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ABSTRACT 
 

This study investigates the influence of nanoparticles (NPs) size on their 

optical properties, and the effect of combination of lead sulfide (PbS) quantum dots 

(QDs), with n-type and p-type NPs, on the photogenerated charge carriers transport 

across the heterojunction solar cell structure. PbS QDs, of a range of sizes, were 

synthesized using a co-precipitation process. In this study, p-type NPs, which are 

poly [3,4-ethylenedioxythiophene] –poly [styrenesulfonate] (PEDOT: PSS), copper 

oxide (CuO) and graphene oxide (GO); and n-type NPs which are zinc oxide 

(ZnO), titanium dioxide (TiO2), cadmium sulfide (CdS) and bismuth sulfide 

(Bi2S3), were synthesized and characterized by SEM and UV-visible 

spectrophotometers. The NPs with enhanced optical properties were utilized in 

heterojunction solar cell structures via spin coating, chemical bath deposition and 

SILAR cycle methods.  

The morphology and the theoretical band energy diagram for each cell were 

examined. The photovoltaic performance of the cells was measured in the dark and 

under 1 sun illumination (irradiation of 100 mW/cm
2
). This yielded cells with 

efficiencies from 0.388% up to 5.04%. The solar cell with 

FTO/ZnO/TiO2/CdS/PbS/PEDOT:PSS/Au structure and optimum layers' thickness 

exhibited a short-circuit current of 24.2 mA/cm
2
, an open circuit voltage of 544 

mV, a fill factor of 38.2 % and a power conversion efficiency of 5.04% with good 

stability. This is related to the uniform surface morphology throughout every cell 

layer without voids, pinholes or cracks. Furthermore, the gradual band energy 

levels alignment of n-type and p-type QDs (CdS/PbS), as well as the high hole 
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mobility of PEDOT:PSS and the high electron affinity of ZnO and TiO2 are other 

contributory factors influencing efficiency enhancement. 
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 ملخص
 

تم فحص تأثير . الجسيمات النانويةهدفت هذه الدراسة الى بناء خلايا شمسية باستخدام 

 على خصائصها البصرية، وتأثير مزيج من جسيمات نانوية مكونة من حجم الجسيمات النانوية

، على  (PbS)النانوية أشباه موصلات سالبة وأخرى موجبة، مع جسيمات كبريتيد الرصاص 

أشباه  نانوية المكونة منفي هذه الدراسة، الجسيمات ال . نقل الشحنات عبر بنية الخلية الشمسية

، و أكسيد (CuO)أكسيد النحاس  ،(PEDOT:PSS)بوليمر موصل :  الموصلات السالبة هي

، ثاني أكسيد (ZnO)أكسيد الزنك : و أشباه الموصلات الموجبة هي.  (GO)الجرافين

تم تجهيزها . (Bi2S3) ، وكبريتيد البزموث((CdS، كبريتيد الكادميوم  (TiO2)التيتانيوم

بريا باستخدام عدة طرق كيميائية، و فحص خصائصها الضوئية بالاضافة الى حجم وشكل مخ

 . مقياس الطيف الضوئي و المجهرالإلكتروني الماسحالجسيمات، باستخدام 

المحسنة، استخدمت في بناء عدة تراكيب  ةالجسيمات النانوية ذات الخصائص الضوئي  

الخلايا الشمسية في الظلام وتحت الإضاءة بواسطة  كل منقياس أداء تم  .من الخلايا الشمسية

متر/كيلو واط1)جهاز محاكاة الشمس 
2

. ٪4.85٪ إلى 8.300حققت هذه الخلايا كفاءات من (. 

أعطت    FTO /ZnO /TiO2 /CdS /PbS /PEDOT:PSS /Au:الخلية الشمسية ذات التركيب

فولت، كثافة تيار  455قيمته  جهد دائرة مفتوحةنتج عنها أفضل النتائج مع استقرار جيد؛ 

سم/ميلي أمبير 25.2قداره دائرة مغلقة  
2

تحسن يعود . ٪4.85مقدارها ، و كفاءة تحويل طاقة 

الى تجانس السطح في جميع طبقات الخلية، دون وجود فراغات ، ثقوب  في هذه الخليةفعالية ال

 .بناء طبقات الخلية المستخدمة في وكذلك التوافق في مستويات الطاقة للمواد. أو شقوق
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CHAPTER ONE 

INTRODUCTION 
 

Due to the increasing environmental harm caused by fossil fuels and the 

economic concerns regarding future stock depletion, there are moves towards 

encouraging renewable energy of all types. Solar energy is a free, abundant, 

reliable, sustainable and clean renewable energy source. It involves no 

environment pollution, especially when compared to fossil fuels. The sun supplies 

the Earth’s surface with about 1.2 x 10
17

 W of solar power. This means that 

sufficient energy is supplied to satisfy the entire energy demand for a year in less 

than one hour [1]. Despite intensive research efforts over the past few decades 

photovoltaic cells remain costly and comparatively inefficient to be considered as 

a competitive primary energy source. In order to achieve high efficiency and low 

production costs for solar cells (SCs), several types of SCs have been examined. 

Of these, four main categories of SCs are currently available:  

(i) Multijunction solar cells: These cells are made out of several ultra-thin films 

grown on top of each other, in which, each pair of layers consists of a solar cell by 

itself. The ultra-thin films are made of semiconductor materials that are lattice-

matched with each other to form multiple p-n junctions. Each material absorbs 

visible light of a certain range of wavelengths from the solar spectrum. Triple 

junction SCs, which are based on gallium arsenide (GaAs), achieved the greatest 

efficiency to date (44%) [2]. Despite of the high efficiency achieved by 

multijunction SCs, their use is mostly limited to space applications, due to their 
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high material costs and complex structure. Additionally, multijunction SCs 

onlybecome practical under 400 sun illuminations so light concentrators are 

required [3].  

(ii) Crystalline silicon solar cells: Silicon is the most widespread material used 

for SCs. Typically silicon-based SCs are divided into three groups: 

monocrystalline, amorphous and polycrystalline. SCs based on monocrystalline 

silicon have achieved an efficiency rate of 21% [4], which is considered reliable 

for terrestrial applications. Nevertheless, they are still considered costly due to the 

use of high temperatures in the manufacturing process.  

(iii) Thin-film solar cells: These are made out of one or more thin layers 

deposited on a variety of substrates, the thickness of each layer varies from a few 

nanometers to tens of micrometers. The most efficient semiconductor materials 

used for thin-film technologies are cadmium telluride (CdTe), copper indium 

gallium selenide (CIGS) and amorphous silicon (a-Si). Scientists at Empa, the 

Swiss Federal Laboratories for Materials Science and Technology, developed thin 

film SCs using CIGS on flixible polymer foils giving an efficiency rate of 20.4%, 

as of January 2013 [5]. First Solar, Inc. (Nasdaq: FSLR) developed SCs using 

CdTe with an efficiency rate of 17.0%, as of March 2014 [6]. Thin-film 

technologies have several advantages over previous SCs' due to a decrease in 

active material thickness, flexibility and consequently a reduction in cost, 

however, they still have lower efficiency levels than silicon cells.  

http://en.wikipedia.org/wiki/Crystalline
http://en.wikipedia.org/wiki/Crystalline_silicon
http://en.wikipedia.org/wiki/Amorphous_silicon
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(iv) Emerging research: Referred to as the third generation of SCs, these are 

mainly divided into three categories; dye sensitized solar cells (DSSCs) are made 

by depositing a thin layer of highly porous titanium dioxide (TiO2) on top of 

fluoride-doped tin dioxide (SnO2:F) coated glass, followed by soaking the film in 

a dye solution such as ruthenium-polypyridine dye. The molecules of the dye are 

an active layer that absorbs light, so they are called molecular sensitizers. The 

other electrode is prepared separately using a conductive material such as 

platinum. The two films are sealed together after injecting a liquid electrolyte, 

such as iodide electrolyte, between the films. At  present ,  the highest power 

conversion efficiency (PCE) achieved by DSSCs is 11.4% [7], and a new record 

of 12.3% was obtained by the co-sensitization of porphyrin dye YD2-o-C8 and 

the organic dye Y123 [8]. DSSCs do not need complicated equipment to be 

manufactured. Not only do they need much lower cost materials, but they can also 

be synthesized into flexible sheets. On the other hand, the conversion efficiency is 

less than the best thin film SCs.  

The second category of third generation SCs is organic SCs in which  the 

active layer consists of a blend of conjugated polymers such as polyphenylene 

vinylene as electron donors, and fullerene derivatives such as phenyl-C61-butyric 

acid methyl ester (PCBM) as electron acceptors. These are sandwiched between 

two electrodes with proper work functions. The last 5 years have seen major 

improvement in this technology [9-15]. Konarka Power Plastic recorded an 

efficiency level of 8.3% which was certified by the NREL (National Renewable 

Energy Laboratory) in 2011 [15]. To date, the highest reported PCE for an organic 

SCs is 12% (2013) [14]. Organic SCs can be fabricated on glass and plastic 

http://en.wikipedia.org/wiki/Titanium_dioxide
http://en.wikipedia.org/wiki/Dye
http://en.wikipedia.org/wiki/Iodide
http://en.wikipedia.org/wiki/Conversion_efficiency
http://en.wikipedia.org/wiki/Konarka
http://en.wikipedia.org/wiki/NREL
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substrates with high processability [16], which makes SCs flexible and 

lightweight. On the other hand, the efficiency, stability and strength of organic 

SCs are all low compared to inorganic SCs [17]. 

 The last category of the third generation of SCs is quantum dot solar cells 

(QDSCs), which are based on nanomaterials, and have been reported as promising 

for the next generation of SCs. Quantum dots (QDs) can be employed in every 

type of SC to reduce cost and enhance efficiency. Currently QDs have been 

integrated into four main types of SCs which are: Schottky SCs [18-29], depleted 

heterojunction SCs  [18-23, 30-37], hybrid organic/inorganic SCs [20, 24, 38-43] 

and quantum dot sensitized SCs [44-48]. Each type of these QDSCs are discussed 

in detail in section 2.2. 

1.1 Quantum Dots (QDs) 

Nanostructure materials have many attractive characteristics compared to 

bulk materials since their physical, mechanical, electrical and optical properties 

change fundamentally with variations in the dimensions of their structure from 

bulk to molecular levels. This leads to entirely new applications, especially in 

electronics, photonics and biology [49-52]. Nanostructures are classified as; (i) 

two dimensional, such as thin films, quantum plates or quantum wells, (ii) one 

dimensional, such as quantum wires or quantum rods, (iii) zero dimensional, such 

as QDs or nanopartiles (NPs). Recently, attention has been paid to QDs which are 

three dimensionally confined semiconductor nanocrystals. Figure 1.1 represents 

schematic diagrams of the density of electronic energy states (DOS) as an energy 

http://en.wikipedia.org/wiki/Energy_conversion_efficiency
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function for the bulk and also for three main nanostructures. Figure 1.1a shows 

the number of states at each energy level that can be occupied by electrons, that 

are continuous for the bulk and become descrete as the size and dimensionality 

are reduced due to the structure approaching the nanoscale. This is as a result of 

the quantization of generalized momentum caused by confinement (see Figure 

1.1d). As QDs are considered zero dimensional relative to the bulk, they are 

characterized as having extreme confinement effects near band edges. 

Consequently, discrete energy levels and an increase in bandgap energy (Eg) is 

evident as the particle size decreases. Eg is the energy difference between the top 

of the valence band (VB) and the bottom of the conduction band (CB). The 

relationship between the Eg and the particle size is shown in Figure 1.2. 

Nanoparticles (NPs)  have strong quantum confinement effects when their 

size is small enough to meet one of the following conditions; (i) as one dimension 

of the nanoparticle approaches the de Broglie wavelength of electrons and holes in 

the bulk semiconductor (λe), (λh), respectively; (ii) as the nanoparticle's size 

approaches or becomes smaller than the exciton Bohr radius (RB). λe,  λh  can be 

calculated by the following equations [53]:  

                        (1.1a) 

                         (1.1b) 

Where, me and mh are the effective masses of the electron and hole, respectively, h 

is Planck’s constant, k is Boltzmann’s constant and T is the absolute temperature. 
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For most semiconductors λe, λh are 10–100 nm. For example, Si λe = 24 nm, and 

PbSe λe = 40 nm [53]. 

The Bohr radius (RB) is the separation distance of the electron-hole pair in 

a bulk semiconductor. Electron-hole pairs attracted through the coulomb potential 

are called excitons. Exciton binding energy for most bulk semiconductors is low, 

thus electrons and holes interact in a weak manner. Conversely, when the 

nanoparticle's diameter is smaller than RB, the energy level spacing of the 

nanoparticle increases, thus electron and hole pairs are confined and consequently 

interact even at room temperature. Additionally, exciton-exciton interaction 

energy is also much larger than in the case of bulk materials [54]. RB can be 

calculated in the following equation [55]:  

                        (1.2) 

Where, ε, h, and e are the optical dielectric constant, Planck’s constant and the 

charge of an electron, respectively. μ is the reduced effective mass of the electron 

and hole. Typically ranges are between 2–100 nm. For example, RB is 47 nm for 

PbSe and 4 nm for Si [53]. 

QDs are preferred for optoelectronic applications due to the dominance of 

quantum confinement (QC) effects which result in discrete energy levels [56]. 

This leads to a delocalization of the charge carrier establishing greater electronic 

coupling between nanocrystals facilitating the charge transport [57]. The 

mechanism is due to variable-range hopping. Electrons can hop from one 

localized site to another when receiving energy from a phonon, which enhances 
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the chances of electrons coupling with higher mobility, and leading to vastly 

increased conductivity [58]. Furthermore, due to slow carrier relaxation, the 

electrons stay longer before recombining with the holes that facilitate charge 

transport and dissociation [59]. QDs allow energy level matching between the 

desired p-type and n-type materials, which are crucial in designing efficient 

photovoltaic devices [60], and multiexciton generation [61-66] that can improve 

light-to-current conversion efficiencies of SCs up to 32% [61]. QDs minimize the 

thickness of the semiconductor materials needed to absorb light and expand the 

spectrum by increasing the volume to area ratio [61, 64, 65]. Currently many 

types of QDs have been theoretically and experimentally studied and their 

potential applications for SCs have been demonstrated. 
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Figure1.1 The density of energy states of structures with different dimensions; (a) 

bulk materials, (b) quantum wells, (c) quantum rods, (d) quantum dots showing 

the splitting of energy bands in going from bulk to quantum dots. 

 

 

Figure1.2 The relationship between the bandgap and the particle size. 

(a) (b) 

(c) (d) 
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1.2 Objectives 

A review of the literature currently available on PbS QDSCs (see section 

2.2) shows that absorption of solar photons has to be maximized while 

maintaining efficient charge extraction at the same time in order to improve the 

efficiency of QDSCs. As these two parameters have an inverse relationship; 

enhancement of light absorption requires an increase in the active QDs layer 

thickness leading to charge recombinations before reaching the separation 

interface that is due to limited exciton diffusion length (exciton radius and 

lifetime). Recently, several approaches have been applied to overcome these 

limitations. Depleted bulk heterojunction QDSCs, based on penetration between 

p-type and n-type QDs, increases the interfacial area and thus allows for the 

depletion region tp spread in three dimensions on the active layer. Another 

approach is using quantum junction solar cells (QJSCs), based on doped PbS 

QDs, which leads to the gradual decrease in the CB and VB from p to n type 

materials, thus generating a depletion region for efficient carrier separation and 

collection. In quantum funnel solar cells (QFSCs) the driving force behind 

photoelectrons from their point of generation towards the electron acceptor layer 

is indeed generated by the variation of PbS QDs size. In this study a combination 

of the concept of depleted heterojunction SCs using wide Eg semiconductors 

(TiO2 and ZnO), and an extension of gradual energy level alignment through 

QJSCs and FJSCs, using n-type and p-type QD active layers (CdS/PbS), as well 

as the benefits of the high hole mobility of organic semiconductors used as hole 

transport layers (PEDT: PSS), were investigated to enhance the efficiency of 
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QDSCs. Furthermore, the two n-type materials (ZnO or TiO2 (NPs) and CdS 

(NPs) have not been applied together in any solid (p-n) heterojunction QDSC 

before, as this structure was mainly used in liquid (p-n) heterojunction QDSCs 

(QDSSCs). To the best of our knowledge, this kind of SCs structure 

(ZnO/TiO2/CdS/ PbS QDs /PEDOT: PSS/Au) has not been previously reported 

upon. 

The overall aim of the research is to contribute to the development of the 

next generation of nanophotovoltaic devices which will have enhanced conversion 

efficiency compared to current SCs. This can be achieved by integrating the 

advantages of several SC types in one solar cell structure. In view of this, the 

research was undertaken with the following specific objectives: 

a. Synthesize a number of n-type and p-type nanoparticles semiconductors with 

enhanced optical properties for photovoltaic applications.  

b. Utilize the synthesized NPs in heterojunction quantum dot solar cell (HJ-

QDSC) structures.  

c. Study the effect of employing different hole transport layers (HTL) on solar 

cell performance.  

d. Study the effect of employing different electron transport layers (ETL) on  

solar cell performance.  

e. Study the effect of employing different Active layers (AL) on solar cell 

performance.  
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f. Study the effect of employing different (AL) thicknesses on solar cell 

performance. 

g. Select the best performing solar cell and investigate its morphology, 

photovoltaic performance and stability. 

1.3 Achievements 

a. ZnO, TiO2, PbS, CdS, Bi2S3, and CuO NPs were synthesized with a degree of 

controllability on the NPs size. Their morphology and optical properties were 

examined. 

b. The NPs with optimum optical and electronic properties were chosen in 

consideration of their light absorbing qualities and Eg that can match other 

layers for gradual energy level alignment in every device. 

c. Several SCs were prepared and characterized where CuO, reduced GO, and 

PEDOT: PSS were employed as HTLs. It was found that PEDOT: PSS was 

the best one for the SC structure as an HTL. The PCE was higher with this 

configuration.  

d. Several SCs were prepared and characterized, where ZnO, TiO2 and reduced 

GO were employed as ETLs. It was found that ZnO/TiO2 together was best in 

the SC structure as an ETL. The PCE was higher with this configuration.   

e. Several SCs were prepared and characterized where PbS combined to CdS or 

Bi2S3 were employed as ALs. It was found that PbS/CdS structure was the 
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best in the SC structure as an AL. The PCE was higher with this 

configuration.  .  

f. Several SCs were prepared and characterized where the thickness of PbS and 

CdS NPs layers were changed by controlling the number of deposit times as 

they were deposited by spin coating (PbS) and SILAR (CdS). It was found 

that 6 spin coated repetitions for PbS and 11 SILAR cycles for CdS was the 

best in the SC structure as an AL, because the PCE was higher. 

g. A PCE of 5% was achieved by the cell with structure  

FTO/ZnO/TiO2/CdS/PbS/PEDOT:PSS/Au, which was the highest efficiency 

achieved by HJ-QDSC, based on CdS/PbS with good stability over the testing 

period (60 days). To the best of our knowledge, the highest efficiency of HJ-

QDSC based on CdS/PbS was not more than 3.5%. 

1.4 Scope of the Study 

The goal of this dissertation is to develop new SCs with significantly 

increased power conversion efficiency. The main body of the dissertation consists 

of five chapters. Each chapter is divided mainly into two parts: the first part deals 

with QDs and the second with QDSCs. Recent developments in categorizing SCs 

and the features of NPs or QDs for PV applications are introduced in Chapter one. 

The objectives and findings of the study are summarized at the end of the same 

chapter.  

Chapter two is the literature review. The beginning of chapter two presents 

several types of QDs which were utilized in the research. Applications such as PV 
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and synthesis methods are shown. In the last part of chapter two, QDSC structures 

and principles are discussed and basic terms for PV performance are reported. 

Furthermore, chapter two offers a comprehensive overview of the fast-developing 

field of QDSCs: several types of QDSCs are covered and the advantages and 

disadvantages of each configuration are addressed. 

Chapter three presents the experimental details for QDSC preparation and 

characterization. The different methods applied to synthesize and characterize 

each type of NP are discussed in the first part of chapter three. Whereas the 

second part of the chapter shows the synthesis process and characterization 

techniques for several types of heterojunction QDSC where the NP types in the 

HTL, ETL, or AL are changed and the effects on cell performance of changing the 

thickness of the AL are elaborated upon. 

Chapter four presents the results and discussion. The first part of chapter 

four shows the characterization of several synthesizd NPs and shows their size, 

distribution, morphology and optical properties. It provides an extensive 

discussion with explanations of the results for each type of synthesized NP.  

Based upon this comparison, the NPs with enhanced optical properties were 

chosen to form the SC layers. The second part of the chapter displays cell 

architecture characterization showing the surface morphology of each layer of the 

solar cell. The third part shows cell performance characterization and compares 

the results, as well as providing an explanation for the variation in the 

performance of one cell structure from another.  
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Chapter five provides conclusions and recommendations for possible 

avenues to improve QDSC efficiency in the future. 
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CHAPTER TWO 

RECENT DEVELOPMENTS IN QUANTUM DOT 

SOLAR CELLS 

 

This chapter presents several types of QDs that are utilized in this study 

for SC synthesis. Their properties and applications, such as photovoltaic uses, are 

introduced. A comprehensive survey of the fast-developing nature of QDSCs is 

presented. The structure and principles of several QDSCs are elaborated upon, 

and the advantages, as well as disadvantages, of each type are discussed. 

2.1 Quantum Dots (QDs) 

2.1.1 ZnO Nanoparticles  

Zinc oxide (ZnO) is one of the most attractive metal oxides since it 

exhibits multifunctional semiconducting properties that can lead to a wide range 

of applications. For instance, ZnO has a wurtzite crystal structure with a lack of a 

symmetrical centre and strong electromechanical coupling that allows for its use 

in piezoelectric and pyroelectric applications. In addition, it is a non-allergenic, 

photo-catalytic, chemically stable and antibacterial material [67]. This means it is 

compatible for biomedical applications and treatment of waste and pollutants via a 

photodegradation mechanism [68-71]. 

ZnO has a wide direct bandgap that is transparent to visible light, but 

opaque to ultraviolet (UV) light. It has a large exciton binding energy of 60 meV 
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that enables the existence of excitonic emissions at room temperature, and it is 

considered one of the most effective fluorescent materials [72]. In addition, it 

exhibits high refraction (melting point of 1975ºC) making it suitable for various 

electrical and optical semiconducting applications [73, 74]. These properties are 

sensitive to size, composition and the morphology of the particle: for example 

optical properties can be monitored and improved as the particle size is reduced to 

the nanoscale as a result of the increasing surface/volume ratio and quantum 

confinement (QC) effects [75]. An additional advantage of ZnO NPs is that they 

possess a therapeutic function that can be utilized for targeting drug delivery and 

bioimaging during the delivery process. Recently, ZnO NPs were encapsulated 

with a biocompatible polymer and have shown long term fluorescence stability in 

order to carry tumour targeted drugs and deliver them to subcellular locations [76, 

77]. The diversity of applications for ZnO NPs demonstrates the importance of 

studying their size dependent optical properties. 

Native defects in semiconductors can play important roles in either 

reducing the quality of electronic and optical properties (like DX centers) [78] or 

enhancing them (like dopants) [79-81]. For instance, our recent findings present 

evidence of the importance of structural defects in a system like graphenes, which 

is aimed at gas sensing applications [82]. Of course, the correlation between 

growth conditions and properties can help to avoid undesired defects and move 

towards introducing more desired effects. In this study structural defects in ZnO 

nanoparticles will be shown to enhance optical properties by reducing the 

bandgap and allowing electronic transitions with photonic emissions of energy 

within a visible range. More specifically, it is well established that the most 
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predominant structural defects in ZnO NPs are zinc interstitials (Zni) and oxygen 

vacancies (VO), as their formation energies are relatively small. Numerous 

investigations agree that Zni, VO and zinc antisites (ZnO) result in inducing donor 

states, whereas oxygen interstitials (Oi), zinc vacancies (VZn) and oxygen antisites 

(OZn) result in inducing acceptor states [79]. More recently, Xu, et al [83] reported 

a combination of experimental and theoretical investigations on the electronic and 

optical properties of point defects in ZnO nanopillars. Basically, they inspected 

three main native defects: zinc interstitial ‘Zni’, oxygen vacancy ‘VO’ and oxygen 

interstitial ‘Oi’ using photoluminescence and theoretically using a CASTEP code: 

based on density functional theory. They confirmed that Zni yields violet 

emissions, VO causes green emissions and Oi is the source of yellow emissions.  

As far as the yellow emissions are concerned, there is a general agreement 

between the experimental data [83, 84] and ab initio calculations [83, 85]. This 

likely originates from two possible sources: the presence of Zn(OH)2 on the 

surface of the NPs [84] and the electronic transition from conduction band to Oi 

level [83-85]. Both arevdensity functional theory based and based on pseudo 

potentials with scissors corrections [83]. Full potential linear muffin-tin orbital 

[85] methods have shown evidence that previous defects induce deep acceptor 

states in the gap allowing for the  electronic transitions of energy (2.16–2.28 eV) 

with yellow emissions. Nonetheless, the existence of defects and their densities is 

very much dependent on formation energy and the method of synthesis. One of 

the focuses of the present work is to envisage which among these defects are 

likely to exist in the composition of the ZnO NPs, via inspecting their optical 

properties. ZnO NPs can be synthesized using various chemical methods such as 
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the wet chemical method, which is commonly used because of its simplicity and 

low temperature (< 90 º C). ZnO NPs are grown in an alcoholic medium through 

the reaction of zinc salt, for instance Zn(NO3)2, Zn(CH3COO)2.2H2O, ZnSO4, etc. 

with a base such as LiOH, KNO3, K2SO4, NH4OH, LiNO3, NaOH, etc. [75, 86-

91]. 

2.1.2 TiO2 Nanoparticles 

Titanium dioxide (TiO2) has many attractive chemical, physical, electronic 

and optical properties which make it suitable for several applications. It is a low 

cost metal oxide, chemically stable, non-toxic and environmentaly friendly [92, 

93], TiO2 is a naturally n-type semiconducting material due to stoichiometric 

oxygen deficiency in the film structure; the bulk TiO2 has a wide direct bandgap, 

typically 3.2 eV [94], a high refractive index (n) of 2.6, a high dielectric constant 

and good transmittance in the visible region since it absorbs UV light due to its 

large bandgap. These extraordinary characteristics allow the use of TiO2 in a wide 

range of applications such as; biomaterials [95], pigments [96], photocatalysts 

[97], gas sensors [98], capacitors or as a gate dielectric in metal-dielectric 

semiconductor devices. In addition there are many photovoltaic applications, 

especially in dye sensitized SCs, owing to their good transmittance in the visible 

region, high refractive index and chemical stability,  

The increased surface area and pore volumes result in higher efficiency in 

photovoltaic applications than in the bulk TiO2. A variety of methods have been 

used to synthesize TiO2 nanostructures, such as spin coating processes [99], the 

sol gel template method [100], metal organic chemical vapor deposition 
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(MOCVD) [101], anodic oxidative hydrolysis [102], sonochemical synthesis 

[103], inverse microemulsion methods [104], efficient molten salt-assisted 

pyrolysis routes [105] and hydrothermal methods [106]. TiCl4 has often been 

utilized as a precursor for the preparation of TiO2 NPs [107-112]. Calcinations or 

hydrothermal treatments are normally used to improve the crystallinity of the 

powders. In this study, TiO2 NPs were prepared on a substrate using TiCl4. 

Various transition metals were loaded on the TiO2 surface to enhance the 

photoelectronic properties of the devices. 

ZnO and TiO2 have similar physical properties and energy band structures, 

nevertheless ZnO is still preferred as a buffer layer for heterojunction SCs rather 

than TiO2, since it has a higher electron affinity than TiO2  and it has  2–3 times 

greater electron mobility than TiO2 [113]. It can also be utilized for all sizes of 

PbS QDs. Whereas TiO2 is appropriate for PbS QDs diameters below 

approximately 4.3 nm to allow for the efficient transfer of electrons from the 

conduction band the conduction band of TiO2 [114], as the electron affinity 

between small sizes of PbS QDs and TiO2 is reduced. 

2.1.3 PbS Quantum Dots (QDs) 

Lead sulfide (PbS), one of the lead chalcogenides, has extraordinary 

optical properties that can be utilized for several applications in photodetection 

[115], light-emitting diodes, optical switches [116] and solar cells [24, 117]. PbS 

is a p-type semiconductor and has a cubic crystal structure, narrow direct band 

gap energy (0.41 eV, for bulk at room temperature), a large exciton Bohr radius 

(18 nm) [118-121], a high absorption coefficient, excellent photosensitivity in the 
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near-infrared (NIR) region, multiple exciton generation processes and solution 

processability [61, 63, 122-126]. 

To date, many methods have been developed to fabricate PbS NPs. By 

controlling the size of the PbS NPs a tunable bandgap from the near-infrared to 

the visible region is obtained [126, 127]. Bakueva, et al. [128] were the first to 

successfully synthesize stable and monodispersed PbS QDs with diameters of 

4 nm ± 1 nm in aqueous solutions using a mixture of thioglycerol (TGL) and 

dithioglycerol (DTG) as the stabilizing agent. Currently hydrothermal methods 

and thermal decomposition are used to synthesis PbS QDs [129]. Solution process 

solar cells based on colloidal PbS QDs have recently demonstrated great promise 

in both energy conversion efficiency and device stability [130]. Spin coating 

[131], drop-casting [132], and ink-jet printing [133-135] methods have 

demonstrated the ability to fabricate many potential device applications. 

2.1.4 Ligand Exchange 

A ligand is an ion or molecule (functional group) that binds to a central 

metal atom to form a coordination complex. The bonding between metal and 

ligand generally involves a formal donation of one or more of the ligand's electron 

pairs. The nature of metal-ligand bonding can range from covalent to ionic. 

Ligands are used to facilitate the synthesis of NPs and allow fine control over 

their size and dispersity. The native coordinating organic ligand chemically coats 

the surface of the nonocrystals and thus has a significant role in transporting the 

charge between the NPs [136, 137], and it affects their optical and electrical 

properties, due to the large surface-to-volume ratio of these NPs. 

http://en.wikipedia.org/wiki/Ion
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Functional_group
http://en.wikipedia.org/wiki/Metal
http://en.wikipedia.org/wiki/Coordination_complex
http://en.wikipedia.org/wiki/Electron_pair
http://en.wikipedia.org/wiki/Electron_pair
http://en.wikipedia.org/wiki/Covalent_bond
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Researchers have typically relied on long-chain organic ligands (e.g., oleic 

acid and trioctylphosphine). To enhance optoelectronic properties, the long 

insulating original ligands on the surface of the nanocrystals are exchanged or 

functionalized with new bidentate monovalent shorter ligands, which leads to 

decreased interparticle spacing, reducing the energy barrier to charge tunneling 

between NPs. The reduction of the ligand chain length has been shown to improve 

photoconductivity by improving electron and hole transport and the efficiency of 

charge separation on photogenerated excitons. The final functional group plays an 

important role in the passivation of the NP surface and thus in the control of 

midgap states and shallow traps [57, 138-141]. AnI illustration of the reduction in 

inter-particle distance through ligand exchange can be seen in Figure 2.1. 

 Various short molecules are used to passivate PbS QDs and exchange the 

long ligands with shorter ones, such as 1,2 ethanedithiol (EDT), 1,3-

propanedithiol  (PRDT), 1,4-butanedithiol (BDT), 1,5-pentanedithiol (PEDT), 

1,6-hexanedithiol (HDT), 1,2 benzenedithiol (BZDT), n-butylamine, sodium 

hydrosulfide hydrate (NaSH)  and 3-mercaptopropionic acid (MPA) have been 

used for this purpose, through a layer-by-layer dip or spin-coating exchange 

process. This achieves a  functional PbS NPs based SC [129]. Each type of  ligand 

affects the PbS NP properties: for example, significant enhancement of the 

mobility-lifetime of charge carriers in MPA-capped PbS NP films, as compared to 

dithiol-capped films is noticed and leads to an increase in both the diffusion 

length of charge carriers and the power conversion efficiency of PbS NP based 

SCs [142].  The current density of tin dioxide (SnO2) SCs increased 43 times after 

replacing the long chain oleic acid ligands with short chain n-butylamine [143].  It 
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was found that a treatment with hexadecyl trimethyl ammonium chloride 

(HTAC), tetrabutyl ammonium iodide (TBAI) and tretrabutyl ammonium bromide 

(CTAB) lead to substituting the long ligand (olic acid) with the shortest inorganic 

ligand halide anions such as Cl
1-

, I
1-

 and Br
1-

, respectively. At the end of the 

synthesis of PbS NPs, halide anions can effectively passivate the surface traps of 

PbS NPs, such a passivation can lead to better and more stable device 

performance. EDT molecules are approximately 0.5 nm in size, n-butylamine (0.6 

nm), chalcogenide complexes such as Sn2S6
4-

 (0.7 nm), and halide anions such as 

Cl
1-

, Br
1-

 and I
1-

 come in sizes down to 0.1 nm [144]. Recently Tang, et al. [144] 

synthesized PbS QDs with a diameter of 5.0. They estimated the average inter-dot 

spacing of 1.0 nm in the inorganic halide treated films, 2.1 nm in EDT treated 

films and 1.8 nm in MPA-treated films. To date using the different ligands: 

organic ligands [37], inorganic ligands [144], and hybrid ligands [21] as a cross-

linker and bridge to replace oleic acid NPs achieved power conversion efficiency 

rates of 5.6%, 6%, and 7% [21, 37, 144], respectively. 
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Figure 2.1 Schematic of ligand exchange of organic capping ligands (OA) with 

smaller organics (EDT or pyridine), inorganics (metal chalcogenide complexes or 

hydrazine), or ions (halide anions; Cl, Br, or I). Ligand exchange is performed 

with nanocrystals dispersed in a solvent (top) or as deposited film (bottom). 

 

2.1.5 CuO Nanoparticles 
 

Copper oxide (CuO) is an attractive p-type metal oxide semiconductor that 

has unique electrical, optical and catalytic properties [145]. CuO is widely used in 

electrochemical cells [146], gas sensors [147-149], magnetic storage media [150, 

151], photovoltaic cells [152], light emitters [153], thermoelectric materials [154, 

155], heat transfer nanofluids and for catalysis [156-158]. Using CuO NPs with 

narrow size distribution for these applications would further promote the chemical 

reactivity of the NPs because as the surface-to-volume ratio of the particle 

increases, the number of reactive sites increases [159-163]. Thus, CuO NPs 

exhibit improved electronic and optical properties compared to their bulk 

equivalent [49, 164, 165]. As a result, many methods have been developed to 

synthesize CuO NPs with different sizes as shown in Table 2.1. 
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Microwave radiation generates heat by interacting with the solution 

molecules and causing friction between them due to the reorientation of their 

electric dipoles [166]. This leads to an increase in reaction kinetics, by one to two 

orders of magnitude, and more efficient volumetric heating when compared to 

conventional heating. In addition, the microwave-thermal method has many 

advantages such as: low synthesis temperatures, reduced reaction time, small 

particle size, narrow particle size distribution, high purity, low power 

consumption and it is also environmentally friendly [167-169]. In this study CuO 

NPs were synthesized using a colloid microwave-thermal process that allows the 

formation of NPs with excellent size control. In addition, variation in optical 

behavior as a function of CuO NP size has been investigated in this study. 

 Table 2.1 Synthesis methods of CuO NPs with size range. 

Preparation method Size (nm) 

Sonochemical synthesis 10 nm to several microns [170] 

Spinning disk reactor 20-30 nm [171] 

Thermal decomposition 15-30 nm [172] 

Solid state reaction 15-20 nm [173, 174] 

Microemulsion system 5-25 nm [175] 

Precipitation pyrolysis 11-35 nm [176] 

Sol-gel techniques 7-9 nm [177] and 1-10 nm [178] 

Alcohothermal decomposition of copper acetate 3-9 nm [179] and 6 nm [180] 

Electrochemical synthesis 4 nm [181] 

Precipitation synthesis 4 nm [182] 

Colloid-thermal synthesis  3 and 5 nm [183] 

Microwave irradiation 3-5 nm [165] 
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2.1.6 CdS Nanoparticles 

Cadmium sulfide (CdS) is one of the most essential II–VI binary group n- 

type semiconductors [184]. It has properties that are suitable for optical and 

photoelectric applications such as thin-film transistors [185], diodes, 

photoresistors, phosphors and photovoltaic devices making it particularly useful 

for SCs [186-189]. CdS has a direct bandgap of 2.42 eV that results in superior 

visible light absorption [190], good optical transmittance, high absorption 

coefficients, a high electron affinity, low resistivity and easy ohmic contact [191-

194]. In addition, it is used as window layer for heterojunction solar cells due to 

its good chemical stability, a low cost deposition technique [195], good 

uniformity in order to avoid electrical short circuit, high conductivity at more than 

10
16

 carriers/cm
3
 [196], and high transparency in the visible spectral region [197]. 

It has two common crystalline phases of hexagonal wurtzite and cubic zinc blend 

[198-200]. The bulk wurtzite structure is a thermodynamically stable phase which 

exists under normal conditions (such as atmospheric pressure and room 

temperature) [201].  

CdS NPs have been successfully synthesized using different materials as a 

source of cadmium ions (Cd(NO3)2), CdCl2, Cd(CH3CO2)2 or CdO) and as a 

source of sulfide-ions (thiosulfate, thioacetamide, or thiourea). A wide range of 

deposition methods have been reported including; spray pyrolysis [202], radio 

frequency sputtering [203, 204], vacuum evaporation [205], metal organic 

chemical vapor deposition [206], chemical bath deposition [207, 208] and 

successive ionic layer adsorption and reaction (SILAR) [209]. The SILAR 

technique was used to deposit CdS NPs for device fabrication. 

http://en.wikipedia.org/wiki/Thin-film_transistor
http://en.wikipedia.org/wiki/Cadmium
http://en.wikipedia.org/wiki/Acetate
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2.1.7 Bi2S3 Particles 

Bismuth sulfide Bi2S3 is one of the most important V-VI n-type 

semiconductors that have applications in photoelectrochemical cells (PECs) [210, 

211] lithium ion batteries, gas sensors [212], optoelectronic devices, IR 

spectroscopy photodetectors in the visible wavelength region, solar cells and 

thermoelectric devices [213]. Bi2S3 has an Eg in the range of 1.3-1.5 eV [214, 

215], lies in visible solar energy spectrum which makes it useful for solar energy 

conversion devices [216] as it is very close to the optimal gap (1.4 eV) for a solar 

absorber [217] and it has a a high absorption coefficient (α) of ~ 105 cm
−1

 (at λ = 

600 nm) [218]. These features make Bi2S3 a promising candidate for solar 

absorbers. In addition, the source materials for Bi and S ions are abundant and 

thus readily available at low cost. 

Various reports deal with the deposition of Bi2S3 thin films using different 

methods such as chemical bath deposition [219-221], spray pyrolysis [222-224], 

solution-gas interface techniques [225] and electrode positioning [226, 227] using 

different sulphide ion releasing source such as thiosulfate, thioacetamide and 

thiourea [228, 229]. However, very few reports are available on the deposition of 

Bi2S3 thin films via the successive ionic layer adsorption and reaction method 

(SILAR) [216, 230, 231]. The SILAR method for preparation of thin films is 

attractive, easy to control in terms of the overall growth rate, cost effective and 

less time consuming compared to other methods [232]. It is based on the 

immersion of substrates on separately placed cationic and anionic precursors and 

rinsing between every immersion with ion exchange water to avoid homogeneous 

perception [233]. It depends on the attractive force between the ions and the 
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surface of the substrate. In the present study we have synthesized Bi2S3 thin films 

using the SILAR technique. 

2.1.8 Reduced Graphene Oxide (GO) 

Graphene oxide (GO) is an attractive nanomaterial that has a range of 

reactive oxygen functional groups such as: oxygen, epoxide rings (bridging 

oxygen atoms), carbonyl (=CO), hydroxyl (-OH), phenol groups [234, 235]. GO 

properties can be controlled entirely by monitoring the amount of its functional 

groups and consequently changing its electrical, mechanical and thermal 

properties according to the required application. GO is used in polymer 

composites, energy-related materials, sensors, paper-like materials, field-effect 

transistors and biomedical applications. 

Graphene or GO are two structures with completely different properties. 

One of them can lead to the production of the other and has the ability to produce 

a wide range of intermediate materials inbetween. Graphene is a two-dimensional 

atomic-scale hexagonal honey-comb lattice of carbon atoms. It is the most 

recently discovered carbon-based allotropic form, after fullerenes and carbon 

nanotubes [236, 237]. It has extremely high electric and thermal conductivity, as 

well as excellent mechanical and optical properties [238]. Graphene can be 

obtained by the mechanical exfoliation of graphite, but only giving a low yield. 

Alternative approaches toward its large scale production involve the utilization of 

either chemical vapor deposition [239, 240] or a reduction of graphene oxide 

(GO) [241-243]. GO is electrically insulated owing to the decrease in the number 

of double bonds between carbon atoms, and thus a decrease in the conjugation 

http://en.wikipedia.org/wiki/Epoxide
http://en.wikipedia.org/wiki/Carbonyl
http://en.wikipedia.org/wiki/Hydroxyl
http://en.wikipedia.org/wiki/Phenols
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length and a disruption of graphitic networks. Sp
2
 hybridization in carbon atoms 

partially gives way to sp
3
 hybridization, thus converting a conductive material 

(graphene) into an insulator (GO).  

GO can be partially reduced by chemical [244, 245], thermal [245], and 

ultraviolet-assisted [246] or electrochemical routes [247]. generating reduced 

graphene oxide (RGO). RGO is a semiconductor of variable bandgap energy 

depending on the extent of the reduction that ranges between the insulator GO and 

the conducting graphene. RGO has several electronic and optical applications. 

Among them are their uses in solar cells. The employment of RGO in SCs has 

taken several forms. It can be used alone or in combination with other functional 

materials such as electrocatalysts on counter electrodes to provide an alternative 

component against costly platinum NPs [248]. It has also been used as a means to 

enhance conductivity either in filling electrolytes or in nanostructure metal oxide 

semiconductor photoanodes [249, 250]. In most applications related to SCs, 

graphene-type materials are introduced by their GO form and then they are 

reduced to give RGO. The reason for this is that GO is easily dispersed in aqueous 

media as well as in polar organic solvents, facilitating either its deposition onto 

substrates or mixing with other substances. This is not possible with RGO or, 

even worse, with pristine graphene, which are not dispersable in any medium 

[251]. Figure 2.2 shows pictures of as-prepared GO dispersed in water and 13 

organic solvents through ultrasonication for 1 hour; also Figure 2.2 shows GO 

dispersions after three weeks, where they precipitate in most of the solvents 

except water, ethylene glycol, dimethyl formamide (DMF), N-methylformamide 

(NMF) and tetrahydrofuran (THF). 
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Figure 2.2 Photographs of as-prepared GO dispersed in water and 13 organic 

solvents through ultrasonication; (Top) dispersions immediately after sonication; 

(Bottom) dispersions 3 weeks after sonication (from ref. [251]). 

 

2.1.9 Poly [3, 4-ethylenedioxythiophene] -Poly [styrenesulfonate] 

(PEDOT: PSS) 

 

Currently, a variety of semiconducting polymers are available for 

applications such as printing electronic circuits, organic SCs, organic light-

emitting diodes, supercapacitors, actuators, electrochromism, chemical and bio-

sensors, flexible transparent displays, electromagnetic shielding and as an 

alternative to the transparent conductor indium tin oxide. The most common 

semiconducting polymers used in SCs can be classified as: (i) derivatives of 

phenylene vinylene backbone – its chemical structure is represented in Figure 2.3a 

– such as; poly[2-methoxy,5-(20-ethyl-hexyloxy)-p-phenylenevinylene)]  MEH-

PPV)  with bandgap energy (Eg) of 2.4 eV [252]. (ii) Derivatives of the 

thiophene chain (its chemical structure is represented in Figure 2.3b) such as; 

[Poly(3-hexylthiophene)] (P3HT) with Eg of 2.1 eV [253, 254], [poly (4,8-

bis(octyloxy) benzo(1,2-b:4,5-b) dithiophene-2,6-diyl) (2-(dodecyloxy) 

carbonyl)thieno(3,4-b) thiophenediyl)] (PTB1) with Eg of 1.62 eV, poly[2,5-bis(3-

http://en.wikipedia.org/wiki/Printed_electronics
http://en.wikipedia.org/wiki/Organic_solar_cells
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alkylthiophen-2-yl)thieno[3,2-b]thiophene)] (PBTTT) with Eg of 1.5 eV [255, 

256], poly[5,7-bis(4-decanyl-2-thienyl)thieno [3,4-b] diathiazole-thiophene-2,5)] 

(PDDTT) with Eg of 1.1 eV [257], and poly[2,5-(7,7-dioctyl)-

cyclopentadithiophene] (PDOCPDT) with Eg of 1.8 eV [253, 258]. (iii)  

Derivatives of benzothiadiazole backbone (its chemical structure is represented 

in Figure 2.3c) such as; [poly[(4,40-bis(2-ethylhexyl)dithieno[3,2-b:2,3-d]silole)-

2,6-diylalt-(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT) with Eg of 1.45 eV [259]. 

In addition to conducting polymers that contain both thiophene and 

benzothiadiazole groups such as: [poly[2,5-(7,7-ioctyl)-cyclopentadithiophene], 

poly[N-9-hepta-decanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-2,1,3-

benzothiadiazole)] (PCDTBT) with Eg of 1.9 eV [260], and poly[2,6-(4,4-bis-(2-

ethyhexyl)-4H-cyclopenta[2,1-b;3,4-b]-dithiophene)-alt-4,7-(2,1,3 

benzothiadiazole)] (PCPDTBT) with Eg of 1.73 eV [261]. 

Semiconductor polymers offer two types of carriers, electrons and holes, 

which transfer through hopping mechanisms rather than through band-like 

transport, due to their tangled chains of conjugated polymers, wide range of 

carrier mobility, etc. The previously mentioned semiconductor polymers have 

been reported with electron mobility ranges from 10
-4

 to 10
-9

 cm
2
/Vs [262, 263] 

while hole mobility is typically higher in the order of (10
-1

 to 10
-7

) cm
2
/Vs [262, 

264, 265]. To compare, the electron and hole mobility in crystalline silicon is 

1500 and 475 cm
2
/Vs, respectively [266].  

Poly (3,4-ethylenedioxythiophene) (PEDOT) belongs to the thiophene 

derivative group and has excellent optical and electrical properties as well as 
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high conductivity and is considered as the most chemically stable conducting 

polymer currently available [267, 268]. However, PEDOT is an insoluble material 

which limits its use in many applications, so usually it is synthesized in the 

presence of other water soluble semiconducting polymers, typically poly (4-

styrenesulfonate) (PSS) so an aqueous dispersion can be obtained that can be cast 

into thin films. In the films the polycationic PEDOT chains are incorporated into a 

polyanionic PSS matrix to compensate for the charges. Poly (3, 4-

ethylenedioxythiophene: poly (4-styrenesulfonate) [PEDOT:PSS] has several 

superior properties as low temperatures, excellent stability, large area processing, 

low costs and flexibility. However, the efficiency of this material is limited by its 

low carrier mobility [269]. The hole mobility is calculated using a general formula 

for conductivity (σ) [270]. 

σ = q (n. µ n + p.µ p)                                   (2.1) 

Where q is the electron charge = 1.6x10
-19

, n is the concentration of electrons, µn 

is electron mobility, p is the concentration of holes, and µp is hole mobility. In 

case of PEDOT: PSS, only holes contribute to the transport of the charge. Injected 

free electrons will immediately recombine at oxidized PEDOT sites; hence the 

transport of electrons does not contribute to the overall current. The hole mobility 

in PEDOT:PSS can be calculated as approximately µp = 20 cm²/Vs for the given 

conductivity and the estimated hole  density for the most widely utilized polymer 

for organic light emitting diodes and photovoltaic cells [271].  

PEDOT:PSS including thin films deposited from an aqueous PEDOT:PSS 

dispersion have been utilized in a wide range of applications such as a hole 



32 

 

conducting layers [267, 272] of photovoltaic (PV) charges [273], light-emitting 

diodes (LEDs) [274], memories [275], sensors [276], as active material for 

electrochromic devices [277], field-effect transistors [278], circuits in general 

[279], in antistatic coatings [280] and particularly in bulk heterojunction organic 

SCs due to its high transparency, high working functions, smooth morphology and 

good conductivity. So, the holes are easily collected via the PEDOT:PSS layer 

from the highest occupied molecular orbital (HOMO) of the organic layer [280]. 

A range of work functions has been reported from 4.7 to 5.4 eV [281-283] and it 

has been found that this level can be tuned to minimize the hole injection barrier 

at the anode [284] in organic LEDs [285] and PV cells [286]. 

 

Figure 2.3 (a) Polyphenylene vinylene chemical structure, (b) Thiophene 

molecule skeletal formula of the five member aromatic heterocyclic with four 

carbons to one sulfur atom, the numbering convention for derivatives, (c) 

Benzothiadiazole chemical structure. 
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2.2 Quantum Dot Solar Cells 

2.2.1 Solar Cell Work Principle 

Two different PV types are available, depending on the semiconductors 

used in the solar cell structure. The first SC type is based on bulk inorganic 

semiconductors such as silicon and works in two steps: it absorbs photons when 

exposed to light and excites electrons to higher energy states thus creating mobile 

electrons and holes. These charge carriers are swept across the device under the 

effect of a built-in electric field generating a flow of electrons through a load that 

can then be used immediately or can be stored for later consumption. The second 

SC type, based on organic semiconductors or QDs, works in three concecutive 

steps: it absorbs photons to create electron–hole pairs known as excitons, so 

dissociation of the charges is required before collection at the electrodes as an 

extra step. Exciton dissociation is believed to occur at interfaces between 

materials with different electron affinities and ionization potentials, where the 

electron is accepted by the material with the larger electron affinity and the hole 

by the material with lower ionization potential. The Eg is therefore of great 

importance in SCs as it limits the maximum amount of light that can theoretically 

be absorbed, and thereby the maximum electric current that can be achieved. The 

Eg can be approximated by equation (2.2) [287]: 

   = ℎ ∙   = ℎ ∙   /                               (2.2) 

Where   is the energy, λ is the wavelength, ℎ is Planck's constant,   is the 

frequency and   is speed of light in vacuum. 
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In a preferred structure, the solar cell involves a trilayer structure where 

the photovoltaic active nanomaterial layer is sandwiched between an electron 

blocking layer of p-type material and a hole blocking layer of n-type material. 

Figure 2.4a shows a schematic structure for a typical quantum dot solar cell 

which, according to our study, consists of: (i) a glass or plastic substrate, (ii) a 

bottom transparent conductive electrode (TCE) layer made of a material such as 

indium tin oxide coated on the substrate, (iii) an ultrathin buffer electron transport 

layer (ETL) made of n-type material introduced between the active layer film and 

the bottom electrode to facilitate suppression of electron- hole recombination, (iv)  

an active layer (AL) which is a light absorbing nanomaterial film consist of n-type 

semiconductor material selected from n-type QDs and a p-type material selected 

from p-type QDs as a blend or two layers, (v) an interfacial ultrathin buffer hole 

transport layer (HTL) made of p-type material introduced between the active layer 

film and the top electrode to facilitate passivation of the interface and inhibition of 

electron-hole recombination and (vi) a top metal electrode (ME). The solar cell 

structure allows efficient exciton dissociation at the interface of the layers due to 

the electron affinity differences between the constituent semiconducting materials, 

and consequently charge separation and transport to the opposite electrodes. 

The n-type material is selected from n-type nanocrystals made of 

semiconductors such as: Bi2S3, FeS2 (pyrite), FeS, ZnO, TiO2, copper sulfide, 

PbS, PbSe, PbTe, CdSe, CdS, Si, Ge, copper zinc tin sulfide (CZTS), and copper 

indium gallium diselenide (CIGS). On the other hand, the p-type material is 

selected from PbS, PbSe, PbTe, Cu2O, CZTS, CIGS, Si, Ge, copper sulfide, FeS2 

and FeS. The n-type material in the hole blocking layer preferably has a 
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conduction band at least as large as that of the n-type material in the active layer 

and a valence band at the most as large as that of both the p-type and n-type 

materials in the active layer. The p-type material in the electron blocking layer 

preferably has a valence band (VB) at the most as large as that of the p-type 

material in the active layer and a conduction band (CB) at the most as large as that 

of both the p-type and n-type materials in the active layer as shown in Figure 2.4b.  

A number of techniques for photon to electricity conversion have been 

attempted using different materials in an effort to improve efficiency and reduce 

costs. This ranges from single and multijunction SCs then passing through thin 

film technology and ends with organic and inorganic cells utilizing QDs within 

SCs as an active layer. SC efficiency can be estimated through measuring several 

parameters as shown in the next section. 

 

    

Figure 2.4. (a) Schematic structure of a typical solar cell. (b) Energy level 

diagrams for a typical solar cell. 

 

(

a) 

(

b) 

(a) 

(b) 
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2.2.2 Basic Terms for Photovoltaic Performance 

Without illumination, a solar cell has the same electrical characteristics as 

a large diode. A diode is a two terminal device, having two active electrodes, 

between which a semiconductor allows the transfer of current in one direction as 

shown in Figure 2.5a. The current through an actual diode (as with solar cell in 

the dark) as a function of voltage is expressed in equation 2.3 [319,320]:  

                          (2.3) 

Where: I is the net current flowing through the diode; I0 is the dark saturation 

current, which is the diode leakage current density in the absence of light; V is the 

applied voltage across the terminals of the diode; q is absolute value of electron 

charge; k is Boltzmann's constant; T is absolute temperature (K); and n is ideality 

factor, a number between 1 and 2 which typically increases as the current 

decreases. At 300 K and n=1, kT/q = 25.85 mV that is the ‘thermal voltage’. 

When the cell is illuminated it begins to generate power as shown in 

Figure 2.5b. Illuminating a cell adds to the normal ‘dark’ currents in the cell so 

the general equation for an ideal solar cell becomes [288-290]: 

                (2.4) 

Where: I is the cell output current, IL is the light generated current, V is the 

voltage across the cell terminals, T is the temperature, q and k are constants, n is 

the ideality factor.  

http://pveducation.org/pvcdrom/appendicies/constants
http://pveducation.org/pvcdrom/appendicies/constants
http://www.pveducation.org/pvcdrom/appendicies/constants
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The most standard measurement for SCs is the current density (J) versus 

voltage (V), which measures the current density that can be drawn out of the cell 

as a function of voltage applied to the cell. A typical J (V) curve for a solar cell in 

the dark and then under illumination is shown in Figure 2.6. There are several 

other cell characteristics which can be measured from the J (V) curve. 

         

Figure 2.5 Electrical circuit diagram of an ideal photovoltaic cell; (a) without 

illumination, (b) with illumination. 

 

 

Figure 2.6 J (V) curve. The intersection with the x- and y-axis is called the open 

circuit voltage (VOC) and the short circuit current (JSC) respectively. The point 

where the product of J·V is of greatest magnitude is called the maximum power 

point (PMAX) 

 

(a) (b) 
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Air mass coefficient (AM): The sunlight incident angle affects the light intensity 

on the Earth’s surface. Moreover, the atmosphere alters the sun’s radiation by 

absorbing and reflecting selected wavelengths. AM is commonly used to 

characterize the performance of SCs under standard conditions. AM is defined as 

the ratio of the path length of the sun rays through the atmosphere (L) when the 

sun is at a given angle (z), called the zenith angle, to the shortest possible path 

length when the sun is vertical on the Earth’s surface at sea level (L0), that is 

referred to as zenith path length, the air mass coefficient is [291]:  

                    (2.5) 

Figure 2.7 shows several cases of atmospheric effects on solar intensity, 

and describes the parameters in formula (2.5).  AM0 denotes the spectrum outside 

the atmosphere, used to characterize SCs in space power applications such as 

communications satellites.  AM1 denotes the spectrum after passing through the 

atmosphere perpendicular to sea level ( =0°), used to characterize SCs in 

equatorial and tropical regions. 1.5 AM denotes the spectrum after passing 

through the atmosphere at a zenith angle of =48.2°. Actually sunlight passes 

through 1.5 AM at most locations on the Earth, more than one air mass before 

reaching the Earth’s surface. Therefore SCs are generally characterized with a 

normalized spectrum, called AM 1.5 radiation, of 1000 W/m
2
 or 1 sun irradiance 

at 25 
o
C. AM2 corresponds to a solar zenith angle of =60° and AM3 ( =70°) 

used to characterize SCs at high latitudes such as in northern Europe or in 

wintertime.  

http://en.wikipedia.org/wiki/Solar_cell
http://en.wikipedia.org/wiki/Equatorial_climate
http://en.wikipedia.org/wiki/Tropical
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Figure 2.7 Solar irradiance spectrum at the outer edge of the atmosphere (0 am) 

and at the surface of the earth (1.5 am). The inset is schematic diagram of the 

origin of the different AM light spectra. http://www.energyharvestingjournal.com 

 

(ii) Open-circuit voltage (VOC): This is the maximum voltage provided by an 

illuminated photovoltaic device when no external load is connected. This occurs 

when the cell's net output current is zero. VOC is calculated by the equation (2.6) 

[288]: 

                       (2.6) 

Where kT/q is the thermal voltage I0 is the dark saturation current, IL is the light 

generated current, V is the voltage across the cell terminals, T is the temperature, q 

and k = 300 K are constants, n = 1 is the ideality factor, 

The above equation shows that VOC depends on the saturation current of solar 

cells and light-generated current. The saturation current (I0) depends on 

http://www.pveducation.org/pvcdrom/appendicies/constants
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recombination in the solar cells. VOC is then a measure of the amount of 

recombination in the device. Silicon SCs with high quality single crystalline 

materials have  a VOC of up to 730 mV under one sun and AM1.5 conditions, 

while commercial devices of multicrystalline silicon typically have a VOC around 

600mV. 

 (iii) Short-circuit current (ISC): This is the maximum current that flows in a PV 

device when illuminated and its electrodes are connected at zero voltage across 

the solar cell (see Figure 2.6). ISC depends on the area of the solar cell. To remove 

the dependence of the solar cell area, it is more common to list the short-circuit 

current density (JSC in mA/cm
2
) rather than the ISC.  ISC from a solar cell is directly 

dependent on the light intensity and the spectrum of the incident light. For most 

solar cell measurements, the spectrum is standardized to the AM1.5 spectrum.  

(iv) Maximum power point (PMax): (JM, VM) on the J(V) curve is the point where 

maximum power is produced. Power (P) is the product of current and voltage (P = 

IV) and is illustrated in Figure 2.6 as the area of the rectangle formed between a 

point on the J(V) curve and the axes. The maximum power point is the point on 

the J(V) curve where the area of the resulting rectangle is largest [288]. 

PMax = JM x VM                             (2.7) 

(v) Fill factor (FF): The ratio of the actual power a solar cell can supply to the 

maximum predicted by the product of its short-circuit current and its open-circuit 

voltage [288]: 

http://pveducation.org/pvcdrom/appendicies/standard-solar-spectra
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                           (2.8) 

(vi) Power conversion efficiency (PCE or η): The ratio of power output to 

power input. In other words, PCE measures the amount of power produced by a 

solar cell relative to the power available in the incident solar radiation (Pin). Here 

Pin is the sum over all wavelengths and is generally fixed at 1000 W/m
2
 at 25 ºC 

when solar simulators are used [288]. 

              Or                                          (2.9) 

JSC and Voc vary in opposite directions, thus with increasing Eg, VOC increases and 

JSC decreases. 

(vii) Quantum efficiency (QE): This refers to the percentage of photons that are 

converted into electric current when the cell is operating under short circuit 

conditions. External quantum efficiency (EQE) is the fraction of incident photons 

that are converted to electrical current, while internal quantum efficiency (IQE) is 

the fraction of absorbed photons that are converted to electrical current. 

 (viii) Characteristic resistance (RCH): This is the output resistance of the solar 

cell at its maximum power point. RCH can be given as an approximation as in 

equation (2.10a or b) [292]: 

                               (2.10a)    

                          (2.10b) 
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                   (2.10c) 

The area-normalized resistance results from replacing current with current density 

as in Ohm's law and shown in equation 2.10c. To eliminate the effect of the cell 

area on the resistance value, a common unit for resistance (Ωcm
2
) is used when 

comparing the resistance of different SCs. 

Figure 2.8 shows the circuit diagram of a real solar cell model including 

the parasitic series and shunt resistances. The series resistance in a solar cell has 

three causes: firstly, the movement of current through the emitter and base of the 

solar cell; secondly, the contact resistance between the metal contact and the 

semiconductor; and finally the resistance of the top and rear metal contacts. The 

main impact of series resistance is to reduce the fill factor. Low shunt resistance is 

typically due to manufacturing defects, rather than poor solar cell design, and 

causes power loss in SCs by providing an alternate current path for the light-

generated current. Such a diversion reduces the amount of current flowing through 

the solar cell junction and reduces the voltage from the solar cell. In the presence 

of both series and shunt resistances, the equation of the solar cell is given as 

[319]: 

                    (2.11) 

Where: I is the cell output current, IL is the light generated current, I0 is dark 

saturation current, V is the voltage across the cell terminals, T is the temperature, 

q and k are constants, n is the ideality factor, RS is the cell series resistance and 
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RSH is the cell shunt resistance. Like all other semiconductor devices, SCs are 

sensitive to temperature. The increase in temperature reduces the Eg of a 

semiconductor and thereby affects most of the semiconductor’s material 

parameters. A decrease in the Eg of a semiconductor with increasing temperature 

can be viewed as an increase in the energy of the electrons in the material. Lower 

energy is therefore needed to break the bond. Thus increasing the temperature 

reduces the bandgap resulting in reduced VOC and increased ISC. 

 

Figure 2.8 Circuit diagram of a photovoltaic cell model including the parasitic 

series and shunt resistances. 

 

2.2.3 Quantum Dot Solar Cells Configurations 

QDs have been reported as promising third generation SCs [54, 293-297]. 

QDs can be employed in all SCs to reduce cost, enhance absorption and efficiency 

by controlling the size of the QDs, since several properties can change due to any 

decrease in the size of the NPs (see section 1.1) [60, 298]. The major confinement 

effect is an increase in the Eg as the NP size decreases as the CB edge shifts 

upwards while the VB edge shifts downwards. This leads not only to an 

absorption of light with higher energy from the solar spectrum, but also to an 
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increase in the driving force for electron and hole injection into the surrounding 

phases, resulting in direct effects on solar cell performance. QDs have been 

integrated in different types of SCs such as: Schottky SCs [299, 300], depleted 

heterojunction SCs [301, 302], hybrid organic/inorganic SCs [303-305] and 

quantum dot sensitized SCs [306-308]. The structure of different types of QDSCs 

and their PV performance are explored for the sake of comparison. In addition, 

the advantages and disadvantages of each structure are discussed. 

(i) Schottky solar cells 

The Schottky cell is a simple device in which a thin layer (~100 nm) of 

light absorbing QD is applied between transparent conduction electrodes (TCE), 

typically indium tin oxide (ITO) and a metal electrode. The photogenerated 

carriers in the device are separated by a Schottky barrier at the evaporated metal 

contact. Typical metals used are molybdenum, platinum, silver, gold, aluminum, 

chromium or tungsten, and the semiconductor would be n-type silicon or p-type 

QDs. Electrons from the QD thin films are injected into the metal thin film, while 

presenting a barrier for the hole, thus reducing the possibility of electrons being 

transmitted back to TCE. 

Achieving high efficiency in these cells requires carrier extraction before 

recombination, accordingly the mobility of each carrier has to exceed ϕbuilt-in/d
2
, 

where the ϕbuilt-in is the built-in potential, and d is the device thickness. The barrier 

height of the built-in potential can be estimated by equation (2.12) [299, 300]: 

q ϕbuilt-in = Eg - q (ϕm – χ)                       (2.12) 
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Where Eg is the bandgap of the QDs, q is the charge of an electron, ϕm is the work 

function of the metal and χ the electron affinity of the QDs. 

Charge transfer between the metallic contact and the QDs generates band 

bending in the QD layer together with a Schottky barrier that makes the contact 

selective. Notable photocurrents have been achieved [309]. Sketches of the 

Schottky solar cell based on colloidal QDs, and its equilibrium energy-band 

diagrams are shown in Figure 2.9. 

     
 

Figure 2.9  Sketches illustrating the Schottky solar cell based on colloidal QDs. 

Energy-band diagram for the Schottky solar cell. 

The advantages of Schottky SCs are: (i) they can be fabricated easily and 

cheaply as compared to p–n junction SCs, (ii) Schottky SCs are expected to give a 

better spectral response in the shorter wavelength region due to the near surface 

depletion regions. Schottky devices also have shown certain disadvantages: many 

minority carriers (here electrons) must travel the entire film before reaching their 

destination electrode and are therefore more exposed to recombination processes. 

The VOC is often limited by Fermi level pinning due to defect states at the 

metal/QDs interface. Such effects are important in PV as they lead to low VOC 

devices [310]. 
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One of the most efficient Schottky SCs composed of cadmium telluride 

(CdTe) nanorods can produce a power conversion efficiency of about 5.3%, JSC 

~21.6 mA/cm
2
, an VOC ~540 mV and a FF ~45.5%. This is among the highest 

efficiency reported for this type of device [300]. 

Table 2.2 summarizes the photovoltaic performance of the best Schottky SCs 

based on PbS colloidal QD. The table shows that all the high performance cells 

are composed of PbS colloidal QDs sandwiched between glass/ ITO on one side 

and Al or Ag the mostly used metals on the other with ultrathin layers of LiF (1-4 

nm) deposited just beneath the metal layer. The variation in cell performance 

results from the different ligands which are used with PbS colloidal QDs in 

addition to a difference in thickness of the PbS colloidal QDs layers. The most 

common PCE is 4% [301] where a benzenedithiol (BDT) ligand is used to replace 

oleic acid, cross links and bridges to the QDs. The thickness of the PbS colloidal 

QDs layer is in the range of 100 to120 nm, the thickness of LiF layer is 1 nm in 

order to provide a good lattice match with Ag, and there is 120 nm of Ag on the 

top. Since the Al and Ag devices were built using identical colloidal QD films, it 

can be concluded that the loss of device performance is dominated by degradation 

at the Schottky contact. Ag is less reactive than Al [299] and results in a more 

stable Schottky contact with PbS QD films. 
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Table 2.2 Summary of device architecture and photovoltaic performance of PbS 

QDs based Schottky solar cells. 

Structure Ligand PCE (%) Jsc (mA/cm2) Voc (V) FF (%) Ref. 

ITO/PbS/LiF/Al 1,4-BDT 4 14.45  0.46 60 [18] 

ITO/PbS/LiF/Al/Ag 

(3.7) nm 

TMPMDTC  3.6 14 0.51 51 [19] 

ITO/PbS /LiF/Al 

(4.5 nm) 

1,3- (BDT) 3.8 12.1 0.54 59 [20] 

ITO/PbS /Al n-

butylamine 

1.8 12.3 0.33  [21] 

ITO/PbS/LiF/Al/ 

Ag 

EDT 1.72 7.8 0.47  55 [22] 

ITO/PbS/LiF/Al/Ag 
(3 nm) 

EDT 2.15 8.57 0.46 54.5 [23] 

ITO/PbS 

QD/Mg/Ag 
 0.68 7.2 0.25 38 [24] 

ITO/PbS/LiF/Al  3.8 11.3   0.57 58 [21]  

ITO/PbS/Al  1.8 12.3   0.33 44 [26]  

ITO/PbS/LiF/Al  2.2 8.6   0.46 55 [27]  

ITO/PbS/LiF/Al  3.9 11.4   0.55 64 [28] 

ITO/ZnO/PbS/Au 

(3.7 nm) 

MPA   2.25  8.85 0.52 0.49 [29]  

 

Where BDT is benzenedithiol in acetonitrile, TMPMDTC: N-2, 4, 6-

trimethylphenyl-N-methyldithiocarbamate, EDT is 1, 2- ethanedithiol, and MPA 

is mercaptopropionic acid. The numbers below the cells structures such as (3.7nm, 

4.5nm) denote the PbS NPs size. 
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(ii) Depleted heterojunction solar cells 

Depleted heterojunction solar cells consist of a p-type QDs layer 

sandwiched between an n-type wide bandgap semiconductor (electron 

transporting) such as TiO2 or ZnO layers and a metal electrode. Carrier separation 

takes place at the QDs/ n-type nanostructure oxide interface. In such structures 

electrons flow toward the TiO2 or ZnO layer rather than the evaporated metal 

contact, back electron transfer from ZnO to QDs is suppressed by the built-in field 

of the depletion region, thus creating an inverted polarity. Moreover, hole transfer 

to the evaporated metal contact and back electron transfer to QDs is prohibited 

which allows efficient carrier separation at the QDs/ZnO interface [302]. Sketches 

of depleted heterojunction solar cells based on colloidal QDs, and its equilibrium 

energy-band diagrams are shown in Figure 1.10.  

       

Figure 2 10 Sketches illustrating the depleted heterojunction cell solar cell based 

on colloidal QDs. Energy-band diagrams for the depleted heterojunction solar cell 

(right). 
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Schottky SCs show a depletion layer that arises from charge transfer from 

the electron accepting contact to the p-type QDs film. Since metals have a very 

high free electron density (~10
22

 cm
-3

), there is a negligible depletion region on 

the metal side of the Schottky junction. Depleted heterojunction SCs overcome 

this limitation because the n-type wide bandgap semiconductor (TiO2) electrode is 

partially depleted in view of its much lower carrier density (~10
16

 cm
-3

). Also 

depleted heterojunction design benefits from minority carrier separation due to the 

placement of the junction on the illumination side. Although the photocurrents 

achieved in this case are smaller than for Schottky cells, improved open circuit 

voltages are obtained [22]. 

Table 2.3 summarizes the photovoltaic performance of the best depleted 

heterojunction SCs based on PbS colloidal QDs. The table shows that all the high 

performance cells are composed of PbS colloidal QDs sandwiched between a 

TiO2 layer that is deposited on glass/fluorine doped tin oxide (FTO) on one side 

with Au the most used metal on the other. Sometimes ultrathin layers of MoO3 or 

NiO (10 nm) are deposited just beneath the metal layer. Table 2.3 shows that 

variation in cell performance results from the different ligands which are used 

with PbS QDs in addition to a difference in the size of PbS NPs. As well as the 

shape, size or doping with other metal oxides of TiO2 or ZnO, NPs have a major 

effect on cell performance. Cells with FTO/TiO2/PbS/Au architecture reached a 

PCE of more than 5% where MPA in methanol is used with 3.7 nm PbS NPs. 

With an increase in the size of the NPs, a decrease in PCE is observed and is 

related to a decrease of the VOC. With such a decrease in bandgap the VOC will 

decrease, since the VOC is proportional to the bandgap of the active NP layers in 
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this type of depleted heterojunction SC [30, 31]. An obvious enhancement of the 

PCE is noticed by utilizing other metal oxides such as ZnO, SiO2, and Nb2O5 to 

TiO2 [31] and using TBAII for ligand exchange since the OA chain is substituted 

by iodide ions with a high PCE [24]. An additional 6% PCE improvement is 

achieved by utilizing ZnO nanowires in the cell structure and using CTAB for 

ligand exchange of PS QDs [32]. The most common PCE is 7.4% with 

FTO/ZnO/TiO2/PbS/MoO3/Au solar cell structure, which is the highest reported 

efficiency rate among all the QD SCs to date, where PbS colloidal QDs are treated 

with two types of ligand: inorganic and organic; including halide anions (Cl) 

which are used as very short ligands to replace oleic acid, and MPA in methanol 

which is used to cross link and bridge the QDs [21]. 
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Table 2.3 Summary of device architecture and photovoltaic performance of PbS 

CQD based depleted heterojunction solar cell. 
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Where MPA is 3-mercaptopropionic acid, HTAC is hexadecyltrimethyl 

ammonium chloride, TBAI is tetrabutyl ammonium iodide, and Nb2O5 is Niobium 

ethoxide. TBAT-SCN
 

is
 

tetrabutylammonium thiocyanate salt dissolved in 

anhydrous methanol to treat the oleic acid capped PbS QDs layer, this step 

produced halide-passivated PbS QDs film. 
 

(iii) Hybrid organic/inorganic solar cells 

Hybrid SCs are conceptually similar to organic SCs since p-type and n-

type organic semiconductors are sandwiched between two electrodes. The only 

difference is that the organic electron accepting material of PCBM (or other 

fullerene derivatives) is replaced by inorganic NPs. This could be in the form of 

QDs and organic semiconductors deposited on top of each other or the QDs 

dispersed in an organic semiconductor matrix. Also there are more complex 

nanostructures like nanorods, nanowires or tetrapods, mixed with a polymers such 

as cadmium selenide (CdSe), cadmium sulfide (CdS), cadmium telluride (CdTe), 

lead selenide (PbSe) and lead sulfide (PbS) QDs that act as both electron 

transporting phases and light absorbers (together with the polymer). The greatest 
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efficiency is 3.2%, based upon a PCPDTBT polymer donor and a CdSe NP as 

theacceptor. This device exhibited a JSC of 10.1 mA/cm
2
, a VOC of 0.68 V and an 

FF of 51% [42]. Sketches of hybrid organic/inorganic solar cells based on 

colloidal QDs   and the equilibrium energy-band diagram are shown in Figure 

2.11.  

  
Figure 2.11 Sketches illustrating the hybrid bulk heterojunction solar cell based 

on colloidal QDs. Energy-band diagrams for the hybrid bulk heterojunction solar 

cell. 

The advantage of hybrid systems is getting the benefits of both organic 

and inorganic semiconductors in one device. Very thin films of organic 

semiconductors can be used in hybrid SCs because they possess very high light 

absorption coefficients and simple processing [311], employing inorganic NPs as 

acceptor materials with organic semiconductors adds a number of advantages to 

hybrid SCs which are: (i) the enhancement of environmental stability [312]; (ii) a 

high contribution of light absorption due to the NPs large surface area [42, 313, 

314] as well as the benefits of quantum confinement effects [315]. (iii) High 

charge carrier mobility leading to the faster transfer rate of photoinduced charge 

carriers to organic semiconductors. This transfer rate has been observed in the 

order of picoseconds [316]. (iv) Utilizing inorganic nanostructures such as 
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nanotubes with shapes that are aligned vertically on the substrate within the 

organic semiconductor matrix, leading to efficient excitonic dissociation and 

electron transport [317]. 

Although the above-mentioned advantages associated with inorganic NPs 

exist, currently the performance of hybrid SCs is lower than organic SCs. Thus 

the interface between the QDs and organic semiconductor has to be enhanced. 

Also the surface morphology has to be improved to assist a continuous pathway 

for transporting the charge [318]. 

Table 2.4 summarizes the photovoltaic performance of the best hybrid 

organic/inorganic SC architecture based on PbS colloidal QDs reported to date. 

The table shows that the highest PCE (3.7 %) is achieved by a combination of PbS 

QDs with PCBM when LiF buffer layers are deposited just beneath the Al 

electrode to stop the migration of Al atoms into the device [41]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



55 

 

 

Table 2.4 Summary of device architecture and photovoltaic performance of PbS 

QD based hybrid solar cell. 

Where PEDOT:PEG (PC) is poly (3,4-ethylenedioxythiophene): poly(ethylene 

glycol) (PEDOT:PEG) doped with perchlorate (PC) in nitromethane, and NW for 

nanowire. RG-1200 is organic conductive ink of sulfonated poly(thiophene-3-[2-

(2-methoxyethoxy)- ethoxy]-2,5-diyl) in ethylene glycol monobutyl ether/water 

(3:2). BDT is 1, 3-benzenedithiol [20]. 

 

(iv) Quantum dot sensitized solar cells (QDSSCs) 

QDSSCs are conceptually similar to dye-sensitized SCs (DSSCs) and first 

appeared in 1991 [319].  They have similar principles and structure. The only 

difference between QDSSCs and DSSCs lies in the sensitizer that harvests the 

sunlight. In DSSCs organic or metal–organic complex dye molecules are utilized 

while in the case of QDSSCs the dye molecules are replaced by inorganic 

semiconductor QDs [8, 319-322]. Recently,  various QDs have been used for 

QDSSCs such  as CdS [323], CdSe [324], CuInS2 [325], Sb2S3 [326, 327] and PbS 

Structure Ligand  PCE (%) JSC (mA/cm2) VOC (V) FF (%) Ref. 

ITO/PbS/PCBM/Mg/ 

Ag 

Butylami-

ne, EDT 

1.68 14.0 0.24 50 [24] 

ITO/PbSQD/ 

PCBM/Mg/Ag 
EDT 1.3 4.2 0.47 62 [24] 

graphene/PEDOT:PEG 

(PC) / ZnO nanowires/ 
PbS QD/ MoO3/Au 

BDT  3.8  22.5  0.49  34.4  [20] 

graphene /RG-1200 

/ZnO NW/ PbS QD/ 

MoO3/Au 

BDT  3.3  18.5  0.54 33.3  [20] 

Au/P3HT/PbS/ITO  0.02 0.13 0.4 38 [38] 

ITO/PbS/C60/LiF/Al  2.2 10.5 0.4 52 [39] 

ITO/PEDOT:PSS/PbS/ 

PDTPQx/Al 
 0.55 4.2 0.38 34 [40] 

ITO/PbS/PCBM/LiF/ 

Al 
 3.7 10 0.59 63 [41] 

FTO/TiO2/PbS/P3HT/ 

PEDOT:PSS/Au  
EDT  2.0 8.9 0.53 42.8 [43] 
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[328], where QDs sensitizers attached to a wide bandgap oxide (TiO2, SnO2, ZnO, 

etc.) electrode and absorbs incident light and generates excitons (electron–hole 

pairs), which are subject to dissociation at the QDs/ wide bandgap oxide interface. 

The excited electrons are transferred to the wide bandgap oxide nonporous 

electrode, resulting in oxidation of the QDs. The oxidized QDs accept electrons 

from redox mediators regenerating the ground state of QD sensitizers. 

Consequently, the oxidized mediator diffuses to the counter electrode. The 

injected electrons in the wide bandgap oxide are transported through the external 

load to the counter electrode, where they are reduced. Sketches of QDSSC based 

on colloidal QDs, and its equilibrium energy-band diagram are shown in Figure 

2.12.  

      
Figure 2.12 Sketches illustrating the QDSSC based on colloidal QDs. Energy-

band diagrams for the QDSSC. 

 

QDs have several advantages over conventional dyes: due to tunable size 

the bandgap of QDs match the solar spectrum. Also their large intrinsic dipole 

moments can lead to rapid charge separation and a large extinction coefficient, 

which is known to reduce the ‘dark’ current and increase overall efficiency. QDs 
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also provide new chances to generate multiple excitons with a single photon. With 

all the advantages, the best efficiency reported for QDSSCs is 6.5% using 

perovskite (CH3NH3) PbI3 nanocrystals [329], whereas the first DSSCs exhibited 

efficiency near to 8 % without particular optimization [319-322]. A recent PCE of 

12% has been reported [8].  

Table 2.5 summarizes the photovoltaic performance of the best QDSSCs 

architecture based on PbS colloidal QDs reported to date. In this type of solar cell 

PbS NPs are applied on the electron acceptor layer mostly using the SILAR 

method but without applying ligand exchange or cross linker materials. Taking 

into consideration that PbS QDSSCs performance is still low compared to other 

semiconductor QDs (CdS, CdSe) due to a lesser injection of electrons to the 

electron transport layer (wide gap semiconductors) and the instability of PbS in 

redox electrolytes, etc. [114, 330]. Table 2.5 shows that almost all PbS NP layers 

are combined with CdS NP layers to improve the cell performance, because 

ultrathin layers of CdS passivate the PbS layer surface that leads to recombination 

reduction of photo-injected electrons with the electrolyte and thus enhances the 

overall performance of the SCs. The greatest PCE obtained for the PbS QDSSC is 

4.2%, where the electron acceptor layer is composed of TiO2. The sensitizer is 

PbS NPs passivated by CdS NPs, the electrolyte is polysulfide, and the counter 

electrode is CuS on a brass sheet [44]. Little has been reported on PbS QDSSCs 

where the electron acceptor layer is ZnO and only recently ZnO nanorods were 

utilized and shown to exhibit low photovoltaic performance with an efficiency of 

2.3 % [46]. Despite the active research on QDSSCs the performance of these 

devices are still poor compared with DSSCs. The low efficiencies of QDSSCs are 
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often attributed to QDs surface states, which are also called trap states, and may 

interfere with electron injection from QDs into TiO2, or back electron transfer that 

may occur at the solid–liquid interface. Another major concern that limits the PCE 

is the corrosion of QDs in a liquid electrolyte [308]. 

 Table 2.5 Summary of device architecture and photovoltaic performance of PbS 

QDs based QDSSC. 

 

 (v) Quantum funnels (QF), quantum junction (QJ), and heterojunction (HJ)    

QD solar cells 

These three QDSCs were discovered most recently. Their configurations 

are considered as a development on previous depleted heterojunction SCs. They 

aim to enhance the connection between QDs and wide bandgap semiconductors. 

A quantum funnels solar cell (QFSC) with a PCE of 2.7% was 

demonstrated by Sargent, et al [331]. They built their graded device by applying 

the layer-by-layer technique involving a sequence of layers consisting of QDs 

selected for different size and thus different Eg and consequently various electron 

Structure PCE (%) JSC (mA/cm2) VOC (V) FF (%) Ref. 

TiO2/PbS/CdS/polysulfise/CuS 4.2 22.3 0.416 45.3 [44] 

FTO/ TiO2  nanorods /PbS/CdS/ 

polysulfise/Pt 

1.3% 10.40  0.47  27  [45] 

FTO/ZnO nanorods/PbS /CdS / 

CdSe /  polysulfide / CuS 

2.352 12.2  0.621  31  [46]  

FTO/TiO2/PbS/polysulfide /Pt 0.61 4.80  0.474 27  [47]  

FTO/TiO2/PbS/CdS polysulfide 
/Pt 

0.15 1.21  0.347 35 [47] 

FTO/TiO2/ CdS/ PbS/ polysulfide 

/Pt 

2.02 11.5  0.581 30 [47] 

FTO/TiO2/  CdS/ PbS/ polysulfide 

/ Cu2S/ carbon (Cu2S/C) 

  3.82 18.84  0.444 45.7 [48] 
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affinities. PbS colloidal QDs with a larger are first deposited onto the TiO2 layer 

then QDs of a smaller size are deposited as the upper layers. The PbS QDs sizes 

were 4.7 nm, 4.5 nm, 4.3 nm, 4.2 nm and 4 nm and their corresponding Eg values 

were 1.06, 1.15, 1.25, 1.30 and 1.35, respectively. The quantum funnels contribute 

a driving force for photoelectrons from their point of generation towards the 

electron acceptor layer. 

A quantum junction solar cell (QJSC) with a PCE of 5.4% was 

demonstrated by the same group [332]. They employed a p-type PbS QDs layer 

then an n-type PbS QDs layer on top of each other to form a junction in which 

both the p and n type QDs were made of the same semiconductor material, 

obtained by different doping leading to a gradual decrease in the CB and VB from 

the p to n type material. This generated a depletion region for efficient carrier 

separation and collection. See Table 2.6. 

A heterojunction quantum dot solar cell (HJ-QDSC) is the same as QJSC 

except the p and n type QDs are made of different semiconductor materials. 

Several n-type materials such as CdS and Bi2S3 have been combined to PbS QDs 

in a core shell structure [333]. Two planar layers on top of each other [334, 335], 

or as bulk, where the n type material is employed as vertically oriented nanotubes, 

or nanorods, provided electrons with a direct pathway to the electrode. The two p- 

and n- type materials are blended and dispersed in a solution then utilized for a SC 

[336]. Table 2.6 shows the highest PCE achieved by HJSC at 4.8% which resulted 

from a blend combination of PbS: Bi2S3 in HJ-QDSC as the active light absorbing 
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layer. This is the highest PCE from this combination to date [335]. While the 

highest PCE for a PbS: CdS combination in HJ-QDSC was 3.5% [334].  

Table 2. 6 Summary of device architecture and photovoltaic performance of PbS 

QDs based quantum funnel, quantum junction, and heterojunction solar cells, 

(QFSC), (QJSC), and (HJSC), respectively:  

Where, EDT is 1,2-ethanedithiol, MPA is 3-mercaptopropionic acid, MPMDS is 

3-mercaptopropyl methyldimethoxysilane, TMAOH is tetramethylammonium 

hydroxide, TBAI is tetrabutylammonium ioidide 

 

Structure Ligand PCE (%) Jsc (mA/cm
2
) Voc (V) FF (%) Ref. 

FTO/ TiO2/ PbS graded/ 

Au. (QFSC) 
 2.7 11.2 0.51 47 [331]  

ITO/ p-type PbS/  

MPMDS n-type PbS/ Al/ 

Ag.  (QJSC) 

TMAOH for 

p-type PbS. 

TBAI for  n-

type PbS. 

5.4 22.2 0.52 47 [332]  

ITO/ PbS QD/CdS/Al/Pt 

(HJSC) 
EDT 3.5 15.3 0.54 42  [334] 

ITO/PbS/a-Si/Al (HJSC)  0.7 8.99 0.20 39 [337] 

ITO/SnS/PbS/Al (HJSC)  0.37 7.22 0.35 32 [338] 

ITO/ PbS QD/ Bi2S3/ Ag  

(HJSC) 
 1.46 6.81 0.42 51 [336] 

ITO/PbS QD/PbS:Bi2S3/ 

Bi2S3 NP/Ag  (HJSC) 

MPMDS  

and EDT 
4.87 24.2 0.40 50 [336] 

ITO/CdS/PbS-QD/Au/Pt 

2.9 nm (HJSC) 
EDT 2.45 12 0.56 36.5 [335]  

FTO/TiO2 nanorod arrays 

/PbS/CdS core shell 

QDs/MoO3/Au   (HJSC) 

MPA 2.14 7.58 0.501 56 [333]  

FTO/TiO2 nanorod arrays/ 

PbS/ CdS core shell QDs/ 

PEDOT:PSS/ Au (HJSC) 

MPA 1.05 5.61 0.423 44 [333] 

FTO/ TiO2 nanorod arrays/ 

PbS/ MoO3/ Au  (HJSC) 
MPA 1.53 7.94 0.497 39 [333] 

FTO/TiO2 anorodarrays/ 

PbS/PEDOT:PSS/Au  

(HJSC) 

MPA 1.16 6.14 0.425 44 [333] 

ITO/PEDOT:PSS/PbS/Zn

O/Al (3.7 nm)  (HJSC) 
MPA 4.21 12.9 0.58 55 [339] 
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Figure 2.13 shows schematic diagrams for the planar (hetero or quantum) 

junction solar cell structure based on colloidal QDs, and its equivalent energy-

band diagram. Figure 2.14 shows schematic diagrams for the bulk (hetero or 

quantum) junction solar cell structure based on colloidal QDs, and its equivalent 

energy-band diagram.  

    
Figure 2.13 Sketches illustrating the planar (hetero or quantum) junction solar 

cell structure based on colloidal QDs. Energy-band diagrams for the planar 

(hetero or quantum) junction solar cell structure. 

    
Figure 2.14 Sketches illustrating the bulk (hetero or quantum) junction solar cell 

structure based on colloidal QDs. Energy-band diagrams for the bulk (hetero or 

quantum) junction solar cell structure. 
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CHAPTER THREE 

EXPERIMENTS: SYNTHESIS AND 

CHARACTERIZATION OF QDSCs 

 

This chapter describes materials used and both the synthesis and 

characterization methods for different types of nanoparticles (NPs) used as 

composites in QDSC heterojunctions. 

3.1 Quantum Dots Synthesis and Characterization 

3.1.1 ZnO Nanoparticles (NPs) 

ZnO NPs were synthesized using zinc acetate dehydrate [Zn (CH3COO)2. 

2H2O] with 99.9% purity; sodium hydroxide (NaOH) from Sigma-Aldrich (USA); 

ethanol (C2H5OH) from Molar Chemicals Ltd (Hungary); and nitrogen gas (N2) 

(UAE) with 99.9% purity. ZnO NPs were produced using a thermal chemical 

process similar to that described by Chen, et al [340]. A constant concentration of 

Zn(CH3COO)2.2H2O (1.81 mmol) was used in preparing the samples, while the 

concentration of NaOH varied from 0.91 to 7.27 mmol. NaOH was dissolved in 

100ml of ethanol with rigorous magnetic stirring for 15 min. The precursor 

solution was then heated to 60º C for 1 hour while stirring producing ZnO NPs 

dispersed in ethanol. The solution was then allowed to cool to room temperature. 

The wurtzite structure of ZnO crystals in a general hexagonal lattice structure is 

shown in Figure 3.1. The chemical reaction for ZnO NP preparation can be 

described as follows [341]: 
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5Zn(H3COO)2·2H2O→Zn5(OH)8(CH3COO)2 + 2CH3COOH 

Zn5(OH)8(CH3COO)2 + 2NaOH→5ZnO + 2NaCH3COO + 5H2O 

Seven samples of ZnO NPs with different sizes were prepared using the 

following concentrations of NaOH: 0.91, 1.81, 2.27, 2.72, 3.18, 3.64 and 7.27 

mmol. All ZnO NPs dispersed in ethanol were clear and transparent except for the 

last sample that turned white. 

Another approach was used to produce different sizes of ZnO NPs using a 

microwave reactor (CEM, Discover-SP system, 909156, USA). Microwave 

irradiation was used instead of conventional thermal heating to shorten the 

reaction time and reduce the energy costs. Zn(CH3COO)2.2H2O and NaOH were 

dissolved in ethanol at room temperature using the molar ratios mentioned 

previously. To complete the reaction and the nucleation process the solution was 

exposed to microwave radiation for 15 minutes at 60ºC at 300W and an operating 

frequency of 2455 MHz with rigorous magnetic stirring. These were found to be 

the optimum parameters for investigating the reduction of NP size as a function of 

NaOH concentration. The resulting NP size was in the range of 10–65nm. 

Increasing either the microwave power or the duration of irradiation increases the 

average size of ZnO NPs. 

The morphology of ZnO NPs placed on carbon coated copper grids was 

visualized by a JEOL (JSM-5600, Japan) scanning electron microscope (SEM). 

The NP size distribution for each sample was characterized by a dynamic light 

scattering technique using a Zeta sizer from Malvern Instruments (Model 
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ZEN360, England). The optical properties of the NPs were investigated at room 

temperature by measuring the ultraviolet–visible (UV-vis) absorption and the 

photoluminescence (PL) of NPs dispersed in ethanol using a UV-vis 

spectrophotometer (Shimdzu, UV-2450) and a spectrofluorimeter (Cary Eclipse 

Fluorescence Spectrophotometer, Varian), respectively. In order to explain the 

origin of the yellow emissions, the NPs were exposed to UV light at a 365nm 

wavelength under either ambient air or nitrogen gas (N2) environments. 

   

Figure 3.1 Schematic of (a) ZnO wurtzite unit cell (b) ZnO wurtzite structure (c) 

General hexagonal crystal structure. 

 

3.1.2 TiO2 Nanoparticles (NPs) 

TiO2 nanopowder rutile form with an NP size of ~ 5nm and 99.7% purity 

was purchased from Sigma Aldrich (USA). TiO2 NPs were suspended in ethanol 

with a concentration of 15mg/1ml, with magnetic stirring for 1 week and 

sonication for 15 minutes. The resulting TiO2 NP ethanol suspension was applied 

to the substrate (see section 3.2.2.) Figure 3.2 shows the tetragonal crystal 

structure of TiO2. Each unit cell consists of 15 atoms with 9 titanium atoms and 6 

oxygen atoms. 

(a) (b) (c) Zn 

O 
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Figure 3.2 Schematic of TiO2 tetragonal unit cell crystal structure. 

3.1.3 PbS Quantum Dots 

PbS QDs were synthesized using the following chemicals: lead acetate 

trihydrate (Pb (CH3COO)2.3H2O, 99.9%), oleic acid (OA, technical grade 90%) 

with the formula CH3(CH2)7CH=CH(CH2)7COOH, 1-octadecene (ODE, technical 

grade 90%) and hexamethyldisilal-thiane (TMS). Ethanol (C2H5OH) was 

purchased from Molar Chemicals Ltd (Hungary); acetone (99.8%) was purchased 

from Panreac (Spain) and n-hexane (95.0%) was purchased from TEDIA (USA).  

PbS QDs were prepared as previously reported [334] using a thermal 

chemical process. In summary, 1.138 g (Pb (CH3COO)2.3H2O, 99.9%) was 

dissolved in a mixture of 2.1 mL of OA and 30 mL of (ODE) at 100°C for 8 

hours. Then the solution’s temperature was raised to 120°C and at this point a 

mixture of 0.315mL TMS and 15mL of ODE was injected swiftly into the Pb 

precursor solution. After stopping the heat the solution was kept on the heating 

mantle to cool. PbS QDs were extracted by the addition of around 50 ml of 

acetone to the solution, stirring for 5 minutes and centrifugation at 5000 rpm for 

30 minutes to cause precipitatation. They were then purified twice by 

centrifugation and precipitation: first with ethanol and secondly with acetone. 
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Finally, they were redispersed in hexane with aconcentration of 10% and saved to 

be used later, or they can be redispersed in toluene with the same concentration. 

Figure 3.3 shows the cubic structure of PbS crystals, also called the halite 

structure, which is related to the sodium chloride (NaCl) cubic crystal structure.  

The morphology of the PbS NPs was then visualized using a scanning 

electron microscope (SEM, JEOL, JSM- 5600, Japan). Samples were prepared on 

carbon-coated copper grids. The NP size distribution for each sample was 

characterized by a dynamic light scattering (DLS) technique using a Zeta sizer 

from Malvern Instruments (Model ZEN360, England). The ultraviolet-visible 

(UV-Vis) absorption was measured using a UV-Vis spectrophotometer (Shimdzu, 

UV-2450). 

 

Figure 3.3 Schematic of PbS cubic crystal structure. 

3.1.4 CuO Nanoparticles  

CuO nanoparticle colloids were synthesized in dimethylformamide 

(CH3)2NC(O)H (DMF) with a purity of 99.0% (Sigma-Aldrich, USA) using a 

microwave reactor (CEM, Discover-SP system, 909156, USA). The procedure is 

described as follows: 60mg of copper(II) acetate monohydrate 

http://en.wikipedia.org/wiki/Sodium_chloride
http://en.wikipedia.org/wiki/Sodium
http://en.wikipedia.org/wiki/Sodium
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(Cu(CH3COO)2.H2O) with a purity of 99.8% (Sigma-Aldrich, USA) was 

dissolved in 50ml of DMF woth rigorous magnetic stirring for about 3 hours at 

room temperature. The solution was aged for 24 hours before being exposed to 

microwave radiation at 45C at 300W with an operating frequency of 2455 MHz. 

The solution was kept under rigorous magnetic stirring until the reaction and the 

nucleation process was complete. The working cycle of the microwave reactor 

was set as 30 seconds on and 15 seconds off. In order to monitor the particle size, 

the on/off heating procedure was repeated 36 times and average particle size 

measurements were taken every 30 seconds. The particle size was found, in 

general, to decrease as the reaction time increased. Figure 3.4 represents the CuO 

crystal structure, part of the monoclinic crystal system, where copper atoms are 

combined with 4 oxygen atoms in an approximately square planar configuration. 

CuO NP formation can be described according to the following reaction [342, 

343]: 

Cu(CH3COO)2.H2O + (CH3)2NC(O)H → CuO+ CH3COO2CHN(CH3)2 + H2O 

In a typical synthesis of CuO particles, a gradual color change from 

greenish blue to dark brown is noticed and can be inferred as a change in particle 

size. The gradual changes in the color of the solution during the synthesis stages 

are shown in Figure 3.5. During the first stage of dissolving Cu(CH3COO)2.H2O 

in DMF a blue color was noticed. After 3 hours of mixing, the color changed to 

light green and then became slightly darker after one day. The particle size at this 

stage was microscale because the reaction was still going on. After repeating the 

working cycle of the microwave reactor 10 times, the color changed to dark green 
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and the colloidal CuO particles were formed with an average size of about 25nm. 

With an increase in working cycle times, the color changed to yellowish dark 

green and the CuO NP average size at this stage was less than 10nm. Repeating 

the cycle 30 times changed the color to brown and the average NP size was 

reduced to less than 5 nm.  

The morphology and size of the prepared CuO NPs were visualized using 

a scanning electron microscope (SEM, JEOL, JSM-5600, Japan) and a 

transmission electron microscope (TEM, FEI, Tecnai G20), respectively. The NP 

size distribution was determined by a dynamic light scattering (DLS) technique 

using a Zeta Sizer (Malvern Instruments, Model ZEN360, England). The UV-

Visible absorption spectrum was measured using a UV-visible spectrophotometer 

(Shimdzu, UV-2450). PL measurements were carried out using a 

spectrofluorimeter (Varian, Cary Eclipse Fluorescence Spectrophotometer). 

 

Figure 3.4 Schematic of (a) CuO crystal structure (b) CuO unit cell.  
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Figure 3.5 Gradual change in solution color during the synthesis stages (a) as 

precursors dissolved, (b) 3 hour stirring (c) 24 hour aging, (d–g ) microwave 

progress in decreasing CuO NPs size, cycles were repeated 10, 20, 28, 34 times, 

respectively.  

 

3.1.5 CdS Nanoparticles 

The chemicals used to prepare the CdS were cadmium nitrate tetrahydrate 

(Cd (NO3)2 4H2O, 98.5%) and sodium sulfide pentahydride (Na2S 5H2O, 98%) 

which were purchased from Sigma-Aldrich (USA); methanol (99.8%) was 

purchased from Panreac (Spain). Successive ionic layer adsorption and reaction 

(SILAR) technique was used to deposit CdS NPs on a substrate. Cadmium (Cd) 

and sulfur (S) precursors were prepared in advance. 1.54 g (Cd (NO3)2.4H2O) and 

0.3902 g (Na2S.5H2O) were each dissolved in 100ml solutions of methanol and 

distilled water (1:1 v/v). The substrate was dipped into the Cd precursor solution 

for 1 minute to absorb Cd ions into the substrate which were then rinsed with 

methanol for 10 seconds to remove loosely bound Cd ions. They were then dipped 

for another minute into S precursor solution, where S ions reacted with 

preadsorbed Cd ions to form CdS NPs on the substrate. They were then rinsed 

again with methanol for 10 seconds to remove unreactive S ions and loosely 

b

  

a

  

g

  

(a) (b) (c) (d) (e) (f) (g) 
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bound CdS material from the surface of the substrate and to finish the cycle as 

shown in Figure 3.6. By repeating the cycle many times, the thickness of the CdS 

NPs layer increased and took on a shiny yellow color.  

Other samples of CdS NPs were prepared by mixing the same volume as 

the two previously prepared Cd and S precursor solutions. The two solutions were 

mixed via magnetic stirring for 5 minutes at room temperature. A yellow solution 

was formed, that is evidence of CdS production. CdS NPs were precipitated by 

centrifugation at 4000rpm for 10 minutes, then washed with distilled water and 

methanol the first time, and with methanol another two times before being finally 

dispersed in methanol. Figure 3.7 shows that the crystal structure of CdS is similar 

to ZnO, which is a hexagonal wartzite structure.  

The NP size distribution was determined by a dynamic light scattering 

(DLS) technique using a Zeta Sizer (Malvern Instruments, Model ZEN360, 

England). The morphology of the CdS NP layer was visualized by scanning with 

an electron microscope (SEM, JEOL, JSM- 5600, Japan). 

 

Figure 3.6 Schematic of successive ionic layer adsorption and reaction (SILAR) 

technique used for deposition of CdS NPs layer. 
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   Cd=S 

Figure 3.7 Schematic of CdS hexagonal wurtzite crystal structure. 

3.1.6 Bi2S3 Particles 

The chemicals used to prepare Bi2S3 were bismuth nitrate tetrahydrate (Bi 

(NO3)3 .4H2O, 98.5%) and thioacetamide (CH3–CS– NH2, 99%) which were 

purchased from Sigma-Aldrich (USA). The SILAR technique was used to deposit 

Bi2S3 on the substrate. Bismuth (Bi) and sulfur (S) precursors were prepared in 

advance: 0.145 g (Bi (NO3)3.4H2O) and 0.030 g (CH3–CS– NH2) each was 

dissolved in 100ml of distilled water and kept at 60ºC during the whole SILAR 

cycle so the reaction can take place. The substrate was dipped into Bi precursor 

solution for 1 minute to absorb Bi ions into the substrate. It was then rinsed with 

distilled water for 10 seconds to remove loosely bound Bi ions and then dipped 

for another minute into S precursor solution, where S ions reacted with 

preadsorbed Bi ions to form Bi2S3 NPs on the substrate. It was then rinsed again 

with methanol for 10 seconds to remove unreactive S ions and loosely bound 

Bi2S3 material from the surface of the substrate before being dried on a  hot plate 

at 60ºC to finish the cycle as shown in Figure 3.8. By repeating the cycle for a 
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certain number of times, the thickness of the Bi2S3 particle layer increased and 

took on a shiny dark brown color.  

Another sample of Bi2S3 particles was prepared by mixing the same 

volume as the two previously prepared Bi and S precursor solutions. The two 

solutions were mixed with magnetic stirring for 10 minutes at 60ºC. A dark brown 

solution was formed that is an evidence of Bi2S3 production. Bi2S3 particles were 

precipitated by centrifugation at 4000rpm for 10 minutes, then washed with 

distilled water and methanol the first time before being washed with water two 

more times and finally dispersed in water. Figure 3.9 shows the orthorhombic 

crystal structure of Bi2S3, each unit cell consist of 4 molecules, with two bismuth 

atoms and 3 sulfide atoms in each molecule, thus each unit cell consist of 20 

atoms. 

The particle size distribution was determined by a dynamic light scattering 

(DLS) technique using a Zeta Sizer (Malvern Instruments, Model ZEN360, 

England). The morphology of the prepared Bi2S3 particle layer was visualized by 

scanning with an electron microscope (SEM, JEOL, JSM- 5600, Japan). 

 

Figure 3.8 Schematic of (SILAR) technique used for deposition of Bi2S3 layer. 
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Figure 3.9 Schematic of Bi2S3 orthorhombic crystal structure.  

3.1.7 Reduced GO  

Graphene oxide (GO) is a graphene sheet functionalized with oxygen 

groups in the form of epoxy on the basal plane and other defects that result from 

oxidation such as hydroxyl groups (OH) that are on the basal plane or at the 

edges. Carboxyl groups (COOH) at the edges as shown in Figure 3.10 [234, 344]. 

GO is an insulating material because some of the sp
2
 conjugations of the 

hexagonal graphene lattice were substituted with sp
3
 hybridized carbon atoms 

bonded to oxygen atoms. In order to convert GO from an electrical insulator to a 

semiconductor, oxygen has to be removed. With an increase in the removal of 

oxygen atoms GO eventually transforms to a graphene-like semimetal [345] as 

shown in Figure 3.10. 

 Reduction of GO can be conducted in several ways such as a chemical 

process using a hydrazine reagent, which is a toxic chemical reducing agent. In 

this technique, multiple steps are required and very little reduced GO is produced 

with a low dispersion concentration [346]. Therefore, the chemical process of GO 

reduction is inadequate for SC synthesis. Another technique is the solid heating 

reduction method, where an ultra-high vacuum environment is required while 
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applying heat with a temperatures up to 1050 ºC if under Ar gas, or up to 800 ºC if 

under H2 gas [347, 348]. This technique is insufficient for practical applications 

because the high temperature destroys the solar cell structure.   

Therefore, the reduced GO was prepared using a modified method [349] of 

the thermal chemical process. GO dry platelets was purchased from the Graphene 

Supermarket, and N,N-dimethyl formamide (CH3)2NC(O)H, denoted as (DMF), 

with purity of 99.0% was obtained from Sigma-Aldrich (USA).  In summary, 

15mg of GO powder was dispersed into a solution of 9ml of DI water and 1ml of 

DMF. It was magnetically stirred for 48 hours and underwent sonication for 10 

minutes, thus a GO aqueous solution was prepared as a coating solution when 

thermal processing induced a reduction of GO. This will be discussed in SC 

synthesis section (below). The morphology of the annealed GO layer was 

visualized by scanning with an electron microscope (SEM, JEOL, JSM-5600, 

Japan). 

 

Figure 3.10 Schematic of GO structure (left), and reduced GO by heating (right) 

[349]. 
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3.1.8 Poly [3,4-ethylenedioxythiophene]-Poly [styrenesulfonate] 

Poly[3,4-ethylenedioxythiophene]–poly [styrenesulfonate]  (PEDOT:PSS), 

1.3 wt % dispersion in H2O had a  PEDOT content of 0.5 wt. % and a PSS content 

of 0.8 wt. %, with an Eg of 1.6 eV and a conductivity of 1 S/cm. In general, 

conjugated organic semiconductors are sensitive to higher light energy 

wavelengths in the presence of oxygen. Therefore, they are applied in a semi-dark 

glove box with inert gases such as nitrogen or argon, where a yellow filter light 

can be used. The chemical structure of PEDOT:PSS molecules is represented in 

Figure 3.11. 

 

Figure 3.11 Schematic of PEDOT:PSS chemical structure. 
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3.2 Quantum Dot Solar Cells Fabrication and Characterization 

3.2.1 Solar Cell of (ZnO/TiO2/CdS/PbS/PEDOT:PSS) 

Substrate preparation:  

The materials used to prepare the n-type substrate were fluorine doped tin 

oxide (SnO2/F) which is referred to as (FTO) coated glass and has a thickness of 

2.2 mm and a surface resistivity of ~7 Ω/sq. Titanium tetrachloride solution 

(TiCl4) with a concentration of 1.0M in toluene was purchased from Sigma 

Aldrich (USA). Toluene (99.8 %) was purchased from TEDIA (USA); methanol 

(99.8%) and acetone (99.8%) were purchased from Panreac (Spain), and ZnO NPs 

with an average size of 5.3 nm in water dispersion was synthesized in advance as 

described in section 3.1.1. To prepare the substrates a slide of FTO coated glass 

was cut into squares (1cm x 1cm), then cleaned by sonication for 15 minutes in 

acetone and another 15 minutes in methanol before being finally rinsed in de-

ionized water and dried with nitrogen gas (N2). 

The ZnO NPs layer was deposited in a fume hood with good ventilation 

using a layer-by-layer spin coating deposition method, where a few drops of ZnO 

water dispersion of 10 mg/ml concentration were added onto the FTO/glass for 30 

seconds and spin-coated at 2500 rpm for another 30 seconds each time. The 

process was repeated twice and the substrates were annealed at 150°C for 30 

minutes. In order to form a TiO2 NP layer, TiCl4 solution was diluted to a 25% 

concentration in toluene (1ml /4ml), which is yellow. The ZnO substrates were 

immersed in the TiCl4 solution for 30 minutes and heated at 70°C in an oven. 
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Then the substrates were taken out of the TiCl4 solution and sintered in an oven or 

on a hot plate at 520 °C for 30 minutes which partially etches the ZnO. The heated 

TiO2 layer looks white, indicating that the sintering process is over. The heating 

device was left to cool before removing the substrate.  

The resulting substrates were used for deposition of the other layers to 

complete a solar cell structure as shown in the following sections. It is better to 

use the substrates directly after sintering, otherwise they should be stored in a 

clean environment and conserved from moisture before heating again at about 

450°C before use, to ensure that no moisture or pollutants are left on the TiO2 

(NPs) surface, prior to solar cell fabrication. 

CdS (NPs) layer deposition: 

A CdS NP layer was deposited using a SILAR cycle technique as 

described in section 3.1.5. The FTO/ZnO (NPs)/TiO2 (NPs) substrate was dipped 

into a Cd precursor solution for 1 minute, rinsed with methanol for 10 seconds, 

dipped for another minute into S precursor solution and rinsed again with 

methanol for 10 seconds. Thus one SILAR cycle was completed and CdS NPs 

were adsorbed in TiO2 NPs. 11 SILAR cycles were applied and a shiny yellow  

layer is obtained.  

PbS (QDs) layer deposition with ligand exchange: 

A PbS QDs layer was applied on top of a CdS NPs layer using the 

previously synthesized PbS QDs hexane dispersion (see section 3.1.3.) In addition 
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to 1,2-ethanedithiol (EDT, 97%) with the chemical formula HSCH2CH2SH, 

acetonitrile (99.9%) was used to perform the ligand exchange. 

The PbS QDs layer was deposited in a fume hood with good ventilation 

using a layer-by-layer spin coating deposition method. EDT/acetonetrile solution 

was prepared in advance by mixing 0.5 ml EDT with 100ml acetonetrile. First, a 

few drops of PbS QDs hexane dispersion were added to the surface of the FTO/ 

ZnO (NPs)/TiO2 (NPs)/CdS (NPs) structure for 20 seconds each time, and spin- 

coated at 2500 rpm. During the second step we flood the surface with 

EDT/acetonetrile solution (0.5:100 v/v) and wait 30 seconds before spinning. In 

the third step the film is washed with acetonetrile and spun for 3 seconds to dry. 

Thus one layer of deposition is complete and the PbS QDs are stacked on the CdS 

NPs. 6 spin-coated layers were applied and a shiny black layer was obtained. 

Then the device was annealed at 50ºC for 10 minutes. Step 1 was conducted to 

deposit PbS QDs, whereas steps 2 and 3 were performed to exchange the long 

ligands, OA which is used in the PbS QDs synthesis process, with the short ligand 

EDT. The chemical structures of OA and EDT molecules are shown in Figure 

3.12. OA molecules are likely to hinder the charge transfer between PbS QDs due 

to their insulating characteristics. Therefore EDT molecules were applied during 

the layer-by-layer coating of the PbS QDs to replace the OA molecules. As a 

result EDT ligand exchange shortens the distance between the PbS QDs, increases 

carrier mobility, insolubilizes the QDs and reduces the surface oxidation process 

[350, 351]. 
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Figure 3.12 Schematic of oleic acid, and 1,2 ethanedithiol chemical structure. 

 

PEDOT:PSS layer deposition: 

The PEDOT:PSS solution is without further filtration or dilution. The 

surface of the PbS QDs layer is flooded with PEDOT:PSS solution for 15 seconds 

then spin-coated at 2500rpm for 1 minute, after that the device is annealed on a 

hot plate at 120ºC for 20 minutes to evaporate any residual water. The deposition 

process and heat treatment are performed in a semi-dark glove box with nitrogen 

gas. 

Metal electrode deposition: 

Gold (Au, 99.99%) was purchased from Testbourne Ltd. (England). An 

Au electrode with ~150nm thickness was deposited on the top of the PEDOT:PSS 

layer by thermal evaporation in a vacuum using a fine coater (JEOL, JFC-1200, 

Japan). A shadow mask was used to define a 3x5 array of a 0.785mm
2
 circular 

cell active area. 
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Solar cell characterization: 

- Cell architecture is investigated by visualizing the surface morphology of 

each layer by scanning with an electron microscope (SEM, JEOL, JSM-

5600).  

- Cells’ PV performance is measured using a solar simulator (Model 71445, 

New Pot) and Keithley Source Meter (2425) under the illumination of air 

mass 1.5 global (AM 1.5G) light (100 mW/ cm
2
), as shown in Figure 3.13. To 

insure the accuracy and reduce the error percentage of the results, four similar 

SCs were synthesized and ten readings were taken for each cell. The average 

cell efficiency and standard deviations for each cell were calculated.    

- The stability of the cells was tested by measuring the PV performance of the 

cell over a continuous period of 6 weeks under 1sun illumination. The cell 

was stored in a dark box at room temperature without applying any inert 

gases and tested in ambient air. 

 

Figure 3.13 The cell under the solar simulator illumination. 
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Figure 3.14 represents the steps for synthesizing the QDSC with structure 

(FTO/ZnO/TiO2/CdS/PbS/PEDOT: PSS/Au). In summary, the ZnO NP water 

dispersion was spin-coated on the FTO coated glass followed by annealing at 

150ºC for 30 minutes then immersion in TiCl4 toluene solution for 30 minutes at 

70ºC. This is followed by sintering for another 30 minutes at 520ºC for the 

formation and calcination of a TiO2 NPs layer. A CdS NPs layer was deposited 

using the 11 SILAR method cycles. The PbS QDs layer was deposited by the 

alternative spin-coating of PbS QDs hexane dispersion and an EDT/ acetonetrile 

solution for ligand exchange. Then the PEDOT: PSS layer was deposited by spin- 

coating followed by annealing at 120 ºC for 20 minutes. Finally Au was deposited 

via thermal evaporation through a shadow mask with circles of 1 ml diameter. 

 
Figure 3.14 Schematic of steps for synthesizing a QDSC. 

 

3.2.2 Employing Different Electron Transport Layers (ETL) 

Table 3.1 shows three SCs with various electron transport layers (ETL) 

that were synthesized using the same procedure described in section 3.2.1 for FTO 
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coated glass preparation, PbS QDs ligand exchange deposition, PEDOT: PSS 

layer deposition and metal electrode deposition. Except for ETLs changing as: 

ZnO/TiO2, TiO2, and  ZnO/TiO2/GO from cell 1 to cell 3, respectively. Cell 1 has 

the same structure as shown in section 3.2.1. In cell 2 the TiO2 NPs layer was 

deposited on FTO coated glass prior to the CdS NPs deposition. TiO2 NPs ethanol 

dispersion was prepared in section 3.1.2 and was spread on the FTO coated glass 

for 30 seconds and spin-coated at 2500 rpm for 20 seconds to dry before sintering 

on a hot plate at 450ºC for 30 minutes. Thus, the substrate was ready for CdS NP 

deposition using 11 SILAR method cycles as described in section 3.2.1. Cell 3 has 

the same structure as cell 1 and the same synthesis procedure was carried out 

except for the addition of a GO layer on the FTO/ZnO/TiO2 substrate before CdS 

NPs deposition. A few drops of the GO solution were spread on top of the PbS 

QDs layer for 1 minute then spin-coated at 2500 rpm for 30 seconds followed by 

heating at 300 ºC for 1 hour on a hot plate in a glove box with an N2 gas 

environment in order to reduce the GO layer. Then the PEDOT: PSS layer and Au 

electrodes were deposited as described previously. The active area of the cells was 

about 0.785 mm
2
. The cell architecture and PV performance were characterized as 

depicted in section 3.2.1. 

Table 3.1 Structure of heterojunction QDSCs with various electron transport 

layers (ETL)  

Cell Structure ETL AL HTL 

1 FTO/ZnO/TiO2/CdS/PbS/PEDOT:PSS/Au ZnO/TiO2 CdS/PbS PEDOT:PSS 

2 FTO/TiO2/CdS/PbS/PEDOT:PSS/Au TiO2 CdS/PbS PEDOT:PSS 

3 FTO/ZnO/TiO2/GO/CdS/PbS/PEDOT:PSS

/Au 

ZnO/TiO2/GO CdS/PbS PEDOT:PSS 
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3.2.3 Employing Different Active Layers (AL) 

Table 3.2 shows SCs with various active layers (AL) that were synthesized 

using the same procedure described in section 3.2.1 for FTO coated glass 

preparation, PbS QDs ligand exchange deposition, PEDOT: PSS layer deposition 

and metal electrode deposition. This is except for AL changing as: CdS/PbS, 

Bi2S3/CdS/PbS and Bi2S3/PbS from cell 1 to cell 3, respectively. Cell 1 has the 

same structure as shown in section 3.2.1. Cell 2 has the same structure asf cell 1 

and the same synthesis procedure was carried out except for the addition of a 

Bi2S3 layer on the FTO/ZnO/TiO2 substrate before the CdS NPs deposition. Bi2S3 

particles were deposited using 11 SILAR method cycles as described in section 

3.1.6. Cell 3 has the same structure as cell 1 except a Bi2S3 particle layer was 

applied instead of a CdS NPs layer. Bi2S3 particles were deposited using 11 

SILAR method cycles. The active area of the cells was about 0.785mm
2
. The cell 

architecture and PV performance were characterized as depicted in section 3.2.1. 

Table 3.2 Structure of heterojunction QDSCs with various active layers (AL) 

 

 

 

Cell  Structure  ETL  AL  HTL  

1  FTO/ZnO/TiO2/CdS/PbS/PEDOT:PSS/Au  ZnO/TiO2  CdS/PbS  PEDOT:PSS  

2  FTO/ZnO/TiO2/Bi2S3/CdS/PbS/PEDOT:PSS

/Au  

ZnO/TiO2  Bi2S3/CdS

/PbS  

PEDOT:PSS  

3  FTO/ZnO/TiO2/Bi2S3/PbS/PEDOT:PSS/Au  ZnO/TiO2  Bi2S3/PbS  PEDOT:PSS  
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3.2.4 Employing Different Hole Transport Layers (HTL) 

Table 2.3 shows five SCs with various hole transport layers (HTL) that 

were synthesized using the same procedure described in section 3.2.1 for substrate 

preparation, CdS NPs deposition, PbS QDs ligand exchange deposition and metal 

electrode deposition; except for the HTLs changing as: PEDOT: PSS, 

GO/PEDOT: PSS, GO, CuO and without HTL from cell 1 to cell 5, respectively. 

Cell 1 has the same structure as shown in section 3.2.1. In cell 2 a GO NPs layer 

wase deposited prior to PEDOT: PSS deposition, where a GO solution was 

prepared in advance as described in section 3.1.6. In summary, 15mg of GO 

powder was dispersed into a solution of 9ml of DI water and 1ml of DMF using 

magnetic stirring for 48 hours and sonication for 10 minutes. A few drops of GO 

solution were spread on top of a PbS QDs layer for 1 minute then spin coated at 

2500rpm for 30 seconds followed by heating at 150ºC for 1 hour on a hot plate in 

a glove box with an N2 gas environment. Then the PEDOT: PSS layer and Au 

electrodes were deposited as described previously. Cell 3 has the same structure 

as cell 2 except for the absence of a PEDOT: PSS layer. In cell 4 a CuO NP was 

used as an HTL instead of a GO or PEDOT: PSS layer. A CuO NP with an 

average size of 5nm DMF dispersion was prepared in advance as described in 

section 3.1.3. A few drops of CuO solution were spread on top of a PbS QDs layer 

for 1 minute then spin-coated at 2500rpm for 30 seconds, followed by heating at 

50ºC for 20 minutes on a hot plate prior to Au electrode deposition. In cell 5 no 

HTL was applied since the Au layer was deposited directly onto the PbS QDs 
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layer. The active area of each cell was about 0.785mm
2
. The cell architecture and 

photovoltaic performance can be characterized as depicted in section 3.2.1. 

Table 3.3 Structure of heterojunction QDSCs with various hole transport layers 

(HTL). 

 
Cell Structure ETL AL HTL 

1 FTO/ZnO/TiO2/CdS/PbS/PEDOT:PSS/Au ZnO/TiO2 CdS/PbS PEDOT:PSS 

2 FTO/TiO2/CdS/PbS/ GO/PEDOT:PSS/Au ZnO/TiO2 CdS/PbS GO/PEDOT:PSS 

3 FTO/ZnO/TiO2/ /CdS/PbS/ GO/Au ZnO/TiO2 CdS/PbS GO 

4 FTO/ZnO/TiO2/CdS/PbS/CuO/Au ZnO/TiO2 CdS/PbS CuO 

5 FTO/ZnO/TiO2/CdS/PbS/Au ZnO/TiO2 CdS/PbS None 

 

3.2.5 Employing Different Active Layer Thicknesses 

Table 3.4 shows five SCs with different active layer thicknesses that were 

synthesized using the same procedure as described in section 3.2.1, for substrate 

preparation, PEDOT: PSS layer deposition and metal electrode deposition. The 

same techniques were applied for CdS NPs and PbS QDs deposition, except for 

CdS NPs and PbS QDs layer thicknesses changing: CdS(11)/ PbS(6), CdS(6)/ 

PbS(6), CdS(0)/ PbS(6), CdS(11)/ Blend(2)/ PbS(4) and CdS(11)/ Blend(4)/ 

PbS(4) from cell 1 to cell 5, respectively. The number next to the CdS indicates 

the number of SILAR cycles. The number next to the PbS indicates the numbrt of 

repetitions of the spin-coating process and the number next to the blend indicates 

the times a blend layer, which consist of CdS NPs and PbS QDs, was applied. 

This will be described later in this section. 
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Cell 1 has the same structure as shown in section 3.2.1. Cell 2 has the 

same structure as cell 1 except 6 SILAR cycles were applied to deposit CdS NPs 

instead of 11 cycles. In cell 3 no CdS NPs layer was applied, since 6 spin-coated 

layers of PbS QDs were deposited directly onto the TiO2 layer.  

Cells 4 and 5 comprise a trilayer structure, where the blend layer of CdS 

NPs as an n-type material and PbS QDs as a p-type material are sandwiched 

between CdS and PbS layers. The blend layer was added to enhance the interfacial 

contact between the CdS NPs and PbS QDs as it is supposed to provide more 

surface area for charge transfer. The cells with trilayer structure were synthesized 

as follow: (i) the substrates were prepared and 11 SILAR cycles were applied for 

CdS NPs deposition as described in section 3.2.1; (ii) a few drops of PbS QDs 

hexane dispersion were added for 10 seconds and spin-coated at 2500rpm 

followed by flooding the surface with EDT for 15 minutes then rinsing with 

acetonetrile; (iii) Cd and S precursor solutions were prepared in advance as 

described in section 3.1.4. a few drops of Cd precursor solution were added for 

1minute then spin-coated at 2500rpm to absorb Cd ions on the surface. Then 

methanol was added and spin-coated at 2500rpm to remove loosely bound Cd 

ions. Next a few drops of S precursor solution were added for 1minute then spin-

coated at 2500rpm so that S ions could react with pre-absorbed Cd ions to form 

CdS NPs on the PbS QDs. Methanol was again added and spin-coated at 2500rpm 

in order to remove unreactive S ions and loosely bound CdS material from the 

surface to finish one deposition. This CdS NP deposition process was repeated 

one more time. The two steps (ii) and (iii) indicated the formation of a blend layer 

(iv); steps (ii) and (iii) were repeated to increase the thickness of the blend layer. 
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Thus, the steps for blend layer formation were repeated twice; (v) PbS QDs ligand 

exchange deposition, PEDOT: PSS layer deposition and metal electrode 

deposition, using the same procedure described in section 3.2.1 except for 4 spin 

coated layers of PbS QDs instead of 6, were applied. Cell 5 is similar to cell 4 but 

the thickness of the blend layer was duplicated by repeating steps ii and iii four 

times instead of twice. The active area of the cells was about 0.785mm
2
. The cell 

architecture and PV performance can be characterized as depicted in section 3.2.1. 

Table 3.4 Structure of QDSCs with different AL (CdS/PbS) thickness. 

Cell Structure CdS PbS Blend 

1 FTO/ZnO/TiO2/CdS(11)/PbS(6)/PEDOT:PSS/Au  11  6 0 

2 FTO/ZnO/TiO2/CdS(6)/PbS(6)/PEDOT:PSS/Au   6  6 0 

3 FTO/ZnO/TiO2/ PbS/ PEDOT:PSS /Au  0 6 0 

4 FTO/ZnO/TiO2/CdS(11)/Blend(2)/PbS(4)/PEDOT

:PSS/Au 

 11 4 2 

5 FTO/ZnO/TiO2/CdS(11)/Blend(4)/PbS(4)/PEDOT

:PSS/Au 

 11 4 4 
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CHAPTER FOUR 

RESULTS AND DISCUSSION: PERFORMANCE OF 

QDSCs 

The primary objective of the present study is to enhance the optoelectronic 

properties of the QDs by bandgap engineering and controlling the particle size 

utilized in a novel solar cell structure with optimized structure and thickness to 

enhance solar cell performance. The results are organized such that the 

charectrization of the synthesized QDs is presented first then the performance of 

the SCs is presented. 

4.1 Quantum Dots Characterization  

4.1.1 ZnO Nanoparticles 

Morphology and size distribution:  

  Figure 4.1 represents the size histograms of ZnO NPs dispersed in ethanol 

produced by different concentrations of NaOH, varying from 0.91 to 7.27mmol as 

measured by a Zeta sizer. The figure shows that, in general, as NaOH 

concentration increases, the particle size decreases with a minimum average size 

of 5.3nm at 3.18mmol. Abnormal increases in NP size are noticed at 7.27mmol. 

The particle size distribution graphs for all NaOH concentrations are narrow. The 

results showing average NP size are summarized in Table 4.1. They show that 

ZnO nanoparticle size can be controlled by controlling NaOH concentration. 

Figure 4.2 shows an SEM image of ZnO NPs prepared using a 3.62mmol 
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concentration of NaOH. The figure confirms the formation of the nanoparticles. 

Most of the particles show an approximately spherical shape. The figure depicts 

an average size of less than 20nm, which is consistent with the size determined 

using a Zeta sizer. The image reveals that the ZnO NPs are somewhat 

agglomerated. To delay the agglomeration rate, the particles were washed and re-

suspended in another alcohol medium, or in water that can be used for biological 

applications. 

Table 4.3 ZnO NPs average size and their Eg, prepared using different reactant 

concentrations. 

NaOH 
(mmol) 

Size 
(nm) 

NaOH/ Zn(CH3COO)2.2H2O 
Weight% 

UV absorption 
peak (nm) 

Eg 
(eV) 

0.91 65.0 9.13 368 3.36 

1.81 12.6 18.26 338 3.67 

2.27 10.7 24.69 330 3.76 

2.72 8.5 27.39 325 3.81 

3.18 5.3 31.96 318 3.90 

3.62 14.0 36.53 339 3.66 

7.27 1548 73.06 375 3.31 
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Figure 4.1 Size distribution histograms of ZnO particles dispersed in ethanol, 

prepared using NaOH concentrations of: (a) 0.91 mmol (b) 1.81 mmol (c) 2.27 

mmol (d) 2.72 mmol (e) 3.18 mmol (f) 3.62 mmol (g) 7.27 mmol. 

 

 
Figure 4.2 SEM image of ZnO NPs prepared using NaOH concentration of 

3.62mmol. 

 

 

2

0 

nm 
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UV-Vis absorption spectra 

Each material has its own characteristic UV-Vis absorption spectrum 

which is essentially dependent on the particle size of the material. Figure 4.3 

represents the UV-Vis absorption spectra for colloidal ZnO NPs in ethanol. The 

peak is located at about 210 nm and is noticed for all the spectra and shows 

evidence for the existence of small sized particles of less than Bohr’s radius for 

ZnO (1.8 nm) [352]. The absorption peaks of 368, 338, 330 and 325nm are 

noticed for the spectra of nanoparticles with average sizes of 65.0, 12.6, 10.7 and 

8.5 nm, respectively. Those peaks can be attributed to the bandgap transition of 

ZnO nanoparticles, which is known as excitonic absorption; They are blue shifted 

from excitonic absorption of the bulk ZnO at 375 nm (Eg = 3.31 eV) at room 

temperature [91, 353].  It is obvious from the black line which crosses all the 

spectra that the smaller the particles are, the more excitonic absorption blue shift 

occurs, as depicted in Figure 4.3. This is due to an increase in the particles 

bandgap due to the increase in structural quality and quantum confinement (QC) 

effects. The 5.3 nm NPs (Figure 4. 3e) exhibit the lowest excitonic absorption 

peak at 318nm (highest blue shift). The absorption spectrum in Figure 4f exhibits 

two excitonic absorption peaks at 228nm that can be attributed to the presence of 

particles with sizes less than 5.3 nm and another weak peak at 339 nm related to 

particles of about 14.0 nm in size. In addition, Figure 4f shows an excitonic 

absorption peak at 375 nm, which is both broad and weak due to large particle 

size being similar to bulk. 
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The absorption spectra of the colloidal NPs can be used to estimate the Eg 

of spherical NPs through the effective mass model equation (4.1) [354]:  

                        (4.1) 

Where Eg(nano) and Eg(bulk) are the bandgap energies associated with NPs and bulk 

material, h is Plank’s constant, r is the particle radius, me is the electron effective 

mass, mh is the hole effective mass, m0 is free electron mass, e is the charge of the 

electron, ε is the relative dielectric permittivity, and ε0 is the dielectric permittivity 

of free space. The coulomb interaction term is included in equation 1, while the 

polarization term is neglected. 

For bulk ZnO: Eg=3.3 eV, h = 6.626x10
-34

 J s, e = 1.602x10
-19

 C, ε0 = 

8.854x10
-12

 C
2
/N/m

2
, m0 = 9.110x10

-31
 kg, ε = 8.5, me = 0.26, mh= 0.59 [87, 340], 

where Eg is calculated from: 

                                         (4.2) 

Here, c = 2.998x10
8
 m/s and λ (bulk) = 375 nm.  

The average ZnO NP size can be calculated through the effective mass 

model equation (4.1) using the absorption spectrum. The resulting values are 

accurate for ideal spherical particles of sizes less than 6nm, where Eg enlargement 

effects are predominant [341]. Equation 4.1 is valid for λ less than 390nm, unless 

a negative square radical is attained.  
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The excitonic absorption peak values shown in Figure 4.3 were used to 

estimate Eg (in equation 4.2) for each nanoparticle size, and the results are shown 

in Table 4.1. The inverse relationship between particle size and Eg can be 

concluded from the results. The Eg value from the spectrum in Figure 4.3e was 

used in equation 4.2 and produced r of 1.5 nm (i.e. particle size = 3.0nm) which is 

close to the measured size of 5.3nm. The difference between the two values might 

be due to some elongation in the shape of the particles. In addition, it is well 

known that DLS technique usually slightly overestimates particle size when 

compared to other techniques, as the solvent layers linked to the particle surfaces 

become more dominant as the particle size decreases to the nanoscale [355].  

Photoluminescence (PL) Spectra 

Figure 4.4 shows the PL spectra of ZnO NPs in ethanol at room 

temperature. All spectra exhibit broad visible emissions, which are known as deep 

band emissions in the range of 425 to 725nm. Two visible emission peaks can be 

observed: the first one is wide and located at around 541 to 555nm, while the 

second peak is sharp and centered between 683 to 723nm. The origin of the 

visible emission of ZnO NPs has been investigated by many researchers and 

attributed to deep level emission bands. The blue fluorescence band (450–495nm) 

originated from zinc interstitials [356-358]. The green fluorescence band (495–

570 nm) can be attributed to the singly ionized oxygen vacancies and zinc 

interstitials, due to the recombination between photogenerated holes and singly 

ionized oxygen vacancies [359-364]. However, other researchers attribute green 

fluorescence bands to the presence of oxygen and zinc vacancies together [365, 
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366]. The yellow fluorescence band (570–590nm) might be due to oxygen 

interstitials [84, 85], or is generated by OH groups on the surface [363]. The 

orange and red fluorescence band (590–750 nm) results from oxygen vacancies 

and zinc interstitials in ZnO lattices [358-361].    

It is noticeable that the spectra in Figures 4.4b, 4.4c, and 4.4f exhibit a red 

shift and a lack of UV emissions which is known as a near band-edge emission. 

However, the spectra in Figurs 4.4d and 4.4e exhibit an obvious blue shift, and 

weak sharp UV emission peaks centered at 366 and 362nm, respectively, which 

can be attributed to both Zn interstitials and quantum-confinement effects. The 

near band-edge emission is attributed to emissions originating from the 

recombination of electrons and holes on ZnO free excitons which are very 

sensitive to particle size: the smaller the particles, the shorter the wavelength 

emission. Table 4.2 summarizes the emission wavelengths for different samples of 

ZnO NPs. Their excitation wavelengths are displayed in Figure 4.4. 
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Figure 4.3 UV-vis absorption spectra of ZnO NPs in ethanol with NaOH 

concentration (a) 0.91mmol, (b) 1.82mmol, (c) 2.27mmol, (d) 2.73mmol, (e) 

3.18mmol, (f) 3.64mmol, (g) 7.27mmol. 

Figure 4.4 Photoluminescence spectra of ethanol dispersed ZnO NPs at room 

temperature of size about (a) 65.0nm (b) 12.6nm (c) 10.7nm (d) 8.5nm (e) 5.3nm 

(f) 14.0nm (g) 1548nm. 
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Table 4.4 Emission peaks of ZnO NPs with different size. 

Size(nm) 

Excitation 

wavelength 

(nm) 

Visible emission 

first peak center  

(nm) 

Visible emission 

second peak 

center (nm) 

UV 

emission 

peak (nm) 

65.0 342 555 683  

12.6 359 552 718  

10.7 315 550 710  

8.5 330 548 647 366 

5.3 328 541 654 362 

14.0 357 548 714  

1548 350 555 700  

 

ZnO NPs samples were exposed to UV lamps of 365nm wavelength. 

Every sample showed clear yellow light emissions with little variation in the 

degree of color from one sample to another. Figure 4.5 shows the emissions of 

ZnO NPs of 5.3nm in ethanol at room temperature. As they were prepared in 

ambient air under visible light the particles appear transparent. The particles 

exhibit yellow emissions under UV illumination as shown in Figure 4.5b. This, in 

turn, means that ZnO NPs have defects associated with non-radiative 

recombination. In order to understand the origin of the visible yellow emission, a 

beaker of ZnO NPs in ethanol was observed under UV illumination at room 

temperature under an N2 environment (Figure 4.5c). It was noticed that the yellow 

emissions vanished gradually until they completely disappeared. For instance, the 

visible emission returned to its original state as the sample was exposed to the 

ambient air as shown in Figure 4.5d.  
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The yellow emission, shown in Figure 4.5b in the absence of N2 gas, 

reveals the existence of some native defects such as oxygen vacancies and zinc 

vacancies in the ZnO NPs. The former defects are known to introduce deep donor 

states in the gap, whereas the latter defects can induce shallow accepter states. 

Consequently, these defects can assist electronic transition with yellow-light 

emissions. Nitrogen bubbling is expected to produce nitrogen-molecule antisites 

(N2)O, which do two things [367]: (i) fill the oxygen vacancies and passivate the 

dangling bonds and thus eliminate the deep donor states in the gap; and (ii) form 

double shallow-donor states. Both of these effects stop the yellow emission and 

activate blue-violet emissions. This latter emission becomes predominant and, in 

turn, reveals the existence of donor states due to Zn interstitials and acceptor 

states due to N2 doping. Finally, by stopping N2 bubbling and opening the cap to 

the atmosphere, oxygen dominates the bond to the Zn interstitials and Zn anti-

sites. Oxygen has the ability to replace nitrogen,  especially as oxygen has greater 

electronegativity than nitrogen (χO = 3.44, χN= 3.04 in Pauling units [368]). Then 

we can go back to the behavior of ZnO NPs with native defects yielding yellow 

emissions.  

 

Figure 4.5 ZnO NPs in ethanol (a) under visible light and (b–d) all under UV 

illumination (365 nm), as prepared, N2 bubbling, stop N2 bubbling while opening 

cap, respectively. 
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4.1.2 PbS Quantum Dots 

Figure 4.6 shows SEM images of PbS QDs agglomerated as crystals on a 

carbon-coated copper grid. Figure 4.7 shows the size distribution histogram of 

colloidal PbS QDs hexane dispersion. It is clear that it has a narrow size with a  

previously reported exciton Bohr radius of PbS (18 nm) [369], so the electron 

confinement effect was dominant. 

Figure 4.8 shows the colloidal PbS QDs absorption within the IR 

wavelength region, the maximum absorption peak at 912nm can be attributed to 

the exciton absorption of PbS QDs and the two weak peaks at 720nm and 1020nm 

correspond to the existence of smaller and larger PbS QDs, respectively. The 

absorption peaks are blue shifted compared to the bulk PbS because the energy 

gap (Eg) increases as the particles size decreases due to confinement. The optical 

bandgap of PbS QDs is calculated from the absorption peak using equation 4.3 

[369]. 

α) h)
n
 = B (h-Eg)     (4.3) 

Where α is the absorption coefficient in cm
-1

, B is a constant related to the 

material, h is the photon energy in eV, h is Plank’s constant (6.626x10
-34

),  is 

the frequency of the photon, Eg is the optical bandgap in eV, n is the exponent that 

can take a value of 2 for a direct transition or 1/2 for an indirect transition.  

The absorption coefficient α was calculated from:  

αd = ln(1/T)                           (4.4) 
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Where d stands for the path length of the wave in cm and was set equal to 

the cuvette length of 1cm, T is the transmittance which was calculated from the 

measured absorbance (Aλ) at a certain wavelength of light (λ) using [370]: 

Aλ = -log10 (T)            (4.5) 

Figure 4.9 represents α) h)
2
 versus h plots of absorption spectra for the 

PbS QDs. The energy bandgap for the PbS QDs is estimated by fitting a straight 

line to the linear portion of the curve. The Eg value should be obtained from the 

interception of the h- axis.  The Eg value for PbS QDs is 1.36 eV which is much 

larger than the bulk (0.41 eV) [371]. The increase in the direct bandgap values (a 

blue shift) of PbS QDs with the decrease in NPs size is associated with the 

electron confinement effect as a result of the reduction in particle size to the 

nanoscale. 

  

Figure 4.6 SEM images of agglomerates of PbS QDs. 
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Figure 4.7 Size distribution histograms of colloidal PbS QDs, dispersed in 

hexane. 

 

 
Figure 4.8 UV-Visible absorption spectra of colloidal PbS QDs, dispersed in 

hexane. 
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Figure 4.9 Direct bandgap estimations of PbS QDs with average size 6.6nm. 

4.1.3 CuO Nanoparticles  

Morphology and size distribution 

Figure 4.10 shows SEM images of CuO NPs agglomerated in spherical 

shape crystals on a carbon-coated copper grid. The resolution limit of the SEM 

prohibits distinguishing individual CuO. Thus, the size of the NPs assembled into 

spheres can not be estimated from the observed image. Figure 4.11 shows TEM 

images of CuO NPs prepared by repeating the microwave cycle 30 times. The 

synthesized CuO NPs are crystalline and have approximately spherical shapes, as 

observed in the high resolution images. The average NPs size is about 4.4nm.  

Figure 4.12 shows size distribution histograms for representative samples 

of colloidal CuO NPs with variable repeated cycles of on/off microwave heating 

procedures as measured using a Zeta Sizer. Figures 4.12 (a–g) show that CuO NPs 
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have average sizes of 10.1, 6.9, 5.0, 4.4, 3.4, 2.5 and 1.2 nm for microwave 

repeating cycles of 20, 24, 28, 30, 32, 34 and 36 times, respectively. The figures 

also show that all the size distributions have narrow size distribution, and NPs 

become smaller with an increase in the number of microwave radiation cycles. 

Figure 4.12d shows that CuO NPs produced by repeating the microwave cycle 30 

times have an average size of 4.4nm, which is in agreement with the 

measurements obtained from the TEM images (Figure 4.11). 

  

Figure 4.10  SEM images of agglomerates of CuO NPs. 
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Figure 4.11 TEM images of CuO NPs. 

 

 

Figure 4.12 Size distribution histograms of colloidal CuO NPs, dispersed in 

DMF. 

 



104 

 

UV–visible absorption spectra and energy gap calculation 

Figure 4.13 shows the UV-visible absorption spectra of colloidal CuO NPs 

with average NPs sizes of 10.1, 5.0 and 1.2 nm. The figure depicts absorption 

peaks at about 290, 270 and 255 nm for the three samples, respectively. The sizes 

of these NPs are smaller than the previously reported exciton Bohr radius for 

CuO, between 6.6 and 28.7 nm [372]. The peak are blue shifted compared to bulk 

CuO with direct band transitions of about 3.25 ± 0.05 eV [373]. The blue shift in 

the optical absorption spectra with particle size reduction is a clear sign of the 

energy gap enlargement due to the QC effects. The absorption spectra were used 

to estimate the energy gap of the CuO NPs. Figure 4.14 represents α) h)
2
 versus 

h plots of absorption spectra for three different sizes of CuO NPs. The energy 

bandgap for the CuO NPs was estimated by fitting a straight line to the linear 

portion of the curve and Eg is the interception of the line with the h- axis. The 

direct bandgap values are 3.35, 3.65 and 3.85 eV for NPs of sizes 10.1, 5.0 and 

1.2 nm, respectively. Those values are larger than (3.25 ± 0.05 eV) for bulk CuO 

as reported by Koffyberg, et al. [373]. The increase in the direct Eg values (a blue 

shift) of CuO with the decrease in nanoparticle size is associated with the electron 

confinement effect. 
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Figure 4.13 UV-Visible absorption spectra of colloidal CuO NPs, dispersed in 

DMF. 

 



106 

 

 
Figure 4.14 Direct band gap estimations for three different sizes of CuO NPs.  
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Photoluminescence spectra  

The variation of the PL spectra for colloidal CuO NPs as a function of NP 

size and excitation wavelength is shown in Figure 4.15. Each spectrum exhibits a 

broad UV emission peak which is known as the near band-edge emission, and a 

sharp visible emission peak. The spectra in Figure 4.15 (a–c) represents CuO NPs 

of sizes 1.2, 5.0 and 10.1 nm and exhibits UV emission peaks, located around 350, 

360 and 390nm, as well as orange emission peaks centered at about 600, 610 and 

620 nm, respectively. The excitation wavelength used to produce the results in 

figure 3.15 (a–c) is 300 nm. The PL spectra in Figure 4.15 (d–f) represents CuO 

NPs of sizes 1.2, 5.0 and 10.1 nm, but excited by UV light of 320nm wavelength. 

As the 320 nm wavelength light has lower energy than that of 300 nm 

wavelength, the spectra in Figure 4.15 (d–f) exhibit an obvious red shift compared 

to those excited using a wavelength of 300 nm. The spectra exhibit UV emission 

peaks located around 380, 390 and 410 nm, and red emission peaks centered at 

about 635, 650 and 670 nm, respectively. 

It is noticeable that all the PL spectra in Figure 4.15 exhibit an obvious 

blue shift with decreasing nanoparticle size because of the bandgap enlargement  

shown above and calculated Eg, due to the increase of QC effects. The near band-

edge emission is attributed to emissions originating from the recombination of 

electrons and holes in the CuO free excitons which is very sensitive to particle 

size in the quantam-mechanical sense. The smaller the nanoparticle, the shorter 

the wavelength emission; for instance, the spectrum in Figure 4.15a is more blue 

shifted than the spectrum in Figure 4.15c. Similar phenomena can be observed 
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when comparing Figure 4.15d with Figure 4.15f due to a reduction in nanoparticle 

size and increases in QC effects. 

The photoluminescence spectra are useful for understanding electron 

transition energies within CuO NPs through determining the emission peaks and 

using them to estimate the corresponding electronic energy levels. Table 4.3 

shows the emission peaks of different sizes of CuO NPs and their corresponding 

energy levels. The table demonstrates a strong blue shift of the photoluminescence 

peaks as the nanoparticle size decreases. The UV emission peaks correspond to 

the band edge emissions. The visible emission peaks (600–670 nm) are attributed 

to the presence of surface defects, which are expected to be of large density in 

NPs of small sizes. The orange emission peaks (600–620 nm) are attributed to the 

presence of oxygen vacancies, and the red emission peaks (635–670 nm) are due 

to the multiple oxidation states of copper [374]. 

The variation or specifically, the red-shifting of the peak with the increase 

of excitation wavelength from 300 nm to 320 nm does require further analysis. It 

is worth recalling that this observation violates Kasha's rule which states that the 

bandgap of any bulk material should be independent of the intrinsic defect states 

and excitation wavelength [375].  

However, when the dimensions of a particle are reduced, to nanosize, 

several factors affect the electronic structure and consequently the fluorescence 

[376] such as: (i) The large surface-to-volume ratio induces a high-density of 

surface-defect states (such as vacancies and interstitials) which have their specific 

effects such as the creation of trap levels, which are responsible for visible 

emissions. To illustrate this, Figure 4.16 shows a schematic diagram of the 
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electronic band structure showing the defect effects, where the arrows represent 

mechanisms of radiative and non-radiative electronic transitions that can occur 

under different wavelength excitations. For instance, as CuO NPs get excited at 

300 nm (4.1 eV), the electrons are transferred up to a sub-band in the conduction 

band then either (a) relax to shallow donor levels via the non-radiative transition 

(thermalization), then make radiative transition to the valance band, or (b) make 

radiative transition to shallow acceptor states then relax to the valence band via 

thermalization. Thus, there are many possibilities, yielding a high probability of 

high-energy photon emissions. Whereas, for excitation at 320 nm (3.8 eV), 

matching the Eg of particle size 1.2 nm, the recombination process for excitons 

passes through possible combinations of thermalizations and radiative electronic 

transitions yielding emitted photons of lower energies. (ii) The energy interactions 

between the CuO NPs and the polar solvent lead to inhomogeneous broadening of 

the absorption spectrum. As the excitation wavelength is changed, slightly 

different associated nanoparticles are excited and the emission characteristic of 

these particles is observed. Nonetheless, the energy transfer between these 

energetically different particles remains inefficient due to the low concentration of 

these distinct particles [377], which dictates selective photo-excitation and 

selective recombination processes between their surface states. (iii) With the 

increase in excitation wavelength, the fluorescence life time (τf) decreases and 

transition rate increases [378, 379]. This condition reveals that it is possible to 

observe emissions from the unrelaxed photoexcited species more than from the 

lower-energy excited species. All the above factors might contribute in yielding 

the behavior of the excitation-wavelength dependent fluorescence in CuO NPs. 
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Similar cases of excitation-wavelength dependence of fluorescence in 

nanostructures were reported for Cu2O nanowires [378], ZnO nanocolloids [380] 

and CdS NPs [381]. 

 

Figure 4.15 Photoluminescence spectra of colloidal CuO NPs, (a–c) excited at 

300 nm for NPs of sizes 1.2, 5.0 and 10.1 nm, respectively. (d–f) Excited at 320 

nm for NPs of sizes 1.2, 5.0 and 10.1 nm, respectively. 

 

 

Figure 4.16 Schematic diagram of the band structure with the arrows representing 

mechanisms of radiative and non-radiative electronic transitions possibly to occur 

under different wavelength excitations. 
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Table 4.5 Emission peaks of different CuO nanoparticle sizes and their 

corresponding energy levels. Herein, λ is wavelength and E is the optical energy 

 Excitation at 300 (nm)  Excitation at 320 (nm) 

 
UV emission peak 

center   

Visible emission 

peak center 

 UV emission peak 

center 

Visible emission 

peak center 

Size (nm) λ (nm) E (eV) λ (nm) E (eV)  λ (nm) E (eV) λ (nm) E (eV) 

1.2 358 3.54 600 2.06  380 3.26 635 1.95 

5.0 368 3.44 610 2.03  390 3.17 650 1.90 

10.1 390 3.17 620 1.99  410 3.02 670 1.85 

 

4.1.4 CdS Nanoparticles 

Figure 4.17 shows SEM images of CdS NPs prepared on a copper grid. 

The figure confirms the formation of the NPs and most of the particles show an 

approximately cubic shape. The image reveals that CdS NPs are agglomerated. 

Figure 4.18 shows the size distribution histogram of CdS NPs methanol 

dispersion. It is clear that it has narrow size distribution, with an average size of 

20nm. That is supposed to show weak confinement effects because the NPs size is 

a little larger than the CdS Bohr radius (5.8nm) [382] below which is a 

fundamental shift in electronic and optical properties that can be observed as a 

function of nanoparticle size where strong QC effects are expected.  

  

Figure 4. 17 SEM images of agglomerates of CdS NPs. 
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Figure 4.18 Size distribution histogram CdS (NPs), dispersed in methanol. 

4.1.5 Bi2S3 Particles 

Figure 4.19 shows SEM image of Bi2S3 particles prepared on a copper 

grid. The figure confirms the formation of the particles. The image reveals that 

Bi2S3 particles are somewhat agglomerated, thus the shape of the particles cannot 

be determined. 

Figure 4.20 shows the size distribution histogram of Bi2S3 particles in 

water dispersion. It is clear that it has a narrow size distribution on a range of 

about 1 micrometer, with an average size of 1016 nm that is considered as bulk 

material.  

 

Figure 4.19 SEM image of Bi2S3 layer. 
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Figure 4.20 Size distribution histogram Bi2S3 particles, dispersed in water. 

4.2 Solar Cells Characterization 

4.2.1 Solar Cell of (ZnO/TiO2/CdS/PbS/PEDOT: PSS) 

(i) Architecture characterization 

Figures 4.21 (a-d) show the FTO/ ZnO/ TiO2/ CdS/ PbS/ PEDOT:PSS/Au 

solar cell structure, its equilibrium Eg diagram, the cross-sectional SEM view of 

the cell and a photograph of the same cell of 1cm
2
 area. The ZnO/ TiO2 layer can 

effectively invert the polarity of the cell, since ZnO/ TiO2 accept electrons from 

the active layer, transport them to the FTO electrode and block hole transfers. 

This is owing to its high electron affinity and mobility resulting from its low 

conduction band level. The CdS layer enhances the transfer of photgenerated 

electrons from PbS and CdS to the ZnO/TiO2 layer through gradual energy 

alignment. On the other hand, PEDOT: PSS accepts holes from the active layer, 

transports them to the Au electrode and blocks electron transfer in this direction 

due to its high conduction and valance band levels (see Figure 4. 21b). 
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Figure 4.21 (a) Schematic structure of FTO/ ZnO/ TiO2/ CdS/ PbS/ PEDOT:PSS/ 

Au solar cell. (b)  Energy level diagram of the same device. (c) Cross-sectional 

SEM image of the same device. (d) Photograph of a typical device (substrate 

dimensions, 1cm× 1cm). 

(

a)  

(

b)  

(

c)  

(

d)  

(a) 

(b) 

(c) 

(d) 
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 (ii) Performance characterization 

Figure 4.22 reveals the semi-log current–voltage (I–V) characteristic graph 

of the cell with structure: FTO/ZnO/TiO2/ CdS/PbS/PEDOT:PSS/ Au, and a 

circular cell active area of 0.785mm
2
, under dark and 1 sun illumination with 

voltage varying from -1V to +1V. The graph shows a high slope which indicates 

high resistance. 

Figure 4.23 shows the current density - voltage (J–V) characteristics for 

ZnO/TiO2/CdS/PbS/PEDOT:PSS/Au solar cell structure under 1 sun illumination, 

at voltage intervals between 0V and 0.6V. The cell yielded a short-circuit current 

density (JSC) of 24.2 mA/cm
2
, an open circuit voltage (VOC) of 544 mV, a fill 

factor (FF) of 38.2% and a power conversion efficiency (PCE) of 5.04%. The 

characteristic resistance of the solar cell can be indicated through the inverse of 

the slope of the graph which is estimated by dividing the VOC by the short-circuit 

current (2860 Ω or 22.5 Ω cm
2
). 

Figure 4.24 shows the obtained PCE values of four cells, which have been 

synthesized with the same cell structure: FTO/ZnO/TiO2/CdS/PbS/ PEDOT: 

PSS/Au. 10 readings of the PV parameters for each cell were recorded. The 

average PCEs for each one of the four cells were 5.02 ± 0.028, 4.95 ± 0.033, 4.92 

± 0.042 and 4.88 ± 0.033, with their total average as 4.94 ± 0.034. Each cell 

performance was tested in ambient air at room temperature and under 1sun 

illumination. 
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Figure 4.22 Semi-log scale to the base 10 of the I−V characteristic of the solar 

cell with structure: FTO/ZnO/TiO2/CdS/PbS/PEDOT:PSS/Au, in dark (triangle 

symbols) and under 1 sun illumination (circle symbols).  

 

 
Figure 4.23 J−V characteristic of the solar cell with the structure:  

FTO/ZnO/TiO2/CdS/PbS/PEDOT:PSS/Au, the inset on the top represents the 

semi-logarithmic scale to the base 10 of the characteristic graph, the inset on the 

bottom represents the PV performance of the cell. The cell performance is 

measured under AM1.5G simulated solar illumination. 
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Figure 4.24 The average PCE values for 10 readings and their standard deviation 

for each one of the four cells with the structure: FTO/ZnO/TiO2/CdS/PbS/ 

PEDOT:PSS/Au.  

(iii) Stability characterization 

The stability of the cells was tested over a period of approximately six 

weeks when the cells were stored in a dark box at room temperature without 

applying any inert gases and tested in air under 1sun illumination. Figures 4.25 (a 

– e) shows the results of this testing. Figure 4.25a represents every one of the cell 

parameters using arbitrary units for comparison. The graphs show good stability 

over six weeks with only minor changes over the whole testing period. The short 

circuit current exhibits a gradual initial decrease and then saturates after about 

sixteen days. The VOC and FF exhibit an initial increase in the first 12 days then a 

gradual decline with a partial recovery after 16 days. The PCE was almost 

unaffected in the first 12 days and then started to decrease with partial recovery 

after 16 days, as indicated in Figures 4.25 (b–e). 
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Figure 4.25 Stability testing of solar cell with the structure:  FTO/ ZnO/ TiO2/ 

CdS/ PbS/ PEDOT:PSS/ Au. 

 

(

a)  
(a) 

(

a

)

  

 

(b)  

(

c)  

(

d)  
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(b) (c) 
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4.2.2 Effect of Employing Different Electron Transport Layers 

(ETL) 

The architecture and PV performance of the synthesized heterojunction 

QDSCs with various ETLs was examined. The ETLs were: ZnO/TiO2, TiO2, and 

ZnO/TiO2/GO. 

(i) Architecture characterization 

Figure 4.26 shows SEM images with different magnifying scales for the 

surface morphology of ZnO NP layers which are the first layers on top of the FTO 

glass coated substrate. It can be noticed that the ZnO NPs layer surface appeared 

to cover all the regions of the substrate very well without the presence of voids, 

pinholes or cracks. The roughness of the surface can be observed. Figure 4.27 

shows the SEM images for the surface morphology of the TiO2 NPs layer which 

was applied on top of the previous layer (ZnO). This revealed that the substrate 

surface was influenced by employing TiO2 NPs since it has a uniform surface 

morphology over the entire substrate and a significant reduction in the roughness 

of the surface, with small particles and some gatherings. Thus Figure 4.27 

represents the surface morphology of the ZnO/TiO2 structure that is being 

employed as the ETL for most of the synthesized hetrojunction QDSCs in this 

study.   

Figure 4.28 shows the SEM images for the surface morphology of the 

reduced GO layer which was applied on top of the previous layer (TiO2). A 

significant increase in the roughness of the surface is noticed due to the addition 

of a reduced GO layer. It covers the entire substrate without the presence of voids, 
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pinholes or cracks. Figure 4.28 (a, b) shows the GO layer after annealing at  

200ºC for 1 hour and Figure 4.28 (c, d) shows another sample of a GO layer after 

annealing at  300ºC for 1 hour and reveals a decrease in the roughness of the 

surface as the annealing temperature increases. The GO is thermal treated in an N2 

environment to reduce GO by removing functional groups and extra oxygen in 

order to convert GO from an electrical insulator to a semiconductor.   

  

Figure 4.26 SEM image of ZnO (NPs) layer. 

  

Figure 4.27 SEM image of TiO2 (NPs) layer. 
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Figure 4.28 SEM image of GO; (a,b) annealed at 200ºC layer, (c,d) annealed at 

300ºC layer. 

 

(ii) Performance characterization 

Figure 4.29 shows J−V characteristics for three SCs with various ETLs, 

under 1 sun illumination. The active area of the cells was about 0.785mm
2
. As 

indicated by the graphs the performance has slightly decreased with the change of 

ETLs: ZnO/TiO2, and TiO2, respectively. While a major decline in PV parameters 

is evident. The semi-log graphs in Figure 4.29 indicate that cell ZnO/TiO2/GO has 

the highest characteristic resistance (RCH) as it gives the highest inverse slope and 

so the drop off in PCE is related to the high RCH of the cell.   

Table 4.4 shows the PV parameters for each solar cell. ZnO/TiO2 

produced the highest PCE, FF, and JSC. Very little decrease in PCE, FF, and JSC 

(a)  (b)  

(c)  (d)  
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was observed in TiO2 without ZnO, while a small increase in VOC was obtained in 

TiO2. This can be associated with the functional change in the ETL as shown in 

the equivalent energy level diagrams in Figure 4.30. A large reduction in PCE in 

the cell where a reduced GO layer was added is related to a JSC reduction. The 

variation in PV parameters of the cells in Table 4.4 can be explained by their 

equivalent energy level diagrams in Figure 4.30 and the surface morphology of 

the layers in Figures 4.26 to 4.28. Since ZnO/TiO2 has the best PCE due to its 

uniform surface with less roughness, thus enhancing electron transfer, and due to 

the presence of tiny pores in the TiO2 layer, it improves the ability for CdS NP 

loading. From the equivalent energy level diagram, we can see that ZnO has more 

electron affinity than TiO2, so employing ZnO/TiO2 together utilizes a good CB 

and VB match between CdS NPs and the FTO layer. Whereas the use of GO 

increases the roughness and disturbs the energy level alignment thus hindering the 

charge transfer and separation.  

Table 4.6 The photovoltaic parameters for PbS QDSC structures with different 

Electron Transport Layers (ETL). 

 

Cell with ETL: JSC (mA/cm
2
)  VOC (mV)  Pmax(mW) FF (%) PCE (%)  

ZnO/TiO2 24.2  544 0.0395 38.2  5.04  

TiO2 21.5 558 0.0358 38.0 4.57 

ZnO/TiO2/GO 9.89  528  0.0146 35.5 1.86 
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Figure 4.29 J−V characteristics for three different structures of PbS QDs based 

SCs with various electron transport layers (ETL), (a) linear scale (b) semi-

logarithmic scale to the base 2. The cells were measured under AM1.5G simulated 

solar illumination. 

(

a)  

(

b)  

(a)  

(b)  
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Figure 4.30 Energy level diagrams for cells with ETL as (a) TiO2 and (b) 

ZnO/TiO2/GO, respectively. 

 

4.2.3 Effect of Employing Different Active Layers (AL) 

The architecture and PV performance of synthesized heterojunction 

QDSCs with various ALs were examined. The AL was changed to CdS/PbS, 

Bi2S3/CdS/PbS and Bi2S3/PbS. 

(i) Architecture characterization 

Figure 4.31 shows SEM images with different magnifying scales for CdS 

NPs as deposited on top of a ZnO/ TiO2 layer on an FTO-coated glass substrate. 

The sample was coated with 11 SILAR cycles of CdS NPs. The images confirm 

that the TiO2 was uniformly coated with CdS NPs without cracks or pinholes and 

the CdS NPs film was homogenous and demonstrates a cellular network suitable 

for filling with with PbS QDs to form the AL of CdS/PbS. Figure 4.32 shows 

SEM image of a Bi2S3 layer as deposited on top of the ZnO/ TiO2 layer on an 

FTO-coated glass substrate, the sample was coated with 7 SILAR cycles of Bi2S3 

(a)  (b)  
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particles. The SEM results indicate that Bi2S3 is unequally covered on the 

substrate with small particles and some gatherings, a lot of space between Bi2S3 

particles is available for filling with PbS QDs or CdS NPs to form the AL in cell  

Bi2S3/CdS/PbS or Bi2S3/PbS, respectively. Figure 4.33 shows SEM images with 

different magnifying scales for the surface morphology of a PbS QDs layer coated 

on top of CdS. It can be noticed that PbS QDs penetrates within the CdS NPs layer 

and covers the entire surface with roughness.   

    

Figure 4. 31 SEM image of CdS NPs layer. 

  

Figure 4.32 SEM image of Bi2S3 NPs layer on TiO2. 
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Figure 4.33 SEM image of PbS QDs layer.  

(ii) Performance characterization 

Figure 4.34 shows J−V characteristics for three SCs with various ALs, 

under 1 sun illumination: the active area of the cells was about 0.785mm
2
. As 

indicated in the graphs the performance decreased with the change in the AL: 

CdS/PbS, Bi2S3/CdS/PbS, and Bi2S3/PbS, respectively. The semi-log graphs in 

Figure 4.34 indicate that the Bi2S3/PbS AL has the highest RCH as it gives the 

highest inverse slope, so the drop off in PCE can be related to the high RCH of the 

cell.  

Table 4.5 shows the PV parameters for each solar cell: CdS/PbS yielded 

higher PV parameters than the other cells with a JSC of 24.2mA/cm
2
, a

 
VOC of 

544mV, an FF of 38.2 % and a PCE of 5.04%, respectively. The PCE decreased to 

2.42% by using Bi2S3/CdS/PbS as the AL, and a further decrease in PCE (1.27 %) 

was obtained by Bi2S3/PbS due to VOC reduction (334 mV). This can be associated 

with the functional change in the AL as shown from the equivalent energy level 

diagrams in Figure 4.35 as the CB of Bi2S3 is lower than that of CdS. 
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Figure 4.35a shows the equivalent energy level diagrams of 

Bi2S3/CdS/PbS where the Bi2S3 layer is applied between the TiO2 and CdS layers 

and the CB is well matched between them. Figure 4.35b shows the equivalent 

energy level diagrams for Bi2S3/PbS, where Bi2S3 is applied instead of a CdS NPs 

layer that is well matched with the PbS QDs energy levels. The variation in PV 

parameters of the cells in Table 4.5 can be explained by their equivalent energy 

level diagrams in Figure 4.35 and the surface morphology of the layers as shown 

in Figures 4.31 to 4.33. CdS/PbS has better PCE than those of Bi2S3/CdS/PbS and 

Bi2S3/PbS, which is related to lack of uniform coating of the Bi2S3 layer with 

voids that hinder the charge transfer.   

Table 4.7 The PV parameters for PbS QDSCs structures with different active 

layers (AL). 

 

Cell with AL: JSC 

(mA/cm
2
)  

VOC (mV)  Pmax(mW) FF (%) PCE 

(%)  

CdS/PbS 24.2  544 0.0395 38.2  5.04  

Bi2S3/CdS/PbS 13.6 527 .0703 33.7 2.42 

Bi2S3/ PbS 13.3  334  0.0115 33.1 1.47 
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Figure 4.34 J−V characteristics for three different structures of PbS QDs based 

SCs with various active layers (AL), (a) linear scale (b) semi-logarithmic scale to 

the base 2. The cells were measured under AM1.5G simulated solar illumination. 

(b)  

(a)  



129 

 

   

Figure 4.35 Energy level diagrams for cells with AL as (a) Bi2S3/ CdS/ PbS  

and (b) Bi2S3/PbS, respectively. 

 

4.2.4 Effect of Employing Different Hole Transport Layers (HTL) 

The architecture and PV performance of the synthesized heterojunction 

QDSCs with various HTL were examined. The HTL was changed to 

PEDOT:PSS, GO/PEDOT:PSS, GO, CuO, without HTL. 

(i) Architecture characterization 

Figure 4.36 shows SEM images of PEDOT: PSS layers as deposited on 

top of a PbS QDs layer. The SEM results indicate the smoothness of the surface 

which is homogenous and without any cracks which is extremely important for 

efficient charge transfer (holes to Au electrode). Figure 4.37 shows SEM images 

with different magnifying scales for the surface morphology of CuO NPs as 

deposited on top of a PbS QDs layer. Some spherical shape grains and gatherings 

were noticed on top of the PbS layer indicating that the CuO NPs were spread 

over the entire surface with large spaces between the CuO NPs spherical shape 

(a)  (b)  
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agglomerates. The presence of voids or pinholes hinders the efficient charge 

transfer to the Au electrode.  

  

Figure 4.36 SEM image of PEDOT:PSS NPs layer. 

  

Figure 4.37 SEM image of CuO NPs layer on PbS QDs. 

(ii) Performance characterization 

Figure 4.38 shows J−V characteristics for three SCs with various HTLs, 

under 1 sun illumination: the active area of the cells was about 0.785mm
2
. As 

indicated from the graphs the performance decreased with the change in HTL to 

PEDOT:PSS, GO/PEDOT:PSS, GO, CuO, without HTL. The semi-log graphs in 

Figure 4.38 give an indication of the cells resistance from the slopes of the graphs.  
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Table 4.6 shows the PV parameters for each solar cell. PEDOT:PSS 

yielded the highest JSC, VOC, FF and PCE. The PCE decreased to 3.95% when 

using GO/PEDOT: PSS as the HTL, while using a GO layer alone as the HTL 

yielded a PCE of 1.22% and the lowest FF (33%). A drop of PCE (0.85%) was 

obtained by applying a CuO NPs layer. The lowest JSC (2.2mA/cm
2
), VOC 

(412mV) and PCE (0.38 %) were obtained by the cell where no transport layer 

was applied.  

Figure 4.39a shows the equivalent energy level diagrams for GO/PEDOT: 

PSS where a reduced GO layer was used beneath a PEDOT: PSS layer, which has 

a work function of about 5eV: close to the work function of gold (~5.2 eV) and 

matching the VB of PEDOT: PSS (~5.1 eV). Therefore, holes can be injected 

from the VB of PEDOT: PSS to GO. Figure 4.39b shows the equivalent energy 

level diagrams of the cells where GO is the only HTL. Figure 4.39c shows the 

equivalent energy level diagrams of the cell where the CuO NPs layer was applied 

as HTL, with Eg ~3.6 eV and a very high CB that blocks the electron transfer to 

the Au electrode. Figure 4.39d shows the equivalent energy level diagrams of the 

cell where no HTL was applied. The variation in PV parameters of the cells in 

Table 4.6 can be explained by their equivalent energy level diagrams in Figure 

4.39 and the surface morphology of the layers in Figures 4.28, 4.36 and 4.37. 

PEDOT: PSS has a better PCE than the other cells because the addition of 

PEDOT: PSS on top of PbS smoothes the surface which facilitates the hole 

transfer to the Au electrode. Additionally, a high CB for PEDOT: PSS makes it 

hole attractive and provides an electron blocking layer. The PEDOT: PSS layer 

stops any migration of Au atoms to PbS or any oxidation of the PbS layer. So in 
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the case where no HTL is applied a large drop in the PV performance is noticed. 

The decrease in the PCE in the case of employing GO can be attributed to an 

incomplete reduction process. GO was also annealed at 200 ºC where higher 

temperetures were required, but high temperatures affect the NPs crystalinity and 

consequently, their PV performance. The decrease in PCE in cases employing 

CuO can be related to the lack of a uniform coating of the CuO NPs layer leaving 

voids that hinder the charge transfer.   

Table 4.8 The PV parameters for PbS QDSCs structures with different hole 

transport layers (HTL). 

 

Cell no. JSC (mA/cm
2
)  VOC (mV)  Pmax(mW) FF (%) PCE (%)  

PEDOT:PSS   24.2  544 0.0395 38.2  5.04  

GO/PEDOT:PSS   19. 2  540 0.0310 38.1 3.95 

GO  7.25  509 0.00955 33.0 1.22 

CuO 5.68 426 0.0067 35.3 0.854 

None 2.2 412 0.00305 37.8 0.388 
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Figure 4.38 J−V characteristics for five different structures of PbS QDs based 

SCs with various hole transport layers (HTL), (a) linear scale, (b) semi-

logarithmic scale to the base 2. The cells were measured under AM1.5G simulated 

solar illumination. 

 

(a)  

(b)  
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Figure 4.39 (a-d) Energy level diagrams for cells as (a) GO/ PEDOT:PSS, (b) 

GO, (c) CuO, (d) Non, respectively. 

 

4.2.5 Effect of Active Layer Thickness 

The archeticture and PV performance of synthesized heterojunction 

QDSCs with various AL thicknesses have been examined. The AL thickness was 

changed to CdS(11)/PbS(6), CdS(6)/PbS(6), CdS(11)/Blend(2)/PbS(4), CuO and 

CdS(11)/Blend(4)/PbS(4). Here the numbers next to the NPs denote the number of 

SILAR cycles or spin-coated repetitions.  

(i) Architecture characterization 

Figure 4.40 shows SEM images of the surface morphology of PbS and 

CdS blended on top of a PbS QDs layer. Since CdS NPs have a bigger size than 

(a)  (b)  

(c)  (d)  
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PbS QDs, CdS cubic shape crystals are distinguished within the PbS QDs layer. It 

can be noticed that the surface of CdS and PbS when blended do not appear to be 

uniform and the CdS NPs are distributed unequally within the PbS QDs layer.  

 
Figure 4.40 SEM image of blend of CdS and PbS NPs layer. 

(ii) Performance characterization 

Figure 4.41 shows J−V characteristics for five SCs with different active 

layer thicknesses under 1 sun illumination: the active area of the cells was about 

0.785mm
2
. The graphs show the thickness of CdS NPs reduced by decreasing the 

number of CdS NPs SILAR cycles from 11 to 0 SILAR cycles. The performance 

decreased noticeably. Also applying a blend layer of CdS and PbS reduced the 

performance and a further reduction was noticed when increasing the thickness of 

the blended layer. The semi-log graphs in Figure 4.41 indicate that the cell where 

a thick blended layer of CdS and PbS was applied between the CdS NPs layer and 

the PbS QDs layer had the highest resistance as it gives the highest inverse slope. 

The cell where the thickness of CdS was reduced from 11SILAR cycles to 6 

SILAR cycles, gives the lowest resistance as it gives the lowest inverse slope and 

the decrease in PCE is due to a VOC reduction. Also more than 11SILAR cycles of 

CdS NPs were examined and resulted in a decrease in PCE. Thus 11SILAR cycles 
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produce a suitable layer thickness for charge transfer and reach the heterojunction 

interface without recombination. 

Table 4.7 shows the PV parameters for each solar cell. The first cell 

yielded the highest PV parameters JSC (24.2 mA/cm
2
), VOC (544 mV), FF (38.2%) 

and PCE (5.04%), where 11 SILAR cycles were applied. The cell with 6 SILAR 

cycles yielded a JSC of 18.8mA/cm
2
, a VOC of 310mV, an FF of 34.3% and a PCE 

of 2.01%. The cell without a CdS NPs layer yielded a lower JSC (15.2 mA/cm
2
) 

and PCE (1.69%). In the case of applying the blended layer twice the cell yielded 

a JSC of 17.7 mA/cm
2
, a VOC of 555 mV, an FF of 37.8% and a PCE of 3.71%. In 

the case of the cell where the thickness of the blended layer was 2 times that of 

the previous cell the resulting PCE (0.937%) was reduced to about 1/4. The drop 

off in the PCE is attributed to the fall in the JSC (6.6 mA/cm
2
). The decrease in 

PCE for the cells with blended layers can be attributed to the unequal distribution 

of PbS and CdS NPs within the layers in the solar cell structure, and as the 

thickness of the blended layer increases the charge separation and transfer is 

hindered.  

 

 

 

 

 

 

 

 

 

 

 

 

 



137 

 

Table 4.9 The PV parameters for PbS QDSCs structures with different AL 

thickness.  

 

 

Cell with AL: JSC 

(mA/cm
2
)  

VOC (mV)  Pmax(mW) FF (%) PCE (%)  

CdS(11)/PbS(6) 24.2  544 0.0395 38.2  5.04  

CdS(6)/PbS(6) 18.8  310 0.0157 34.3 2.01 

CdS(0)/PbS(6) 15.2 315 0.0133 35.4 1.69 

CdS(11)/Blend(2)

/PbS(4) 

17.7  555 0.0291 37.8 3.71 

CdS(11)/Blend(4)

/PbS(4) 

6.61 398 0.00735 35.6 0.937 

(a)  
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Figure 4.41 J−V characteristics for 5 different structures of PbS QDs based SCs 

with different active layer thickness, (a) linear scale, (b) semi-logarithmic scale to 

the base 2. The cells were measured under AM1.5G simulated solar illumination. 

 

Summary of Results: 

Table 4.10 shows some characteristic parameters for the synthesized NPs 

in this study, which were utilized in QDSCs structures. The synthesis method, 

size, wavelength at maximum absorption (max), and the estimated Eg value of the 

NPs are displayed in the table below. Table 4.11 shows the structures of the 

synthesized QDSCs with the PCE for each cell. That makes the performance 

comparison of the QDSCs  much easier.  

 

 

 

(b)  
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Table 4.12 Characteristics of the synthesized nanoparticles.  

NPs Synthesis method Size (nm) max (nm) Eg (eV) 

ZnO Thermal chemical process 5.3 318 3.81 

TiO2 Decomposition of  TiCl4, and 

calcination 

 UV   3.2 

PbS Thermal chemical process 6.6 912 1.32 

CuO Colloid microwave- thermal 

process 

1.2 255 3.85 

CdS SILAR 20 visible  2.42 

 

Table 4.13 Heterojunction QDSCs based on PbS QDs with their efficiencies.  

Solar cell structure PCE (%) 

FTO/ZnO/TiO2/CdS/PbS/PEDOT:PSS/Au 5.04 

FTO/TiO2/CdS/PbS/PEDOT:PSS/Au 4.57 

FTO/ZnO/TiO2/GO/CdS(11)/PbS(6)/PEDOT:PSS/Au 1.86 

FTO/TiO2/ Bi2S3/CdS/PbS/PEDOT:PSS/Au 2.24 

FTO/ZnO/TiO2/Bi2S3/PbS/PEDOT:PSS/Au 1.47 

FTO/TiO2/CdS/PbS/ GO/PEDOT:PSS/Au 3.95 

FTO/ZnO/TiO2/ /CdS/PbS/ GO/Au 1.22 

FTO/ZnO/TiO2/CdS/PbS/CuO/Au 0.854 

FTO/ZnO/TiO2/CdS/PbS/Au 0.388 

FTO/ZnO/TiO2/CdS(6)/PbS(6)/PEDOT:PSS/Au 2.01 

FTO/ZnO/TiO2/ PbS/ PEDOT:PSS /Au 1.69 

FTO/ZnO/TiO2/CdS(11)/Blend(2)/PbS(4)/PEDOT:PSS/Au 3.71 

FTO/ZnO/TiO2/CdS(11)/Blend(4)/PbS(4)/PEDOT:PSS/Au 0.937 
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CHAPTER FIVE 

CONCLUSIONS 
 

5.1 Quantum Dots 

The synthesized PbS QDs have a narrow size distribution: their average 

size is 6.6nm. The UV‐visible absorption spectra of the PbS QDs showed 

absorption in the IR region with a maximum peak of  912nm that corresponds to 

an Eg of 1.36eV, that is much larger than the bulk.  

The size of ZnO NPs is controlled by changing the NaOH concentration in 

the main solution of zinc acetate in ethanol. The smallest average NP size 

obtained was 5.3nm at 3.18mmol of NaOH concentration. By increasing or 

reducing this concentration the size of the particles increased: the other 

parameters remained fixed. Size distribution results confirm that a narrow size 

distribution can be obtained for ZnO NPs prepared via the wet chemical method. 

Absorption spectra show peaks in UV region and shifts towards shorter 

wavelengths by decreasing the particle size which indicates increases in both 

structural quality and QC effects. The PL spectra show highly intense visible 

emission peaks for every sample related to different ZnO defects. Low intensity 

UV emission peaks appeared for two samples related to excitonic emissions. 

These peaks were blue shifted as the particle size was reduced. The yellow 

emission for each sample can be hindered by introducing an N2 environment 

instead of ambient air or the already prepared ZnO NPs in ethanol. The yellow 
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emissions are attributed to electronic from deep-donor states, caused by intrinsic 

defects such as oxygen vacancies, to shallow acceptor states. The role of nitrogen 

gas is to passivate the dangling bonds of the defects and to introduce more 

shallow acceptor states. Consequently, N2 bubbling yields emissions with shorter 

wavelengths (blue to violet) due to electronic transitions taking place between 

shallow donor and shallow acceptor states. After stopping N2 bubbling, oxygen 

dominated all bonding to zinc defect states and yellow emissions returned from 

deep donor states (such as oxygen vacancies) to valence bands or to shallow 

acceptor states. Furthermore, the quick return of the yellow colour after stopping  

N2 bubbling may reveal that the defects concerned are mostly located in the 

surface layer of the ZnO NPs.    

CuO NPs were successfully prepared using the colloid thermal method 

involving microwave radiation. Using this technique, the NPs produced possessed 

narrow size distributions. The particle size was found to decrease as the 

microwave processing cycles increased. The preparation was efficient and 

economic while yielding high controls on the desired particle size, ranging in size 

from microns to 1nm with well-tailored bandgaps and specific optical properties. 

In UV–visible absorption, a blue shift in Eg was observed with decreasing 

nanoparticle size due to the QC effect. This is also in agreement with the direct Eg 

calculation based on the absorption spectra which showed higher values for 

smaller nanoparticle size. The PL spectra as a function of CuO NPs size are blue 

shifted with decreasing nanoparticle size due to the QC effect. This corroborates 

the results of the UV–visible spectra. Furthermore, the analysis of PL spectra as a 

function of the excitation wavelength showed that the peak emission wavelength 
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can be red-shifted by increasing the excitation wavelength from 300nm to 320nm. 

This phenomenon was attributed to the selective recombination processes of 

excitons in the CuO NPs resulting from several factors such as the existence of a 

distribution of energetically different molecules having different defect densities 

and levels, the interactions between NPs and the polar solvent, and the decrease of 

the life time of the fluorescence associated with the increase of the transition rate. 

The CuO NPs in this study have a diversity of potential applications in the fields 

of photovoltaic, energy-selective luminescent devices, spintronics, catalysis and 

biomedicine. 

5.2 Quantum Dot Solar Cells 

The surface morphology of the solar cell has a major effect on charge 

transfer and separation. The surface has to be uniform over all regions thereby 

covering the substrate, without the presence of voids, pinholes or cracks. A good 

contact between the cell layers: the particles of each layer matching the particles 

of other layers is required to ensure the charge transfer at the interface between 

the n-type and p-type layers. By providing a path for the charge to reach the 

opposite electrodes, recombination of the charge is hindered and series resistance 

reduced.  

Determining the right energy band alignment of the semiconductors is 

extremely important in order to arrange and synthesize the layers of the solar cell 

structure. The synthesized heterojunction QDSC structure benefits from gradual 

energy level alignment. The n-type and p-type QDs (CdS/PbS) as ALs, and the 

high hole mobility of organic semiconductors can be used as hole transport layers 
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(PEDOT: PSS). Also the high electron affinity of TiO2 can be used as an electron 

transport layer.  

In QDSSCs (where a liquid electrolyte is used) CdS NPs are loaded on the 

TiO2. We extended this idea to our solid (p-n) heterojunction QDSC, since 

ZnO/TiO2/CdS is a promising structure for use in a heterojunction QDSC. 

(ZnO/TiO2/CdS/PbS QDs /PEDOT: PSS/Au) achieved a PCE of 5% since 

ZnO/TiO2 accepted electrons from the AL, transported them to the FTO electrode, 

and blocked hole transferd, owing to its high electron affinity and mobility and 

due to its low CB level. A CdS layer enhanced the transfer of photgenerated 

electrons from the PbS and CdS to the ZnO/TiO2 layer through gradual energy 

alignment. On the other hand PEDOT: PSS accepted holes from the AL, 

transported them to the Au electrode and blocked electron transfer in this 

direction, owing to its high CB and VB. 

Recommendations for future work: 

- Optimize the surface morphology of the NP layers, by trying other deposition 

methods such as sputtering. 

- Use other organic and inorganic short ligands for PbS QDs passivation and 

study their effects on PV performance. 

- Use other efficient hole extraction layers such as molybdenum oxide (MoOx) 

and vanadium oxide (V2Ox) to be applied beneath the metal electrode instead 

of PEDOT:PSS, and study their effects on PV performance. 
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