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ABSTRACT 

The development of renewable energy has attracted more attention due to the increasingly 

serious energy and environmental crisis in the world nowadays. Second generation 

photovoltaics based on thin films of binary semiconductor nanocrystals such as cadmium 

sulphide (CdS), cadmium selenide (CdSe), cadmium telluride (CdTe), lead sulphide (PbS) 

and lead selenide (PdSe), have shown considerable potential with their power conversion 

efficiencies (PCEs) improving from 0,1 % to about 6-7% within a space of 2 years. However, 

they have failed to surpass the efficiency of silicon solar cells and their lower efficiency has 

resulted in the overall cost of the second-generation photovoltaics to be similar to silicon 

solar cells, thus limiting their domestic and commercial use. For this reason, efforts have 

been made through the third-generation solar cells to improve efficiencies while lowering 

the production costs through simple processing technologies. Copper indium selenide 

(CuInSe2) based quantum dots (QDs), are perceived to be a promising alternative to those 

cadmium or lead chalcogenide based QDs in serving as light-harvesting sensitizer materials 

in hybrid solar cells due to their near-infrared (NIR) absorbing capacity and low toxicity. 

Hence, in this present study, we report the synthesis of electroactive copper indium selenide 

quantum dots (CuInSe2 QDs) capped with generation 1 poly (propylene thiophene) (G1PPT) 

dendrimer with a high potential for photovoltaic application, via hot injection method. The 

synthesis of G1PPT-CuInSe2 QDs commenced with the functionalization of generation 1 

polypropylenimine tetramine dendrimer (G1PPI) into G1PPT via Schiff condensation in 

reaction flask with 2-Thiophenecarboxaldehyde under an inert N2 environment. Proton 

nuclear magnetic resonance spectroscopy (1H-NMR) and Fourie transform infrared 

spectroscopy (FT-IR) confirmed the successful transformation of G1PPI into G1PPT. The 

G1PPI was functionalized in order to improve its surface passivating and electron donating 

effects. Besides preventing nanoparticles agglomeration, the modification of nanocrystal 
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surface by organic ligands such as dendrimers is a useful tool for enhancing their 

luminescent quantum yields and photophysical properties due to their unique structural 

qualities, dendritic effect and polydentate nature 1H-NMR gave rise to a new chemical shift 

at 8.31 ppm for N=C-H, which confirmed the incorporation of 2-Thiophenecarboxaldehyde 

into the G1-PPI dendrimer structure and FT-IR showed that strong bands appeared at 1673 

cm-1 for N=C in the dendrimer moiety, and 755 cm-1 for C-H at α-position of the thiophene 

ring. Cyclic Voltammetry of G1PPT displayed no distinct oxidation or reduction peaks. An 

increase in current was observed for the G1PPI modified electrode over the bare GCE owing 

to the nano-dimensional nature of PPI which increases the surface area of the electrode. The 

dependence of peak current and potential on scan rate (ν) from 10 to 50 mVs-1 a linear 

relationship, suggesting that the kinetics are diffusion controlled on the G1PPI modified 

electrode. Optical, microscopic and electrochemical studies were performed on the G1PPT-

CuInSe2 QDs. HR-TEM images revealed continuous lattice fringes and very clear crystal 

facets for the pentagonal shaped nanocrystals with an average size of 8.5 nm. The 

crystallinity was further confirmed from the SAED pattern, which also exhibited multiple 

diffraction rings corresponding to CISe. UV-vis spectroscopy showed gradual shift towards 

longer wavelengths from 713 nm to 784 nm for the G1PPT-CuInSe2 QDs with an optical 

bandgap of 1.51 eV determined from Tauc plots extrapolation. XRD pattern gave rise to 

Bragg’s reflections at 2θ value of 27,71o, 46,39o, 54,63o representing (111), (220) and (311) 

planes of the zincblende metastable structure of CuInSe2 with a crystal diameter of 6.3 nm. 

The HOMO and LUMO levels of the G1PPT-CuInSe2 QDs calculated from cyclic 

voltammetry (CV) were -5.140 eV and -3.537 eV, respectively. The corresponding 

electrochemical bandgap (𝐸𝑔𝑎𝑝
𝑒𝑙 ) and the electron-hole Coulomb interaction energy  𝐽𝑒,ℎ were 

found to be 1.60 eV and 90 meV respectively. 
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CHAPTER 1:  

 INTRODUCTION 

 

1.1 Background 

The modern world economy is built upon the substantial use of fossil fuels which has brought 

about a great convenience in people’s lives. The consumption rate of fossil fuels has seen an 

exponential increase over the years due to the increasing world population, which has caused 

an imbalance in the energy supply versus demand. In addition, the expandable use of fossil 

fuels such as oil, coal and natural gases also pollutes the atmosphere greatly through the 

release of greenhouse gases such as CO2; challenging the sustainable development of human 

society [1–4]. The CO2 levels in the atmosphere have risen to > 400 ppm today from 278 

ppm since the beginning of the industrial revolution. Other environmentally detrimental 

pollutants such as SOx, NOx, particulate matters (PM), volatile organic compounds and toxic 

heavy metals are also released during the combustion of fossil fuels. These pollutants have 

caused a significant change in the climate of the earth, which has led to global warming heat 

waves, droughts, torrential rainfalls and accompanying floods. Therefore, growing concerns 

for human health and the environment has led researchers in the scientific community to turn 

to renewable energy as a viable solution [5–8].  

 

Renewable energy sources are the primary, domestic and clean or inexhaustible energy 

resources and they include wind, biomass, solar, hydropower, and geothermal. They possess 

great potential because in principle they can meet the world’s energy demand many times 

over compared to conventional energy sources. Photovoltaic and wind power systems are 

the focus today because their costs have declined greatly in the last 30 years while oil and 
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gas costs fluctuate continuously [9, 10]. Photovoltaics (PVs) devices are more prevalent and 

superior in fostering green energy consumption and overcoming environmental impact 

caused by current energy sources. Solar energy is preferred and mostly used because of its 

global availability and low environmental impact. There are three subdivisions of the 

photovoltaics cells and they include first, second, and third generations. The first generation 

of PVs is largely made up of pure single-crystalline silicon materials. They have high 

efficiencies, which makes them leaders in the solar cell industry. They are, however, too 

expensive due to production steps and for this reason, researchers have continued searching 

for a new technology that will target the reduction of materials cost and overall production 

steps. Second generation PVs are slightly cheaper to manufacture compared to generation 

one PVs and are associated with thin-film solar cell designs that use minimal materials. They 

were developed to combat the issue of the high cost of the 1st generation PVs, but because 

of low efficiencies and overall costs that lean closer to that of the 1st generation, researchers 

have turned to third-generation PVs which aim to produce low-cost solar cells with high 

efficiencies. Third-generation solar cell technologies include but are not limited to multi-

junction photovoltaic cells, tandem cells and nanocrystals-based cells [10–13]. 

 

The global photovoltaic industry growth is largely affected by the different materials used. 

Photovoltaic devices are being developed based on their principal component which is the 

active layer. Semiconductor nanocrystals quantum dots (QDs) have features that make them 

leading candidates for application in active layer development and overall solar performance 

for 3rd generation photovoltaics. A widespread of research has been carried out on II-IV 

semiconductor sensitizers such as cadmium sulphide (CdS), cadmium selenide (CdSe), and 

cadmium telluride (CdTe) for application in quantum dot solar cells (QDSCs). The 

considerable attention they have received is due to their unique properties such as ease of 
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fabrication, tunable energy bandgap through size control and possible multiple exciton 

generation (MEG). The use of toxic precursors in this kind of material has, however, 

restricted their application [10, 14, 15]. The conduction band position and the size of 

semiconductor sensitizers are critical to achieving efficient charge separation in QDSCs and 

broad light harvesting, and this, in turn, depends on the complete alignment between 

semiconductor sensitizer and a layer of metal oxide, i.e. titanium oxide (TiO2). These two 

requirements are generally difficult to achieve and therefore tuning of electronic and optical 

properties of QDs purely by changing their particle sizes has its limitations. In addition, the 

low to moderate power conversion efficiencies (PCEs) of these binary semiconductor 

sensitizers loiter due to their poor charge injection efficiency [16, 17].  

 

Ternary semiconductor QDs tailored through alloying have emerged as leading alternatives 

for binary QDs in the quest to mitigate the above-mentioned challenges. They are made up 

of elements from groups I, III, and VI, such as copper, gallium, indium, sulfur, selenium, 

and tellurium. The physical and optical properties of ternary QDs depend on size and 

composition, and this, therefore, makes them superior to their binary counterpart parts 

because the desired bandgap can possibly be achieved by varying stoichiometric ratios while 

keeping the particle size constant [18–20]. Their tunable optical band gap covers a wide 

range of wavelengths from near-infrared (NIR) through the visible spectrum, to the 

ultraviolet spectrum. They exhibit unique chemical and physical properties including larger 

Stokes shifts and a longer photoluminescence lifetime. In addition to these advantages, 

alloyed QDs offer a “green” route to highly efficient QDSCs since less toxic precursors are 

utilized [21]. 
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The first synthesis of type I-III-VI colloidal chalcopyrite CuInS2 (CIS) QDs prepared by the 

thermal decomposition of the molecular single-source precursor (PPh3)2CuIn(SEt)4 in the 

presence of hexanethiol above 200℃ was reported by Castro et al, in 2014. Since then, 

several publications of I-III-VI type colloidal QDs with improved performances and more 

“greener” synthesis routes have been realized. For example, by varying the relative reactivity 

of copper and indium precursors in a non-coordinating solvent, Peng et al were able to 

develop a green synthesis route for the nearly monodisperse CuInS2 semiconductor 

nanocrystals in 2009. The CuInS2 QDs prepared exhibited an emission peak position 

tuneable from 500 to 950 nm, and the same synthesis was also used to synthesize AgInS2 

nanocrystals which produced similar results [21]. Other synthetic methods for the 

preparation of I-III-VI type QDs developed over the years include but are not limited to hot-

injection [22, 23], solvothermal [24], thermal decomposition [25]–[27], hydrothermal [28] 

and very recently microwave irradiation/assisted synthesis[15, 29–31]. Several studies have 

demonstrated that the synthesis of nanocrystals via microwave-assisted synthesis was 

generally faster, simpler, and very energy efficient [15]. However, the particles prepared by 

Hosseinpour-Mashkani et al [32] using microwave irradiation for their studies on the effect 

of preparation parameters such as microwave power, irradiation time, and type of copper 

precursor on the particle size of the products, suffered from severe agglomeration. In this 

study I-III-VI type QDs namely; copper indium selenide (CuInSe2) were prepared in a non-

coordinating solvent using poly generation 1 (propylene thiopheneimine) dendrimer 

(G1PPT) as a capping agent via hot-injection method. 
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1.2 Problem statement 

With the increasing urgent need for versatile materials with power conversion efficiencies 

(PCEs) exceeding the Shockley−Queisser limit of 32% in solar cell applications [32, 33], a 

variety of research has been carried out on second-generation photovoltaics based on 

semiconductor nanocrystals such as CdS, CdSe, CdTe and Pd-based (PbS, PdSe) types. 

These materials demonstrate broad absorption, hot electron extraction and multiple exciton 

generation (MEG), and addition their PCEs were improved from 0,1 % to about 6-7% within 

a space of 2 years [34–38], however, they have failed to surpass the efficiency of silicon 

solar cells. The lower efficiency of second-generation photovoltaics based on these materials 

has resulted in their overall cost to be similar to silicon solar cells, thus limiting their 

domestic and commercial use. In addition, the utilization of highly toxic precursors such as 

cadmium and lead further limits their commercial use due to environmental health concerns. 

Hence, efforts have been made through the third-generation solar cells to improve 

efficiencies while lowering the production costs through simple processing technologies. 

The exploration of new materials with new properties may be an advantage in improving the 

performance of photovoltaic devices and expending the associated technology. 

 

1.3 Project motivation  

South Africa is one of the leading coal export nations worldwide. Notably, in 2014 the share 

of coal in its basic energy consumption was 70%, which is far greater than the global average 

of 30%. In addition, 92% of the country’s power generation is based on the traditional 

production of coal [39]. It is then clear from these numbers that coal plays a significant role 

in the economy of South Africa. However, coal is a limited resource and is facing depletion 

due to population increase and increased energy demands. Nationally and globally, coal also 
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has major concerns associated with carbon dioxide (CO2) emissions which as a major player 

in climate change and global warming. This, therefore, calls for an urgent need for efficient, 

clean and sustainable energy systems. Studies have indicated that solar and wind power 

systems are the two primary sources of renewable energy. The global availability of energy 

from the sun and the low environmental impact of solar power systems makes them by far 

the most preferable and widely researched. Efforts have been made through the third-

generation solar cells to improve efficiencies while lowering the production costs through 

simple processing technologies. Semiconductor nanocrystals such as quantum dots exhibit 

excellent optical, electronic and photo-physical properties compared to their quantum wells 

counterparts due to three-dimensional quantum confinement. Their unique properties make 

it possible to design their bandgaps by manipulating their size and shape, and very recently 

ternary quantum dots have opened stoichiometric manipulation as another property to 

engineer the bandgap. In addition, small amounts of these materials can easily be utilized 

along with other different materials such as polymers and other inorganic materials to 

produce hybrid structures and in this way, make it possible to develop low-cost nanocrystals 

solution based-thin photovoltaic devices which are highly efficient.  

 

This research work involved the synthesis and investigation of photovoltaic properties of 

CuInSe2 QDs capped with generation 1 poly (propylene imine) dendrimer that was 

previously functionalized with 2-thiophenecarboxaldehyde. The CuInSe2 QDs were 

synthesized via the organic phase high-temperature route in a noncoordinating solvent. For 

morphological analysis, the QDs were characterized by high-resolution transmission 

electron microscopy (HR-TEM). The structure and bonding were investigated using X-ray 

diffraction (XRD), nuclear magnetic resonance spectroscopy (NMR), Small angle X-ray 

Scattering (SAXS), Fourier transform X-ray spectroscopy (FTIR) and Raman spectroscopy. 
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Ultraviolet-visible spectroscopy (UV) and photoluminescence (PL) will be used to access 

the photo-physics of the materials while their electron transfer and charge transfer properties 

will be studied with cyclic voltammetry (CV) and electrochemical impedance spectroscopy 

(EIS). 

 

1.4 Project aims and objectives 

The goal of this project was based on the preparation and characterisation of CuInSe2 

quantum dots and possibly apply them for photovoltaic responses. The first part involved 

the functionalization of G1-poly (propylene imine) dendrimer with thiophene. Subsequently, 

the functionalised G1-PPI was employed in the preparation of CuInSe2 QDs in a 

noncoordinating solvent. To fulfill the above, the following objectives were identified: 

• Functionalization and characterization of generation one poly (propylene imine) 

dendrimer with 2-Thiophenecarboxaldehyde. 

• Synthesis of poly (propylene thiopheneimine) dendritic CuInSe2 (CIS) QDs using 

the hot-injection method 

• Characterization of poly (propylene thiopheneimine) dendritic CuInSe2 (CIS) QDs 

using a number of techniques such as UV-vis, HR-TEM, XRD, CV, SAXS among 

others 
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1.5 Thesis Layout  

This thesis is presented in five chapters. 

Chapter 1: Gives brief background information on the project, problem statement, and 

motivation as well as aims and objectives. 

Chapter 2: Provides a detailed literature review. 

Chapter 3: Provides a brief background on dendrimers and their application, spectroscopic, 

morphological and electrochemical results obtained from functionalization of g1 poly 

(propylene imine) dendrimer with 2-Thiophenecarboxaldehyde. 

Chapter 4: Provides a brief background of ternary quantum dots and their application in 

photovoltaics, morphological, spectroscopic and electrochemical results obtained from 

nanomaterial (G1PPT-CuInSe2 QDs. 

Chapter 5: Represents conclusion and recommendations 
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CHAPTER 2:  

 LITERATURE REVIEW 

 

2.1 Summary 

This chapter covers the theory of both binary and ternary semiconductor nanocrystals or 

quantum dots and their application on photovoltaics. The chapter also covers different 

synthetic strategies for quantum dots because of the huge role they play on the composition 

and properties of these materials. It further details the conditions affecting the synthesis and 

properties of quantum dots. Dendrimers and their application as capping agents are also 

included in this chapter. 

2.2 Semiconductor Nanocrystals  

Semiconductor nanocrystals (NCs) (usually referred to as quantum dots) are small crystalline 

particles within the range of 1-10 nm. Their small size gives rise to material properties that 

are not comparable to those of corresponding bulk materials because of quantum 

confinement, which is a phenomenon that occurs when the nanoparticles’ size becomes 

smaller than the exciton Bohr radius of the bulk semiconductor [40]. A downright effect of 

the 3D confinement is that the energy levels of excitons become discrete and approach 

molecular behavior as the size of the particle decreases. A spherical quantum box is usually 

used to describe an ideal quantum dot and will demonstrate an atomic like absorption 

spectrum. The Schrödinger equation and the effective mass approximation can be used to 

quantify the energies of the quantized states in the conduction band and valence band. 

However, the solutions of the equation are difficult to achieve because the electron and hole 
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cannot be considered as mutually independent since they are both confined into a space 

smaller than the Bohr radius. A decrease in nanoparticle size causes an increased overlap of 

the confined charge carriers wave functions, resulting in strongly enhanced absorption 

coefficients. Because photon energy causes an increase in the number of possible transitions, 

there is a steady increase in the absorption coefficients as the excitation wavelength shifts 

towards the blue region. Emission processes in QDs are a result of electron-hole 

recombination and depend intensely on whether the process of recombination is radiative or 

non-radiative. Non-radiative processes take place mainly at defects located at the surface of 

nanocrystals. By controlling the surface chemistry and passivation of surface defects, the 

large surface/volume ratio of QDs allows the achievement of enhanced quantum yields [41], 

[42]. 

The ideal quantum dot, as mentioned above displays an atomic-like absorption spectrum, 

however, in reality, the thermal broadening is a limiting factor in synthetic nanocrystals. 

Thus, at room temperature, the emission of a single QD can have full widths at half 

maximum (FWHM) of a few nanometres. Size distribution is, however, the major cause of 

broadening when it comes to QDs. The emission of a QD is size related, and since the solid 

particles in colloidal dispersion have different sizes, there is a slight variation in the emission 

wavelength. For this reason, the emission spectrum of a certain nanocrystal ensemble will 

be much broader than the individual QDs spectra. Size distributions with a variation lower 

than 5% are currently possible to obtain. This elucidates into a FWHM of approximately 25-

30 nm, which is relatively small compared to the spectral response of many luminescent 

dyes. 

Much of the application of semiconductor nanocrystals on solar cells has focused on CdS, 

CdSe or PbS and PbSe as the active nanocrystal material layer. Diguna et al [43] reported a 
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CdSe sensitized-type solar cell based on the TiO2 inverse opal with a conversion efficiency 

of 2.7% under solar illumination of 100 mW/cm2, which was relatively high at that time. In 

2009, Lee and Lo [44] reported a CdS/CdSe co-sensitized photoelectrode for QD-sensitized 

solar cell application. They compared the two QDs CdS and CdSe, realizing CdS has a higher 

conduction band edge compared to that of TiO2, which is a much-needed consequence for 

the perfect injection of hot electrons from CdS. On the other hand, the electron injection 

efficiency of CdSe is much lower than that of CdS albeit its absorption range can extend to 

ca.720 nm, and this is because the band edge of CdSe is located below that of TiO2. They 

took advantage of both CdS and CdSe by using them as co-sensitizers sequentially 

assembled onto TiO2 thin film, forming a cascade co-sensitized structure and were able to 

achieve a conversion efficiency of 4,22 %. More recently, Huang et al [45] reported a 

CdS/CdSe quantum dot sensitized solar cell with a conversion efficiency of 7,24% achieved 

by inserting two ZnSe layers at the interface between CdS/CdSe QDs and the TiO2 

electrolyte in order improve light absorption and to suppress charge recombination, which 

is a hindering factor in achieving high energy conversion efficiencies. Recent progress on 

PbSe was reported by Zhang et al [46], where they applied CsPbBr3 perovskite quantum dot 

back layer on a PbSe quantum dot solar cell and achieved an efficiency of more than 7,22% 

accompanied by a fill factor 62,4%. These Cd, Pb-containing QDs based solar cells indeed 

exhibit excellent photo- and chemical stability, and high PCEs, but the use of toxic heavy 

metals still restricts their commercial application. 

2.3 Ternary I-III-VI Semiconductor Nanocrystals 

In the quest to explore low-toxic QDs for PV applications, ternary I-III-VI2 QDs have 

emerged as leading alternatives due to their high absorption coefficient (~105 cm-1) and 

narrow bandgap properties. For more than a decade, CuInS2 and CuInSe2 have been studied 
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as suitable p-type semiconducting materials for highly efficient thin-film solar cells [47]. 

They are regarded as better light harvesters compared to their binary counterparts because 

their bandgap can be fine-tuned by varying stoichiometric ratios while keeping the particle 

size constant. For example, Pan et al [48] were able to effectively passivate the surface of 

ternary CuInS2 and thereby achieving efficiencies of about 7,04% under AM 1.5G one sun 

irradiation. However, compared to CuInS2 (CIS), CuInSe2, is regarded as a more promising 

material due to its larger exciton Bohr radius (~10.6 nm) and narrower bandgap (1.04 vs. 1.5 

eV of the CIS), which can widen the light-absorbing range to near-infrared (NIR) region [48, 

49]. 

 

Ternary QDs, like binary QDs have a lot of advantages compared to bulk materials. Their 

electronic properties and bandgap can be tuned by varying their size, they allow composition 

tuning and internal structure control prior to materials processing and they use low-cost 

solution-based methods for deposition on various substrates [50]. Composition and structure 

control remain one of the biggest challenges in the synthetic chemistry of I-III-VI2 

semiconductor nanocrystals. Chalcopyrite semiconductors accommodate a wide range of 

non-stoichiometry in the bulk state. A good example of this family of compounds is copper 

indium selenide, which has a phase diagram demonstrating several off-stoichiometric 

ordered structures, such as CuIn5Se8, CuIn3Se5, Cu2In4Se7, etc. Cu-In-Se phases, such as 

CuIn3Se5 and CuIn5Se8, exhibit larger optical band gaps (direct, 1.21 and 1.15 eV, 

respectively). The broadening of the optical band gap is associated with repulsion weakening 

between Cu d and Se p valence band states, which leads to the lowering of the valence band 

maximum for In-rich Cu-In-Se materials. In binary semiconductor nanocrystals, the off 

stoichiometry leads to poor performing devices due to deep trap states [51]. However, for 

In-rich I-III-VI NCs the nonstoichiometric arrangement does not necessarily compromise 
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their properties. On the contrary, I-III-VI NCs were found to be better emitters than 

stoichiometric or Cu-rich/ Ag-rich I-III-VI compositions [52–54]. High photoluminescent 

(PL) quantum yields (QY) belonging solely to off-stoichiometry AgIn5S, CuIn5S, Cu3In5Se9, 

and Ag3In5Se9 have been reported [55–58]. As early as 2005, Zunger et al [59] were able to 

demonstrate that in the case of copper-poor conditions defect-pair formation between 2V-Cu 

vacancies and In++Cu antisite defects eliminates deep trap levels. In addition, their very low 

formation enthalpy favors the formation of these defect pairs. The tendency of CuInSe2 to 

form Cu vacancies, on the other hand, is also at the origin of its efficient self-doping. In a 

more general sense, both p- or n-type doping can possibly be obtained depending on the 

stoichiometry, which has been used for the realization of CuInS2 or CuInSe2 homojunction 

solar cells [59–61]. 

 

2.3.1 Synthesis of Ternary I-III-VI nanocrystals 

The Pearson acid-base concept, widely known as the hard-soft acid-base (HSAB) theory was 

introduced by Ralph Pearson in the 1960s to rationalize a variety of chemical information 

by giving a qualitative description of reactions in inorganic and coordination chemistry. In 

the HSAB concept, reactants accepting electrons are classified as acids and reactants 

donating electrons as bases. The qualitative definition of HSAB was converted to a 

quantitative one by using the idea of polarizability. A less polarizable atom or ion is “hard”, 

and a more easily polarized atom or ion is “soft.” According to the HSAB theory, hard-hard 

and soft-soft acid-base configurations form more stable compounds than the ones of mixed 

hard-soft nature [62, 63]. The HSAB concept can be extended to the synthesis of colloidal 

NCs where, in this context, metal centers are defined as acids, anions and coordination 

ligands as bases [64]. The HSAB may be used as a guide for precursor and ligand selection 

when designing colloidal synthesis. As can be expected from the definition of the HSAB 
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theory, metal salts of hard-soft nature experience accelerated decomposition at low 

temperatures compared to hard-hard or soft-soft precursors. The reaction kinetics of 

precursors undergo modification to different extents in the presence of coordination ligands, 

where either soft-soft and hard-hard complexes (relatively slower decomposition) or hard-

soft and soft-hard compounds which decompose relatively faster The HSAB concept 

guidelines benefit the overall understanding of the synthesis of ternary I–III–VI NCs. During 

synthesis, the reaction flask contains M+ (Cu+ or Ag+) which is a soft acid and M3+ (In3+, 

Ga3+, etc.) which is hard acid; hence there is an inherent difference in the reactivity of two 

identical metal precursors (e.g. AgCl and InCl3). In addition, chalcogen anions are soft bases 

according to the HSAB and their softness is directly proportional to their atomic radius (S2– 

< Se2– < Te2–). This fact makes the synthesis of I–III–Se NCs is, therefore, more challenging 

than for I–III–S NCs, due to strong preferential bonding of Se and Cu (or Ag) precursors. 

The synthesis of colloidal I–III–VI tellurides represents the worst-case scenario [65].   

The strategy that was developed by Xie et al [66] forms the basis for most CuInS2 NCs 

syntheses. This approach involves an injection of elemental sulfur into a reaction mixture 

which contains Cu+ and In3+ salts, dodecanethiol, oleic acid, and octadecene at 180 °C. Long-

chain thiols play a critical role in the synthesis. Dodecanethiol, which is a soft base 

preferentially complexes the Cu+ ion, which is soft acid. In order to balance the reactivity 

between the Cu+ and the In3+, an excess of dodecanethiol must be added to the reaction flask. 

The use of soft-acid/soft-base CuI precursor, alternative S precursor (i.e., S-oleylamine 

solution), changes in injection temperature, and other reaction parameters represent some of 

the follow-up moderations of the alkanethiol-mediated synthesis [67–69]. There are also 

several heating-up approaches of CuInS2 NCs synthesis where dodecanethiol has been used, 

and this because of its high decomposition temperature (≥200 °C) which makes it suitable 
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to serve as a sulfur precursor. Prolonged heating times are however required for such heating 

up approaches due to slow decomposition kinetics [70–73]. 

 

Approaches for CuInSe2 and AgInSe2 NCs syntheses are significantly less developed 

compared to I–III–S NCs [73]. The M+/M3+ reactivity challenge is the reason methods for 

I–III–S NCs show limited applicability when it comes to I–III–Se NCs syntheses. For 

example, slow decomposition of long-chain thiols at high temperature leads to anion-mixed 

quaternary I–III-(S; Se)2 NCs [74, 75] and metal–Selenium bonded precursors are more 

difficult to synthesize than metal–sulfur precursors [76, 77]. Stoichiometric preparation of 

CuInSe2 and AgInSe2 NCs is achieved by using alkylamine- or phosphine-based reaction 

mixtures. In general, elemental Se is dissolved in oleylamine or trioctylphosphine (TOP) and 

heated with (or hot-injected to) the solution of metal salts. The temperature of the reaction 

is kept relatively high, while growth times are prolonged, and this approach counts on the 

completeness of the reaction. Relatively big sizes of I–III–Se2 NCs are obtained via this 

strategy (typically >8–10 nm) [78–80]. 

 

Small-size CuInSe2 and AgInSe2 NCs can be obtained by accelerating reaction kinetics. 

Reaction promoting agents (e.g., diphenylphosphine [81] lithium silylamide [82–84]) are 

introduced into the reaction in order to achieve this or by using highly reactive selenium 

source (e.g., trimethylsilyl selenide [85, 86]) as an alternative. For example, utilizing 

diphenylphosphine allows one to tune the size of CuInSe2 NCs from ∼1 to 9.2 nm, while 

their stoichiometries remain constant (∼0.92–0.97 Cu:In atomic ratio) [81]. The idea of this 

approach is derived from the synthesis of PbSe NCs, where it was demonstrated that adding 

secondary phosphines induces the reaction mechanism to proceed via reduction of cationic 

precursor to metal centers and rapid homolytic cleavage of trioctylphosphine-selenide 
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(TOPSe) precursor. This then eventually increases the reaction kinetics and this coupled with 

an increase in chemical yield [87]. In general, advancing the reaction kinetics of NC provides 

an eminent strategy to mitigate the difference in reactivity of the two metals (M+ and M3+) 

[81–86]. 

 

2.3.2 Synthetic Strategies 

 

Several methods of synthesis of ternary I-III-VI QDs have been reported. Choosing a 

suitable synthetic route largely depends on the desired use of the QDs and the selection of 

solvents to be used. Synthesis of ternary I-III-VI QDs is reported circuitous due to the 

reactivity of the most commonly used cations (Cu2+, In3+, and Zn2+) [88]. Furthermore, due 

to the multifaceted equilibria that occur between the cation and anion precursor reactivities, 

the synthesis also faces some limitations because of shape, composition and size control 

[89]. Tuning of reaction parameters such as temperature, reaction time and precursor ratios, 

however, allows for the achievement of monodispersed size controlled QDs. 

2.3.2.1 Organic Synthesis  

The fundamental principle of organic synthesis involves the high boiling temperature 

(typically between 220 and 300 oC) decomposition of organometallic precursors in 

hydrophobic solvents and coordinating agents in an inert atmosphere. High-quality colloidal 

nanoparticles are produced via organic synthesis through the use of hydrophobic reducing 

agents and/ or ligands such as octadecene (ODE), 1-dodecanethiol (DDT), octylamine 

(OctAm), oleylamine (OlAm), tri-octylphosphine oxide (TOPO) [89]. These ligands render 

QDs hydrophobic by effectively passivating their surface. Different methods have been 

established for the synthesis of ternary I-III-VI QDs in organic solvents, and these include 
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the hot-injection method, solvothermal, thermolysis, and the heating up method. Each of 

these methods is briefly described in the following section.  

 

2.3.2.2 Hot Injection 

In the hot-injection method, reagents are injected into a hot solvent. In the synthesis of QDs, 

a solution of the anionic precursor is injected into a hot solution of cationic precursor at 

elevated temperatures; this is followed by rapid nucleation. This approach allows for particle 

size distribution control [90]. In 2013, Vahidshad et al., [91]  prepared CIS nanocrystal using 

CuCl, InCl3, and thiourea as precursors. They varied the injection temperature between 150 

and 270 oC in order to tune the size of the nanocrystals. Their results demonstrated that rapid 

nucleation followed by retarded particle growth occurred at elevated temperatures compared 

to lower temperatures. The most effective temperature for injection was 240 oC. They were 

able to prepare the material with narrow size distribution and particle diameter between 10 

and 30 nm by effectively tuning and controlling the temperature of the solution, rate of 

injection and coordinating solvent to capping agent ratios. The emphasis of the study was 

the significance of injection temperature with reference to the injection method. According 

to Yuan et al [92], using the injection method for large volumes is advised against as this 

can slow down the injection process; thus causing an overlap between nucleation and growth 

which often leads to undesired broad particle sizes. 

 

2.3.2.3 Solvothermal 

Solvothermal method is one of the most prevalent and advantageous synthetic routes to 

fabricate the nanomaterials with different morphologies.  It involves placing the reactants 
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into an autoclave filled with water or organic compound to carry out the reaction under high 

temperature and pressure conditions [93]. The solvothermal method is an advantageous 

method for the production of I–III–VI type QDs at gram scale due to its simplistic and large-

scale up properties. The first synthesis of highly fluorescent CIS/ZnS core/shell QDs capped 

with DDT prepared via solvothermal method was reported by Nam et al., 2011 [92]. The 

core was prepared using (In(Ac)3), Cu(I) iodide (CuI) and DDT in a noncoordinating solvent 

ODE at 180 oC for 5-6 h. The shell was grown over the core from zinc acetate with potassium 

ethyl xanthogenate at 200 oC for 12 h. Yellow-to-red CIS/ZnS QDs with a quantum yield 

(QY) pf 65% were produced. Jia et al., 2016 [94] used solvothermal method to prepare CIS 

QDs by heating up a mixture of precursors i.e. zinc stearate (ZnSt2), cuprous acetate 

(Cu(OAc)2), indium acetate (In(OAc)3) and oleylamine (OAm) in the presence of 

DDT/ODE. The excitation wavelength was varied in order to tune the PL intensity and peak 

position of the CIS and CIS/ZnS QDs. The emphasis of this work was the effect of excitation 

wavelength on the optical properties of CIS QDs. The increase of the excitation wavelength 

from 550 nm to 630 nm resulted in the PL peak position shifting from 665 to 685 nm. This 

shift in the PL peak position was attributed to the internal defect state of the material. 

2.3.2.4 Thermolysis 

Thermolysis is an extremely rapid method that involves the preparation of nanoparticles by 

heating the capping agent together with metal complex precursors at elevated temperatures 

using localized heat. Choi et al., 2006 [95] prepared CIS heterostructured nanoparticles via 

thermolysis of a mixture of Cu-oleate and In-oleate complexes in dodecanethiol. Their study 

showed that the shape of the prepared CIS nanocrystals could be varied by changing reaction 

temperature and time to obtain either corn, bottle or larva shapes. Lee et al., 2014 [95] were 

the first to describe the use of a hybrid flow reactor to prepared CIS/ZnS using thermolysis. 
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They grew the core of their QDs (CIS) at 210 oC for 1 minute using DDT/ODE. The core 

was passivated by growing the ZnS shell at 320 oC for 2 minutes. PL quantum yields 

increased from 20% to 60% after ZnS shell growth. The extremely short synthetic time 

provided by the thermolysis method is advantageous for nanoparticle preparation. The 

presence of multiple peaks (even at shorter wavelengths) in the PL spectra is a major 

drawback for this method. 

 

2.3.2.5 Heating Up Method 

In the heat-up based method (non-injection), all reagents are carefully mixed into a single 

reaction flask/vessel and rapidly heated in a controlled manner to induce nucleation and 

growth of nanocrystals. It is highly suitable for large scale synthesis compared to other 

methods [96] and also mitigate some of the challenges faced by the injection method, such 

as control of reagent mixing time, injection time and reproducibility. Using diesel as reaction 

solvent and at fast heating rate of 150-200 oC min-1, Thuy et al., 2014 [97] were able to 

synthesize CIS/ZnS core/shell QDs by heating up copper (I) iodide (CuI), DDT, In(Ac)3, 

zinc stearate and oleic acid as precursors. They obtained high-quality CuInS2 QDs Core at a 

reaction temperature of 210 oC and 15 min reaction time using 1:1 Cu:In molar ratio. 

Regulacio et al., 2013 [98] were able to successfully prepared elongated CGS nanocrystals 

using a facile injection-free synthetic strategy that involves the thermal decomposition of 

metal dithiocarbamate complexes in the presence of dodecanethiol.  
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2.4 Several factors affecting the synthesis and properties of semiconductor 

nanocrystals 

The quality of semiconductor nanocrystals has an influence on their properties. Attempts to 

control the synthesized nanocrystals are through many parameters which play crucial roles 

in their overall properties. Therefore, QDs can be tailored according to their specific 

application by precise control of the major parameters affecting their synthesis which include 

capping agent, precursor ratio, reaction time, temperature, and solvent type. All these 

parameters are explored below. Different applications require QDs that are defect-free, well 

dispersed and homogeneous. Optimizing each of the parameters to obtain ideal crystals is, 

however, more complex and practically [99], [100]. 

 

2.4.1 The effect of precursor ratio 

The shape and size range of QDs is related to the stoichiometry of the constituents. The PL 

peak position and intensity of the CIS QDs can be optimized by changing the Cu:In ratio 

and this was demonstrated by Jiang et al., 2017 [101] studied the effects ratio change on 

optical properties by preparing CIS/ZnS QDs using different Cu: In ratio from 1:2 to 1: 48. 

They showed that a decrease in the Cu:In ratio causes a shift to shorter wavelengths, which 

indicates an increase in the bandgap under indium rich conditions. In 2016, Zheng et al., 

[102] synthesized CIS/ZnS QDs at gram scale and obtained a 20% photoluminescence 

quantum yield (PLQY). After examining different Cu:In ratios, they found Cu-poor CIS QDs 

produced higher PLQY. NIR CIS QDs were successfully synthesized by Kim et al., 2017 

[103] and were able to tune the Cu:In ratio from 0.25:1 to 2:1 which caused a shift in the PL 

peak position from 680 to 850 nm. The donor-acceptor pair, where InCu (In substituted at the 
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Cu site) and/or VS (S vacancy) probably act as donor states with VCu (Cu vacancy) as an 

acceptor state is responsible for the red-NIR emission observed in this case [101, 104, 105]. 

 

2.4.2 The effect of time and temperature  

Growth and nucleation of particles from their precursors heated in a solution containing a 

coordinating solvent are the main stages involved in the preparation of nanoparticles. Time 

and temperature effects are studied in order to monitor this [106–113]. To effectively 

optimize the time and temperature for a given synthesis of nanoparticles, the Ostwald 

ripening effect is the main attribute that needs to be overcome. The Ostwald ripening effect 

permits the grouping of particles together, with the smaller ones tending to stick to onto big 

ones leading to the formation of larger materials [114]. In their report, Govindraju et al., 

2014 [115] varied the time from 2 minutes to 60 minutes during the synthesis of copper 

selenide and observed the growth of particles as the time increased. The particles became 

more monodispersed and crystallized into a centered cubic phase of Cu2Se. Tang et al [116] 

used the hot-injection method to prepare to synthesize of copper indium gallium selenide 

nanoparticles, and the nanoparticles were formed as a result of a rapid injection of precursors 

in oleylamine at high temperatures. They found that higher injection temperatures (such as 

270oC), however, favored the growth of larger particles. Kim et al [117] prepared NIR DDT 

capped CIS/ZnS QDs in noncoordinating solved ODE by varying the temperature from 180 

to 250 oC to control Zn ion diffusion during ZnS shell growth. They found that at lower 

temperatures, the diffusion rates were low compared to elevated temperatures due to the 

effect of temperature on the activation energy for diffusion. There are a few studies have 

been reported on the direct aqueous synthesis of CIS and CIS/ZnS QDs where low 
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temperatures (90–95 ◦C) have been used [118–120]. It has also been reported that the CIS 

crystal structure can be varied by changing the reaction temperatures [121]. 

 

2.4.3 The effect of solvent 

Different solvents can be used for the synthesis of ternary QDs. However, different reaction 

pathways and additives can be employed to optimize the overall synthesis to obtain 

nanoparticles with exceptional properties [122–124]. While a number of solvents can be 

used for the preparation of metal selenide nanoparticles; fatty acids, polyols, long-chain 

phosphines, and long-chain amines solvents are considered more suitable for growth control 

and stability of QDs [125–127]. Klimov et al., 2011[128] reported an efficient synthesis of 

CuInS2 QDs with strong photoluminescence in the NIR. They were able to obtain yields of 

excess 90% coupled with minimal solvent waste. Shell growth of either ZnS or CdS on the 

core CIS resulted in a remarkable increase in PL quantum yield—up to 10-fold for ZnS and 

a little higher for CdS. In general, CIS QDs with single-monolayer shell exhibit PL QYs of 

>60%, while in their recorded value is 86%. Several others employing a similar strategy 

obtained dramatically improved PL quantum yields [129–134]. Das et al., 2008 [135] 

employed thiourea as a sulfur precursor in the synthesis of CuInS2 nanocrystals. They used 

alcohols used as solvents and obtained big particles of more than 100 nm. On the other hand, 

when a corresponding selenide (selenourea) source was used, employing oleylamine as 

solvent and as well as a capping agent, nanocrystals of <20 nm were obtained [136], [137]. 

Pan et al., [138] demonstrated the importance of the capping ligands ratio (OA, DDT, OLA) 

for the control of the crystal structure and were the first to report the synthesis of wurtzite 

CuInS2 nanocrystals. 
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2.5 Dendrimers 

Dendrimers are a highly branched and unique class of macromolecules with three-

dimensional architectural design [139]. Dendrimers are characterized by three components: 

a central core, branches and the periphery. They are nearly spherical in shape (nanostructure 

ranging from 10 to 200 Angstroms in diameter) and their extremely regular structure is the 

reason for this. Dendrimers are built upon an initiator core, with several branching interior 

layers composed of repeating units and multiple active primary amine groups at its surface. 

The functional groups that characterize the surface of the dendrimer can be used as a 

backbone for the attachment of a number of biological materials or any type of material 

depending on the specific application [140]. Dendrimers are produced in an iterative 

sequence of reaction steps, in which additional iteration leads to a higher generation material. 

One of the best examples of controlled hierarchical synthesis is the creation of dendrimers 

using specifically designed chemical reactions; this specificity allows the ‘bottom-up’ 

creation of systems that are otherwise complex. A new ‘generation’ with a double number 

of active sites (end groups) and an approximately double molecular weight of the previous 

generation is created by each layer. The appealing aspect to technology that dendrimers have 

is that it is relatively easy to precisely control their size, composition and chemical reactivity 

[141, 142].  

 

Dendrimers were first discovered by Fritz Vogtle in 1978, by Donald Tomalia and co-

workers in the early 1980s, and at the same time, but independently by George R. Newkome 

[143]. Fritz Vogtle imagined the core of the dendrimer as a potential host for guest 

molecules. It wasn’t until 1985, however, that dendrimers were at the frontline of chemistry 

and were exhibited as possible incarceration devices for molecules. During this time period, 
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Newkome [144] and Tomalia [145] simultaneously reported work demonstrating the 

synthesis of dendrimer molecules. A variety of dendrimers have been developed since that 

time; different molecules have been employed to functionalize to the periphery of the 

dendrimer. Dendrimers have found themselves as excellent carrier molecules for use in 

nanoscale medical applications due to their unique architecture and functionality. They have 

been explored as light-harvesting agents [146], chemical sensors [147], catalysts [148] and 

cross-linking agents [149]. Many of the intriguing properties of dendrimers, as well as their 

syntheses and possible applications, are discussed [150–153]. There are many types of 

dendrimers; the first dendritic structures that were thoroughly investigated and have received 

widespread attention are Tomalia’s PAMAM dendrimers [145]. 

 

2.5.1 Poly (propylene imine) Dendrimers 

Poly(propylene imine) (PPI) dendrimers are highly branched macromolecules terminated 

with amino groups with a number of interesting preparties. Poly(propylene 

imine) dendrimers have also been called Astramol dendrimers, or have simply been 

abbreviated as PPI-dendrimers, or DAB-Am-x dendrimers. DAB stands for the 

diaminobutane core and x=4, 8, or 16 for the number of primary amine end groups associated 

with the generations 1, 2, or 3, respectively [154], [155]. These dendrimers are generally 

poly-alkyl amines having primary amines as end groups, the dendrimer interior consists of 

numerous tertiary tris-propylene amines and their commercial availability extends to G5 

[156]. Vögtle et al. reported the first cascade structure of oligo (propylene imine) synthesized 

based on a repetitive reaction sequence of double Michael additions of an amine to 

acrylonitrile, followed by the reduction of the nitriles to primary amines [144, 157, 158]. 

Poly (propylene imine) dendrimers have various interesting characteristics which makes 
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them suitable building blocks to acquire well-defined amphiphilic structures such as the 

combination of hydrophilicity, highly branched structure and chemical functionality [159, 

160]. 

 

2.5.2 Dendrimers as Coordinating Agents 

Many capping agents with variable sizes including large polymers such as chitosan, large 

macrocycles such as a-cyclodextrin and smaller molecules such as tert-butyl functional 

groups have been studied. However, comparing the efficiency of various capping agents is 

very difficult due to complexity of capped systems [161]. Dendrimers are becoming more 

popular as nanomaterial stabilisers or capping agents. One of the reasons for this is because 

in general, they have high loading capacity due to their nanocavities. In dendrimers, the 

nanoparticles can be formed either in the interior cavities of the dendrimer (dendrimer 

encapsulated nanoparticles) or in the periphery of the dendrimers (dendrimer stabilized 

nanoparticles) [162]. Malinga et al [162] successfully synthesized generation 2 and 3 

poly(propylene imine) dendrimer capped NiFe nanoalloy. The HRTEM micrograph for the 

nanoalloy showed an average size range of 1 to 4 nm and the presence of Ni and Fe as the 

alloy was confirmed by energy dispersive spectroscopy. Polyamidoamine dendrimers 

capped-carbon dots (PAMAM-CDs) were fabricated using a one-step microwave approach 

by Gao et al [163] and were applied in immunosensing, where the proposed immunosensor 

demonstrated a wide linear detection range from 100 fg mL−1 to 100 ng mL−1 with a 

detection limit of 0.025 pg mL−1. Gayen et al  [164] used colloidal synthesis to prepare 

hybrid cadmium sulfide–dendrimer nanocomposite and investigated their spectroscopic 

properties. The nanoparticles fluoresced from 375 to 650nm650nm under near-ultraviolet 

excitation, and their absorption spectra exhibited a strong blueshift of the band edge 
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compared to that of the bulk CdS. They discovered that the stability of nanocomposites 

depended significantly on the dendrimer generation, while the size and spectroscopic 

properties exhibited a weaker dependence. Wisher et al  [165] prepared thiolated PAMAM 

dendrimer-coated CdSe/ZnSe nanoparticles and used them as protein transfection agents. 

Their study showed that partial thiolation of PAMAM dendrimers makes them good ligands 

for CdSe/ZnSe nanoparticles. The dendrimer-protected nanoparticles were soluble in water 

and demostrated good stability and were able to effectively transport other molecules across 

the cell wall and hence are promising fluorescent transfecting agents.  

 

2.6 Ternary Solar Cells 

Application of nanoparticles as either a sensitizer or electron donating component in the 

structure of organic photovoltaic devices’ (OPVs’) photoactive layer has led to the 

development of a new class of ternary systems called hybrid solar cells. Among several 

nanoparticles, ternary QDs such as CuInSe2 are at the centre of attention due to the promising 

applicability they have shown in many optoelectronic devices, particularly solar cells, due 

to their high absorption coefficient, tunable band gap, multiple exciton generation with 

single photon absorption, tunable energy levels, slow exciton relaxation and low cost [166–

170]. The need to extend the absorption spectra of the large bandgap polymers to cover the 

full range of the sun’s irradiation spectrum was the main drive for the development of ternary 

solar cells. Unlike tandem solar cells, in ternary systems the sensitizer is merely incorporated 

into the host active layer which simplifies the device fabrication as a single junction solar 

cell. For this reason, fabrication of ternary solar cells becomes possible with lower costs, 

which is an important issue for industrial applications. 
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In general, the most widely used sensitizers in ternary blend systems are the donor (D) 

components, forming donor:donor:accepter (D:D:A) ternary systems. However, the acceptor 

components may be also introduced as sensitizer forming D:A:A ternary systems as shown 

in Figure 2.1. Various sensitizers based on low band gap polymers, small molecules, dyes 

and nanoparticles are employed in the structure of the photoactive layer in combination with 

donor material which is usually consists of a large bandgap polymer and fullerene derivative 

as acceptor. In an ideal photoactive layer the sensitizer not only broadens the absorption 

width but can also facilitate the exciton dissociation and provide excellent charge 

transporting properties [171, 172]. 

 

Figure 2.1: Arrangement of energy levels of ternary photoactive layer including (a) two 

donors/one acceptor; and (b) one donor/two acceptors [173]. 
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CHAPTER 3:  

FUNCTIONALIZATION OF G1 POLY (PROPYLENE THIOPHENEIMINE) 

DENDRIMER 

 

3.1 Introduction 

Dendrimers are a class of three-dimensional synthetic monodisperse macromolecules with 

well-defined and hyperbranched and globular shaped architecture. The term dendrimer 

comes from the two Greek words “dendron;” which means a tree and “meros,” which means 

a part; it refers to its characteristic appearance [174, 175]. They are characterized by three 

distinct regions: the core, branches, and periphery (surface). The core is bonded covalently 

to layers of repeating units called generations and several terminal groups [176–178]. The 

structure of these macromolecules tends to become denser and more compact as the branches 

emanate from the central core. Their chemical and physical properties are affected by 

parameters such as the shape and multiplicity of the core, the size, and shape of end groups 

and their chemical composition. In addition, the interdependency of generations creates a 

unique molecular shape and leads to essential properties such as high solubility and low 

viscosity [176, 179]. Due to the well-defined structures that allow chemists to precisely tailor 

them with different property-responsive groups, interest in these macromolecules continues 

to increase despite their large sizes and complexities that come with functionalizing their 

periphery. For example, unsymmetrical-type dendrimers (like those pioneered by the groups 

of Fréchet and Newkome) provide motifs for core functionalization, while the symmetric 

types such as the commercially available poly(amidoamine) (PAMAM), 
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cyclotriphosphazene (PMMH), and poly- (propylene imine) (PPI) dendrimers are generally 

the most widely used in studies of periphery modification [180, 181]. 

 

Poly (propylene imine) dendrimers are generally poly-alkyl amines having primary amines 

as the periphery, the dendrimer interior is made up of many tertiary tris-propylene amines 

[182]. They have also been called Astramol dendrimers, or have simply been abbreviated as 

PPI-dendrimers, or DAB-Am-x dendrimers. DAB stands for the diaminobutane core and x 

for the number of primary amine end groups associated with each generation [183]. Vögtle 

et al. reported the first cascade structure of oligo (propylene imine) synthesized based on a 

repetitive reaction sequence of double Michael additions of an amine to acrylonitrile, 

followed by the reduction of the nitriles to primary amines [184–186]. Poly (propylene 

imine) dendrimers have various interesting characteristics which makes them suitable 

building blocks to acquire well-defined amphiphilic structures such as the combination of 

hydrophilicity, highly branched structure and chemical functionality [187, 188]. 

 

The properties of dendrimers are mainly attributed to the peripheral functional groups [189]. 

The unique combination of dendritic properties, i.e. multifunctional nature and high density 

of peripheral groups, tunability to design any type of dendrimer and ability to encapsulate 

small molecules, have established them as an ideal choice of capping agent to create 

multifunctional nonaparticles (MNPs). In this regard, various types of dendrimer-

encapsulated (DE) and dendrimer-coated (DC) metal nanoparticles have been created by 

utilizing a variety of chemical processes. The DE-MNPs, where the MNPs (size range of 1 

– 2 nm) are entrapped within the dendritic cavity, has been found highly useful for catalytic 

and imaging applications, and have been discussed in many excellent reviews [190–194]. 

Whereas on the other hand, the DC-MNPs, where the MNPs are relatively larger in size (>5 
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nm) compared to the size of single dendrimer molecule (i.e. 2 – 5nm for G2 to G6), the outer 

surface of MNPs is protected by many dendrimer molecules, generating high density of 

surface functional groups. These DC-MNPs exhibit physicochemical properties, such as 

stability, hydrophilicity, conjugation ability, like the DE-MNPs, but the unique combination 

of LSPR properties & high absorption coefficient of MNPs and high ligand carrying capacity 

of dendrimers makes them more useful for biomedical and other technological applications 

[190–192]. 

 

The use of dendrimers as capping agents and host molecules is not only limited to metal 

nanoparticles but also extends to semiconductor nanocrystals. For example, CdS-QDs and/or 

ZnS-QDs have been synthesized using dendrimer structure, where polyamide dendrimer 

(PAMAM) is employed as host confinement (Jin et al., 2008; Sooklal et al., 1998; Wisher et 

al., 2006; Ling & Cong, 2008) [195–198]. Hybrid CdS DAB dendrimer nanocomposite have 

been synthesized and characterized in methanol (Lemon & Crooks, 2000; Gayen et al., 2007) 

[199, 200]. These nanocomposites are formed by the arrested precipitation of nanometer-

scale CdS clusters in the presence of polyamide dendrimers. Jie et al also reported a novel 

dendrimer/CdSe–ZnS–quantum dot nanocluster (NC) was fabricated and used as an 

electrochemiluminescence (ECL) probe for versatile assays of cancer cells for the first time 

[201]. Polyamidoamine dendrimers capped-carbon dots (PAMAM-CDs) were fabricated 

using a one-step microwave approach by Gao et al and were applied in immunosensing, 

where the proposed immunosensor demonstrated a wide linear detection range from 

100 fg mL−1 to 100 ng mL−1 with a detection limit of 0.025 pg mL−1 [202]. 

 

In this present study, generation 1 poly-(propylene imine) (PPI) dendrimer has been 

fuctionalized with thiophene and characterized using proton nuclear magnetic resonance 
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spectroscopy (1H-NMR), Fourier transform infrared spectroscopy (FT_IR), ultraviolet-

visible (UV-Vis) spectroscopy, powder x-ray diffraction (XRD) and cyclic voltammetry. 

The end goal was to use the as prepared G1- poly (propylene thiopheneimine) dendrimer 

(G1PPT) as a capping agent for CuInSe2 QDs. 

 

3.2 Experimental Protocols 

3.2.1 Chemicals and Materials 

All manipulations were carried out using standard Schlenk line technique under N2. 2-

Thiophenecarboxaldehyde (98%; Sigma Aldrich), DAB-Am-4, Polypropylenimine 

tetramine dendrimer, generation 1 (Sigma Aldrich) and Methanol anhydrous (99.8%; Sigma 

Aldrich). 

 

3.2.2 The preparation of the functionalized dendrimer 

Prior to the functionalization of the dendrimer, a 100 mL 3-neck round bottom flask was 

washed, rinsed then dried for two (2) hours to remove all moisture. Then the glassware was 

cleaned with nitrogen (N2) gas. Synthesis of the G1 poly (propylene thiopheneimine) 

(G1PPT) dendrimer was carried out by condensation reaction of PPI with 2-thiophene 

carboxaldehyde, A reaction mixture of poly (propylene imine) generation one dendrimer 

(1.60 g or 5.1 mmol) and 2-thiophene carboxaldehyde (2.29 g or 20.40 mmol) in a 50 mL 

dry methanol was stirred magnetically under a positive pressure of nitrogen gas for 48 hours 

in a 100 mL three-necked round-bottom flask.  
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Scheme 3.1: Functionalisation of G1PPI 

 

The methanol from the reaction mixture was removed with a rotatory evaporator and the 

residual oil was dissolved in 50 mL dichloromethane (DCM). The organic phase was then 

be washed with 50 mL of water 6 times to remove unreacted monomer. The DCM was 

removed by rotary evaporation to obtain the desired product as a yellow oil.  

3.2.3 Instrumentation 

All electrochemical measurements were done using BAS100W integrated automated 

electrochemical workstation from Bio Analytical Systems (BAS), Lafayette, USA, and 

Princeton Applied Research Potentiostat model 273A. All cyclic voltammograms were 

recorded with a computer interfaced with BAS 100W and Princeton 273A electrochemical 

workstation using a 10 mL electrochemical cell with three electrodes set up was used. The 

electrodes used in the study were (1) glassy carbon working electrode (A = 0.071 cm2) from 

BAS, (2) platinum wire from Sigma Aldrich acted as counter electrode and (3) Ag/AgCl 

from BAS kept in (3 M NaCl) was the reference electrode and alumina micro polishing pads 

were obtained from Buehler, LL, USA and were used for polishing the gold electrode before 

modification. Ultraviolet-visible (UV-Vis) measurements were made using a Nicolet 
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Evolution 100 UV-Visible spectrometer (Thermo Electron, UK) where the samples were 

placed in quartz cuvettes before analyses. 1H NMR spectra were recorded on a 200 MHz, 

Varian Gemini XR200 spectrometer, using CDCl3 as the solvent, and tetramethylsilane as 

internal standard. All FTIR spectra were recorded on spectrum 100 FTIR spectrometer 

(PerkinElmer, USA) in a region of 450 to 4000 cm-1. X-ray Diffraction (XRD) measurements 

were taken with a D8 Advanced diffractometer from BRUKER AXS using an X-ray tube 

with copper K-alpha radiation operated at 40 kV and 40 mA and a position sensitive detector 

Vantec_1 which enables fast data acquisition. Measurements were taken in the 2 theta range 

of 10⁰- 80⁰ with a step size of 0.028⁰. 

 

3.3 Results and Discussion 

3.3.1 Proton Nuclear Magnetic Resonance Spectroscopy 

The 1HNMR (CDCl3 400 MHz, ppm) data for 2-Thiophenecarboxaldehyde, G1 poly 

(propylene imine) dendrimer, and G1PPT were acquired for comparison and in order to 

monitor the changes after functionalization. The 1HNMR data for 2-

Thiophenecarboxaldehyde yielded the expected results with the H-1 proton given rise to a 

singlet at δg 9.779 ppm due to deshielding caused by the migration of the electron density 

during conjugation. The H-2 proton gave rise to doublet at δg 7.8 ppm, which is a slightly 

lower chemical shift than the H-1 proton because of the increased distance from the 

deshielding effect. The H-3 proton gave rise to a doublet of double at δg 7.79 ppm due to 

interaction with neighboring H-2 and H-4 protons. In contrast, the H-4 proton gave rise to a 

doublet at δg 7.23 ppm, which is at lower frequencies than the rest due to an even farther 

distance from the deshielding effect [203–205]. On the other hand, the NMR spectrum of 

G1PPT is shown in figure 3.1 below. The 1HNMR (CDCl3 400 MHz, ppm) data for G1PPT 
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are 1.307 (s,br,4H, H-1), 1.740 (t,8H, H-2), 2.414 (m,br,12H, H-2&3), 3.517 (t,8H), 

6.974(t,8H, H-8), 7.20 (s4H, H-7), 7.289 (s4H, H-6), 7.85 (C4H3S). A new 1HNMR of 

chemical shift was observed at 8.31 ppm for G1PPT analysis. The new chemical shift was 

originally not present in the parent G1-PPI, which therefore indicates that the G1PPT was 

functionalized [206, 207]. 

 

 

Figure 3.1: 1H-NMR Spectrum of G1PPT 

 

3.3.2 Fourier Transform Infrared spectroscopy of G1PPT (FT-IR) 

FT-IR spectroscopy was performed on G1PPT to validate the functionalization of the 

dendrimer. The spectrum, which is shown in Figure 3.2 and the corresponding overlay in 

Figure 3.3 below, depicts several peaks which are characteristic to G1PPT at755, 929, 1039, 

1221, 1428, 1527, 1673, 2339, 2841, 2945, 3022 cm-1. In comparison to G1-PPI, the G1PPT 

exhibited an out-of-plane bending of C-H bond located at the α-position to the thiophene 
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ring was observed at 755 cm-1 [206]. The medium-weak multiple bands accounting for the 

C=C and C-C stretching in the 5- membered aromatic ring of thiophene can be observed at 

1428 cm-1 and 1527 cm-1 respectively. The peak at 929 cm-1  was assigned for C-S bending 

deformation stretching of G1PPT [167].  The other peaks at 1039 cm-1 and 1221 cm-1 were 

due to deformation of C-H bending and CH in-plane of vibrations. The C=N bond stretching 

vibration present in the dendrimer moiety appeared as a sharp band at 1673 cm-1. The bands 

at 2841, 2945, 3022 cm-1 in G1PPT indicate the presence of the CH2 stretch in the dendrimer 

moiety [207]. 

 

Figure 3.2: FT-IR Spectrum of G1PPT 
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Figure 3.3: FT-IR Spectrum of 2-Thiophenecarboxaldehyde, G1-PPI, and G1PPT 
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3.3.3 UV-Vis Spectroscopy of G1PPT 

UV-vis spectroscopy was used to study the optical properties of G1PPT. A typical spectrum 

of G1PPT dissolved in chloroform obtained at room temperature is shown in Figure 3.4 and 

Figure 3.5 below. The spectrum characterizes the total transmittance loss due to the 

absorption and scattering of light when passing the G1PPT solution [208–210]. The 

spectrum of G1PPT shows two distinct absorption bands at 241 nm and 304 nm. These two 

bands are characteristics of the absorbance of the two chromophores C=N and C-S-C 

respectively, present in the functionalized dendrimer whose transitions are respectively π-π* 

and n-π* [211–213]. Figure 3.5 shows an overlay of G-PPI, 2-Thiophenecarboxaldehy and 

G1PPT. The absorption bands show a shift towards longer wavelengths after 

functionalization compared to the original G1-PPI. This onset shift is supported by the shift 

of the energy bandgap after functionalization. G1-PPI has a bandgap of 4.29 eV and the 

resulting G1PPT after functionalization has a bandgap of 3.1 eV. 
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Figure 3.4: UV-Vis Spectrum of G1PPT 
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Figure 3.5: UV-Vis Spectrum of G1PPI (black line), 2-Thiophenecarboxaldehyde 

(black line), and G1PPT (blue line). 

 

3.3.4 Powder X-ray Diffraction (XRD) of G1PPT 

X-ray powder diffraction-a technique that has matured significantly in recent years-is used 

to identify solid samples and determine their composition by analyzing the so-called 

"fingerprints" they generate when X-rayed [214, 215]. Figure 3.7 below presents the powder 

x-ray diffraction of G1PPT. G1PPT has an amorphous morphology and therefore no 

measurable X-ray patterns or does not display any crystallinity.  
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Figure 3.7: Powder X-ray diffraction of G1PPT 
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3.3.5 Electrochemical Studies of G1PPT 

3.3.5.1 Cyclic Voltammetry of G1PPT 

 

Figure 3.8 Cyclic voltammograms of bare GCE and G1PPT/GCE in 0.05 M 

TBAClO4/chloroform solution at 10 mVs-1 scan rate 

G1PPT was further studied using cyclic voltammetry technique. Figure 3.8 above represents 

the cyclic voltammograms of bare GCE and G1PPT in the range -1.2 V to +1.2 V vs. 

Ag/AgCl at scan rate of 10 mV s-1. As can be seen, G1PPT displays no distinct oxidation or 

reduction peaks. The only visible electrochemical activity is the change of shape of the 

voltammogram, indicating that the presence of a modified electrode surface. The peak 

marked i appearing at -0.52 V is attributed to oxygen [216], a residual amount present due 

to possible incomplete bubbling before experiments were conducted. An increase in current 
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was observed for the G1PPI modified electrode over the bare GCE owing to the nano-

dimensional nature of PPI which increases the surface area of the electrode. [217]. 

 

Figure 3.9: Cyclic voltammograms of G1PPT/GCE in 0.05 M TBAClO4/chloroform 

solution at different scan rates 

Figure 3.9 above shows the dependence of peak current and potential on scan rate (ν) from 

10 to 50 mVs-1. The voltammograms show a direct increase in current with an increase in 

scan rate, suggesting a linear relationship. This also suggests that the kinetics are diffusion 

controlled on the G1PPI modified electrode. Furthermore, the stability of the G1PPT film is 

depicted by shift in peak potential as scan rate increases. A large shift or irregular peak 

potential is expected when the film on the electrode is unstable or leaching into the solution, 

but this is not the case in Figure 3.9 [218]. 
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Figure 3.10: Cyclic voltammogram of G1PPT/GCE in 0.05 M TBAClO4/chloroform 

solution over five cycles 

In rder to further confirm that the G1PPT exhibits no redox peak potentials, a sweep over 

five cycles under the same conditions at scan rate 10 mVs-1 was performed. As can be seen 

from Figure 3.10 above, the voltammograms remain consistent after the first sweep, showing 

no signs of reduction or oxidation peaks and they also show no apparent increase or decrease 

in peak current during the sweep. Thus, G1PPT further demonstrated a clearly stable nature. 

3.3.6 Conclusion 

In this work, the functionalization of generation 1 poly (propylene imine) dendrimer with 2-

Thiophenecarboxladehyde was carried out. The Proton Nuclear Magnetic Resonance (1H 

NMR) of G1PPT gave rise to a new chemical shift at 8.31 ppm for N=C-H, which confirmed 
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the incorporation of 2-Thiophenecarboxaldehyde into the G1-PPI dendrimer structure and 

Fourier transform infrared spectroscopy (FT-IR) showed a corresponding band appeared at 

1673 cm-1 for N=C in the dendrimer moiety, and another at 755 cm-1 for C-H at α-position 

of the thiophene ring. On UV-Vis, there was shift to longer wavelengths upon incorporation 

of 2-Thiophenecarboxladehyde on G1-PPI. This onset shift was supported by the shift of the 

energy bandgap after functionalization. G1-PPI has a bandgap of 4.29 eV and the resulting 

G1PPT after functionalization has a bandgap of 3.11 eV. Due to its amorphous nature and 

therefore lack of Crystallinity, XRD showed no distinct peaks. On cyclic voltammetry, no 

distinct oxidation or reduction peaks were observed on the modified GCE electrode. A study 

of the dependence of peak current and potential on scan rate resulted in a linear relationship 

being observed. The G1PPT demonstrated stability due to increasing shift in peak potential 

with respect to scan rate. Given the results of this study, successful functionalization of 

G1PPI was realized. 
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CHAPTER 4:  

 SYNTHESIS AND CHARACTERIZATION OF G1PPT-CuInSe2 QUANTUM DOTS 

 

4.1 Introduction 

Semiconductor nanocrystals or quantum dots (QDs) exhibit an abundance of size-dependent 

physical and chemical properties, including quantum confinement effects, shape-dependent 

electronic structure, and control over assembly using different surface capping agents [219–

221]. These unique electronic and optical properties have rendered them a leading novel 

class of light-absorbing and -emitting materials for many applications such as photovoltaics 

(PVs), light-emitting diodes (LEDs), thin-film transistors, etc [222–224]. Several binary 

QDs, like CdSe, CdTe, Cu2S, InP, and InAs, have been explored for photovoltaic devices 

[224–228]. Most of these QDs, however, are derived from toxic heavy metals and this often 

raises concerns about their impact on the environment, especially in large-area deployment, 

such as in the case of solar cells, is sought [229–231]. For this reason, a lot of research is 

focused on developing alternative materials that are environmentally friendly and can be 

used daily. Ternary I-III-VI2 type QDs such as CuInS2, CuInSe2, and Cu(InGa)Se2 (CIGS) 

are suitable alternatives to heavy metal-containing QDs since they are prepared using 

nontoxic precursors. These greener materials preserve hope for today’s technological 

applications for their quality of low cost and easy processing  [232–234]. The ternary QDs 

family demonstrates the ternary family a wide emission window compared to their binary 

counterparts due to their size and composition variation. In addition, these materials have a 

longer excited-state lifetime, spectral broadening of a large full width at half-maximum 

(fwhm), wide Stokes shifts, high quantum efficiency, easy and cost-effective synthesis, and 

certainly have all greener elements [235–237]. 
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Among these materials, CuInSe2, with a direct energy bandgap of 1,04 eV in its bulk state 

and an absorption coefficient that exceeds 3×104 cm-1 at wavelengths below 1000 nm has 

been widely exploited in the fabrication of low-cost photovoltaic devices [238–240]. For 

example, De Kergommeaux et al [241] prepared CuInSe2 of low size and shape distribution 

for application in thin-film photovoltaics. They were able to obtain a current density of 

1 μA/cm2 at 1 V in the dark, which increases to 16 μA/cm2 under illumination with white 

light; which they determined using I/V measurements of a 1 μm thick film sandwiched 

between the ITO substrate and an aluminum electrode. Pernik et al [242] fabricated plastic 

photovoltaic devices (PVs) by spray-depositing CuInSe2 nanocrystals into micrometer-scale 

groove features patterned into polyethylene terephthalate (PET) substrates. Using the active 

area and photovoltaic response of devices determined from light-beam-induced current 

(LBIC) and photoreflectivity measurements gave PCE values as high as 4.4%. Near recent, 

Kondrotas et al [243] synthesized CuInSe2-ZnSe (CZISe) thin films by a two-step sequential 

process and proceeded to study its photovoltaic properties. The cell they prepared 

demonstrated an efficiency of 7.6% with an open-circuit voltage as high as 520 mV, which 

showed a possible application in the development of sustainable, cost-efficient and critical 

raw materials reduced thin-film photovoltaic technologies. There are other reports of 

CuInSe2 prepared by vacuum methods with showing efficiencies of up to 15% [244, 245]. 

Dendrimers have gained attention as effective multifunctional capping agents for MNPs and 

QDs due to their unique structural qualities, dendritic effect and polydentate nature [189, 

199, 246]. Here, we have prepared (in a non-coordination solvent) and functionalized 

CuInSe2 QDs capped with g1-poly (propylene thiopheneimine) dendrimer. The proof for 

potential application of CuInSe2 QDs in solar devices such as hybrid solar cell devices and 

the determination of the electrical properties were done. 
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4.2 Experimental Protocols 

4.2.1 Chemicals and Materials 

All manipulations were carried out using standard Schlenk line technique under dry argon. 

Copper (I) Chloride (CuCl)Zinc acetate, indium(III) acetate (Aldrich, 99.999%), selenium 

(Aldrich, 100 mesh, 99.5%,), oleic acid (OA, Aldrich, 90%), tri-n-octylphosphine (TOP, 

Aldrich, 90%), 1-Dodecanethiol (98%, Sigma Aldrich), 2-Thiophenecarboxaldehyde (98%; 

Sigma Aldrich), DAB-Am-4, Polypropylenimine tetramine dendrimer, generation 1 (Sigma 

Aldrich) and 1-octadecene (ODE, Aldrich, 90%) were used as purchased and without further 

purification. 

 

4.2.2 Synthesis of Copper Indium Selenide Nanocrystals 

CuCl (49 mg, 0.5 mmol) and In(OAc)3 (146 mg, 0.5 mmol) were mixed with 1,24 g of G1-

PPI, 1,2 ml 1-dodecanethiol and 10 mL of ODE in a 100 mL three-necked flask. The mixture 

was degassed at 120 °C for 30 min, then 0.5 mL of oleic acid was added into the solution, 

and the solution was degassed continuously for another 30 min. After that, the solution was 

heated to 210 °C under argon/N2 flow. 2 mL of TOPSe precursor (made by dissolving 1 

mmol of Se powder in 0.5 mL of TOP and 1.5 mL of ODE) was injected swiftly into the 

flask and kept for a fixed 3 hours at the same temperature. During the reaction, aliquots were 

taken via syringe at different times to monitor the growth of CuInSe2 NCs by recording UV–

vis and PL spectra. Afterward, the reaction solution was cooled to room temperature and 

precipitated by acetone, the flocculent precipitate formed was centrifuged, the upper layer 

liquid was decanted, and then the isolated solid was dispersed in chloroform and re-

precipitated by adding acetone. The centrifugation and precipitation procedure were repeated 
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at least twice for purification of the prepared CuInSe2 QDs. Finally, the final products were 

redispersed into chloroform for measurements. 

 

4.2.3 Instrumentation 

4.2.3.1 Optical Studies 

Ultraviolet-visible (UV-Vis) absorption measurements were made using a quartz cuvette in 

a Nicolet Evolution 100 UV–visible spectrometer (Thermo Electron, UK). The 

measurements for most of the samples were carried between 200 – 1100 nm using both D2 

(Deuterium) and W (tungsten) lamps. All the samples were dispersed in chloroform and the 

standard consisted of only chloroform. Also, to ensure good absorbance peaks while 

avoiding noise, the samples were sufficiently diluted. 

High-resolution transmission electron microscopy (HR-TEM) images were recorded using 

a using Tecnai G2 F20X-Twin MAT 200kV Field Emission Transmission Microscopy from 

FEI (Eindhoven, Netherlands). X-ray diffraction (XRD) for the phase identification of the 

crystalline structures of G1PPT-CuInSe2 was performed by using a Bruker AXS D8 

Advance diffractometer (voltage 40 kV; current 40 mA). The XRD spectra were recorded in 

the range of 10-80 degrees. Raman spectra were recorded with a laser-spectrometer 

LABRAM HRVIS (model Jobin-Yvon) fitted with an Olympus BX41 optical microscope 

(from France). Raman spectra are usually excited using the 532 nm laser. Spectra were 

collected over the range 0–4000 cm-1. All Fourier-transform Infrared spectroscopy (FT-IR) 

spectra were recorded on spectrum 100 FTIR spectrometer (PerkinElmer, USA) in a region 

of 450 to 4000 cm-1. Small-angle X-ray scattering (SAXS) measurements were collected 

using a SAXSpace system (Anton Paar, Ashland, VA, USA). 
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All electrochemical measurements were done using BAS100W integrated automated 

electrochemical work-station from Bio Analytical Systems (BAS), Lafayette, USA, and 

Princeton Applied Research Potentiostat model 273A. Cyclic voltammograms were 

recorded with a computer interfaced with BAS 100W and Princeton 273A electrochemical 

work station using a 10 mL electrochemical cell with three electrodes set up was used. The 

electrodes used in the study were (1) glassy carbon working electrode (GCE) (A = 0.071 

cm2) from BAS, (2) platinum wire from Sigma Aldrich acted as counter electrode and (3) 

Ag/AgCl from BAS kept in (3 M NaCl) was the reference electrode and alumina micro 

polishing pads were obtained from Buehler, LL, USA and were used for polishing the gold 

electrode before modification.  

 

4.3 Results and Discussion 

When it comes to binary II-VI semiconductor nanocrystals, balancing nucleation and growth 

by careful selection of suitable precursors and coordination ligands or systematic 

temperature control has been of utmost importance for their synthesis. A significant 

challenge for the synthesis of ternary I-III-VI2 QDs is the control of their composition. 

Balancing the reactivity of the two cationic precursors by their ligands, solvent matrix 

composition, and the reaction temperature is critical to fine-tune the composition of ternary 

I-III-VI2 QDs [247–249]. Understanding the synthesis of these types of QDs benefits from 

the HSAB theory. Cu+ is a soft Lewis acid and In3+ is a soft Lewis base, therefore in a 

reaction flask, one gets two otherwise identical metal precursors (e.g., CuCl and InCl3) with 

an inherent difference in reactivity. In addition, according to the HSAB theory, chalcogen 

anions such as Se2- are soft bases; hence the synthesis of I−III−Se2 QDs is therefore 

challenging, due to strong preferential bonding of Se and Cu precursors [250]. In this present 
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study, our synthesis is a slight modification of the approach developed by Xie et al [251] 

which involves an injection of elemental S solution into the reaction mixture, containing Cu 

and In precursors, dodecanethiol, oleic acid, and octadecene at 180 °C. Long-chain 

alkanethiols are a crucial part of this synthesis. Dodecanethiol preferentially complexes the 

reactive soft acid Cu+ since according to the HSAB theory, it is a Lewis base. To balance 

reactivity between the Cu+ and the In3+, therefore requires an excess of dodecanethiol in the 

reaction flask. In a procedure reported by Zhong et al [252] for the preparation of CuInS2 

NCs, it was demonstrated that an intermediate complex of CuIn(SC12H25)x was formed and 

then subsequently decomposed into clusters which grew into CuInS2 NCs. They then later 

refined this method and were able to obtain high-quality pyramidal CuInS2 NCs [253]. In 

our work, we stand to reason that the intermediate Cu-In-(S-R)x clusters can react with 

TOPSe (TOP: tri-noctylphosphine) to grow CuInSe2 QDs by cleaving Cu-S or In-S bonds 

[253, 254].  
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4.3.1 Uv-Vis Spectrometry of G1PPT-CuInSe2 QDs 
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Figure 4.1: UV-Vis Spectra of (A) G1PPT and CuInSe2 QDs (B) CuInSe2 QDs insert 

Tauc plot (C) CuInSe2 QDs at different time intervals 

 

The absorption spectra of G1PPT and CuInSe2 QDs is shown above (figure 4.1A). In general, 

polymers are known to have a broad absorption peak over a wide spectrum range as can be 

seen above. The two peaks appearing in the spectrum of G1PPT at 259nm and 306nm are 

characteristics of the absorbance of the two chromophores C=N and C-S-C respectively, 

present in the functionalized dendrimer whose transitions are respectively π-π* and n-π*. In 

fact, these peaks were already identified in chapter 3 on the characterization of G1PPT. The 

peak at 306nm disappears in the absorption spectrum of CuInSe2 QDs indicating that the S 

site has effectively passivated the surface of the QDs. Figure 4.1B shows the absorption 

spectrum of QDs with the absorption onset extending to 821 nm, suggesting the superior 

light-harvesting capacity for application in PV devices [255]. The Tauc plot (Figure 4.1B 
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inset) extrapolation shows the bandgap of typical CuInSe2 QDs can be determined at 1,51 

eV. This value is slightly larger compared to the bandgap of 1.16 eV reported for CuInSe2 

QDs with tetragonal structure and 7.0 nm size by other authors [256]. The evolution of 

absorption spectra during a typical growth of CuInSe2 QDs at 200 oC is shown in figure 

4.1C. There is a gradual shift to longer wavelengths that can be observed in the absorption 

spectra of QDs. Similar to previous reports, there is no apparent excitonic peak that was 

observed for the existence of inherent and surface trap states [257, 258]. 

4.3.2 Particle Morphology and Chemical Composition G1PPT-CuInSe2 QDs 

 

 

  A B 
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Figure 4.2: TEM Images of CuInSe2 QDs A and B respectively; with C the SAED showing 

crystallinity of CuInSe2 QDs; and D the EDS spectrum showing the elemental composition 

of the QDs 

C D 
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The crystal structures of individual CIS QDs were examined using transmission electron 

microscopy (TEM). The TEM images of the as-prepared CuInSe2 QDs together with their 

size distributions and EDS spectrum are shown in figure 4.2. The EDS spectrum confirmed 

the presence of copper, indium, and selenium in the prepared QDs. The nickel appearing in 

excess in the spectrum is from the grid. The crystal quality was evidenced by the continuous 

lattice fringes and very clear crystal facets [257, 259, 260] as can be seen from a high-

resolution TEM (HR-TEM) image of an individual CISe nanocrystal (figure 4.2 B) and 

further from the selected area electron diffraction (SAED) pattern (figure 4.2 C), which also 

exhibits multiple diffraction rings corresponding to CISe. The particles exhibit a pentagonal 

shape and are nearly monodispersed with a small degree of agglomeration since repeated 

sonication has been employed before TEM analysis [259–261]. The average size of the as-

prepared CIS QDs determined from TEM is 8.5 nm. 

 

The structural properties of the CuInSe2 QDs were further studied with X-ray powder 

diffraction (XRD). Figure 4.3 shows the XRD pattern of CuInSe2 QDs prepared using 

G1PPT as a capping agent. Bragg’s reflections for CuInSe2 QDs are observed in XRD 

pattern at 2θ value of 27,71o, 46,39o, 54,63o representing (111), (220) and (311) planes of 

the zincblende metastable structure of CuInSe2 [260, 262]. There is a very small difference 

between the chalcopyrite phase and zincblende phases, the CuInSe2 NCs with zincblende 

phase usually have a diffraction peak of (200), which in the present case can be identified 

on the broad and prominent peak [253]. The energy dispersive X-ray Spectroscopy (EDS) 

(figure 4.2 E) confirmed the close-to 1:1:2 stoichiometry, with the tendency to be slightly 

copper-rich. The crystal diameter of the CuInSe2 QDs was approximated to be 6.3 nm using 

the Debye–Scherrer equation (D=0.9λ/β cos θ), where D is the crystal size, λ is the 

wavelength of X-ray, θ is the Braggs angle in radians, and β is the full width at half 
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maximum of the peak in radians. The size calculated from XRD was less than the size 

calculated from TEM. Peak broadening is usually attributed to decreasing nanocrystal size, 

but in this case, the effect is due to the amorphous nature of the bulky dendrimer masking 

the nanocrystals [263].  

 

Figure 4.3: Powder X-ray diffraction (XRD) pattern of CuInSe2 QDs.  

In addition, Raman measurement was conducted to further check the phase purity and crystal 

structure of the as-synthesized CISe nanocrystals. Figure 4.4 below shows the Raman 

spectrum of CuInSe2 nanocrystals prepared at 210 oC. The peak attributed at 169 cm-1 

corresponds to the characteristics of the A1 mode of the chalcopyrite CISe phase. A1 mode 

represents the vibration of the Se in the x–y plane with the cations at rest [264, 265]. The 

peaks at about 212 cm-1 and 225 cm-1 are usually attributed to the B2 and E vibration mode 
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of CuInSe2 chalcopyrite modes [266, 267]. Thus, the main phase of the CIS dots synthesized 

in this study is CulnSe2. However, the occurrence of binary compounds is largely expected 

in these systems due to decomposition and/or compositional issues [266], and a result, a 

small shoulder attributed at 259 cm-1 to the as-deposited sample is related to the Cu-Se binary 

phase. Two additional peaks of In-Se [268] located at 315 cm-1 (main peak) and 335 cm-1 

(secondary peak) were also identified. 

 

Figure 4.4: Raman spectrum of CuInSe2 prepared on a glass slide for analysis. 

 

G1PPT and the as-prepared CuInSe2 QDs were analyzed with Fourier transform infrared 

spectroscopy (FTIR) and their spectra are illustrated in Figure 4.5. Several peaks which are 

characteristic to G1PPT appear at 755, 929, 1039, 1221, 1428, 1527, 1673, 2339, 2841, 2945, 

3022, 3616, 3691, 4220 cm-1. In the spectrum of the G1PPT, the out-of-plane bending of C-
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H bond located at the α-position to the thiophene ring was observed at 755 cm-1. The 

medium-weak multiple bands accounting for the C=C stretching in the 5- membered 

aromatic ring of thiophene can be observed in the region 1039-1428 cm-1. The C=N bond 

stretching vibration present in the dendrimer moiety appeared as a sharp band at 1673 cm-1. 

The bands at 2841, 2945, 3022 cm-1 in G1PPT indicate the presence of the CH2 stretch in 

the dendrimer moiety [206]. The peak at 891 cm-1 and at 661 cm-1 was assigned for C-S 

bending vibration and C-S-C ring deformation stretching. The spectrum of 1-dodecanethiol 

shows characteristics peaks at 2925 and 2855 cm-1 which are attributed to the C-H stretching 

vibrations. These same bands can be seen in the spectrum of CuInSe2. However, the S-H 

vibration at 2572 cm-1 for 1-dodecanethiol and the C-S bending vibration and C-S-C ring 

deformation stretching at 891 cm-1 and at 661 cm-1 for G1PPT were absent in CuInSe2 

sample, suggesting the formation of metal–sulfide bonds in these compounds did occur[269–

271]. 
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Figure 4.5: FT-IR Spectra of pure 1-dodecanethiol, G1PPT, and G1PPT-CuInSe2 

Quantum dots 
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Figure 4.6: Small-angle X-ray scattering (SAXS) curves showing PDDF (A), Intensity 

(B), Number (C) and Volume (D) weighted curves of G1PPT-CuInSe2 QDs 

 

Small-angle X-ray scattering (SAXS) was further used to study the particle shape, size 

distribution and the internal structure of the as-prepared G1PPT-CuInSe2 QDs. Figure 4.6 

above displays SAXS results of PDDF number, intensity, and volume-weighted curves. 

From the PDDF curve (Figure 4.6 A), resembles a characteristic profile of a globular shaped 

structure [272–274]. The nanoparticle size distribution by particle volume (Figure 4.6 D) 

was determined with the indirect Fourier transformation method, assuming that the particles 

are globular as already discussed. A bimodal distribution was obtained with two distinct 

populations: the average particle diameter of population 1 (2) was determined as 6.95 nm 

(35.06 nm). From the ratio of the areas under the two main peaks in the size distribution 
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curve, the volume ratio ϕv,1/ϕv,2 could be estimated to be 4.3 [275]. The average diameter 

of the most dominant size was approximated close and in agreement with the particle size 

calculated from XRD (6.3 nm) with a 0.65 nm difference. The average particle size 

determined from TEM is 8.5 nm, which gives a 1.55 nm compared to the size determined 

from SAXS analysis. The main reason for these differences is that SAXS analysis does not 

separate the influence of particle shape and size distribution and when calculating particle 

sizes as the diameter of a sphere of equivalent cross-sectional area on the TEM images, there 

is also no separation of shape effects, whereas,  XRD measures only the crystal structure. 

Hence, since SAXS and TEM visualize the whole primary particle; minor underestimates on 

the order of half a unit cell may occur [276, 277]. The particle size intensity curve (Figure 

4.6 B) yielded the expected results, with bigger sized particles showing a high intensity due 

to biased interaction with the x-rays. Particle size distribution by number also shows the 

already expected results, population 1 had a high number of particles with an average 

diameter of 6.9 nm. 

 

4.3.3 Electrochemical Studies of G1PPT-CuInSe2 QDs 

4.3.3.1 Cyclic Voltammetry of G1PPT-CuInSe2 QDs 

There are two theoretical issues involved in using CV to map the band structures of 

semiconductor nanocrystals. As we already know, CV has been proven to be an effective 

tool to estimate the absolute energy value of the Evb (or ionization potential – Ip), Ecb (or 

electron affinity – Ea), and bandgap (Egap) of electroactive species including semiconductor 

nanocrystals [278]. The approach to extract this information is however still under 

contention. In some cases, for example, the peak potentials of the redox waves in the CV 
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curves were adopted to correlate with the Evb and Ecb energy levels [278–280], while the 

onset redox potentials were used instead for performing such correlation in other cases [281–

284]. It is then necessary to first determine the principle to map out the band structures of 

semiconductor nanocrystals using CV in order to clarify this issue. The electrochemical 

oxidation of QDs corresponds to the removal of electrons from their valence bands to the 

electrode, while the electrochemical reduction to the injection of electrons into their 

conduction bands from the electrode. This is similar to the well understood e electrochemical 

investigation of the conjugated polymer [278, 285]. During a potential sweep, the electron 

removal and injection process should be started from the valence band edge (the highest 

occupied energy level) (HOMO) and the conduction band edge (the lowest unoccupied 

energy level) (LUMO) , respectively, owing to the energy limitation as well as the discrete 

energy level structures of QDs. For this reason, it is more rational to correlate the band edge 

energy levels (Evb and Ecb) with the onset redox potentials. It should, however, be stressed 

that the onset redox potentials should be determined by finding the intersections of the 

tangent of the peaks with the extrapolated baseline in order to overcome background 

interference. In addition, the CV curves need to be recorded at a low scan rate (≥30 mV s-1) 

so that the overpotential to initiate the redox reactions can be significantly reduced. The 

relationship between the band edge energy levels and the onset redox potentials can be 

described by the following equations: 

𝐸𝑣𝑏  =  −𝐼𝑝  =  −(𝑒. 𝜑𝑜𝑥′ + 𝐸𝑟𝑒𝑓)  𝑒𝑉                                                                                 (6) 

𝐸𝑐𝑏  =  −𝐸𝑎  =  −(𝑒. 𝜑𝑟𝑒𝑑′ +  𝐸𝑟𝑒𝑓) 𝑒𝑉                                                                              (7) 

Where 𝜑𝑜𝑥′ and 𝜑𝑟𝑒𝑑′  are the onset redox potentials relative to a selected reference 

electrode, while Eref is the potential difference between the selected reference electrode and 

the vacuum energy level [278, 284–287]. If a saturated calomel electrode (SCE) is chosen 

as the reference electrode, the Eref is equal to 4.4 eV, while if the ferrocene/ferrocenium 
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couple is selected as an internal reference, the Eref is equal to 4.8 eV [287, 288]. Compared 

to the optical excitation process, the electrochemical oxidation or reduction of QDs, no 

matter it is carried out in solutions or in thin films, both suffer significant influences from 

their dielectric environments, capping ligands, and Coulomb interactions associated with 

charge injection processes. Thus, 𝐸𝑔𝑎𝑝
𝑒𝑙  is expected to be larger than 𝐸𝑔𝑎𝑝

𝑜𝑝𝑡
 and the correlation 

between them can be described by the following equation: 

𝐸𝑔𝑎𝑝
𝑜𝑝𝑡

= 𝐸𝑔𝑎𝑝
𝑒𝑙 − 𝐽𝑒,ℎ − 𝐸𝑙𝑖𝑔𝑎𝑛𝑑

𝑏𝑎𝑟                                                                                                                     (8) 

where 𝐽𝑒,ℎ is the total electron-hole Coulomb interaction energy including the direct and 

dielectric polarization-induced Coulomb interactions on the electrons and holes in QDs, 

while 𝐸𝑙𝑖𝑔𝑎𝑛𝑑
𝑏𝑎𝑟  is the additional injection/extraction barrier from surface capping ligands 

[289–292]. 
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Figure 4.7: Cyclic voltammograms of bare GCE and G1PPT-CuInSe2 QDs in 0.05 M 

TBAClO4/chloroform solution at 10 mVs-1 scan rate 

 

Cyclic voltammetry (CV) measurements were carried out under nitrogen in anhydrous 

solvents at a potential scan rate of 10 mVs-1 . The cell used three electrodes: a saturated silver 

chloride reference electrode (0.222 V vs. SHE), a glassy carbon working electrode, and a 

platinum counter electrode with a 0.05 M tetrabutylammonium perchlorate 

(TBAClO4)/chloroform solution (1:4 QD:TBAClO4 ratio) as an electrolyte. The QDs were 

not deposited onto a working electrode but instead, were dissolved directly in the electrolyte. 

This allows a unique opportunity to probe them in their native solution-based environment. 

This type of experiment is employed from Fuhr et al [289] and was chosen for many reasons. 

The first concern is the formation of intragap states due to strong dot-to-dot electronic 

interactions or stripping of ligands during film preparation. This challenge may not be 
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necessarily encountered in solution phase samples. Furthermore, cover artificial shifts in the 

band positions due to variations in film packing, which can affect the ability of electrolyte 

ions to access the surface of the QDs can be avoided [294]. Lastly, solution-phase 

measurements involve diffusion-limited electrochemical (EC) processes. This, therefore, 

mitigates concerns over the irreversibility of the oxidation step for hole injection into the 

VB, as not all the QDs will be oxidized during the potential sweep. Film measurements, on 

the other hand, generally oxidize all the QDs on the forward scan, which can possibly 

damage the QDs and make it difficult to determine energy levels on the reverse scan [289]. 

 

Figure 4.7 above shows a voltammogram of CuInSe QDs and bare GCE in the range -1.0 to 

+1.5 V vs. Ag/AgCl (0.01 M). The appearance of multiple peaks 0.122 V, -0.225 V, 0.809 

V and 0.586 V marked i, ii, a and b respectively, that do not correspond to the HOMO or 

LUMO states can be observed on the CV curve. These peaks could be either the presence of 

free, unbound surface passivating ligands and/or the existence of surface trap states of QDs. 

Studies on size- and composition-dependent electrochemistry of copper-based ternary 

semiconductor (e.g., CuInS2, Cu2SnSe3, and CuZnSeS) NCs that were investigated using the 

CV technique where NCs were deposited as a film onto an electrode surface, demonstrated 

similar results where the current potential profiles did not represent the electrochemical 

characteristics (position of the HOMO and LUMO and 𝐸𝑔𝑎𝑝
𝑒𝑙   ) of fully diffused and isolated 

NCs [253, 294, 295]. In their case, this was due to NCs being present in an aggregated film 

state, which causes a variation in the quantum confinement effects. In addition, there was 

the case of insulating ligand coating (oleylamine and or dodecanethiol) inside the NCs film, 

resulting in sluggish electron transfer, which in turn could trigger chemical reactions inside 

the film, causing a change in the film morphology and degradation of the sample. Lefrançois 

et al [297] effectively demonstrated the effect of different surface ligands on the quantitative 
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electrochemical characteristics of semiconductor NCs. In their experiments, they considered 

two cases: (i) NCs capped with ligands, which are electrochemically inactive in the studied 

potential range; (ii) NCs capped with electroactive ligands. In the first case, the 

electrochemical quantum confinement effect can be evidenced which is usually manifested 

by an increase of the potential of the first oxidation peak with decreasing NC size and by a 

correlated decrease of the first reduction peak potential [297, 298]. In the present study, 

dodecanethiol and G1PPT are the main surface passivating ligands that were employed 

during the synthesis of CISe QDs. Dodecanethiol is mainly used for the function of balancing 

the reactivity of the metals and G1PPT acts as the encapsulating ligand in order to improve 

the electronic properties of the CISe QDs for electroluminescent and solar cell application. 

However, the possible electrochemical activity of G1PPT can be cast aside since it showed 

no activity during electrochemical analysis. This then leaves dodecanethiol and the existence 

of surface trap states caused by defects as contributors to the appearance of multiple peaks.  
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Figure 4.8: Cyclic voltammograms of G1PPT-CuInSe2 QDs in 0.05 M 

TBAClO4/chloroform solution at different scan rate 

The dependence of peak current and potential on scan rate (ν) from 10 to 50 mVs-1 is shown 

in figure 4.8 above. The voltammograms show an increase in current (Ipc from 10 to 20 mVs-

1 accompanied by a shift to higher potentials of the oxidation peak. A further slightly shift 

to higher potentials of the oxidation peak is seen going from 20 to 30 mVs-1 and this is 

coupled by a slight decrease in Ipc values. There was a significant decrease in Ipc going from 

30 to 40 mVs-1 and a slight shift to higher potentials. The reduction of potential peaks 

remained constant until 40 mVs-1. The oxidation peak saw an exponential increase at 50 

mVs-1, while the first reduction peak moved to lower potentials. The current response 

showed no clear proportionality to the scan rate nor V.  In Figure 4.7 and Figure 4.8 the 

anodic region shows two oxidation peaks marked a and i with potential values of 0.122 V 

and 0.809 V respectively. These peaks are proposed due to the oxidation of selenium rich/Se-
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rich phase phases of CuInSe2 [300]. A sweep over a wider potential window shown in Figure 

4.9 revealed three reduction peaks marked c, d and e. The reduction of Cu is marked by c at 

-0.228 V and the reduction of Se -0497 V. The region -0.5 V to -1.2 V has a peak appearing 

at -0.976 V (e) assigned to the reduction of In-rich phases of CuInSe2 [299–302]. 

 

A sweep over a wide potential window is required for the accurate determination of the 

HOMO and LUMO levels. Figure 4.9 shows a scan from -3 to +3 V vs. Ag/AgCl (0.01 M). 

As stated before, the experiments were carried out in solution and chloroform was used as a 

solvent to prepare the electrolyte, and this allowed probing of the QDs in their dissolved 

solvent and therefore native environment. However, with this choice came the compromise 

of not getting a “perfect” voltammogram that allowed for easy determination of the HOMO 

and LUMO levels of the QDs. The reason for this is that chloroform, together with toluene 

are usually used as solvent systems when conducting many electrochemical studies of QDs 

and they have been found to be rigid in allowing for scans over wide potential window [304]. 

Nevertheless, the onset oxidation and reduction potentials corresponding to the HOMO and 

LUMO levels of the as-prepared G1PPT-CuInSe2 QDs were extrapolated and using the 

dotted lines. The onset oxidation and reduction potentials are 0.740 V (E) and -0.863 V (F) 

and the corresponding HOMO and LUMO levels are -5.140 eV and 3.537 eV, respectively. 

The electrochemical bandgap calculated from the previous values is 1.60 eV, which as 

expected from theory is slightly higher than the calculated optical bandgap (1.51 eV) of the 

as-prepared G1PPT-CuInSe2 QDs. As observed, 𝐸𝑔𝑎𝑝
𝑒𝑙  > 𝐸𝑔𝑎𝑝

𝑜𝑝𝑡
 and their difference can 

approximately be defined as 𝐽𝑒,ℎ the total electron-hole Coulomb interaction energy or 

exciton binding energy in simple terms. The 𝐽𝑒,ℎ valued was found to be 90 meV and is 

comparable to the reported value of 80 meV for typical CISe QDs.  
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Figure 4.9: Cyclic voltammograms of G1PPT-CuInSe2 QDs in 0.05 M 

TBAClO4/chloroform solution at 10 mVs-1 scan rate in the range -3 V to +3 V 

 

4.3.3.2 Electrochemical Impedance Spectroscopic Studies 

EIS was used to investigate the electrical resistance and diffusion processes occurring at the 

electrochemical interfaces of the as-prepared G1PPT-CuInSe2 QDs 0.05 M 

tetrabutylammonium perchlorate (TBAClO4)/chloroform solution again as an electrolyte. 

Figure 5.1 and Figure 5.2 below show the Nyquist and Bode plot of the G1PPT-CuInSe2 QDs. 

The Nyquist plot consists of a semicircle that describes the electron transfer limiting process and 

a linear part that provides information about the diffusion-controlled processes. The Bode plot, 

on the other hand, gives information on the conductivity and reactivity of the G1PPT-CuInSe2 
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QDs from the value of the log of the total impedance and the log frequency maxima and the 

phase angle plot respectively. The Randles circuit (Figure 4.12) which is a commonly used 

equivalent circuit for EIS data fitting was used to fit the data obtained for the as-prepared 

G1PPT-CuInSe2 QDs. The Nyquist plot shows a well-defined semicircle with a radius of 7800 

Ω. The Bode plot reveals a higher impedance to electron transfer as demonstrated by the 

impedance and phase angle values at low frequencies where the disturbances to the equilibrium 

position of the system are minimal.   

 

Figure 4.10: Nyquist plots for the G1PPT-CuInSe2 QDs obtained at a frequency range 

of 0.1 Hz – 100 kHz in 0.05 M TBAClO4/chloroform solution 
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Figure 4.11: Bode plot for the G1PPT-CuInSe2 QDs obtained at a formal potential of 

298 mV in 0.05 M TBAClO4/chloroform solution 

 

 

 

Figure 4.12: The Randles equivalent circuit model 

Rs CPE1

Rct Ws1

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

CPE1-T Fixed(X) 0 N/A N/A

CPE1-P Fixed(X) 1 N/A N/A

Rct Fixed(X) 0 N/A N/A

Ws1-R Fixed(X) 0 N/A N/A

Ws1-T Fixed(X) 0 N/A N/A

Ws1-P Fixed(X) 0,5 N/A N/A

Data File:

Circuit Model File:

Mode: Run Simulation / Freq. Range (0,001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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In Figure 5.2 above, Rs represents the solution resistance to the flow of electrons, Rct, the 

charge transfer resistance formed by the kinetically controlled electrochemical reaction 

occurring at the surface of the G1PPT-CuInSe2 QDs when in contact with the electrolyte. 

CPE is the constant phase element (double layer capacitance) generated by non-uniform 

current distributions when ions from the electrolyte solution adsorb onto the electrode 

surface and Ws is the Warburg impedance component arising from ion diffusion quotients 

[305].  

The following kinetic parameters (Table 4.1) below were obtained from fitting the EIS plot 

of the G1PPT-CuInSe2 QDs. 

Table 4.1: Kinetic parameters obtained from the EIS Plot of G1PPT-CuInSe2 QDs 

Element G1PPT-CuInSe2 QDs % Error 

Rs (Ω) 2116 2.33 

CPE1-T (μ F) 𝟑. 𝟑𝟓 × 𝟏𝟎−𝟏𝟎 13.4 

CPE1-P  0.980 1.04 

Rct (Ω) 15856 1.01 

Ws-R (Ω.s-1/2) 𝟏. 𝟎𝟒 × 𝟏𝟎𝟓 3.09 

Ws-T (cm2 s-1) 0.191 3.41 
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Ws-P 0.673 0.923 

 

From the frequency at the maximum imaginary impedance of the semi-circle 𝜔𝑚𝑎𝑥 

important kinetic parameters of the electron transfer process such as the time constant 𝜏; the 

exchange current 𝐼0 , which is a measure of the rate of charge exchange between the oxidized 

and reduced species at equilibrium potential with no net overall change; the heterogeneous 

rate constant of electron transfer (Ket) and the apparent or approximate diffusion coefficient 

(Dapp) can be calculated according to the following equations: 

𝜔𝑚𝑎𝑥 =
1

𝑅𝑐𝑡𝐶𝑑𝑙
                                                                                                                                (10) 

𝜏 =
1

𝜔𝑚𝑎𝑥
                                                                                                                                          (11) 

𝑖0 =
𝑅𝑇

𝑛𝐹𝑅𝑐𝑡
                                                                                                                                     (12) 

𝐾𝑒𝑡 =
𝑖0

𝑛𝐹𝐴𝐶0
                                                                                                                                   (13) 

𝜎 =  (𝑅𝑠 +  𝑅𝑐𝑡)𝜔
1
2                                                                                                                        (14) 

𝐷𝑎𝑝𝑝  =  
2𝑅𝑇2

(𝜎𝑛2𝐹2𝐴𝐶0)2
                                                                                                                  (15) 

Where: Cdl is the double layer capacitance (CPE); R is the molar gas constant = 8.314 J. mol-

1. k-1; T is the room temperature = 293 K; n is the number of electrons exchanged; F is the 
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Faraday’s constant = 96486 c.mol-1; A is the area of the GCE = 0.071 cm2 and C0 is the 

concentration (mol cm-3). The values obtained are presented in Table 4.2 below. 

 

Table 4.2: Kinetic Parameters of G1PPT-CuInSe2 QDs Obtained from EIS 

Material 𝝎𝒎𝒂𝒙 

(rad s-1) 

𝑰𝟎 

(A) 

𝝉 

(s rad-1) 

𝑲𝒆𝒕 

(cm s-1) 

𝝈 

(Ω S-1/2) 

𝑫𝒂𝒑𝒑 

(cm2S-1) 

CuInSe2 QDs 6.44

× 10−5 

1.59

× 10−6 

15538 4.64

× 10−9 

144 6.31

× 10−14 

 

From the tabulated results, no clear conclusion can be drawn about the overall performance 

of the material since literature studies on electrochemical impedance of semiconductor 

nanocrystals applied in solar cells are focused on the overall device performance instead of 

the material itself. The Rct and 𝜏 were significantly high, which may indicate poor ionic 

conductivity. The heterogeneous rate constant is a measure of the rate of electron transfer at 

the surface of the electrode and its low value supports the previous assumption. 
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CHAPTER 5  

 CONCLUSION AND RECOMMENDATIONS 

  

5.1 Conclusion 

In the past few years, there has been immense interest in the preparation of cost-effective 

photovoltaic devices derived from nontoxic and highly efficient materials. Ternary 

semiconductor nanocrystals such CuInSe2 have recently emerged at the forefront as suitable 

materials for the development of these next-generation photovoltaic devices. In the present 

study, CuInSe2 QDs have been prepared using the hot injection method and capped with 

generation 1 poly (propylene imine) dendrimer which was previously modified by capping 

with thiophene to improve electronic properties and effective surface passivation. To the 

best of our knowledge, no similar approach has been done to improve the overall 

performance of the ternary CuInSe2 quantum dots. The synthesis of G1PPT-CuInSe2 QDs 

began with the functionalization of the capping material generation 1 poly(propyleneimine) 

tetramine dendrimer G1PPI into generation 1 poly(propylenethiopheneimine) G1PPT vai 

Schiff condensation in an inert environment. The Proton Nuclear Magnetic Resonance (1H 

NMR) of G1PPT gave rise to a new chemical shift at 8.31 ppm for N=C-H, which confirmed 

the incorporation of 2-Thiophenecarboxaldehyde into the G1-PPI dendrimer structure and 

Fourier transform infrared spectroscopy (FT-IR) showed that strong bands appeared at 1673 

cm-1 for N=C in the dendrimer moiety, and 755 cm-1 for C-H at α-position of the thiophene 

ring. Uv-vis spectroscopy showed two distinct absorption peaks for the at 241 nm and 304 

nm, characteristic to the absorbance of the two chromophores C=N and C-S-C respectively 

present in the dendrimer moiety. Powder x-ray diffraction (XRD) showed that G1PPT has 
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an amorphous morphology and therefore no measurable X-ray patterns or does not display 

any crystallinity as was expected. Cyclic voltammetry revealed no electrochemical activity, 

a feature that makes the prepared G1PPT suitable as ligand for QDs for reasons discussed in 

section 4.3.3.1. 

The optical properties of the G1PPT-CuInSe2 QDs were studied with Uv-vis spectroscopy. 

The absorption spectrum showed a disappearance of the peak at 306 nm belonging to C-S-

C, indicating the effective passivation of the G1PPT on the surface of the nanocrystals, and 

FT-IR further confirmed this with the S-H vibration at 2572 cm-1 for 1-dodecanethiol and 

the C-S bending vibration and C-S-C ring deformation stretching at 891 cm-1 and at 661 cm-

1 for G1PPT were absent in CuInSe2 sample, suggesting the formation of metal–sulfide 

bonds. The Tauc plot extrapolation allowed for the determination of the bandgap at 1,51 eV, 

a value close to the values reported for typical CuInSe2 QDs of size 7-9 nm. Aliquots taken 

during synthesis showed a gradual shift towards longer wavelengths and no apparent 

excitonic peak, similar to previous reports. HR-TEM was used for morphological studies 

and size determination. The EDS spectrum confirmed the presence of all the relevant 

elements and the crystallinity was evidenced by the continuous lattice fringes and very clear 

crystal facets on the TEM images and SAED. The average size of the as-prepared G1PPT-

CISe QDs determined from TEM is 8,5 nm. Powder x-ray diffraction revealed Bragg’s 

reflections for CuInSe2 QDs are observed in XRD pattern at 2θ value of 27,71o, 46,39o, 

54,63o representing (111), (220) and (311) planes of the zincblende metastable structure of 

CuInSe2 and the crystal diameter was estimated by Debye–Scherrer equation (d = 0.9 k/b 

cosh) which was found to be about 6,3 nm, which is less than the average size determined 

from TEM as is always the expected case. Raman spectroscopy was employed for further 

phase purity and crystal structure studies and the vibration of the Se in the x–y plane with 
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the cations at rest (A1 mode) peak appeared at 169 cm-1, while the B2 and E vibration mode 

of CuInSe2 chalcopyrite were attributed at 212 cm-1 and 225 cm-1. Hence, the main phase of 

the G1PPT-CISe dots synthesized in this study is CulnSe2. Small-angle X-ray scattering 

(SAXS) was further used to study the shape and size distribution of the as-prepared G1PPT-

CuInSe2 QDs. The PDDF curve suggested the particles have a lamellar shape and the particle 

size distribution determined by the Fourie indirect method yielded two distinct populations 

with an average particle diameter of 6.9 nm and 35 nm respectively. From the ratio of the 

areas under the two main peaks in the size distribution curve, the volume ratio ϕv,1/ϕv,2 

could be estimated to be 4.3. From the particle size intensity curve, the bigger sized particles 

showed a high intensity due to biased interaction with the x-rays caused by their big sizes. 

Particle size distribution by number also showed the already expected results, population 1 

had a high number of particles with an average diameter of 6.95 nm. 

 

Lastly, electrochemical studies were done using cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS). CV revealed no apparent proportionality 

between scan rate, potential, and current. Cyclic voltammetry revealed two oxidation peaks 

with potential values of 0.122 V and 0.809 V and were proposed to due to the oxidation of 

selenium rich/Se-rich phase phases of CuInSe2. The reduction potentials for Cu and Se 

appeared at -0.228 V and -0.497 V respectively. A peak assigned to the In-rich phased of 

CuInSe2 was determined at -0.976 V. The HOMO and LUMO levels were calculated from 

the onset redox potentials 0.740 V and -0.863 and were found to be -5.140 eV and -3.537 

eV, respectively. The electrochemical bandgap calculated from the previous values is 1.60 

eV, which is slightly higher than the calculated optical bandgap (1.51 eV). From these 

values, the electron-hole Coulomb interaction energy  𝐽𝑒,ℎ found to be 90 meV and is 
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comparable to the reported value of 80 meV for typical CISe QDs. A well-defined semicircle 

with a radius of 10015 Ω was observed from the Nyquist plot, while the Bode plot revealed a 

higher impedance to electron transfer as demonstrated by the impedance and phase angle values 

at low frequencies where the disturbances to the equilibrium position of the system are at 

minimal. All the important parameters were calculated from the fitted results and resulting in the 

Randles equivalent circuit.  

 

The results obtained in this study suggest that G1PPT-CuInSe2 QDs are suitable for solar 

cell application, owing to its clear superior optical and electronic properties and as well as 

complete solubility in the electrolyte to allow native electrochemical probing. 

5.2 Recommendations 

Future work with respect to this project will include: 

• A comparative study of the G1PPT capped- and uncapped CuInSe2 QDs in order to 

map out the effects and/or improvements of incorporating G1PPT into CuInSe2 

• Device fabrication for both the G1PPT capped- and non-capped CuInSe2 QDs 

• Investigation of the power conversion efficiency improvement 
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