.1 Improve the Frequency Response. 

For a QD-LED driven by pulse signal, the transition time in rising/falling edge decides how 

fast the real voltage applied to the QDs can switch in response to the output of pulse generator. 

Assuming our QD-LED is a RC circuit, the transient response time Ű can be expressed as: 

 †  Ὑ ὅ (5-4) 
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Here, R is the resistance and C is the capacitance. If the pulse width is less than Ű, the 

amplitude of voltage applied to QDs will be much less than the supply. In case we want to drive 

the QD-LED with pulses narrower than the lifetime of exciton, both the resistance and capacitance 

should be as low as possible. 

Capacitance is usually in the form of: 

 
ὅ  

‐ὃ

Ὠ
 (5-5) 

In our QD-LED structure, Ů is the dielectric constant of the insulating material (oxide). A 

is the effective electrode area of our injection. d is the spacing distance (oxide thickness) between 

the conductive layers. Obviously, to decrease the capacitance, we should do two things: reduce the 

electrode size and increase the oxide thickness.  

For a thermally grown SiO2, the thickness is proportional to the square root of time. To 

increase the oxide thickness to more than a hundred nanometers will  not be convenient. As an 

alternative, we deposited ~130nm-thick silicon monoxide (SiO) on top of SiO2. Like SiO2, SiO is 

also an insulating material. Together they worked as a thick insulating layer (see Figure 5.11), 

increased the d several times and decreased the C. 

The effective area is defined by where the bias is applied across the dielectric layer, or the 

area of conducting layers facing each other on both sides of the oxide. 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 pattern to a smaller one (from 1.5mm diameter to 0.67mm) during the sputtering 

deposition of ITO. Considering the alignment difficulties and room of probing, we didnôt use 

smaller ITO dot.  
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Figure 5.11  Reduce the Capacitance of QD-LED: (a) Basic QD-LED strcutrue with a small d and a large A. 

(b) Revised QD-LED strcuture with a large d and a small A. (c) & (d) Top views corresponding to (a) & (b).  

 

The second one to reduce effective area A is decreasing the number of holesô array, and 

decreasing the area of the SiO window in the structures where SiO layer is added. As shown in 

Figure 5.11, 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 window can be achieved by lift-off deposition of SiO. Etching is not preferred in pattering 

SiO, because the silicon monoxide does not etch uniformly and often left residue with common 

HF etching.  

We spin coated positive photoresist on the sample after the SiO2 etching and exposed the 

entire surface except the square window of holes patterns. The exposure could be done with laser 

(of maskless aligner) or bright field mask depending on the design. After exposure and developing, 
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the holes area was covered with photoresist block. Then we deposited the SiO through thermal 

evaporation and lifted off the photoresist to open the square window again. 

From the Eq.(5-4), we know the resistance R may also affect the frequency response. 

However, in such a thin layered PEDOT QD-LED structure, the resistance from the conductive 

layers along the vertical injection is very small. The main resistance came from the very small 

holes patterns, which bottlenecked the current. In our measurement, devices with small holes 

usually have smaller current down to several nA. And the high frequency operation became very 

difficult. To operate with pulse injection, in many later fabrications we measured holes with 500nm 

-10µm diameter, which could provide confined injection and also be compatible with high 

frequency injection.  

 

5.3.2 Reduce the Bypass Leakages 

For the PEDOT samples, since the top surface is conductive, if we donôt do any isolation, 

the injected current can laterally transport, find a surface defect from the thin oxide layer or sample 

edges and escape to the substrate (as A in the top right of Figure 5.12). This leakage current 

bypasses our QD-LED and reduces the performance. Besides reducing the capacitance and 

displacement current through oxide layer as B in the bottom right of Figure 5.12, adding thick SiO 

layer also reduces the leakage through the surface defects of thin oxide. 
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Figure 5.12  Possible Bypass Leakages. The insulating layers and isolations were approximated as capacitors 

in the circuit. A represents the isolation. B indicates the capcitor effect of oxide layers. The quality of A & B  

affect the ratio of current injected to QDs or bypass as leakage. 

 

Because the QDs and organic layers are sensitive to moisture and easy to be oxidized, itôs 

difficult to pattern/isolate the top layers through lithography or wet etching or RIE. In the previous 

section, we introduced the isolation could be done through manually scratching by tungsten probe 

under microscope. However, sometimes itôs difficult to know whether the isolation was done 

thoroughly in this method before extra I-V measurements.  

With the thick SiO layer added, we developed more stable isolation through focus-ion-

beam (FIB) milling. In the FIB milling, heavy Gallium atoms bombarded the demarcated isolation 

area. By careful control of the milling time and power density, we can make the milling stop in the 

middle of thick SiO layers and separate the top conductive layers to form a good isolation. Before 

the thick SiO layer was added, the FIB milling was difficult to control, because the organic layers 
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were etched away very quickly and the SiO2 layer was too thin to let the milling stop just in the 

middle. 

 

Figure 5.13  FIB Isolation on QD-LED. FIB milling with dfferent set depths: (a) 100nm (b) 200nm (c) 300nm. 

Notice that our milling etched into different materials, so the set depth was not the real depth, just a reference 

value based on the milling speed of Al. (d)A 3-terminal QD-LED device before and FIB isolation. (e)&(f) The 

same device after FIB isolation under SEM and optical microscope.  
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In Figure 5.13 (a) to (c), the linewidth of FIB milling was set to be 500nm and the set depth 

tested from 100nm to 300nm (referred to Al etch rate, not real depth for our sample). For a 100nm 

set depth (Figure 5.13 (a)), the milling stopped at the organic layers, due to the not enough etching 

of organic layers and non-uniformity, remained organic materials sit in the trenches and still 

connecting the etched edges. Also, the linewidth of isolation was smaller than the others. In this 

case, the I-V measured from the isolated area to the outside area was as large as ~11µA (Figure 

5.14 (a)).  

When we increased the set depth of FIB milling to 200nm or 300nm (Figure 5.13 (b)(c)), 

due to the slower etching rate in SiO, the milled surface was much smoother. And leakage current 

dramatically decreased to 160pA (Figure 5.14 (b)), which indicated a good isolation. 

A global view of 3-terminal QD-LED sample before and after isolated by the FIB milling 

was shown in Figure 5.13 (d) to (f). The set depth of milling was chosen as 250nm.To ensure the 

isolation can be done correctly, the linewidth was increased to 1.5µm. 

 

 

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

(b) 200nm set depth. 
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Figure 5.15  FIB Isolation Applied in 3-Terminal QD-LED. (a) Cross-section view of a 3-terminal QD-LED. 

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

 

Here, we mentioned a 3-terminal QD-LED structure. This structure is very similar to the 

revised one in Figure 5.11(b). The number of SiO windows is increased to 3 and a bottom ITO is 

added between SiO2 and organic layer in the SiO windows. The 3 windows are separated by SiO 

and FIB isolation and only connected by the extra bottom ITO layer. While the QDs can be biased 

through the center window, the side connections are supposed to apply bias on the thin oxide and 

adjust the carrier accumulation under it to improve the injection efficiency. The detailed 

fabrication process of the 3-terminal QD-LED will be introduced in Appendix Figure 5 and 

Appendix Figure 6.  
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Back to the Figure 5.12, the FIB isolation helps to reduce leakage through connection A 

for the samples with organic layers which are difficult to pattern and remove the conduction in the 

field area. However, since this FIB machine is more for characterization purpose not fabrication 

purpose. Aligning the isolation and focusing the ion beam along a large sample were very time 

taking and low efficient. 

To solve the lateral leakage into field area and surface defect problems, we can replace the 

PEDOT and PVK layer with other conductive material that can be patterned. Here, we tried nickel 

oxide as the hole transport layer and locally deposited it by sputtering with shadow mask together 

with the ITO on the top after the QDs coated (with PMMA or not).  

Since the new NiO QD-LED structure doesnôt have conductive layers out of the ITO 

electrode, the lateral leakage along the top surface which is SiO is naturally impossible. And no 

more manual or FIB isolation is needed (I @ 1V <160pA). 

   

 

 

5.3.3 Improve Stability  (Thermal and Mechanical). 

During the previous study of different injections, one common problem is thermal 

degradation of the QD-LED. From the apparent deformation and bubble generation during 

electroluminescence, we can infer that the degradation was from the thick organic layers and less 

likely to be from the small QDs. If the QDs degraded, itôs more likely that no emission can be 

observed at all. The weak stability of organic layers may be due to the uncompleted solvent 

evaporation and extra moisture captured when spin coated and baked in air ambient.  
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To further remove the possible moisture and solvent trapped inside organic layers, after 

spin coating and baking, before the deposition of ITO, we put the sample into the vacuum chamber 

and pumped overnight. Deposit ITO immediately after taking out of the vacuum chamber. After 

such a vacuum treatment, the emission of QD-LED can last much longer, from just seconds and a 

few minutes to one or two hours.  

The other method to increase the stability of QD-LED is the same as what we did in 

reducing lateral leakage. We can replace the organic material with inorganic hole transport 

material such as nickel oxide. By doing this, the QD-LED emission became even more stable and 

kept similar photons counts for >5 hours measurements. 

Another benefit of replacing PEDOT and PVK with NiO is the mechanic stability also 

improved. Since PEDOT and PVK are soft organic materials, the ITO deposited on top of PEDOT 

and PVK is easy to be punched or scratched, which is not good for long time probing or 

connections. When ITO deposited on hard NiO, itôs more difficult to be scratched. (Figure 5.16 

(b)). Here, the thickness of NiO was ~35nm. 

The emission of PEDOT QD-LED and NiO QD-LED was also compared in Figure 5.17. 

With the same injection conditions, the maximum reading of PEDOT QD-LED (Figure 5.17(c)) 

was 34291 cps when collected near the edge (subtracted the background and empty counts). But 

emission under the large electrode area was very non uniform.  
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Figure 5.16  Mechanic Stability of Different QD-LEDs. Probe scrtached in the same way across (a) ITO on 

PEDOT. (b) ITO on NiO. 

 

Figure 5.17  Compare Emission of QD-LED w. PEDOT or NiO as HTL. QD-LEDs were diven at 4V, pulse 

width =10µs, period=100µs. No oxide layer and no hole patterns (Planar sample, QDs coated everywhere 

without confinement). (a) PEDOT sample; (b) NiO sample; (c) emission from PEDOT QD-LED, 8s capture; 

(d) emission from NiO QD-LED, same 8s capture time of camera. 

For a NiO QD-LED, the peak intensity of emission was 17494 cps, which was weaker than 

the PEDOT case. But the advantage of NiO QD-LED is it has much better uniformity (Figure 

5.17(d)).  

5.3.4 Improve the Conductivity of NiO Samples. 

Above we developed QD-LED with NiO as hole transport layer and eliminated the use of 

PEDOT and PVK. The QD-LED structure can be simplified as shown in Figure 5.18. For the NiO, 
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one thing we were concerned about was the resistance of NiO. The resistivity of NiO highly 

depends on the deposition method. For the NiO deposited through thermal evaporation, we noticed 

that even directly probing two nearby points on a 30nm planar NiO layer without any isolation, 

the lateral current level was as low as <5nA. For the thick PEDOT and PVK, similar lateral 

measurement usually had current ~10µA. This means the NiO has a relatively large resistance.  

 

 

Figure 5.18  Revised QD-LED Strcuture with NiO  and PMMA . 

 

As a result, the threshold voltage of QDsô emission increased to a high level because the 

voltage drop on NiO 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 sputtering inside a mixed Ar and O2 ambient. As compared in Figure 5.19, the transmission line 

model (TLM) measurements with Al lines on a 50nm-thick NiO sputtered in Ar only or mixed gas 

has been reported. For the Ar only environment, the sputtered NiO had a sheet resistance of 

524Mɋ and a contact resistance of 81Mɋ. When this came to the sputtering within a 2:1 ratio of 

Ar:O2 mixed ambient, the sheet resistance decreased to 102kɋ and contact resistance decreased to 

24.5kɋ. The oxygen involved sputtering of NiO increased the conductivity of NiO a lot.  
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With the better conducting NiO, the NiO now should be locally deposited and aligned 

together with the ITO electrode sputtered on it to avoid lateral leakage as shown in Figure 5.18. 

 

Figure 5.19  TLM Test of Sputtering NiO with Different O 2 Ratio . (a) the NiO sputtered in Ar only (left) gas 

flow and 10:5 Ar : O 2 ratio mix ed gas flow (right) . The substarte is glass silde. Al 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 sputtered with  10sccm Ar + 5sccm O2. 

5.4 Single Photon Performance of the Revised QD-LEDs 

Previously we introduced many revisions on the QD-LED structures. From the basic 

PEDOT QD-LED to a more complex SiO added PEDOT QD-LED structures as shown in Figure 

5.11 and a FIB isolation involved structure in Figure 5.15. Next, with simplified isolation by 
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changing the hole transport layer from PEDOT and PVK to NiO, we also achieved better stability 

of the devices. 

From the improved structures, the single photon measurements were tested on the QD-

LEDs. 

5.4.1 Revised PEDOT QD-LED. 

For the 3-terminal PEDOT QD-LED sample added with SiO and isolated by FIB as shown 

in Figure 5.13 to Figure 5.15. The I-V characteristics and single photon measurements are 

summarized in Figure 5.20.  

The 3-terminal QD-LED only biased between the top center electrode (Figure 5.20 (c)) and 

bottom and same operation as two-terminal QD-LED. Current after the injection didnôt decrease 

or degrade fast due to the extra vacuum treatment after spin coating organic layers. The current at 

1V bias increased from 540nA to 705nA after the first injections. (Although it still degraded after 

long measurements, and current dropped to 4nA.) This is common for QD-LED samples. Before 

injection, the interface states were not stable, and some channels may have thin layers not well 

conducting such as very thin oxide. With carriers continuously injected, the interface states became 

more consistent and reactive, and the not well conducting thin layers broke down due to the voltage 

applied on it. For the QD-LED samples, usually the current and emission level increases at the 

beginning of injection, becomes stable for a while and decreases when degradation occurs. 

This PEDOT QD-LED sample also showed a good frequency response. See Table 4, 

without filters, biased at 3V with 1µs pulse period and 100ns pulse width, the maximum photon 

count collected from the sample were 313100~484250 per second. When the pulse period 

decreased to 200ns and pulse width decreased to 30ns, the maximum photon count didnôt decrease, 
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but increased to 875667 due to a larger duty cycle. Even the pulse width reduced to only 15~20ns 

and 100ns pulse period as shown in Figure 5.20 (e) & (f), there was still a significant number of 

photons (71035) measured in T2 mode. The threshold voltage of this sample was ~2.75V. Because 

for a fixed 100ns period and 15ns pulse width, when measured at the same position from 3V, 2.75V 

to 2.5V, thereôs clear switching of the emitted photon counts. 

 

Table 4. Photon Counts of Revised PEDOT QD-LED in Different Pulse Injections 

Pulse Period 

(ns) 

Pulse Width 

(ns) 

Bias 

(V) 

w/wo. 3nm bandpass 

filters 

# of Photons (count per 

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 21721~27117 

*The original T2 mode data were collected in 1s. Number of empty/dark counts was subtracted from the raw 

data. 
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Figure 5.20  SPD Measurement of a Revised PEDOT QD-LED , (a) I -V from -1~+1V before injection;  (b) I -V 

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

camera, 8s exposure time; (e) 3min histogram measurement, injected pulse width=15ns, before adding 
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bandpass filters, totally histogram counts in ~10µs window =310000; (f) 2min histogram measurement, 

injected pulse width =20ns, after adding 3nm bandpass filters, total histogram counts in ~10µs window = 

217000. Red dash line indicates the zero-delay position. Time bin size = 2560ps. 

 

Comparison between the histogram mode results before and after 3nm bandpass filters 

applied (Figure 5.20 (e) & (f)) showed an important antibunching phenomena. Before we applied 

the filters, the collected photons came together from many different QDs with slightly different 

wavelengths due to the size variation of QDs. Although we had already used the very narrow 

pulses (15~20ns) which is shorter than the common emission lifetime of CdSe QDs in room 

temperature (20~40ns)[79, 80], itôs difficult to see the antibunching when collecting from multiple 

QDs (g2(0)>0.97).  

After the 3nm bandpass filters applied to measurement, only very few of the QDs with very 

similar emission wavelengths could pass through narrow filters together. The possibility of photon 

collected from only one QD every time became higher, and the histogram was more likely to be 

antibunching (g2(0) =~0.85). Due to the undiluted QDs used in this sample, even with the narrow 

bandpass filters, the photons were still added from multiple QDs, and the anti-bunching was not 

perfect yet. We also tried diluted QDs. But the more diluted QDs had smaller photon counts, it 

needs much longer collection time to get enough coincidence counts to reveal the antibunching 

curve, which was still difficult for a PEDOT sample. 
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5.4.2 Single Photon Performance of NiO QD-LED. 

With the hole transport layer changed to inorganic NiO, the stability of QD emissions was 

improved, itôs more possible to measure the weak single photon emission with a long collection 

time. As a NiO QD-LED with structure shown in Figure 5.18, the NiO thickness was further 

reduced to ~15nm for smaller resistance and turn-on voltage. We also added a thin PMMA layer 

with a similar thickness of QDs. In case the QDs were spin coated with a diluted QD solution and 

became much more separated, this PMMA layer was supposed to block the direct recombination 

bypassing QDs in the empty area between QDs at NiO and n-Si interface.  

The PMMA was diluted with toluene in a ~1:120 ratio and spin coated separately or 

together with the QDs. By carefully calibrating the thickness of PMMA through dilution, it didnôt 

fully cover the QDs, but present as a self-aligned thin insulating layer surrounding QDs. The 

structure works similarly as placing QDs into nanoholes of the same size patterned on a thin oxide 

as mentioned in the very beginning to confine the injection.  

The NiO QD-LED was driven by different but wider pulses from 10µs to 500ns pulse width 

and itôs more like a CW injection. The histogram mode results of the single photon measurements 

are shown in Figure 5.21. For the NiO QD-LED with 100x diluted QDs coated, the emission level 

was lower the undiluted PEDOT case shown in Figure 5.20, and had less possibility of stacked 

emission from a lot of QDs. The multiple histogram measurements revealed consistent 

antibunching correlations of the photons detected from different devices under different pulse 

injections at different times.  
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Figure 5.21  Histogram Measurements of a Revised NiO QD-LED. Three 50nm bandpass filters applied in 

front of the beam splitter and detectors. The zero-delay position was shifted to 50ns by adding 50ns delay 

between the correlatorôs input channels. The red dash line indicates the zero-delay position. (a) 30mins 

collection from emission under 100µs period /10µs pulse width / 5V injection, time bin size = 160ps, showing 

ȹt=0~1000ns; (b) the zoom-in of (a), ȹt=0~100ns; (c) convert the discrete events in (b) to a more continous 

curve with 10ns time bin size; (d) 1hr collection from another device under 3µs period / 500ns pulse width / 

3.5V injection; (e) another 1hr collection repeated on the same device in (d) with same injection; (f) adding (a) 

& (c) together as a longer time measurement. 

 

As a comparison, we also prepared some referenced NiO LED samples by not adding QDs 

during the fabrication process. Since the electron-hole pairs recombined in the Si could also 

generate some emission under higher bias [82, 83], we did the same histogram measurements on 

these Si emissions (see Figure 5.22) which are known to be different with a single photon emission. 

The emissions from Si sample were weaker than the QD samples, to get enough counts, we 
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increased the duty cycle (10% to 20%) or voltages to a little bit higher, because the degradation of 

Si was less worrisome.  

At the zero delay which was shifted to 50ns by adding delay between the input channels 

(here the t-axis in histogram = ȹt of photon arriving times), the QDsô emission always showed a 

dip (antibunching) while the Si emission showing peak or flat. 

 

 

Figure 5.22  Histogram Measurements of the Si Emission from NiO LED  wo. QDs. Measurements were 

mostly the same as the real QD samples. Filters still applied,  (a) (b) (c) 1hr collections, measured from 

different devices. None of them showed similar antibunching as the QD emission. 

 

One argument here may be the entire coincidence counts were still low even in the hour-

long measurements and the fluctuation of detection or noise signals may be involved. Itôs true that 

since the noise count from the thermal dark current in detectors is a fixed number per unit time (<5 

histogram counts per min in a 10Õs ȹt window), it would be better if our emission can be stronger 
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and a larger S/N ratio. For the histogram measurements above, although we tried to keep the 

voltage at a minimum range to avoid multiphoton emissions, we still achieved much higher 

histogram counts than the noise (30~60 histogram counts per min in a 10Õs ȹt window after filters 

applied), about 5~10 times more. In the QDsô histogram results, although the absolute values may 

change depending on the collection time and injection, we can find the edge-dip ratio were very 

consistent in the many measurements, ~5:1, indicating a g2(0) = ~0.2. On other hand, the peak to 

deep ratio of the fluctuation in the histograms of Si emissions was mostly just about 2:1. The 

consistently different ratio and shape of correlation calculation indicate the different mechanism 

and type of emissions. Prove the electroluminescence of NiO QD-LED under such conditions as a 

single photon emission. 

5.5 Quick Conclusion 

In this chapter, we extensively introduced the parameters involved in the generation and 

characterization of single photon source based on QD-LED structures. The structures were 

developed with different patterns, the isolation methods to the materials used to improve the 

performance or compromise at some goals.   

With a revised PEDOT QD-LED and dense QDs, we achieved strong emissions at low 

voltage, high-frequency, and narrow-pulse operation while the single photon performance was 

reluctantly acceptable. With a revised NiO QD-LED and much less QDs, we traded in some 

intensity of emission and received better single photon performance with improved stability.  

Besides the LED structures, we also developed FET structures (Appendix Figure 7-

Appendix Figure 11) in which QDs placed at the drain-source channels and injection could be 
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controlled by the gate voltage. This is for the future integration with our SiN waveguides and 

couplers based on SOI wafer. From the QD-LED single photon emitter to the plasmonic chiral 

coupler and other SiN waveguides, precise alignment between QDs / nanoholes to the narrow 

waveguides may still be challenging and would need improvement.  

For the QD-LED emitter, we still have room to improve single photon properties, such as 

efficiency and purity of single photon emission. This task would involve optimizing the QD 

concentration and placement of individual QDs. It is also desirable to further improve the stability 

of our device structure [86]. We can also try to improve the efficiency of injection by introducing 

intermediate layers between NiO and QDs to reduce the barrier for carrier transport.[87] For better 

extraction/collection of emitted photons,  we just started applying an index matching method and 

it needs more rigorous experiments. 
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6.0 Surface-bound Waves in Metamaterial 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 investigated the trade-off 

relationship existing between propagation length and lateral confinement of SP fields in a 

hyperbolic metamaterial system and explored loosening of lateral confinement as a means of 

increasing propagation length. By performing finite-difference time-domain (FDTD) analysis of 

Ag/SiO2 thin-film stacked structure we demonstrate long range (~100 mm) propagation of SPs at 

1.3 µm wavelength[88].  

In designing low-loss loosely-bound 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. Such highly-localized field 

distributions are attained in a hyperbolic metamaterial structure, whose dielectric tensor is 

designed to be highly anisotropic, that is, low-loss dielectric (Re(Ů) > 0; Im(Ů) ~ 0) along the 

transverse direction (i.e., normal to the interface) and metallic (large negative Re(Ů)) along the 

longitudinal direction, and by closely matching external dielectric to the normal component of 

metamaterialôs dielectric tensor. Suppressing the tangential component of electric field is shown 

to naturally result in weakly-confined SPs with penetration depths in the range of 3~10 µm. An 

effective-medium approximation method is used in designing the metamaterial waveguide 

structure, and we have tested its validity in applying to a minimally structured core-layer case (i.e., 

composed of one or two metal layers). Low-loss loosely-bound SPs may find alternative 

applications in far-field evanescent-wave sensing and optics. 
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6.1 Introduction  

Supporting a surface-bound wave at metal/dielectric interface, plasmonic metals enable 

novel phenomena (e.g., negative refraction, sub-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 µm for the case of Ag/SiO2 interface at 

1.3 µm wavelength. Whereas strong confinement of SP fields is viewed one of the most enabling 

natures of plasmonic phenomena widely exploited in near-field optics, short propagation lengths 

are a major limiting factor in exploring chip-scale (> ~1 cm) integration of plasmonic circuits and 

devices. The nature of this large plasmon loss is basically Ohmic, i.e., resistive, being caused by 

electron scatterings constantly occurring in metal[92, 93, 96]. The amount of energy loss, which 

eventually goes to Joule heating, can be expressed as ‐Í(‫ ȿὉȿ,[36] where Em denotes 

electric field inside metal, )Í‐  is the imaginary part of metalôs dielectric constant, and ɤ is 

angular frequency of light.  

In this work we have investigated the trade-off 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 confinement and long 

propagation length. In other words, loosening of lateral confinement is explored as a possible 

means of increasing propagation lengths for potential far-field 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 ranges[38, 97-114]: a variety of plasmonic waveguide structures have been proposed and 

demonstrated with improved performances, such as metal stripe, nanowires, V-grooves, gap,  and 
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dielectric/metal-layered structure. Among them, a thin-film metal/dielectric core waveguide 

structure, which is the subject of this current paper, is considered the most extensively studied: 

see, for example, Beriniôs review paper on long-range surface plasmons and references 

therein[113]. In the early 1980s, Sarid showed that a thin metal film sandwiched by symmetric 

dielectric cladding can support long-range SPs[97]: the SP fields supported by a thin metal core 

deeply penetrate into dielectric at both sides, and therefore the fraction of fields in the loss-inducing 

metal film part becomes insignificant, resulting in long propagation lengths. To support low-loss 

SPs the 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 normal E-field 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 double-electrode waveguide structure that comprises a 

dielectric layer sandwiched by two metal films forming a metal-dielectric-metal three-layer core 

structure[98]. Four different types of surface-bound 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 multilayer-stacked hyperbolic 

metamaterial as a medium to support long-range SPs[114]. By applying the effective medium 

approximations, a metamaterial/dielectric interface is shown to support long-range plasmons when 

external dielectric becomes well-matched to the normal component of metamaterialôs dielectric 
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tensor: ‐ḙ2Å‐ȟ . A waveguide structure that comprises multilayer-stacked metamaterial as 

a core or cladding was also analyzed. 

While a variety of metal/dielectric-stacked structures have been proposed for long-range 

surface plasmons, it is our view that this subject field has been lacking a consistent approach to 

designing low-loss surface-plasmon waveguide structures. In this chapter 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 long-range SPs have commonly reported 

observing a trade-off relationship between lateral confinement and propagation length, i.e., longer 

propagation lengths lead to more loosely-bound SPs. However, in most literature in plasmonic 

field, which has been exploiting the strong confinement aspect of SP fields this trade-off has been 

viewed to be a drawback limiting the application potential to more conventional near-field optics, 

and has not been fully explored for alternative applications. In this paper we exploit this trade-off 

relationship and investigate the opposite regime of plasmon 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 analyzed waveguide structures that 

employ a small number (one or two layers) of thin metal films (10-nm Ag) in the core layer part 

and demonstrate long-range (~100 mm propagation length) and loosely-bound (3~10 µm 

penetration depth) propagation of SPs.  

In designing the metamaterial waveguide structure, we employ an effective-medium 

approximation method. Effective medium theory, in general, assumes a large number of periods 

of layered structure, and a natural question arises on its applicability to the case of metamaterial 
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with a small number of periods. In this work we investigated the validity of this approximation 

applied to the double-layer metal core case. This result is then compared with that of alternative 

design of minimal structure, that is, a single metal layer core waveguide. 

6.2 Low-loss Metamaterials: Design Principle  

In designing low-loss plasmonic metamaterials that support loosely-bound 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 structure[115-120], and 

design the dielectric constants such that electric fields in metal layers become fully suppressed (Em 

~ 0) while desired surface-bound 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 metamaterial system, that is, by designing the 

dielectric tensor to be very different in two directions: low-loss dielectric along the transverse 

direction (normal to the surface); highly metallic in the longitudinal direction (parallel to the 

surface). The tangential (longitudinal) 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 suppressed by employing a 

thin-film metal/dielectric stack possessing a large dielectric-constant ratio. 

Letôs imagine a surface-bound wave propagating along the interface of isotropic dielectric 

(Ůd) and anisotropic uniaxial metamaterial (Ům), whose optical axis is aligned normal to the 

interface: referring to Cartesian coordinates, the dielectric tensors take the following form, Ům,yy = 

Ům,n and Ům,xx = Ům,zz = Ům,t for metamaterial, and Ůd,xx = Ůd,yy = Ůd,zz = Ůd for external dielectric. In view 
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of the transverse nature (i.e., TM polarized) of surface-bound wave and referring to a wave vector 

expression Ὧ  ὯὸǶὭ‎ὲ , the Maxwellôs equation (ᶯ Ὄ ) can be decomposed into two 

parts: 

 ▓◄╗ ⱷⱠ▪╔▪ (6-1) 

 ░♬▪╗ ⱷᴜⱠ◄╔◄ (6-2) 

Here subscripts n and t denote the normal and tangential components, respectively, of fields 

(E and H), wave vector (k) and dielectric tensor (Ů). From this equation set the surface-bound wave 

is predicted to possess the following properties: propagation characteristic (kt) is governed by 

normal component ‐  of dielectric tensor, whereas transverse confinement (ɔn) is determined by 

tangential component ‐ of dielectric tensor. Applying a boundary condition to the interface it 

can be shown that the decay constant ratio of evanescent fields in both sides is determined by their 

dielectric constant ratio of tangential components: 

 ♬▀ȟ▪
♬□ȟ▪

Ⱡ▀
Ⱡ□ȟ◄

 (6-3) 

In order to support low-loss loosely-bound SPs the metamaterialôs dielectric tensor is 

required to satisfy the following conditions: tangential component should be metallic (2Å‐ȟ

π for evanescent confinement in both sides (‎ȟȟ‎ȟ π; normal component should be low-

loss dielectric (2Å‐ πȠ)Í‐  ͯ π for long propagation lengths ()ÍὯ  ͯ π; tangential E-

field should be suppressed Ὁ ͯ π for loose confinement ‎ ͯ π. These requirements can be 

met in a highly anisotropic hyperbolic metamaterial system.  

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

 ▓◄ Ⱡ□ȟ▪ ♬□ȟ▪ Ⱡ□ȟ◄ ▓ (6-4) 

 ▓◄ Ⱡ▀ϳ ♬▀ȟ▪ Ⱡ▀ϳ ▓ (6-5) 
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where k0 is the free-space propagation constant. Combining these equations with the one 

derived above for a decay constant ratio we obtain the following expressions for propagation 

constant (kt) and decay constant (ɔd,n in dielectric side) of surface-bound wave: 

 ▓◄▓ϳ Ⱡ▀ Ⱡ□ȟ◄Ⱡ▀ ȾⱠ□ȟ◄Ⱡ▀ Ⱡ▀ȾⱠ□ȟ▪ϳϳ  (6-6) 

 ♬▀ȟ▪ ▓ϳ Ⱡ▀ Ⱡ▀ Ⱡ□ȟ▪ ȾⱠ□ȟ◄Ⱡ▀ Ⱡ▀ȾⱠ□ȟ▪ϳϳ  (6-7) 

From Eq.(6-6) it can be shown that propagation constant kt (= kx = ɓ) will asymptotically 

approach ‐Ὧ as Ům,n becomes equal to Ůd. Presuming low-loss dielectric for Ůd, the propagation 

constant kt becomes positive real with a negligible imaginary part: 2ÅὯ πȠ )ÍὯ  ͯ π. This 

implies that we can achieve long propagation lengths (ρȾς)ÍὯ ) provided that normal 

component of dielectric tensor of metamaterial is closely matched to external dielectric (‐ȟḙ

‐). Similarly, from Eq.(6-7), lateral decay constant ‎  becomes zero (i.e., loosely confined) as 

‐Ⱦ‐ȟ approaches 1. 

 

6.3 Hyperbolic Anisotropic Metamaterial  

Hyperbolic materials are materials which can show hyperbolic (or indefinite) 

dispersion[115-120]. 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 metal/dielectric multilayer-

stacked hyperbolic metamaterial as a medium to support long-range SPs[114]. In this work[121], 
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alternating layers of Ag and SiO2 will be stacked to form the hyperbolic metamaterial. The 

thickness of every single layer is under sub-wavelength scale and the dielectric constants of all 

layers can be approximated by the effective dielectric functions.  

6.3.1 Effective Medium Approximations of Metallodielectric Thin-film Stack 

Letôs consider implementing a uniaxial hyperbolic metamaterial system by stacking 

alternate layers of metal ‐ and dielectric ‐  thin films in the vertical direction. By applying 

the effective medium approximations, the dielectric tensor (‐ ) of the multilayered metamaterial 

can be expressed as follows: 

 Ⱡ□ȟ◄ █Ⱡ █Ⱡ (6-8) 

 Ⱡ□ȟ▪ █Ⱡ █Ⱡ  (6-9) 

where ‐ȟ denotes the dielectric constant along the in-plane tangential direction, and ‐ȟ 

corresponds to the normal, thickness direction. ‐ (i = 1, 2) represents the isotropic dielectric 

constant of component materials (‐ for metal and ‐ for dielectric). f denotes the fraction of metal 

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

 

 



 111 

 

Figure 6.1. Dielectric Constants of Ag/SiO2-stacked Metamaterials with  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 constants; Red: 

imaginary part.  Calculation assuming: @1300nm, ŮAg = -88.94+2.056i, ŮSiO2 = 2.094; @633nm, ŮAg = -

18.30+0.4809i, ŮSiO2 = 2.123  

 

When the ratio of silver increases, in the tangential direction, the real part of permittivity 

decreases and the imaginary part increases. The metamaterial becomes more metallic. To satisfy 

the excitation of surface-bound wave, the metamaterial needs to be metallic in tangential direction 

and we should keep Re(Ůt) be less than 0. That means the minimum ratio of Ag should not be too 

small. Under different incident wavelengths, this minimum ratio is around 10%.  

In normal direction, if the filling factor of Ag increases, the Re(Ůn) will gradually increase 

until it suddenly turns to negative value (fAg >90%, see the discontinuity in Figure 6.1(b)&(d)). 

The imaginary part of Ůn will also increase with the Ag ratio. Because the electric field 

corresponding to propagating wave vector is in the normal direction, we want to make Ůn a 

dielectric material. Here we can see when the Ag fraction is small enough, such as smaller than 

40%, the Im(Ůn) can be less than 10-2 which is 100x smaller than the pure silver case. For a Ag 
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ratio close to 10%, the Im(Ůn) will be further reduced to ~ 10-3. Combining the positive Re(Ůn), 

very small Im(Ůn), and negative Re(Ůt), we can see within a large 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 the effective medium approximations depends on the smoothness of 

field distribution in the alternating layers. For better accuracy the field penetrating metamaterial 

side should be uniform from layer to layer or slowly varying. To keep the uniform field distribution 

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

 

6.3.2 Simulations to Approximate Effective Index of Metamaterial   

In order to test the maximum allowed Ag thickness for the effective medium theory, we 

carried out numerical simulations. Figure 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 structure. The core 

and metamaterial cladding layers are 500nm-thick. The metamaterial claddings include multilayers 

of Ag and SiO2 with a fixed Ag fraction of 50%, but the thicknesses of each layer and each period 

are various.  
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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 5-layer structure under 

1300nm wavelength incidence. Thicknesses of each single layer: (a) 10nm; (b) 25nm; (c) 50nm. Using 

simplified approximations of the dielectric constants of pure material: ŮAg = -100+2i, ŮSiO2 = 2.1 @1300nm.  

 

In such a structure, to support surface-bound 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 metamaterial. Hence, 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 point indicates that the effective 

permittivity of the multilayer metamaterial is approximately equal to (or slightly smaller than) the 

permittivity of dielectric core. (But as our metamaterial is dielectric-like in normal or in other 
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words ñtransparentò for tangential light propagation, there still will be some conventional guided 

modes in cladding layers which are higher-loss and will disappear in <100ɛm propagation.)  

As the turning points shown in Figure 6.2, for different thickness of Ag layer, the real part 

of effective dielectric constants of metamaterial in normal direction Re(Ům,n) changed from 4.15+ 

to 3.30-, while the theoretical calculation gives us ~4.29 with the 50% Ag fraction. These turning-

point-approximated permittivities differ with the calculations from effective dielectric functions 

that just depend on the filling factors, especially in the thick Ag case. But when the thickness of 

the single Ag layer becomes thin enough (~10nm), the results will match well. Here for the 10nm 

case, the matching is already ~97%.  

  

 

Figure 6.3. Plasmonic Propagation with Different Thicknesses of Ag Layer Under 1300nm Wavelength 

Incidence. Curves are scanned along the central axis of core. Dielectric constants: @1300nm, ŮAg = -100 + 2i, 

ŮSiO2 = 2.1. Homogeneous metamaterial with  50% fraction of Ag: Ům,n = 4.29 + 0.00184i, Ům,t = -48.95 + 1i. 
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For these different thicknesses of Ag layers, the SP performances are also compared in 

Figure 6.3. The metamaterial claddings include multilayers of Ag and SiO2 with a fixed Ag fraction 

of 50%, but the thicknesses of each layer and each period vary from 10nm to 50nm. The ideal 

homogeneous metamaterial cladding at the same Ag fraction and the bulk Ag cladding cases are 

simulated as references as well. The core 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. 

Again, itôs proved that if the metamaterial 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 theoretically effective 

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 Plasmons Propagate in Various Structures 

6.4.1 Surface Plasmons on Single Interface  

To analyze the surface-bound waves supported by our designed metamaterial, we 

employed one of the most elemental geometries, that is, a single interface of dielectric and 

metamaterial as shown in Figure 6.4.  

 

Figure 6.4. Surface-bound Wave on a Single Dielectric/Metamaterial Interface. 

6.4.1.1 Analytical Calculations  

Reviewing conventional metal/dielectric interface we can derive the following 

relationships of wave vectors inside each medium and the boundary conditions (B.C.) at the 

interface: see Eqs.(6-10). Here, Ὧ and ‐ are the wave vectors and permittivities. Different 

subscripts indicate the different media and directions, ex. m or d means metamaterial or dielectric 

material; t or n means tangential or normal to the surface. Ὧ is the wave vector in vacuum. 



 117 

 

ừ
Ừ

ứ
▓◄ Ⱡϳ ▓▪ Ⱡϳ ▓ ○▄╬◄▫► ►▄■╪◄░▫▪▼▐░▬

▓□ȟ▪ ▓▀ȟ▪ϳ
Ⱡ□
Ⱡ▀
 ║Ȣ╒Ȣ

▓□ȟ◄ ▓▀ȟ◄ ▓▼▬ ║Ȣ╒Ȣ

  
▓▼▬

▓

Ⱡ□Ⱡ▀
Ⱡ□  Ⱡ▀

 (6-10) 

In our anisotropic metamaterial case, because the dielectric constants are anisotropic in 

normal and tangential directions, the equations change slightly:  

 

ừ
Ừ

ứ
▓◄ Ⱡ▪ϳ ▓▪ Ⱡ◄ϳ ▓

▓□ȟ▪ ▓▀ȟ▪ϳ
Ⱡ□ȟ◄
Ⱡ▀

▓□ȟ◄ ▓▀ȟ◄ ▓▼▬ ♫ 

 (6-11) 

From the new equations, we can solve out the expression of surface-bound wave vector on 

a single dielectric/metamaterial interface: 

 
▓▼▬

▓
Ⱡ▀

Ⱡ□ȟ◄
Ⱡ▀
Ⱡ□ȟ◄
Ⱡ▀

Ⱡ▀
Ⱡ□ȟ▪

 (6-12) 

Since the propagation length of a surface-bound wave is usually defined as , for a 

low-loss SP propagation, ‍ should have an imaginary part as small as possible. From Eqs.(6-12), 

this small imaginary part can be achieved, when ‐ ‐ȟ. 

6.4.1.2 Key Parameter æŮ 

From the above expression, we can determine the conditions to match the dielectric 

constants ‐ and ‐ȟ for a long propagation length. Based on that requirement, we define an 

important permittivity difference Ў‐ ὙὩ‐ȟ ‐ . To support a low-loss surface-bound 

wave, the following conditions need to be met. 

First, from Eqs.(6-11), we can also get the derivation of Ὧ in different sides: 
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ừ
Ử
Ừ

Ử
ứ▓□ȟ▪
▓

Ⱡ□ȟ◄
Ⱡ□ȟ▪ Ⱡ▀

Ⱡ□ȟ▪Ⱡ□ȟ◄ Ⱡ▀

▓▀ȟ▪
▓

Ⱡ▀
Ⱡ□ȟ▪ Ⱡ▀

Ⱡ□ȟ▪Ⱡ□ȟ◄ Ⱡ▀

 (6-13) 

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

just focus on the real part, we can have:  

 
Ⱡ▀ ╪▪▀ Ⱡ□ȟ▪  ▀░▄■▄╬◄►░╬

Ⱡ□ȟ◄  □▄◄╪■■░╬
 (6-14) 

 

Observe Eqs.(6-13) and (6-14), we can find if ‐ȟ ‐, the Ὧ will be a real. However, 

for a surface-bound mode, the wave in the lateral direction should be evanescent and thus Ὧ must 

be an imaginary number. So, the first requirement of Ў‐ is that Ў‐ should be a positive value. 

Practically, the effective permittivity of metamaterial can be adjusted by changing the Ag 

ratio. For a well-designed ‐ȟ, the imaginary part will be very small. As the ‐ of a common 

dielectric material such as silica can be regarded as a real number; the real part of the normal 

dielectric constant in the metamaterial ὙὩ‐ȟ , plays an important role to match with the ‐ and 

the similarity between them can be simply quantified through Ў‐. This permittivity difference 

shows a direct influence on the propagation length and penetration depth (commonly defined 

as ȟ‎ ὭὯȡὰὥὸὩὶὥὰ ὨὩὧὥώ ὧέὲίὸὥὲὸ).  

The relationship between the surface-bound wave vectors and Ў‐ is shown as Figure 6.5 

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 different Ў‐. 

The conventional Ag/Glass interface case is added as reference for comparison. 
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Figure 6.5. Effects of ЎⱠ on the Surface-bound Wave Vectors: (a) propagating wave vector ♫ and propagation 

length (b) transverse decay constant ♬ and penetration depth. Under 1300nm incidence, glass: ŮGlass = 2.280; 

metamaterial with 10%Ag / 90%SiO2: Ům,t = -7.01+0.2056i, Ům,n =2.332+0.000141i. These effective values are 

based on: ŮAg = -88.94+2.056i, ŮSiO2 = 2.094. 

 

When the permittivity values are closely matching, the Ὅά‍ will reduce to a 10x smaller 

value. The closer permittivities are, the smaller Ὅά‍ 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. This relationship can be explained by combining the two equation sets 

mentioned in Ch.6.2, decomposed Maxwellôs equation and Joule heating loss: Ὥ‎Ὄ ‫ᴜ‐Ὁ 

and Í‐ȟ(‫ Ὁ ȟ  respectively. A weaker confinement condition means a smaller ɔn and then 

in metamaterial side a weaker Em,t 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 can be useful in many applications, but it 

also may be a problem for 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.  

6.4.1.3 Imaginary Part of Metamaterialôs Ům,n 

Figure 6.6 shows the Ὅά‍  of the surface-bound wave propagating on two different 

metamaterial/dielectric interfaces. The permittivities of dielectric material and the metamaterials 

are set to be equal except the  Ὅά‐ȟ . One metamaterial is assumed to have a real dielectric 

constant in normal direction while the other one adds a value of 4x10-3 to Ὅά‐ȟ . We can see 

for the real ‐ȟ case, when the metamaterial and dielectric layer have very similar normal 

dielectric constants, the Ὅά‍ can be sharply reduced to an extreme small value (10-7). But after 

the imaginary part is added, the minimum limit of Ὅά‍ is increased to ~3x10-4. When Ў‐ is still 

large, the main loss comes from the mismatch between two materials and the influence 

from Ὅά‐ȟ  is insignificant. 

 

Figure 6.6. The Effects of ╘□Ⱡ□ȟ▪  as a L imit on ╘□♫ : y-direction is the normal direction and  Ⱡ□ȟ◐  Ⱡ□ȟ▪. 

Effective dielectric constants used: real Ⱡ□ȟ◐ = 4.5 & complex Ⱡ□ȟ◐ = 4.5 + i0.004. The range of Ⱡ▀ is 

corresponding to ЎⱠ from 0 to 1.  Both cases:  Ⱡ□ȟ◄ = -48.9 + i1.0 (50%Ag). 
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The most ideal design for an anisotropic metamaterial should have a real ‐ȟ value. 

However, as shown earlier in Figure 6.1, in the practical metamaterial, by lowering the Ag ratio 

we can reduce the imaginary part of ‐ȟ as low as 10-4, but it will still exist and somehow 

constrain the potential best performance. 

Other parameters such as  ‐ȟ and  ‐ are also important in some ways for the plasmon 

propagation. For example, ‐ȟ is the one providing negative dielectric constant to excite the 

surface-bound modes and ‐ works together with ‐ȟ to change  Ў‐. However, we donôt really 

have much room to choose the value of ‐ȟ. First, ‐ is selected, then we need to match ‐ȟ with 

it and the Ag fraction will be decided at the same time. For a fixed Ag fraction, the ‐ȟ is already 

be known. The good part is ‐ȟ itself just has a small influence on the performance of SPs. Back 

to Figure 6.5(a) and Figure 6.6, the metamaterials between them are designed and calculated with 

different Ag fractions, 10% and 50%. The  ‐ȟ changed from -7 to -48, but if we exclude the 

influence from the changes in  Ὅά‐ȟ , the results will be similar. Similarly, to match with these 

two different Ag ratios, ‐ shifts from 2.28 to 4.5, but the Ὅά‍ vs. Ў‐ curves are almost in the 

same changing speed. 

6.4.1.4 Simulations on Single Interface 

To validate the analytical results, FDTD simulations of SPs on single 

dielectric/metamaterial interfaces were carried out. Figure 6.7 shows the field components 

scanning along lateral direction of two different simulations.  
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Figure 6.7. Transverse Scans of Surface-bound Wave along Meta/Dielectric Interface: (a) homogeneous 

anisotropic metamaterial, (b) 10nm-Ag/90nm-SiO2 stacked hyperbolic metamaterial, (c) zoom-in of (b). 

Interface at y=0: >0 metamaterial side, <0 dielectric side. Glass: ŮGlass = 2.2801; Homogeneous metamaterial: 

Ům,t = -7.01+0.206i, Ům,n =2.332+0.000141i; Multilayer metamaterial: ŮAg = -88.94+2.056i, ŮSiO2 = 2.094.  

 

In the first simulation, the metamaterial is designed to be homogeneous, and 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 the dielectric material the same as the first simulation, but the 

metamaterial changes from homogeneous to multilayer Ag/SiO2 structure. The dielectric constants 

used in the second structure donôt include any effective approximation and just consist of isotropic 

Ag and SiO2, which can be used to test the accuracy of effective theory in the plasmonic structure. 






















































































































































