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Abstract 

 

Nanotechnology is allowing the solar energy industry to advance at an accelerating rate, 

although new materials and processes are required for developing new types of solar 

cells. Similar to other industries, it is desirable to develop the most environmentally 

friendly and cost-effective solutions on how to make these next generation materials. Of 

these new materials, quantum dots (QDs) are of current scientific interest which provide 

record-breaking increases in efficiency and a new approach for harnessing solar radiation. 

However, most previous QD work has focused on lead or cadmium based materials, 

which are not earth friendly and have low thresholds in both California and European 

legislation. For this reason, this work examines the earth friendly and abundant materials 

Copper Indium Sulfide (CIS) QDs, i.e. CIS-QDs, which have favorable emission 

properties.  These materials were prepared and examined for use in solar harvesting in 

photovoltaic (PV) devices.  

 

Copper Indium Sulfide (CIS) QDs were synthesized using three different synthesis 

techniques, then compared based on their optical and size-dependent properties. Two 

techniques followed a hydrothermal batch reaction process, referred to as hot injection 

(HI) and heat up (HU) techniques, that are differentiated by the time at which the sulfur 

component is added to the reaction medium. The third technique was based on a 

continuous microfluidic approach. Results showed that the QDs produced from the HU 

and HI methods have a chalcopyrite structure, with their optical properties being highly 

dependent on their size and elemental composition. QDs produced from the microfluidic 

approach were found to agglomerate quickly and had a resulting weak photoluminescent 

response. 

This work examined these QDs in two separate solar applications, both for use in light 

spectrum conversion with solar films and for use in third generation solar cells. For 

application in light spectrum conversion, the QDs were melt-mixed with ethylene-vinyl-

acetate plastic, using a twin-screw extruder and pressed into thin films using a Carver 

hydraulic press and Universal film maker. QDs were also reviewed for their use in third 
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generation solar cell configurations. Based on the optimal configuration, QD sensitized 

solar cells were fabricated and tested. Resulting current-voltage (IV) curves and solar 

cell data showed a direct relation between QD composition and cell efficiency.   

 

Key Words: light conversion, ethylene-vinyl acetate, quantum dots, quantum dot solar 

cells 
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CHAPTER 1: LITERATURE REVIEW 

Introduction: 
 

 Nanotechnology is a rapidly growing field attracting intense interest across 

multiple science and engineering disciplines. It has tremendous potential in applications 

including solar, medical, and various electronic devices (BCC-Research 2008, BCC-

Research 2014).  Nanotechnology refers to the ability to engineer materials and devices at 

an atomic scale, typically working with dimensions in the range of 1-100 nm. 

Advancements in material synthesis techniques and characterization devices has allowed 

researchers to gain new insight into what is possible using the tools of nanotechnology.  

 

 A nanomaterial is defined as any material with at least one dimension limited to 

the nano–scale, typically less than 100 nm. There are three distinct classifications of 

nanomaterials: nanosheets, nanorods, and nanodots (W.G.J.H.M. van Sark 2012). A 

nanosheet is a material with one dimension in the nano-scale, an example being graphene. 

A nanorod is a material with two quantized dimensions, such as carbon nanotubes, while 

nanodots, also referred to as quantum dots (QDs), are quantum confined in all three 

dimensions. Quantum confinement occurs when the diameter of a particle, referred to as 

‘D’ in Figure 1-1, reaches a size smaller than the Bohr radius, DB, of that material. This 

causes the energy levels of the material to split, leading to highly tunable electronic and 

optical properties(W.G.J.H.M. van Sark 2012).  

 

Figure 1-1: Quantum Confinement Effect on Conduction and Valence Band(W.G.J.H.M. van Sark 

2012). 
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All three classifications of nanomaterials have their role in various branches of 

nanotechnology. QDs are known for their unique ability to selectively convert light 

energy to different wavelengths, a highly researched process in the solar energy industry 

(Kamat, 2013).  

 

The start of nanotechnology began in the 1980s with scientists observing 

molecules at a nano-scale (United States National Nanotechnology Initiative, 2015). The 

global market for nanomaterials is expected to grow to $64.2 billion by 2019(BCC-

Research 2014).  The vast majority of this market includes nanoparticles and nano-scale 

thin films, which accounted for nearly 80% of the nanotechnology market in 2013. From 

Figure 1-2 it can be seen that solar energy and optoelectronics are experiencing the most 

rapid growth in recent years. Furthermore, as the population continues to rise, especially 

in developing countries, global demand for renewable energy will continue to grow, 

driving the development of new solar energy harvesting technologies.

 

Figure 1-2: Nanotechnology growth in different markets 2009-2015(BCC-Research 2014). 
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Quantum Dot Classifications: 

 

 Quantum dots (QDs) can be organized into three classifications, i.e. core, core-

shell, and alloyed QDs (Sigma-Aldrich, 2015). Different materials are used to produce 

QDs in each of these categories, each with distinct advantages depending on the end-use 

application. The most commonly used materials for QDs are metal chalcogenides, 

specifically metal sulfides, selenides, and tellurides. QDs made from elements in groups 

II-VI and IV-VI, specifically those cadmium and lead based, have attracted the most 

interest (Kamat 2013, Stolle 2013, Kramer 2014). However any products containing 

cadmium or lead are hindered by environmental regulations and are not generally 

accepted by the public. The European Union and California law both restrict the use of 

cadmium and lead in homogenous materials to 0.01% and 0.1% by weight, respectively 

(California-Law, 2010 and EUR-Lex, 2011). This has led to the investigation of other 

elements from group IV and also binary compounds combining elements from groups III 

and V, such as indium and phosphorous. The most recent research on QDs involves 

ternary compounds made up of elements from groups I, III, and VI, such as copper, 

gallium, indium, sulfur, selenium, and tellurium (Guijarro 2014, Pan 2014).  

 

 

Figure 1-3: Core Vs. Core Shell QDs. 
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Core Quantum Dots: 

 

The most basic type of QD is referred to as a core QD. Core QDs have a uniform 

composition and typically consist of two different elements with common examples of 

core QDs being: CdS, CdSe, CdTe, ZnS, ZnO, PbS, and PbSe. Although these QDs suffer 

from limited functionality, they are easily tuned by varying their particle sizes (Semonin, 

Luther et al. 2012, Kamat 2013, Sargent 2013). Cadmium based QDs primarily absorb 

light in the UV region, while their emission can be tuned across the visible spectrum 

(Kongkanand, Tvrdy et al. 2008, Lin, Chen et al. 2012). Lead based QDs absorb light 

from the UV, visible, and near infrared parts of the electromagnetic spectrum. They can 

be tuned to emit light in the near infrared and infrared parts of the spectrum (Ma, Swisher 

et al. 2011, Beard, Luther et al. 2013). A strong absorption of light across the majority of 

the electromagnetic spectrum is attracting researchers’ interest for developing solar cells 

utilizing lead based QDs as the primary absorbing layer (Kramer and Sargent 2014). 

However, protecting the surrounding environment from exposure to lead remains a 

current concern, with more environmentally responsible choices necessary. 

 

Core-Shell Quantum Dots: 

 

 The fluorescence seen in QDs is a result of electron-hole pairs, also called 

excitons, recombining through radiative pathways. However, this recombination of 

charge carriers does not always result in the release of a photon. Instead, this energy can 

be lost in the form of heat, often caused by distortions in the QD’s crystal lattice (G. 

Ledoux 2001). In order to reduce these heat losses and provide a protective barrier 

between the QD core and surrounding environment, a different material is used to form 

the shell layer. By strategically selecting the shell material, the band gap offsets between 

neighboring materials can be optimized to reduce non-radiative recombination and 
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maximize effective electron-hole recombination, a process described in Figure 1-4 below. 

 

 

Figure 1-4: Exciton recombination diagram(G. Ledoux 2001). 

 

The effectiveness of a QDs ability to absorb and emit light is their most important feature, 

which can be quantified by the quantum yield (QY).  The QY is defined simply as the 

ratio of photons emitted to photons absorbed. By coating the QD core material with a 

different shell material, the QY can be dramatically increased (Sanchez, Binetti et al. 

2014). 

 

For QD applications involving light harvesting, it is necessary to position the 

conduction and valence bands of the core and shell material such that the generated holes 

remain quantum confined in the core, while electrons remain quantum confined in the 

shell. This forces the charge carriers to cross the core-shell boundary in order to emit 

photons, making the process easily tunable by carefully selecting the band gap offset 

between the individual core and shell materials. To satisfy these conditions, the shell 

typically requires a higher band gap material than the core (Sanchez, Binetti et al. 2014). 

Alloyed Quantum Dots: 

 

 Some QD applications, mainly biomedical, have very precise size requirements, 

making size-controlled tuning of their properties problematic. To overcome this 
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difficulty, researchers have created alloyed QDs, which are mostly different combinations 

of the common materials used to produce core and core-shell QDs. Furthermore, the 

properties of alloyed QDs are distinct from both of their bulk materials and both of their 

parent semiconductors (Kamat 2013).    

CIS Quantum Dots: 

  
 Copper-Indium Sulfide (CIS) QDs were chosen in this work for use in QD solar 

cells and down-conversion because of their relatively low toxicity compared to Cd and 

Pb, high absorption coefficients, and widely tunable emission wavelength range 

(McDaniel 2013, Yu 2013). CIS QDs are compatible with a variety of surface ligands and 

have shown promising results in a variety of applications, including solar, LEDs, and bio-

imaging (Song 2012, Yu 2013,Guijarro 2014, and Pan 2014).   

Magic Quantum Dots: 

 

 QD synthesis typically consists of two main steps, nucleation followed by growth, 

which causes the products to have a rather broad size distribution. However some 

researchers have been able to stop the growth process immediately after nucleation. The 

resulting QDs exhibit highly precise properties and are referred to as magic-sized QDs 

(Yu, 2010). These QDs are single sized and only exhibit homogenous spectra broadening 

(Yu, 2010).   

 

Quantum Dot Applications: 

  

 The potential applications for QDs continue to grow as new discoveries are made. 

From Figure 1-2, the current areas of application for QDs can be divided into six 

categories, i.e., biomedical, optics, electronics, solar energy, optoelectronics, and security. 

QDs are being used to replace organic dyes in the biomedical industry as fluorescent 

imaging agents.  In the optics industry, QDs are being used to make high performance 

lasers. QDs are also used in many new electronic versions of cell-phones and televisions. 

The optoelectronics industry, based on the use of electronic devices to control light, has 

shown a surge of growth lately. Recent years have shown the emergence of a small 
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security industry using QD technology mostly for counterfeit applications(BCC-Research 

2014). The industry of solar energy utilizing QDs has shown significant growth in recent 

years and will be an essential requirement to support the growing population’s energy 

demands (BCC-Research 2008, Kamat 2013). This thesis investigates the synthesis of 

CIS QDs and their application for solar energy harvesting. 

 

Fabrication Methods: 

 

 There are a variety of synthesis techniques used to produce QDs. The majority are 

based on a hydrothermal route, which involves heating up a solution of precursor 

compounds, organic surfactants, and a solvent. Upon heating, the precursors decompose, 

forming monomers that initiate crystal growth. The QDs are allowed to grow for a 

specific amount of time, after which they precipitate from solution. This is traditionally 

done using either a solvent or anti-solvent wash and then centrifugation in which the QDs 

are separated from the solvents and reactants by centrifugal force. Recently, new 

separation techniques have been explored such as using gas-expanded liquids to 

precipitate the QDs from dispersion(McLeod, Anand et al. 2005). Once the QDs have 

been recovered, it is then necessary to process them into thin films for use in the end-use 

application of interest, e.g. photovoltaics. Film deposition is an area attracting significant 

interest, and is paramount in producing high efficiency solar cells. There are a number of 

film deposition techniques used today including drop casting or spin coating, chemical 

bath, successive ionic layer absorption and reaction, electrophoretic deposition, and the 

use of a molecular linker (Kamat 2013). 

 

The deposition methods for QDs can be split into two categories, those utilizing 

pre-synthesized QDs and those that grow QDs directly onto a substrate. Pre-synthesized 

QDs are used in drop casting, spin coating, use of a molecular linker, and electrophoretic 

deposition techniques. The SILAR process combine both the QD synthesis and film 

deposition steps into one step using a chemical bath and successive ionic layer absorption 

and reaction approach. Both approaches have advantages and disadvantages, although 

research is leading towards the use of pre-synthesized QDs. In the SILAR and chemical 
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bath approaches, the QD loading is achieved directly onto the metal oxide support, which 

is most commonly TiO2. Here the obtained loading is typically higher than that achieved 

when producing films with pre-synthesized QDs. However recent results from H. Zhang 

et al. showed 34% coverage of CdSe QDs on TiO2 films using a molecular linker method 

(H. Zhang 2012). This value is the highest reported among quantum dot sensitized solar 

cells (QDSSCs), with typical values being in the range of 14-20%(H. Zhang 2012). Pre-

synthesized QDs typically have higher quality and higher QY, and can be easily tuned for 

specific requirements.  

 

Solar Cell Classifications: 

 

 Current solar cell technology can be broken down into five categories: crystalline 

silicon, which accounts for over 90% of the photovoltaic market in Canada, single 

junction GaAs, multijunction, thin-film, and emerging photovoltaics, which include QD 

solar cells (NREL 2014). The highest efficiencies are produced by cells consisting of 

several different layers of absorbing materials, which are inherently very expensive and 

only produced on a lab-scale. Crystalline silicon cells dominate the commercial market 

because of their relatively high efficiency, 15-18% for commercial cells, good stability, 

and ultimately have the lowest cost/Watt compared to other categories. Thin-film solar 

cells are referred to as second-generation solar cells, with the goal behind them being to 

produce very cheap cells to counter their characteristically lower efficiencies. Copper 

indium gallium selenide/sulfide (CIGS) cells are the dominant technology amongst thin-

films and also incorporate nanomaterials in their structure(NREL 2014). CIGS are 

typically produced using high temperature vacuum deposition methods to achieve 

uniform film thickness and constant elemental composition. They are deposited onto 

flexible substrates with the active layer thickness ranging from 1-4 μm, and have reached 

efficiency's as high as 20.0% (NREL 2014). Based on the proven success of utilizing 

copper and indium as photoactive materials in CIGS solar cells, copper indium sulfide 

QDs are a promising strategy for third generation solar cells. The emerging technologies 

category, is also referred to as third-generation solar cells, which include dye-sensitized 
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cells (DSSC), perovskite cells, and QD cells. The latter of which is increasing in 

efficiency at the highest rate amongstst all photovoltaic technologies(NREL, 2014). 

Quantum Dot Photovoltaics 
 

 There are a number of different approaches to producing solar cells using 

QDs (Kramer and Sargent 2014). These can be divided into three categories, solid-state 

heterojunction cells, liquid junction cells, and polymer-QD hybrid cells. Solid-state 

heterojunction cells can utilize multiple layers of QDs, with each layer capable of 

absorbing an additional part of the sun’s spectrum. This makes them the leading candidate 

for reaching the highest possible efficiencies. Solid-state cells also avoid degradation 

from a liquid electrolyte that is used in liquid-junction QD solar cells. Liquid-junction and 

QD-polymer hybrids have advantages also relating to their structure, processability, and 

cost (Hines 2014, Lan 2014).  QDs can also manipulate solar energy by being combined 

with traditional silicon-based devices. This is referred to as up and down-conversion. 

The architecture of QD solar cells is constantly evolving with new innovations 

and technologies. The three main categories of QD solar cells: solid-state heterojunction 

cells, liquid junction cells, and polymer-QD hybrid cells; each have different cell 

architectures and can be broken down into nine groups. The record efficiency for each 

classification can be seen below in Table 1-1. 

 

Table 1-1: Record efficiencies of different QD solar cell designs(Kramer and Sargent 2014). 

Configuration Efficiency (%) 

Colloidal QDSSC 5.4 

QDSSC (substrate growth such as CBD or 

SILAR) 

5.6 

Schottky 4.6 

Depleted heterojunction 8.5 

Depleted bulk heterojunction 7.3 

Bulk-nano heterojunction 4.9 

Quantum junction 7.4 

Multijunction 4.2 
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Colloidal Quantum Dot Sensitized Solar Cell: 

 

This type of configuration is very similar to a dye-sensitized solar cell with the 

dye being replaced by colloidal QDs. The first time a solar cell of this nature was reported 

was in 1998 utilizing InP QDs as sensitizers (Zaban, 1998). This type of cell includes a 

monolayer coating of colloidal QDs over a transparent, nanoporous electron acceptor like 

TiO2 or ZnO. This interface is then permeated with a liquid electrolyte, commonly an 

organic polysulfide, for hole collection. A primary challenge with these types of solar 

cells is achieving continuous, monolayer coverage of the entire nanoporous electron 

acceptor. This can be attributed to the colloidal QD diameter being much larger than the 

nanoporous TiO2 pore diameter. Poor coverage of the electron-accepting layer leads to it 

coming into direct contact with the hole-transporting electrolyte. This leads to back 

injection of the charge carriers, which significantly degrades device performance. 

 

In an effort to overcome this issue, researchers are depositing a higher band gap 

layer, commonly ZnS, overtop of the QD layer to prevent contact with the 

electrolyte(Guijarro, Guillen et al. 2014). An alternative approach involves sensitizing 

solution stable TiO2 nanoparticles with the QDs prior to film deposition of the QD – TiO2 

nanostructure. Although efficiencies of greater than 5% have been successfully 

demonstrated with this approach, using a chemical bath deposition or SILAR method 

allows for QD synthesis and film deposition to be carried out in a single step (Zhang, 

2012). This provides some advantages for QD coverage, but not without sacrificing 

optical properties and monodispersity(Kramer and Sargent 2014). 

 

The operating principle of a QDSSC is very similar to that of a DSSC. When the 

QDs absorb a photon with high enough energy, they promote an electron to its conduction 

band. This electron is then injected into the conduction band of nanoporous TiO2. At the 

same time the hole resulting from the electron that was excited to the conduction band of 

the QDs is transported into the liquid electrolyte, where it undergoes reduction. The 

electron travelling through the TiO2 passes through the anode and then reenters the cell 

through the cathode, creating an electrical current(Kamat 2014).  
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Schottky Colloidal Quantum Dot Solar Cell: 

 

These types of cells rely on an electron affinity difference between the top, a 

transparent conductive oxide, and the back, commonly Mg or Al, contact layers of the 

cell(Kramer and Sargent 2014). This produces a built-in electric field, which acts as the 

driving force for extraction of electrons and holes. These cells typically utilize PbS QDs 

for electron extraction that are blended with an organic polymer, which facilitates hole 

extraction. The first cell with this architecture was produced in 2005 (McDonald, 2005). 

After extensive investigation into the polymer’s impact on electrical properties, it was 

found to actually hinder hole extraction, compared to the improved hole transport in QDs 

themselves. By producing these devices without a polymer component, it was confirmed 

that with an electric field, thin-films consisting of only QDs could effectively separate 

and transport both electrons and holes. This made Schottky QD solar cells more similar to 

polycrystalline thin-film cells, with the major advantage of having quantum-tuned band 

gaps(Kramer and Sargent 2014). 

 

Schottky cells are attractive because of their functional simplicity, ease of 

fabrication, excellent potential for mass production using a roll-to-roll process, and good 

demonstration of the stand-alone ability of QD thin-films (Luther, 2008). These have 

reached efficiencies greater than 4.5%(Ma, Swisher et al. 2011). 

 

The architecture of a polymer-QD hybrid solar cell is similar to the solid-state 

heterojunction cell. It consists of conductive and transparent anode layer, commonly ITO 

or FTO, then the photoactive layer, which is a combination of the polymer material and 

QDs, and finally the cathode layer, commonly aluminum(Ma, Swisher et al. 2011). 

 

Depleted Heterojunction: 

 

The idea behind a depleted heterojunction QD solar cell is to combine the 

advantages of the Schottky and QDSSCs (Pattantyus-Abraham, 2010). This type of cell 

consists of a transparent anode, commonly FTO or ITO on glass. A wide band gap 

http://pubs.acs.org/action/doSearch?ContribStored=Luther%2C+J+M
http://pubs.acs.org/action/doSearch?ContribStored=Pattantyus-Abraham%2C+A+G
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semiconductor is deposited on top, commonly TiO2 or ZnO, which does not have to be 

nanoporous. Next the QD active layer is deposited onto the wide band gap 

semiconductor, with a thickness of 50-300nm(Kramer and Sargent 2014).  

 

Selection of appropriate surface ligands is critical in depleted heterojunction cells 

in order to achieve the best interfacial contact between the QD active layer and wide band 

gap semiconductor transport layer. Tuning conduction band offsets is of critical 

importance as improperly matched band gaps of two different materials at an interface 

creates a barrier for electron injection. By carefully controlling the band offsets, efficient 

charge extraction can occur without a strong electric field (Kramer and Sargent 2014). 

Optimization of band gap offsets through careful selection of QD size has produced 

efficiencies as high as 8.5% (Maraghechi, 2013). 

 

Depleted bulk heterojunction, bulk-nano heterojunction, quantum junction, and 

multijunction cells are all similar to the depleted heterojunction cell in design, with minor 

differences in the materials used. These types of cells can all be classified as solid-state 

heterojunction cells.  

 

Down-Conversion: 

 QDs can also be applied to existing solar cell technologies, primarily silicon based 

cells, to increase efficiency. One of these concepts is referred to as down-conversion. This 

is a process during which the QDs convert a portion of the sun’s electromagnetic 

spectrum, that was previously unutilized high-energy UV light, into wavelengths more 

suited for absorption using a traditional solar cell. The QDs can be combined with a 

protective polymer and applied as the top lamination layer on silicon solar cells. QDs can 

be fine tuned to emit light at the band gap energy of the silicon absorbing layer and 

provide significant increases in efficiency. This strategy is also desirable because it 

minimizes costs associated with establishing a new commercial manufacturing process, 

something that would be required for the other QD solar cell technologies discussed 

above.    
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 Down-conversion refers to the process where a single high-energy photon is 

converted to multiple lower energy photons. Essentially this process is capable of 

concentrating the sun’s light spectrum into narrower, high intensity spectrums, with the 

tunable emission wavelength dependent on the final application. This also reduces 

thermalization loses in first generation solar cells, through a concept referred to a multiple 

exciton generation (MEG) (NREL 2012). Two similar processes also attracting 

researchers’ attention are down shifting, a less efficient form of down-conversion, and up 

conversion, the exact opposite process of down-conversion.   

 

 

Figure 1-5: Light Converting Mechanisms (W.G.J.H.M. van Sark 2012). 

 

MEG is a phenomenon unique to QDs. Traditionally the absorption of a photon causes a 

single electron to jump from the valence band to the conduction band. If the energy of the 

photon is higher than that of the absorbing material’s band gap, it is released in the form 

of heat, also referred to as a thermalization loss. When QDs absorb photons with energy’s 

higher than their band gap, the energy can be exchanged between multiple electrons, 

leading to the formation of multiple electron-hole pairs or excitons. This process is 

described in Figure 1-6.  
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Figure 1-6: Schematic of MEG Mechanism (NREL 2012) 

 

Very few reports have been published on these concepts. There have been some studies 

on the use of rare earth ions for up-conversion and the use of nano-layered zinc oxide as a 

down-conversion layer (Yao Zhu 2013, SISER 2014). However there are no studies 

available on the use of CIS QDs as a down converting layer.   

 

Technology Classification: 

 

The seven different QD solar cell configurations discussed above can be 

organized into three distinct categories.  

Table 1-2: QD Solar Cell Classifications 

Classification Configurations 

Solid-State Heterojunction Depleted Heterojunction, Depleted Bulk 

Heterojunction, Bulk-Nano 
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Heterojunction, Quantum Junction, and 

Multijunction 

Liquid-Junction QDSSC 

QD-Polymer Hybrid Schottky 

 

The majority of researchers working with QDs synthesize them in their own labs, as there 

are only  a few commercial suppliers of QDs. However, the cost for these QDs is 

currently very high and varies substantially from supplier to supplier. This is because of 

the wide variety in quality, composition, manufacturing processes, and geographical 

location between the suppliers. QDs are a specialty chemical and the only prices available 

for them are from companies selling them for research purposes. These costs also have to 

cover the extensive QD product characterization required by the company to insure they 

provide a consistent, premium product. Large chemical companies are currently pursuing 

partnerships with companies that have expertise in QD manufacturing at a smaller scale 

in hopes of gaining control of the emerging commercial market for QDs. This will lead to 

a significant reduction in cost and more widespread availability.   

 

Table 1-3: Cost comparison of commercial QDs (Crystalplex 2014, Mesolight 2014, 

Nanotech 2014, Sigma-Aldrich 2014) 

Supplier Cost per 50 mg  

Crystalplex $500-700 

Mesolight $200-600 

Ocean Nanotech $250-900 

Sigma Aldrich $500-1000 

Future of QD Solar Applications  

 

 QDs are allowing for progression of the photovoltaic industry at an impressive 

rate. The growth rate of investment for QDs used in solar and other applications can be 

seen in Figure 1-7. As new techniques for improving surface chemistry, interface 

interactions, and new materials for QD solar cells appear in research, they will continue to 

press records in efficiency and help support the growing global demand for renewable 
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energy. Some of the more important areas requiring improvements for economic 

commercialization are in synthesis techniques such as continuous production using a 

microfluidic reactor system. Incorporating roll-to-roll processing techniques for QD solar 

cells will also be critical in achieving commercial feasibility. 

 

Figure 1-7: QD Market Growth 2008-2013(BCC-Research 2008) 

 

OBJECTIVES: 

 

The objectives of this thesis were to: 

 

1. Evaluate available synthesis methods for producing non-cadmium or lead free 

quantum dots, focusing on copper indium sulfide. 

2. Investigate the use of these quantum dots in polymer films for application as a 

light-selective thin film using downregulation. 

3. Investigate the use of these quantum dots as the primary absorbing layer in a 

quantum dot solar cell design. 
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CHAPTER 2: SYNTHESIS OF COPPER INDIUM SULFIDE 

QUANTUM DOTS FOR USE IN QUANTUM DOT SENSITIZED 

SOLAR CELLS 

Abstract: 

 

Third generation solar cells utilize high-performance high-cost nanomaterials, 

termed quantum dots (QDs), capable of reaching high efficiencies. Specifically QDs can 

be used in place of organic dyes in a cell configuration similar to that of the well-known 

dye-sensitized solar cell (DSSC) design. QDs exhibit higher absorption coefficients and 

increased tunability compared to organic dyes. However most QDs utilize lead or 

cadmium, which are not considered earth friendly elements. Copper indium sulfide (CIS) 

QDs are of interest, but the relationship between structure and properties is unknown.  

 

This work examines three alternative techniques for the synthesis of CIS QDs. 

Two are based on hydrothermal synthesis procedures while the third compares a novel 

microfluidic reactor system approach. The resulting QD samples were characterized 

based on their optical, size-dependent and structural properties. The effectiveness of each 

approach was determined by comparing the quantum yields and size distributions of 

synthesized samples. Experimental results revealed that QD samples with lower 

monodispersity gave higher quantum yields. Then, solar cells utilizing CIS QDs as the 

primary absorbing layer were fabricated and tested. Cell performance was found to be 

highly dependent on the QD composition and dramatically increase with the use of a 

passivation layer.  
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Introduction: 

 

Quantum Dots (QDs) are quickly emerging as the next major technology in the 

solar industry (Stolle 2013). They provide unique properties that can be easily 

manipulated to suit specific application requirements. QDs were first discovered in the 

early 1980s and have been attracting a surge of interest related to their application in 

photovoltaics in the last ten years(Kamat 2013). While group II−VI and IV−VI cadmium- 

or lead-based QDs have been the focus of greatest interest, other materials such as group 

I−III−VI semiconductors combining group I (Cu, Ag), group III (Al, Ga, In, Tl), and 

group VI (S, Se, Te) elements have been identified as potentially less toxic materials. 

Products containing cadmium or lead are hindered by environmental regulations, e.g. the 

European Union and California both restrict the use of cadmium and lead in homogenous 

materials to 0.01% and 0.1% by weight, respectively (California-Law, 2010 and EUR-

Lex, 2011). Considering the quantum confinement effects, QDs of I−III−VI 

semiconductors cover a broad range of optical and electronic properties with tunable band 

gaps covering a wide wavelength range from the near-infrared region, through visible, to 

the UV region(H. Zhang 2012). This makes CIS QDs an excellent candidate for use in 

solar applications.  

 

Similar to other renewable technologies, the bottleneck for QD photovoltaics is 

with the economy of scale involved in their production.  The chemistry involved during 

crystal nucleation is difficult to control, making large-scale production challenging 

(Chang and Waclawik 2013 and Hines 2013). There have been a number of different 

techniques used in the literature to synthesize QDs, most of which rely on a hydrothermal 

reaction of metal salts in a high boiling point solvent. Although this procedure can 

produce high quality QDs, it has several drawbacks, including batch mode operation, long 

residence times, and requires vacuum and/or inert gas for the reaction to take place (Hines 

and Kamat 2014).  

 

This work examines three different approaches for synthesizing CIS QDs. The 

first two techniques are based on approaches most commonly used in the literature and 
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the third is a novel microfluidic synthesis method. The methods most commonly reported 

in the literature can be organized into two classifications, hot-injection (HI) and heat-up 

(HU) techniques. Both techniques involve preparing a precursor solution of copper and 

indium salts in a non-polar solvent, with or without the addition of a surfactant (Yang, 

Kim et al. 2013, Yu, Ng et al. 2013, PB Kreider 2014). This work provides new insight 

on the relationship between synthesis methods and the quantum yield and size distribution 

of QD products. In the case of the HU technique, a sulfur-containing compound is also 

added to the precursor solution prior to heating (Chang and Waclawik 2013). The reaction 

solution at room temperature is then heated up under vacuum, to between 180 and 320 oC, 

which is then maintained for as little as 5 minutes or up to several hours, depending on 

the other synthesis parameters. The reaction solution is constantly mixed using a 

magnetic stir bar set to a moderately high mixing speed. Due to the continuous flow in the 

microfluidic system, additional mechanical mixing is not required. For the HI technique, 

the reaction is initiated by injecting the sulfur-containing compound into the reaction 

solution once it has reached sufficient temperature. The reaction chemistry in this 

approach is very complex and has still not been thoroughly explained in literature, 

however, it has been shown that HI methods produce a more narrow size distribution of 

particles, due to a more constant growth temperature (Kamat 2013 and Sungwoo 2013). 

 

Figure 2-1: Reaction schematic for formation of CIS QDs from copper (II) chloride and 

indium (III) acetate (Chang and Waclawik 2013). 

 

There are many factors that contribute to the surface chemistry of QDs. The 

properties of QDs are highly dependent on surface chemistry, making it crucial to control. 

However this can be difficult because there is still so much unknown on QD chemistry. 

The KAMAT lab (Kamat 2014)  has performed studies showing the effect of washing 

procedures, quenching time, and storage conditions on QDs (Hines and Kamat 2014). 

With so many factors able to affect the QD product, it is essential to maintain precise 
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conditions during the experiments. Many methods in the literature use highly toxic 

surfactants such as tri-octylamine. With the goal of this work being to reduce the toxicity 

of the QDs used, it is also desirable to have a synthesis method using green chemistry.  

The surfactant used for the majority of this work was 1-dodecanethiol, which is also the 

sulfur source for the reaction and functional ligand for QD applications.   

 

 The optimized QD synthesis procedure used octadecene as the reaction solvent, 1-

dodecantethiol as the sulfur source and surface ligand, copper (II) chloride and indium 

(III) acetate as the precursors. QD synthesis techniques, including precursor ratios used, 

were adapted from several methods reported in literature(Yang, Kim et al. 2013, Yu, Ng 

et al. 2013, PB Kreider 2014). Batch synthesis procedures based on HI and HU methods 

were explored as well as a continuous-flow synthesis approach. The microfluidic reactor 

allows for an increased rate of heat transfer due to the small diameter and high surface 

area of the tubing exposed to the heat source. This reduces the amount of time required 

for crystal nucleation to take place, the rate limiting step in quantum dot formation. All 

batch methods included the use of a non-polar solvent, organic surfactant, and metal salt 

precursors. As shown by the Jensen group at MIT, the benefits of using a microfluidic 

reactor for QD synthesis are potentially an improved reaction yield, continuous 

production and easy scale-up, increased QY, decreased particle size distribution, and 

improved life cycle analysis (Jensen 2009). QDs can be produced in less than 5 minutes 

and require substantially less energy input. The microfluidic reactors used by the Jensen 

Group make use of specifically designed microfluidic cells that allow extremely precise 

control over reaction conditions, compared to the more simple design of the microfluidic 

reaction system used in this work.  

 

Experimental Section: 

Materials: 

 

Copper (II) chloride (CuCl2, 99.995%, Sigma Aldrich), indium (III) acetate (In(C2H3O2)3, 

99.99%, Sigma Aldrich), 1-dodecanethiol (CH3(CH2)11SH, 98%, Sigma Aldrich), and 1-

octadecene (CH3(CH2)15CH=CH2, 90%,Sigma Aldrich) were used without further 
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purification. Anhydrous methanol (99.8%) and toluene (99.9%, CHROMASOLV Plus) 

were purchased from Sigma Aldrich and used as received.  

 

Electrolyte (Iodolyte Z-150, 150 mM iodide/triiodide in 3 methoxypropionitrile, Solaronix 

35321), counter electrode (test cell platinum electrode, Solaronix 74201), electrode (test 

cell transparent titania electrode, Solaranix 74111), CIS QDs (from HU method), 

dichloromethane (CH2Cl2, 99.5%, Sigma Aldrich), zinc acetate((CH3CO2)2Zn, 99.99%, 

Sigma Aldrich), and sodium sulfide (Na2S, Sigma Aldrich) were used without further 

purification.  

 

Heat-Up Synthesis Method: 

 

In this synthesis method, the precursor powders, 0.2 mmol copper (II) chloride 

and 0.4 mmol indium (III) acetate were combined in a three-neck reaction flask with the 

solvent, 10 mL 1-octadecene, and surfactant, 1.5 mL 1-dodecanethiol, at room 

temperature. The flask was then drawn under vacuum and heated to 80oC. It was 

maintained with magnetic stirring until all bubbling stopped, about 30-60 minutes. The 

flask was then heated to 200 oC and maintained under vacuum while the crystal 

nucleation and growth took place (10-120 minute reaction were examined). The flask was 

allowed to cool to room temperature, with a subsequent addition of a non-polar solvent 

such as chloroform or toluene to help disperse the QD particles, followed by addition of a 

polar solvent, methanol to precipitate the QD particles. The suspension was centrifuged at 

6000 rpm for 10 minutes, with the supernatant being discarded and the QD precipitate 

being dispersed in toluene, followed by addition of methanol before centrifuging again at 

6000 rpm for 10 minutes. This washing process was repeated at least twice to ensure the 

final product was free of unreacted precursors. The QD powder was then dried overnight 

in a vacuum oven at 80 0C. 

Hot-Injection Synthesis Method: 

 

This methodology is similar to the HU method, however it involved heating up the 

precursor solutions separately prior to the QD reaction. The metal salt precursors, copper 
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(II) chloride and indium (III) acetate, were combined in one flask with 10 mL of 1-

octadecene and heated up to 200 oC under vacuum, while the sulfur-containing surfactant 

(1.5 mL of 1-dodecanethiol) was heated up to a similar temperature and then injected into 

the metal salt solution once it reached 200 oC. The injection was carried out rapidly, 

typically lasting about 10 seconds. 

Microfluidic Synthesis Method: 

 

The synthesis process involved two main steps. Precursor mixing followed by 

controlled crystal growth. First the metal salt precursors, copper (II) chloride and indium 

(III) acetate, and surface ligand, 1-dodecanethiol, were dissolved in a non-polar solvent, 

1-octadecene, and heated to 80oC. The reaction solution was then withdrawn in a glass 

syringe and loaded into a KD Scientific Legato microfluidic pump. The syringe was 

connected to PTFE tubing, with an inner diameter of 750 μm, and the reaction solution 

pumped through the controlled temperature zones before being collected in a glass vial 

for photoluminescence spectroscopy analysis. Specifications for the microfluidic reaction 

system are listed below in Table 2-1.  

 

Figure 2-2: Microfluidic Reaction System. 

 

Table 2-1: Microfluidic System Parameters 

Flow Rate  0.01-1.0 mL/min 

Superficial Velocity  2.2-220 cm/min 

Heating Zone 1 200oC 

Heating Zone 2 180oC 

Residence Time (syringe pump to product 

collection) 

0.5-45 min 

Inner Diameter of PTFE Tubing  750 μm 
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QDSSC Assembly: 

In this work CIS QDs were used as the primary absorbing layer for producing 

colloidal QDSSCs. A Colloidal Quantum Dot Sensitized Solar Cell architecture was used 

as described in the literature(Guijarro, Guillen et al. 2014, Kramer and Sargent 2014). A 

schematic of the cell design is shown in Figure 2-3.  

 

Figure 2-3: Experimental Solar Cell Schematic(Solaronix 2015). 

Cell Fabrication: 

 

The QD ligand, 1-dodecanethiol, acted as a molecular linker attaching the QDs to 

the titania electrodes after calcining for one hour at 500 oC. The pre fabricated titania 

anodes were placed in solutions of CIS QDs dispersed in dichloromethane, a procedure 

adapted from the literature (Yang, Kim et al. 2013, Guijarro, Guillen et al. 2014). After 

soaking overnight, the anodes were rinsed with ethanol and heated to 90oC on a hot plate. 

The gasket was then applied to the top of the anode and then the cathode was sealed on 

top of the gasket. The electrolyte solution was then injected with a vacuum syringe 

cathode

anode

act ive area

anode

cathode

gasket

sealing 

cap
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through the pre-drilled hole. Finally, the hole was capped, forming a complete seal on the 

active area of the cell.   

ZnS Passivating Layer: 

  

In order to prevent the electrolyte from coming into direct contact with the QDs, 

which has shown to cause degradation, a passivating layer of zinc sulfide was applied on 

top of the QD absorbing layer (Guijarro, 2014). This technique is common among 

researchers producing QDSSCs, and uses a successive ionic layer absorption and reaction 

(SILAR) approach to deposit the zinc sulfide(Yang, Kim et al. 2013, Guijarro, Guillen et 

al. 2014). This procedure involved consecutively dipping the sensitized electrodes in 

aqueous solutions of 0.5 M zinc acetate and 0.5 M sodium sulfide, each for one minute, 

repeated twice. 

 

Figure 2-4: Experimental CIS QDSSC Design. 

 

Characterization Methods: 

 

Transmission electron microscopy (TEM) was performed to determine particle size for 

the QD samples. Images were analyzed with Image J to determine average QD size and 

standard deviation. TEM images were taken at an operating voltage of 100 kV using a 

Phillips CM10 TEM with Digital Camera Output.  

 

Energy dispersive X-ray (EDX) spectroscopy was performed to compare the elemental 

composition of QD samples, using a Hitachi S-4500 field emission scanning electron 

Anode
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microscope with a Quartz PCI XOne SSD X-ray analyzer, at an operating voltage of 5 

kV.  

 

X-ray photoelectron spectroscopy (XPS) analyses were carried to determine surface 

chemistry of the QD samples, with a Kratos Axis Ultra spectrometer using a 

monochromatic Al K α source (15mA, 14kV). XPS can detect all elements except 

hydrogen and helium, probes the surface of the sample to a depth of 5-7 nm, and has 

detection limits ranging from 0.1 to 0.5 atomic percent depending on the element. The 

instrument work function was calibrated to give a binding energy (BE) of 83.96 eV for 

the Au 4f7/2 line for metallic gold and the spectrometer dispersion was adjusted to give a 

BE of 932.62 eV for the Cu 2p3/2 line of metallic copper. The Kratos charge neutralizer 

system was used on all specimens. Survey scan analyses were carried out with an analysis 

area of 300 x 700 microns and a pass energy of 160 eV. High resolution analyses were 

carried out with an analysis area of 300 x 700 microns and a pass energy of 20 eV. 

Spectra have been charge corrected to the main line of the carbon 1s spectrum 

(adventitious carbon) set to 284.8 eV. Spectra were analyzed using CasaXPS software 

(version 2.3.14). 

 

A Nicolet 6700 fourier transform infrared (FTIR) spectrometer equipped with a smart 

ITR diamond horizontal attenuated total reflectance (ATR) accessory was used to collect 

absorbance spectra from 500-4000 cm-1 for confirming ligand functionalization on the 

QDs.  

 

X-Ray diffraction (XRD) was used to confirm the crystal structure of the QD samples. 

Analysis was done using a Bruker D2 Phaser powder difractometer using CuKα radiation 

(λ for Kα = 1.54059 Å) from 2θ = 0-100. Estimates for particle size were calculated based 

on equation (3-1), using the Diffrac.EVA XRD analysis software. 

 

A Shimadzu UV-3600 UV-VIS-NIR spectrophotometer was used to collect the 

absorption spectrum of the QDs dispersed in toluene from 300-800nm. 
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A PTI photoluminescence spectrophotometer was used to measure the photoluminescence 

emissions of the QD samples. The QDs were dispersed in toluene and excited with an 

excitation wavelength of 400 nm. Emission spectra was collected from 420-800 nm.  

 

 

 

 

Results and Discussion: 

 

 CIS QDs were first produced examining the HU and HI synthesis methods with 

different molar ratios of Cu:In. CIS QDs were also synthesized using a microfluidic 

technique with different flow rates, as seen below in Table 2-2. In order to determine the 

most effective synthesis method for making the CIS QDs, samples produced from these 

methods were compared using several characterization techniques. The most attractive 

feature of QDs is their ability to absorb and emit lights at different wavelengths. To 

characterize the optical performance of these QDs, UV-Visible and photoluminescence 

spectroscopies were used. These results are then further analyzed to determine QYs of the 

samples from different synthesis methods.  

 

 

 Photoluminescence spectroscopy was the first characterization technique 

performed on each QD sample as the emission spectrum profile is a quick way to 

determine the effectiveness of a synthesis method. Reaction solvent volumes from 5-

50mL, most commonly 1-octadecene, were tested and it was found that for using 0.2 

mmol of copper, and changing the amount of indium according to the desired molar ratio, 

in 10 mL of 1-octadecene, optimal QD products were produced. Synthesis procedures 

with three different molar ratios for HU and HI experiments were performed, with 

parameters listed in Table 2-2. Using equivalent sample concentrations, 

photoluminescence intensity counts in the range of 100 000s were achieved, an order of 

magnitude greater than QDs previously synthesized for similar applications(Allan 2012). 
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Table 2-2: Summary of HU and HI CIS QD Experiments 

Sample 

Name 

CIS-R1 

(HU and 

HI) 

CIS-R2 

(HU and 

HI) 

CIS-R3 

(HU and 

HI) 

CIS-R2 

(Micro) 

CIS-R2 

(Micro) 

Reaction 

Time (min) 

60 60 60 2.7 0.6 

Molar 

Ratio 

(Cu:In) 

1:1 1:2 1:4 1:2 1:2 

 

Transmission Electron Microscopy: 

 

 Transmission electron microscopy (TEM) was used to determine the average 

diameter and size distribution of the QDs. ImageJ software was used to determine size 

and standard deviation in each of the samples. Agglomeration of QDs synthesized from 

the hot-injection technique resulted in poor quality images of CIS QDs with molar ratio 

1:1. TEM images from samples produced via HU and HI synthesis routes, and the 

corresponding data table can be seen below in Figure 2-5 and Table 2-3.  
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Figure 2-5: TEM images of CIS R1 HU (a), CIS R1 HI (b), CIS R2 HU (c), CIS R2 HI  (d), CIS 

R3 HU (e), and CIS R3 HI (f).  

 

 

 

 

Table 2-3: CIS QD Size Comparison 

Sample Average Diameter (nm) Standard Deviation (nm) 

Heat-Up:   

CIS R1 3.6 1.3 

CIS R2 4.9 1.4 

CIS R3 5.5 2.2 

Hot-Injection:   

CIS R2 3.6 0.6 

CIS R3 5.7 0.9 

Literature Comparison:   

CIS (Yu, 2013)  3.4 0.4 

CIS (Chang, 2013) 9.3 0.5 

CIS (Song, 2012) 2.0-2.5 Widely dispersed 

 

From these results it is clear that the heat-up technique produced a wider size distribution 

that also increased as the average QD size increased. This can be attributed to the QD 

growth occurring over a wider range of temperatures for the HU synthesis method. It can 

be seen that samples with increased indium content have a larger size in both synthesis 

methods. When comparing these results to those found in literature, a range of values 

have been reported (Song 2012, Chang 2013, Yu 2013) with the reported standard 

deviations being similar to those achieved by the HI method in this work (Song 2012, 

Chang 2013, Yu 2013). In most studies, either a HI or HU synthesis method is used, 

however results from this work show the difference between methods when keeping all 

other reaction variables constant.  
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 TEM results for CIS R1 HI and CIS R2 Micro showed significant agglomeration, 

as seen below in Figures 2-6 and 2-7. 

 

Figure 2-6: TEM image of CIS R1 HI. 

 

20 nm

20 nm
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Figure 2-7: TEM image of CIS R2 Micro. 

 

Energy-dispersive X-ray Spectroscopy: 

 

 EDX was used to determine the elemental composition of the QD samples 

produced from the HU and HI synthesis techniques.  

 

 
Figure 2-8: EDX Spectrum of CIS-R3-HI (a), CIS-R3-HU (b), CIS-R1-HI (c), and CIS-R1-HU 

(d). 
 

Table 2-4: Summary of EDX Results for CIS-R1 HU/HI and CIS-R3 HU/HI 

Element % C O S Cu In 

Sample 

R1-HU 44.7 1.2 16.4 18.0 15.0 

R1-HI 42.8 1.1 16.7 19.4 15.6 

R3-HU 22.3 4.3 25.1 6.8 40.9 

R3-HI 14.6 2.2 27.0 8.6 46.9 

 

When comparing samples produced from the two different methods it can be seen that the 

resulting compositions are very similar. During synthesis the molar ratio of Cu:In was 1:1 
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for R1 samples and 1:4 for R3 samples (Table 2-2). It can be seen that the carbon content, 

attributed to the QD ligand, is higher for the HU synthesis samples. This can be attributed 

to the ligand having more surface coverage on the QD, because of the longer time it is 

exposed to QDs during the crystal nucleation reaction. It can be seen that the amount of S 

present is dependent on the molar ratio of Cu:In. The S elemental percentage is consistent 

for both methods with each of the different molar ratios.  

X-ray Photoelectron Spectroscopy: 

 

 Further to EDX, XPS was performed to determine specific chemical bonding of 

elements present within the QD samples. The survey spectrums of CIS R1 and CIS R2 

from the HI method are compared below in Figure 2-9. 

 
 

Figure 2-9: XPS Survey Spectrums of CIS R1 (left) and CIS R2 (right). 

 

To characterize the CIS QDs, six characteristic peaks were examined, including indium 

3d 5/2, indium 3d 5/2 - M4N45N45 auger parameter, copper 2p 3/2, copper 2p 3/2 –

L3M45M45 auger parameter, carbon 1s, and sulfur 2p 3/2 and 1/2. The high resolution 

scans for each of these peaks can be seen below in Figure 2-10 and Figure 2-11 for CIS 

R1 and CIS R2, respectively.  
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CIS R1: 

 

 
 

Figure 2-10: High Resolution XPS Scans for CIS R1 Peaks. 
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CIS R2 

 
 

Figure 2-11: High Resolution XPS Scans for CIS R2 Peaks. 
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Table 2-5: XPS Peak Position Comparison 

Peak Peak Position (eV) 

(CIS R10 

Peak Position (eV) 

(CIS R2) 

Dominant 

Compound(Beamson 

1992, Wagner 2003) 
 

Cu 2p 3/2  932.29 932.31 Cu(II) - CuS 

Cu LMM  570.63 

Auger Parameter: 

1848.4 

570.76 

Auger Parameter: 

1848.3 

Cu(I) - CuS 

In 3d 5/2  444.88 445.14 CuInS2 

In MNN  1079.56 

Auger Parameter: 

852.03 

1079.94 

Auger Parameter: 

851.9 

In2S3 

S 2p 3/2   

162.26(i) 

(95%) 

 

163.55(ii) 

(5%) 

 

162.34(i) 

(83%) 

 

161.39(ii) 

(17%) 

CuS, C-S-H (Thiol), 

CuInS2 

S 2p 1/2   

163.44(i) 

 

164.73(ii) 

 

163.52(i) 

 

162.57(ii) 
Doublet separation 

from S 2p 3/2,  

+1.18 eV 

C 1s  284.80 284.80 C-C, C-H (from QD 

ligand) 

 

Comparing the binding energies for each peak to those in the XPS database (Beamson 

1992, Wagner 2003), the data in Table 2-5 confirms the chemical structure of the QD 

samples as being a mixture of CuInS2, CuS, and In2S3.  Analyzing the auger parameters as 

well for copper and indium allows for more insight into the dominant chemical species, as 

there is limited availability of XPS database data for specific binding energies from 

CuInS2.The copper peaks indicate Cu(I) as being the dominant species in both samples. 

The indium auger parameter suggests In2S3 as being the dominant species, however the 

indium 3d 5/2 peaks correspond directly to the binding energy of CuInS2, 444.9 +/- 0.4 

eV (Wagner 2003). This suggests that there is a mixture of metal sulfides present in the 

samples, a commonly found result in literature (Lee, 2014). The C 1s peaks shows C-C 

and C-H as being the dominant species, which was expected from the ligand 
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functionalization on the QDs. These findings corroborate the previously discussed EDX 

results, showing that the QD samples produced have the structure of CIS2.  

Fourier Transform Infrared Spectroscopy: 

 

As shown in Figure 2-12, peaks from approximately 1350-1450 and 2800-2900 

are present from C-H bonds, characteristic of 1-dodecanthiol which is coated over the 

outer surface of the QDs, CH3(CH2)10CH2SH, indicating successful functionalization of 

the QDs with the surface ligand. These results are consistent with findings from EDX and 

XPS indicating ligand functionalization on the surface, resulting in C-H and C-C bonds.  

 

Figure 2-12: FTIR Absorbance Spectrum of CIS QDs. 

X-ray Diffraction: 

 

The XRD spectrum of CIS-R2-HU corresponds to bulk tetragonal chalcopyrite 

CIS, with characteristic peaks at 27, 47, and 55 degrees (Chang and Waclawik 2013). 

These results are consistent with EDX and XPS, indicating a CIS2 tetragonal chalcopyrite 

crystal structure in the QD samples.  
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Figure 2-13: XRD Spectrum of CIS-R2-HU. 

 

 

UV-Visible Spectroscopy and Photoluminescence Spectroscopy: 

 

The absorbance profiles of CIS QDs produced by the investigated methods are 

very similar. Samples show strongest absorbance in the UV region, with some continuing 

into the visible range, making them ideal for applications requiring emission at 650 nm 

and higher. The only samples that actually produced visible absorption peaks were CIS-

R2-HU and CIS-R2-HI, which can be seen in Figure 2-14.   

 

 Emission profiles for the different CIS QD samples were collected using an 

excitation wavelength of 400 nm for all samples, with strongest emissions from CIS-R2-

HUand CIS-R2-HI shown in Figure 2-14, at 650 nm. For all samples an excitation 

wavelength of 400 nm was used, the excitation maximum was found by performing 

excitation scans with photoluminescence spectroscopy.   
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Figure 2-14: Absorbance and Emission Spectrums of CIS QDs. Emission Spectrum of CIS-R2-

HU (a), Emission Spectrum of CIS-R2-HI (b), UV-Visible Absorbance Spectrum of CIS-R2-HU 

(c), and UV-Visible Absorbance Spectrum CIS –R2-HI (d). 

 

It can be observed that the sample produced from the heat-up (HU) method has stronger 

absorbance, both at equal concentrations of CIS QDs. To perform QY calculations, the 

sample absorbance measurements were taken using UV-Visible Spectroscopy at very low 

concentrations to minimize light scattering, yielding absorbance values from 0.002-0.012 

(Nanoco-Group-PLC 2013).  

 

Samples produced from the microfluidic synthesis, with emission spectrum characteristic 

of CIS QDs at 650nm, showed very weak photoluminescence emissions, as seen in Figure 

2-15. However one sample produced by the microfluidic synthesis, with a flow rate of 0.5 

mL/min, resulted in a strong emission with the excitation wavelength at 350 nm, visible 

in Figure 2-16.  
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Figure 2-15: Emission Spectrum of CIS-R2-Micro with 0.1 mL/min flow rate. 

 

Figure 2-16: Emission Spectrum of CIS-R2-Micro with 0.5 mL/min flow rate. 

 

Table 2-6: Comparison of Sample Photoluminescence Intensities  

Sample Peak Emission Intensity (counts) 

CIS-R2-HU 500 000 

CIS-R2-HI 600 000 

CIS-R2-Micro with 0.1 mL/min flow rate 16 000 
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CIS-R2-Micro with 0.5 mL/min flow rate 130 000  

 

When comparing the sample emission spectrums of the different methods it can be seen 

that the intensity is highest for the HI sample. Although it was expected that the different 

synthesis methods would produce different results, mostly due to different heat transfer 

rates and mixing conditions, the emission intensity is highly dependent on the 

concentration of QDs being tested. The QY can be used to normalize the effects of 

concentration and provide a comparison based on the absorption-emission efficiency of 

the QDs.  

Quantum Yield: 

 

The QY of a material is particularly important with light harvesting applications 

such as photovoltaics, with the QY defined as the ratio of photons absorbed to photons 

emitted. One of the main advantages of QDs is their ability to absorb light and convert it 

into more desirable wavelengths. The QY value is highly related to the performance of 

QDs in this area. The QY is greatly influenced by surface chemistry, such as trap sites in 

the QDs, ligands used, storage conditions and synthesis techniques. High QYs are 

characteristic to high-performance, higher quality QDs.  

 

The QY was calculated using the following formula (Nanoco-Group-PLC 2013): 

 

  𝑄𝑌 = 𝑄𝑌𝑠 ×
𝐴𝑥

𝐴𝑠
×

𝐹𝑠

𝐹𝑥
×

𝑁𝑥

𝑁s^2

2
          (2.1) 

 

where A refers to the area under the photoluminescence emission spectrum, F refers to 

the absorbance value at the excitation wavelength, N refers to the refractive index of the 

solvent, s refers to the standard used, and x refers to the unknown sample.  

 

 In order to calculate the QY of the QDs produced in this work, first a suitable 

fluorescent dye was selected as the standard. The excitation wavelength used to excite the 

QDs must fall within the standard’s excitation range. In the case of CIS QDs, which were 

excited using a wavelength of 400 nm, Coumarin 153 was selected as the reference 
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material based on an optimized QY procedure developed by Nanoco Inc.(Nanoco-Group-

PLC 2013). Although the QY can be determined using one set of absorption and emission 

measurements from Coumarin 153, a more accurate, reproducible procedure involved 

constructing a calibration curve for the dye standard. Dye solutions containing Coumarin 

153 dissolved in toluene of different concentrations were prepared and their absorbance 

was measured at 400 nm. Immediately after the absorbance measurements, 

photoluminescence measurements were carried out. This same procedure was used to 

develop the QD calibration curves also by dissolving QD powder in toluene at different 

concentrations. The area under the photoemission was then calculated, allowing a 

calibration curve relating absorbance to integrated photoluminescent area to be produced. 

Due to the high QY of most commercial dyes, dye solutions with absorbance values in the 

range of 0.002-0.012 were selected because more concentrated dye solutions produce 

substantial photoemissions, which lead to less accurate photoluminescence 

measurements(Nanoco-Group-PLC 2013).  
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Figure 2-17: Experimental QY Calibration Curve for Coumarin 153, CIS-R2-HU, and CIS-R2-HI. 

 

The linearized calibration curve can then be used to determine the QD’s QY. The slope of 

the line was used to replace 
𝐹𝑠

𝐴𝑠
 in the QY equation. 

  𝑄𝑌 = 𝑄𝑌𝑠 ×
𝐴𝑥

𝐹𝑥
×

𝑁𝑥

𝑁𝑠^2

2
×

2

109
      (2.2) 

With this substituted equation, the QY can be determined for any QD sample that is 

excited in the range of 370-450 nm. For the CIS QDs produced in this work, several 

different concentrations of QD solutions were prepared and their absorbance and 

integrated photoemissions were plotted. The slopes of the linearized curves in Figure 2-6 

were used to replace the value 
𝐴𝑥

𝐹𝑥
 when determining the QY for those samples.  

 

Table 2-7: QY of CIS QDs from different synthesis methods 

Sample Quantum Yield from Calibration 

Curves (%) 

CIS R2 HU 7 

CIS R2HI 2 

CIS 1:2 Micro 6 

 

From these results it is clear that the HU and microfluidic techniques produced the 

higher quality QDs. The photoluminescence intensity of the emission spectrum for CIS 

R2 HI was the highest, 600 000 counts, yet resulted in the lowest QY. These results 

indicate that the photoluminescence results, without considering QY, can be misleading 

and are highly dependent on the prepared sample concentration. Higher QYs were 

expected because results in literature using the HU technique have been shown to cause 

the ligand to bond to core atoms during crystal growth, opposed to surface bonding, 

which is more likely to occur in the HI technique(Chang and Waclawik 2013). This result 

is also interesting because even though the TEM results confirmed the HI route to 

produce a more narrow size distribution, it did not result in higher QY. The reason for 

lower QYs in this work compared to literature is likely due to delays between sample 

collection and analysis, and a lack of expertise in QD syntheses methods.    
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Quantum Dot Solar Cells: 

 

A solar simulator was used to test the performance of the fabricated QDSSCs. 

Sample cells had an active area of 0.25 cm2 and each cell was tested three times under 1 

sun illumination (AM 1.5). Although the resulting efficiencies are much lower than those 

reported in literature, recent efficiencies in the range of 4-5% have been reported for 

QDSSCs using CIS QDs(Yang, Kim et al. 2013, Guijarro, Guillen et al. 2014), this is 

primarily due to lack of fabrication optimization. There is a small degree of error 

associated with the efficiency and fill factor values due to the instrument not being able to 

measure the voltage when the current drops below approximately 0.00001 A. This has a 

negligible effect on the resulting values.  

 

Figure 2-18: IV Curves for Experimental CIS QDSSCs. 

 

Table 2-8: Summary of Experimental CIS QDSSC Performance 

Sample Efficiency (%) Fill Factor (%) 

CIS 1:2  0.003 36 

CIS 1:4 0.008 50 
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CIS 1:2 with ZnS 0.07 60 

CIS 1:3 with ZnS 0.1 78 

CIS 1:4 with ZnS 0.08 71 

 

From these results it can be seen that the addition of a ZnS layer from the SILAR method 

described in the experimental methods section, over the deposited QDs provides a 

magnitude increase in efficiency. This can be attributed to the additional layer preventing 

the electrolyte from degrading the QD absorbing layer. It can also be seen that the molar 

ratio of Cu:In plays an important role in the cell’s performance. Samples with increased 

indium content have their absorption edge shifted to higher wavelengths, meaning they 

are capable of absorbing a wider range of sunlight. This was consistent with 

photoluminescence spectroscopy showing emission profiles of CIS QDs with higher 

indium content to be shifted to higher wavelengths. This results in an increase in 

efficiency and fill factor. The fill factor is a ratio between the maximum achievable power 

and the product of open circuit voltage and short circuit current. A higher fill factor 

indicates fewer internal losses. Recent studies on QDSSCs report fill factor values in the 

range of 50-70%, consistent with our results (Yang 2013, Guijarro 2014). 

  

Conclusion: 

 

This work characterized and compared the QD samples produced from three 

different synthesis techniques. Producing QDs with the desired light selective properties 

was confirmed by thoroughly analyzing their optical properties. QY was used to compare 

the quality of QDs produced from each method. TEM confirmed the size of QDs 

produced to be in the range of 3-6 nm.  

 

It was found that the samples with molar ratio Cu:In 1:2 produced the most stable 

QDs with highest QY. It was also found that the HU synthesis method produced QDs 

with the highest QY, despite having a wider size distribution. Although many research 

efforts focus on reducing the size distribution, this can be a conflicting approach. It has 
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been shown that by introducing the sulfur-containing ligand prior to heating of the 

reaction solution, referred to in this work as the HU technique, the ligand molecule will 

bind to sulfur atoms both on the core and surface of the QD(Chang and Waclawik 2013). 

While the HI technique causes the ligand molecule to bind primarily to surface bound 

sulfur atoms on the QD(Chang and Waclawik 2013). EDX results confirm this by 

showing an increased carbon content for samples produced from the HU method. This 

leads to the conclusion that even though the HI technique has a more uniform growth 

temperature producing a narrow size distribution of products, it does not necessarily 

equate to higher quality QD products. Furthermore the difference in FWHM of the 

photoluminescence emission profiles for HU and HI techniques is not substantial.  

 

In this work QDSSCs based on a liquid junction architecture were produced using 

CIS QDs. Samples with the highest resulting QY were used as the primary absorbing 

layer to fabricate QDSSCs. The effect of molar ratio and addition of a ZnS passivating 

layer was analyzed, showing that QDs with higher indium content result in higher 

efficiency. CIS QDs with higher indium content have a red shifted photoluminescence 

emission profile, meaning that they absorb a wider portion of the visible and near infrared 

spectrum, attributing to the increases seen in efficiency.  

 

Results from this work shed new light on the differences between HU and HI CIS 

QD synthesis methods. The time at which the surfactant is added into the reaction 

solution was found to dramatically affect the optical and structural properties of the QD 

product. These properties were also shown to be significant when fabricating QDSSCs.  
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CHAPTER 3: NANOCOMPOSITE THIN-FILMS FOR DOWN-

CONVERSION APPLICATION 

 

Abstract: 

 

 

The top layer of silicon photovoltaic cells consists of a protective polymer, most 

commonly poly(ethyleneco-vinyl-acetate) (EVA), which is used to prevent degradation of 

the cell’s performance by protecting it from environmental elements such as moisture and 

excessive heat. Potentially, QDs can be used to modify the incoming spectrum of sunlight 

before it is absorbed by silicon in these devices, converting light previously wasted, 

mostly in the form of thermalization losses, into the optimal wavelength of light for 

silicon to absorb, a process referred to as down-conversion.  

 

In this work, QDs were melt mixed with EVA 1075 at 120 oC for 10 minutes using a twin 

screw mini extruder and pressed into thin films, 100 μm and 250 μm thickness. Resulting 

thin films were analyzed using UV-Visible spectroscopy and evaluated for their potential 

to provide efficiency increases when applied to silicon solar cells. QD-EVA thin films 

reduced average UV transmission to as low as 25% and showed potential to provide 

efficiency increases from 0.6-3 %.   
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Introduction: 

 

 The most current research discoveries are enabling scientists to produce solar cells 

with efficiencies in the range of 30-50 %, a massive improvement over the current 

standard in the North American photovoltaic industry of 15-18% for first generation cells 

(NREL 2014). However these new high-performance cells are still very expensive to 

produce, with most current manufacturers using conventional silicon devices which 

provide the highest watt output/cost(Kamat 2013, Kramer and Sargent 2014). Another 

hindrance with new generation solar cells is that their manufacturing process is very 

different from first generation cells, making it less desirable for current photovoltaic 

manufacturers to change their technology(Kamat 2013). A new approach that can help 

increase output at a very low cost is applying down-conversion technology to first 

generation cells, which also can be extended into emerging solar cell designs. Down-

conversion is a process involving the conversion of a single high-energy photon into 

multiple lower-energy photons. This phenomenon is especially desirable for applications 

requiring the conversion of high-energy UV light into visible and near infrared light. With 

an optimal design this process has the potential to provide efficiency increases up to 

5.5%(Yao Zhu 2013, NREL 2014). Down-conversion can also be applied in greenhouses 

to reduce plant-damaging UV light transmission, and convert it to visible light promoting 

photosynthesis.  

 

Polymer-nanocomposites are an emerging class of materials with exceptional 

properties. Although nanomaterials have excellent performance features for many 

applications they are easily degraded by oxidation.  Polymers are being used to stabilize 
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nanomaterials by providing a matrix for the nanomaterials and protecting them from 

oxygen degradation. In this work poly(ethylene-co-vinyl acetate)(EVA), a commonly 

used polymer for protecting photovoltaic cells, and copper indium sulfide CIS QDs were 

used to produce transparent nanocomposite films. Specifically EVA 1075, vinyl acetate 

content approximately 10%, was selected as the polymer for making QD-polymer films, 

which was previously investigated for down-conversion applications utilizing cadmium 

sulfide QDs (Xu 2009, Allan 2012, Allan et al. 2014). The resulting nanocomposite films 

from this work have two main potential areas of application. First as a down-conversion 

layer for boosting the efficiency of first generation solar cells and second as a UV 

blocking layer for greenhouses.  

 

 For both applications the main function of the nanocomposite thin film is to 

modify the incoming spectrum of light. The goal for both applications makes it desirable 

to convert as much UV light, 200-400nm, as possible into lower energy, higher 

wavelength light. For solar cell applications, the nanocomposite thin film would be 

applied at the end of the manufacturing process as the top-laminating layer. This would 

allow the sun’s incoming light spectrum to be better matched to the absorbance spectrum 

of the primary absorbing layer in the solar cell, such as crystalline silicon for first 

generation solar cells. The exact thickness of the silicon-absorbing layer being used 

would dictate the required emission wavelength from the down-conversion 

layer(W.G.J.H.M. van Sark 2012).  

 

In the case of down-conversion for greenhouse application, it is essential to 

selectively block ultraviolet light which causes damage to the plants. By applying a 

nanocomposite thin film as the greenhouse film, the amount of useful light, visible and 

near infrared, reaching the plants can be increased. This will lead to increased 

productivity for the greenhouse by promoting photosynthesis in the plants.  

Down-Conversion for Solar Cells: 

  

In North America the amount of solar energy contacting the earth, commonly 

referred to as "insolation", is approximately 1000 W/m2. First generation silicon solar 
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cells are able to utilize only 468 W/m2 of this energy, yielding efficiencies from 15-18% 

(Yao Zhu 2013, NREL 2014).  This means we can expect to generate approximately 150-

180 W/m2 of active solar panel area. Researchers have shown down-conversion has the 

potential to exploit an additional 149 W/m2 (Yao Zhu 2013).  By utilizing all of the 

energy available for down-conversion, the fraction absorbed by silicon would increase to 

617 W/m2, raising the overall efficiency by as much as 5.5%.   

An efficiency increase of 5.5% would require the down-conversion layer to absorb 

100% of the available down-conversion fraction, without interrupting the current fraction 

utilized by silicon. It would also require perfect alignment between the band gap of 

silicon and emission wavelength of the down-converting layer. Although these conditions 

are difficult to achieve, efficiency gains in the range of 2-3% are feasible.   

 

 In 2007 a study was performed by Chung et al. with Eu3+ ions with an emission 

wavelength 600 nm, embedded in EVA as a down-conversion layer for crystalline silicon 

solar cells (Chung 2007). A relative increase in efficiency of 2.9% was observed. An 

efficiency increase of 1.2% was recorded in 2004 by Svrcek et al. when using silicon 

nanocrystals as a down converting layer (Svrcek V 2004). There have been other reports 

on other down-conversion materials, with efficiency increases in the range of 1-5% 

(W.G.J.H.M. van Sark 2012).  

 CIS QDs were chosen for this application for their tunable emission wavelength 

range and capability for QYs higher than 70%.  By utilizing different synthesis 

conditions, CIS QDs can be modified to emit light from the visible region to near infrared 

region, approximately 550-950 nm, optimal for band gap alignment with a variety of 

silicon based solar cells. The band gap for multicrystalline silicon is 1.12 eV and 1.77 eV 

for amorphous silicon. Silicon cells with thinner absorbing layers can have a band gap up 

to 2.25 eV. The optimal wavelength of monochromatic light for a single-junction solar 

cell is equal to: wavelength =  
1240

𝐸𝑔
, where the wavelength is in nm and band gap (Eg) in 

eV (W.G.J.H.M. van Sark 2012). Using this equation, the optimal down converted 

emission wavelengths for silicon based solar cells are from 550 nm for thin films to 1100 

nm for multicrystalline silicon.     



 

 

57 

Down-Conversion for Greenhouses: 

 

A down-conversion layer for greenhouses provides simultaneous absorption of 

plant-damaging UV light and an increase in photosynthesis-driving light. The function of 

the QD-EVA thin film in a greenhouse application is similar to the down-conversion 

application for solar cells, with the main difference being the emission wavelength. Instead 

of matching the emission wavelength to the band gap of the absorbing material, the 

emission wavelength for a greenhouse is selected based on the plants’ optimal absorption 

wavelengths for promoting photosynthesis. Chlorophyll and carotenoids are the pigments 

in plants primarily responsible for absorbing light essential for photosynthesis (Baker 

2012). Most of the absorption occurs between 420 and 520 nm, with chlorophyll peaks also 

appearing from 650-675 nm. Although the emission profile of CIS QDs cannot be tuned 

below 530 nm, they would still be able to convert harmful UV light into emissions centered 

around 650-675 nm. Zinc oxide is a commonly used absorber of UV light and has 

characteristic emission tunable from approximately 400-600 nm, making it a better 

candidate for use in greenhouse down-conversion.  

 

Quantum Dot Emission Spectrum Modification: 

 

A typical emission spectrum for CIS QDs ranges from 650-950 nm(Song and 

Yang 2012, Yu, Ng et al. 2013). The emission wavelength requirement for down-

conversion in first generation solar cells ranges from 550-1100 nm. The optimal emission 

wavelengths for down-conversion in greenhouses are from 430-530 nm and 650-675 

nm(Baker 2012). This makes it necessary to evaluate techniques capable of blue shifting 

the emission spectrum of the CIS QDs. Zinc oxide is a well-known and effective UV 

absorber. Zinc oxide nanoparticles have been used as a down-conversion layer (Yao Zhu 

2013) and zinc sulfide is commonly used as a shell layer over the QD core to improve 

photoluminescent intensity and increase the optical band gap (Guijarro, Guillen et al. 

2014). In an effort to shift the emission wavelength of the CIS QDs to lower wavelengths, 

they were alloyed with different molar ratios of zinc. The effect of molar ratio and 

reaction time were compared for four different reactions using the HU synthesis method. 
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Experimental Section: 

Quantum Dot Synthesis: 

Materials: 

Copper (II) chloride (CuCl2, 99.995%, Sigma Aldrich), indium (III) acetate (In(C2H3O2)3, 

99.99%, Sigma Aldrich), zinc acetate ((CH3CO2)2Zn, 99.99%, Sigma Aldrich), 1-

dodecanethiol (CH3(CH2)11SH, 98%, Sigma Aldrich), and 1-octadecene 

(CH3(CH2)15CH=CH2, 90%, Sigma Aldrich) were used without further purification. 

Anhydrous methanol (99.8%) and toluene (99.9%, CHROMASOLV Plus) were 

purchased from Sigma Aldrich and used as received. CIS QDs (from HI and HU 

synthesis), Zinc oxide nanopowder (ZnO, 97%, Sigma Aldrich), and Poly(ethylene-co-

vinyl acetate) 1075 (10% vinyl acetate, Sigma Aldrich) were used without further 

purification.  

 

Methods: 

 In this work CIS QDs were synthesized using hot-injection (HI) and heat-up (HU) 

hydrothermal methods. In a typical HU synthesis, 0.2 mmol of copper (copper (II) 

acetate), 0.4 mmol of indium (indium (III) acetate), 2.0 mL of 1-dodecanethiol, and 8.0 

mL of octadecene were combined in a 50 mL three-neck reaction flask. The reaction 

solution was then heated to 80 oC under vacuum for 30 minutes. It was then rapidly 

heated to 200 oC, where it was maintained for 60 minutes before collecting the QD 

products. The HI synthesis followed the same procedure except for the 2.0 mL of 1-

dodecanethiol being injected into the reaction flask once the reaction solution reached 200 

oC. CIS QDs alloyed with zinc were synthesized using the HU method. In a typical 

synthesis, 0.1-0.4 mmol of zinc, 0.2 mmol of copper, 0.2-0.4 mmol of indium, 2.0 mL of 

1-dodecanethiol, and 8.0 mL of octadecene were combined in a 50 mL three-neck 

reaction flask. The reaction solution was then heated to 80 oC under vacuum for 30 

minutes. It was then rapidly heated to 200 oC and samples were recovered after 10, 30, 

and 60 minutes of reaction time.  
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The samples were allowed to cool to room temperature, with a subsequent 

addition of a non-polar solvent such as chloroform or toluene to help disperse the QD 

particles, followed by addition of a polar solvent, methanol to precipitate the QD 

particles. The suspension was centrifuged at 6000 rpm for 10 minutes, with the 

supernatant being discarded and the QD precipitate being dispersed in toluene, followed 

by addition of methanol before centrifuging again at 6000 rpm for 10 minutes. This 

washing process was repeated at least twice to ensure the final product is free of 

unreacted precursors. The QD powder was then dried overnight in a vacuum oven at 80 

0C. 

 

Figure 3-1: Reaction schematic of forming ZCIS QDs from zinc acetate, copper (II) chloride, and 

indium (III) acetate.  

Nanocomposite Thin-Film Fabrication: 

Methods: 

 

CISQDs used for this application were selected based on their absorbance profiles 

and QYs. QDs synthesized with molar ratio Cu:In, 1:2 from both HI and HU methods 

were processed with EVA to produce nanocomposite thin films. 

 

 The melt mixing of CIS QDs with EVA 1075 was performed using a twin-screw 

mini extruder (Thermo-Electron, thermo scientific haake model: minilab II). In a typical 

procedure, approximately 2 g of EVA 1075 was loaded in to the extruder and allowed to 

mix for 5 min at 130 oC. Then the QDs were loaded, (4 mg for 0.1 wt%, 8 mg for 0.2 

wt%, and 20 mg for 0.5 wt%) into the extruder with an additional 2 g of EVA 1075. The 

extruder was then allowed to mix for 10 min before collection of the QD-EVA extrudant. 

To press the extrudant into thin films a Universal film maker (Thermo Universal film 

maker S/N: 0016-010) and carver hydraulic press were used. First the appropriate amount 

of extrudant was weighed out and loaded into the film maker, 0.030 g for 100 μm films 

and 0.065 g for 250 μm films. The films were then pressed at 2500 psi, at 120 oC for 10 

minutes, followed by product cooling before they were collected for analysis. To provide 
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a better idea on the UV absorbance strength of the CIS-EVA films, films produced with 

commercial ZnO nanopowder (particles with diameter less than 50 nm), a well-known 

UV absorber, were also prepared and compared to CIS-EVA films. Each thin-film was 

prepared with two repeats and UV-Visible transmission measurements were carried out 

three times for each film, with negligible differences arising. 

Characterization Methods: 

 

Energy dispersive X-ray (EDX) spectroscopy was performed to compare the 

elemental composition of QD samples using a Hitachi S-4500 field emission scanning 

electron microscope with a Quartz PCI XOne SSD X-ray analyzer, at an operating 

voltage of 5 kV.  

X-ray photoelectron spectroscopy (XPS) analyses were carried to determine surface 

chemistry of the QD samples, with a Kratos Axis Ultra spectrometer using a 

monochromatic Al K α source (15mA, 14kV). XPS can detect all elements except 

hydrogen and helium, probes the surface of the sample to a depth of 5-7 nm, and has 

detection limits ranging from 0.1 to 0.5 atomic percent depending on the element. The 

instrument work function was calibrated to give a binding energy (BE) of 83.96 eV for 

the Au 4f7/2 line for metallic gold and the spectrometer dispersion was adjusted to give a 

BE of 932.62 eV for the Cu 2p3/2 line of metallic copper. The Kratos charge neutralizer 

system was used on all specimens. Survey scan analyses were carried out with an analysis 

area of 300 x 700 microns and a pass energy of 160 eV. High resolution analyses were 

carried out with an analysis area of 300 x 700 microns and a pass energy of 20 eV. 

Spectra have been charge corrected to the main line of the carbon 1s spectrum 

(adventitious carbon) set to 284.8 eV. Spectra were analysed using CasaXPS software 

(version 2.3.14). 

X-Ray diffraction (XRD) was used to confirm the crystal structure of the QD samples. 

Analysis was done using a Bruker D2 Phaser powder diffractometer using CuKα 

radiation (λ for Kα = 1.54059 Å) from 2θ = 0-100. Estimates for particle size were 

calculated based on equation (3-1), using the Diffrac.EVA XRD analysis software. 
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A Shimadzu UV-3600 UV-VIS-NIR spectrophotometer with integrating sphere 

attachment was used to collect the transmission spectrum of the QD-EVA thin films from 

200-800nm. 

A PTI photoluminescence spectrophotometer was used to measure the photoluminescent 

emissions of the QD samples. The QDs were dispersed in toluene and excited with an 

excitation wavelength of 400 nm. Emission spectra was collected from 420-800 nm.  

 

Results and Discussion: 

  

 In this work CIS QDs synthesized from HU and HI synthesis methods were 

analyzed for their use in thin films. The effect of alloying CIS QDs with zinc was 

examined by synthesizing ZCIS QDs using a HU synthesis method. The effect of 

different Zn:Cu:In molar ratios and reaction times were investigated as shown in Table 3-

1. First the QDs were analyzed with Energy-dispersive X-ray Spectroscopy, X-ray 

Photoelectron Spectroscopy, and X-ray Diffraction to determine the elemental structure. 

The luminescent properties of the QDs were then analyzed with Photoluminescence 

Spectroscopy. The main features of the nanocomposite films analyzed in this study were 

their light-selective properties and long-term stability. To characterize the transmission of 

light through the films UV-Visible Spectroscopy was used. The emission profile of light 

from the films can be characterized using Photoluminescence Spectroscopy. However, 

combining the fact that light emission from solid samples is much more difficult to detect 

than in liquid samples and the relatively low QY of QDs produced in this work, 

significant emission spectrums from the films were not able to be collected. Scanning 

electron microscopy was used to compare the surface morphology of QD-EVA thin films 

with different QD loading percentages.  

Quantum Dot Samples: 
 

Table 3-1: Summary of CIS and ZCIS QD Experiments 

Sample Name Reaction Time (min) Molar Ratio (Cu:In) 

CIS-R1-HU 60 1:2 

CIS-R1-HI 60 1:2 
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ZCIS HU: Molar Ratio (Zn:Cu:In) 

ZCIS-R1 10-60 1:2:2 

ZCIS-R2 10-60 1:1:1 

ZCIS-R3 10-60 2:1:1 

ZCIS-R4 10-60 2:1:2 

*All reactions were carried out at 200 oC with 1-octadecene as the reaction solvent.  

 

Energy-dispersive X-ray Spectroscopy: 

  The elemental compositions of QD samples produced from different reactions, 

and different reaction times for reaction R4, were compared as shown in Figure 3-2. 

Carbon present in the samples is from the QDs’ ligand, 1-dodecanethiol, which was found 

to be inversely proportional to the amount of copper and indium present in the QDs. It has 

been shown in the literature that copper and indium make up most of the QD’s core, with 

zinc creating a shell layer around the core (Semonin, Luther et al. 2012, Song and Yang 

2012, Guijarro, Guillen et al. 2014). It can therefore be assumed that samples with 

reduced copper and indium content have a smaller core size and subsequently smaller 

overall diameter. This would equate to an overall higher content of ligands present in the 

QD samples, resulting in a higher elemental percentage of carbon. The chlorine is present 

from the copper chloride precursor, despite multiple washing steps with the QD products. 

Aluminum present was added to the samples during analysis to improve their 

conductivity.  
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Figure 3-2: EDX Spectrum of ZCIS R1 60 minute reaction (a), ZCIS R2 60 minute reaction (b), 

ZCIS R3 60 minute reaction (c), ZCIS R4 60 minute reaction (d), and ZCIS R4-10 minute 

reaction (e). 

 

 

 

 

 



 

 

64 

Table 3-2: Summary of ZCIS EDX Results 

Element 

% 

C O Al S Cl Zn Cu In 

Sample 

R1-60 min 17.3 0.8 / 23.8 1.4 11.3 17.6 26.7 

R2-60 min 23.7 4.1 0.4 17.3 1.0 16.4 17.9 19.3 

R3-60 min 27.7 3.1 0.3 16.8 1.3 24.2 12.4 14.1 

R4-10 min 37.3 2.4 0.5 16.1 1.8 17.7 10.3 14.0 

R4-60 min 43.0 3.2 0.4 15.0 1.2 16.6 9.2 12.0 

 

From Table 3-3 it can be observed that the molar ratio of Zn:Cu is fairly consistent 

between the precursor solution and the final products. However the amount of indium 

present in the product is significantly less than what was initially in the precursor 

solution. This can be attributed to a combination of the indium precursor being less 

reactive than the other two precursors and the dominant crystal structure of ZCIS QDs 

having a limit on the amount of indium present in the lattice, as confirmed by XRD 

analysis (below).   

Table 3-3: Molar ratio comparison between precursor solution and final products 

Sample Precursor Molar Ratio 

(Zn:Cu:In) 

Product Molar Ratio 

(Zn:Cu:In) 

R1-60 min 1 : 2 : 2 0.6 : 1 : 0.9 

R2-60 min 1 : 1 : 1 0.9 : 1 : 0.6 

R3-60 min 2 : 1 : 1 1 : 0.5 : 0.3 

R4-10 min 2 : 1 : 2 1 : 0.6 : 0.5 

R4-60 min 2 : 1 : 2 1 : 0.6 : 0.4 

 

X-ray Photoelectron Spectroscopy: 

 

 XPS was performed to determine the specific chemical bonding of elements 

present within the QD samples. The survey spectrum of ZCIS R1 can be seen below in 

Figure 3-3.  
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Figure 3-3:XPS Survey Spectrum of ZCIS R1. 

 

 

To characterize the ZCIS QD sample, eight characteristic peaks were examined, 

including, zinc 2p 3/2, zinc 2p 3/2 - L3M45M45 auger parameter, indium 3d 5/2, indium 3d 

5/2 - M4N45N45 auger parameter, copper 2p 3/2, copper 2p 3/2 – L3M45M45 auger 

parameter, carbon 1s, and sulfur 2p 3/2 and 1/2. The high resolution scans for each of 

these peaks can be seen below in Figure 3-4. 
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Figure 3-4: High Resolution XPS Scans for ZCIS R1 Peaks. 
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Table 3-4: XPS Peak Positions 

Peak  Peak Position (eV) 

(ZCIS R1) 

Dominant 

Species/Compound 

(Beamson 1992, 

Wagner 2003, 

Biesinger, 2010) 
Zn 2p 3/2  1021.90  

Zn LMM  497.55 

Auger Parameter: 2011.1  
Zn(II) – Zn2S 

Cu 2p 3/2  932.27 Cu(I) - CuS 

Cu LMM  570.40 

Auger Parameter: 1848.6 

Cu(I) - CuS 

In 3d 5/2  445.08 CuInS2 

In MNN  1079.55 

Auger Parameter: 852.2 

In2S3 

S 2p 3/2  162.01(i) 

(82%) 

162.92(ii) 

(18%) 
CuS, C-S-H (Thiol), 

(CuInS2) 

S 2p 1/2  163.19(i) 164.10(ii) Doublet separation 

from S 2p 3/2,  

+1.18 eV 

C 1s  284.80 C-C, C-H (from QD 

ligand) 

 

Comparing the binding energies for each peak to those in XPS databases (Beamson 

1992, Wagner 2003), confirms the chemical structure of the QD sample as being a mix 

of Zn2S, CuS, In2S3, CuInS2, and C-C / C-H bonds from the QD ligand.  Analyzing the 

auger parameters as well for zinc, copper, and indium allows for more insight into the 

dominant chemical species, as there is limited availability of XPS database data for 

specific binding energies from CuInS2. The zinc peaks indicate Zn(II) as being the 

dominant species. The copper peaks indicate Cu(I) as being the dominant species. The 

indium auger parameter suggests In2S3 as being the dominant species, however the 

indium 3d 5/2 peaks correspond directly to the binding energy of CuInS2, 444.9 +/- 0.4 

eV (Wagner 2003). This suggests that there is a mixture of metal sulfides present in the 

sample, a commonly found result in literature (Lee, 2014). The C 1s peaks shows C-C 
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and C-H as being the dominant species, which was expected from the ligand 

functionalization on the QDs.  

 

X-ray Diffraction: 

 

 ZCIS QD samples from each reaction resulted in a similar crystal structure with 

varying degrees of intensity, caused by different QD sizes. The dominant structure was 

found to be tetragonal chalcopyrite CIS, with characteristic peaks at 27, 47 and 55 

degrees. Peaks emerging at 68 and 75 degrees correspond to ZnS(Chang and Waclawik 

2013). The differences in peak intensity arise from slightly different particle sizes, with 

smaller peaks indicating smaller QD size. The peak locations from each sample occur at 

the same position, indicating the same crystal structure is present in each QD sample.  

 

Figure 3-5: XRD results for ZCIS QDs with 60 minute reaction time. 

Photoluminescence Spectroscopy: 

 

Photoluminescent emission profiles of the zinc copper indium sulfide (ZCIS) QDs 

collected ranged from 575-725 nm, as shown in Figure 3-6. The ZCIS samples all had 

much lower emission intensities than the CIS QDs, with none exceeding 10 000 counts.    
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Figure 3-6: Emission Spectrum of ZCIS QDS with different molar ratios, Zn:Cu:In, and different 

reaction times, labeled in minutes. ZCIS-R1 (a), ZCIS-R2 (b), ZCIS-R3 (c), and ZCIS-R4 (d). 

 

The clear effect of reaction time on the photoluminescent emission spectrum can be seen 

in Figure 3-6. Longer reaction time allows for more crystal growth and a red shifted 

emission spectrum. For reactions R2 and R3, labeled b and c, the emission spectrum 

reached equilibrium after 10 minutes of reaction time, with samples collected after 10 

minutes showing very low photoluminescent emission. Reaction R4, d, used the same 

molar ratio of Cu:In, 1:2, which was found to be optimal in the original QD reactions 

without zinc. Based on the emission spectrums from 30 and 60 minutes of reaction time, 

the majority of QD growth was complete after 30 minutes (d). The spectrums for 30 and 

60 minutes have the same emission peak at approximately 620 nm, however the spectrum 

from the 60 minute sample has a wider distribution, potentially indicating a larger 

distribution of QD size (d).  Furthermore EDX results indicated a very similar elemental 

composition between samples taken at 10 and 60 minutes of reaction time. Additional 

reaction time leads to widening of the emission spectrum caused by an increase in the 

range of particle sizes. Sample QDs dispersed in toluene under 365 nm UV lamp 

illumination can be seen below in Figure 3-7.  

 

a b

c d



 

 

70 

 

Figure 3-7: ZCIS QDs dispersed in toluene under 365 nm illumination (left) and CIS QDs 

dispersed in toluene under 365 nm illumination (right).  

 

Nanocomposite Thin-Film Samples: 

 

QDs-EVA nanofilms were prepared by incorporating CIS QDs into EVA films. 

ZnO-EVA films were also prepared using commercial nano-ZnO for comparison. The 

effect of loading percentages of zinc oxide and CIS QDs on the transmittance can be seen 

below in Figures 3-8 and 3-9, respectively. Increasing loading causes a reduction in UV 

transmittance, meaning more of the light is being absorbed by the QD-EVA films. 

However there is a slight tradeoff when increasing UV absorbance. Transmittance in the 

visible region is also decreased, which will reduce the overall efficiency of the 

application. Using a lower loading percentage and thinner films equates to less QDs 

required and a lower overall cost. Finding a balance between low QD loading and high 

UV absorbance is essential. 
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UV-Visible Spectroscopy: 

 

 

Figure 3-8: Transmittance Spectrum of 250 μm Zinc Oxide-EVA Thin Films. 

 

ZnO-EVA thin films show reduced transmittance throughout the UV region, especially 

between 250-350 nm. The wt.% ZnO is directly proportional to the amount of light being 

absorbed by the thin film.  

 

 

Figure 3-9: Transmittance Spectrum of 250 μm CIS-R1-HU-EVA Thin Films. 

 

CIS-EVA thin films show a reduced transmittance throughout the UV region (200-

400nm) that is directly proportional to CIS QD wt.%.  
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Table 3-5: Summary of ZnO - EVA and CIS-R1-HU - EVA Thin Films 

Sample  Average UV Transmittance (%) 

ZnO – 0.1 wt% 250 μm 48.0 

ZnO – 0.2 wt% 250 μm 34.0 

ZnO – 0.5 wt% 250 μm 22.3 

CIS – 0.1 wt% 100 μm 60.0 

CIS – 0.1 wt% 250 μm 43.6 

CIS – 0.2 wt% 250 μm 35.2 

CIS – 0.5 wt% 250 μm 24.7 

 

From Table 3-6 it can be seen that both film materials prepared using CIS and ZnO have 

similar transmittance values for equal weight percentages. As expected, increasing the 

loading percentage or film thickness caused a decrease in UV transmittance because more 

QDs were present to absorb the light. It is also clear that when doubling the loading 

percentage, the amount of light being absorbed by the material only increases by about 

20-30 %.  

 When comparing average UV transmittance from the different CIS QD samples 

(Table 3-5 and 3-6), CIS-R1-HI and CIS-R1-HU, it can be observed that the CIS-R1-HU 

films allow less UV transmission. This is attributed to QDs in these films having higher 

QY and stronger absorbance, as confirmed from the Chapter 2 results.  

 

Table 3-6: Summary of CIS-R1-HI - EVA Thin Films 

Sample Average UV Transmittance (%) 

CIS –0.1 wt% 100 μm 67.1 

CIS – 0.1 wt% 250 μm 55.5 
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Figure 3-10: Transmittance Spectrum of 0.1 wt.% CIS-R1-HI-EVA Thin Films. 

 

One of the main issues with QDs is their degradation caused by oxidation. This 

makes effectively storing and using them more difficult. Commercial QDs remain stable 

from oxidation for approximately 6-24 months if kept in optimal storage conditions, low 

temperature and sealed from light exposure(Crystalplex 2014, Mesolight 2014). It is 

essential to make the QDs more stable for light conversion applications. To see the effects 

of aging in ambient conditions on the CIS-EVA films, absorbance profiles collected 

immediately after film assembly were compared to those collected after 11 months of 

aging in ambient conditions, Figure 3-11.  

 

 

Figure 3-11: Transmittance Spectrum of 250 μm, 0.1 wt.% CIS-EVA thin film after fabrication 

(a) and aged 11 months (b). 

 

Table 3-7: Summary of CIS-R1-HU - EVA Thin Films Aged 11 Months 

Sample Average UV Transmittance (%) 

Initial 43.6 

a b
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Aged 47.7 

Transmittance Increase 4.1 

 

These results indicate excellent stability of the QDs in the polymer matrix. The films 

remain transparent and show no visual signs of photo bleaching, a photochemical change 

in the QDs making them less fluorescent, caused by reactions between the QDs and 

surrounding molecules. This indicates that the ligand, 1-dodecanethiol, used to 

functionalize the QDs is highly compatible with the selected polymer, EVA 1075.  

 

Scanning Electron Microscopy: 

 

Images were taken of 250 μm films at different magnifications, 100x, 1000x, and 

10 000x to compare the effect of different of different QD loading percentages. 
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Figure 3-12: SEM image 0.1 wt% CIS QD in EVA at 100x mag (a), 1000x mag (b), and 10 000x 

mag (c). 0.2 wt% CIS QD in EVA at 100x mag (d), 1000x mag (e), and 10 000x mag (f). 0.5 wt% 

CIS QD in EVA at 100x mag (g), 1000x mag (h), and 10 000x mag (i).  

 

As expected, when comparing the different loading percentages, it was found that an 

increased QD loading percentage resulted in more distortions on the film surface. This 

can be seen best by comparing Figure 3-12 images c, f, and i.  

Potential Efficiency Increases for Silicon Solar Cells 

 

 Due to the relatively low QY of QDs used in this work, resulting QD-EVA thin 

films applied to actual solar cells would provide a negligible increase in efficiency. 

However commercially available CIS QDs have QYs as high as 70-80%, making them 

capable of providing substantial increases in efficiency(Nanoco-Group-PLC 2014). The 

table below summarizes potential efficiency increases from using commercial QDs for 

down-conversion. The calculations assume that all UV light not transmitted through the 

film is effectively absorbed by the QDs. Although some light would obviously be 
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diffused through the film and not absorbed fully, it can be assumed that the UV 

absorbance of commercial QDs is much higher than that of those used to collect UV 

transmission data in this work. A total solar irradiance of 1000 W/m2 was assumed with 

149 W/m2of light available for down-conversion and 468 W/m2 currently being absorbed 

by a 15% efficient silicon cell(Yao Zhu 2013). Efficiency increases are provided based on 

QYs of 30 and 80 %.  

 
Table 3-9: Potential efficiency increases from a down-conversion layer for silicon solar cells 

Sample Name UV Light Absorbed (%) Predicted Efficiency 

Increase (%) 

CIS 0.1wt% 100 μm 40 30% QY 80% QY 

0.6 1.5 

CIS 0.1wt% 250 μm 56 30% QY 80% QY 

0.8 2.1 

CIS 0.2wt% 250 μm 65 30% QY 80% QY 

0.9 2.5 

CIS 0.5wt% 250 μm 75 30% QY 80% QY 

1.1 2.9 

ZnO 0.1wt% 250 μm 52 30% QY 80% QY 

0.7 2.0 

ZnO 0.2wt% 250 μm 66 30% QY 80% QY 

0.9 2.5 

ZnO 0.5wt% 250 μm 78 30% QY 80% QY 

1.1 3.0 

 

 

Due to the low loading percentages and thin films, only a small amount of QD material is 

required for this application. Assuming the density of EVA 1075 is 0.924 g /cm3(Holland 

2015), a 100 μm thin film would require 0.92-4.6 g of QDs per m2 and a 250 μm thin film 

would require 2.3- 11 g of QDs per m2. 

 

Conclusion: 

 

This work investigated the use of CIS QDs in down converting nanocomposite 

thin films and their potential for allowing zinc with CIS QDs to modify their emission 

spectrum. Alloying with different molar ratios of zinc allowed the emission spectrum to 

be shifted from 575-725 nm. The effect of different film thickness, QD material, and 
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loading percentage was examined.  It was found that film thickness and loading 

percentage were directly related to UV transmission. Previous studies on QD-EVA thin 

films using cadmium sulfide QDs reduced average UV transmission to as low as 75% 

with a cadmium sulfide wt% loading of 0.5% and 250 μm film thickness (Allan et al. 

2014). QD-EVA thin films from this work reduced average UV transmission down to 

25%, a substantial improvement. Films were found to have good long term stability and 

show potential for utilizing higher quality, commercial QDs to provide efficiency 

increases up to 3% for first generation silicon based solar cells.  
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CONCLUSION: 

 

 This work investigated the synthesis and application of CIS QDs. Samples 

produced from three different synthesis methods, two based on hydrothermal approaches 

and one microfluidic synthesis, were compared based on their optical and structural 

properties. It was found that the HU and microfluidic techniques produced QDs with 

higher QYs. This was expected for the microfluidic approach, however the difference in 

samples produced from the two hydrothermal syntheses was an interesting discovery. 

Previous reports suggest that by introducing the ligand into the reaction solution prior to 

initiating the reaction a more stable product will be formed. Although the size distribution 

of samples for the HI synthesis is smaller, it still results in a lower QY compared to the 

HU synthesis. This is an intriguing result because most reports in literature imply that 

QDs with a more narrow size distribution are of higher quality. However this also 

depends on the QD’s end application.  

 

 QD-EVA nanocomposite thin films produced in this work are an excellent proof 

of concept for using CIS QDs in a down-conversion layer to improve efficiency in first 

generation solar cells. To the best of my knowledge using CIS QDs for this concept has 

not previously been reported. By utilizing higher quality CIS QDs, such as those from a 

commercial source, efficiency gains for a first generation solar cell could be as high as 2-

3 %. The high degree of tunability for the emission spectrum of CIS QDs, by alloying 

with zinc, would allow them to be applied to any solar cell utilizing silicon with a band 

gap in the range of 550-950 nm. Furthermore, this technology would provide an excellent 

stepping-stone for manufacturers of first generation photovoltaics. It can be easily 

integrated into the current manufacturing process simply by pre-treating the EVA before 

it is applied as the final lamination layer on the solar cell. Although third generation solar 

cells are capable of reaching much higher efficiencies their manufacturing process 

requires very expensive processing techniques, making them unattractive to current 

commercial photovoltaic manufacturers.  
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FUTURE WORK: 

 

 Results from this work indicate excellent potential for continued research on the 

use of CIS QDs as a down-conversion material. By utilizing commercial CIS QDs from 

manufactures like Mesolight, Nanoco, or Crystalplex, resulting QD-EVA thin films 

would be very promising for enhancement of first generation solar cells. However, 

developing the QD-EVA thin films into commercially viable technology will require 

optimization of large-scale production of QDs, due to the high cost of all currently 

available commercial QDs. For continued research on the greenhouse application of QD-

EVA thin films, a strategy involving a combination of ZnO and CIS QDs in EVA would 

be promising. These films could be capable of emitting light from 400-520 nm and from 

650-675 nm, matching the optimal wavelengths of light required to drive photosynthesis 

in plants. Different QD surface ligands could be experimented with to compare their 

compatibility with EVA, although 1-dodecanthiol showed minimal signs of degradation 

after 11 months of aging. Processing with supercritical CO2 to embed the CIS QDs in the 

polymer would also be a beneficial study to produce QD-EVA thin films form an 

alternative technique.   

  

 Continued research on the development of a microfluidic synthesis system for 

producing QDs will ensure high quality, reproducible products. Developing more 

expertise and experimenting with different fabrication procedures will improve the 

current results using CIS QDs as the primary absorbing layer in QDSSCs. 
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APPENDIX: 

 

 

Microfludic Reactor Setup: 
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XPS Database Figures: 

 

(Beamson 1992, Wagner 2003)

 

(Beamson 1992) 
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(Beamson 1992) 
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In 3d 5/2 

 

(Beamson 1992) 
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(2010) 887 

 

 

 

Standard dyes based on useful excitation range (Nanoco-Group-PLC 2013) 

Standard Supplier Solvent QY Fluorescence 

max (nm) 

Useful 

excitation 

range (nm) 

9, 10-

diphenylanthracene 

Acros Ethanol 0.90 406, 427 320-370 

Coumarin 1 Aldrich Ethanol 0.73 450  320-370 

Coumarin 153 Aldrich Ethanol 0.58 530 370-450 

Rhodamine 123 Aldrich Ethanol 0.95 535 440-490 

Rhodamine 6G Aldrich Ethanol 0.95 560 450-500 

Sulphohodamine 

101 

Aldrich Ethanol 0.90 600 500-550 
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