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ABSTRACT

WELL-CONTROLLED MODIFICATION OF EMISSION
KINETICS OF COLLOIDAL SEMICONDUCTOR

QUANTUM WELLS

Muhammad Hamza Humayun

Ph.D. in Electrical and Electronics Engineering

Advisor: Hilmi Volkan Demir

September 2021

Colloidal quantum wells (CQWs) belong to an important quasi-2-dimensional

sub-family of semiconductor nanocrystals. Thanks to their uniquely tight quan-

tum confinement of only few monolayers extending across their vertical thickness,

CQWs possess giant oscillator strength, substantially increasing their absorption

cross-section along with their large lateral size expanded over tens to hundreds

of nm’s on one side. These together make CQWs excellent candidates for light-

harvesting applications. In this thesis, to utilize CQWs’ superior light-harvesting

capability, we investigated the alteration and control of photoluminescence de-

cay lifetimes of the CQWs in a variety of hybrid absorbing systems. In par-

ticular, we proposed and demonstrated the nonradiative energy transfer from

strongly-absorbing CQWs to indirect-bandgap bulk semiconductors as weak ab-

sorbers, e.g., bulk silicon. To this end, we systematically studied and showed

the well-controlled modification of the emission kinetics of these CQWs that are

self-assembled into a single-layer all-face-down oriented ensemble in the vicinity

of silicon with a fine-tuned dielectric separator (of thickness d). We found the

Förster resonance energy transfer (FRET) to be the chief underlying mechanism

for the observed modifications in the emission kinetics of the CQWs, which we

further modeled and explained using full electromagnetic solutions. We showed

that the rate of the resultant energy transfer from these CQWs to the bulk silicon

scales slowly with d−1 in space. Finite element method (FEM) based computation

revealed that this inverse relationship is caused by the delocalization of the electric

field in the CQW layer and the substrate due to strong in-plane dipoles present

in the CQWs. To address the shortcomings of silicon-based photo-detecting

platforms, in a proof-of-concept hybrid device we fabricated, we experimentally

demonstrated that the photosensitization using such a single-layer CQW-film en-

hances the photocurrent collected in the silicon by up to 3-folds. The findings

in this thesis are expected to help further exploit the amazing light-harvesting
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potential of CQWs in optoelectronic applications.

Keywords: Semiconductor nanocrystals, colloidal quantum wells, nanoplatelets,

energy transfer.



ÖZET

KOLLOİDAL YARIİLETKEN KUANTUM KUYULARI
IŞIMA KİNETİKLERİNİN İYİ KONTROL EDİLEBİLEN

DEĞİŞİKLİĞİ

Muhammad Hamza Humayun

Elektrik ve Elektronik Mühendisliği, Doktora

Tez Danışmanı: Hilmi Volkan Demir

Ekim 2021

Kolloidal kuantum kuyuları (KKK’ler), yarıiletken nanokristallerin önemli bir

neredeyse-2 boyutlu alt ailesidir. Dikey kalınlıkları boyunca uzanan sadece

birkaç tek katmanın benzersiz sıkı kuantum sınırlamaları sayesinde, KKK’ler çok

yüksek osilatör gücüne sahiptirler ve bir tarafta onlarca ila yüzlerce nm arasında

genişleyen büyük yan boyutlarıyla birlikte soğurma kesitlerini önemli ölçüde

artırmaktadırlar. Bu özellikler KKK’leri ışık hasatı uygulamaları için mükemmel

adaylar haline getirmektedir. Bu tezde, KKK’lerin üstün ışık toplama kapa-

sitelerinden faydalanmak için, çeşitli melez soğurma sistemlerinde, KKK’lerin

fotolüminesans ışıma sürelerinin farklılaştırılması ve kontrolü araştırılmıştır.

Özellikle, güçlü soğurabilen KKK’lerden, zayıf soğurucular olan dolaylı bant

aralığına sahip yığın yarıiletkenlere (örneğin, yığın silisyum) ışımasız enerji ak-

tarımı önerilmiş ve gösterilmiştir. Bu amaçla, ince ayarlı bir dielektrik ayırıcı (d

kalınlığında) ile silisyum yakınında tek katmanlı, tamamen yüzü aşağı dönük bir

topluluğa kendiliğinden istiflenen bu KKK’lere ait ışıma kinetiklerinin iyi kon-

trol edilen modifikasyonları çalışılmış ve gösterilmiştir. Förster rezonans enerji

aktarımı (FRET), tam elektromanyetik çözümler kullanarak da modellediğimiz

ve açıkladığımız KKK’lerin ışıma kinetiğinde gözlemlenen değişikliklerin altında

yatan temel mekanizma olarak bulunmuştur. Bu KKK’lerden yığın silisyuma

elde edilen enerji transferinin hızının uzayda d−1 ile yavaş yavaş ölçeklendiği

gösterilmiştir. Sonlu elemanlar yöntemine (FEM) dayalı hesaplama, bu ters

orantılı ilişkinin, KKK katmanındaki elektrik alanının ve KKK’lerde bulunan

güçlü düzlem içi dipoller nedeniyle alttaşın delokalizasyonundan kaynaklandığını

ortaya koymuştur. Silisyum tabanlı foto-algılama platformlarının eksikliklerini gi-

dermek için, ürettiğimiz bir kavram kanıtı melez cihazda, böyle bir tek katmanlı

KKK filmi kullanılarak ışığa duyarlılaştırmanın silisyumda toplanan fotoakımı

3 kata kadar arttırdığını deneysel olarak gösterilmiştir. Bu tezdeki bulguların,
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optoelektronik uygulamalarda KKK’lerin şaşırtıcı ışık toplama potansiyelinden

daha fazla yararlanmaya yardımcı olması beklenmektedir.

Anahtar sözcükler : Yarıiletken nanokristaller, kolloidal kuantum kuyuları,

nanolevhalar, enerji transferi.
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Chapter 1

Introduction

Colloidal quantum wells (CQWs) belong to a family of solution-processed

atomically-flat semiconductor nanocrystals (NCs) that have emerged as a poten-

tial substitute to the fundamental building block in contemporary photonics tech-

nologies: epitaxial thin-film semiconductors. Mostly in the last decade, extensive

research on colloidal thin-film synthesis techniques has opened up opportunities

for these photonic materials in optoelectronics field including photovoltaics [1],

displays [2], lasers [3–7], LEDs [8–10], and bioimaging and medicine [11–14].

CQWs possess a high absorption cross-section and photoluminescence (PL)

quantum yield possibly approaching unity for certain chemical routes and het-

erostructures. These characteristics make them suitable candidates as efficient

exciton donors, creating an opportunity for us to explore energy transfer mech-

anisms in their hybrid structures. There is also a lack of research on the modi-

fication of emission kinetics of the CQWs using bulk-system energy transfer and

plasmonic interactions. This thesis aims to show the modified emission kinetics

of CQWs by using the anisotropy of CQWs to our advantage to transfer energy

to weakly-absorbing bulk silicon via Förster resonance energy transfer (FRET).

Also, we study the change in decay rates of these CQWs using plasmonic nanos-

tructures.
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This chapter will present an overview of this thesis work. We will start by

providing the background, followed by the research objective and significance,

and finish the chapter by outlining the structure of this thesis.

The 1980s were the decade that saw the birth of the science of colloidal semi-

conductor NCs [15, 16]. In three decades, immense research in the synthesis of

these solution-processed NCs has expanded our comprehension and afforded us

the control over the growth and emerging properties of the NCs. Advances in

colloidal synthesis resulted in the formation of NCs with different shapes. The

synthesis of monodisperse spherical NCs, also known as colloidal quantum dots

(CQDs), was achieved in the early 1990s [17]. The synthesis of nanorods was

reported a few years later [18]. The synthesis of CQWs, also known as semi-

conductor nanoplatelets (NPLs), was developed in the late 2000s [19]. Among

all, cadmium chalcogenides (CdE, with E = sulfide, selenide, and telluride) have

been the most researched semiconductor NCs [20–23].

CQWs are the quasi-two dimensional atomically-flat NCs. CQWs possess

strong one-dimensional vertical confinement with lateral dimensions extended

in the range of tens of nanometers [24]. Excitons in CQWs are typically con-

fined only in one dimension because usually only this vertical thickness is smaller

than the exciton Bohr radius [25]. CQWs exhibit fascinating optical proper-

ties including narrow emission linewidth [26], high photoluminescent quantum

yield (PLQY) [27, 28], high absorption cross-sections [24, 29], giant oscillator

strength [30,31], large exciton binding energy, and a lower rate of Auger recombi-

nation [32,33]. Heterostructuring can further tune the electronic structure of these

CQWs. Vertical shell growth and crown growth in lateral directions have made

it possible to synthesize their complex heterostructures such as core/crown/shell

and core/multi-crown shell, which is unique to CQWs [34]. Further use of alloy-

gradient shells and metal doping can be used to tune the optical properties making

these cadmium chalcogenide-based CQWs and their heterostructures promising

candidates for photonic applications [35].

Energy transfer-based hybrid photovoltaic devices, where these NCs act as

light harvesters, define a promising NC-based research direction [36–39]. In such
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devices, one component is characterized by its ability to interact with the light

strongly, and the other is responsible for charge transport. The excitation energy

funnels to the charge collecting component via electromagnetic (EM) interaction

[40]. CQWs can be an excellent choice as a donor because these fluorophores

are strong absorbers of light and, with bandgap tuning, can cover the visible

spectrum.

The EM interaction responsible for energy transfer could result in nonradiative

energy transfer (NRET) and radiative energy transfer (RET) [38]. NRET is a

near-field EM interaction. One of its types is Förster resonance energy transfer

(FRET) that occurs through dipole-dipole coupling between donor-acceptor pair

[41, 42]. In FRET, oscillating transition dipole in the donor induces a transition

dipole in the acceptor without emission of light. While FRET relies on Coulombic

interaction, there is another NRET mechanism known as Dexter energy transfer

(DET) which occurs through electron interactions between donor-acceptor pair

[43]. In DET, wavefunctions of donor and acceptor species overlap resulting in

electrons and holes tunneling from donor to acceptor [42]. On the other hand,

RET involves the donor exciton decaying into photonic modes in the acceptor

layer [44]. In RET, the donor emitter fluoresces and the emitted photon then

excites the acceptor. D. L. Dexter was the first who proposed producing electron-

hole pairs in semiconductors using NRET in 1979 [45]. The energy transfer also

modifies the emission kinetics of the excited emitter dipole [46–48].

Another way of engineering the emission decay of NCs is through using metal-

lic nanoparticles (NPs) [49]. Metallic nanoparticles can dramatically increase

the interaction between light and matter at the dimensions much smaller than

the wavelength of the EM wave. The light generates localized surfaces plasmon

resonance (LSPR) in these NPs, resulting in an EM field enhancement in the

vicinity of NPs [50]. The enhanced EM can affect the emission kinetics of a

nearby fluorophore [51,52].

The enhancement of fluorescence using metal was first reported in the 1970s

[53]. Metal nanostructures both absorb and scatter light. PL of NCs is enhanced

when its emission peak lies in the spectrum range of metal NP dominated by

3



scattering and is quenched when it lies in the spectrum range dominated by

absorption and in the close proximity [54]. Whether the emitter’s fluorescence

may be quenched or enhanced also depends on the separation distance between

the emitter and metallic nanoparticles (NPs). Generally, PL can be quenched

when in contact or proximity (< 5 nm) of the metal surface and can be enhanced

when moved beyond 5 nm [55–57].

Studies involving QDs as an energy donors with different acceptor platforms

have previously been carried out [38–40, 58]. CQWs are likely to outperform

QDs as energy donors because NPLs possess higher intrinsic absorption cross-

sections [59]. So far, the energy transfer studies with CQWs involved have fo-

cused on the 2D-2D hybrid structures [60–62]. We have not come across a pre-

vious report where energy transfer from CQWs to a 3D acceptor structure was

studied. Also, while the metal enhanced fluorescence has been studied for other

NCs [63–67], little research has taken place to modify emission kinetics of CQWs

using metal nanostructures. These studies could be beneficial for CQW-based

nanophotonic applications. In particular, a study based on the FRET in a 2D-

3D hybrid structure, with silicon as the exciton-sinking medium, has not been

explored. Silicon is generally used for building solar cells and photodetectors.

Silicon has poor light absorption. Sensitization with CWQs can substantially

enhance the absorption of silicon.

In this thesis, we studied energy transfer in a 2D-3D hybrid structure involv-

ing CQWs acting as an energy donor and silicon acting as an exciton acceptor

medium. We used the self-assembly deposition technique to gain control over

CQWs’ orientation. FRET was shown to be the effective energy transfer mech-

anism involved up to a separation of 50 nm, modifying the emission kinetics of

CQWs in a controlled way. We found the energy transfer rate to be varying slowly

with the electric field delocalization in the donor and acceptor regions. We also

demonstrated enhancement of photocurrent due to CQWs sensitization. Also, we

studied plasmon-exciton interaction using a hybrid system comprising CQWs (as

an exciton source with high exciton binding energy) and plasmonic structures.

We used random nano-islands and periodic arrays to observe the modification in

the emission kinetics of these CQWs.
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1.1 Outline of the Thesis

This thesis work is organized as follows:

In Chapter 2, we introduce and explain all the underlying basic material back-

ground and physics concepts that were used in this thesis. This includes a brief

introduction of NCs. Then we discuss the properties of CQWs. We also discuss

the basics of energy transfer and finally we introduce the light-matter interac-

tion with a focus on plasmonics and how plasmonics can be used to enhance the

light-matter interaction.

In Chapter 3, we present different fabrication tools that we used in this the-

sis. We briefly explain the techniques used to fabricate our structures including

thermal evaporation, rapid thermal annealing, and electron beam lithography.

We also discuss optical characterization tools including steady-state and time-

resolved spectroscopy used to analyze emission kinetics of our structures.

In Chapter 4, we show our results from our journal paper on FRET from CQWs

to bulk silicon. In this study, we used the self-assembly technique to deposit

CQWs in all-face-down orientation on our substrate using alumina spacing to

study distance-dependent energy transfer.

In Chapter 5, we present the results from our study involving distance-

dependent modification of emission kinetics of CQWs using gold nano-islands

and periodic patterned silver arrays.

Chapter 6 concludes our thesis where we sum up our thesis work and highlight

the possible future directions.
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Chapter 2

Scientific Background

2.1 Colloidal Semiconductor Nanocrystals

Inorganic semiconductors are crucial building blocks for optoelectronic devices.

They offer superior light absorption, carrier mobilities, and photostability. How-

ever, their fabrication processes involve a high thermal budget, high cost, and

compatibility issues with substrates. Low-dimensional semiconductor materi-

als, which are solution-processed, have emerged as an inexpensive alternative.

Optoelectronic device fabrication using novel materials like organic semiconduc-

tors [68], carbon nanotube [69], colloidal quantum dots [17], nanowires [18, 70],

and nanoplatelets [19] is possible now. The history of colloidal nanosized in-

organic materials goes back to the 19th century; however, current nanoscience

with nanocrystals (NCs) started in the early 1980s [16]. Colloidal synthesis of

inorganic nanostructures has seen impressive progress in the last few years. It is

emerging as a new branch of synthetic chemistry with innovative methods to ma-

terials design. By bandgap engineering of the nanostructures using precise tuning

of shape and size, and by introducing heterostructuring during synthesis, we can

control the spatial localization of electrons and holes within the NCs [71]. The

NC form can be tailored from almost spherical to highly anisotropic by gaining

expertise in growth kinetics. Colloidal synthesis allows us to prepare a wide range
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of multi-component nanostructures. The colloidal synthesis also allows to manip-

ulate and tune the wavefunctions, plasmonic resonances, spin, and other material

properties to make novel functional blocks for optoelectronic applications.

NCs are tiny crystals made up of hundreds to a few thousand atoms. These

crystals belong to a size regime that manifests quantum confinement effect. The

quantum confinement produces quantization of the electron and hole states. For

this reason, NCs are also referred to as artificial atoms. The bandgap of semi-

conductor NCs changes systematically with their size.

The effect of quantum confinement on the material is exhibited in the semi-

conductor energy band diagram. For a bulk semiconductor, an E-K diagram is

continuous, as shown in Figure 2.1a. But in the case of semiconductor NCs, due

to quantization, energy levels are discretized as shown in Figure 2.1b [72]. In

the case of these NCs, allowed transitions are limited. The energy bandgap is

increased in this scenario because interacting electrons and holes occupy higher

energy states. The quantum confinement effect prevails when the physical dimen-

sions become comparable to the Bohr radius of semiconductor material [73]. An

exciton in a semiconductor resembles a hydrogen atom. This is because exciton,

which is a quasi-particle, is an electron-hole pair bound via Coulomb attraction.

For bulk semiconductors, the exciton energy Eexcition and Bohr radius aB of the

exciton are found as follows:

Eexciton =
1

4πε0

µe4

2ε2~2
(2.1)

aB = 4πε0
ε~2

µe2
(2.2)

where µ is the reduced effective mass of the electron-hole pair, e is the elementary

charge, ε is the dielectric constant of the semiconductor medium, ε0 is the permit-

tivity of free space, and ~ is the reduced Planck’s constant. The binding energy

of the carrier is increased when it is restricted in a physical space smaller than its

defined Bohr radius. For example, under 1D confinement, exciton binding energy

is increased by fourfold compared to the bulk exciton energy in Equation 2.1.

Bohr radius due to the 1D confinement is reduced to half its bulk Bohr radius

value.
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Figure 2.1: E-k diagram of (a) a bulk semiconductor and (b) a quantum dot.

The electronic structure of semiconductors is closely related to the optical

properties of the semiconductors including their absorption and emission. The

energy bandgap can tell us whether the material is an insulator, a metal, or a

semiconductor. From the E-k diagram, we can find out about the nature of the

bandgap, whether it is direct or indirect. The shape of energy bands can be used

to find effective mass and density of states. These details can be used to estimate

whether optical transitions, such as absorption and emission, are permissible or

not and the oscillator strength of these optical transitions.

One parameter of critical importance for these optical transitions is the den-

sity of states (DOS). The optical properties of these NCs can be understood by

understanding the DOS of carriers in these confined nanostructures. In solid-

state physics, a system’s density of states (DOS) describes the number of distinct

states available to a particle to occupy at a given energy level [74]. The number

of different states corresponding to given energy strongly depends on the dimen-

sionality of the system (Figure 2.2) [75]. In three-dimensional space (3D), an

electron with the same speed but pointing at any direction on a sphere will have
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Figure 2.2: Density of states vs. dimensionality of materials.

the same energy. The DOS for a bulk semiconductor is given as:

gbulk(E) =

√
2m3(E − Eg)

π2~3
(2.3)

where Eg is the bandgap of the material, and m is the effective mass of the

electron. In bulk semiconductors, DOS varies with 1/2 power dependence on the

energy. In 2D space, the available states form a circle of directions and are given

as:

g2D(E) =
m

π~2
(2.4)

where DOS in 2D is independent of the energy. In 1D space, there are only two

distinct possibilities to have the same energy, and DOS is given as:

g1D(E) =
1

π~

√
m

2(E − Eg)
(2.5)

which shows the inverse square root energy dependence of 1D DOS. In 0D, car-

riers are confined in all directions, and DOS is given as delta functions at the

quantized energies. Both absorption and emission processes in quantum emit-

ters are dependent on the DOS and thus on the dimensionality of the quantum

confinement.
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2.1.1 Colloidal Quantum Wells

Colloidal Quantum Wells (CQWs), also known as nanoplatelets (NPLs), are

quasi-2D flat semiconductor NCs. Their unique feature is their vertical thick-

ness, consisting of a few discrete number of monolayers (MLs). These atomically

flat NPLs have “magic-sized” vertical thickness (e.g., 3,4 and 5 MLs). NPLs are

confined in only one direction, and their lateral dimensions can range to tens of

nanometers (Figure 2.3) [19].

Figure 2.3: A schematic representation of a 4 ML CdSe NPL with an additional
Se layer.

The atomic precision present enables the synthesis of monodisperse ensembles.

Monodispersity reduces the inhomogeneous broadening and enables NPLs to yield

very narrow emission linewidths [30]. Also, NPLs display smaller Stoke’s shift as

compared to quantum dots. In QDs, we can have practically continuous spectral

tuning by varying the QD radius. But this continuous spectral tuning is not

possible in NPLs. Instead, NPLs have discretized increments with the addition

of MLs. Figure 2.4 shows the photoluminescence (PL) emission spectra of 3, 4,

and 5 MLs of CdSe core NPLs. These NPLs have their emission peaks at 463,

513, and 551 nm, respectively.
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Figure 2.4: PL emission spectra of 3, 4, and 5 ML thick CdSe nanoplatelets.

Figure 2.5 shows the absorption spectrum of 4 ML CdSe NPLs. We can see

the peaks corresponding to the heavy hole, light hole, and split-off states in the

absorption spectrum.
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Figure 2.5: Absorption spectra of 4 ML thick CdSe NPLs.

The excitonic properties of NPLs can be further tailored by synthesizing het-

erostructured NPLs [76]. To date, different architectures have been synthe-

sized (Figure 2.6) [77–79]. These heterostructures offer improved optical prop-

erties—for example, the growth of crown results in increased absorption cross-

section. The growth of the shell extends the fluorescence lifetime as well as

stability.
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Figure 2.6: Schematic image of different heterostructures of NPLs.

2.2 Deposition Techniques of Colloidal Quan-

tum Wells

Colloidal quantum wells can be deposited using traditional techniques such as

drop-cast and spin-coating. However, forming a uniform layer of CQWs on the

substrate with full substrate coverage is not easy. Nor do these conventional

techniques provide us with control over the orientation of the deposited NPLs.

Using these techniques, the deposited NPLs will have mixed orientations. There

is a self-assembly method developed in our group which addresses the issues

mentioned above. This section will briefly discuss the spin-coating technique and

self-assembly process as these were used in this thesis work.

2.2.1 Spin-Coating Method

Spin coating is a deposition technique for making thin-film coating on a flat

substrate. In this technique, a substrate is rotated at high speeds and a solution

with known particle concentration is dropped into the center of the substrate.

Spin coating stages are shown in Figure 2.7. The thickness of the deposited film

depends on the following parameters:

� Rotation speed,

� The solution viscosity,

� The spinning time and
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� The solvent evaporation time.

Figure 2.7: Stages in thin-film deposition using spin-coating.

The main advantage of the spin-coating technique is that thin layers can be

deposited easily and quickly. However, one disadvantage of this technique is that

it is impossible to create ultra-thin films (less than 10 nm). Also, most of the ma-

terial is thrown off the substrate. About 2–5% of the material is distributed onto

the substrate. In the NPL-plasmonic coupling study, we opted for spin-coating

because of the simplicity of the technique. Both quartz and silicon substrates

were used. We observed that more uniform thin films were produced with this

technique when the solvent used was toluene.

As already mentioned, various independent factors are involved in spin-coating,

which raises a question regarding reproducibility. In one of the studies, we were

interested in depositing a single monolayer of CQWs (about 5 nm thick) with

full surface coverage and complete control over the orientation. The spin coating

technique was not possible, which led us to deploy a different deposition method

known as self-assembly procedure that will be briefly explained in the next section.
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2.2.2 Self-Assembly Method

In this thesis work, we adopted self-assembly to study the energy transfer from

NPLs to the silicon substrate [80]. The prime reason for choosing this method

was that it allowed us to deposit NPLs with uniform single monolayer thickness

throughout the sample. Also, with this deposition methodology, we were sure

about the orientation of the deposited NPLs [81]. Unlike spin-coating, with this

procedure, we can deposit NPLs in all facing-down configuration.

The schematic is illustrated in Figure 2.8. The recipe we used was as follows:

The substrates were placed in a Teflon well with a tilt angle of ∼10◦. The well

was then immersed in the subphase of diethylene glycol (DEG). 25 µL of NPL

solution in hexane was then dropped onto the DEG surface. Upon the complete

evaporation of the hexane, one drop of silicone oil dissolved in hexane was dropped

onto the DEG surface to compress the NPL film [82]. This step was to ensure that

there were no voids present in the NPL film. The DEG was then slowly drained

with the help of a peristaltic pump at a very slow rate of 50 µL/min. After the

draining was complete, the samples were put under vacuum to be completely

dried to ensure no residual DEG droplets were present on the top surface of the

substrate.

Figure 2.8: Schematic illustration of self-assembly of NPLs at the liquid-air in-
terface. Diethylene glycol subphase was used as the subphase, which was drained
by the peristaltic pump to transfer NPLs on the substrates. Reproduced with
permission. [83] Copyright 2021, Wiley

NPLs are usually dispersed in a non-polar organic solvent such as hexane. In

our work, the colloidal solution was dropped onto a polar liquid subphase denser

than the solvent, e.g., water and diethylene glycol. NPLs are capped with organic

ligands. Hence neither NPLs nor solvent can dissolve in the subphase. There-

fore, the NPL solution spreads across the surface of the polar liquid. After the
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evaporation of the hexane, NPLs were left as a thin film on the liquid inter-

face (Figure 2.9). The subphase is slowly drained to transfer these NPLs onto

solid substrates. The residual subphase between the substrates and the NPL

membrane is evaporated by putting it under vacuum. By tuning the amount

of NPL solution dropped, domains with controlled NPL orientation, covering a

few square millimeters, were created. This area can be extended up to tens of

square centimeters using a surfactant (silicone oil). When silicone oil is added,

the domains get compressed, reducing the crack formation and voids during the

transfer process.

Figure 2.9: Schematic illustration of the formation of self-assembled NCs on the
subphase interface.

In this approach, we exploit surface tensions and polarities of the subphases to

control the NPL orientation on the interface. Paik et al. studied the orientation

of self-assembled GdF3 platelets with glycol-type subphases. They observed that

vertically oriented platelets were deposited with the ethylene glycol, which was

the most polar solvent they used. As the solvent polarity was weakened, platelets

formed a face-down oriented assembly. Recently it has been reported that even

solvent evaporation rate affects the CQW orientation. According to reported

results, fast evaporation supports the face-down CQW assembly, whereas slow

evaporation leads to edge-up assembly.

To summarize, several factors can influence the orientation of the CQW thin

film, such as choice of the subphase, the evaporation rate, the solvent used for

dispersing the NPLs, and the type of ligands attached to the NPLs. There are still

investigations ongoing to understand the mechanisms involved fully. In this study,

we deposited a complete, single, close-packed monolayer of face-down oriented

NPLs to study energy transfer from them.

15



2.3 Energy Transfer Mechanisms

In the donor-acceptor system, an excited donor can transfer energy to the ac-

ceptor through three different processes and return to the ground state (Figure

2.10). Those are: (1) Dexter energy transfer (DET) [43], (2) Förster (or fluores-

cence) resonance energy transfer (FRET) [41,84], and (3) radiative energy transfer

(RET) [48]. DET and FRET are nonradiative energy transfer (NRET) processes

and, hence, produce fluorescence quenching. In DET, electron exchange between

molecules takes place. DET requires very close proximity (<1 nm) between the

two systems, requiring wavefunction overlap [42]. Electrons and holes are trans-

ferred to the acceptor through tunneling. In FRET, exciton transfer happens via

electromagnetic dipole-dipole interaction, also called Coulombic coupling. It is

a short-ranged, high efficient process. DET and FRET are NRET processes be-

cause no photons are emitted nor absorbed during energy transfer. Lastly, there is

RET process, in which the donor emitter fluoresces and the emitted photon then

excites the acceptor. The range of RET can be very long; however, its efficiency

is typically low as it involves two different emission and absorption events. Table

2.1 lists the donor emission rate (kD), lifetime (τD) and quantum yield (QY) with

and without FRET.

Figure 2.10: FRET: an additional pathway between a donor and an acceptor for
energy transfer.
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Table 2.1: Donor emission rate (kD), lifetime (τD) and quantum yield (QY) with
and without FRET.

kD = krad + knr + kFRET kD = krad + knr

τD = 1/kD = τrad + τnr + τFRET τD = 1/kD = τrad + τnr

QY = krad
krad+knr+kFRET

QY = krad
krad+knr

2.3.1 Förster Resonance Energy Transfer(FRET)

Förster resonance energy transfer (FRET) governs energy transfer at a nano-

scale range. One of the critical conditions is that the separation distance should

be much shorter than the wavelength of light. The mathematical framework

for FRET is developed by taking dipole approximation for the donor and the

acceptor. Both the donor and the acceptor are assumed to be point dipoles

(Figure 2.11). In doing so, it is assumed that their separation distance R is much

larger than the physical dipole length.

Figure 2.11: Transfer of donor excitation energy to an acceptor through distance-
dependent FRET.

The electric potential of discrete electric charges interacting with the incident
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electromagnetic field Einc is given as follows [48]:

VE = −
∑
n

qnrn.Einc(0)−
∑
n

qn
2!
rn.(rn.∇)Einc(0)−

∑
n

qn
3!
rn.(rn.∇)2Einc(0)− ...

(2.6)

where rn is the position vector of the nth charge qn and the origin is taken at r = 0.

The first term in Equation 2.6 is the the electric dipole interaction term. The

second term is the electric quadrupole expansion. We neglect the discussion on the

next higher-order terms for simplification. The pertinent conclusion drawn from

the Equation 2.6 is the underlying physics represented by the first two terms. The

first term is the outcome of the absolute value of the electric field at the center of

the charge distribution. In contrast, the second term is the effect of the gradient

of the electric field at the center of the charge distribution. Therefore, if the

particle size is tiny, the electric field is approximated to be homogeneous over the

particle volume, neglecting higher-order terms. This is the fundamental reasoning

for the dipole approximation of small systems of charge such as nanoparticles.

Due to the proximity, FRET is governed by the near-field coupling between

evanescent waves. The reactive electromagnetic field of an oscillating transition

dipole in a donor induces transition dipole in an acceptor. The power transferred

from a donor to an acceptor can be defined as [48]:

PD→A =
ω0

2
Im{µ∗A.ED(rA)} (2.7)

where µ∗A is the induced transition dipole moment in the acceptor, ED(rA) is the

local electric field generated by the donor at the location of the acceptor (Figure

2.12). Equation 2.7 accounts for both radiative as well as nonradiative compo-

nent. When the separation distance is very small, the nonradiative component

dominates.

The energy transfer rate is related to the power transferred as follows:

kD→A
k0

=
PD→A
P0

(2.8)

where k0 is the decay rate of the donor in the absence of acceptor, and P0 is the

power dissipation in the absence of the acceptor and is defined as:
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Figure 2.12: Energy transfer between a donor (D) and an acceptor (A) via dipole-
dipole coupling.

P0 =
|µD|2n(w0)

12ε0c3
w4

0 (2.9)

where µD is the transition dipole moment of the donor, w0 is the radiating fre-

quency of the donor dipole, c is the speed of light in vacuum, ε0 is the permittivity

of free space, and n(w0) is the refractive index of the medium where the donor

and the acceptor are located. In the linear regime, the induced dipole moment

can be written as:

µA =
↔
αA ED(rA) (2.10)

where
↔
αA is the acceptor polarizability tensor. After expressing polarizability in

terms of the absorption cross-section, expanding the donor’s field, ED, in terms of

the free space Green’s function, we can eventually express Equation 2.8 as what

is known as Förster resonance energy transfer [49]:

kD→A
k0

=

[
R0

R

]6
, R6

0 =
9c4κ2

8π

∫ ∞
0

fD(w)σA(w)

n4(w)w4
dw (2.11)

where n(w) is the refractive index of the environment, R is the distance between

the donor and the acceptor, and R0 is the Förster radius, R0 is the distance

at which FRET efficiency falls to 50 %, κ2 is the relative orientation between

the donor and the acceptor and lies in the range of κ2 = [0...4]. The random

orientation is represented by its average value of 2
3
. The integrand terms in

Equation 2.11 suggest that energy transfer rate depends on the overlap of the

donor’s emission spectrum, fD(w), and the acceptor’s cross-section, σA(w).
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FRET efficiency represents the modification in the fluorescence emission of the

donor and is expressed as:

ηFRET =
P0

P0 + PD→A
=

1

1 + (R/R0)6
(2.12)

If there are more acceptors per donor then the equation becomes:

ηFRET =
nR6

0

nR6
0 +R6

(2.13)

where n is the number of acceptors per donor. FRET transfer efficiency can also

be defined as:

ηFRET =
kFRET

kFRET + krad
(2.14)

Combining Equation 2.12 and Equation 2.14, we obtain:

kFRET =
1

τrad

(
R0

R

)6

(2.15)

where τrad is the radiative decay lifetime of the donor. This is also the donor’s

lifetime in the absence of the acceptor and taken equal to τD while ignoring

other nonradiative processes. From Equation 2.15, it is apparent that FRET

is a distance-sensitive mechanism. One key distinction between FRET rate and

FRET efficiency is that while the former tends to be directly related to the donor’s

decay rate, FRET efficiency does not. FRET efficiency is primarily affected by

the donor-acceptor separation and the oscillator strength of the absorbing system.

The energy transfer efficiency can also be defined in terms of the donor lifetime

or emission intensity [49]:

ηFRET = 1− τDA
τD

= 1− FDA
FD

(2.16)

where τDA is the donor lifetime in the presence of an acceptor and τD is the

lifetime in the absence of the acceptor. FDA is the emission intensity in the

presence of the acceptor, and FD is the intensity in the absence of the acceptor.

From Equation 2.15, it can be seen that FRET rate scales with R−6. This distance

dependency holds when both the donor and the acceptor are point dipoles, i.e.,

zero-dimensional (OD). FRET rate’s distance scaling is dependent on the acceptor

geometry [85–88]. Table 2.2 summarizes the distance scaling of the FRET rate

for the different acceptor dimensionalities.
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Table 2.2: Effect of the dimensionality of acceptor on the distance dependency of
FRET.

Distance dependency acceptor geometry

R−6 point-like dipoles
R−5 1D acceptor, e.g., nanowire
R−4 2D acceptor, e.g., quantum well
R−3 3D acceptor, e.g., bulk

2.3.2 Plasmonics

Plasmons are coherent oscillations of free electrons in metals. They are called

surface plasmons (SPs) when excited at the surface of the metal. SPs are quasi-

particles. They exist at the metal-dielectric interface. These quantized oscilla-

tions of electrons are generated due to the interaction with the electromagnetic

(EM) waves. Figure 2.13 provides the summary of how the light-metal interac-

tion is affected by the increasing confinement in the metal. The coupling between

plasmons and photons results in the generation of another quasiparticle called a

polariton. In 2D and 1D systems, these polaritons have the freedom to propagate

along the surface and are called surface plasmon polaritons (SPPs) [89]. When

the metal particle has dimensions smaller than the surface plasmon polariton

(SPP) propagation length, the surface plasmons are localized around the metal

particle and produce localized surface plasmon resonance (LSPR) [90].

Metal nanoparticles (MNPs), with a much smaller size than the wavelength of

the light, can enhance the light-matter interaction. When illuminated, plasmons

are excited in the MNPs. These plasmons boost the strength of the local EM field

in the close vicinity of the MNP. MNPs are called optical nano-antenna because of

this amplification effect. This amplified EM field leads to EM enhancement. The

region with enhanced EM field define the hot spots of the EM field as shown in

Figure 2.14. These SPs have a resonance response at a specific wavelength known

as the plasmon resonance. Since the resonance is localized around the particle,

these resonances are also called localized surface plasmon resonance (LSPR). The

metal NPs could be suspended in a liquid, can be a rough edge on the surface,
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Figure 2.13: Effect of dimensionality of the metal structure on the light-metal
interaction.

or maybe placed periodically on a surface. This resonance wavelength depends

on the material property, shape and size of the metal (Figure 2.15), and the

local dielectric environment around the MNP [91, 92]. Spectral shifts related to

the LSPR are influenced more strongly by the deviation from spherical geometry

than by increased dimensions.The morphology of the MNP determines how the

EM field is distributed around the nanostructure. The electric field is tightly

confined at the corners and sharp edges of the NP. The effect is easily seen in

Figure 2.14b where a plane wave illuminated the nano-triangular plate and the

enhanced field can be seen to be concentrated on its vertices. An increase in

edges or sharpness of an MNP also shifts its extinction spectra to the red because

of the increased charge separation.

The question arises why these MNPs behave in this resonant manner. Metal

has a sea of free mobile electrons, i.e., they are released from their atoms. These

electrons are free to move around. Overall, metal is neutrally charged; so, it

has an equal number of positively charged atomic nuclei. The word plasmonic
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Figure 2.14: Plasmonic hotspots around the MNPs of different shapes (a) Spher-
ical NP and (b) Metal nanoprism.

is derived from the plasma, which means a system where many positively and

negatively charged particles are present and are free to move independently of

each other. When an electric field is applied, negative and positive charges are

pulled apart as shown in Figure 2.16 [93]. This electric field creates a force causing

separation. However, this electric field also exposes charges at the surface of the

metal. These exposed charges are of the opposite type and produce a restoring

force opposite in direction to the original driving field because of attraction. The

strength of this restoring electric field depends on the material property, such as

the density of the roaming charges. This field can be stronger than the initial

field creating it.

This resonant field inside the MNP creates a dipole field outside the NP. The

strength of this dipole field diminishes much quickly with the distance, hence

making extreme light confinement in the sub-wavelength region surrounding the

MNP. This dipole field results in the increased absorption and scattering cross-

sections and EM enhancement surrounding the MNP. Since the electric field is

oscillating in the EM wave, the MNP acts like a driven harmonic oscillator with

a natural frequency, the resonant frequency. When the frequency of the inci-

dent light matches the natural frequency of the MNP resonator, we observe the

LSPR. The effectiveness of how strongly surface charges are exposed and exert

the restoring force on the opposite charge is affected by the dielectric property of

surrounding material filling the space, increasingly with the increased dielectric

constant of the surrounding environment. The LSPR redshifts with increasing
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Figure 2.15: Influence of the morphology on the LSPR wavelength.

dielectric constant of the surrounding medium. This is due to the buildup of po-

larization charges on the dielectric that reduces the restoring force inside MNP.

Nano-sized metal particles experience the LSPR because the entire metal volume

should experience a uniform electric field. If the particle were to be larger than

the wavelength of the EM wave, there would not be the same average electric field

over the whole material. In a nutshell, the oscillation frequency of these NPs is

influenced by the electron density, the effective electron mass, and the size and

shape of the charge distribution.

The discussion presented in the previous section on spherical particles is valid

for metal particles as well. The extinction spectrum of a metal sphere is given

as [94]:

E(λ) =
24π2Na3ε

3/2
m

λln(10)

[
εi(λ)

(εr(λ) + χεm)2 + εi(λ)2

]
(2.17)

where εr(λ) and εi(λ) are real and imaginary parts of the complex dielectric

constant ε(ω) of the metal, and the dielectric constant of the environment, εm

is real, and χ is a constant determined by the shape of the particle. χ = 2 for
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Figure 2.16: Dipole creation in MNP due to the impinging light.

spherical particle [95]. When the real part of the dielectric function of metal

equals −2εm, the EM field surrounding the metal NP is enhanced.

For metals, the contribution of free electrons has to be incorporated in Equa-

tion 2.41. The Drude model essentially states that the optical properties of the

metals are described by the response of the conduction electrons. The model is

based on the behavior of the quasi-free electrons. The resulting model is expressed

as:

ε(ω) = 1−
ω2
p

ω2 + iγω
(2.18)

ω2
p =

Ne2

ε0me

(2.19)

where ωp is the bulk plasma frequency, γ is the damping constant of the bulk

plasma originating from the lossy behavior of the metal, N is the electrons per

unit volume, e is the charge of the electron, ε0 is the vacuum permittivity, and

me is the mass of the electron. We need to include the interband transitions

of bound electrons as well to accurately account for all the contributions. The

resultant Drude-Lorentz model is expressed as [96]:

ε(ω) = 1−
ω2
p

ω2 + iγdω
+

k∑
n=1

fnω
2
n

ω2
n − ω2 + iγnω

(2.20)

where k is the total number of oscillators with resonant frequency ωn, fn is the

weighting coefficient, 1/γn is the lifetime, ωp is the plasma frequency of intraband

transition with the damping constant γd.
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The position of the plasmonic resonance depends on the electron density. The

more electrons per unit volume a material has, the more plasmonic resonance

shifts to the blue. LSPR for gold and silver is in the visible range of the spec-

trum. ωp is the maximum frequency of the light reflected into the atmosphere by

the metal. ωp is responsible for the metallic sheen. Beyond ωp, the real part of the

metal’s dielectric function becomes positive, and metal behaves as a transparent

material. Broadly speaking, a material having a negative real and positive imag-

inary (small in magnitude) dielectric constant can support SPR [94]. The size

of the MNP affects the overall extinction cross-sectional spectrum of the MNP.

The absorption cross-section is the dominant electromagnetic cross-section for a

small MNP (< 30 nm), whereas the scattering cross-section dominates for the

large-sized MNPs.

To summarize, LSPR is a nanoscale process that occurs when light interacts

with the metal nanoparticles. Due to the coupling between the incident EM field

and metal surface, there is a local EM field enhancement in the near-field of the

nanoparticle. The resonance produces strong spectral absorption and scattering

peaks.

2.3.2.1 Metal-Modified Fluorescence

Fluorescence is the emission of light by a particle after absorbing EM radiation.

One difference between scattering and fluorescence is the time scale of each pro-

cess. Scattering is an instantaneous process, whereas fluorescence is a nanosecond

scale process involving absorption and spontaneous emission. Modification of the

fluorescence intensity is regulated by relative enhancements of radiative and non-

radiative decay rates.

Metal surfaces can affect both the radiative and the nonradiative rates of the

fluorophores. The increased local field intensities in the vicinity of metal causes a

change in Photon Mode Density (PMD) which boosts the spontaneous emission

rate of the emitter. PMD gives the number of EM states per unit volume per unit

frequency accessible to the emitter to exchange energy. Also, MNPs create an
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additional nonradiative channel through which energy is transferred between the

emitter and the metal nanostructure (Figure 2.17). Thus, the relative magnitude

of increase in the decay rates determines whether the fluorescence intensity is

quenched or enhanced. When fluorophores and MNPs are closely spaced, non-

radiative decay dominates. In this separation regime, energy is transferred from

excited fluorophores to the metal via FRET. As a result, there is a reduction in

the radiative lifetime and quenching of the fluorescence intensity. The excitation

energy is dissipated as heat in the metal but as the separation increases, radia-

tive decay starts dominating and enhances the fluorescence intensity [51]. As

the fluorophore is moved further away, coupling of excited fluorophores with the

plasmonic mode takes place. With optimized distance, resonant energy transfer

can enhance the fluorescence [97,98]. However, if the separation is too large, flu-

orescent molecules will not experience the plasmonic field and hence not couple

to it.

Figure 2.17: Additional decay channels in an emitter due to the nearby plasmonic
nanostructure.

Let k0
′

rad be the radiative decay rate of the emitter to the free space in the

presence of MNP. This is the uncoupled component. Let kMNP
rad and kMNP

nr be the

radiative and nonradiative decay rates of the MNP. The rate at which an emitter

radiates into the far field in the presence of the MNP is given by:

kfar = k0
′

rad + kg
kMNP
rad

kMNP
rad + kMNP

nr

(2.21)
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where kg represents the decay of the emitter by the MNP. The radiative enhance-

ment factor, Frad, is defined as:

Frad =
kfar
k0rad

(2.22)

The Purcell factor is defined as:

FP =
k0

′

rad + kg
k0rad

(2.23)

The total decay rate of the emitter is defined as:

ktot = k0
′

rad + kg + k0nr + ke−mnr (2.24)

where k0nr is the nonradiative decay in the emitter in the absence of the MNP

and ke−mnr is the quenching due to charge transfer from the emitter to the metal.

The total lifetime reduction is given as:

Ftot =
ktot

k0rad + k0nr
(2.25)

The quantum yield in the absence of metal NP is given by:

QY0 =
k0rad

k0rad + k0nr
(2.26)

The quantum yield in the presence of metal nanostructure is therefore:

QY = Frad/Ftot = kfar/ktot =
k0

′

rad

ktot
+

kg
ktot

kMNP
rad

kMNP
rad + kMNP

nr

(2.27)

Fluorescence enhancement can thus be produced through: (i) increasing ab-

sorption and (ii) increasing PMD. If plasmonic resonance overlaps with the ab-

sorption of the molecule, then the absorption rate is enhanced. If the plasmonic

mode spectrally coincides with the molecule’s emission, then additional decay

channels may be created for the molecule. In this case, besides the molecule

spontaneously emitting, the excited molecule can excite surface plasmon, scatter-

ing light into free space. This will shorten the lifetime of the fluorescent molecule

and increase efficiency.
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Research has shown that fluorophore’s emission maximum should be

marginally redshifted with reference to the LSPR peak for maximum fluores-

cence enhancements. Both the radiative and nonradiative decay rates are in-

creased on the resonance condition. When the fluorophore’s emission peak is

slightly redshifted, the nonradiative decay rate is suppressed more, leading to

overall fluorescence enhancement.

To summarize, the key variables which can be controlled to manipulate fluo-

rescence intensity are:

� Spectral overlap of MNP resonance with excitation or emission spectra of

the fluorophore.

� MNP–fluorophore separation distance.

� Use of larger MNPs (60-80 nm).

� Anisotropic MNPs, which are more effective in comparison to spherical

MNPs.

� Choice of metal.

2.4 Role of the Environment on the Emission of

an Emitter

The surrounding environment can strongly modify the radiation properties of

an emitter [99]. E.M. Purcell was the first scientist who established that the

surrounding environment impacts the spontaneous emission of emitters [100]. The

ratio of the modified spontaneous emission rate to that of the free space emission

rate is known as the Purcell factor. Subsequently, Chance, Prock, and Silbey

presented a model explaining the interaction between the emitting dipole and

the nearby metallic surface [46]. D. L. Dexter extended the work and proposed

the possibility of the energy transfer from an excited molecule to the nearby
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semiconductor [45]. Fermi’s golden rule describes the decay rate of the emitter

quantum mechanically. The transition rates are given as follows [101]:

γij = |Mij|2ρ(νij) (2.28)

where γij represents the transition rate from the ith energy state to the jth energy

state, Mij is the transition matrix element determined by the wavefunctions

connecting the energy levels. The quantity ρ(νij) in Equation 2.28 represents the

density of photon states at the transition frequency, which is the photon mode

density (PMD). According to Equation 2.28, the decay rate is proportional to

the PMD. Decay rates can also be manipulated through Mij term in Equation

2.28; however, that requires the interface to be extremely close to the emitter.

On the contrary, the separation distance over which PMD can affect the decay of

the emitter is typically equal to emission wavelength. The preceding concepts use

the quantum mechanical interpretation of the radiation properties of the emitter.

However, subsequently, we will be restricting our explanation to a more semi-

classical viewpoint that looks at the media’s ability surrounding the emitter to

support the electromagnetic modes.

When the emitter is brought closer to the planar interface, the reflection at

the interface results in interference with the incident wave causing constructive

or destructive interference depending on the phase of the reflected wave. If the

interference is constructive, the PMD at the emitter location is increased, and the

spontaneous emission is enhanced; otherwise, the emission is quenched. Another

way to explain it is that the introduction of the interface provides additional

paths to support the electromagnetic modes, resulting in the modification of the

spontaneous emission of the emitter.

In the classical approach, the emitter is taken to be a forced damped electric

dipole oscillator (Figure 2.18). The electric field at the dipole’s position can be

decomposed as:

E(r0) = Ed(r0) + Es(r0) (2.29)

where Ed(r0) is the primary dipole field and Es(r0) is the scattered field at

the position of the dipole, r0, after it has been scattered from the surrounding.
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Figure 2.18: Interaction of the dipole with an inhomogeneous environment in its
vicinity.

Purcell factor or Purcell enhancement, the ratio of the modified decay rate of the

radiating dipole and the free space decay rate, is given by [48]:

γ

γ0
= 1 +

6πε1
|µ|2k30

Im[µ∗.Es(r0)] (2.30)

= 1 +
µ2
x + µ2

y

µ2

∫ ∞
0

Re

(
s

sz
[rs − s2zrp]e(2ik1z0sz)

)
ds (2.31)

+
3µ2

z

2µ2

∫ ∞
0

Re

(
s3

sz
rpe(2ik1z0sz)

)
ds

where z0 is the height of the dipole above the layered medium, the integration vari-

able s represents the normalized in-plane wavenumber: s = kρ/k1 in the medium

1, sz =
√

(1− s2) = kz1/k1 is the perpendicular component of wavenumber at

the interface, rs and rp are the Fresnel reflection coefficient for s- and p- polariza-

tions at the interface, and µx,µy,µz are the cartesian components of the dipole

moment µ. From Equation 2.30, it can be seen that Purcell enhancement is pro-

portional to the imaginary part of the scalar product between the dipole moment

and the scattered field. Purcell effect can be termed as the back action of the

dipole on itself through the interaction with the medium. The dipole emits the

wave, and this emitted wave polarizes the medium. The polarizability generated

in the medium radiates the scattered fields which come back and interact with

the dipole. Depending on the interaction, PMD can increase or decrease. The

imaginary part of the product in Equation 2.30 describes that interaction.

Equation 2.31 represents the total decay rate. The contributions from all pos-

sible channels can be acquired by splitting the integration variable s into different
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integration ranges. The integration range [0...1] corresponds to the electromag-

netic modes associated with plane waves. These modes can propagate in the

entire space. This contribution is radiative. The integration range [1...
√
ε′] cor-

responds to the component which is evanescent in the upper half-space but prop-

agates in the Si substrate (lower half). Here, ε′ is the real component of silicon’s

dielectric function. This contribution is also radiative. The integration range

[
√
ε′...∞] corresponds to the nonradiative component. The last contribution is

what we are interested in as far as FRET analysis is concerned. This integration

limit describes the creation of electron-hole pairs in the medium directly through

near-field of emitter dipole without the participation of a photon [38].

2.4.1 Generalized Fresnel Reflection Coefficients

(3 Layers)

Figure 2.19: Reflection from (a) a three-layer medium and (b) a four-layer
medium.

For a three-layered structure (Figure 2.19a), the generalized reflection coeffi-

cient for s- and p- polarized waves are given by:

r(s,p) =
r
(s,p)
1,2 + r

(s,p)
2,3 e2ik2zd

1 + r
(s,p)
1,2 r

(s,p)
2,3 e2ik2zd

(2.32)

rsi,j =
kzi − kzj
kzi + kzj

(2.33)

rpi,j =
εjkzi − εikzj
εjkzi + εikzj

(2.34)

where d = d2 − d1 is the film thickness, r
(s,p)
(i,j) is the reflection coefficient at the
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single planar interface (i, j) as defined in Equations 2.33 and Equation 2.34 and

k2z is the longitudinal wavenumber in the thin film. The longitudinal wavenumber

in each medium can be defined as:

kzi =
√
k2i − (k2x + k2y) =

√
(k2i − s2k21) (2.35)

where (kx, ky) are conserved across each region and can be defined in terms of

the wave-vector in the 1st medium as:

k‖ = kρ =
√

(k2x + k2y) = k1sinθ1 = sk1 (2.36)

2.4.2 Generalized Fresnel Reflection Coefficients

(4 Layers)

For a geometry in Figure 2.19b, with two thin layers, the generalized reflection

coefficient for s- and p- polarized waves are given by:

r̄(s,p) =
r
(s,p)
1,2 + r̄

(s,p)
2,3 e2ik2z(d2−d1)

1 + r
(s,p)
1,2 r

(s,p)
2,3 e2ik2z(d2−d1)

(2.37)

¯r2,3
(s,p) =

r
(s,p)
2,3 + r

(s,p)
3,4 e2ik3z(d3−d2)

1 + r
(s,p)
2,3 r

(s,p)
3,4 e2ik3z(d3−d2)

(2.38)

where r
(s,p)
i,j is the reflection coefficient for the single interface (i, j) as defined

in Equation 2.33 and Equation 2.34. Equation 2.37 and Equation 2.38 form

recursive relationships between r̄i,i+1 and r̄i+1,i+2. These models can be used to

calculate FRET efficiency [102].

2.5 Photosensitization of Silicon

One crucial utilization of the FRET process is in light-harvesting applications.

Crystalline silicon is the typically used semiconductor in photovoltaic and pho-

todetector devices. However, silicon cannot efficiently utilize sunlight due to
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its low absorption coefficient. The main reason for poor performance in photo-

generated charge carriers is that silicon has an indirect bandgap. Photosensitiza-

tion of the semiconductor can help in the enhancement of electron-hole pair gen-

eration [103,104]. The increase in carrier generation in silicon can be achieved by

placing a strongly absorbing scintillator close to the surface of silicon [105, 106].

The essential criterion for choosing the external light sensitizers is that they

should possess a large absorption cross-section. In a FRET-based hybrid system,

once exposed to light, the excitons are generated. Then, the energy transfer to

the proximal semiconductor layer through near-field dipole-dipole coupling oc-

curs. The essential advantage of using FRET as an energy transfer mechanism

is that excitation energy is directly coupled to silicon, bypassing the exciton re-

combination step in the donor [39]. In this process, there are three steps: (1)

absorption of incident light, (2) transfer of the excitation energy, and (3) charge

generation in the silicon layer. Despite being a poor absorber, silicon is the vi-

tal material platform not only because it offers a mature fabrication technology

platform but also because it possesses high carrier mobility and good charge sep-

aration and transport [38]. Such novel hybrid systems are interesting as they

enable us to combine the strengths of two material systems.

2.6 Absorption and Scattering

When the incident electromagnetic field interacts with particles, electrons inside

them oscillate in response to the impinging light. The oscillation induces po-

larization (induced dipole) in the particles followed by re-radiation of the field,

which combines with the incident field and produces the scattered field (Figure

2.20). Some of the incident energy is absorbed by the particle as well and turned

into heat.

These processes are represented in terms of cross-sections as follows:

σsca =
Psca
Iinc

, σabs =
Pabs
Iinc

(2.39)

σext = σsca + σabs (2.40)
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Figure 2.20: Scattering of EM field by an obstacle in response to the incident EM
wave.

where σsca is the scattering cross-section, σabs is the absorption cross-section and

σext is the extinction cross-section.

The dielectric function of the material determines its polarization induced

by the incident electromagnetic field, and the dielectric function hinges on the

material’s electronic structure [107]. However, the optical properties of solids

can be accurately approximated using classical harmonic oscillator modeling that

Lorentz introduced. Using the Lorentz mode, the dielectric function for non-

conducting materials is given by [108]:

ε = 1 +
f

ω2
0 − ω2 + iγω

(2.41)

where f is the oscillator strength, ω0 is the resonant frequency of the bound

electrons, and γ is the damping constant.

Similar to any other linear optical phenomenon, Maxwell’s equations need to

be solved to obtain the solution of this interaction. In general, the solution is very

complex for an arbitrarily shaped particle. The simplest case with an analytic so-

lution available is light scattering by sphere embedded in a homogeneous medium

developed by Mie in 1908 [109]. For the small particles, the electric field is taken

to be the same over the entire volume of the particle. The laws of electrostatics

are adequate to describe this interaction. Light scattering by spherical particles is

described by solving the Laplace equation with continuous boundary conditions
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using the quasi-static approximation. When illuminated by an electromagnetic

wave with an electric field denoted by the vector E0, the dipole moment can be

expressed as:

P = 4πεma
3

(
εp − εm
εp + 2εm

)
E0 (2.42)

where a is the particle’s radius, εp is the permittivity of the particle, and εm is the

permittivity of the surrounding medium. The resulting expressions for scattering

(Csc) and absorption (Cabs) cross-sections are:

Csc =
8

3
πk4a6

∣∣∣∣ εp − εmεp + 2εm

∣∣∣∣2 (2.43)

Cabs = 4πka3Im

(
εp − εm
εp + 2εm

)
(2.44)
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Chapter 3

Fabrication and Characterization

Techniques

In this Chapter, we will give an overview of the fabrication tools used in this

thesis work. The essential requirement of nanofabrication is an extremely clean

environment. Therefore, most of the fabrication in this thesis work was performed

in the cleanroom.

There are many ways to deposit thin films onto the substrates, including phys-

ical vapor deposition (PVD), electrochemical deposition, and chemical vapor de-

position (CVD). We used PVD and CVD techniques in this thesis; therefore, they

will be the subject of our discussion in this chapter.

Another key process in nanofabrication is patterning, which is typically used

along with thin film deposition. The standard patterning techniques are pho-

tolithography, electron-beam lithography (EBL), and nano-imprint lithography.

We made use of EBL, of which operating principles we will briefly explain.

Another critical aspect is to characterize the fabricated structures precisely.

Therefore, we will also introduce imaging and optical spectroscopy techniques.
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3.1 Deposition Techniques

This thesis work involved thin film deposition (metal and dielectrics) and pattern-

ing. In nanofabrication, ambient environment itself could result in defects that

could affect the purity of our deposited films. Therefore, primary requirement

for depositing thin-film layers of high purity materials is to use vacuum systems.

For this purpose, specialized equipment is needed.

3.1.1 Thermal Deposition

There are different techniques available for depositing films on a wafer. One such

method is physical vapor deposition (PVD). There are two types of PVD: (1)

sputtering and (2) evaporation. We will restrict our discussion to evaporation,

which we used in this thesis. In this technique, the source (the material we want

to deposit) is put in a thermal boat and melted through resistive heating. When

in vacuum, it will start evaporating in all directions after melting (Figure 3.1).

When the vapor hits the cold substrate, it condenses and forms a thin film on the

substrate. This technique is primarily used for metal and dielectric deposition.

This study used thermal evaporation for gold and silver deposition since these

metals melt at low temperatures and produce steady deposition rates.

The boat is made of highly resistive material, typically tungsten. The boat

heats up when current flows through it and melts the material placed on it in the

process. Deposition control is key to depositing a film of uniform thicknesses. The

deposition rate depends on the melt temperature, which is difficult to control. In

the thermal deposition, we measure the deposited thickness in real time. The

quartz crystal monitor sensor is used to measure the deposition thickness. The

quartz crystal oscillates at a particular frequency. The oscillation of quartz crystal

dampens as a result of the mass increase with material deposition. We close

the shutter when the target thickness is reached. It is a line-of-sight deposition

technique.
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Figure 3.1: General illustration of the thermal deposition technique.

Low chamber pressure (≈ 10−6 torr) is used to reduce the contamination be-

cause air molecules present during the deposition will become impurities in our

deposited films. Roughing pump brings the pressure down to ≈ 10−3 torr. Then,

the turbopump reduces it further down to the desired level. These turbopumps

cannot operate at atmospheric pressures, thus we need to use a roughing pump

initially.

3.1.2 Atomic Layer Deposition (ALD)

ALD is a thin film deposition technique from the vapor phase. The goal of this

technique is to deposit multiple layers with atomic precision on the substrate. In

the thesis, we needed to deposit dielectric spacer layers. Hence, we required a

method to deposit thin uniform films with complete control. ALD is a conformal

coating technique (Figure 3.2). With this technique, we can fully cover a complex

3D surfaces.

The ALD is a type of CVD method. It is a two-step cyclic process where

layer-by-layer film is built. First, one gas phase precursor is introduced inside

the vacuum chamber and adsorbed on the entire surface through chemisorption.

Film growth is based on the saturated surface reactions of the gas and the surface
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Figure 3.2: Illustration of the conformal coating.

species. Then another gaseous reactant is brought into the chamber, and a second

layer is formed. Then the elements from the two layers react to develop the

material of choice. With this technique, only a single molecular layer can be

deposited in one cycle.

In a typical ALD deposition, first, the chamber is put under vacuum. Then

we heat the chamber according to our recipe (80-250 ◦ C). Subsequently, the first

gas comes in and reacts with the surface as long as it can find a free surface site.

Eventually, all the surface sites will be occupied (the surface is then saturated).

Next we purge the system and flush out the unreacted gas molecules. Afterwards

we introduce the second gas reactant that will react with the surface until it

saturates as well. Finally we purge the system again and repeat the ALD cycle

until desired thickness is reached. ALD is a slow deposition method.

3.2 Rapid Thermal Annealing (RTA)

Thermal dewetting is a technique used to create metal nanoparticles. At first,

a thin continuous metal film is deposited. Then thermal dewetting is applied to

develop metal islands. The purpose of thermal annealing is to rupture the film,

which then agglomerates at high temperatures.
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To perform thermal dewetting, we used rapid thermal processing (RTP). In this

process, a bank of very bright lamps rapidly heats a single wafer using optical

energy. RTA uses radiative heating from the front side and/or backside. The

sample to be exposed to annealing is placed on the wafer. The lamps are energized

to ramp to the high temperatures very quickly (ramp rates of 200 ◦C/s or more are

possible), unlike a furnace where the temperature ramp rate is slow. Interestingly

in the RTA system, the chamber is enclosed in a cold wall. The purpose is only

to heat the wafer and not the entire chamber. The RTA systems can ramp down

temperature very quickly, too. Thus, compared to the regular furnace annealing,

we can anneal at a very high temperature with different ramping-up and ramping-

down rates very fast. Unlike furnace annealing, RTA can typically be applied for

minutes only, depending on the target temperature. The higher the temperature,

the shorter the annealing duration.

3.3 Electron Beam Lithography (EBL)

EBL is a lithography technique that uses exposure to the electron beam to form

patterns. The advantage of using the EBL system is that we can pattern sub-

wavelength features down to tens of nanometers without a mask, making it easier

to change the design. Computer-aided design (CAD) tools are used to layout the

patterns that we want to transfer to the substrate, and that pattern is directly

loaded into the EBL machine. EBL systems use an electron beam to write each

feature in the pattern sequentially. This is in contrast to the photolithography

where all the pattern is illuminated at the same time.

The general procedure for metal array formation using EBL technique is shown

in Figure 3.3. To begin with, we spin-coat the EBL resist on the substrate,

which is sensitive to electrons. The quality of the resist material determines the

minimum feature size. Then the substrate is loaded into the EBL machine. When

the EBL resist is exposed to the electrons, the polymer undergoes a chemical

change. An electromagnetic lens system is used to focus the electron beam. The

advantage of using an electron beam is that it can be focused to a very narrow
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spot size (< 5 nm in diameter). The beam deflectors can electronically deflect the

focused beam at high speed based on the pattern fed to the machine, allowing the

beam to be steered to different substrate regions. After electron exposure, the

substrate is submerged in a chemical bath known as a developer. The developer

will dissolve the EBL resist that was exposed and leave the unexposed regions

as it is. After a couple of minutes, we remove the substrate from the developer

solution, rinse with isopropanol alcohol, and dry with nitrogen gas. If we want

to deposit a patterned metal, for instance, we can use any deposition process.

Metal will stick to the substrate anywhere where the resist was removed during

development. Finally, we carry out the liftoff process to remove the resist and

have our patterned metal device.

Figure 3.3: Illustration of the gold array fabrication on a substrate using the EBL
technique.

3.4 Imaging Methods and Optical Spectroscopy

At present times, there is a wide variety of nanoscale imaging tools. The typ-

ical imaging techniques include electron microscopy, high-resolution optical mi-

croscopy, and scanning probe microscopy. As nanoscale research advances, these

tools have become necessary to examine and manipulate nanoscale materials.

Nanoscale imaging instruments are a crucial part of research in nanotechnology.
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Optical microscopes are best suited to image structures that can be seen with

the naked eye. Micron-sized objects can also be imaged; however, the diffraction

limits its use for resolving nanostructures features that are typically less below

200 nm. To resolve such small elements, we need powerful microscopes such as

scanning electron microscope (SEM), transmission electron microscope (TEM),

and atomic force microscope (AFM).

3.4.1 Electron Microscopy

SEM is a microscope that produces images using electrons instead of visible light.

The wavelength of light limits the resolution in an optical microscope. SEM can

typically image a feature as small as a few nanometers. Electrons can interact

with the sample in several different ways (Figure 3.4). In an electron micro-

scope, we can detect backscattered and secondary electrons. When an electron

beam strikes the sample, some of the electrons are absorbed. Some electrons

are backscattered after elastic interaction with the sample, while some electrons

are ejected from the atoms of the sample, which are called secondary electrons.

These secondary electrons are a result of inelastic interaction between the inci-

dent electron beam and the sample. Secondary electrons have lower energies than

the backscattered electrons.

Backscattered SEM images show fewer surface features than secondary electron

SEM images. The contrast seen in the backscatter image is due to the differences

in average atomic number. Regions with a higher atomic number will produce

more backscattered electrons and will appear bright.

SEM operates in the vacuum; otherwise, the incident electrons will scatter

the gas molecules and prevent us from focusing the beam on the sample. As a

result, we can image only dry samples in a standard SEM. An environment SEM

(ESEM) allows a controllable amount of water molecules inside the chamber at

the expense of losing some of the beam focus. Therefore, the advantage of ESEM

is that wet samples can be imaged as well.
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Figure 3.4: Occurrence of different phenomenon as a result of high energetic
electron beam interacting with the sample material.

If the sample is absorbing incoming electrons, then it will build up a charge.

Charging negatively impacts the quality of the image. One way to prevent charg-

ing is to coat a thin layer of metal on the SEM sample.

3.4.2 Confocal Microscopy

The drawback of a simple fluorescence microscope is that it excites all the fluores-

cence within the field of view in all dimensions with the same efficiency. However,

the microscope objective has a small depth of focus. Thus there is fluorescence

present outside the focused region of the sample. A microscope will collect all

the signals, and out-of-focus fluorescence can cause blurriness in the images.

Confocal microscopy is a specialized fluorescence imaging technique designed

to deal with the interference between the out-of-focus light and the in-focus light.

Instead of using white light sources, confocal microscopes use laser sources for

excitation. Lasers act as the point source of light, restricting the illumination
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to a diffraction-limited spot within the field of view. In contrast, a fluorescence

microscope illuminates everything unrestricted within the objective’s field of view.

Therefore, the illumination laser excites a tiny spot within the field of view (Figure

3.5). The confocal microscope also uses a pinhole to reject out-of-focus light.

Figure 3.5: Illustration of spot size on the focal plane (a) conformal microscopy
and (b) conventional microscopy.

3.4.3 Absorption and Photoluminescence Measurements

Steady-state optical characterization helps us to understand the optical properties

of materials. Absorption and photoluminescence (PL) spectroscopies are crucial

tools for investigating nanocrystals and plasmonic materials. The spectra of

samples provide vital information about the electronic and chemical structure of

materials. These absorption spectra can tell us a lot regarding the material under

test, including the type of material, the nanoparticles’ size, the sample’s quality,

and concentration quickly and easily.

UV-VIS is a technique that measures the absorption of the sample (solid or

liquid) across the ultra-violet (UV) and visible regions of the electromagnetic

spectrum. A broadband light source such as a Xe lamp is used together with
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a monochromator to excite the sample, solid or in solution. A blank sample is

used as a reference. The modification in the transmission in comparison to the

reference sample gives the absorption spectrum of the sample. Absorbance is also

known as optical density (OD). The instrument measures transmission (T). From

the transmittance, we can calculate absorbance as A = −log(T ).

A hot body that emits emissions solely because of its temperature is said to be

incandescent. All other forms of emissions are called luminescence. Excitation

by absorbance of light leads to the emission of light, and this phenomenon is

called photoluminescence (PL). PL has two types: (1) fluorescence and (2) phos-

phorescence. PL always involves Stoke’s shift, which means that the emission

wavelength is redshifted with respect to the excitation wavelength. In PL spec-

troscopy, the sample is excited by a predetermined wavelength of light, and the

monochromator unit at the collection end spectrally scans the PL spectrum. PL

spectroscopy provides information on the radiative characteristics of the sample.

3.4.4 Time-Resolved Fluorescence Measurements

In the previous section, we discussed steady-state measurements. Another pow-

erful technique to study the excited-state decay kinetics is time-resolved fluores-

cence (TRF) spectroscopy. PL decay conveys the timescale of photoluminescence.

For nanomaterials with PL decays, we can obtain much useful information includ-

ing energy transfer, electron or hole transfer, quenching as well as insight about

trap states. PL decay can give us the lifetime, τ , which is related to radiative

(kr) and nonradiative (knr) decay constants as follows:

τ =
1

kr + knr
(3.1)

If we find out quantum yield, which is given by:

Φ =
numberofphotonsemitted

numberofphotonsabsorbed
=

knr
kr + knr

(3.2)

TRF spectroscopy gives us information regarding weighting and lifetime values
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for individual components:

I(t) =
∑
i

αiexp(−t/τi) (3.3)

The amplitude-averaged fluorescence lifetime τavg is given by:

τavg =

∑
i

αiτi∑
i

αi
(3.4)

Let n(t) be the number of excited species and is expressed as:

n(t) = n0exp(−t/τ) (3.5)

comparing Equation 3.5 and Equation 3.3 suggests that number of excited species

is proportional to the intensity seen by the detector.

In TRF spectroscopy, we count photons and place them in bins to build a

histogram where each data point corresponds to a histogram bin. The TRF sys-

tem performs time-correlated single-photon counting (TCSPC). We record when

those photons arrive and putting them in time bins. We stop counting once the

highest histogram point reaches the target count.

In a typical TSCPC system, a laser driver sends a signal to both the laser

excitation source and timing electronics. The signal triggers the laser to generate

a pulse. Light is going to hit the sample and then the sample will fluoresce. The

emission will go to the monochromator and then to the detector. The electronics

circuitry will time this event. A cutoff filter is placed before the monochromator

to block any light from the laser source.

Laser pulse acts as a start signal. Later, the photon is detected, and the

time difference from the start of the pulse is calculated (Figure 3.6) [110]. An

excitation source is a pulse train at a constant repetition rate. And the system

counts the photons in time bins. Photon count must be kept low to avoid double-

counting, which is known as pulse pile-up. The detector and electronics have

a deadtime (about 100 ns) after a photon is detected. In this dead time, they
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do not respond. Any photon arriving during the dead time is missed, and the

decay count is skewed. To avoid the situation count rate is kept low (2%) to keep

photon yield low.

Figure 3.6: Schematic explaining the working principle of the time-correlated
single-photon counting technique [110].

The instrument response function (IRF) sets the limit of resolution. Ideally,

we would like to use a delta function as the excitation source. In reality, the

excitation source has a finite pulse width. Thus the output is the convolution of

excitation and the response. IRF sets the lower bound of the detection.
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Chapter 4

Modified Emission Kinetics of

Colloidal Quantum Wells via

Energy Transfer to Bulk Silicon

This chapter is based on the journal publication “Near-Field Energy Transfer into

Silicon Inversely Proportional to Distance using Quasi-2D Colloidal Quantum

Well Donors,”by M. H. Humayun, P. L. Hernandez-Martinez, N. Gheshlaghi, O.

Erdem, Y. Altintas, F. Shabani, and H. V. Demir, which appeared in Small ( [83]).

(https://doi.org/10.1002/smll.202103524.)

As explained in Chapter 2 (see Section 2.3.1), the Förster resonance energy

transfer (FRET) rate’s distance scaling is dependent on the dimensions of the

acceptor. However, recently, it has been reported by Taghipour et al. [61] that

donor geometry also influences the FRET distance scaling. The distance scaling

reported was d−2 for a 2D acceptor geometry against the expected one, d−4.

From a fundamental perspective, this poses questions regarding the role of donor

geometry in affecting the FRET rate. Therefore, with this motivation, here we

investigate the distance scaling of FRET in the case of colloidal quantum wells

coupled to bulk silicon.
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In addition to the dependence on the distance between the donor and accep-

tor, other parameters that affect the strength of the FRET are spectral overlap

of the donor’s emission spectrum and the acceptor’s absorption spectrum, pho-

toluminescence (PL) quantum yield of the donor, absorption cross-section of the

acceptor, the relative orientation factor between donor and acceptor dipoles, and

the refractive index of the surrounding medium [87,111,112]. The energy transfer

rate (kET ) from the donor to the acceptor follows the power relationship given as

follows:

kET ∝ d−n (4.1)

where d is the distance between the donor and the acceptor and n is a positive real

number. Here, n is dependent on the geometry of the acceptor. It is expected

to be 6 for point-like dipole pairs, 4 for 0D-2D pairs, 2 for 2D-2D pairs, and

3 for 0D-3D pairs [113, 114]. Such hybrid structures, fabricated by carefully

selecting donor-acceptor pairs, can produce efficient energy transfer (ET)-based

optoelectronic devices.

Colloidal semiconductor quantum wells (CQWs), or nanoplatelets (NPLs),

which belong to the quasi-2D nanocrystals (NCs) family, are emerging as a new

class of optoelectronic materials with excellent properties. NPLs are promising

solution-processed atomically-flat NCs [115,116]. One salient feature is that these

CQWs possess a large absorption cross-section [29]. These CQWs possess strong

anisotropy in their physical dimensions [117,118]. NPLs have a vertical thickness

of only a few nm’s [119]. Their lateral dimension is several tens to hundreds of

nm’s, which is larger than the excitonic Bohr radius. The few monolayer verti-

cal thickness results in strong one-dimensional confinement of excitons in these

NPLs.

Quasi zero-dimensional colloidal quantum dots (QDs) have been adopted as

an effective energy donor to pair with different acceptor platforms, including bulk

silicon [38, 39], thin silicon membranes [40], 2D transition metal dichalcogenides

(TMDCs) [58], and semimetals (e.g., graphene) [120], to name a few. NPLs are

likely to outperform QDs as energy donors because NPLs possess higher intrinsic

absorption cross-sections [59]. So far, the energy transfer studies with NPLs
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involved have focused on the 2D-2D hybrid structures. There have been studies

where NPLs act as the donor and the acceptor is also made of NPLs [60] or a

2D TMDC film [61]. Recently O. Erdem et al. have studied a 0D-2D hybrid

structure in which QDs serve as the energy donors and NPLs form the acceptor

layer [62].

A study based on the FRET in a 2D-3D hybrid structure, with silicon as the

exciton-sinking medium, has not been explored at all to date. Silicon is generally

used for building solar cells and photodetectors. Even though silicon is widely

deployed for photovoltaic applications, it is a weak absorber. Silicon being an

indirect-bandgap material, suffers from such relatively weak light absorption and

this reduces the efficiency of such silicon-based light-harvesting systems. Sensi-

tization with a strong light absorber like NPLs wherein these NPLs can absorb

photons and, subsequently, transfer their energy through NRET to silicon can

substantially enhance the poor absorption of silicon [40,103,104,121].

We formed a 2D self-assembled array of CdSe/CdZnS core-shell NPLs on the

silicon substrate in this thesis work. NPLs were deposited as a single monolayer

using liquid-air interface self-assembly as explained in Section 2.2.2. Through

this technique, we achieved the deposition of NPLs in the desired orientation of

all face-down. Also, this technique helped in the formation of a single mono-

layer throughout the sample with minimum voids. Here FRET was studied as

a function of the distance between CQWs and the silicon substrate. Thin alu-

mina spacer was deposited with varying thicknesses using atomic layer deposition

(ALD). This enabled us to systematically investigate the effect of separation on

the decay kinetics of the donor NPLs. The FRET rate and efficiency were calcu-

lated from the measurements conducted using time-resolved fluorescence (TRF)

spectroscopy. We found the distance scaling to be d−1, where d is the distance be-

tween the donor NPLs and the surface of the silicon substrate. We performed full

electromagnetic modeling to explain these results. The simulated trend of decay

rates follows the experimental results. The expected distance scaling for FRET

from a point-like donor to a 3D acceptor is d−3. The FRET rate’s distance scal-

ing is expected to drop further to d−2 when the donor has 2-D geometry instead

of being point-like. From simulations, we concluded that the observed distance
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scaling of d−1 results from: (i) delocalized electric field due to the self-assembled

monolayer of NPLs and (ii) the strong in-plane dipole present in the anisotropic

NPLs.

4.1 Experimental Results and Discussion

The schematic representation of our proposed hybrid structure used in this thesis

work is sketched in Figure 4.1a. Our system comprises NPLs and the silicon

substrate separated by an alumina spacer. The separation between NPL dipole

and the silicon substrate surface is defined as d = dL + tNPL/2 + tAl2O3 + tSiO2 .

The length of the organic ligands is taken as dL = 2 nm, the thickness of the

core/shell NPLs is tNPL = 4 nm, and the thickness of the native oxide layer

present on the substrate is tSiO2 = 1.8 nm. Native oxide thickness was measured

using ellipsometry. tAl2O3 is the thickness of the Al2O3 spacer. The spacer was

deposited using atomic layer deposition with thickness ranging from 1 to 50 nm.

These thicknesses were regulated also using an ellipsometer.

The E-k diagrams of the direct-bandgap NPLs and the indirect-bandgap sil-

icon are shown in Figure 4.1b. The photogenerated excitons in the NPLs can

decay either through FRET or RET channels and return to the ground state.

Since silicon is an indirect bandgap semiconductor, transitions from the ground

to the excited state in silicon require a phonon to compensate for the momen-

tum mismatch. As explained before, NPLs were deposited onto the substrates

through our self-assembly method [122]. The purpose of using this deposition

process was to make sure that the deposited NPLs was in the face-down orien-

tation. Self-assembly also helped to avoid the formation of NPL multilayers, as

shown in the scanning electron microscopy image in Figure 4.1c. The NPLs used

in this study are made of CdSe/Cd0.25Zn0.75S core/shell heterostructure. The

synthesis was carried out using the hot injection method our group previously

developed [123]. These NPLs have a square-like lateral area, with 17.2 ± 1.8 nm

on a single side. Their vertical thickness was 4.4 ± 0.5 nm (with its TEM image

shown in Figure 4.1d). Absorption and photoluminescence (PL) spectra of these
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NPLs and the optical absorption of silicon are shown in Figure 4.1e. The absorp-

tion peak centered at 633 nm represents the electron-heavy hole transition. The

absorption feature centered at 575 nm in the NPL absorption is attributed to the

electron-light hole transition. The PL spectrum of the NPLs peaks at 640 nm

with a full-width-half-maximum (FWHM) of 24 nm. Lastly, Figure 4.1f displays

the photograph of all the samples irradiated by a UV lamp. Here, it can be seen

that when NPLs are closer to the substrate, the emitted light is more quenched

than when the emitters are further away from the substrate.

PL decay rates were collected through time-correlated single-photon counting

(TCSPC) measurements at room temperature using a time-resolved fluorescence

spectrometer (FluoTime 200, PicoQuant) as shown in Figure 4.2. The excita-

tion source was a pulsed pump laser at a wavelength of 375 nm, having a pulse

width 200 ps and a pulse repetition rate of 2.5 MHz. Fluorescence lifetimes were

measured at the peak emission wavelength of the NPLs. The decays were fit to

bi-exponential decays convolved with the instrument response function.

For calculating the rate and efficiency of the FRET, we needed PL decays of

our samples. TRF measurements were performed on the set of samples shown

in Figure 4.1f. The donor-only sample was prepared by depositing NPL film on

the quartz. The decays are plotted in Figure 4.3a. It can be seen that donor

lifetime progressively reduces with the decreasing spacer thickness. This result

manifests the increasing strength of FRET from the NPL to the silicon substrate

as the spacing shrinks. The NPLs-on-quartz structure is our reference sample

where NPLs were deposited on a semi-infinite dielectric medium with no FRET

possible. Decay kinetics of the donor exhibit a reduction in the lifetime as the

emitters come nearer to the substrate. This demonstration suggests that the

distance-dependent energy transfer is taking place.

From the decay curves, the decay lifetimes are extracted by using bi-

exponential decay fitting curves:

I(t) = A1e
(−t/τ1) + A2e

(−t/τ2) (4.2)

where Ai and τi are the amplitude and lifetime of the ith decay component. After
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Figure 4.1: (a) Schematic depiction of our hybrid NPL-Al2O3-Si system. (b)
Energy band diagram illustrating the energy transfer from NPLs to crystalline
silicon. (c) Scanning electron microscopy image of self-assembled NPLs on the
silicon substrate. (d) Transmission electron microscopy image of CdSe/CdZnS
core/shell NPLs. (e) Normalized photoluminescence and UV-VIS absorption
spectra of CdSe/CdZnS core/hot-injection grown shell NPLs (donor) and ab-
sorption spectrum of silicon. (f) Photography of the samples illuminated by a
365 nm UV lamp: Samples are placed from left to right in the order of increasing
Al2O3 spacer thicknesses. Reproduced with permission from Ref. [83] Copyright
2021, Wiley.
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Figure 4.2: Photograph of the time-resolved spectrometer. Reprinted with per-
mission from Ref. [80].

fitting, we obtained amplitude-averaged lifetimes which are found by using the

following expression:

τavg =
A1τ1 + A2τ2
A1 + A2

(4.3)

The amplitude-averaged lifetimes are plotted in Figure 4.3b. The data fittings

are shown in Table 4.1. The donor-only sample was found to have an average

lifetime of 10.93 ns. The average lifetime reduces to 5.86 ns when the spacer

thickness is only 1 nm. From Figure 4.3b, it can be observed that the magnitude

of the average lifetime increases as the spacer thickness is increased, which means

that the coupling of the NPL dipole field with the silicon is growing progressively

stronger. This coupling produces an additional nonradiative channel. As previ-

ously discussed, both DET and FRET are nonradiative processes. Therefore, this

new channel could be due to the charge transfer between NPLs and the silicon

substrate. However, we know that charge transfer requires distance separation

on the order of 1 nm, which is impossible in our hybrid configuration since a

native oxide layer (2 nm) is present on the substrate [42]. NPLs have also been

passivated by organic ligands, which are approximately 2 nm long.
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Figure 4.3: (a) PL decay curves of the solid films collected at the donor PL
emission peak with varying thickness of the Al2O3 separation layer. The solid
black lines represent the fits of the curves. (b) Amplitude-averaged lifetimes of
the solid samples as a function of the spacer thickness. The dashed line indicates
the donor-only lifetime. (c) FRET rates, obtained from measured lifetimes and
through electromagnetic solutions, as a function of the center-to-surface distance
between the donor and the acceptor plotted on a logarithmic scale. The black
dashed line is the linear fitting. (d) FRET efficiency as a function of the center-
to-surface distance between the donor and the acceptor. The black dashed line
is the fitting obtained using Equation 4.6. Reproduced with permission from
Ref. [83] Copyright 2021, Wiley.
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Table 4.1: TRF decay parameters. Reproduced with permission from Ref. [83]
Copyright 2021, Wiley.

Sample (spacer thickness) A1 τ1 (ns) A1 ∗ τ1(%) A2 τ2 (ns) A2 ∗ τ2(%) τavg (ns)
1 1015.4 4.87 90.00 112.9 15.07 10.00 5.89
2 961.1 4.87 88.13 129.4 17.00 11.87 6.31
5 981.4 5.49 86.47 153.5 16.05 13.53 6.92
10 936.0 5.96 83.43 185.9 16.53 16.57 7.71
15 923.5 6.35 82.62 194.2 16.64 17.38 8.14
20 897.9 6.43 80.62 215.8 16.76 19.38 8.43
25 803.4 6.60 77.63 231.5 17.30 22.37 8.99
35 849.3 6.78 77.64 244.7 17.96 22.36 9.28
40 860.1 6.93 76.77 260.2 18.43 23.23 9.60
50 814.1 7.36 75.60 262.8 19.12 24.40 10.23

reference 701.1 7.32 69.55 306.9 19.17 30.45 10.93

From the decay lifetimes, we can calculate the experimental FRET rates,

kFRET , as:

kFRET =
1

τFRET
=

1

τDA
− 1

τD
(4.4)

where τD is the lifetime of the donor-only sample (quartz substrate) and τDA

is the donor lifetime when the substrate is silicon. kFRET as a function of the

donor-acceptor distance (d) is shown in Figure 4.3c. The logarithmic scale was

used for plotting and a slope of -1.02 was obtained using the linear fitting. This

slope represents the distance scaling. In our NPL-Al2O3-Si hybrid system, we

observe that the strength of FRET is noticeably less sensitive to the distance.

FRET efficiency, ηFRET , is calculated as follows:

ηFRET = 1− τDA
τD

(4.5)

For distance dependency, we can use the following FRET efficiency expression:

ηFRET =
1

1 + (d/d0)
n (4.6)

where d0 is the Förster radius and n is the exponent representing the distance

dependency of the FRET. By numerically fitting Equation 4.6 to the data ob-

tained from Equation 4.5, we found d0 to be 6.1 nm and n = 0.95. Therefore,

we conclude that: (i) FRET prevails in our system and (ii) the energy transfer

scales with the inverse of the NPL dipole-silicon separation.

57



4.2 Numerical Results

The full numerical electromagnetic solution was performed to develop insight into

these measurement results. From the simulations, we computed the FRET rates

using the following expression [61,124–127]:

kFRET =
2Im(εsi(ω))

4π~

∫
E.E∗dv (4.7)

where εsi(ω) = 16 + j0.3 is the complex dielectric constant of silicon at the

peak emission wavelength of the donor NPLs [128] and E is the induced electric

field distribution. The integration is performed over the acceptor region. The

dielectric constant of NPLs was taken to be that of bulk CdSe at the peak emission

wavelength of the NPL. To model multiple dipoles case, simulations were carried

out by placing four dipoles at the center of the NPL layer. They form vertices of

a unit square whose side lengths equal the center-to-center distance between the

two neighboring NPLs. The presence of the ligands was taken into account. We

also simulated a single dipole present in the NPL layer. By simulating the electric

field distribution, we evaluated the FRET rate using Equation 4.7, from which

it can be seen that the decay rate is proportional to the imaginary component

of the dielectric function of the acceptor medium and the integrated intensity in

the acceptor layer due to the radiating dipole. All simulations were carried out

for both in-plane and out-of-plane dipole orientation. The average FRET rate

is [87]:

kFRET =
(2k‖ + k⊥)

3
(4.8)

where k‖ and k⊥ are the rate of FRET due to the in-plane and out-of-plane

dipoles, respectively.

It is essential to point out that the donor-acceptor separation in our system is

considerably smaller than the emission wavelength of the NPL dipole. Therefore,

the presence of the far-field ET mechanism can be ruled out. Thus, we do not

expect the generation of electron-hole pairs in the silicon layer due to photons

emitted by the excited NPLs. The comparison between the measured and simu-

lated FRET rates is shown in Figure 4.3c. The slope obtained from linear fitting
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of the simulated FRET rate data is -1.01, hence, following the same trend as

the experimental results. There is a mismatch in the magnitude which can be at-

tributed to the simplifications we adopted to facilitate our simulations. In setting

up our numerical model, we did not include the thin native oxide layer. Also,

we did not model the ligands attached to the NPLs. Additionally, we assumed

that nanocrystals form a perfect 2D layer. We have left out the possibility of the

presence of voids and edge effects from individual NPLs.

In addition, we obtained the electric field intensity inside our hybrid structure

to investigate field distribution inside our system. We analyzed the field distribu-

tions for both in-plane and out-of-plane dipole orientations. We also examined the

effect of varying spacer thickness. We found that the silicon’s electric field inten-

sity is more delocalized for the in-plane orientated dipole. Also, when the source

is an in-plane orientated dipole, fields in the silicon region penetrate deeper and

drop more gradually than an out-of-plane dipole. From this, we concluded that

it is the in-plane dipole orientation that favours slowly declining energy transfer

over space.

Figure 4.4 exhibits the electric field intensity inside the NPL layer when dipoles

are oriented in-plane. Figure 4.5 exhibits the electric field intensity inside the

NPL layer when dipoles are oriented out-of-plane. We observe the enhancement

in the electric field delocalization with the multiple dipoles present and oriented

in-plane. Figure 4.6 displays the electric field distribution inside the silicon region

in the xy-plane 2 nm below the surface for Al2O3 thicknesses of 2, 20, and 50 nm

for the in-plane oriented dipole. Figure 4.7 displays the electric field distribution

inside the silicon region in the xy-plane 2 nm below the surface for Al2O3 thick-

nesses of 2, 20, and 50 nm for the out-of-plane oriented dipole. We find out that

the electric field spreads more across the silicon layer for multiple dipoles sources.

The reduction in the electric field intensity for multiple in-plane oriented model is

lesser compared to the rest. We also look at field maps along the xz cross-section

inside the silicon layer for the spacer thickness of 2, 20, and 50 nm. The in-plane

and out-of-plane field maps are shown in Figure 4.8 and Figure 4.9, respectively.

When the dipole is oriented in-plane, the electric field enters farther inside the

silicon layer. At the same time, the field intensity is stronger and delocalized.
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In our previous work, it was shown that the FRET rate’s distance dependence

to be d−2 for a hybrid structure consisting of NPLs and 2D MoS2 monolayer [61].

Herein, we have extended the acceptor geometry in the 3rd dimension by using a

bulk silicon substrate. We see that the FRET rate distance sensitivity decreases.

We observe that the dominant dipole components are oriented along lateral di-

mensions of the NPL in these self-assembled 2D NPL layers. Therefore, (i) the

electric field delocalization due to the coupling in the NPL layer and (ii) electric

field distribution in the bulk silicon layer induced by the in-plane oriented dipoles

present in the NPL layer is credited for the energy transfer rate scaling with 1/d.

Figure 4.4: Electric-field intensity at the NPL layer: (a) 4 uniformly distributed
dipoles present when oriented in-plane and (b) single dipole oriented in-plane.
Reproduced with permission from Ref. [83] Copyright 2021, Wiley.

Figure 4.5: Electric-field intensity at the NPL layer: (a) 4 uniformly distributed
dipoles present when oriented out-of-plane and (b) single dipole oriented out-of-
plane. Reproduced with permission from Ref. [83] Copyright 2021, Wiley.
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Figure 4.6: Comparison between |E|2 field distribution on the xy-plane within
silicon region 2 nm below the surface for 4 uniformly distributed dipoles present,
when oriented in the plane (left column), with that of single dipole oriented in-
plane (right column) with Al2O3 spacer thickness of (a) 2 nm, (b) 20 nm, and (c)
50 nm. Reproduced with permission from Ref. [83] Copyright 2021, Wiley.
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Figure 4.7: Comparison between |E|2 field distribution on the xy-plane within
silicon region 2 nm below the surface for 4 uniformly distributed dipoles present,
when oriented out-of-plane (left column), with that of single dipole oriented out-
of-plane (right column) with Al2O3 spacer thickness of (a) 2 nm, (b) 20 nm, and
(c) 50 nm. Reproduced with permission from Ref. [83] Copyright 2021, Wiley.
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Figure 4.8: Electric field intensity distribution on the xz -plane (y = 0) within
silicon region for 4 uniformly distributed dipoles present, when oriented in the
plane (left column), with that of single dipole oriented in-plane (right column)
with Al2O3 spacer thickness of (a) 2 nm, (b) 20 nm, and (c) 50 nm. Reproduced
with permission from Ref. [83] Copyright 2021, Wiley.
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Figure 4.9: Electric field intensity distribution on the xz -plane (y = 0) within
silicon region for 4 uniformly distributed dipoles present, when oriented out-of-
plane (left column), with that of single dipole oriented out-of-plane (right column)
with Al2O3 spacer thickness of (a) 2 nm, (b) 20 nm, and (c) 50 nm. Reproduced
with permission from Ref. [83] Copyright 2021, Wiley.
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Energy transfer can also be computed by using Purcell effect calculations. The

expressions have been explained in detail in Section 2.4. We will henceforth be

referring to the model as the CPS model. The electrodynamic framework was

built to evaluate the emission of a dipole in the presence of the lossy medium [129].

A complex dielectric function characterizes the environment. The excitons in the

NPLs are modeled as oscillating dipoles. A three-layer stratified model is set

up to compute the decay rate of electric dipole placed in the upper half-space

(Figure 4.10). The implementation of the CPS model on the three-layer stratified

model provides closed-form integral expressions for the total, radiative, and non-

radiative components of the decay rates normalized by the decay rate in the free

space as expressed in detail in Section 2.4.

Figure 4.10: Cross-sectional diagram of the hybrid NPL-Al2O3-Si system for rate
modification calculations.

To obtain the absolute rates, we need the decay rate of NPLs in the free space.

To this end, we use the average lifetime obtained for the reference sample in

the experiment. We extract theoretical lifetimes, τDA, from Equation 2.31 by

utilizing the reference lifetime, 10.9 ns. Then τDA values are placed in Equation

4.5 to obtain the theoretical FRET efficiency. These results are numerically fitted

using Equation 4.6. To extract the value of distance scaling parameter n that best

matches the experimental distance dependency, we expressed the FRET efficiency

as a parametric function of n only by keeping the d0 value constant. Here d0 was
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fixed at the value obtained from experimental results, and a parametric sweep of

variable n was performed. By varying n from 0.95 (which was the value found

using experimental data) to 3 (which is distance scaling found in the literature for

energy transfer between point-like dipoles to bulk acceptor), we found a family of

curves that were plotted alongside the measurement results in Figure 4.11. The

results obtained from the CPS theory are in close agreement with experimental

results.

Figure 4.11: FRET efficiency as a function of the center-to-surface distance be-
tween the donor and the acceptor. The solid lines are FRET efficiency curves
found using the lifetimes calculated based on the CPS model. Inset shows the
FRET efficiency as a function of the center-to-surface distance with numerical
fitting.

We perform a proof-of-concept demonstration by fabricating an NPL-sensitized

silicon photodetector as shown in Figure 4.12a. An SOI wafer (50 nm thick Si

device layer with a resistivity level of 8–11 ohm-cm, 200 nm thick buried oxide,

and 0.75 mm handling layer) was used for fabricating NPL-sensitized silicon pho-

todetector. The process flow is shown in Figure 4.13. P-type silicon-on-insulator

(SOI) substrate was used for fabricating the device. RCA cleaning was employed
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before the fabrication. Schottky contacts were made by thermally evaporating

aluminum with a thickness of 100 nm using a photomask. The dimensions of the

active region were 2.5 mm (width) Ö 1.5 cm (length). The alumina layer with

the carefully controlled thickness (5, 10, and 50 nm) was deposited using ALD.

Before ALD deposition Kapton tape was used to cover the AL contacts. Finally,

a single monolayer of CdSe/CdZnS core-shell NPL film was deposited using our

self-assembly method.

Figure 4.12: (a) Schematic of our proof-of-concept device. b) Photocurrent en-
hancement due to the presence of NPLs atop an ultrathin Si photodetector with
respect to the negative control group device with no NPLs. Photocurrent en-
hancement factor as a result of the NPL deposition for the spacer thicknesses of
5, 15, and 50 nm. Reproduced with permission from Ref. [83] Copyright 2021,
Wiley.

Figure 4.13: The process flow for fabricating our simple photodetector device.
Reproduced with permission from Ref. [83] Copyright 2021, Wiley.

Photocurrent measurements were performed at room temperature. The dark

current and photocurrent were measured under the 1 Sun AM1.5G condition by

using a home-built 2-point electrical probe station equipped with a semiconductor

device analyzer (Keysight B1500A) and a solar simulator (Newport 67005).
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Figure 4.14: (a) Device under test using 2-point probes in contact with the Al
Schottky contacts. (b) Photocurrent measurement setup configuration. Repro-
duced with permission from Ref. [83] Copyright 2021, Wiley.

Figure 4.14 shows the setup used for photocurrent measurement. Figure 4.12b

presents the photocurrent enhancement factor for the spacer thicknesses of 5, 15,

and 50 nm. The enhancement factor is calculated taking the ratio of the pho-

tocurrent before and after NPL deposition. We observe an overall improvement

in the photocurrent for all spacer thickness with the best performance for the 5

nm thick one. This case has a maximum enhancement of 3 times (300 %) at

2 V bias. These results demonstrate that photosensitization of the silicon using

NPLs can enhance photocurrent. Improving the optical response of silicon can

greatly benefit photovoltaic and other optoelectronic applications.
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4.3 Summary

In summary, we experimentally studied the 2D-3D donor-acceptor system where

we investigated the effect of the indirect-bandgap silicon substrate on the emission

kinetics of the colloidal quasi-2D quantum wells. We systematically tuned the

separation between the self-assembled NPL monolayer and the substrate surface

by depositing the Al2O3 spacer layer using ALD. FRET was found to be dominant

for the modification of the PL decays. Our experimental results revealed that the

photosensitization of silicon with a monolayer of quasi-2D nano-emitters results

in energy transfer rates inversely proportional to the distance between the NPLs

and the silicon substrate. The experimental results were further corroborated

using a full numerical electromagnetic solution, which demonstrated that the

d−1 dependence is due to electric field delocalization owing to the strong in-

plane dipoles in the NPLs. These findings indicate that such face-down oriented

NPL assembly is highly favorable for strong NRET-based photosensitization on

Si towards enhanced light-harvesting.
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Chapter 5

Modified Emission Kinetics of

Colloidal Quantum Wells in the

Vicinity of Metal Nanoparticles

More than a hundred years have passed since the introduction of the Mie theory.

In recent times, the focus has shifted on controlling optical energy at the nanoscale

using sub-wavelength metallic and dielectric structures. The older studies focused

on far-field behavior, but with the advancement in computation capability, com-

bined with nanofabrication and the understanding of nano-optics, optical near-

field can also be exploited for a wide range of modern optoelectronic applications

including biosensors and photovoltaics.

The emission kinetics of quantum emitters can be modified by engineering

their environment. Fermi’s Golden rule, discussed in Chapter 2 (Section 2.4),

reveals that the decay rate of the emitter can be amended by placing it in the

proximity of a medium with increased electromagnetic local density of the states.

The setting could consist of a cavity or a resonator. The Purcell factor, conveying

the modification in the emission of a classical emitter, is given by [130,131]:
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F =
6

π2

(
λ

2n

)3
Q

V
(5.1)

where n is the refractive index, λ is the emission wavelength, Q-factor is the

quality factor of the resonant structure for the mode, and V is the optical mode

volume. Dielectrics and metals are the two such material categories conducive to

providing such a photonic environment [132, 133]. Dielectric materials are used

to build cavities that can enhance light-emitter interaction. Using these cavities,

we can increase Q-factor and thus increase the Purcell factor in Equation 5.1.

Metallic structures support localized surface plasmonic resonances (LSPR) in

volumes much smaller than the diffraction limits, but possess poor Q-factor due to

intrinsic losses in metals [134–136]. Thus, the Purcell factor is enhanced because

of the reduced mode volume in Equation 5.1. Metal nanoparticles (MNPs) are

preferred over continuous metal films because of the large surface-to-volume ratio

and larger local field enhancement due to LSPR [137].

These enhanced fields, at the vicinity of the metal surface, can enhance the

fluorescence of emitters through coupling as explained in Section 2.3.2.1 [138].

Plasmonic nanostructures such as MNPs, ultra-thin metal films, metal nano-

islands, and roughened surfaces of thin metal films have demonstrated the ca-

pability to enhance fluorescence [139–141]. Fluorophores detection is dependent

on their quantum yield, photostability, and autofluorescence [141] and metal en-

hanced fluorescence (MEF) has emerged as an appealing tool for fluorescence

spectroscopy. Enhancement in the fluorescence emission and reduction in their

lifetime aid in improved fluorophore detectability.

The electromagnetic field produced by these metallic nanostructures is the

strongest at the surface and decreases exponentially in the perpendicular direction

away from the surface. Therefore, the fluorescence-plasmon coupling is distance-

dependent. The EM field enhancement factor (EF) is expressed as [142]:

EF =
|E(r, ω)|2

|E0(ω)|2
gph(r, ω

′
)

gph0 (ω′)
(5.2)

where E is the electric field vector in the presence of the metal nanostructures,
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E0 is the electric field vector in homogeneous medium, gph is the LDOS in the

presence of the metal nanostructures, and gph0 is the local DOS (LDOS) in the ho-

mogeneous environment. The first term expresses the enhancement coming from

an increase in the absorption at the frequency ω due to the increased local electric

field and the second term represents the one originating from the modification

in the DOS, e.g., due to the presence of a resonator, at the emitter’s emission

frequency ω
′
.

Given Equation 5.2, the enhancement should be most substantial near the

metal particle. However, in reality, when the emitter is in the proximity, quench-

ing is more pronounced due to the nonradiative processes that also accelerate.

Also, we need to realize that lossy metals could reduce the enhancement due to

the Purcell effect and may even result in quenching. Studies have shown that, us-

ing metals, fluorescence intensity can be quenched or enhanced and both radiative

and nonradiative decay rates can be modified. Fluorescence-plasmon coupling is

strongly distance-dependent.

5.1 Experimental Results and Discussion

The optical response of the MNPs depends on the material, size, shape, density of

the NPs in the film, surrounding, and the substrate material [93,143–145]. Silver

(Ag) and gold (Au) have LSPR in the visible range among noble metals. Au is

commonly used because of its chemical stability [146]. In this thesis, Au nano-

islands were fabricated to investigate the modification in the photoluminescence

decay kinetics of colloidal quantum wells (CQWs) via plasmonic coupling. The

substrate used was quartz to nullify the possibility of FRET to the substrate

that could also modify the decay of our quantum emitters through plasmonic

interactions.

Au films were deposited using a thermal evaporator. The evaporation rate was

kept very low during the deposition (0.1− 0.5 Å/s). Subsequently, rapid thermal

annealing (RTA) was applied, which created nano-islands. The Au nano-island
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films were characterized using UV-Visible absorption spectroscopy.

A low-cost but high throughput method to produce metal nanostructures is

based on using thermal dewetting. In the first step, an ultra-thin film is deposited

on the substrate at a very low deposition rate (≈ 0.1 − 0.2 Å/s). In the next

step, islands are formed through thermal dewetting (agglomeration), whereby

using the annealing process, the thin film is broken into islands because of the

Ostwald ripening and coalescence process [147–149]. The ultrathin metal films

are unstable due to the high surface-to-volume ratio. Films dewet and voids are

created to minimize the surface energies. When the thermal annealing is applied,

these voids widen to create random nano-islands with diminished surface coverage

(Figure 5.1a). The thickness of the film, annealing temperature, and substrate

control the dewetting process. The annealing temperatures are kept well below

the melting point of the metal [150,151].

Figure 5.1: (a) SEM image of our Au nano-island structure on a silicon substrate.
The mass-thickness of the as-deposited film was 5 nm deposited at a rate of
0.1Å/s. Post-deposition annealing was applied at 300 ◦C for 10 minutes. (b)
Absorption spectra of an un-annealed discontinuous thin film vs. an annealed
nano-island film.

The surface diffusivity of the metals affects the dewetting. Au has a very

high diffusivity. Thus it is easy to form Au nano-islands [152]. Analysis of

the absorption spectra of the as-deposited Au films shows that the films are

discontinuous below the nominal thickness of 10 nm [153]. Figure 5.2a shows

an SEM image of a 10 nm Au-evaporated sample where the grooves are visible.
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Ultra-thin Au films (1-3 nm) feature nano-structures without annealing. Figure

5.2b shows the LSPR spectra of Au-evaporated samples of 1 nm and 2 nm in

thickness, respectively. The extinction peaks at 550 nm and 580 nm are attributed

to the plasmonic resonances of MNPs. For thicknesses (5 nm, 6 nm, and 8 nm)

in Figure 5.3, the minimum optical density is present around 500 nm, followed

by a large plateau in the near-infrared, a signature of semi-continuous plasmonic

samples [154].

Figure 5.2: (a) SEM image of a 10 nm thick Au film as-deposited on quartz
substrate. Evaporation was carried out at 0.5Å/s. 10 nm Au/Pd conductive film
was coated on top to prevent the charging during SEM imaging. (b) Absorption
spectra of the as-deposited ultra-thin 1-2 nm Au films.

The mass-thickness of the evaporated Au film and the annealing temperature

are the fundamental parameters that define the LSPR properties and morphology

of the nano-islands formed. With an increase in the nominal thickness, the nano-

island size expands, resulting in a redshift in the LSPR wavelength and a rise in

the LSPR intensity as shown in Figure 5.3 [155,156].
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Figure 5.3: Absorption spectra of thermally evaporated Au films with different
initial mass-thicknesses before (dotted lines) and after (solid lines) annealing.
The annealing was applied at 300 ◦C for 10 minutes.

The absorption cross-section (Cabs) is proportional to:

ε
3/2
m Im(εp)

[Re(εp) + 2εm]2 + [Im(εp)]2
(5.3)

where εp is the complex dielectric constant of the metal nanoparticle, and εm is

the dielectric constant of the surrounding environment. For most metals, Re(εp)

decreases with wavelength while Im(εp) increases. Therefore, from Equation

5.3 with an increase in the permittivity of the surrounding medium, there is

a redshift in the peak of absorption spectra, which becomes broader and the

intensity increases (Figure 5.4).

The mechanism of improving the properties of chromophores using MNPs can

be extended to the CQWs as well. CQWs exhibit exceptional optical and elec-

tronic properties. We can further modify their emission characteristics using

plasmonic materials for optoelectronic applications. Here our goal is to modify

fluorescence intensity and lifetimes using MNPs. Besides, CQWs exhibit large os-

cillator strengths making them ideally suited for such plasmonic coupling based

hybrid structures. There are many studies of CQDs coupling with plasmonic
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Figure 5.4: Absorption spectra of thermally evaporated Au films with initial
mass-thickness of 8 nm, annealed at 650 ◦C for 3 minutes, followed by Al2O3

deposition of varying thicknesses using ALD at 200 ◦C.

structures [63,64,157–161]. Some studies involving CQWs do exist but they have

mostly focused on the strong coupling [162,163].

In this thesis work, the mass-thickness of 8 nm was selected to create Au MNPs

after analyzing the LSPR wavelength and intensity. Dewetting was applied at

650 ◦C because the higher temperatures favor the creation of more homogeneous

nanostructures than the lower temperatures [164, 165]. Figure 5.5a shows the

SEM image of the Au film after annealing. The SEM image taken at a tilt angle

of 50 ◦ (Figure 5.5b) depicts the round morphology of the resulting NPs, which

is a signature of annealed metal-island films [146].
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Figure 5.5: SEM images of Au nano-island films: (a) image taken without tilt
and (b) image taken at 50 ◦ tilt angle.

CdSe/ZnS core/shell NPLs were used to study the plasmon-exciton coupling.

The NPLs were synthesized using the hot-injection method with their emission

centered around 610 nm in solution. The NPLs were dispersed in hexane solvent.

The optical characteristics are shown in Figure 5.6a. Al2O3 spacer was deposited

using atomic layer deposition (ALD) at 200 ◦C. The dielectric spacer thicknesses

were confirmed using ellipsometry. The NPL solution was spin-coated onto the

Al2O3/Au/quartz substrates. The reference sample was prepared by spin-coating

NPLs directly on top of the quartz substrate.

Figure 5.6: (a) Absorption and photoluminescence (PL) spectra of CdSe/ZnS
NPLs. (b) PL spectra of solid films of the NPLs-Au assembly with varying
thicknesses of the Al2O3 separation layer.
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Standard PL spectrometer was used to measure the PL response of our sam-

ples. Figure 5.6b displays the PL emitted by the fabricated NPL/plasmonic

structures. The emission from the NPL/plasmonic structures shows quenching

relative to the reference sample for all spacer thicknesses. The effect of NPLs-

MNPs interaction on NPL decay kinetics was further investigated by measuring

the decay lifetime of the hybrid structures. Figure 5.7 shows the time-resolved flu-

orescence (TRF) decays measured at the peak emission wavelength of the NPLs

using pulsed excitation at 375 nm. Decay kinetics exhibit a trend of lifetime

shortening with the decrease in the spacer thickness. There is distance-dependent

energy transfer taking place from NPLs to the Au nano-island film.

Figure 5.7: Time-resolved fluorescence decay curves of the solid films of the NPLs-
Au assembly, collected at the donor PL emission peak of 610 nm with varying
thicknesses of the Al2O3 separation layer. The solid black lines represent the fits
of the curves. Inset shows the zoom-in representation of the same decay curves.

Decay lifetimes were extracted by using four-exponential decay fitting curves

as:
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I(t) = A1e
(−t/τ1) + A2e

(−t/τ2) + A3e
(−t/τ3) + A4e

(−t/τ4) (5.4)

where Ai and τi are the amplitude and lifetime of the ith decay component. The

details of the contribution of the fluorescence decay components are given in Table

5.1. The amplitude-average lifetime (τavg) of the reference sample is 9.81 ns. For

the minimum spacer thickness of 1 Å, τavg decreases by more than one order and

is in the picosecond range (0.76 ns).

Table 5.1: TRF decay parameters when using CdSe/ZnS NPLs in the vicinity of
Au NPs with systematically varied alumina spacer.

Sample (spacer thickness) A1 τ1 (ns) A1 ∗ τ1(%) A2 τ2 (ns) A2 ∗ τ2(%) A3 τ3 (ns) A3 ∗ τ3(%) A4 τ4 (ns) A4 ∗ τ4(%) τavg (ns)
0.1 14.98 13.29 0.20 283.10 2.93 3.81 2144.00 1.09 28.83 4996.00 0.45 67.17 0.76
5 53.41 12.04 0.80 963.90 2.74 14.50 1086.00 1.53 16.34 4543.00 0.85 68.36 1.32
10 82.21 13.64 1.29 1473.90 3.17 23.10 2572.00 1.23 40.31 2252.00 1.23 35.30 1.84
15 10.05 38.60 0.16 213.80 10.84 3.49 2022.90 3.38 32.98 3886.00 1.59 63.37 2.56
20 36.89 40.09 0.61 559.20 11.27 9.32 2442.40 4.32 40.71 2961.00 2.15 49.35 4.12
25 52.80 46.21 0.89 823.20 12.12 13.88 3164.40 4.35 53.35 1890.00 2.26 31.87 5.13

reference 211.42 47.70 3.68 1973.80 14.57 34.33 2731.00 5.64 47.49 834.00 2.64 14.50 9.81

In addition, CdSe/CdZnS NPLs were also used to study the plasmon-exciton

coupling. These NPLs were synthesized using the hot-injection method and their

peak emission was at 646 nm in solution(Figure 5.8a).

Figure 5.8: (a) Absorption and PL spectra of CdSe/CdZnS NPLs. (b) PL spectra
of solid films of the NPLs-Au assembly with varying thicknesses of the Al2O3

separation layer.

Figure 5.8b displays the PL emitted by the fabricated NPL/plasmonic struc-

tures. This NPL/plasmonic system also showed quenching relative to the refer-

ence sample for all spacer thicknesses. NPL decay kinetics were investigated by

measuring the decay lifetime of the samples. Figure 5.9 shows the TRF decays
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measured at the peak emission wavelength of the NPLs. This set also exhibits a

trend of lifetime decreasing with thinner spacer.

Figure 5.9: Time-resolved fluorescence decay curves of the solid films of the NPLs-
Au assembly, collected at the donor PL emission peak of 650 nm with varying
thicknesses of the Al2O3 separation layer. Inset shows the zoom-in representation
of the same decay curves.

Here also decay lifetimes were extracted by using four-exponential decay fitting

curves. The details of the contribution of the fluorescence decay components are

given in Table 5.2. τavg of the reference sample is 12.42 ns. For the minimum

spacer thickness of 1 Å, τavg decreases to 1.48 ns.
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Table 5.2: TRF decay parameters when using CdSe/CdZnS NPLs in the vicinity
of Au NPs with systematically varied alumina spacer.

Sample (spacer thickness) A1 τ1 (ns) A1 ∗ τ1(%) A2 τ2 (ns) A2 ∗ τ2(%) A3 τ3 (ns) A3 ∗ τ3(%) A4 τ4 (ns) A4 ∗ τ4(%) τavg (ns)
0.1 21.48 22.50 0.37 149.20 6.72 2.58 961.10 2.66 16.64 4646.00 0.98 80.41 1.48
5 14.08 27.53 0.23 71.10 14.07 1.15 1023.60 4.27 16.50 5094.00 1.43 82.13 2.10
10 70.48 34.62 1.27 463.70 10.71 8.39 1774.60 4.05 32.10 3220.00 1.49 58.24 3.51
15 72.30 39.49 1.16 222.70 16.49 3.57 1431.00 7.48 22.91 4520.00 2.71 72.37 4.72
20 119.56 37.05 1.96 858.70 11.67 14.06 691.60 7.54 11.32 4438.00 3.54 72.66 5.79
25 197.33 37.90 3.28 11.60 21.30 0.19 1906.60 10.89 31.70 3900.00 3.89 64.83 7.26

reference 412.80 50.07 7.13 2220.10 17.01 38.35 1900.20 6.18 32.82 1256.00 1.36 21.70 12.42

All the experiments reported thus far use Al2O3 spacer. Since we only observed

quenching, we also studied with the spacer made of SiO2. Silica spacer was

deposited using electron-beam evaporation. For comparing the two spacers, we

kept the spacer thickness constant at 15 nm. Three different NPLs at different

peak emissions were used in this study: (a) 5 ML CdSe core NPLs at PL emission

peak of 552 nm (Figure 5.10a), (b) CdSe/CdS core/ shell NPLs. 4 ML CdSe core

was used with 1ML CdS shell grown around it. The PL emission peak was at 602

nm (Figure 5.10b), and (c) CdSe/CdS core/ shell NPLs. 4 ML CdSe core was

used with 2 ML CdS shell grown around it. The PL emission peak was at 628

nm (Figure 5.10c).

Figure 5.10: (a) Absorption and PL spectra of 5 ML CdSe core NPLs. (b)
Absorption and PL spectra of CdSe/CdS 4 ML / 1 ML shell NPLs. (c)Absorption
and PL spectra of CdSe/CdS 4 ML / 2 ML shell NPLs.

The as-deposited thickness of Au film was 8 nm. Annealing was undertaken

at 650 ◦C for 15 minutes. The UV-visible spectra when using different spacer

thicknesses are given in Figure 5.11. Compared to LSPR wavelengths shown

in Figure 5.4, there is a blue shift occuring because of the extended annealing

time [166]. Prolonged heating at high temperatures further ensures shape and

structure regularity [145]. Enhancement is observed with the NPLs with emission
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peaking at 602 nm and 628 nm when the silica spacer is used as compared to the

alumina spacer (Figure 5.12). The enhancement factors are 1.67 (Figure 5.12b)

and 2.9 (Figure 5.12c) respectively. The reason could be the higher refractive

index of alumina, reducing the extent of the evanescent field [167].

Figure 5.11: (a) Absorption spectra of our thermally-evaporated Au films, post-
deposition annealed at 650 ◦C for 15 minutes, followed by spacer deposition. The
vertical lines show the PL maxima of NPLs used. (b) LSPR peak shifts with
spacers of different materials having the same spacer thickness.

Figure 5.12: PL spectra of solid films of the NPLs-Au assembly with different
heterostructures of NPLs (a) 5 ML CdSe core NPLs with an emission peak at
555 nm, (b) CdSe/CdS 4 ML / 1 ML shell NPLs with an emission peak at 602
nm, and (c) CdSe/CdS 4 ML / 2 ML shell NPLs with an emission peak at 628
nm.

Building on the discussion presented in Chapter 2 (Section 2.3.2.1) regarding

MEF, we can increase the PL of CQWs either by increasing the excitation rate

of the CQWs and/or by enhancing their emission rate [168]. The effect of the

environment on the fluorophore decay kinetics can be summarized mathematically
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using the following expression [56]:

σ(ω) =
4π2ω

nc
|µ|2ρ(ω) (5.5)

where σ(ω) is the absorption cross-section of the two-level system, µ is the tran-

sition dipole of the emitter, and ρ is the DOS at the transition frequency ω. The

total transition rate R is given by:

R = σIexc (5.6)

where Iexc is the excitation intensity. An increase in Iexc results in a rise in the

excited population, increasing the fluorescence intensity. This does not modify

the decay kinetics of the fluorophore. This situation arises when the plasmon-

enhanced EM field overlaps with the absorption spectrum of the emitter. How-

ever, the change in the emitter’s absorption cross-section influences the emitter’s

decay kinetics. This modification is produced as a consequence of the exciton-

plasmon coupling and can change both nonradiative and radiative decay rates of

the fluorophores. This is achieved when the PL emission spectrum overlaps with

the LSPR peak [169].

Another aspect we need to bear in mind is that in the resultant electromagneti-

cally coupled system of fluorophore and MNPs, fluorophores have additional chan-

nels available for deexcitation. The total decay rate can be expressed as [56,170]:

γtotal
γ0

= 1 +
3

2
Im

µ.E(r, ω0)

|µ|2|k|3
(5.7)

where γ0 is the free space decay rate, k is the free space wave vector, µ is the

emitter’s transition dipole moment, and E(r, ω0) is the reflected wave at the

emitter’s location. The total decay rate is due to the sum of radiative and non

radiative decay rate. By multipole expansion of Equation 5.7, we can separate

the two contributions.

Studies suggest that ideally both excitation and emission rates are enhanced

when the LSPR peak lies in the middle of absorption and PL emission maxima

of the fluorophore. However, as can be seen, our CQWs do not have a strong

Stoke’s shift. One key point to remember is that we excite our samples with a 375
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nm pulsed laser. At this wavelength our plasmonic structures are off-resonance

and do not appear to interact much with the incident light. Therefore, we can

safely rule out the direct excitation of the LSPR via irradiance from the incident

laser light source. As a consequence, there is no contribution to PL modification

via direct excitation.

Our CQWs show strong absorption at the excitation wavelength. In our system

the LSPR is excited entirely through the emission from CQWs. We know from

our TRF results that there is a modification of the decay kinetics of our CQWs.

We plot the absorption and PL spectra of the CQWs together with the LSPR

response of our plasmonic structures to explain the quenching and enhancement

we observe in our system.

Figure 5.13: Overlap of the absorption and PL spectra of NPLs with the absorp-
tion spectra of Au nano-islands with Al2O3 spacer thicknesses between 0.1 and 25
nm: (a) CdSe/ZnS NPLs with an emission peak at 610 nm and (b) CdSe/CdZnS
NPLs with an emission peak at 650 nm. Insets show the zoomed-in portion of
the graph where the peaks overlap.

CdSe/ZnS CQWs exhibit peak emission at ∼ 610 nm and CdSe/CdZnS, at

∼ 650 nm. Hence, there is no resonant coupling present in the system. Fig-

ure 5.13a shows that CdSe/ZnS CQWs’ emission peak is redshifted compared to

the LSPR maxima of 0.1, 5, and 10 nm spacer thicknesses. This condition is

conducive for coupling to the scattered light from Au NPs. We expected fluores-

cence enhancement; however, we observed quenching. The possible reason could

be that the spacer thicknesses are thin and in this regime, of close proximity,
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the enhancement of nonradiative recombination prevails over the enhancement of

radiative recombination. This is the reason that we see the fastest decay rates

for these spacer thicknesses. For the other spacer thicknesses, CQWs’ PL maxi-

mum is blue-shifted compared to LSPR maxima where the Au NPs are absorbing

more than scattering. This could be the reason that despite being farther away

from the Au NPs where we expect the enhancement of the nonradiative processes

to be weaker in magnitude and result in fluorescence enhancement, we see even

more quenched fluorescence. We also then used CdSe/CdZnS NPLs with a PL

maximum at 650 nm, which is redshifted compared to all the samples’ LSPR

wavelength peaks (Figure 5.13b). Similarly, we observe quenching in all these

samples.

Figure 5.14: Overlap of the absorption and PL spectra of NPLs with the absorp-
tion spectra of Au nano-islands with Al2O3 spacer and SiO2 with thickness of 15
nm: (a) 5 ML CdSe core NPLs with an emission peak at 555 nm, (b) CdSe/CdS
4 ML / 1 ML shell NPLs with peak emission at 602 nm, and (c) CdSe/CdS 4 ML
/ 2 ML shell NPLs with an emission peak at 628 nm.

In another set to study the NPL maxima location compared to the LSPR

resonances, we used three different NPLs with peak emissions at ∼ 555 nm,

∼ 602 nm, and ∼ 628 nm, respectively. We fixed the spacer thickness at 15

nm. Figure 5.14 shows that PL maximum was blue-shifted, kept on resonance,

and redshifted compared to the LSPR peak with this configuration. Similarly,

we observed quenching. Quenching in Figure 5.14a could be explained because

there is a minimal overlap between the absorption spectra of NPLs with that of

LSPR wavelength. However, in the other two cases, there should have been an

enhancement. We replaced the dielectric material and experimented with SiO2

spacer, and we indeed observed enhancement.
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One drawback of making metal nano-islands is the lack of control over the

size, shape, and density of the fabricated particles. This gives rise to variation in

the plasmonic field over the large-scale area. This variation makes it challenging

to obtain reproducible fluorescence enhancements. We can benefit from recent

advancements in fabrication tools to create metallic structures with control over

their features. Electron beam lithography (EBL), which deploys a focused elec-

tron beam to transfer the pattern on the substrate, allows for the fabrication of

metallic arrays with full control over the shape, size, and inter-particle distance

of the patterned nanostructures [90].

In this thesis, we also fabricate Ag nanoprism patterned structures for studying

the modification of emission kinetics of CdSe/CdZnS NPLs with a peak emission

at 633 nm. Here FDTD simulations were carried out to choose the best plas-

monic structure for our system. The metal selected was silver (Ag) because of

its superior LSPR performance. We used triangular morphology [63, 160]. We

performed simulations with lattice geometries ranging from square to triangular

and hexagonal lattice structures with different edge lengths and inter-particle

separation with TE and TM polarized illumination. In the end, we adopted a

hexagonal lattice structure because this shows maximum electric field enhance-

ment. After considering the practical limitations, we used a height of 40 nm for

our Ag nanoprisms and an edge length of 200 nm with a particle separation of

100 nm (Figure 5.15). The simulations suggested more electric field enhance-

ment for lesser inter-particle separation. However, it was difficult to fabricate

nanostructures with spacing shorter than 100 nm.

Figure 5.15: SEM image of our Ag nanoprism array with hexagonal unit cell.

The details of the fabrication stages involved in producing NPLs/Ag/substrate
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structure are shown in Figure 5.16. A thick layer of polymethylmethacrylate

(PMMA-A2), a positive resist, was spin-coated on the clean substrate. Subse-

quently, baking was carried out at 180 ◦C for 300 s drying the PMMA resist.

This was followed by spin-coating 20 nm of Espacer chemical on the top of the

resist. Espacer is a conductive polymer that prevents the charging of the sample

during the EBL process.

Figure 5.16: Steps involved in forming NPL/Au hybrid structure using EBL
technique.

Subsequently the samples were put in the EBL instrument and the patterns

were written using an optimized recipe. The exposed samples were developed

by dipping in methyl isobutyl ketone: isopropyl alcohol (MIBK: IPA) with a 1:2

ratio for 45 s, followed by immersing in fresh IPA for 15 s, and lastly, samples

were submerged in DI water for 30 s. After development, the adhesive layer of

5 nm of chromium (Cr) was deposited, followed by 40 nm of Ag using thermal

evaporation. SiO2 dielectric spacer was deposited using RF sputtering to create

a controlled separation between the NPLs and metal nanostructures. Finally, we

deposited NPLs using the self-assembly technique in face-down orientation.

The µ-PL measurements were carried out using a confocal microscope. The

excitation source was a 405 nm laser. Figure 5.17a shows the fluorescence image

of the sample. It can be seen from the image that PL was enhanced in the

area where Ag arrays are present as compared to the area where there are no

plasmonic nanostructures exhibiting metal enhanced fluorescence. This shows

the plasmon-NPL coupling. Figure 5.17b displays the PL intensity obtained

for different spacer thicknesses. The experimental data exhibits the maximum

PL intensity at a spacing of 10 nm with an enhancement factor of 60. These

emission spectra do not show any shift in the emission due to plasmon-NPL

coupling. Further systematic studies are required to understand the observed
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enhancement.

Figure 5.17: (a) Confocal microscope image showing the fluorescence intensity of
the NPL film deposited on the quartz substrate with Ag nanoprism array present.
The patterned area covered 100 × 100 µm2. (b) PL spectra of solid films of the
NPLs-Ag assembly with varying thicknesses of the SiO2 separation layer. Inset
zooms-in to PL intensity of the reference sample.

5.2 Numerical Results

Finite-difference time-domain (FDTD) simulations were carried out to calculate

absorption spectra of our nano-island nanostructures. Nano-island structure was

modeled by importing the SEM image (Figure 5.5a). We extended the structure

vertically in the z -direction (Figure 5.18). This is an approximation because we

know that thermally dewetted Au nano-islands are hemispherical (Figure 5.5b)

and do not have sharp corners.

To determine the height of these structures, we swept the height from 20 to 80

nm. The simulated results best matched the experimental results when height was

approximately 62 nm (Figure 5.19a). Once height was determined, we added an

alumina spacer on top and numerically obtained LSPR spectra of our simulated

Au nano-islands (Figure 5.19b). Optical properties of the materials involved here
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Figure 5.18: Perspective view of the Au nano-island/quartz structure.

were obtained using an ellipsometer. Table 5.3 shows the comparison of LSPR

wavelength between the simulated and measured results.

Figure 5.19: (a) Simulated absorption spectra of Au nano-island structure as a
function of the height varied from 20 to 80 nm. (b) Simulated absorption spectra
of Al2O3/ Au/quartz structure with varying thicknesses of the dielectric spacer.

We carried out FDTD simulations to check the magnitude of electric field in-

tensities produced in the vicinity of the Au nanostructures. We placed planar 2D

monitors parallel to the substrate surface at the heights where NPLs would be

deposited to record the electric field intensities these NPL emitters would experi-

ence. Figure 5.20 displays electric field distributions at our excitation wavelength,

NPL emission peaks as well as LSPR peak. There is no surprise that the max-

imum field intensity is closest to the particles and its strength decreases as the

monitor is placed further away. Another aspect we notice is that, near the struc-

tures, the electric field is confined around the hot spots and is zero elsewhere.
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Table 5.3: Comparison of the LSPR wavelength: Simulation vs. measurement
(all values are in nm)

Al2O3 thickness (nm) LSPR maxima (simulation) LSPR maxima (measurement)
0 576.5 -

0.1 - 579.0
5 614.0 597.0
10 622.1 604.8
15 630.2 635.2
20 638.7 644.1
25 643.5 651.8

As we move away from the nanostructures, the electric field distribution is more

delocalized in space.
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Figure 5.20: Electric field maps extracted from the field monitors placed at sepa-
ration ranging from 0 to 25 nm away from the top surface of Au nano-structures.
Electric field intensity distributions are shown for a variety of laser excitation
wavelength, PL emission peaks of NPLs and LSPR resonance wavelengths. Here
x- and y-spans are in nm.
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In addition, FEM based simulations were performed to obtain the optical cross-

section of our proposed nanoprism system. Figure 5.21a shows the simulation

model setup. The simulated extinction spectrum is displayed in Figure 5.21b,

which shows the overlap of LSPR with the PL emission peak of our NPLs. In

simulation modeling, edges were rounded to best model the fabricated samples.

Figure 5.21: (a) Schematic illustration of the simulation setup used for finding
the optical cross-sections of Ag nanoprism arrays. (b) Extinction cross-section of
the Ag/substrate system with SiO2 dielectric spacer on top.

5.3 Summary

In summary, here we experimentally demonstrated the modification of emission

kinetics of CQWs using plasmonic nanostructures. We fabricated random gold

nano-islands and ordered silver nanopatterns on quartz substrates to produce

plasmonically coupled emission of CQWs by exploiting the LSPR of these metal

nanostructures. We obtained distance-dependent modification of the lifetimes of

these CQWs when coupled them with random gold nano-islands and we mainly

observed quenching. Only by changing the dielectric spacer and carefully tuning

the CQW emission peak, we recorded a 3-fold PL enhancement at a spacer thick-

ness of 15 nm. The finite difference time domain method was used to calculate ab-

sorption spectra and electric field intensity distribution of the modeled gold nano-

islands. In addition, we also fabricated arrays of silver nanoprisms to enhance
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the CQW fluorescence in hexagonal lattice pattern. We used the self-assembly

method to deposit our CQWs in face-down orientation onto the nanopatterned

substrates. Silica spacer was used to adjust the fluorophore-plasmonic nanostruc-

ture separation. We observed a 60-fold increase in PL intensity when we used

this CQW-silver nanoprism array configuration.
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Chapter 6

Conclusion

In this thesis, we proposed and demonstrated the well-controlled modification of

the emission kinetics of the CQWs. It is well-documented that energy transfer

mechanisms affect the lifetimes of the excited fluorophores. Different interactions

define how energy transfer occurs, depending on the distance between the donor

and the acceptor in a hybrid system. Our objective was to use the Förster res-

onance energy transfer (FRET), a nonradiative energy transfer (NRET) process

that prevails when the donor and acceptor are close to each other, within tens of

nanometers, because of its high efficiency in transferring excitation energy.

In part of this thesis work, we use bulk silicon as the acceptor, along with

CQWs acting as the donors. The hybrid system selected here was interesting on

several accounts. It served the main objective of studying the modification of

fluorescence emission of the CQWs. Another aspect was that the hybrid struc-

ture consisted of 2D donor-3D acceptor geometry, which had not been analyzed

before. Besides, knowing that silicon, an indirect band-gap material, was a poor

absorber of light, this hybrid structure could be used for photosensitization of sili-

con. Previously, photosensitization of silicon had been shown with other colloidal

nanocrystals (NCs) classes but not with quasi-2D CQWs.

We used the self-assembly method to deposit the CQWs on the substrates.
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This technique allowed us to cover the entire substrate with the CQWs without

any voids, thus forming a 2D thin film of these 2D CQWs. Also, the method gave

us control over the orientation of the deposited thin films. We used the face-down

configuration. Since FRET takes place through dipole-dipole interaction, the self-

assembly method allowed us to take advantage of the anisotropy of the CQWs and

utilize the strong in-plane exciton dipole moment for this interaction. We varied

the separation between CQWs and the substrate using the dielectric spacer. We

found that the FRET exhibits a distance scaling of d−1 in our system. This is the

first account of distance scaling having an inverse relationship. This finding is in

line with the view that as the dimension of the acceptor layer increases, the FRET

rate becomes increasingly less sensitive to the distance. We also demonstrated

that photosensitization of the silicon using CQWs enhances the photocurrent in

the silicon layer. This is the first account of the CQWs’ sensitization of the silicon

layer.

Another approach adopted to modify the emission kinetics of the CQWs was

to use lossy noble metal nanostructures. We used the random gold nano-islands

and the patterned periodic silver nanoprisms to alter the emission kinetics us-

ing the enhanced near-field electric field localization of these nanostructures. We

observed the distance-dependent modification in the lifetimes of the CQWs in

the presence of the gold nano-islands. Quenching of the photoluminescence (PL)

suggests the dominance of NRET in the system. By carefully tuning the reso-

nances and spacer thickness, we did observe an enhancement of approximately

three-folds. Using the silver patterned arrays, we observed a sixty-fold enhance-

ment in the PL intensity. Patterned metal nanostructures provide the control

that random nano-islands lack.

CQWs have shown excellent optoelectronic properties that are ideally suited

for light-harvesting applications. There is a need to harness those properties to fill

the void in optoelectronic applications. In our proof-of-concept demonstration, a

single monolayer of CQWs was used. It would be exciting to optimize the CQWs

sensitized silicon photoconductor device. Also, much research has focused on

the interaction between quantum dots and surface plasmons in weak and strong

coupling regimes. There is a lack of research on the CQWs coupling with surface
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plasmons, particularly in the weak regime.
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