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Abstract  

The small size of photoluminescent, nanocrystal quantum dots (QDs) leads to a 

variety of unique optical properties that are well-suited to many optoelectronic devices and 

nanophotonic studies. Here, we demonstrate techniques to further improve the design of 

solid-state QD structures. A problem for many applications is that predicting the optical 

behavior of QD solids is difficult because the complex refractive index of QD solids is a 

composite quantity that is dependent on size, ligand chain length, and the deposition 

process of the QDs. To address this problem, we show that the intrinsic refractive index of 

neat CdSe/CdS QDs can be extracted from solution-state absorption data. We then show 

how this information can be used with effective medium approximations to describe the 

effective refractive index of QD films associated with a variety of QD sizes and packing 

fractions. Our predictions are verified experimentally by spectroscopic ellipsometry. With 

our modeling tool, we can also understand packing variations between QD films and 

predict the absorption in solid-state QD structures, leading to significant savings in both 

time and materials. Using the same QD materials, we next address the need for accurate 

patterning of QD solids at the nanoscale. We have found that direct electron beam 

lithography is a straightforward patterning process that does not require ligand exchange 

and results in structures that retain bright photoluminescence. We demonstrate that feature 

sizes as narrow as 30 nm with many QD layers can be patterned. These structures can 

withstand sonication in a variety of solvents, show no distortion, and can be placed within 

20 nm of their intended location nearly 100% of the time. Combining our nanofabrication 

technique with the ability to measure the refractive index of the QD pattern, we find that 

edge effects arising from the finite shape of the QD nanostructure lead to substantial 

absorption enhancement when compared to an equivalent volume region taken from a 

continuous QD film. Finally, we explore more complex structures by patterning QD arrays, 

multilayer QD structures, and QD disks inside plasmonic resonators. We believe that the 

work presented here lays important groundwork to improve the modeling of QD solids and 

reveals new ways QDs can be incorporated into devices and nanophotonic designs. 
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Chapter 1 – An Introduction to Quantum Dot Solids 

The small size of photoluminescent (PL), nanocrystal quantum dots (QDs) leads to 

a variety of unique optical properties that are well-suited to many optoelectronic devices. 

1–6 The future of the global QD market is bright, with a predicted value of $35 billion by 

2030. Primary applications include color displays (QLED TVs), solid-state lighting, and 

solar energy. In addition to commercial QD devices, many basic nanophotonic studies are 

increasingly using QD emitters to probe nanoscale optical phenomena to answer basic 

scientific questions. Both of these application sectors typically utilize QDs in the solid-

state. In the following sections, the unique and valuable properties of colloidal nanocrystal 

QDs will be defined and their suitability for both optoelectronic devices and nanophotonic 

studies will be discussed. In subsequent chapters, the relationship between the complex 

refractive index and the way light propagates through and interacts with a material will be 

given, along with novel ways to both measure and predict the solid-state complex refractive 

index of colloidal QDs. Further, discussion of how QDs can be patterned using direct 

lithography and incorporated into nanophotonic designs will be presented. Finally, future 

research directions for solid-state QD research will be outlined.  

 

 

 
 

Figure 1.1: Colloidal QD nanocrystals in the solid-state after being deposited on 

glass substrates and illuminated by UV light. 



2 

 

1.1.  What is a Quantum Dot? 

Nanocrystal QDs are made from semiconducting materials with dimensions less than 

the exciton Bohr radius of the material, leading to quantum confinement. This causes the 

band structure of the quantum confined material to no longer be continuous as it would be 

in bulk, but become quantized, more similar to an ensemble of discrete atomic states 

(Figure 1.2a). Because of quantum confinement, the band structure becomes dependent of 

the size of the quantum confined material; as the diameter of the QD is decreased, so too 

is the wavelength of emission because of the increasing band gap of the material (Figure 

1.2b).7 Quantum dots can be made using either top-down, epitaxial methods or by using 

bottom-up colloidal methods.8 The research discussed here is focused on colloidal QD 

materials possessing bright, visible emission. When a colloidal QD ensemble is 

monodisperse, the resulting PL can be very narrow. For example, emission linewidths of 

25 nm are typical for CdSe QDs while QD nanoplatelets may have linewidths closer to 10 

nm. Despite the narrow emission, the absorbing region of most QDs remains quite broad 

and is generally very strong below 450 nm, making it straightforward to optically excite 

the QDs.  

 

An important figure of merit often used to quantify the quality of QDs synthesized for 

their photoluminescent properties is the quantum yield (QY) of the QD emitters, defined  

 
Figure 1.2: (a) Schematic comparing a bulk semiconductor band structure to that of 

QD nanocrystals. (b) An example of colloidal QD nanocrystals in solution. 
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as:  

𝑄𝑌 =  
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
    (1.1) 

where 𝑘𝑛𝑟 is the nonradiative recombination rate and 𝑘𝑟 is the radiative recombination rate 

of generated excitons. When colloidal QDs were first studied, their structure consisted only 

of the emitting semiconducting nanocrystal and surrounding organic ligands. It was soon 

realized, however, that organically passivated QDs had low fluorescence quantum yield 

due to surface related trap states. Now, QDs often possess core/shell heterostructures made 

up of materials such as CdSe/ZnS or CdSe/CdS. The addition of a semiconductor shell 

greatly improves the optical properties of the dots by passivating the surface and protecting 

against photo-oxidation and bleaching and will be discussed in further detail in Chapter 

2.9 For the CdSe/CdS based materials discussed here, QYs over 70% in solution can be 

readily obtained, and values near unity have also been reported.10  

1.2.  Commercial Quantum Dot Applications 

Part of the driving factor for solid-state QD research is the promise that QDs show in 

a variety of commercial application. QDs are increasingly being used for photovoltaics and 

medical device applications (Figure 1.3). However, the most established, commercial QD 

 

Figure 1.3: (a) Summary of the global QD Market in 2018. Data from Frost and 

Sullivan. (b) QD Sensor from InVisage Technologies. (c) Hisense ULED TV featuring 

QDs from Nanosys and 3M. 
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applications are technologies that utilize the bright, tunable emission properties. These 

includes devices for solid-state lighting and color displays. Both of these applications 

greatly benefit from the ability of QDs to produce more monochromatic primary colors  

(red, green, blue) compared to fluorescent phosphor molecules.11 This property allows 

ultrawide color gamuts to be achieved through additive mixing and is crucial for display 

technology as it allows the correlated color temperature of white lighting devices to be 

easily tailored while reducing heat generation.12–14 In addition, colloidal QDs are solution-

processable, allowing them to be incorporated into flexible, light-weight systems.15 

While raw QD materials are promising, problems develop when they are 

incorporated into devices. Currently, many types of core/shell QDs have high quantum 

yield values near unity while in solution. When cast as a film however, charging and 

quenching effects become more pronounced and the quantum yield is lowered, sometimes 

by up to an order of magnitude.16 In addition to the quantum yield, an import figure of 

merit for solid-state devices is the quantum efficiency.17–19 A large problem for LEDs in 

general is that large amounts of light are trapped within the device due to total internal 

reflection. External quantum efficiency (EQE) for photoluminescent materials is defined 

as the ratio of photons emitted by the device in the viewing direction to the number of 

photons injected. EQE only considers the photons that are successfully outcoupled out of 

the device. Internal quantum efficiency (IQE) on the other hand is defined as the ratio of 

the total number photons produced to the injected electrons or photons. These quantities 

highlight how emission efficiency can be improved by either increasing the quantity of 

photons produced in the system or by increasing the outcoupling of these generated 

photons.  

To make QDs viable for displays and solid-state lighting, understanding the optical 

properties of QD films is necessary. Previous to our research, ways to further predict and 

improve the emission properties in QD solids was difficult without time and material 

intensive fabrication because of the lack of refractive index information for QD composite 

materials. The complex refractive index relates to the propagation and absorption of light 

within a material. When this information is coupled with modeling tools such as finite 

difference time domain simulations, the electric field profiles within the material can be 
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mapped and ways to enhance the absorption and emission properties can be tested prior to 

device fabrication. While some studies used refractive index information extracted from 

ellipsometry measurements, many others simply described QD materials using the bulk 

refractive index. The use of bulk data is a poor representation of neat QD films because it 

does not account for properties arising from quantum confinement. Further, QD films are 

composite materials consisting of QDs, ligands, and void space. In other composite 

materials effective medium approximations are used to model small inclusions in a 

surrounding matrix. However, prior to our work, it was uncertain if these approximations 

would lead to reasonable estimations for QD materials with high loading fractions and 

quantum confined inclusions, limiting the use of this tool. To address these issues, part of 

our research focused on demonstrating a way to extract the refractive index information of 

QD materials from solution measurements and test if effective medium approximations can 

be used for composites of quantum confined materials with high loading fractions. 

1.3. Quantum Dots for Nanophotonics 

Colloidal QDs are useful not only for device applications, but also for nanophotonic 

studies that explore novel optical properties at the nanoscale. In these studies, nanoscale 

patterning of luminescent materials is required to study unique subwavelength optical 

phenomena. For example, nanoscale features can concentrate electromagnetic fields into 

subwavelength volumes to enhance light-matter interactions or modulate electromagnetic 

fields to change far-field directionality.20–22 Quantum dots (QDs) are a particularly 

interesting material for subwavelength nanophotonic studies due to their narrow, tunable 

emission bandwidth.2,9 QD structures can be used as nanoscale sensors to experimentally 

probe local electric fields, or as near-field light sources to allow coupling of light into 

electromagnetic modes such as metallic surface plasmon polaritons that cannot be accessed 

directly with traditional light sources.23–28 Further, structuring QD materials in the solid-

state may also allow enhanced outcoupling of radiation or give rise to unique metasurface 

functionalities, such as super-absorbing films.29–33 The ability to precisely place different 

kinds of QD emitters next to each other may also lead to greater understanding of their 

energy transfer and exciton dynamics.34  



6 

 

There are a number of ways to pattern QD solids. However, many of these methods 

cannot achieve patterns with dimensions less than several hundred nanometers. Further, 

many methods can only pattern monolayers of QDs or result in delicate patterns that cannot 

withstand further processing. In our work we chose to explore direct electron beam 

lithography to pattern QD solids by chemically linking the QD through their native organic 

ligands. This method not only is promising for nanophotonics, it also creates a 3D, 

chemically linked, QD network, something that is not achieved in most other patterning 

methods.  

Additionally, as in studies of QD films used for device application, accurate 

measurements the refractive index of the QD solid is crucial to understanding how light 

propagation and electric field magnitudes can be manipulated in QD patterns. This is 

especially true when the solid has dimensions at the nanoscale as edge effects may change 

the behavior of the material in ways that are hard to probe experimentally.  

1.4.  Thesis Overview 

While QDs are being increasingly adopted for use in optoelectronic devices and 

nanophotonic studies, many properties of these materials remains unclear. In the following 

discussion we aim to shed light on two key areas. First, we explore the optical properties 

of QD solids by extracting the complex refractive index of QD films. Next, we demonstrate 

how colloidal QD solids can be patterned at the nanoscale using direct write electron beam 

lithography and show how QDs can be integrated in nanophotonic designs for basic optical 

studies that may lead to improved emission in commercial devices.  

Specifically, in Chapter 2, the details of colloidal QD synthesis will be discussed 

and the use of a heat-up synthesis route to produce CdSe QD cores will be motivated. The 

benefits of core/shell QD heterostructures will summarized and the synthetic procedure to 

tune the thickness of a CdS shell on CdSe cores will be described. The recent synthesis of 

CdSe nanoplatelets with extremely narrow excitonic features and the general function of 

QD ligands will also be discussed. 

In Chapter 3, the process of taking QDs from the solution state to the solid-state will 

be discussed. This will include a section on the differences evident in QD materials going 
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from dilute liquid dispersion to concentrated, neat films. We will also outline how neat QD 

films can be fabricated and further modified through solid-state ligand exchange and ligand 

crosslinking.  

In Chapter 4, the complex index of refraction will be defined. Spectroscopic 

ellipsometry measurements and associated dispersion models used for data extraction will 

be discussed. The difficulty inherent in measuring composite systems will be summarized 

and the Bruggeman and Maxwell-Garnett effective medium approximations will be 

specified. Using this information, we will show that the intrinsic refractive index of neat 

CdSe/CdS QDs can be extracted from solution-state absorption data. We then show how 

this information can be used with effective medium approximations to describe the 

effective refractive index of QD films associated with a variety of QD sizes and packing 

fractions. Our predictions are verified experimentally by spectroscopic ellipsometry. With 

our modeling tool, we show that packing variations between QD films can be better 

understood and the absorption in solid-state QD structures can predicted from solution-

state measurements. 

In Chapter 5, we will address the need for accurate nanoscale patterning of QD 

solids. We show that direct electron beam lithography of QDs is a straightforward 

patterning process that does not require ligand exchange and results in structures that retain 

bright photoluminescence. We demonstrate that feature sizes as narrow as 30 nm with 

many QD layers can be patterned. Combining our nanofabrication technique with the 

ability to measure the refractive index of the QD pattern, we further model the absorption 

and scattering cross sections of our QD structures at various sizes and shapes. These 

simulations reveal that edge effects arising from the finite shape of the QD nanostructure 

lead to substantial absorption enhancement when compared to an equivalent volume region 

taken from a continuous QD film.  

Finally, in Chapter 6 we will present promising areas for continued solid-state 

colloidal QD studies and give a summary of the work discussed. 
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Chapter 2 – Colloidal Quantum Dot Synthesis 

Colloidal quantum dots have been synthesized for over 30 years.35 Initial synthetic 

methods largely used a methodology known as hot injection, where nanocrystal nucleation 

is induced by the rapid combination of chemical reagents at high temperatures. This 

method was developed from studies by La Mer and Dinegar in the 1950s that showed that, 

to produce monodisperse colloids, the nucleation and growth stages of the colloid must be 

temporally separated.36,37 They found that when one reagent is rapidly injected into a 

heated reaction mixture an initial period of supersaturation leads to a short nucleation 

phase, decreasing the solute concentration. Once the concentration falls below the 

nucleation threshold, a controlled growth phase occurs (Figure 2.1). The initial size 

distribution is largely determined by the time to fully inject and mix the added precursor. 

As the growth step proceeds, the nanocrystal size can become further focused. In colloidal 

QDs, the growth phase after hot-injection generally exhibits Ostwald ripening. This refers 

 

Figure 2.1: Depiction of (a) the nucleation and growth phases over time during the 

hot injection method of QDs synthesis. (b) Example of a typical setup used for air free 

hot injection. Taken from Murray et al. 2000.37 
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to a mechanism where the high surface energy of the smallest nanocrystals in solution 

encourages their dissolution in the solvent, allowing the material to be recycled and used 

in the growth of larger crystals. As the reaction time goes on, the average nanocrystal size 

increases. In the case of QDs, this also causes a reduction in the band gap of the material 

(approaching that of the bulk material), allowing the PL to be shifted to longer and longer 

wavelengths across the visible until the reaction is quenched through rapid cooling.  

 

 

 
Figure 2.2: (a) Example of CdSe QDs made via hot-injection with increasing 

growth time from 0 to 60 seconds. (b) Extinction of CdSe QDs showing the first 

excitonic peak increases as growth time and QD diameter increase. (c) Examples of 

the variation in 3 separate attempts to make identical QDs using a 60 second 

growth time. 

 

 



10 

 

Initial QDs made in our lab utilized the hot-injection methodology as shown in Figure 

2.2a. These CdSe QDs were made following the procedures from Chen et al. and 

Manthiram et al.10,38 While the QD size was able be tuned such that the CdSe QD emission 

could vary throughout the visible spectrum (Figure 2.2b), repeatability and scale-up were 

difficult; the monodispersed nature of the colloidal nanocrystal formation depends heavily 

on the initial nucleation phase and control of the precursor injection is crucial. In a small 

scale syntheses, where the total volume of solution is on order of 10s of milliliters, the 

injection of the precursor can be done rapidly, distributed evenly and quickly, and done 

without drastically cooling the growth solution before quenching is desired. However, this 

hot-injection model does not scale well. At larger volumes the mixing time becomes slower 

and less predictable, scale dependent cooling rates change the reaction product, and 

reliability becomes less achievable. Even at small scales, where monodisperse QDs can be 

more readily produced, there can be significant batch to batch size variation depending of 

the growth quenching conditions (Figure 2.2c). 

These aspects of QD synthesis must be considered even at laboratory scales, especially 

when trying to create neat films from concentrated solutions. Generally, hot-injection 

procedures for CdSe QDs are written at scales that can produce around 50 mg of product.10 

To create neat QDs films, as discussed further in Chapter 3, solutions with concentrations 

of at least 10 mg/mL of solvent are needed and for thicker films concentrations closer to 

50 mg/mL may be required. This means that a typical hot-injection results in between 1 

mL and 5 mL of useable solution at best. Even for small substrates, this makes it difficult 

to explore QD film properties in a controlled manner as very few films can be made with 

a single QD batch. For these reasons, other synthetic strategies were explored for solid-

state QD experiments. 

2.1.  The Heat-up Synthesis of CdSe Quantum Dots 

While hot-injection synthetic methods excel at allowing the diameter of QDs to be 

easily varied by tuning the reaction time, they do not lend themselves to studies where 

larger scales of identical QDs are need for controlled, repeatable study. For this reason, 

other synthetic routes were explored. An alternative QD synthetic method that has emerged 
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is the heat-up (or non-injection) technique.39 Instead of relying on a rapid injection on one 

of the chemical precursors to achieve separation of QD nucleation and growth, heat-up 

methods rely on carefully selected precursors whose reactivity can be controlled by 

heating. In heat-up methods, all reagents are mixed in the reaction flask at the beginning 

of the synthesis. In this initial period of the synthesis, the monomers that are require for the 

nucleation are either bound to ligands or part of a larger complex that prohibits or lowers 

their reactivity. Upon heating, the precursors are transformed into free monomers and can 

begin to nucleate. The precursors are highly temperature sensitive and generally the 

nucleation rate, and therefore supersaturation levels of the monomers, increase as 

temperature is increased. Once nucleation begins, it is governed by classical nucleation 

theory and is highly dependent on the surface and volume free energy contributions.40  

For CdSe QDs, we used a method initially developed by Cao et al. They showed that 

cadmium myristate had a decomposition temperature around 226 °C and selenium dioxide 

can be reduced by the solvent 1-octadecene (1-ODE) to its active form.41–43 Once both of 

these processes occur, generally above 240 °C, supersaturation is reached and nucleation 

begins. Oleic acid is added after sufficient growth of the CdSe nanocrystals to prevent 

aggregation. Cao et al. found that limited Ostwald ripening is seen in this synthesis as the 

solubility of the selenium precursor, even at high temperatures is low. Generally this 

procedure produces CdSe QDs with emission around 570 nm and diameters of 4 nm. While 

the procedure can produce consistent, high quality CdSe QDs, it is more difficult to tune 

the nanocrystal size as the chemical reactivity must be tuned. In general, longer chain 

cadmium complexes (e.g. cadmium behenic) lower the reactivity, creating more nuclei and 

slowing the growth rate of the QDs, resulting in smaller QD diameters. Shorter cadmium 

complexes lead to fewer nuclei, faster growth and larger QD diameters.42 

The heat-up method was adopted in our lab to create high quality 4 nm diameter zinc-

blende CdSe QDs in a more repeatable manner than what was achieved through hot-

injection. Using this method, scale-up from 50 mg to 5 g has been achieved by members 

of our lab (Figure 2.3). Since initial testing, many high-quality CdSe QD batches have 

been synthesized with nearly identical optical properties. For the neat film studies 

discussed in Chapter 4 and 5, a 500 mg (10x) scale was typically used as it allows several 
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films to be made from a given QD batch, but does not result in a total volume that becomes 

unwieldy for lab scale cleaning and processing. The full process is as follows: 

Chemicals: Cadmium nitrate tetrahydrate (98%, Sigma Aldrich), myristic acid 

(98%, Acros Organics), sodium hydroxide pellets (98.9%, Fisher Chemicals), selenium 

dioxide (99.8%, Acros Organics), oleic acid (tech. grade 90%, Alfa Aesar), and 1-

octadecene (90%, Acros Organics) were all purchased from the stated vendor and used 

without further purification. Cadmium myristate was prepared on a multi-gram scale 

according to the method reported by Chen and co-workers.42 Toluene (anhydrous, Alfa 

Aesar) and methyl acetate (anhydrous, Sigma Aldrich) were further treated with 3 Å 

molecule sieves in a nitrogen-filled glovebox for at least 24 hours prior to use to help 

eliminate adsorbed moisture that could determinately affect the CdSe QY.  

Procedure: Zincblende CdSe QDs with oleic acid capping ligands were synthesized 

at a 10x scale using methods reported previously with minor modifications.42 Briefly, 1-

octadecene (63 mL), cadmium myristate (570 mg) and selenium dioxide (110 mg) were 

added to a 100 mL 3-neck round bottom flask and degassed at 90 ℃ for 1 hour. During this 

period the Cd-myristate was allowed to dissolve completely into the 1-ODE solution, 

improving the degassing effectiveness and raising the QY of the final QD product. After 1 

 

Figure 2.3: Results of heat-up synthesis of CdSe QDs at 1x, 10x, and 100x scales. 

100x synthesis and image by Dr. Mayank Puri. 
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hour, the reaction mixture was heated to 240 ℃ to induce nucleation. Once a dark red color 

was achieved, 1 mL of oleic acid was slowly added to the solution. The reaction was 

allowed to proceed for 15 minutes and then cooled to room temperature for purification by 

centrifugation in methyl acetate in an air-free environment. The precipitate was dispersed 

in toluene, cleaned again, and the resulting CdSe QD supernatant was dispersed in 

anhydrous solvent and stored in a glovebox until use. 

Characterization of the nanoparticles was done using UV-vis spectroscopy and PL 

measurements to estimate the size distribution of the final product. Select samples were 

also characterized with TEM and QY measurements. For monodispersed batches of CdSe 

QDs, the excitonic peak generally showed a full width half maximum value of 25 nm based 

of fitting to a Gaussian distribution. 

UV-visible Spectroscopy Procedure: UV-vis spectroscopy experiments were 

carried out using a 1.0 cm quartz cuvette containing either a dilute solution of CdSe in or 

CdSe/CdS QDs in hexane or octane solvent. The UV-vis spectroscopy measurements were 

carried out with either an Agilent Cary 5000 or Cary 7000 UV-Vis-NIR spectrometer at 

room temperature.  

Transmission Electron Microscopy Procedure: TEM samples were prepared by 

dropcasting a dilute solution of CdSe or CdSe/CdS QDs dispersed in toluene, hexane, or 

octane onto a 300 mesh copper TEM grid supplied by Ted Pella, Inc. TEM experiments 

were run on a Tecnai T12 microscope at an operating voltage of 120 kV. Sizing of the 

nanoparticles was carried out using the PEBBLES software44 and images were produced 

using ImageJ software.  

2.2.  Shelling of CdSe Cores 

Once CdSe QDs are synthesized, they can be used alone or further synthetic 

procedures can be used to epitaxially add a shell of another semiconducting material. CdSe 

QDs on their own generally have QY values less than 50% because the surface atoms are 

uncoordinated, introducing trap states and making the QD susceptible to photo-oxidation. 

Heterostructures such as core/shell QDs are well suited to nanophotonic applications 

because the passivation of surface bonds greatly improves the quantum yield 
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photoluminescence stability. The choice of shell material for a given core material is 

dependent on lattice mismatch and the band offset between the materials. Common 

materials used for the shelling of CdSe QDs are listed in Table 2.1. The choice of shell 

material is dependent on both the lattice mismatch between materials and the desired band 

offset, type-I or type-II (Figure 2.4).9,45  

Table 2.1: Summary of Common Materials Used to Shell CdSe QDs 

 

Type I core/shell heterostructures are formed by coating the core QDs with a larger 

band gap material such that the band gap of the core lies entirely within the gap of the other 

(Figure 2.4b). This enables confinement of both the electron and hole charge carriers 

within the core. This structure is generally used in systems where optical properties are 

prioritized. The isolation of the charge carriers to the core material means that the optically 

active core is isolated from the environment and better protected from conditions such as 

oxidation and photodegredation. CdSe/ZnS is a well-studied example of this type of 

heterostructure. Generally type-I heterostructures only show a slight redshift between the 

core and core/shell material (on the order of 5-10 nm) as the exciton wave function has 

very little leakage into the shell region.  

Type II core/shell heterostructures are formed by coating the core QDs with a smaller 

band gap material such that the band of the shell material is offset from the core (Figure 

2.4b). The staggered band alignment means that the effective bandgap of the 

heterostructure is smaller than either the core or shell material alone. There is also reduced 

overlap between the electron and hole charge carriers. These materials show a substantial 

Semiconductor Lattice Constant (Å) Lattice Mismatch Band Alignment 

CdSe (zb) 6.050 -- --- 

CdS 5.832 3.6% Quasi-Type-II 

CdTe 6.482 7.1% Type-II 

ZnSe 5.668 6.3% Type-I 

ZnS 5.420 10.4% Type-I 

ZnTe 6.101 0.8% Type-II 
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redshift of the emission as the thickness of the shell material is increased. Further, the 

absorption onset and emission onset in these materials can become offset (Stokes shift), 

reducing the possibility of reabsorption. These properties make type-II structures very 

useful for IR applications and QD-based photovoltaics. 

 

For the studies detailed in Chapter 4 and 5, CdS was chosen as the shell material for 

CdSe. CdSe/CdS heterostructures fall into a less common band structure category called a 

quasi-type-II band structure. Here, the band gap of the CdS shell material is not wide 

enough to fully confine both the electron and hole wavefunctions of CdSe; the electron can 

move freely across the core and shell regions, but the hole is confined to the CdSe core 

because of the substantial valence band offset. Despite the incomplete wavefunction 

isolation, high PL QYs of over 99% have been observed for such CdSe/CdS systems.46 

CdS was chosen because of the low lattice mismatch with CdSe and the high QY of 

CdSe/CdS heterostructures. 

CdSe/CdS core/shell particles were prepared following a synthetic method reported 

by Pu et al.47 The procedure utilizes a single precursor and thermal cycling to do grow the 

CdS shell in a controlled manner.48,49 To grow a shell material on a QD core, a SILAR 

(successive ionic layer adsorption and reaction) reaction is often used. The SILAR method 

helps to prevent isolated nucleation and growth of the shell material, CdS in this case, by 

introducing the anionic and cationic precursors of the shell materials in separated 

injections. For thick shells, this can end up being a very long process as two injections 

 

Figure 2.4: Band alignment in core/shell QD heterostructures. Adapted from Donegá, 

2010.45 
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(separated by a significant growth time) are needed for every monolayer of shell material 

added. By using a single precursor, the reaction time and synthesis complexity can be 

reduced significantly. The decomposition of the precursor, cadmium diethyl-

dithiocarbamate (Cd(DDTC)2) is shown in Figure 2.5b. 

Thermal cycling is used to help ensure uniform growth of the CdSe/CdS QDs. By 

injecting the Cd(DDTC)2 into the growth solution at a reduced temperature of 80 °C, a 

homogeneous distribution of the precursor monomers prior to growth could be achieved, 

allowing the monomers sufficient time to be adsorbed onto the surface of the existing 

nanocrystals in the solution prior to the growth step at 160 °C.49 Pu et al. later showed that 

a final surface treatment to remove surface traps formed by the presence of hydrogen 

sulfide gas created after decomposition of the precursor could greatly improve the final QY 

of the QDs.47 The CdSe/CdS synthesis details are as follows: 

 

 

Figure 2.5: Schematic showing shelling process (a) and (b) the decomposition of 

Cd(DDTC)2 to form the CdS monomer units. (c) Absorption and (d) emission 

measurements of a series of CdSe/CdS QDs made for solid-state study using this 

approach. Initial synthesis by Dr. Mayank Puri. 

Increasing CdS shell thickness
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Chemicals: Cadmium diethyldithiocarbamate (Cd(DDTC)2) was synthesized 

according to Nan et al.50 Acetonitrile (99.5%, Sigma Aldrich), dodecane (99%, Sigma 

Aldrich), oleylamine (99%, Sigma Aldrich), cadmium chloride (99.9%, Sigma Aldrich), 

cadmium acetate dehydrate (Cd(Ac)2·2H2O, 98%, Sigma Aldrich), and sodium 

diethyldithiocarbamate trihydrate (NaDDTC·3H2O, ACS reagent grade, Sigma Aldrich) 

were all purchased from the stated vendor and used without further purification.  

Procedure: The synthetic procedure from Pu et al. was followed with minor 

modifications to include a 4:1 molar ratio of cadmium diethyldithiocarbamate to cadmium 

oleate for core/shell QDs of all shell thicknesses, rather than just for those with eight or 

more monolayers of CdS as stated in the original procedure.47 Additionally, a final surface 

treatment of cadmium chloride, rather than cadmium formate, was used to passivate the 

QD surface. To carry out this treatment, cadmium chloride was dissolved in octylamine 

and injected via syringe into the reaction mixture at 50 °C under nitrogen. The QD solution 

was then allowed to stir for 5 minutes at which point it was cooled to room temperature, 

transferred to a glovebox for purification, and then dispersed in octane. Using this method, 

the shell thickness could be tuned from 1 to 10 monolayers by changing the number of 

precursor injections. UV-vis and TEM measurements were performed as described in 

Section 2.1. The resulting QDs were monodisperse and had high QYs (Figure 2.5c and 

2.5d). 

For the study carried out in Chapter 4, the same batch of CdSe QDs was used for all 

CdSe/CdS QDs created in order to accurately compare the characteristics of both CdSe QD 

films and various CdSe/CdS core/shell QD films. To achieved this we synthesized a single, 

5-gram batch of CdSe core nanocrystals using the non-injection method described in 

Section 2.1.42,47 This single batch of CdSe core nanocrystals was then subsequently used 

for preparing CdSe/CdS QDs of varying CdS shell thickness, where CdSe/XCdS represents 

a batch of CdSe/CdS core/shell QDs with a X monolayer CdS shell thickness.  

For the study in Chapter 5, CdSe/CdS QDs with shells between 3 and 4 monolayers 

were used. This helped to ensure a high optical density in the film while also protecting the 

CdSe material from some of the quenching effects of the electron beam patterning process. 



18 

 

2.3.  CdSe Nanoplatelets 

Another quantum confined material that has been explored is CdSe nanoplatelets. In 

these nanoparticles, the material is only confined in one direction, allowing them to behave 

like quantum wells. They have ultra-narrow emission linewidths thanks to the atomic 

thickness control, fast radiative transition rates, and anisotropic emission properties.51–53 

Further, they can show strong coupling efficiency because the orientation of the 

nanoplatelet can control the transition dipole orientation relative to its surroundings.54,55  

The growth of CdSe nanoplatelets generally requires the use of an acetate salt that 

encourages the lateral growth of the nanoplatelets. Nucleation occurs within the first few 

minutes of the reaction. After ~2 nm diameter CdSe seeds are achieved, a short-chain 

Cd(carboxylate)2 such as cadmium-acetate is added to encourage platelet formation. The 

nanoplatelet’s atomic thickness can be modified by changing the addition temperature. The 

lateral size can also be tuned by changing the reaction time after the addition of 

Cd(carboxylate)2.
56 Without the Cd(carboxylate)2 addition, quantum dots and other shapes 

form instead of the desired nanplatelets. The addition of a short-chain carboxylate has been 

studied and found to enable the replacement of long chain Cd-precursor with short chain 

precursor. This lowers the solubility of the Cd-based precursors in the solvent, causing the 

phase separation of short chain precursors. In these phase separated droplets, CdSe 

nanoplatelets form, revealing growth occurs in an island-nucleation-limited growth 

regime.57 Diffusion-limited growth regimes lead to dot formation. 

 

To synthesize CdSe nanoplatelet materials a synthetic procedure was adopted from 

Pelton et al. with minor modification.58 1-octadecene (15 mL) and cadmium myristate (170 

mg) were mixed in a 50 mL 3-neck round-bottom flask. The reaction flask was placed 

under vacuum, slowly heated to 90 °C, and degassed briefly until bubbling had mostly 

subsided. The reaction mixture was then cooled to room temperature and placed under 

nitrogen. 12 mg of Se powder was added to the flask and the mixture was again degassed 

at 90 °C for 30 min. At this point the mixture became slightly cloudy and light gray in 

color. During the degas time, a Cd-acetate slurry was prepared by mixing 400 mg Cd-
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acetate with 2 mL of 1-ODE and sonicating till there were no large clumps. The slurry 

formation is recommended over other literature procedures that use finely ground Cd-

acetate directly as it allows the injection of the precursor without removal of the septa cap 

at elevated temperature and lowers the risk of powder exposure. After the reaction flask 

has been degassed, the temperature was set to 240 °C and rapidly heated under nitrogen to 

190 °C. The solution appeared black initially, but as the reactants dissolve at elevate 

temperature it became transparent. At ~190 °C, once the solution was orange in color, 0.2 

mL of the prepared Cd-acetate slurry was rapidly injected. The solution was allowed to 

continue to heat and the color became red as the particle growth continued. Upon reaching 

240 °C, the particles were allowed to react for a final 5 minutes. Time can be adjusted 

depending on desired lateral size desired. Afterwards, the reaction mixture was rapidly 

cooled with an air gun to 70 °C. At 70 °C, a solution of 2 mL oleic acid dispersed in 10 mL 

of hexane was injected.  

 

To separate CdSe nanoplatelets from CdSe QDs and other unreacted products, the 

solution was transferred to a centrifuge tube and 30% by volume ethanol was added. The 

mixture was then vortexed and centrifuged at 6000 RPM for 15 minutes. This step allows 

the larger, less soluble nanoplatelets to crash out of solution. The red/orange supernatant 

which contains QDs was then discarded and the solid nanoplatelet pellet was redispersed 

 

Figure 2.6: (a) Absorption properties of CdSe nanoplatelets showing 10 nm FWHM. 

(b) TEM micrograph of platelets. 
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in hexane. The hexane solution was vortexed and cleaned again at 6000 RPM for 10 min. 

After the final cleaning step, the precipitate was discarded and the supernatant containing 

the nanoplatelets was filtered using a 0.2 um PTFE syringe filter before use. The resulting 

absorption data of the CdSe nanoplatelets is shown in Figure 2.6. 

2.4.  Quantum Dot Ligands 

The ligands attached to colloidal QDs play a key role in the stability and optical 

properties of the material in both solution and solid-state. In the course of the QD synthesis 

itself, the ligands can act as surfactants, solvents, and/or reducing agents.59,60 The binding 

efficiency of the ligands onto the growing nanocrystal surface can tune the final crystal 

structure and shape. The polarity of the functional groups on the ligand tails dictate the 

solubility of the final QD product. Additionally, the ligands help passivate the dangling 

bonds at the surface of the QD and can be used to improve and tune the optical and 

electronic properties of individual QDs and neat QD films.61  

Ligands used in nanoparticle synthesis are generally classified as either L, X, or Z 

type (Figure 2.7).62 A L-type ligand is a neutral ligands that can bind to cationic metal sites 

on the surface of the nanoparticle. Examples include phosphines, phosphine oxides, or 

amines. These ligands do not necessary need to be negatively charged to bind to positively 

charged sites as they generally have a lone electron pair that can participate in binding. X-

type ligands are classified as anionic ligands and have a negative charge. Examples include 

the halides, pseudohalides, or deprotontated carboxylic acid (known as carboxylates) or 

deprotonated thiols (known as thiolates). These ligands will bind to positively-charged 

atoms on the surface of the nanoparticles like Cd2+ sites in the case of CdSe QDs. X-type 

ligands also include ones that are bound as an ion-pair. The last type of ligand is a Z-type 

ligand. These act as electron acceptors. Examples include metal compounds like CdCl2, 

CdBr2 or cadmium carboxylates such as Cd(oleate)2. Instead of binding to the cationic sites 

on the surface of the nanocrystal, they will bind to the anionic sites on the surface, such as 

selenide or sulfide.  

In many cases one may desire to change the nature of the native ligands initially on 

the QD surface. For example, many biological applications require water soluble QDs with 
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polar ligands.63 Other optical applications that incorporate QDs into polymers matrices 

require ligands that mix well with the host material to prevent aggregation and unwanted 

scattering.64 Additionally, when QDs are cast as neat films, as further discussed in Chapter 

3.2, the length of the QD ligands will dictate the QD to QD spacing. For optoelectronic 

applications, it can therefore be advantageous to exchange the long, native ligands with 

shorter organic or even inorganic ones that help improve the charge conduction within the 

QD film.65 QD ligands can even tune the electronic properties of individual QDs by 

changing the band structure of the material.61 Ligand exchanges can be done in either 

solution or in the solid-state. 

During the ligand exchange process the bonding type and strength of the ligands 

involved must be considered in addition to solvent miscibility. Generally exchanging a 

ligand for another of the same type is fairly straightforward and can be achieved by 

suspending the QDs in a solution with an excess of the desired ligand molecule. In the case 

of X-type ligands, this occurs through the replacement of the anionic ligand molecule. In 

the case of L-type ligands, this occurs through the replacement of the neutral ligand 

molecule. In the case of Z-type ligands, the exchange occurs through the replacement of 

the neutral metal-ligand complex. An example of a Z-type ligand exchange is when a metal 

 

Figure 2.7: Scheme of ligand binding types, X, Z, and L. Adapted from Anderson et 

al. (2013).66  
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salt such as CdCl2 is added to the QD solution replace a neutral metal salt on the surface 

of the CdS, such as Cd-carboxylate.66  

In mixed ligand exchanges, the chemistry is more complex. In these cases an 

asymmetric exchange occurs, which can change the stoichiometry of the QD. This can 

occur during both intentional ligand exchange steps and during subsequent cleaning of the 

QD materials in anti-solvents such as methanol. In these systems the L-type ligand 

molecule, such as a primary amine, can bind to the surface of the nanoparticle and help 

dissociate a Z-type ligand, such as a cadmium carboxylate salt. This results in the etching 

of the QD surface as a metal-ligand complex can be lost. The way the QD cleaning steps 

are preformed can influence the final QD ligand coverage and resulting QD film 

properties.67  

In addition to understanding the binding mechanism of QD ligands, the binding 

strength must also be considered. Coordination chemistry principles can be used to 

determine which ligands would bind favorably to which metal centers. In this scheme, 

metal centers can be classified as either soft or hard acids or bases. Here, acids refers to the 

cationic metal centers (Lewis acids) and bases refer to Lewis bases or the ligands binding 

to the nanoparticle surface. Hard acids are ions or molecules that are small in size, generally 

high in charge and are difficult to polarize. In contrast, soft acids or bases are larger in size, 

have lower charges and are easier to polarize.68 Generally the greater the oxidation state, 

the smaller the ion or atom (hard) whereas the lower the oxidation state, the larger the ion 

or atom (soft). Harder acids prefer harder bases and softer acids prefer softer bases. This 

concept explains why thiolates, which are soft bases, bind strongly to gold and Cd2+ sites, 

soft acids. It also explains why carboxylates, which are hard bases, bind weakly to gold 

and Cd2+ sites.  

As discussed further in Chapter 3.2, these aspects of QD synthesis and ligand 

chemistry must be considered during the creation of neat QD films as the size dispersion, 

shell material, and passivating ligands can have dramatic effects on both the initial casting 

of the QD material, the optical properties of the QD films, and the subsequent processing 

and patterning of QD solids. 
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Chapter 3 – Quantum Dots in the Solid-State 

The active element in nearly all QD devices will not be isolated QDs, but their 

macroscopic, solid ensemble. In contrast to bulk materials, nanocrystal materials grant the 

ability to tune both the electronic and optical properties of the individual QDs, their matrix, 

and the QD spacing and organization in the solid-state. These abilities result in great 

freedom in device design, but also introduce greater complexity in fabrication and 

characterization. As discussed in Chapter 2, the QDs themselves can be made from single 

or multicomponent materials in a variety of shapes, including dots, rods, and tetramers, 

depending on the structure of the underlying crystal lattice.69 The choice of core and shell 

material gives control over the confinement of the electron and hole wave functions, 

introducing additional device functionality.9,70 For example, the QD absorption and 

emission overlap can be tuned to best suit the device of interest, helping to prevent 

reabsorption losses.71  

The behavior of nanoparticle ensembles not only depends on the individual QDs, 

but also on the electronic and optical communication between the nanoparticles. For this 

reason, the choice of ligands becomes of great importance for solid-state applications. In 

solution, the ligands serve to direct the chemical synthesis and to impart desired solubility 

properties. In the solid-state, the ligands additionally dictate the interparticle medium and 

the QD packing density, allowing them to strongly influence the separation distances and 

excitonic properties of the final material.  

3.1.  Solid-State Quantum Dot Films 

3.1.1. QDs in Encapsulate Matrices 

The QD-solid system that behaves most similarly to how QDs dispersions in solvents 

behave is the case of small amounts of QDs in an encapsulating matrix such as polymers, 

sol-gels, or glass.64,72,73 The matrix material can give a variety of structural benefits to the 

QD layer, including increased resistance to photo-oxidation and greater mechanical 

stability. To understand the optical properties of these composite systems, the refractive 
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index can generally be treated as the index of the matrix itself except for cases with high 

QD loading fractions. Generally the matrix of these systems is nonconductive, making this 

strategy unsuitable for electronic applications. Instead, they show promise in optically 

pumped applications such as luminescent solar concentrators or as luminophores for 

optically pumped LEDs (Chapter 1).15 While these mixtures are dilute enough that the 

QDs themselves are electronically isolated from one another when they are evenly 

distributed, a steep drop in quantum yield relative to the solution state is seen. Studies 

comparing giant QDs to thin shelled QDs have shown that large parts of the quenching 

observed is due to self-reabsorption of the QD emission due to small Stokes-shifts.74 

Therefore, while increased QD density does result in higher optical density, part of this 

benefit is negated by the increased self-absorption.  

3.1.2.  Neat Quantum Dot Films 

The dependence of solid-state properties on the QD synthesis and processing is 

further heightened in neat QD films. Similar to the case of QDs encapsulated in a solid 

matrix, neat QDs also show substantial drops in quantum yields relative to the solution 

state. While reabsorption plays some role in this decrease, for neat QD films the individual 

particles are close enough that the strength of interparticle interactions can also become 

significant.14,75–77 These interactions are strongly dependent on the QD separation which is 

dictated in large part by the QD ligand length. While colloidal QDs are generally 

synthesized with long-chain organic ligands, these can be replaced with more compact, 

shorter-chain organic or inorganic ligands through ligand exchange methods.62 These 

shorter-chain ligands are often desirable because they can increase the optical density of 

the QD film and dramatically improve charge transport within the solid.78 The QD film 

packing pattern also influences the solid’s final properties. The packing style depends on 

the QD deposition method and size dispersity between the QDs; QD solids have been 

shown to exhibit short-range order, producing a glassy solid, or long-range order creating 

superlattices.75,79 Both cases may be used within electronic and optoelectronic devices, 

with each case possessing their own unique properties. The research described here focuses 

entirely on neat QD films. 
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3.2.  Film Deposition Methods 

3.2.1. Processing Tools and Film Deposition  

There are a number of ways to cast neat films of QDs. The method of choice largely 

depends on the desired packing of the films and the particular requirements of the final 

device. The most common techniques will be summarized here briefly. While other 

techniques, such as Langmuir–Blodgett deposition, do exist, they generally are not well 

suited to depositing multiple layers of neat QD nanocrystals without additives and so are 

outside the scope of the applications explored here. 

Drop casting is a simple method to deposit QDs onto a target substrate. Further, it 

can generate close-packed QD films through evaporative self-assembly. Generally drop 

casting is carried out by casting drops of a QD solution onto the substrate of interest and 

allowing it to dry fully. Further layers can then be slowly added. Through careful control 

of drying rates, superlattice QD structures can be achieved.37 While this method is 

straightforward and requires no specialized equipment, it is difficult to control the overall 

uniformity and thickness of the final QD film, especially if several nanocrystal layers are 

desired. Because of the strong dependence on the solvent drying rate, the process suffers 

from coffee-ring effects where the edge thickness is generally thicker than the center area.80  

Table 3.1: Summary of Film-Forming Techniques for Neat Colloidal QD Films  

Type Waste Uniformity 
Roll-to-roll 

continuous process 

Drop Casting Little Low No 

Spin Coating Significant High No 

Dip Coating Little Moderate Yes 

Spray Coating Little High Yes 

 

Another evaporative driven method to obtain uniform films for lab-scale applications 

is spin-casting. In this method, a colloidal QD solution is added to a substrate and the 

substrate is spun, accelerating to a final speed using a spin coater. The acceleration step 

pushes excess solvent off the substrate, leaving a concentrated QD coating on the surface. 
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Further spinning allows any residual solvent to be evaporated from the film. This method 

is widely used as it generally produces thin, uniform coatings in a repeatable manner. While 

the method is simple and repeatable, it is also wastes large amounts of material during the 

spinning process and it is difficult to achieve uniform results on patterned substrates.81 

Dip coating is another common method for QD film fabrication. During dip coating 

a substrate is immersed in a QD dispersion and then withdrawn. Here, the QDs are adsorbed 

on the substrate surface during dispersion and are further built up during the withdrawal 

process as the solvent drying line recedes.82 Dip coating of QDs can be done by hand,83 but 

more repeatable results are achieved through the use of dip coater devices. These devices 

can precisely control the rate of submersion, the hold time, and the rate of retraction of the 

substrate of interest. These parameters all influence the final thickness and uniformity of 

the QD film. Compared to spin coating, dip coating requires a larger initial volume (enough 

to almost fully submerse the substrate), but wastes much less material and is more 

adaptable to large scale roll-to-roll processes. It also can give a more conformal coating 

over patterned substrates.84  

 

 

Figure 3.1: Examples of QD (red) coating methods on Si substrates (gray). 
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Another method of casting neat QD films is spray coating deposition.85 Spray 

coating is carried out by aerosolizing the colloidal QD dispersion into fine droplets that can 

then be deposited on a substrate followed by quick solvent evaporation to ensure film 

uniformity. Generally the viscosity of the colloidal dispersion must be low for spray 

coating, making it amenable to neat films where the QDs are initially suspended in water 

or solvent rather than in a more viscous ink. Spray coating is especially well suited to 

coating uneven surfaces.81 However, spray coating requires specialized equipment, 

especially for toxic dispersions, and was not tried in the course of the projects discussed in 

this document.  

For the CdSe/CdS QDs primarily explore here, drop casting, spin coating and dip 

coating were explored for QDs in dispersions of hexane and octane. Examples of neat 

CdSe/CdS films with native ligands made with each method are shown in Figure 3.1. We 

found that, as expected, drop casting produced thick but very uneven films unsuitable for 

further optical study. Dip coating and spin coating of the QDs both produced much more 

uniform QD films. However, our QDs are produced on a scale that gives us approximately 

15 ml of usable solution at concentrations (ranging from ~10 to 40 mg/ml) needed for good 

film formation. Scale up of the QD synthesis can be done, but is difficult due to the large 

volumes of solvent required and the time needed to clean the CdSe QDs in an air-free 

environment. Because of these limitations, it was found that the volume of QD solution 

required to cover a 1” x 1” substrate with our dip coating setup was difficult to obtain, even 

with specialized solution containers used to minimize the needed volume for dipping. As 

a result, spin coating was chosen as it requires very little (~0.3 mL) of QD solution to 

achieve full, uniform substrate coverage.  

Additional testing was done to determine ideal conditions for uniform QD film spin 

coating. It was found that there can be significant batch to batch variation in how well the 

QD dispersions coat the substrates of interest. This is attributed to differences in ligand 

coverage on the QDs, most likely exacerbated by slight differences in the centrifugation 

cleaning step done on each batch (Chapter 2.4). Figure 3.2(a) shows the film variation 

present within a given batch of CdSe/3CdS QDs. The figure includes dark field images of 

the QD films before and after electron beam patterning. Under each image the 
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concentration, percentage of hexane in the solvent, and the final spin-cast film thickness, 

(measured by ellipsometry), are given. As shown, increasing the QD concentration in 

solution leads to thicker films and allows a wider range of film thicknesses to be achieved 

compared to changing the final spin speed alone. The concentrations given were obtained 

by drying the QD dispersion under vacuum and includes the weight of the inorganic QDs 

and their attached ligands. Varied spin accelerations have not been extensively studied in 

this project. For the films pictured, a ramp rate of 500 and final speed of 2000 rpm held for 

60 seconds was used. Films between 25 and 200 nm have been achieved in a single casting 

step by tuning the QD concentration and solvent. The hexane to octane ratio can also be 

used to tune the evaporation rate and final morphology of the QD films to some extent. 

 

Figure 3.2: (a) Dark field images of 5 QD films before (top) and after (bottom) QD 

patterning process. Conditions listed include QD concentration, the ratio of 

hexane:octane used, and as-cast film thickness.*Additional ligand treatment was 

performed. (b) SEM image of QD nanopatterns made from a scattering film and 

smooth film in the leftmost and rightmost position of panel (a) respectively. 
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Generally, films made with 100% hexane show macroscale waviness because of the rapid 

evaporation. For films with a given concertation of QDs, adding a larger percentage of 

hexane relative to octane leads to thicker films as the solvent evaporates more quickly in 

the acceleration step, before the excess can be pushed of the edges. Additionally, in Figure 

3.2, the rightmost QD film created was created by adding 3% each by volume of oleylamine 

and octylamine to better functionalize and disperse the QDs. After 3 hours the QD 

dispersion was recleaned in methyl acetate at 6000 rpm for 3 minutes (the supernatant was 

optically clear) and dispersed in a 1:1 mix of hexane and octane for immediate use. The 

resulting film was nearly defect free, indicating that the ligand functionalization of the QD 

dispersion may play a large role in film morphology as well and warrants further 

investigation. QD film morphology is important not only to ensure high QD packing and 

refractive index values, but also to ensure high QD patterning fidelity (Figure 3.2(b)) after 

patterning as discussed further in Chapter 5. 

3.2.2. Solid-State Ligand Exchange 

All of the discussed deposition methods can be used to fabricate a QD film with 

either native or solution exchanged ligands (typically long chain molecules such as oleic 

acid or oleylamine) in a single deposition step or can be used in a cyclical manner to build 

up film thickness through solid-state ligand exchange methods. Similar in mechanism to 

solution state ligand exchange (Chapter 2.4), solid-state ligand exchange is generally used 

to functionalize QDs with short ligands, either organic or inorganic in nature. Because of 

their short nature, these ligands lead to denser packing of the QDs in the solid-state and 

also limit the solubility of the QDs in solution. This solubility limitation is beneficial when 

films over 200 nm are desired as this is generally difficult to achieve these thicknesses with 

a single deposition step using methods such as dip coating or spin coating. In these systems, 

additional attempts to add QD materials result in the redispersion of the initial QD layer as 

the solubility of the QD nanocrystals in the film remain unchanged.  

In solid-state ligand exchange, the QDs are treated with a dilute ligand solution 

using an orthogonal solvent from the ones in which the QDs were initially dispersed in. 

This ligand treatment allows the ligands of the solid QD film to be exchanged, changing 
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the QD solubility properties between subsequent QD deposition steps and preventing them 

from being washed away. The exchange process allows film thickness to be built up in a 

controllable manner by changing the number of deposition cycles. However, the change 

from long to short ligands also leads to film contraction, cracking and increased disorder 

in the packing of the QD nanocrystals.86  

 Solid-state ligand exchange processes are largely driven by the needs of 

electrically pumped systems such as QD photovoltaics.65 These systems not only desire 

densely packed QD films, but also require minimal organic content in the final QD films 

to improve film conductivity. Initial studies were often performed with Pb-based QDs and 

ligands such as 1,2-ethanedithiol (EDT) and, later, 3-mercaptopropionic acid (3-MPA).87,88 

More recently, short inorganic ligands such as ammonium thiocyanate (NH4SCN) and 

metal halide molecules are increasingly being used to improve QD film conductivity.89,90 

Some of the most common halide ligands include tetrabutylammonium iodide (TBAI), and 

methylammonium iodide (MAI). While theses solid-state ligand exchange processes have 

led to continual improvements for QD solar cells, the exchange process often leads to 

dramatic PL quenching of the QD materials. Further, these processes are optimized for Pb-

based QDs capped with relatively weakly binding oleic acid ligands (Chapter 2.4). We 

have found that attempting these exchange methods with CdSe/CdS QDs that are brightly 

photoluminescent in the visible is not straightforward and, while successful attempts can 

lead to dense QD films, it is generally at the expense of the optical properties.  

For the study of the complex refractive index of QD films in Chapter 4, a solid-

state ligand exchange process was used, despite diminished PL properties, to understand 

the refractive index QD films with short ligands and higher inorganic packing fractions. 

For neat, densely packed CdSe and CdSe/CdS QD films, a variety of short ligands were 

explored for solid-state ligand exchange including 3-MPA, NH4SCN and TBAI. Initial 

tests were performed in solution to understand how the ligand exchange would affect PL 

of the QDs. It was found that both core and core/shell QDs had their PL quenched nearly 

completely when NH4SCN ligands were used to replace the native alkyl chain ligands. For 

both 3-MPA and TBAI, the QDs remained somewhat emissive though the 3-MPA treated 

ligands retained greater PL than the TBAI ones. Both treatments were next tried in the 
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solid-state. It was found that 3-MPA gave much more uniform and dense films than those 

with TBAI. This resulted in a much higher refractive index value in 3-MPA treated films 

(Figure 3.3). As a result 3-MPA was chosen for further solid-state ligand exchange 

procedures, with a processes adapted from A. J. Labelle et al.84  

Using the 3-MPA solid-state ligand exchange procedure, CdSe and CdSe/CdS films 

were spin cast in the following manner (Figure 3.4). CdSe/CdS quantum dots were 

dispersed in small amounts of octane and filtered using a 0.2 μm polytetrafluoroethylene 

(PTFE) syringe filter. The QDs were first deposited onto a substrate that had been 

pretreated with a dilute 3-MPA solution. The substrate was then spun at 2000 rpm for 30 

seconds. Next, freshly mixed 3-mercaptopropionic acid (MPA), at a concentration of 1% 

 

Figure 3.3: Refractive index values, measured by ellipsometry, of QD films made 

with identical QDs (CdSe/2CdS), but different ligand treatments. TBAI treatment 

led to much more inhomogeneous films, possibly because of incomplete ligand 

exchange. 
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v/v in acetonitrile, was deposited onto the film and allowed to sit for 15 seconds to facilitate 

the solid-state exchange. After this time, the sample was spun, again at 2000 rpm, for 15 

seconds. Finally, the QD film was rinsed twice with pure acetonitrile by spinning at 2000 

rpm for 10 seconds each to remove excess 3-MPA ligands. This process was repeated 3-5 

times until the desired QD film thickness was achieved. Fourier-transform infrared 

spectroscopy (FTIR) results before and after solid-state ligand exchange support loss of the 

native ligands and introduction of the new 3-MPA ligands onto the surface of the QDs 

(Figure 3.5).  

This process was used for the project described in Chapter 4 with a variety of QDs 

including CdSe, CdSe/2CdS, CdSe/4CdS and CdSe/6CdS materials. It was found that 

thicker shelled QDs often suffered from delamination during the solid-state ligand 

 

Figure 3.4: Schematic of solid-state ligand exchange between native QD ligands and 

3-MPA ligands. (a) shows the process flow while (b) shows a simplified schematic of 

the ligand exchange occurring in the film. 
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exchange cycles. This is attributed to the different binding nature of the oleylamine and 

octylamine ligands (L-type) compared to the thiol group of 3-MPA (Chapter 2.4). As a 

result, we believe that thicker shelled QDs (which we believe had higher percentages of 

the amine functionalized ligands due to the shelling synthetic process) were more difficult 

to use with the solid-state exchange process. Ideas for improved solid-state ligand exchange 

of QDs functionalized by primary amines are given in Chapter 6.1. 

3.3.  Ligand Crosslinking in Quantum Dot Solids 

In addition to solid-state ligand exchange methods, other treatments can be done to 

change the chemistry of QD ligands in the solid-state. An area that is particularly 

interesting is the ability to chemically link solid films of colloidal materials. Here, we are 

primarily interested in radiation induced crosslinking rather than chemical induced 

processes. As shown in Chapter 5, exposing the QDs and their native ligands to ionizing 

radiation such as a stream of electrons can induce crosslinking of the QD material in a way 

that can be used to precisely pattern nanoscale systems.  

 

Figure 3.5: Offset FTIR traces showing vibrational peaks of neat QD films. A film 

with CdSe QDs and native oleic acid ligands is shown in black. This same CdSe QD 

film is also shown after solid-state ligand exchange to 3-MPA (blue) and is also 

compared to QD core/shell films with CdS thickness of either 2 (green), 4 (yellow), or 

6 (red) monolayers of CdS around the CdSe core. Taken in attenuated total reflection 

(ATR) mode. 
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Many parallels can be drawn between the crosslinking of the long chain organic 

ligands present on many colloidal QDs, the crosslinking of self-assembled monolayers of 

organic molecules, and the crosslinking of polymer materials. Electron beam irradiation is 

a commonly used method in industry to process polymer systems.91 For industrial 

applications, materials such as polyethylene are exposed to electrons over a relatively large 

area using particle accelerators to encourage cross-linking and improve mechanical 

stability for applications such as heat-shrink films and insulating wire sheaths.92 This same 

process can be carried out at the nanoscale with extreme precision by using electron beam 

lithography systems. In both cases, the generated primary electrons are directed towards 

the material of interest where they are capable of generating ions, radicals, and excited 

molecules as they penetrate the solid. For QD systems, this process changes the solubility 

properties of the QDs through crosslinking of the QD ligands, chemically linking them and 

allowing solid-state nanoscale features to remain after simple liftoff treatments of the QD 

films. Additionally, the cross-linking process allows the QDs to maintain the passivation 

the ligands provide while creating a robust QD solid that will not delaminate with further 

solvent exposure or fabrication processing. Further mechanistic details are given in 

Chapter 6.4.  
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Chapter 4 – The Complex Refractive Index of 

Quantum Dot Materials 

4.1.  Introduction 

With the increasing demand for solid-state QD devices, comes the need to accurately 

predict how light propagates through and interacts with these devices by characterizing the 

complex refractive index of QD materials across the visible spectrum. The complex 

refractive index is a fundamental physical property that dictates how light interacts with 

and propagates through a material. It determines the focusing power of lenses, the 

dispersive power of prisms, the reflectivity of coatings, and the light-guiding nature of 

waveguides. Once the refractive index of a material is characterized, the optical properties 

of the material can be modeled using tools such as finite difference time domain 

simulations to solve Maxwell’s equations. Applications that require this knowledge include 

the design of QD lasers and gain media,93 the prediction of photovoltaic device 

performance including calculations of exciton generation rates and quantum 

efficiencies,94,95 nanophotonic designs for absorption enhancement or light guiding,96–98 

and interference engineering for improved photovoltaics and color filters.99 For many 

materials, the values of the refractive index vary as a function of the wavelength of light, a 

property known as dispersion. 

The complex refractive index, �̃�, of a material is closely related to the relative 

permittivity (sometimes also referred to as the dielectric constant), 𝜀�̃� , of a material by: 

�̃�2 = (𝑛 + 𝑖𝑘)2 = 𝜀�̃� = 𝜀𝑅𝑒 + 𝑖𝜀𝐼𝑚𝑔    (4.1.1) 

where 𝜀𝑅𝑒 is the real part of the complex permittivity and 𝜀𝐼𝑚𝑔 is the imaginary portion. 

The permittivity of a material is a measure of the degree of electrical polarization a material 

experiences after exposure to an external electric field. The relative permittivity defines the 

permittivity of a material relative to that of vacuum. 

The real (n) and imaginary (k) portions of the complex refractive index are related 

by the Kramers-Kronig relation. The relationship is derived by requiring that a material 
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cannot respond to an applied electric field before the field has been applied and gives the 

following integral:  

𝜀𝑅𝑒 = 𝜀∞ +  
2

𝜋
∫

𝐸′𝜀𝐼𝑚(𝐸′)

𝐸′2
−𝐸2

 𝑑𝐸′∞

0
    (4.1.2) 

Here E is energy and 𝜀∞ is the value of 𝜀𝐼𝑚(∞). 

4.1.1. Overview of Spectroscopic Ellipsometry 

Experimentally, the refractive index of a material is typically obtained through 

variable-angle spectroscopic ellipsometry. Spectroscopic ellipsometry measures the 

change in polarization of incident electromagnetic radiation after it interacts with the 

material structure of interest. The polarization change is quantified by the amplitude ratio, 

Ψ, and the phase difference, Δ. The signal depends on the thickness as well as the material 

properties. These parameters can then be related to the ratio of the Fresnel reflection 

coefficients for p and s polarized light by: 

𝜌 =
𝑅𝑝

𝑅𝑠
= tan (Ψ )𝑒𝑖𝛥     (4.1.3) 

After measurements are taken to obtain Ψ and Δ, a dispersion model must be chosen in 

order to fit the measured data and extract the refractive index of the sample being studied. 

Because the refractive index is not obtained directly, the choice of an appropriate 

dispersion model is very important to properly represent the system over the desired 

wavelength range. These models generally have a tradeoff between simplicity and physical 

accuracy. For optical models to be physically realistic, they must show Kramers-Kronig 

consistency, as defined previously. Some of the most common models are as follows: 

 

Cauchy Model: 

𝑛(𝜆) = A +  
𝐵

𝜆2
+ 

𝐶

𝜆4
 + …    (4.1.4) 

The Cauchy model is empirical and is often a good choice in the transparent regions 

of a material. However, in absorbing regions it can produce unphysical results as it is not 

Kramers-Kronig consistent. The dimensionless ‘A’ term describes the asymptotic index 

value as wavelength approaches infinity. ‘B’ (nm2) and ‘C’ (nm4) affect the slope of the 
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dispersion relation. This simple model is often used to estimate as material’s thickness from 

data obtain in a nonabsorbing region before the refractive index values are fully defined. 

Lorentz Oscillator Model: 

𝜀𝑅𝑒_𝐿𝑜𝑟𝑒𝑛𝑡𝑧 =  
𝐴∗𝐸𝑐

𝐸𝑐
2−𝐸2−𝑖∗𝐵∗𝐸

     (4.1.5) 

 This model is useful for metals and semiconductors at energies greater than the 

bandgap energy. It is based on a physical model of bound charges oscillating in response 

to an electromagnetic field, much like the classical case of a mass on a spring. The electron 

vibrations are modeled as a damped harmonic oscillator. The solution to this model and 

the incorporation of the polarizability gives equ. (4.1.5) above once the appropriate 

boundary conditions are applied and the model is simplified in terms of amplitude (A), 

broadening (B), and center energy (Ec) in eV. 

 

Sellmeier: 

   𝜀𝑅𝑒_𝑆𝑒𝑙𝑙𝑒𝑚𝑒𝑖𝑒𝑟 =
𝐴∗𝐸𝑐

𝐸𝑐
2−𝐸2          (4.1.6) 

The Sellmeier model is another model that can be used to describe the nonabsorbing 

region of a material’s dispersion function. In contrast to the Cauchy model, the Sellmeier 

model is Kramers-Kronig consistent. The Sellmeier function is the equivalent of a Lorentz 

oscillator with zero broadening (B=0) and only affects the real part of the permittivity 

(𝜀𝑅𝑒). Physically, the Sellmeier model describes a material as a collection of atoms whose 

electron clouds are displaced by the oscillating electric field of incident light. The resulting 

oscillating atomic dipoles have a resonant frequency, but no absorption (broadening). 

 

Drude Oscillator Model:  

     𝜀𝑅𝑒_𝐷𝑟𝑢𝑑𝑒 =  
−𝐴∗𝐵

𝐸2+𝑖∗𝐵∗𝐸
           (4.1.7) 

In this model, free charges are modeled as oscillating under the influence of the 

electric field with no restoring force. As such, this model is generally used to describe 

metals and conducting materials and it can be thought of as a zero energy Lorentz oscillator. 

In the Drude model, when the oscillation frequency is less than the plasma frequency, the 

optical constants will be complex as the electric field cannot penetrate the material. When 
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the oscillation frequency is greater than the plasma frequency, the metal becomes almost 

transparent and the imaginary refractive index is very small. A and B are in units of eV. 

 

Tauc-Lorentz: 

The Tauc-Lorentz model was developed to provide a dispersion equation that 

accounts for the bandgap of materials. Close to the band edge, the absorption of the Tauc-

Lorentz equation follows a Tauc law formula: 

(𝐸𝑛𝛼)1/𝑟 = 𝐴(𝐸 − 𝐸𝑔)       (4.1.8) 

where Eg is the band gap energy, E is the photon energy and α is the absorption coefficient 

of the material. The value of the exponent r denotes the nature of the transition. r is 1/2 for 

direct allowed transitions, 3/2 for direct forbidden transitions, 2 for indirect allowed 

transitions, or 3 for indirect forbidden transitions. For direct band gap materials, Tauc’s 

Law can be rewritten as: 

𝜀𝐼𝑚_𝑇𝑎𝑢𝑐 =
𝐴𝑇𝑎𝑢𝑐 

(𝐸−𝐸𝑔)
2

𝐸2     (4.1.9) 

Combining Tauc’s Law and the Lorentz oscillator model gives:  

  𝜀𝐼𝑚_𝑇𝐿 =
𝐴 𝐸𝑐 𝐶 (𝐸−𝐸𝑔)

2

(𝐸2−𝐸𝑐
2)2+𝐶2𝐸2 ∗

1

𝐸
        (𝐸 > 𝐸𝑔)   (4.1.10) 

             𝜀𝐼𝑚_𝑇𝐿 = 0                                     (𝐸 ≤ 𝐸𝑔)  

with a Kramers-Kronig consistent line shape for 𝜀𝑅𝑒. 

 

Gaussian: 

 𝜀𝐼𝑚 =  Ae−(
𝐸−𝐸𝑐

𝜎
)

2

− 𝐴𝑒−(
𝐸+𝐸𝑐

𝜎
)

2

   (4.1.11) 

𝜎 =
𝐵

2√ln (2)
       

 The Gaussian model produces a Gaussian line shape for the imaginary part of the 

permittivity 𝜀𝐼𝑚 with a Kramers-Kronig consistent line shape for 𝜀𝑅𝑒. This model is ideal 

for systems with ensembles of oscillators, such as quantum dots. 
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4.2.  Motivation: The Refractive Index of Composite QD Films  

Measuring QD films is difficult because they are composite systems of inorganic 

core/shell materials and the surrounding organic ligands. Furthermore, both the QD film 

morphology and the complex refractive index vary due to particle size, ligand chain length, 

and the deposition process. Heterogeneous media are usually modeled macroscopically by 

using effective medium approximations (EMAs). There are several mathematical 

expressions available to represent different configurations of the composite material. The 

two most common are the Maxwell-Garnett and Bruggeman models.100 

In the Maxwell-Garnett model, it is assumed that spherical inclusions are well 

separated within a host matrix, as is generally used to describe composites with low 

inclusion volume fractions (Figure 4.1a). For QD systems, Maxwell-Garnett model is 

given by:101  

�̃� −�̃�𝑠

�̃� +2�̃�𝑠 

= 𝑓𝑄𝐷
�̃�𝑄𝐷−�̃�𝑠 

�̃�𝑄𝐷+2�̃�𝑠 

    (4.2.1) 

where 𝑓𝑄𝐷 is the volume fractions of QDs and 𝜀�̃�𝐷, 𝜀�̃�, and 𝜀̃ are the complex permittivity 

functions for the QDs, the surroundings (i.e. ligands and void space), and the overall 

composite respectively. The second model followed the two component Bruggeman form 

given by:102,103 

𝑓𝑄𝐷
�̃�𝑄𝐷−�̃� 

�̃�𝑄𝐷+2�̃� 
+ 𝑓𝑠

�̃�𝑠−�̃� 

�̃�𝑠+2�̃� 
= 0    (4.2.2) 

where 𝑓𝑠 is the volume fraction of the surroundings. The Bruggeman model makes no 

distinction between the inclusions and the surroundings and instead treats them 

symmetrically (Figure 4.1b). It is often used when the inclusion volume fraction is high.  

Prior to our study, it was unclear what, if any, EMA models should be used for 

quantum dot films as previous studies on QD films have either been extended only to very 

dilute solids or applied at low frequencies.73,104 Effective complex refractive index 

measurements of QD films using oscillator models, however, had been made. Law et al. 

measured the effective complex refractive index of neat PbSe QD films to determine the 

quantum efficiency of QD solar cells.95 More recently, Diroll et al. used spectroscopic 

ellipsometry to characterize neat quantum dot films of CdSe and PbS, and showed how 
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different QD ligands and film annealing can lead to dramatic changes in the complex 

refractive index function.105 For neat QD films, we chose to explore both Maxwell-Garnett 

and Bruggeman models because, while neat QDs films do have a relatively high packing 

fraction, they also have inclusions that are well separated and therefore not fully 

interchangeable with the surroundings. Further, for randomly packed materials, there is 

evidence that the Maxwell-Garnett model remains accurate up packing fractions of 40%.106 

4.3.  Determination of the Refractive Index of QD Solids 

4.3.1. Materials and Methods 

In order to accurately compare the characteristics of both CdSe QD films and 

various CdSe/CdS core/shell QD films, we synthesized a single, 5-gram batch of CdSe core 

nanocrystals using a non-injection method.42,47 This single batch of CdSe core nanocrystals 

was then subsequently used for preparing CdSe/CdS QDs of varying CdS shell thickness, 

 

Figure 4.1: (a) and (b) depict two microstructures for heterogeneous two-phase 

media; (c) and (d) show the corresponding random unit cells used to derive the 

effective dielectric permeability within the Maxwell-Garnett and Bruggeman theories. 

Taken from Niklasson et al., 1981.100 
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where CdSe/XCdS represents a batch of CdSe/CdS core/shell QDs with a X monolayer CdS 

shell thickness. Based on UV-Vis absorption and TEM size fitting using PEBBLES 

software,44,107 the diameters of the QD nanocrystals were determined. It was found that the 

CdS shell thickness ranged from approximately 2 monolayers to 6 monolayers surrounding 

4 nm diameter CdSe cores (Figure 4.2(a)). Extinction and PL measurements were taken 

for CdSe and CdSe/XCdS nanocrystals, confirming that the QDs all show narrow size 

 

Figure 4.2: (a) Histogram of CdSe and CdSe/CdS QD sizes as determined by TEM 

micrographs as shown. TEM scale bar is 20 nm in all micrographs. (b) Normalized 

photoluminescence (PL) emission spectra of the QDs in solution. (c) Extinction 

measurements of the QDs in solution, normalized to the 1st excitonic peak. Insert is 

scaled so that the first excitonic features are more easily seen. Both PL data and 

extinction show a redshift as the CdSe QDs (blue) are coated with additional layers of 

CdS, either 2 (green), 4 (yellow), or 6 (red) monolayers. 
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dispersity, consistent with TEM data (Figure 4.2 (b) and (c)). As expected, a redshift is 

observed between the CdSe core’s first-excitonic feature at 572 nm and the CdSe/XCdS 

core-shell first-excitonic features at 591 nm, 613 nm, and 618 nm for CdSe/2CdS, 

CdSe/4CdS and CdSe/6CdS nanocrystals, respectively, due to increasing delocalization of 

the CdSe electron wave function.9  

 For this study, quantum dot films were spin-coated onto an Al2O3-coated Si 

substrate. A 20 nm Al2O3 layer was deposited on Si via atomic layer deposition at 150°C 

and was found to improve the wetting of the QD solution. Buildup of QD film thickness 

was achieved by using a solid-state ligand exchange procedure, as discussed in Chapter 

3.2. Both 3-MPA and TBAI treatments were compared, however, because 3-MPA gave 

smoother, denser QD films, it was chosen for all further studies (Chapter 3.2). Solid-state 

treatment with 3-MPA via both dip-coating and spin-coating was tried. However, dip 

 

Figure 4.3: Refractive index values, measured by ellipsometry, of QD films made with 

identical QDs (CdSe/6CdS), but with different deposition methods. 
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coating was found to give poor, non-uniform deposition resulting in low QD density and 

an associated low refractive index values (Figure 4.3). Further testing and larger initial QD 

dispersion volumes may lead to improved dip-coating deposition of the QD material, 

however, for this study spin-casting was chosen for film fabrication. The solid-state ligand 

exchange process, as describe previously, was repeated 3-5 times until the desired QD film 

thickness was achieved.  

TEM samples were prepared as discussed in Chapter 2 by dropcasting a dilute 

solution of CdSe or CdSe/CdS QDs dispersed in toluene or octane onto a 300 mesh copper 

TEM grid supplied by Ted Pella, Inc. For the CdSe/4CdS and CdSe/6CdS, the nanocrystal 

shapes took on slightly prolate characteristics. To size these particles, TEM micrographs 

were fit to ellipsoidal shapes and the long axis was used to estimate the CdS monolayer 

thickness.  

4.3.2. Ellipsometry of QD Films 

As discussed in detail in Section 4.1, spectroscopic ellipsometry allows accurate 

measurement of the effective refractive index at high nanoparticle concentrations, when 

the QDs are in close proximity. This is accomplished by measuring the spectral reflectivity 

of a sample, which can then be used to construct a Kramers-Kronig consistent dispersion 

model. Spectroscopic ellipsometry measurements were all taken in reflection mode on a 

J.A. Woollam Vase ellipsometer. Data was collected at a minimum of four angles (60°, 

65°, 70°, 75°) from 350 nm to 1000 nm using dynamic averaging and zone average 

polarization measurement settings. Characterization of the bare Al2O3 coated Si substrate 

was performed first, followed by characterization of the QD film. Three or more different 

locations were sampled on each QD film. Reflectance data was described with Kramers-

Kronig consistent dispersion models. The raw ellipsometry data measured from a neat 

CdSe film is given in Figure 4.4 and compares the very slight difference at different point 

on the same film.  

To model the experimental reflectivity data and extract the effective complex 

refractive index, the spectral data was split into two regimes. At low energies, where 

absorption is negligible (750 nm to 1000 nm), a Sellmeier fit was initially used. This 
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allowed the QD film thickness, with an initial guess given by AFM or profilometry data, 

to be refined as the imaginary portion of the permittivity was negligible in the region. 

Thickness variation between the initial guess and the final ellipsometry model generally 

varied by 5 nm or less. After the transparent region was fit, the QD film thickness was fixed 

and the wavelength range was slowly expanded so that spectral features above the bandgap 

energy could be fit using Kramers-Kronig consistent dispersion models. Gaussian 

oscillators were chosen to describe the absorption features in the visible region, as they 

 

Figure 4.4: Experimentally measured reflectivity data as taken by spectroscopic 

ellipsometry on a CdSe/2CdS film at four different angles (60, 65, 70, and 75 degrees 

corresponding to the blue, green, yellow, and red lines respectively). Three separate 

regions were sampled on the same film. Overlayed on the experimental data is the 

modeled reflectivity data (dashed gray line) as predicted from our dispersion model. 

Little difference in thickness was seen at the 3 different regions (ranged from 25.8 nm 

to 28 nm for the CdSe/2CdS film above). For each region, only the thickness was 

adjusted in the dispersion model, not any of the oscillator contributions, and thus the 

final refractive index of the film did not change significantly within the same film. 
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better describe the slight polydispersity present in the QD ensemble and any resulting 

inhomogeneous line-broadening compared to Lorentz oscillators. In the UV region of the 

spectrum, past the measured range, further high energy features were grouped together and 

described by a Tauc-Lorentz oscillator. A Tauc-Lorentz oscillator was chosen as it 

accounts for the band gap of the QDs and prevents absorption contributions past the band 

gap. The final dispersion model for the neat CdSe QD film consisted of the sum of four 

individual oscillators as shown in Figure 4.5. For this dispersion model, the resulting 

mean-squared error (MSE) of the standard deviation between the measured and generated 

reflectivity data was 1.2. For the CdSe/CdS core/shell structures, a similar procedure was 

followed.  

 

4.3.3. The Intrinsic QD Refractive Index and the Applicability of EMA Models 

to QD Solids 

While spectroscopic ellipsometry measurements of the effective refractive index of 

neat QD films is a highly accurate way to characterize a specific QD film, it is difficult to 

extrapolate this information to describe QD films of different compositions made using 

varying deposition methods without performing additional spectroscopic ellipsometry 

measurements for each new film. Once the effective refractive index values of the CdSe 

 

Figure 4.5: (a) Raw reflectivity data and (b) a breakdown of the oscillators used to fit 

the raw ellipsometry data for QD films 
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QD film were obtained from the experimental spectroscopic ellipsometry measurements, 

we studied how well the solution-extracted intrinsic optical constants, when used in 

conjunction with an EMA, could recreate the measured effective refractive index values 

across the visible.  

By measuring the absorbance spectrum of dilute solutions of QD nanocrystals using 

a UV-Vis spectrometer, the intrinsic refractive index of isolated QD particles can be 

obtained in a manner similar to those reported elsewhere.7,8 In bulk materials, the 

absorption coefficient, α, is defined as  

𝛼(𝜆) =  
4𝜋𝑘(𝜆)

𝜆
    (4.3.1) 

where k is the imaginary portion of the refractive index of the nanocrystal. However, in a 

colloidal dispersion, the electric field within the inclusion will change based on the 

refractive index of its surroundings. For QD systems, the QD inclusion will generally have 

a higher refractive index than the surroundings. This leads to dielectric screening and a 

reduction in the local electric field inside the QD relative to the external electric field. As 

shown by Ricard et al., this screening can be accounted for by using the Maxwell-Garnett 

mixing rule and defining the absorption coefficient, μ, of spherical inclusions in solution 

over the wavelengths of interest, 𝜆, as:110,111 

𝜇(𝜆) =
2𝜋

𝜆𝑛𝑠
 |𝑓𝐿𝐹(𝜆)|2 𝜀𝐼𝑚(𝜆) =  

2𝜋

𝜆𝑛𝑠
 

9𝑛𝑠
4

(𝜀𝑅𝑒(𝜆)+2𝑛𝑠
2)2+𝜀𝐼𝑚(𝜆)2  𝜀𝐼𝑚(𝜆)   (4.3.2) 

Here, 𝑓𝐿𝐹 is the local field factor, ns is the refractive index of the surrounding, and 𝜀𝑅𝑒 and 

𝜀𝐼𝑚 are the real and imaginary permittivities of the suspended material. For CdSe QDs, it 

can be shown that, at wavelengths ≤ 350 nm, quantum confinement is weak and 𝜇 of the 

CdSe QDs in solution approaches that of bulk-like inclusions of CdSe in solution (i.e. the 

value of 𝜇 found by using the permittivity of bulk CdSe). This allows the absorbance of 

the CdSe QD solution to be appropriately scaled to give μ of the CdSe QDs in solution as 

a function of wavelength. Figure 4.6(a) compares μ(λ) of bulk CdSe found using equation  

(4.3.1) to that of CdSe QDs dispersed in toluene using equation (4.3.2) with 𝑛𝑠 of toluene 

taken as 1.5.112 Absorption coefficient values reported for use in zinc-blende CdSe QDs 

sizing are also shown and are in close agreement with our findings.113 The calculated 

function μ(λ) is dependent on both the real and imaginary permittivity of CdSe QDs and 
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therefore it is not straight forward to solve for each component separately. However, the 

real and imaginary permittivity must also uphold the Kramers-Kronig relation (Equation 

4.1.2). By using a gradient minimization process, the discrete form of the Kramers-Kronig 

relation,114 and fixing the imaginary permittivity values to those of bulk CdSe at 

wavelengths shorter than 350 nm, the real and imaginary values of the permittivity can be 

obtained through an iterative process adapted from those used elsewhere.7,8  

 

Figure 4.6: (a) Absorption coefficients as a function of wavelength for bulk zinc-

blende CdSe (grey) and for CdSe QDs in toluene as determined by the Maxwell-

Garnett mixing rule and accounting for field screening (blue). Also shown is a 

comparison of our effective CdSe QD absorption coefficient values to those of zinc-

blende CdSe QDs reported elsewhere (yellow).113 (b) The real (red) and imaginary 

(blue) portions of the CdSe QD permittivity found after extracting absorption 

coefficient data from solution measurements and performing a Kramers-Kronig 

iterative procedure are compared to those of bulk CdSe (grey). Bulk values were 

extracted from Ninomiya et al.119 
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To find both the real and imaginary permittivity of the CdSe QDs from the absorption 

coefficient function (Figure 4.6(b)), an iterative minimization process utilizing the 

Kramers-Kronig relation was used as follows. Once the values of the absorption coefficient 

of the CdSe QDs had already been determined, Equation 4.3.2 was rewritten it terms of 

the squared error between the solution values and those found by guessing the permittivity 

of the CdSe QDs, allowing the problem to become one of iterative error minimization:  

 𝑆𝑞𝑢𝑎𝑟𝑒𝑑 𝐸𝑟𝑟𝑜𝑟 = (
2𝜋

𝜆𝑛𝑠
 

9𝑛𝑠
4

(𝜀𝑅𝑒+2𝑛𝑠
2)2+𝜀𝐼𝑚

2  𝜀𝐼𝑚 −  𝜇𝑠𝑜𝑙𝑛)
2

  (4.3.3) 

For our initial guess, the bulk permittivity values of CdSe were used. At short wavelengths 

(< 350 nm) where the QD absorption coefficient had been solved using bulk permittivity 

values, the iteration process was stopped and the bulk permittivity values were fixed. For 

longer wavelengths, using a gradient minimization procedure, these bulk initial guesses 

produced new imaginary permittivity guesses that further minimized the error of the merit 

function above.  

To ensure every subsequent guess remained Kramers-Kronig consistent, we used the 

discrete form of the Kramers-Kronig integral to transform the new guess of the imaginary 

permittivity into the corresponding Kramers-Kronig consistent real permittivity function 

of the CdSe QDs. The details of this process and the basis of our transformation code is 

described in detail by Lucarini et al.114 As our bulk data only extended to 205 nm, an 𝜀∞ 

term was added to approximate the effect of other high energy features not accounted for 

in the Kramers-Kronig transform directly. The value of 𝜀∞ was found by taking the 

difference between Kramers-Kronig consistent permittivity value around 350 nm and that 

of the real permittivity of bulk CdSe at wavelengths just short of 350 nm. For CdSe this 

value was 2.4. This new Kramers-Kronig consistent set of functions was then used in the 

next iterative minimization step and this process was repeated until the difference in the 

permittivity found in successive iterations varied by less than 0.5% (Figure 4.7). Generally 

this was achieved in 5 to 10 iterative steps as shown in Figure 4.8. The resulting intrinsic 

permittivity values for our CdSe QDs after seven iterative steps are shown in Figure 4.6(b) 

along with values of bulk CdSe. Our permittivity values are consistent with those of zinc-

blende CdSe QDs previously reported.109  
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We chose to compare results for the two most common EMAs, the Maxwell-Garnett 

approximation and the Bruggeman approximation. In both models, rather than solving for 

𝜀̃, the effective permittivity of the composite, as is commonly done, we instead used the 

effective value of the complex permittivity found from spectroscopic ellipsometry (𝜀̃) and 

the solution-extracted intrinsic permittivity for 𝜀�̃�𝐷 to solve for the packing fraction of 

quantum dots in the film. As there was uncertainty in both the exact packing fraction of the 

QDs and in the refractive index of the surrounding material (ranging between of 1 for the 

case of complete void space and 1.49 in the case of fully 3-MPA ligand), we chose to 

 

Figure 4.7: Summary of iterative process 
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examine the case where the extinction coefficient (and resulting absorption coefficient) 

would exhibit the greatest underestimation. To do this, the theoretical minimum packing 

density of QDs was extracted by assuming that the surrounding medium was made up of 

entirely free 3-MPA ligands with a real refractive index, �̃�𝑠, of approximately 1.49, rather 

than void. This assumption produces a model where the values of the imaginary portion of 

the refractive index, to which only the inorganic QDs contribute, are at their lowest point 

relative to the real portion of the refractive index. The packing fraction of quantum dots in 

the film is obtained by fitting each EMA model to the non-absorbing portion of the 

effective permittivity found from spectroscopic ellipsometry, between 700 and 1000 nm. 

Using this method, the Maxwell-Garnett case predicted a 35% inorganic QD fraction while 

the Bruggeman model predicted 32%. Both results are similar to those predicted for glassy 

QD films as discussed below. The packing fraction found by applying this assumption is a 

lower bound that allows any absorption enhancement in film to be most easily seen.  

 

Figure 4.8: Graph showing the real and imaginary portions of the permittivity of 

CdSe cores as found through the iterative minimization process after 1, 3, 5 and 7 

steps. Also shown are the bulk permittivity values for CdSe, which were used as the 

initial guess in the iterative process. 

 

 



51 

 

 

Once the estimated packing fraction of QDs is known based on the fit in the 

nonabsorbing region, the EMA model is then applied across the entire spectral range, and 

the resulting EMA functions for n and k are compared to spectroscopic ellipsometry 

measurements. From Figures 4.9(a) and 4.9(b), it can be seen that the shape of the first 

excitonic peak and higher order peaks are well defined, and both the spectroscopic 

ellipsometry dispersion models and the solution extracted EMA models have similar 

feature shapes. A slight 2 nm blueshift of the excitonic features is observed in the 

spectroscopic ellipsometry data compared to the EMA models. We attribute this to slight 

etching of our particles after exposure to 3-MPA, as confirmed by UV-Vis measurements 

after solution state ligand exchange (Figure 4.10).  

 For the limiting case we study, the error in k when using the above EMA models is 

never greater than 20% when using the Bruggeman model or 13% in the Maxwell-Garnett 

case for any given wavelength. In contrast, absorbance enhancement by as much as 400% 

has been claimed previously for CdSe monolayers due to dipolar coupling.115 More recent 

spectroscopic ellipsometry studies of CdSe thin films predict more modest enhancements 

 

Figure 4.9: The real (a) and imaginary (b) effective refractive index of the CdSe QD 

films. The dashed line shows values extracted from the raw ellipsometry data shown 

in Figure 4.5(a) while the values in blue and red were found by combining intrinsic 

refractive index values for isolated QDs in solution with a Bruggeman or Maxwell-

Garnett EMA respectively using the packing fractions listed. 

   

(a) (b)
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in absorbance of 10% with an inorganic CdSe QD packing fraction of 27%.105 Absorption 

enhancement depends strongly on the film packing fraction, details of the ligand structure 

interdigitation, and QD polydispersity.116 In any case, our findings of, at most a 20%, 

increase in QD film absorption support observations of modest absorption enhancements 

at most in our particular films. Further understanding of ligand density between QDs may 

lead to more accurate descriptions of the QD surroundings, which could provide improved 

descriptions of the extinction coefficient of the ligand and refine the model. For example, 

we also chose to explore whether or not a global minimum in the difference between the 

ellipsometry data and the EMAs could be found when both the packing fraction of QDs 

and the surrounding refractive index (ranging from 1 to 1.49) were allowed to vary. For 

the Maxwell-Garnett model, the overall best agreement was found at a packing fraction of 

41% and a surrounding refractive index of 1.42 and very closely replicates the ellipsometry 

results (Figure 4.11). The Bruggeman model produced no such ideal case where both n 

and k closely followed ellipsometry data.  

 

Figure 4.10: Solution state UV-Vis measurements before (solid) and after (dashed) 3-

MPA ligand exchange. Prior to exchange, QDs were dispersed in either toluene or 

octane. After exchange, QDs were dispersed in dimethylformamide. 
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As a comparison case for the packing fraction results from the EMA models, a 

random-close packed hard spheres model (which assumes a 64% packing) was used. QD 

spacing due to the bound ligand shell was taken as 1.2 nm as measured via TEM. The 

random-close packed model was chosen because it has been shown to be a reasonable 

packing estimate for glassy films of CdSe QDs.37 It was found that the EMA predictions 

matched closely with the inorganic fraction given by the hard-sphere model, which predicts 

29% CdSe in the QD film. The EMA model also predicts packing fractions similar to those 

found for glassy QD films estimated elsewhere.116  

Next, neat core/shell CdSe/CdS films were studied using a similar method to that of 

the CdSe films. In contrast to the CdSe QDs, the absorption coefficient of CdSe/CdS 

core/shell particles is dependent not only on the refractive index of the surroundings, core 

and shell materials, but also on the volume ratio of the CdSe to CdS. We compared two 

 

Figure 4.11: Ellipsometry measurements compared to best-case Maxwell-Garnett 

EMA when both the packing fraction of QDs and the surrounding refractive index 

value were allowed to vary. Ideal case found when packing was taken as 41% CdSe 

and surrounding refractive index was 1.42. 
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methods to solve for the absorption coefficient of the core/shell nanocrystals. In the first 

case we used an expression for core/shell inclusions proposed by Neeves et al.:117 

  𝜇(𝜆) =
2𝜋

𝜆𝑛𝑠
𝐼𝑚 (3𝜀𝑠𝛽)     (4.3.4) 

     𝛽(𝜆) =  
�̃�𝑠ℎ(𝜆)�̃�𝑎−𝜀𝑠�̃�𝑏

�̃�𝑠ℎ(𝜆)�̃�𝑎+2𝜀𝑠�̃�𝑏
    

𝜀�̃�(𝜆) =  𝜀�̃� (3 − 2
𝑉𝑠ℎ

𝑉𝑄𝐷
) + 2𝜀�̃�ℎ  

𝑉𝑠ℎ

𝑉𝑄𝐷
 

𝜀�̃�(𝜆) =  𝜀�̃�ℎ (3 −
𝑉𝑠ℎ

𝑉𝑄𝐷
) + 𝜀�̃�  

𝑉𝑠ℎ

𝑉𝑄𝐷
 

where 𝜀�̃�, 𝜀�̃�ℎ, 𝜀�̃� and are the complex permittivities of the core, shell, and solvent materials 

and 
𝑉𝑠ℎ

𝑉𝑄𝐷
 is the ratio of the QD shell volume to that of the total QD volume, as determined 

by TEM sizing. This method takes into account dielectric screening of the CdSe core and 

makes solving for the absorption coefficient of the QDs more straight forward, but adds 

additional complexity to the iterative extraction method required to solve for the QD 

permittivity values. Because of the low refractive index contrast between the materials, we 

also treated the QDs as a single effective QD composite by applying Equation (4.3.2) as 

we had in the core QD case. For the core/shell materials, because both CdSe and CdS 

contribute to absorption at high energies, the absorbance cannot be scaled to a pure bulk 

component as it was with CdSe. Instead, the high energy CdSe/CdS composite was 

described using a Bruggeman two component model with relative volume fractions found 

by taking the volume of a 2, 4, or 6 monolayer CdS hollow sphere relative to the volume 

of a 4 nm diameter CdSe sphere, and bulk permittivities shown in Figure 4.12. Because 

the refractive index contrast is low, a Bruggeman EMA can accurately describe the bulk 

CdSe/CdS composite. It also takes into account dielectric screening of the CdSe at high 

energies. The core/shell particles were dispersed in octane for absorbance measurements, 

and ns of octane was assumed to be 1.40 in both methods. The absorption coefficient values 

for the CdSe/CdS QDs found using either of these two methods with QD absorbance scaled 

to 325 nm were nearly identical, with a difference of less than 2.5%. We also compared 

the Bruggeman method to a linear combination method as used elsewhere for describing 

core/shell materials and found close agreement.118  
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For the CdSe/CdS core/shell structures, a similar procedure was followed to extract 

the intrinsic refractive index data. The key difference was in how the bulk absorption 

coefficient and permittivity values were found. To simplify our iterative method, we treated 

the core/shell heterostructures as a single composite material. This required the use of a 

composite bulk permittivity with the same CdSe and CdS volume fractions as those in the 

QDs themselves. Based on the low permittivity contract between CdSe and CdS we were 

able to use a Bruggeman EMA in conjunction with bulk permittivity data for CdSe119 and 

CdS120 with volume fractions based on those calculated from TEM measurements.  

The Bruggeman EMA gave separate bulk permittivity functions for each type of 

core/shell QD studied, CdSe/2CdS, CdSe/4CdS, and CdSe/6CdS. These functions were 

 

Figure 4.12: Plots of bulk refractive index values used throughout our calculations 

CdSe data is for cubic CdSe taken from Ninomiya et al.119 CdS data used is the 

average of the refractive index for ordinary and extraordinary values for wurtzite 

CdS, also taken from Ninomiya.120 
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then used as the bulk CdSe permittivity had been for the CdSe case. First, it was used to 

extract an absorption coefficient value using the Ricard et al. Equation (4.3.2). For all 

core/shell structures the transition from quantum confined behavior to bulk-like was taken 

at 300 rather than 350 nm. After the absorption coefficient function was obtained, the bulk 

composite permittivity was then used to enable the Kramers-Kronig integral to be solved 

as a part of the iterative minimization procedure.  

After obtaining the behavior of a bulk CdSe/CdS composite, the intrinsic optical 

constants for the CdSe/CdS QDs were treated as a composite material and were found in 

the same manner as that of CdSe, again using Equations (4.3.3) and (4.3.4). By describing 

the core/shell heterostructure with a single composite complex refractive index term, the 

effective real and imaginary permittivities were extracted using the same method as for 

CdSe QD cores. For the effective refractive index of core/shell QD films, spectroscopic 

ellipsometry was again utilized with dispersion models found in the same manner as that 

of CdSe films. Because of the increased number of energy transitions at higher energies 

from CdS, the CdSe/CdS films generally required four to five Gaussian oscillators across 

the visible in contrast to three for CdSe. The MSE was below 6 for all neat core/shell films 

reported here. 

Figure 4.13(a) compares the solution-state extracted intrinsic optical constants of 

the CdSe QDs to CdSe/CdS QDs. Several interesting features are seen. As with the CdSe 

cores, the excitonic features remain clearly visible, though the magnitude of the refractive 

index for core/shell QDs is lower than that of CdSe QDs. Throughout the visible spectrum, 

bulk CdSe has higher values of n compared to bulk CdS, which is consistent with the higher 

values of the intrinsic refractive index for the CdSe cores compared to the core/shell 

particles.119,120 Additionally, the magnitude of the extinction coefficient near the first 

excitonic feature dramatically decreases as the shell thickness increases from the CdSe 

cores to CdSe/2CdS and CdSe/4CdS. However, the magnitude of the extinction coefficient 

of CdSe/4CdS QDs compared to CdSe/6CdS particles stays relatively constant. This trend 

can again be explained by looking at bulk extinction coefficient values for zinc-blende 

CdS, whose band gap is approximately 2.39 eV (~518 nm).121 For the core/shell QDs, at 

wavelengths longer than the CdS bandgap position, the refractive index features are 
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dominated by the CdSe features (Figure 4.12). Initially CdSe makes up a large fraction of 

the QD film and the excitonic features are prominent, but as the volume fraction of CdSe 

is decreased relative to that of CdS, these features become much weaker. In contrast, at 

short wavelengths, both CdSe and CdS contribute to the QD extinction coefficient, 

meaning there is a less dramatic change as the QD composition transitions from pure CdSe 

to mostly CdS.  

 

Figure 4.13: (a) Plot comparing the real and imaginary CdSe refractive index 

(dashed blue line) to that of CdSe/CdS QDs (red, yellow and green lines) found after 

extracting absorption coefficient data from solution measurements and performing a 

Kramers-Kronig iterative procedure. (b) Plot comparing the real and imaginary 

effective CdSe thin film refractive index (dashed blue line) to that of CdSe/CdS QD 

films (red, yellow and green lines) measured via spectroscopic ellipsometry. 
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We next compared the effective complex refractive index of the neat CdSe/CdS films 

found using spectroscopic ellipsometry on deposited films, as shown in Figure 4.12(b). 

Compared to the intrinsic refractive index values, which includes only the inorganic portion 

of the QDs, the magnitude of the effective refractive index for all QD films studied is much 

lower. This is because the effective values include the inorganic portion of the QDs, their 

ligands, and the surroundings within the films. As found in the intrinsic refractive index 

values, there is a redshift in the excitonic features as the shell thickness increases from 

CdSe/2CdS to CdSe/6CdS, along with a decrease in the magnitude of the refractive index 

at energies lower than the band gap of CdS. We also see that at short wavelengths, the n 

and k values of the core/shell QDs start to converge.  

Interestingly, the effective n and k functions show that the overall magnitude of the 

refractive index of the CdSe QD film is much lower than expected compared to the 

CdSe/CdS QD films as predicted from both the intrinsic refractive index values and bulk 

values. This can be explained by accounting for the change in the size of the nanocrystals, 

as the fraction of the film that consists of inorganic QD material depends on the size of the 

nanocrystal. To study this further, we again utilize EMA models to predict packing 

fractions in the QD films and compare them to random-close packing models while also 

taking into account the slightly elongated nature of the thickest core/shell structures. Using 

the Maxwell-Garnett model as before and treating the CdSe/CdS as a single composite 

material we found that, when assuming the surroundings of the QDs were free 3-MPA 

ligands (the point at which inorganic QD packing should be at a minimum), the lower 

packing fraction limits for CdSe/2CdS, CdSe/4CdS, and CdSe/6CdS films were 43%, 40%, 

and 40% respectively. Likewise, using the Bruggeman EMA, we found the packing 

fractions were approximately 2% lower than those predicted by the Maxwell-Garnett 

model, at 40%, 38%, and 38% for CdSe/2CdS, CdSe/4CdS, and CdSe/6CdS films 

respectively. The resulting fits of the EMA models and the spectroscopic ellipsometry data 

are shown in Figure 4.14. These estimated core/shell packing fractions are significantly 

higher than the 32-35% limiting value predicted for the CdSe film.  

These packing values are again compared to a theoretical random-close packed 

model. The random-close packed model is a simple approximation that assumes hard 
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spheres and does not account for ligand interdigitation, differences in processing 

conditions, film cracking, particle attachment, or polydispersity in the QD’s size. 

Nevertheless, it does give a reasonable estimate for the packing we should expect in our 

films and the general trends that occur as we go from cores to larger and more elongated 

core/shell QDs. Based on TEM analysis of the QD shapes, 64% random-close packing is 

assumed for the spherical CdSe/2CdS QDs, 69% random-close packing is assumed for the 

CdSe/4CdS with an aspect ratio of 1.2, and 70% random-close packing is assumed for the 

CdSe/6CdS with an aspect ratio of 1.3.122,123 In our model, these packing fraction are made 

up of the inorganic QDs along with a 0.6 nm 3-MPA bound ligand shell (Figure 4.15), and 

 

Figure 4.14: Plot comparing the real and imaginary refractive index values of QD 

films found using solution absorbance data and a Kramers-Kronig iterative procedure 

with either a Bruggeman model (blue) or Maxwell-Garnett model (red) to 

approximate spectroscopic ellipsometry data (black dashed) of neat QD films. 
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so the inorganic portion in the close packed model is smaller. The predicted packing 

fractions as compared to the EMA models are summarized in Table 4.1. 

Table 4.1: Theoretical Percent Volume of Materials in Neat QD Films Compared to 

Those Found Using EMAs and Effective Ellipsometry Data 

MLs 

CdS 

QD Aspect 

Ratio 

Packing 

Fraction 

Bound 

Ligand 
CdSe CdS 

Random-

Close Packed 

Bruggeman 

EMA Inorganic 

Maxwell-

Garnett EMA 

Inorganic 

0 1 64 35 29 0.0 29 32 35 

2 1 64 28 13 22 36 40 43 

4 1.2 69 26 8.1 35 43 38 40 

6 1.3 70 22 5.2 37 45 38 40 

 

Using the random-close packed estimate, it becomes clear that difference in the 

inorganic percentages of CdSe and CdSe/CdS QD films help explain why the CdSe film’s 

refractive index values are lower than might be expected from the intrinsic nanocrystal 

properties alone. As shown in Table 4.1, for small CdSe cores with 0.6 nm 3-MPA ligands,  

a theoretical packing fraction of 64% QD and attached ligand would give an inorganic 

CdSe percentage of 29% in the film. However, as the QD diameter is increased with 

additional CdS shell thickness, the bound ligand surroundings take up less and less space 

compared to the inorganic portion of the quantum dot. This in addition to the increasing 

 

Figure 4.15: TEM micrograph showing CdSe/6CdS QDs with native ligands (a) and 

with 3-MPA ligands (b) after solid-state ligand exchange. QD separation decreases 

from 3.6 nm to 1.2 nm. Scale bar is 20 nm. 
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aspect ratio and associated packing leads to an increase in the inorganic packing fraction 

as QDs with the thicker shells are used, predicting up to 45% packing for the CdSe/6CdS 

QDs. While CdSe QDs have a higher extinction coefficient intrinsically than CdSe/CdS 

particles, because of their smaller diameter and overall lower inorganic volume fraction in 

neat films, the effective extinction coefficient in the film is lower than in the core/shell QD 

films. The random-close packed model does not fully explain why the CdSe/2CdS film has 

a significantly higher packing fraction than the other films. However, we believe this 

highlights the advantage of using EMA models to understand film packing as differences 

in processing conditions and any resulting film variability is otherwise difficult to track.  

 In the limiting case, taking the surroundings again as only ligands where QD 

packing is lowest, we see that the EMA models are able to closely describe the real portion 

of the refractive index throughout most of the visible spectrum. However, in our limiting 

case of high index surroundings, it consistently underestimates the extinction coefficient 

of the QD films near the peaks of CdSe features. For the CdSe film, the maximum 

underestimation was 12% while in the core/shell films it is 38% at some wavelengths. 

Given the complexity of the core/shell system it is expected that greater error would be 

seen. However, we believe the insight these EMA model give into QD film packing and 

optical behavior shows that they can indeed be useful tools interpret QD film behavior.  

To show how these EMAs can be utilized to design and understand absorption in 

quantum dot devices, we simulated the absorption in 100 nm thick neat films of QDs on 

Al2O3 coated Si. The absorption was calculated using finite difference time domain 

simulations. We first calculated the absorption using the experimentally measured effective 

refractive index values obtained using spectroscopic ellipsometry. The absorption, A, of a 

plane wave source was isolated to the QD layer only and calculated after solving for the 

electric field distribution in the film via: 

𝐴(𝜆) =
1

2
𝜔|𝐸(𝜆)|2𝐼𝑚(𝜀̃(𝜆))  

     (4.6a) 

where 𝐸  is the electric field, 𝐼𝑚(𝜀̃)  is the imaginary portion of the effective refractive 

index of the QD layer, and 𝜔 is the angular excitation frequency. This equation, equivalent 

to the divergence of the Poynting vector, must be integrated over the entire simulation 

volume and can be normalized relative to source power 𝑃𝑠, by: 
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𝐴(𝜆) = ∭
𝜔 |𝐸(𝜆)|2𝐼𝑚(�̃�(𝜆)) 

2∗𝑃𝑠
 𝑑𝑥 𝑑𝑦 𝑑𝑧    (4.6b) 

The resulting absorption fraction for a 100 nm neat CdSe films with effective 

refractive index values as measured by spectroscopic ellipsometry is shown in Figure 

4.16(a) and closely follows the trends seen in the extinction coefficient function shown in 

Figure 4.13(b), which it depends on. This absorption data, however, is based on films that 

do not have constant packing, making it difficult to extract information on how core/shell 

structure may affect absorption independent of packing difference within the different QD 

films. To better extract packing-independent absorption changes, we use the Bruggeman 

EMA described above and solve for the effective refractive index of QD films when the 

fraction of inorganic QDs and their attached ligands is held constant at 64%, assuming 

perfectly spherical particles. Ligand length was chosen to be 0.5 nm, accounting for 

 

Figure 4.16: (a) Plot comparing the simulated absorption of 100 nm thick QD films 

using effective refractive index values measured via spectroscopic ellipsometry. 

Inorganic QD content is estimated to be 32%, 40%, 38%, and 38% for films of CdSe, 

CdSe/2CdS, CdSe/4CdS and CdSe/6CdS QDs. (b) Plot comparing the simulated 

absorption of 100 nm thick QD films using theoretical effective refractive index 

values found using a Bruggeman model and solution extracted intrinsic QD refractive 

index data. The inorganic QD content is set at 33%, 38%, 42%, and 45% for films of 

CdSe, CdSe/2CdS, CdSe/4CdS and CdSe/6CdS QDs, respectively. 
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possible interdigitation between the MPA ligands, unlike in the fully hard sphere limiting 

case discussed above. The predicted inorganic packing fractions were calculated as 33, 38, 

42, and 45% respectively for the CdSe, CdSe/2CdS, CdSe/4CdS, and CdSe/6CdS films in 

this model. The theoretical absorption calculated for this case are shown in Figure 4.16(b). 

In this case, it is much easier to see that additional monolayers of CdS on CdSe core QDs 

leads to moderate absorption enhancement at short wavelengths, but dramatic absorption 

decreases at wavelengths longer than the CdS bandgap where CdSe features dominate. 

With the tools shown here we believe that the solid-state behavior of QD devices can be 

better predicted to understand and improve QD based optoelectronic devices. 

4.4.  Conclusion 

In conclusion, variation in ligand packing and nanocrystal size can obscure 

systematic trends in the complex refractive index of colloidal QD films. The method we 

show here to study the complex refractive index of core/shell QD films unravels the 

differences in effective refractive index for films with varying shell thickness. 

Spectroscopic ellipsometry is a highly accurate way to measure the effective refractive 

index of neat QD films using Kramers-Kronig consistent dispersion models and can be 

extended to films made of core/shell heterostructures. However, on its own, the scope is 

limited as differences in QD size and deposition can lead to dramatic changes in film 

morphology. By combining the effective refractive index of neat QD films with Kramers-

Kronig consistent intrinsic refractive index values extracted from solution-state absorption 

measurements, we show that the Maxwell-Garnett and the two component Bruggeman 

EMAs closely describe many of the trends and features seen in neat core and core/shell QD 

films, and predicts packing fractions similar to those of hard-sphere packing models. The 

applicability of this tool is exhibited though the calculation of absorption in CdSe core and 

CdSe/CdS core/shell QD films independent of packing fraction, demonstrating that these 

methods improve understanding of the optical behavior of neat QD films with varying shell 

thickness. This finding can be extended to full-wave simulations and other refractive index 

dependent calculations, as well as to predict the response of ordered and disordered 

quantum dot solids.   
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Chapter 5 – Direct, Nanoscale Patterning of 

Quantum Dot Solids 

5.1.  Introduction 

The small size of colloidal nanocrystal quantum dots (QDs) leads to a variety of 

unique optical properties that are well suited to nanophotonics, including bright, tunable 

photoluminescence. However, exploring the properties of solid QD assemblies at the 

nanoscale has proven challenging due to limitations in nanoscale QD patterning methods. 

Generally, precise placement of QD solids is difficult to achieve, especially for tall 

structures with multiple QD layers, and when it is achieved the patterns often cannot 

withstand further processing steps required for final device construction. Direct electron 

beam lithography of QDs has emerged as a straightforward patterning process that does 

not require ligand exchange and results in structures that retain bright photoluminescence. 

Here, we show that direct patterning QD films on substrates treated with a self-assembled 

monolayer of octadecyltrichlorosilane allows us to create feature sizes as narrow as 30 nm 

with heights of multiple layers, and characterize the pattern resolution, robustness, and 

placement accuracy. These structures withstand sonication in a variety of solvents and the 

structures are placed within 20 nm of their intended location nearly 100% of the time. We 

further show how this patterning method can be applied to nanophotonics by measuring 

the complex refractive index of the QD materials to model the absorption and scattering 

cross sections of QD structures of various sizes and shapes. These simulations reveal that 

edge effects arising from the finite shape of the QD nanostructure lead to substantial 

absorption enhancement when compared to an equivalent volume region taken from a 

continuous QD film. Finally, we explore more complex structures by patterning QD arrays, 

multilayer QD structures, and QD disks inside plasmonic resonators.  
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5.2.  Overview of Quantum Dot Patterning Methods 

The solution-based nature of colloidal QDs allows films to be fabricated in ways 

that are inaccessible to traditional bulk semiconductors, such as spin coating at the small 

scale or roll-to-roll processing at the large scale.3,124 However, solution-based materials can 

also be challenging to pattern as drying effects influence film homogeneity and the packing 

of the colloidal particles in the solid-state.80,125 Further, the solvents involved in many 

traditional processes such as photolithography can damage or dissolve deposited colloidal 

layers or, conversely, the solvent the colloidal particle are suspended in may cause swelling 

of polymers traditionally used in lithography or transfer printing. For nanophotonic 

applications, the patterning method should have nanoscale resolution, produce features 

with heights in excess of a monolayer, maintain photoluminescence (PL), and be robust 

enough to allow complex, multilayer patterning to be performed. Bottom-up QD patterning 

methods such as inkjet, electrohydrodynamic jet, and bubble printing techniques have 

achieved submicron QD pattern resolution,26,126–128 however, they are unable to retain good 

structural definition with taller structures that are ideal for Bragg gratings or metasurface 

designs. Soft lithography techniques such as transfer printing have also been used.129–131 

The structures here differ in that the nanocrystals are chemically linked to one another after 

exposure to the electron beam, as discussed below.  

Lithographic techniques can also be used to pattern nanocrystal solids.132,133 

Electron beam lithography processes using resist templates such as poly(methyl 

methacrylate) (PMMA) and ZEP, have proven to be an effective method to pattern 

monolayers of quantum dots. In QDs deposited through a Langmuir−Blodgett technique, 

linewidths on the order of 30 nm have been achieved along with the ability to place single 

QDs in nanocavities with 40% accuracy.134 This method has also been explored for systems 

with many layers of QDs with features up to 150 nm tall.132 However, in these taller 

systems it has been reported that the QDs tend to cover the PMMA sidewalls, making liftoff 

difficult without sonication which can disrupt the QD features. Recent studies have also 

begun using direct, top-down lithography techniques where the ligands stabilizing the QDs 

serve as the resist materials. Wang et al. explored using ligand exchange methods to allow 
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all inorganic quantum dot films and other colloidal solids to be patterned by direct optical 

lithography.135 While this method allows large areas to be patterned easily, the resolution 

is inherently limited by the wavelength of light used in processing. Additionally, custom 

ligands must be used, requiring further synthetic and processing steps before patterned 

structures can be achieved.  

Previous studies have shown that electron beam (e-beam) lithography can be used 

to directly pattern QD solids without requiring special chemistry or initial ligand exchange 

steps. Nandwana et al. showed that by exposing native trioctylphosphine oxide ligands at 

the surface of CdSe/ZnS particles, QD patterns could be created.136,137 This technique has 

proven versatile, as shown by its use in perovskite QD solids where patterning was 

achieved through both electron and lower energy X-ray irradiation.138–140 In addition, the 

chemical changes induced by irradiation have also been shown to be an effective barrier 

mask for cation exchange reactions. 

However, the applicability of these nanopatterning methods for nanophotonic 

systems has not been fully determined. Nanophotonic applications have somewhat 

different requirements from other application areas, particularly with respect to the aspect 

ratio of the patterns and the refractive index of the materials. For this reason, our study 

characterizes the pattern resolution, achievable aspect ratios, photoluminescence 

characteristics, structure morphology, pattern robustness, placement accuracy, and 

refractive index after patterning. In contrast to previous direct patterning studies, we use 

CdSe/CdS QDs functionalized primarily with oleylamine ligands and treat our substrates 

with octadecyltrichlorosilane to improve the wetting and adhesion of the QD layer. We 

find that in this system, nanoscale features with dimensions as small as 30 nm can be 

achieved by using densely packed QD films and optimizing beam processing conditions. 

The QD features are free of cracks and can be patterned in periodic arrays or used to created 

complex shapes while retaining the majority of their unexposed photoluminescence. We 

do not observe pattern degradation as dosage is increased from 1000 to 10,000 μC/cm2. 

The final QD features can be several layers thick with aspect ratios over 2. To better 

understand the applicability of QD structures in nanophotonic designs, we also characterize 

the complex refractive index of our QD features before and after e-beam exposure. This 
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allows us to model the absorption and scattering behavior of nanoscale QD structures to 

better understand how their behavior changes as a function of the structure size and shape. 

Finally, we show that this method is robust, capable of withstanding sonication in various 

solvents, and allows precise patterning of QD multilayers within or on top of other 

nanoscale features, such as plasmonic rings, through aligned writing techniques with nearly 

100% accuracy. The versatile nature of these patterns could also be extended to other 

colloidal materials and ligand systems. 

5.3.  Direct Patterning of Quantum Dot Structures for Nanophotonics 

For our study, we chose to explore direct e-beam lithography patterning of 

CdSe/CdS core/shell QD thin films due to their high quantum yield and the stability 

provided by the CdS shell.3 The QDs were synthesized using a non-hot-injection method 

and have a narrow emission bandwidth with an intensity maximum at 620 nm (Figure 

5.1(a)). Based on TEM analysis, the diameter of the CdSe cores is 4.3 nm and after CdS 

shelling increases to 6.5 nm, equating to approximately three monolayers of CdS (Figure 

5.1(b)). The CdSe/CdS QDs can be easily dispersed in nonpolar solvents such as octane 

due to the stability provided by their native ligands, octylamine, oleic acid, and oleylamine. 

Normally, when the QDs are spun cast into films and left to dry they can be easily 

redispersed by washing with the initial solvent. However, after being irradiated by a source 

such as a stream of electrons or X-rays140, the solubility of the patterned area is modified 

such that the exposed region can no longer be washed away during the liftoff step (Figure 

5.1(c)). Samples are formed initially by spin coating a concentrated solution of QDs in 

octane at 1500 rpm. The film is then taken directly to the e-beam patterning system where 

it is selectively exposed using a Vistec EBPG 5000+ electron beam lithography system 

with a 100kV beam. After exposure, the QDs in the unexposed regions of the film can be 

washed off (or even recovered) using a solvent similar to the one in which they were 

initially suspended. The resulting nanoscale patterns consist of many layers of QDs, and 

are robust enough to withstand sonication in various solvents (Figure 5.2).  

Previous studies have shown that the mechanism for this solubility change is the 

cleavage of the C—H bonds in the ligand chains and subsequent formation bonds between 
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the carbon chains of ligands on adjacent QDs, tying them together (Chapter 3.3).139–144 

This creates a mass of QDs that are covalently linked and no longer able to be redispersed 

in solution. This mechanism has been previously exploited to pattern self-assembled 

monolayers as well as to create QD patterns, however, the full potential of using this 

process for nanophotonic studies has not been explored. We believe part of the difficulty 

in patterning nanoscale features is that, while exposed QDs do become tethered to one 

another, they are only weakly bound to the surface of the substrate through van der Waals 

forces. When the feature size and thus the QD-substrate contact area becomes small 

 

Figure 5.1: (a) Absorption (blue) and photoluminescence (red) intensity of CdSe/CdS 

QDs suspended in hexane. (b) TEM micrograph of CdSe/CdS QDs. Average diameter 

was 6.5 nm. (c) Schematic of basic QD patterning process and photographs of QD-

coated substrate during processing. Going clockwise from upper left, CdSe/CdS QDs 

with primarily oleylamine and oleic acid ligands are suspended in octane. Next they 

are spun cast onto a substrate at 1500 rpm. Once the QD film is made, it is taken to 

the electron beam patterning system and exposed to the electron beam, undergoing 

solubility changes in the exposed regions. Finally the pattern can be lifted off using 

hexane or octane. Scale bar in PL photographs is 5 mm and is 5 μm. 
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enough, the QDs may still be easily desorbed from the surface of the substrate. This idea 

has also been suggested as a strategy for ultimately achieving single nanoparticle patterning 

resolution.139 

For this reason, we chose to functionalize our silicon substrates with a self-

assembled monolayer (SAM) of octadecyltrichlorosilane (OTS) prior to coating them with 

QDs. OTS was chosen because it easily adheres to Si substrates through the polar head 

group but also consists of a long alkyl chain that should be unreactive with the QDs and 

their native ligands under ambient conditions. The normally unreactive nature of the OTS 

SAM has allowed it to be used successfully as a treatment for donor substrates in QD 

transfer printing processes and it has also been successfully incorporated in SAM 

nanolithography processes.130,145 After OTS functionalization, the QD film was spun cast 

over the top of the OTS. We found that the OTS treatment greatly improved the wettability 

of the QD solution on both Si and Al2O3-coated Si substrates, resulting in better film 

 

Figure 5.2: SEM image of patterned QD lines on OTS treated substrate (a) before 

sonication and (b) after sonication in 5 min each of hexane, acetone, and IPA 

showing the pattern remains intact, even at small linewidths. Scale bar is 1 μm. 
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uniformity. Upon exposure to the e-beam, the samples with the OTS monolayer also 

showed substantially improved QD feature resolution (Figure 5.3).  

Using the OTS treatment for all further substrates, we then tested the resolution 

limits and pattern fidelity of the QD solids as a function of e-beam dosage (3500 μC/cm2 

 

Figure 5.3: (a) SEM image of exposed QD film without OTS substrate treatment. 

Scale bar is 5 μm. Inset shows a corresponding bright field image of the QD film 

before exposure. Scale bar 20 μm. (b) SEM image of patterned QD features made on 

non-OTS treated Si substrate with electron beam dosage increasing from 2500 

μC/cm2 to 4000 μC/cm2. Scale bar is 2 μm. (c) SEM image of exposed QD film with 

OTS substrate treatment. Scale bar is 5 μm. Inset shows a corresponding bright field 

image of the QD film before exposure. Scale bar 20 μm. (d) SEM image of patterned 

QD features made with OTS treatment showing improved pattern fidelity. Scale bar is 

2 μm. 
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to 8500 μC/cm2). A series of 3 μm long lines with widths from 15 to 150 nm were targeted  

(Figure 5.4(a)) by using a 5 nm beam step size and a 5 nA beam. At 3500 μC/cm2, only 

line widths of 125 nm or larger could be made with high fidelity. At the same dose, the 75 

and 100 nm wide lines were present but experienced undulations, possibly indicating they 

were not well connected to the underlying substrate. At 4500 μC/cm2, the 75 and 100 nm 

lines transformed from undulating to straight, achieving the same high fidelity as the wider 

QD lines previously seen. The 50 nm lines also became visible with severe undulations, 

but as the dose increased these undulations again gave way to uniform lines. For lines with 

targeted widths of 50 nm or larger, we found that the measured width after patterning was 

consistently within 5 nm of the target once the minimum dose needed for high fidelity was 

achieved. The 15 and 25 nm lines likewise improved with increasing dose, becoming more 

 

Figure 5.4: (a) SEM image of patterned QD lines ranging from 15 nm to 150 nm in 

thickness with electron beam dose increasing from 3500 μC/cm2 to 8500 μC/cm2. 

Scale bar is 3 μm. (b) SEM image of 30 nm lines patterned with a 8500 μC/cm2 dose 

on both a 100 nm thick QD film (also pictured in (a)) and a 40 nm thick film. White 

dotted lines are added to show the attachment points of the QD lines to the substrate. 

Scale bar is 500 nm at left and 250 nm at right. (c) SEM image showing the packing of 

QDs in a 100 nm wide and 40 nm tall QD line. Scale bar is 100 nm. (d) QD array 

consisting of 50 nm diameter disks. Scale bar 500 nm. Inset shows features at 6x 

higher magnification. 
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and more defined, though the undulations are still present even at 8500 μC/cm2. We believe 

that in the case of the 25 nm lines the high aspect ratio of the lines made them prone to 

collapse, even though the patterning was successful (Figure 5.4(b)). In regions that appear 

to be perpendicular to the substrate, the feature line width was measured to be 30 nm across 

(approximately 3-4 QDs wide, as estimated by TEM sizing data), while regions that appear 

to have fallen on their side were approximately 100 nm, consistent with the height of this 

deposited film as measured by AFM. The apparent attachment point of each line follows 

the expected layout of the e-beam pattern, with a spacing of 200 nm between the base of 

each line. This indicates that mechanical stability plays an important role in the achievable 

resolution of multilayer QD patterns with high aspect ratios. To further explore the stability 

of these narrow features, lines were targeted at the same dosage using a thinner, 40 nm 

thick QD film, giving features with an aspect ratio of 1.33. These lines measured 

approximately 30 nm wide based on high-resolution scanning electron micrographs 

(Figure 5.5) but unlike the 100 nm tall structures, they stand perpendicular to the substrate. 

In the films shown in Figure 5.4(a) we have been able to achieve free standing 50 nm lines 

that are 100 nm tall, suggesting patterns with aspect ratios of at least 2 are achievable. 

Further optimization of the ligand system could impart greater mechanical stability, leading 

to even higher aspect ratios.  

 

 Another major concern for many photonic applications is cracking within the QD 

solid after drying, or contraction in the film following ligand exchange.86 To understand if 

our process exhibited any detrimental cracking behavior, we also captured high-resolution 

 

Figure 5.5: Tilted SEM image of (a) QD lines 30 nm wide and (b) 50 nm wide.  
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SEM images (Figure 5.4(c)) of the 100 nm wide and 40 nm tall QD lines. We found that 

the packing of the QDs in these patterns remains dense, even after exposure to large 

electron beam doses and evidence of hexagonal close packing can be seen in certain regions 

of the structure. Regarding the residual QDs present on the film surface, we believe they 

are largely the result of van der Waals forces as similar features are observed in films where 

QDs are lifted off without ever being exposed to the electron beam, and we do not see any 

increase in the density of the QD residue as dosage increases. Further exploration of the 

substrate surface treatment may lead to reduction of this partial monolayer. Simulations 

show that the absorption and scattering properties of the QD nanopatterns do not change 

significantly when including this layer (Figure 5.6).  

In addition to the lines used for dosage and resolution testing, more complex 

patterns can also be created, including arrays of 50 nm diameter QD disks (Figure 5.4(d)). 

For this array, we found that 100% of the 323 intended structures were present and they 

did not show substantial variation in size. The lateral size range achievable (30 nm to many 

millimeters) shows that the in-plane resolution of this method is well suited for many 

nanophotonic studies where structure height and pattern accuracy are prioritized.  

Next, to quantify the height of the features, AFM data was taken over 3 μm by 3 

μm squares created using various e-beam doses on our thickest QD film patterned. Prior to 

e-beam exposure, this QD layer was measured as approximately 180 nm thick by 

spectroscopic ellipsometry. To ensure accurate measurements, multiple copies of the same 

pattern at a given dose were made, as shown in Figure 5.6(a). After exposure to the e-

beam, the QD film thickness had decreased by approximately 30% to a height between 120 

and 130 nm on average. We attribute the majority of this decreased height to the removal 

of the first few monolayers of QDs during liftoff, rather than to contraction of the ligands. 

Given the size of our nanocrystals (6.5 nm inorganic diameter with a 3 nm spacing as 

measured by TEM), a 30% height contraction cannot be explained by shortened ligands 

alone. This is consistent with our spectroscopic ellipsometry measurements that indicate 

only a slight increase in refractive index after patterning, as well as the observation of some 

surface roughness on top of the patterns after liftoff, as measured with AFM and high-

resolution SEM. At limiting doses where the pattern features just begin to be defined, the 
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feature thickness was around 100 nm due to the incomplete exposure. Cross sections taken 

vertically from low to high doses are shown in Figure 5.6(b) to allow for easier comparison 

of feature height. All other features created with doses of 3000 μC/cm2 or greater had 

similar heights. Root mean squared roughness was found to be 4.6, 5.7, 3.2, and 5.1 nm for 

features patterned with doses of 2500, 3000, 3500, and 4000 μC/cm2, respectively and is 

primarily a function of initial film morphology rather than a function of patterning dose. 

To understand the role that surface roughness plays on the optical properties of our 

structures, we compared the responses of these nanoscale features with and without surface 

roughness. We found that the amount of roughness measured in our patterns via AFM does 

not change the optical response of our features.  

 

 

Figure 5.6: (a) AFM topography map of patterned QD features with increasing e-

beam dosage from 2500 μC/cm2 to 4000 μC/cm2. Feature height is approximately 120 

nm. (b) Cross-sectional line scans for each column shown in (a) with the blue scan 

corresponding to the leftmost features, green to the middle, and yellow to the right 

most. Scans trace doses from 2500 to 4000 μC/cm2. (c) Average PL intensity across 

rows of rectangular features as dose increases from 2000 to 10000 μC/cm2. PL 

intensity remained nearly constant for all features fully patterned above the minimum 

dose of 2500 μC/cm2. The wavelength of the PL intensity maximum remained constant 

at 623 nm for all patterned features. 
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It is also important that the patterning method retains substantial luminescence of 

the QDs for further nanophotonic applications. We compared the PL intensity before and 

after e-beam exposure but before liftoff to ensure the only change experienced by the film 

was that of the electron beam. After measuring several regions in each case, we found that 

the QD solids retained over 65% of their photoluminescence intensity after exposure to the 

electron beam with no substantial change in the PL peak wavelength or width (Figure 5.7). 

Spectra were collected before liftoff to ensure the number of QDs present in the sampled 

area was constant. We next tested whether or not greater e-beam doses (such as those 

required to achieve 30 nm lines) would further change the PL behavior of the QD solids. 

To this end, emission intensity data was collected as exposure dosage varied from 2000 to 

10000 μC/cm2. For each e-beam dose, five identical square features were patterned and 

measured to give an average PL intensity at each dosage. (Figure 5.6(c)). All patterns 

exhibited a slight redshift   of the emission peak when compared to the initial solution 

measurements (623 nm compared to the initial 620 nm), but retained the characteristic 

narrow PL profile. We found nearly identical PL behavior as dosage was increased from 

3000 to 10000 μC/cm2 with no evidence of PL quenching. Even thin, nanoscale features 

 

Figure 5.7: (a) Photoluminescence of QD film before and after exposure to the 

electron beam using a 4500 μC/cm2 dose. (b) and (c) show examples of QD patterns 

imaged with SEM and their corresponding PL images upon exposure to 405 nm laser 

illumination. 
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retained bright PL, as shown in Figure 5.8. Despite the very high dosage required for 

successful patterning of the smallest QD features, features retain bright luminescence. 

Patterns made with the lowest doses tested (2500 μC/cm2 or less) exhibited significantly 

reduced PL intensity after exposure and liftoff. This is attributed to incomplete ligand 

exposure resulting in incomplete patterning at these doses. This is supported by the reduced 

pattern thickness, as measured by AFM.  

Dark-field data was also collected on QD features. For these measurements, QD 

disks that were approximately 100 nm high and either 400 nm or 800 nm wide were 

patterned at 5 um intervals. They were placed on a Si substrate with a 30 nm Al2O3 layer 

coated by ALD. These structures were then illuminated with a broad band light source and 

the scattering signal was collected. The signal was then passed to a Princeton Instruments 

Isoplane Spectrometer for spectral analysis. Results are shown in Figure 5.9.  

In addition to PL and dark-field measurements, a crucial requirement for 

understanding light−matter interactions in photonic devices is the measurement of the 

complex refractive index of the QD features. Electromagnetic simulations are frequently 

used to predict and design the optical properties of various nanophotonic structures; these 

simulations rely on the complex refractive index and geometry of the structure to solve 

 

Figure 5.8: (a) AFM height data and (b) PL map of 600 nm QD features consisting 

of alternating rows of disks and square prisms. 
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Maxwell’s equations. In QD solids, the complex refractive index consists of both the 

inorganic nanocrystal and the organic ligand and depends on the packing of the solid.146 

We measured the complex refractive index of our QD films before and after patterning 

with the e-beam to better understand how their optical properties change upon e-beam 

exposure. To enable ellipsometry measurements of the patterned QD material, a 3 mm by 

3 mm area was exposed using a 4500 μC/cm2 e-beam dose. This area was marked with 

macroscale gold alignments markers so that the same area of the film could be measured 

before and after patterning. This also allowed the exposed area to be measured before liftoff 

so that it could be more easily compared to the values obtained prior to e-beam exposure. 

To obtain dispersion functions of our materials, we used a variable-angle spectroscopic 

ellipsometer to measure the reflectivity of our samples. Data was collected at angles 

between 60 – 75 ° over a wavelength range of 375 - 1000 nm in reflection mode and the 

film’s effective refractive index was fit in a manner described in Chapter 4.146 Briefly, at 

low energies, where absorption is negligible (750 nm to 1000 nm), a Sellmeier fit was used 

 

Figure 5.9: Dark field data from QD disks patterned on Al2O3 coated Si. 
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to measure film thickness. After the transparent region was fit, the QD film thickness was 

fixed and the wavelength range was slowly expanded towards the UV so that spectral 

features above the bandgap energy of our QDs could be fit using Kramers-Kronig 

consistent dispersion models as described previously. The results of this process are shown 

in Figure 5.10. We found that while the major features remained the same before and after 

patterning, overall there was a slight increase in the refractive index after e-beam exposure. 

We believe this may be due to slight film contraction that leads to a more compact packing 

of the QDs as the ligands separating the QDs are broken and reformed. The refractive index 

values are significantly lower compared to our previous measurements on neat CdSe/CdS 

QD films of similar diameter. This is expected as our previous study used a solid-state 

ligand exchange process with a much shorter ligand (3-mercaptopropionic acid) compared 

to these films that consist of much longer native ligands such as oleylamine.146  

 

Figure 5.10: Real (n) and imaginary (k) refractive index for a QD film on OTS 

treated Si as obtained by variable-angle spectroscopic ellipsometry before (blue) and 

after (red) exposure to the e-beam. 
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Using the refractive index data measured in our patterned QD solids, we examined 

the changes that occur in the optical properties of QDs due to nanoscale patterning using 

electromagnetic simulations. We found that the geometric shape of the nanocrystal solid 

introduces optical responses that are not observed in unpatterned films. For example, we 

used simulations to compare the fraction of incident light that is absorbed within the 

patterned QD structure versus the absorptance in an equivalent volume region calculated 

from simulations of a continuous QD film at a wavelength of 404 nm. Both cases used the 

refractive index measured after patterning as presented in Figure 5.10. For three shapes 

tested (disk, square prism, and a triangular prism), the absorptance in the patterned QD 

feature exceeds that of the theoretical case of an equivalent volume region isolated from a 

continuous QD film, at all of the sizes examined. This indicates that the final 

nanostructured shape leads to enhanced absorption in the solid. Further, tuning the size and 

wavelength of the QD feature significantly affects the electric field intensity within the QD 

pattern, exciting different modes. This could have important implications for the design of 

QD structures that enhance outcoupling of radiation or for emitting metasurfaces. 

Finally, we explored the robustness of this patterning method by creating more 

complex designs consisting of both metallic features and multiple aligned layers of QDs, 

similar to what might be required in many nanophotonic devices. We found that this 

method can be used to integrate nanoscale QD structures both on top of and within 

nanophotonic structures such as plasmonic cavities. To achieve this integration we first 

performed a traditional e-beam lithography process to pattern plasmonic gold features (see 

experimental methods). The QDs were then spin cast over top of the gold features and 

patterned using an aligned write e-beam procedure based on alignment marks made during 

the initial gold patterning step. The entire substrate was then rinsed with hexane for liftoff. 

At this point the design could be either considered completed and characterized or an 

additional layer of QDs could be spin cast on top and the patterning process repeated. SEM 

imaging revealed precise placement of QD features relative to the initial gold layer. Figure 

5.11(a) shows the results of the placement of 75 nm wide QD wires across 300 nm diameter 

and 50 nm high Au disks. Here, the vertical (red) QD lines were patterned first while the 

horizontal (green) ones were patterned after the initial PMMA and QD liftoff steps. This 
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result shows that this technique can be successfully used on metallic surfaces and over the 

top of structured surfaces. Additionally, this demonstration shows that multiple QD 

features can be patterned next to or over one another. This has important implications for 

systems that require multilayer structures to either achieve unique geometric profiles or to 

incorporate QDs made of different materials or of different sizes and shapes. Examples 

could include nano-sized full color QD arrays or the incorporation of both excitation and 

transmitting elements in complex photonic circuits. Figure 5.11(b) shows that QD 

structures can also be placed within plasmonic cavities. To fabricate these structures, we 

patterned 200 nm QD disks within broken gold rings with an inner diameter of 400 nm and 

a ring width of 100 nm. We found that 99% of the 400 QD disks created were successfully 

placed, with minimal feature size or shape fluctuation. Here, we define success as the QD 

feature being clearly present and the center point of the QD structure being within 20 nm 

of the intended location (in this case defined as the center point of the gold rings) in both 

X and Y. We found similar placement success for QD disks ranging from 100 nm to 800 

nm in diameter within corresponding split ring plasmonic structures. This is a large 

improvement over the 75% success rate (defined only as the structure being present) 

 

Figure 5.11: (a) SEM image showing two separate layers of 75 nm wide QD wires 

across 300 nm diameter gold disks. Red represents the bottom QD layer and green is 

the top QD layer. Scale bar is 500 nm. (b) SEM image showing nanoscale array 

consisting of gold split-ring resonators with 200 nm diameter QD disks placed in the 

center. Scale bar is 2 μm. Inset scale bar is 200 nm. Placement success was over 99% 

for 200 nm sized disks (c) Lifetime traces of patterned QD film (blue), 200 nm QD 

disk (green), and 200 QD disk inside a gold plasmonic ring (red) as shown in (b). 
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reported for QD patterns created by a bottom-up indirect e-beam lithography process using 

PMMA templates for QD features of similar size.27  

These results show that direct e-beam pattering of QD films can be a versatile and 

straightforward tool for further studies that utilize QD solids for nanophotonics. For 

example, the precise placement of these QD disks within plasmonic cavities allows us to 

probe the lifetime characteristics of these QD solids both when isolated and when placed 

near plasmonic features. The lifetime of QDs is heavily influenced by the environment 

surrounding the emitter, as explained by the well-studied the Purcell effect.147 As the 

separation between the QD and the plasmonic feature decreases the photonic density of 

states experienced by the QD solid increases, reducing the lifetime observed.24 Figure 

5.11(c) shows the normalized lifetime traces of a QD film prior to patterning, an isolated 

200 nm QD disk, and a 200 nm QD disk within a gold plasmonic ring as shown in Figure 

5.11(b). Results were fit using a stretched exponential model and showed that the 

unpatterned QD film has the longest lifetime of 4.3 ns with a beta value of 0.80. The 

patterned QD disk has a substantially shorter lifetime of 2.6 ns and a beta value of 0.66 

while an identical QD disk placed within a gold plasmonic ring has an even shorter lifetime 

of 2.1 ns and a beta value of 0.65, a decrease in lifetime of nearly 20% compared to the 

isolated case. Despite the substantial difference in lifetime, the wavelength of the PL peak 

does not shift when placed inside the gold plasmonic ring. These results show that, as 

expected, precise placement of QD solids is crucial to understanding and optimizing their 

optical behavior since the surroundings heavily influence the photonic density of states felt 

by the QD solid.  

5.4.  Conclusion 

In conclusion, we show that direct e-beam patterning of QD films is a robust way 

to produce nanoscale QD features and meets the requirements of most nanophotonic 

systems. We found that the use of a self-assembled monolayer greatly improved QD feature 

fidelity and the final pattern resolution was determined to be at least 30 nm in width and 

several (10+) monolayers tall. We also found that the QD photoluminescence intensity 

remained narrow and bright, even after high beam doses required for the finest QD features. 
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Using complex refractive index information, the modes supported by various QD features 

can be predicted and that the absorption within these nanoscale structures is found to be 

higher than an equivalent ‘bulk’ QD film volume. Finally, this technique allowed us to 

successfully integrate QD features on top of gold nanodisks and within plasmonic 

resonators with nearly 100% accuracy. This QD patterning technique will enable further 

nanophotonic studies that require design complexity without the need for unnecessary 

processing complexity, and give further insight into a variety of nanoscale optical 

phenomena.  
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Chapter 6 – Future Directions and Summary 

6.1.  Solid-State Ligand Exchange for Amine Functionalized CdSe/CdS 

As discussed briefly in Chapter 3, the ligand exchange between amine 

functionalized CdSe/CdS QDs and 3-MPA, sometimes led to delamination of the QD films, 

especially in thicker shelled QDs. We believe that this may have arisen because of the 

differences in the nature of the ligands present in PbS QDs (as used in the development of 

the 3-MPA treatment) and that of CdSe/CdS QDs. In a typical PbS QD solid-state 

exchange, the native ligands are long chain carboxylic acids (e.g. oleic acid). These ligands 

act as hard bases and bind weakly to the softer Pb2+ sites in an X or Z type fashion (Chapter 

2.4). When exposed to a ligand like 3-MPA, the ligand exchange is fairly straightforward 

because the thiol group on 3-MPA acts as a soft base and strongly binds to Pb2+ sites, also 

in an X or Z type fashion. In contrast, the synthesis of CdSe/CdS particles requires the use 

of primary amines. These ligands are hard bases like oleic acid (weakly binding to Cd2+, a 

soft acid), but they bind in an L-type fashion. Therefore, trying to substitute these L-type 

ligands with Z-type thiols or X-type thiolates may lead to unwanted side reactions. As 

shown by Anderson et al., primary amines in particular are very efficient at displacing Z-

type ligands (such as the bound thiolate groups from 3-MPA), which may limit the 

effectiveness of the 3-MPA treatment on CdSe/CdS particles.66 

In order to improve the ligand exchange for these QD heterostructures, new short-

chain organic ligands should be used. Ideally, a ligand that is both a soft base (strongly 

bonding with Cd2+) and L-type should be used. This would lead to the use of phosphine 

molecules as phosphene is larger and more easily polarizable than nitrogen. However, most 

short-chain phosphines, such as tributylphosphine, are pyrophoric, requiring the QD film 

formation to be done in an air free environment. Instead, we suggest an excess of short 

chain amine ligands be explored. These L-type ligands are hard bases (weakly binding 

here), but if allowed to interact with the QD film for a sufficient amount of time at an 

excess concentration, they may still enable efficient solid-state ligand exchange. Two 

readily available short-chain amines are ethylenediamine (EDA) and alanine (Figure 6.1). 
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Both of these suggested ligands are soluble in polar solvents such as methanol.  

EDA has been used in a handful of QD studies previously, but not for CdSe/CdS film 

formation to the best of our knowledge. One study showed that EDA-functionalized 

CdSe/ZnS QDs can be formed by solution state ligand exchange and are soluble in water.148 

Another study showed that EDA was able to be used for solid-state ligand exchange in 

PbSe QDs functionalized with oleylamine.149 While film formation did succeeded, it also 

led to substantial broadening of the PbSe QD’s excitonic features, which was attributed to 

strong coupling of the QDs in the film. Core/shell hetrostructures may help mitigate this. 

The solubility properties of QDs functionalized with alanine is less established, but given 

its short nature and functionality it is likely that it would behave similarly to 3-MPA 

functionalized QDs. A potentially interesting aspect to the alanine molecule in particular 

is that it also is readily available as both an achiral or chiral structure, depending on how 

the amine group binds to the carbon backbone. Further, some studies have shown that 

amine functionalized ligands should lead to less PL quenching than thiol functionalized 

ligands, suggesting that these ligands may have the added benefit of better preserving the 

PL of the CdSe/CdS QDs.45,61,150  

6.2.  Dielectric Metasurfaces for QD Absorption Enhancement 

With the knowledge of the complex refractive index of neat CdSe/CdS films comes 

the ability to design tailored nanophotonic designs to improve the absorption and emission 

outcoupling in QD thin films or nanostructures. There are many structures that could 

 

Figure 6.1: Comparison of 3-MPA to short chain, L-type amine functionalized ligands 

that could be used for solid-state ligand exchange. 
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potentially improve the optical properties of solid-state QD emitters but dielectric 

metasurfaces show particular promise. Normally, reflected light exhibits complete phase 

reversal in traditional metallic mirrors, causing a standing wave with reduced electric field 

intensity directly above the reflective surface. This diminished field intensity leads to poor 

absorption near the interface. Metamaterial mirrors are increasingly being explored as a 

solution to this problem because they allow the phase of the reflected light to be tuned and 

can be used to eliminate phase reversal upon reflection.151 The tunable QD band-gap makes 

them well suited to take advantage of the wavelength-dependent electric field 

enhancements that metasurfaces exhibit. Incorporating quantum dot films on dielectric 

metasurfaces, particularly QDs with core/shell heterostructures could improve the 

absorption of sub 200 nm QD films. Core/shell structures may be especially suited to such 

a design because the thick QD shells that passivate the core also lead to a lower optical 

density when in the solid-state, something that metasurfaces may help mitigate.  

 

 Preliminary exploration of dielectric metasurface fabrication has been carried out. 

To avoid parasitic Joule losses exhibited by metal structures, high index contrast TiO2 

structures created through a top-down process were explored.152,153 Initially, before 

patterning exploration of TiO2, a variety of titania films were deposited so that their 

refractive index could be measured. The films and the method used to create them are 

summarized in Table 6.1. It was found that the high temperature ALD process, carried out 

at 180 C, gave the highest refractive index value for the TiO2 film. However, due to the 

large amount of time required to deposit films of 100 nm or more, other options were also 

explored. RF sputtering showed promising results as it took much less time than ALD but 

Table 6.1: Summary of Methods Used to Create TiO2 Films 

Deposition Method n (at 600 nm) Deposition rate 

TiO2 RF Sputtering 2.38 15 nm / hr 

Low Temp. ALD (90 C) 2.12 to 2.34 
6 - 14 nm / hr (0.5 - 0.7 Å / 

cycle) 

High Temp ALD (180 C) 2.51 8 nm / hr (0.4 Å / cycle) 

High Density Sol-Gel 
2.3 reported, up to 1.95 

achieved  
--- 
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still had an index of nearly 2.4. TiO2 sol-gels based of Wang et al. also seem promising, 

but further process development is needed to achieve refractive index values over 2.0.154 

For initial testing, high temperature ALD titania films were used for further patterning.  

TiO2 structures were patterned via e-beam lithography and etching. First e-beam 

lithography resists were spin-cast on top of TiO2 and a thin layer of chromium was 

deposited to serve as an etching mask. To prevent incomplete liftoff a bilayer resist stack 

of polydimethylglutarimide (PMGI) on TiO2 followed by PMMA was used rather than a 

single layer of PMMA. The comparison of the two methods in shown in Figure 6.1. The 

bilayer process helped to ensure deeper undercut profiles could be achieved.155 

Specifically, the bilayer procedure consisted of diluting 5 mL of PGMI in 20 mL of 

Microchem T Thinner before use to ensure a very thin film would be deposited. This 

mixture was spin cast onto the cleaned TiO2/Si substrate at a speed of 3000 rpm for 60 

seconds and then baked at 225 °C for 10 minutes. After baking, the PMMA layer could 

then be added. This layer was deposited in the same way as typical PMMA processing for 

thin e-beam patterns where C4 PMMA was mixed with the thinner chlorobenzene in a 5:3 

ratio and then cast onto the PMGI/TiO2/Si substrate at a speed of 4000 rpm for 60 seconds. 

Afterwards the film was baked at 180 C for 5 minutes. At this point the bilayer stack was 

exposed to the e-beam patterning system with doses ranging from 1400 - 1900 μC/cm2. 

Disk arrays were patterned with diameters ranging from 150 to 200 nm and edge to edge 

spacing of 100 nm or greater. It is likely smaller features could also be achieved.  

To develop the bilayer requires separate steps for each polymer resist. First, the 

PMMA was developed using a cold mix (~5 °C) of 3:1 IPA:water for 1 minute and 15 

seconds, followed by a pure IPA rinse for 15 seconds and a drying step using a nitrogen 

air gun. Next the PGMI layer was developed at room temperature using a 3:2 ratio of CD-

26:water. Initially this step was performed for 2 minutes, but it was found that the closest 

spaced features were undercut too extensively, causing the unexposed PMMA to be lifted 

off. Instead, a development time of 1 minute 10 seconds was found to give good results 

with a more controlled undercut in the PGMI. Features spaced less than 100 nm apart 

would likely require a PGMI development time of less than a minute.  



87 

 

After successful development, the patterned resist was coated in 10 nm of 

chromium using a thermal evaporator and the remaining resist was lifted off using N-

Methyl-2-Pyrrolidone (NMP). The chromium disks that remained served as an etching 

mask during reactive ion etching performed using the Oxford etching system. Etching 

recipes were followed based on guidelines provided by Ha et al. to create TiO2 pillars.156 

 

6.3.  Quantum Dot Metasurface  

One drawback of dielectric metasurfaces driven by Mie resonances is that high 

refractive index contrast is needed between the scattering material and its surroundings. 

Further, the regions of highest field intensity are generally contained inside the material 

supporting the Mie resonance. Because the refractive index of colloidal CdSe/CdS QDs is 

generally around 2, it may be difficult to achieve full phase tuning when the metasurface 

is coated with QDs without using a very high refractive index material. Another method 

that may be enabled by the QD patterning method discussed in Chapter 5 is patterning the 

QD material itself. Epitaxially grown quantum structures in dielectric metasurfaces have 

shown unique optical properties such as directional emission and photoluminescence 

enhancement.29,32,98,157 The main challenge of creating a colloidal metasurface is to ensure 

that the QD solid has a high enough index to support strong Mie resonances. Ways to 

increase the refractive index of the colloidal emitters include exploring other high 

 

Figure 6.2: Example of TiO2 patterning results on Si with (a) PMMA only and (b) a 

PMGI/PMMA bilayer. 
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refractive index materials or using shorter ligands to increase inorganic QD packing. For 

example, in bulk the refractive index increases going from sulfur to selenium to tellurium 

and going from zinc to cadmium to lead. Therefore, CdTe, PbTe or PbSe QDs may have 

promise if reasonable emission properties can be achieved for desired applications. InP, Si 

based or Ge based materials also have high index values. In addition, small inclusions of 

high refractive index materials or shells of high index materials (Chapter 2.2) around QD 

emitters (greater than n=2.6 in the visible) could also lead to higher overall index values, 

though at the expense of optical density and possibly by introducing parasitic absorption.  

The use of short ligands in QD patterns may also help to encourage high refractive 

index values. To prevent detrimental effects to the QD patterning process itself, this would 

likely have to be achieved through a solid-state ligand exchange process after e-beam 

exposure. While this method may increase the density of the QDs, it could also lead to 

cracking in the QD patterns because of the ligand contraction since only one treatment 

would be applied, without subsequent QD deposition (compared to a layer-by layer 

treatment approach as discussed in Chapter 3.2). One other method to drive up the index 

could be by using nanocrystal shapes that can pack more efficiently than spheres but still 

maintain quantum confinement.158,159  

6.4.  Ligand Chemistry and Prorads for Improved E-beam Patterning  

A way to further develop the QD patterning capability is by functionalizing the QDs 

through solution exchange methods so the ligands can be more readily crosslinked. To 

tailor the QD ligand chemistry, the mechanistic details of the crosslinking process must 

understood. As a starting point, studies of ionizing radiation in polymers have been done 

since the 1950’s and provide great insight into the process occurring in QD ligands.160 

When high energy electrons hit the material, they transfer their energy through large 

numbers of inelastic collisions. The collisions of interest for polymer and QD patterning 

are primarily between the incident electrons and electrons bound to the atoms of the 

material. These collisions can result in three primary events: 

Ionization: Here a primary electron inelastic collides and transfers enough energy to 

free a bound electron to ionize the molecule, forming a free radical and a radical ion.  
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𝐴𝐵 → 𝐴𝐵+ + 𝑒− 

𝐴𝐵+ → 𝐴⦁ + ⦁𝐵+ 

After the inelastic collision, the primary electron can continue to travel through the 

material until enough energy is lost such that it no longer can ionize the material. After this 

point, two other mechanisms may occur. 

Excitation: Here an electron does not have enough energy to fully overcome the 

bonding energy of the electron but instead transfers enough energy to excite bonding 

electrons in the material. The excited molecule can then dissociate into free radicals. 

𝐴𝐵 → 𝐴𝐵∗ 

𝐴𝐵∗ → 𝐴⦁ + 𝐵⦁ 

Electron Capture: Electrons with energies too low to either ionize or excite the 

material may instead be captured. This again leads to ion formation and dissociation.  

𝐴𝐵 + 𝑒− → 𝐴𝐵− 

𝐴𝐵− → 𝐴⦁ + ⦁𝐵− 

The free-radicals that form in these processes can then initiate further chemical changes in 

the system including scissions and cross-linking.  

As shown in Chapter 5, these processes cause the solubility of QD solids to change 

in a controlled manner. This occurs because of two competing processes, chain scission 

and cross-linking. During the cross-linking process, C-H bonds in the ligand or polymer 

are cleaved, forming a hydrogen radical (Figure 6.3). Through hydrogen abstraction, the 

hydrogen radical can then initiate C-H cleavage in neighboring ligand chains to form 

hydrogen gas while the remaining free radicals on the organic material can combine to 

form a cross-link, tying the material together. If this process is repeated with enough 

frequency throughout the material, a chemically linked 3D network can be formed. In 

scission, the opposite process occurs and C-C bonds are cleaved. This generally occurs 
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through either disproportionation or β-cleavage and results in the formation of C=C bonds 

along the remaining organic chain.161 

 

For QD patterning, it is desired to encourage cross-linking while discouraging 

scission. This is because cross-linking changes of the solubility of the QD material while 

also improving the mechanical properties and maintaining the optical properties of the QD 

material. Studies in polymers show that whether cross-linking or chain scission dominates 

upon exposure is structure dependent.162 For example, polymers with few or no chain 

branches, such as polyethylene, are predominantly cross-linked while polymers with many 

side chains, such as polymethylmethacrylate (PMMA), will degrade via dominant scission 

processes.163 Chain scission is also more likely to occur near chain ends rather in the middle 

of long chain hydrocarbons. Additionally, unsaturated polymers such as polyisoprenes also 

show increased cross-linking yields and a loss of unsaturation upon e-beam exposure.  

 

Figure 6.3: (a) Mechanism of polymer or ligand cross-linking and scission after 

exposure to an electron beam. Image adapted from Drobny et al., 2013.160 (b) 

CdSe/CdS QD linking after electron beam exposure. 
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To test whether similar trends are seen in ligand systems, QDs with carefully selected 

ligands could be exposed to e-beam radiation and studied. Generally, unsaturated fatty 

acids (carboxyl end groups) are more readily available than those of amine functionalized 

molecules. Therefore, it suggested that CdSe QDs, whose native ligands are purely oleic 

acid, be used for the ligand study rather than CdSe/CdS QDs as the core/shell structures 

have a more complex ligand chemistry with oleic acid, cadmium chloride, oleylamine, and 

octylamine all potentially present. For the CdSe QD system, possible ligands that could be 

tested include various C6 or C18 fatty acids as shown in Figure 6.4. These ligands include 

a series of C6 and C18 ligands. The C18 ligands have the most promise as the long main 

chain should help to encourage greater crosslinking due to the higher organic content in 

the QD film. In this ligand series, steric acid is included as a saturated control molecule 

while oleic acid, linoleic acid, and γ-linolenic acid would allow the testing of greater and 

greater amounts of unsaturation. 2-methyloctadecanoic acid, a structure with a C18 

backbone but an additional methyl group on the C 2 position would serve as way to measure 

whether or not greater main chain scission is seen in branched ligands. The hexanoic acid 

 

Figure 6.4: Example ligands to test in the patterning of CdSe QDs. The above fatty 

acids would allow the controlled study of the effects of branching and unsaturation 

on e-beam patterning effectiveness. 
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based molecules could similarly be used to probe the effects of ligand structure, but while 

also achieving a higher packing fraction of inorganic content. If the C6 structures prove too 

short to adequately stabilize the QDs or to ensure effective patterning, a similar study could 

be done with C8 or C10 ligands.   

Another way to enable higher sensitivity to e-beam exposure when colloidal QDs are 

patterned may be through the introduction of cross-linking, promoter materials (called 

prorads).91 Prorads can be incorporated into a material to encourage greater radical 

formation, even when they are added at low concentrations. For example, in polymer 

systems halides, including sulfur monochloride, and thiol functionalized molecules, among 

others, can encourage crosslinking.164 Mixing small, chlorinated compounds in the QD 

dispersion before film casting may lead to higher crosslinking yields in QD ligand systems 

as well. Thiols could also be added to the QD dispersion, however these molecules mostly 

react through olefinic double bond and may only be useful to unsaturated ligands. In both 

cases, care would have to be taken to ensure these molecules do not change the optical 

properties of the QDs by binding directly with the inorganic QDs. 

 Another interesting aspect that could be explored with these custom ligand systems 

could be the optical properties of films made from chemically isolated QDs (i.e. QD films 

prior to exposure) compared to those of chemically linked QDs. Initially, monolayers of 

QDs may allow the most straightforward study as it would be easier to explore the extent 

of chemical linking. The electrical properties of these systems before and after chemical 

linking may also show significant changes and could also lead to interesting ways to 

improve the conductivity of neat QD films. There is some precedent for improved electrical 

conductivity in these systems in literature in previous studies of chemically linked QDs 

already.132,165  

6.5.  Varied Quantum Dot and Nanoplatelet Nanopatterns 

A study that could prove fairly straightforward could consist of creating aligned 

patterns using QDs with different diameters or chemical makeup. The energy transfer and 

optical properties within these designs could then be probed between materials of different 
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sizes. Materials with different band alignments and wavefunction isolation (e.g. CdSe/CdS 

vs. CdSe/ZnS) could also lead to interesting studies. For this study to be carried out, 

concentrated solutions of QDs with different emission properties would be needed. 

Possible materials could include various sizes of CdSe, CdSe/CdS, or CdSe/ZnS QDs, 

perovskite QDs, or CdSe based nanoplatelets. These materials could also be incorporated 

with dielectric or metallic colloidal particles. A brief perspective on each of the 

semiconducting systems is as follows: 

CdSe-based QDs: To achieve concentrated amounts of CdSe QDs it has been shown 

that using heat-up synthetic methods is hugely beneficial (Chapter 2). However, the 

drawback to heat-up methods is that it can be slightly more difficult to synthesize QDs of 

various sizes as the chemical reactivity of the precursors must be tuned. Initial efforts 

within the lab to produce green emitting CdSe QDs using heat-up methods have been 

carried out. These efforts involved the synthesis of the less reactive Cd-behenate (aka Cd-

docosanoate) precursor to replace Cd-myristate. In these reactions, Ostwald ripening could 

not be easily controlled (possibly because of impurities in the Cd-behenate product) and 

the CdSe QDs grew large (losing quantum confinement) if cooling was not started in the 

first few minutes of the growth phase. Literature sources show that using chelating agents 

(e.g. 1,2-hexadecanediol) to slow the reactivity of the Cd precursor may also be promising 

either with Cd-myristate alone or in conjunction with Cd-behenate.42 Other diol based 

molecules such as 1,2-dodecanediol may also be worth trying, though longer chained 

molecules may be more successful at slowing the QD growth. While initial synthesis 

attempts have had mixed results, the general procedure is promising and further work will 

likely lead to improved synthetic success. Other methods that are less proven but may also 

slow the CdSe growth could be the addition of stronger binding ligands to the growth 

solution instead of (or in addition to) oleic acid such as octylamine or oleylamine. These 

ligands would make subsequent solution state ligand exchange steps more difficult, but 

could also better stabilize the QDs once a given size has been achieved and these ligands 

should be compatible with further CdS shelling procedures.  

CdSe Nanoplatelets: Attempts to synthesize CdSe nanoplatelets at 1x and 5x scales 

in our lab have been straightforward and successful (Chapter 2.3). However, it likely that 
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creating multilayer films of nanoplatelets made using the previously discussed synthesis 

will be difficult. The reason for this is that current synthetic methods for creating CdSe 

nanoplatelets in the literature result in mixed products of polydispersed QDs alongside the 

monodispersed nanoplatelets. These different products must be separated through size-

selective cleaning strategies. Even when only one size-selective cleaning step is performed 

the product yield is much lower than the yields seen in the heat-up CdSe QD synthesis. 

Without methods to improve the yields of CdSe nanoplatelets, it will be difficult to do 

comprehensive studies requiring multiple films with multiple layers of nanoplatelets. 

Nevertheless, the large lateral dimensions could make the patterning of monolayers of 

nanoplatelets promising because of the increased likelihood of single particle placement 

compared to QDs. If such a study is attempted, a key part will be overcoming Van der 

Waals forces between the nanoplatelets and substrate to ensure a clean background around 

isolated nanoplatelets can be achieved. Additionally, controlling the orientation of 

individual nanoplatelets will be crucial as it will easier to pattern nanoplatelets lying flat 

and parallel to the substrate surface rather than those oriented perpendicular to the surface, 

reducing the surface area contact between particle and substrate.  

Cesium Lead Halide Perovskite QDs: Patterned structures of cesium lead halide 

perovskite nanocrystals could also lead to interesting optical studies. However, this class 

of nanoparticles may be the most difficult to pattern of the materials discussed here. Initial 

procedures in our lab have led to successful synthesis of these materials. However, they 

are often not stable in solution and can be etched overtime. For particles that are initially 

stable, solution state ligand exchange often causes etching to occur. Films of stable 

CsPbBr3 perovskite nanocrystals with native ligands have been made. However spin cast 

films were generally very rough and uneven. Further, attempts to pattern the smoothest of 

these films with the e-beam lithography process were unsuccessful because clean liftoff 

could not be achieved. Despite these difficulties, literature of the direct patterning of 

perovskite QDs has been previously carried out. These studies focus on selective ion 

exchange within unpatterned areas to manipulate the PL of the materials, but the 

reproduction of these methods may lead to more successful patterning routes on which to 

base further study.140  
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6.6.  Summary 

In summary, the small size of photoluminescent, nanocrystal quantum dots leads to 

a variety of unique optical properties that are well-suited to many optoelectronic devices. 

Primary applications include color displays (QLED TVs), solid-state lighting, and solar 

energy. Two challenges for solid-state colloidal QD research include 1) the difficulty of 

predicting the refractive index of QD solids before film fabrication and 2) the lack of 

nanofabrication strategies that allow accurate placement of nanoscale, multilayer thick QD 

patterns without cracking or pattern distortion. Here we have shown that the intrinsic 

refractive index of neat CdSe/CdS QDs can be extracted from solution-state absorption 

data. We then showed how this information can be used with effective medium 

approximations to describe the effective refractive index of QD films associated with a 

variety of QD sizes and packing fractions. Our predictions were verified experimentally by 

spectroscopic ellipsometry. With our modeling tool, we can better understand packing 

variations between QD films and predict the absorption in solid-state QD structures, saving 

significant time and materials. 

We have also shown the need for accurate nanoscale patterning of QD solids. We 

have found that direct electron beam lithography of QDs is a straightforward patterning 

process that does not require ligand exchange and results in structures that retain bright 

photoluminescence. We demonstrate that feature sizes as narrow as 30 nm with many QD 

layers can be patterned. These structures can withstand sonication in a variety of solvents, 

show no distortion, and can be placed within 20 nm of their intended location nearly 100% 

of the time. Combining our nanofabrication technique with the ability to measure the 

refractive index of the QD pattern, we further model the absorption and scattering cross 

sections of our QD structures at various sizes and shapes. These simulations reveal that 

edge effects arising from the finite shape of the QD nanostructure lead to substantial 

absorption enhancement when compared to an equivalent volume region taken from a 

continuous QD film. Finally, we explored more complex structures by patterning QD 

arrays, multilayer QD structures, and QD disks inside plasmonic resonators. Future 

research using optimized ligand systems and other QD materials may lead to improved 
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processing and greater insight into the interactions between quantum emitters in the solid-

state. Additionally, incorporation of QD patterns into nanophotonic designs may enable 

new ways of enhancing and controlling the photoluminescence in these materials.  
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Appendix 

The following serves as a guide for the code used in Chapter 4: 

 

Part 1: Determining the Intrinsic n, k Values for a Core QD from Solution 

Absorption 

1) Obtain a UV-VIS measurement of the QDs of interest over the wavelengths of interest. 

For refractive index determination a range of ~325 – 1000 nm is recommended. To 

ensure solvent absorption is not a problem at short wavelengths, hexane or octane is 

recommended rather than toluene. Save data as a .csv file. 

2) Next the bulk refractive index data of the bulk material, going to as short of a 

wavelength as possible, is needed. For zinc-blende CdSe, this is file CdSe_ZB. The 

index of the solvent the QDs are suspended in also is needed. Some common solvents 

at 325 nm are: hexane = 1.40, octane = 1.42, toluene = 1.55 

3) The function ‘SolnExtractCdSe’ can now be used to calculate the bulk absorption 

coefficient data and scale the QD absorption UV-VIS data to this at high energies. To 

ensure it is working for a given sample: 

 Uncomment the figure plotting section 

 Input the proper name of your UV-VIS experimental data for the ‘Experiment’ 

variable.  

 Check that the wavelength you choose to mesh together the QD absorption data 

and the bulk absorption coefficient data gives a fairly smooth transition. This 

can be done by changing the value of ‘nmCdSe’ until the 3rd figure generated 

results in a smooth overlay of QD data and bulk data. 

4) Once the ‘SolnExtractCdSe’ results are satisfactory and a guess for the absorption 

coefficient of the QD material is obtained the figure plotting section can be commented 

out and the Kramer-Kronig iterative method can be run.  

5) Open the matlab file ‘KK_transform_solution_data_CdSe’ and ensure it calls the 

correct ‘SolnExtractCdSe’ file. Check the value of the energy at which you believe the 



109 

 

n and k values of the QDs should coincide with bulk material data by changing the 

variable ‘eV_QD2Bulk’. This point should be at or slightly above the energy at which 

the meshing was done in the solution extraction step. For example, 325 nm would be 

3.8 eV. Additionally the number of iterations can be changed by changing the range of 

the ‘guess’ variable. Generally around 10 is fine.  

6) Once the ‘guess’ number and ‘eV_QD2Bulk’ energy are checked the code can be run. 

It will generate a file with the Kramers-Kronig consistent values of the intrinsic QD’s 

refractive index. If the E_inf value is continually increasing, the ‘eV_QD2Bulk’ should 

be adjusted. 

Part 2: Determining the Intrinsic n, k Values for a Core/Shell QD from Solution 

Absorption 

For core/shell materials, because both CdSe and CdS contribute to absorption at high 

energies, the absorbance cannot be scaled to a pure bulk component as it was with CdSe. 

Instead the following is done: 

1. TEM images of the core and core/shell material is needed to find the number of 

monolayers of CdS shells added to the initial CdSe cores. UV-VIS data of the 

core/shell material is also required. 

2. Once the QD geometries are known the high energy CdSe/CdS composite is 

described using a Bruggeman two component model with relative volume 

fractions found by taking the volume of an X monolayer thick CdS hollow sphere 

relative to the volume of a CdSe sphere. This is done by adjusting code 

“CdSeCdS_QD_EMA_bulk” to reflect the diameter of the core material and the 

monolayers of shell material. The bulk refractive index data of both the core and 

shell materials saved as text files and going to as short of a wavelength as possible 

are also required. 

3. Once the volume fractions are updated, the code can be run and will output the n, 

k data of a bulk CdSe/CdS composite.  
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4. This data set should then be referenced and the “SolnExtractCdSeCdS” code can 

be run. It will run in the same general way as the “SolnExtractCdSe” code for the 

core only material. For details, see part 1 of this guide.  
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