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ABSTRACT 

Quantum dots (QDs) are extensively used in photovoltaic devices due to their unique 

properties: bandgap tunability, capability of multiple exciton generation, up/down wavelength 

conversion. The improvement in device performance is attributed to the enhancement in optical 

absorption, quantum efficiency, and reduction in thermalization losses. Good optical, as well as 

electrical properties of the QDs, are essential for efficient device operation. Charge transport 

and carrier recombination in the QDs are the key processes that affect the device performance 

and these processes can be easily tuned during the synthesis of QDs and fabrication of the 

device.  

In this work, current-voltage characteristics in bilayer heterojunction diodes are studied 

(effects of energy barriers, layer thicknesses, etc.) and separated into three working regimes 

based on the energy band diagram of the device. Subsequently, a model for multilayer quantum 

dot organic solar cells has been developed that explores the impact of electronic processes 

(carrier recombination, tunneling, injection, etc.) in QDs on the current-voltage (J-V) 

characteristic of the solar cells. Solar cell characteristics can be controlled by the quantum dot 

layers. The bimolecular recombination coefficient of QDs is a prime factor that controls the 

open-circuit voltage without any significant reduction in short circuit current. To verify our 

proposed model, various core-shell QDs have been fabricated and its interlayer is inserted 

between the donor and acceptor layer in the device. The addition of QDs has improved the 

optical absorption in the device resulting in an increase in photo-current/short circuit current 

density and open-circuit voltage of the solar cell but the current-voltage characteristics show an 

s-shaped curve in the fourth quadrant which results in drastically reduced fill factor. The reason 

behind the appearance of s-kink in experimentally obtained J-V characteristic of QD solar cells 

has been analyzed with the model. According to the model, the capture/emission time and 

tunneling rate coefficient in QDs are individually responsible for degradation in device 

performance via an undesirable s-shaped J-V characteristic of hybrid organic/inorganic 

quantum dot solar cells. Thus, injection/extraction rate, tunneling among QDs and 

recombination in QDs are essential factors that are required to be optimized for efficient QD 

solar cells. The structural and energetic disorders at various interfaces, surface properties of 

QDs, fabrication process, etc. must be taken into consideration to achieve an efficient device. 
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Chapter 1 

Introduction and Literature Review 

1. Organic Photovoltaics 

A solar cell is a device that converts sunlight into electricity directly. The photovoltaic 

market has been increasing very rapidly with growing in contribution to the total energy 

demand of the world. Still, the contribution of solar cell technology to total energy supply is 

very low due to high cost of energy conversion with solar cell technology as compared to the 

conventional source of energy. Therefore, new technologies, novel materials instead of 

conventional materials (silicon, GaAs, etc.) for photovoltaics have been adopted in order to 

reduce the solar cell production cost. Researchers have moved towards a new technology based 

on organic materials. Their low-cost and ease of processing of organic devices makes them a 

promising alternative to the current inorganic technologies. Organic materials have very large 

absorption coefficient so required thickness of the active layer is reduced to few hundred 

nanometers which is much less than the thickness of active layer in conventional silicon solar 

cells. So materials cost is greatly reduced in organic photovoltaics. Using various fabrication 

techniques, production speeds up to several meters square per second can be achieved. With the 

roll to roll fabrication process, about 10
5
 m

2
 of a film can be prepared in a day. The production 

of organic photovoltaic devices can be achieved in large quantities and is many times cheaper 

than the conventional inorganic photovoltaic technology. The new generation photovoltaic 

devices based on organic materials have unique advantages such as large-area production, 

mechanically flexible substrates, etc [1-5]. 

Organic photovoltaic (OPV) technology utilizes organic semiconductors. Organic 

semiconductors show absorption and emission of light in the visible range and conductivity that 

able to drive various semiconducting devices like light-emitting devices, solar cells, transistors, 

etc. The molecules in organic solids are weakly bound by Van-der-Waals force. This weak 

bonding force and low dielectric constant (< 5ε0) are the key reasons for the strange physical, 

electrical, and optical properties of the organic semiconductors. Generally, the bandgap of 

organic semiconductors is in the range of 2-5 eV so intrinsic carrier concentration is negligible 

at room temperature and electron-hole pairs generated by thermal or optical excitation are 

bound by Coulomb interaction due to their low dielectric constant. The bound electron-hole 
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pair is known as exciton and needs additional energy equal to its binding energy which varied 

from 0.1-1.0 eV for dissociation into free carriers. 

1.1. Electrical conductivity in organic semiconductors 

Intrinsic carrier concentration in polymer and other organic small molecules is 

negligible and the materials are insulating in nature. Thus, charge injected from an electrode, 

intentional/unintentional doping, excess carriers due to photo/thermal excitation, etc. are 

responsible for electrical conductivity in organic semiconductors. Weak electronic coupling 

among the organic molecules also causes the absence of continuous energy bands. Hence, 

charge carriers are localized on organic molecules. These charge carriers move from one 

molecule to another via hopping mechanism. Delocalized electrons and presence of the 

conjugated system in the molecule are essential requirements for the conduction of charge in 

organic semiconductors. 

a. Delocalization of electron and conjugation system 

According to Pauli’s exclusion principle, quantum numbers are redistributed when 

multiple atoms come closer and closer to form a molecule by combining atomic orbitals to 

form new orbitals which are called molecular orbitals. The first step to this molecular orbitals 

formation is hybridization. Each atom participating in molecule formation using covalent bonds 

undergoes hybridization [6]. 

  

Figure 1.1 σ and π bonding in a C2H4 molecule. 

C
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In the case of sp
2
 hybridization of the carbon atom, it forms three sigma bonds with 

other carbon atoms. Electrons involved in σ-bond are tightly held compared to the π-bond. This 

enables electrons in the π-bond to be able to leave the molecule easily under excitation. The π-

electron network forms a cloud of electrons as shown in Fig. 1.1. Electrons are free to move in 

this cloud.  

Conduction in organic molecules or polymers is due to the presence of π-bonds in 

carbon chain with alternating single and double bonds as shown in Fig. 1.2. The conjugation is 

a necessary condition for organic material to conduct electricity. It allows the circulation of 

charge across the molecules in a system of multiple molecules bunched together to form an 

organic solid. The charge on the organic molecule creates structural disorder around it which is 

known as polaron and acts as a charge carrier in organic semiconductors. The motion is 

randomly directed in all directions but in the presence of an external electric field applied 

across the system, it is directed in a specific direction and conducts electricity [7]. 

 

Figure 1.2 Conjugated systems: Movement of π-bonds. 

2. Organic Solar Cells 

Organic solar cells are achieved by sandwiching the active layer of organic 

semiconductors between two electrodes of different work functions. This difference in work 

function provides driving force to the charge transport in the organic solar cells. Depending on 

the active layer, organic solar cells are classified as single layer, bilayer heterojunction, and 

bulk heterojunction solar cell. Photovoltaic operation in organic solar cells is slightly different 

as compared to inorganic solar cells due high binding energy of excitons. 

2.1. Working Principle and Current-Voltage Characteristic 

In Fig. 1.3 (a), the schematic of bilayer heterojunction solar cell and corresponding 

energy band diagram are shown. When the device is illuminated with solar spectrum, the 
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photons of sufficient energy are absorbed in the active material (donor) and electrons are 

excited to first excited state called lowest unoccupied molecular orbital (LUMO) and leave 

holes at highest occupied molecular orbital (HOMO) level. But, the low dielectric constant of 

organic semiconductors results in a strong electrical attraction between excited electron and 

hole instead of generation of free electron and hole. The bound pair of excited electron and hole 

is called an exciton. These excitons diffuse and reach the interface of donor and acceptor 

material. The abrupt change in electron affinity at heterojunction causes dissociation of 

excitons into free carriers. The electron is transferred to the LUMO of acceptor and hole 

remains at the HOMO of the donor. Now, these free carriers are swept by the electric field 

created by work function difference of electrode materials, collected at the respective electrode, 

and generate a current in an external circuit.  

   

Figure 1.3 (a) Schematic of bilayer heterojunction solar cell and photovoltaic operation (b) current-

voltage characteristics under dark and illuminated condition is shown. 
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The current-voltage characteristic of a solar cell is shown in Fig. 1.3 (b). The current-

voltage plot in the dark condition is a diode characteristic. It shifts downward on illuminating 

the device. The shifting is proportional to the illumination intensity. The terminology used to 

estimate device performance is known as solar cell parameters. The terms are defined as 

• Open-circuit voltage (VOC) is the voltage across the solar cell when the current is zero. 

• The short-circuit current (JSC) is the current through the solar cell when voltage across 

the cell is zero. 

• Fill factor (FF) is a measure of squareness of the J-V curve of solar cells and defined as: 

   
      
         

 

• Power conversion efficiency (η) of a solar cell is defined as: 

  
            

                  
 

• External quantum efficiency (EQE) is a measure of the fraction of incident photons at a 

particular wavelength that are collected as free charge carriers at the electrodes. 

    
                                       

                      
  

2.2. Performance Improving Strategies  

Organic solar cells (OSCs) in the early days were developed with a single active layer 

sandwiched between electrodes with different work functions. These devices were exhibit very 

low (<1%) conversion efficiency. The main reason behind it was poor exciton dissociation 

efficiency into free carriers. But, the introduction of concept of bilayer heterojunction and bulk 

heterojunction in the active region improved the device efficiency many times as compared to 

the single-layer device by improving exciton dissociation efficiency and minimizing the 

exciton recombination respectively. Thus, improvement in device architecture, fabrication 

techniques, and use of novel materials are the basic parameters to achieve efficient devices and 

more than 10% power conversion efficiency has been achieved [8-11].  

The performance of an organic solar cell is highly dependent on the interface between 

the different layers. In organic solar cells, there are mainly two types of interfaces, one, 

between the organic and electrode material and second, between organic donor and acceptor 
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materials. The interfacial material (inserted between the electrodes and organic layers) plays a 

major role in charge extraction and stability of the device [12]. The interface between donor 

and acceptor layer directly affects the exciton dissociation process, geminate and bimolecular 

recombination process at the heterojunction. So, it should be optimized and its properties 

should be well understood for the design of high-performance organic solar cells. 

Insertion of a high dielectric material layer in OSC improves performance due to 

improvement in the surface charge accumulation and collection [12]. Hsiao et al. performed a 

C-V analysis on solar cells after inserting a thin film of high dielectric material in solar cells 

and found a higher surface polarization of dielectric thin film cause a decrease in the surface-

charge accumulation at the electrode interface. When they used high dielectric material PFN 

(poly[(9,9-dioctyl-2,7-fluorene)-alt-(9,9-bis(3′-(N,N- dimethylamino) propyl)-2,7-fluorene)]) in 

PTB7:PC71BM (poly([4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]-dithiophene-2,6-diyl][3-

Fluoro-2-[(2-ethylhexyl)carbonyl]thieno-[3,4-b]thiophenediyl]): [6,6]-phenyl-C71-butyric acid 

methyl ester) blend to enhance the surface-charge collection in ITO/PFN/PTB7: 

PC71BM/MoO3/Ag device structure, the PCE reached up to 8.7%. 

In 2015, T. Goh et al. [13] used P3HT (Poly-(3 hexylthiophene-2,5-diyl)) as a ternary 

acceptor in PTB7:PC71BM blend and studied the effects of concentration of P3HT in ternary 

blend organic solar cells. They observed significant improvement in PCE from 7.08% to 

8.63%. P3HT (2.1eV) is wider bandgap polymer than PTB7 (1.7eV). Excitons generated in 

P3HT are efficiently transferred to the PTB7 via Forster resonant energy transfer mechanism. 

The maximum absorption coefficient for P3HT is at approximately 500 nm and for PTB7 at 

700 nm, so the overall absorption range is increased. Time-resolved photoluminescence 

(TRPL) spectroscopy shows an improvement in exciton lifetime with increasing concentration 

of P3HT in the active layer.  

The ternary blend concept is extended to high-efficiency photodetectors. W. L. Xu et al. 

[14] fabricated the photodetector using P3HT: PC71BM and PTB7 used as a ternary element. 

UV-Vis absorption spectra of PTB7 and emission spectra of P3HT overlapping showed 

efficient Forster resonant energy transfer from P3HT to PTB7. The time delay measured by 

time-resolved photoluminescence spectroscopy showed reduction with increasing concentration 

of PTB7 and hence on/off ratio improved in ternary blend structures. 

The dual donor blend based organic solar cell shows enhanced performance due to 

improvement in morphology and reduction in trap density. S. Chand et al. [15] compared the 
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performance of bulk heterojunction solar cells based on PTB7: PC71BM. They added poly [N-

9’’-hepta-decanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’benzothiadiazole)] 

(PCDTBT) as second donor material. They correlated mobility, trap density, morphology, and 

PCE and found that the increase in PCE was due to a reduction in trap density on adding dual 

donor material and the transition of charge carriers at the heterojunction from donor to acceptor 

level became favorable due to tuning of energy levels. 

Hashimoto et al. [16] explored the effect of interfacial properties on the performance of 

an organic photovoltaic device. In their work, films of P3HT and PCBM were connected to 

each other by a film transfer method. The surface roughness is the main issue in this method so 

the film is transferred without disturbing their surfaces. Surface segregated monolayer (SSM) 

modified layers provide better interface quality and tuning of surface dipole moment. J-V 

characteristics of bilayer organic photovoltaic devices fabricated by the SSM method with 

interfacial dipole moments selected to align the energy levels at the heterojunction clarify that 

the device performance is highly dependent on the direction of dipole moment at the 

heterojunction. They also explored the effect of annealing on the performance of solar cells. 

Annealing of the active layers causes improvement in PCE due to better contact between P3HT 

and PCBM layers. 

Electrode interfaces and donor-acceptor interface do not individually affect the 

performance of the device; instead, it is affected by the dynamic coupling between these 

interfaces as shown by magneto-photocurrent studies. The dynamic coupling behavior was 

studied by W. Ting et al. in 2015 [17]. In this work, two bulk heterojunction solar cells were 

fabricated with electrode interfaces of ZnO and PFN (an organic ferroelectric material) and 

compared. Magneto-photocurrent and capacitance-voltage (C-V) measurements have been 

performed on the devices. Photocurrent in both devices was changed with the magnetic field at 

different rates on the specifically biased conditions. Here, spin-dependent recombination was 

changed on applying the magnetic field due to changing the singlet-triplet excitons ratio. The 

bias required to eliminate the change in magneto-photocurrent was different for ZnO and PFN. 

C-V measurements proved that high dipole moment at interface requires high biasing to 

eliminate the change in magneto-photocurrent. Hence, the dipole moment at the interface 

affected the charge dissociation at the donor-acceptor interface. 

Real-time exciton dissociation dynamics was studied by Ginger et al. [18] using time-

resolved electrostatic force microscopy. In this method, the device heterojunction was excited 
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with pulsed laser and excitons were created in the active layer. These excitons were dissociated 

into free carriers and cause charging in the sample; hence, the charging rate was used to study 

the real-time exciton dissociation dynamics. It is useful for probing weak subgap excitations in 

nanostructured materials solar cells. 

A radiative ternary material N,N′-Bis(3-methylphenyl)-N,N′-diphenylbenzidine (TPD) 

absorbs radiation in the range of 300 nm to 400 nm and radiates in the range of 400 – 450 nm. 

This emitted radiation overlaps with the absorption spectra of P3HT; hence the addition of TPD 

enhances the overall absorption range which results in higher power conversion efficiency. 

Here, TPD works as a frequency converting element; it converts a high-frequency photon to a 

low-frequency photon. From the absorption and emission spectra of TPD and P3HT, it is clear 

that high energy photons are converted into low energy photons and these low energy photons 

are absorbed in P3HT donor material [19]. 

Thus, improvement in device architecture, fabrication techniques, and use of novel 

materials provide favorable conditions like efficient exciton transfer and dissociation into free 

carriers, reduction in recombination rates, enhancing the absorption spectral range.  

2.3. Exciton Dissociation Process  

Exciton dissociation process at the donor-acceptor interface is not yet clearly 

understood due to its complex nature. Excitons at the interface dissociate into free carriers via 

several charge transfer states as shown in Fig. 1.4. The nature of the charge transfer states is 

highly dependent on material, morphology and fabrication techniques, etc. [20]. 

 

Figure 1.4 Charge transfer states at the donor-acceptor interface between bound exciton and charge-

separated state. 
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Figure1.5 Exciton dissociation processes (a) via exciton transfer and (b) direct dissociation by electron 

exchange at the donor-acceptor interface. 

As shown in Fig.1.5, there are two mechanisms to explain exciton dissociation process. 

The first one is graphically shown by ‘a’. In which, an exciton (or energy) is first transferred 

from donor to acceptor material then it dissociates into free carriers. The hole is transferred to 

the HOMO level of donor material from the HOMO level of acceptor layer and electron 

remains at the LUMO level of the acceptor. While in the second one (shown by ‘b’), the 

electron is directly transferred to the LUMO level of acceptor material from the LUMO level of 

the donor layer. 

The power conversion efficiency of an organic solar cell is mainly limited by the 

recombination of charge carriers via charge transfer exciton or charge transfer states. 

Hallermann et al. [21] correlated the recombination rate via charge transfer states with short 

circuit current in a solar cell. By PL measurements, it has been observed that at higher PL 

intensity, the short circuit current is lower. This should be obvious as higher PL intensity is due 

to the high recombination rate of excitons which leads to lower JSC. 

(a) 

(b) 
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In addition, it is observed that the performance of a solar cell can be improved by 

adding the inorganic thin films of nanoparticles, ferroelectric materials, etc. at the various 

interfaces. It is also found that on inserting a thin insulator layer at the donor-acceptor interface, 

efficiency is improved. This is mainly due to the high dielectric constant of inorganic materials 

which reduces the exciton binding energy and it dissociates easily (low energy). But, tuning of 

energy barriers at the interface is also required for efficient device performance so 

nanoparticles can be used because the bandgap of a nanoparticle is dependent on their particle 

size [22-27].  

There are many simulation tools that help in parameter optimization, cell architecture 

design, and many more other studies but numerical analysis of organic and inorganic material 

is quite complicated. For the numerical analysis of organic and inorganic semiconducting 

devices, the drift-diffusion model is widely used [28]. It provides satisfactory information at the 

lower computational cost. In inorganic semiconducting devices, mobility is much higher than 

the organic semiconductors so conventional relations are not blindly applicable to organic 

devices. Thus, simple diode models cannot be used.  

Low mobility of charge carriers limits the operation of organic solar cells and 

characteristic parameters are changed, so power conversion efficiency cannot be predicted with 

available models for inorganic solar cells [29-41]. Further, due to the low dielectric constant of 

organic semiconductors, the photo-generation of free charges is not quite simple as in inorganic 

solar cells. Exciton dissociation and charge transfer process is a very complex process and not 

well understood yet [42-43]. There is a controversy about the exciton dissociation. Numbers of 

papers are available that show the donor-acceptor interface is very important to achieve 

efficient photovoltaic devices but how charge and energy transfer at interface takes place and 

which mechanism is dominant is not clearly understood. There are various intermediate 

processes involved between the photon absorption and generation of photocurrent. U. Wurfel et 

al. [44] concluded that a lot of precautions are necessary to carry a numerical analysis of 

organic solar cells. They showed that the effect of charge transport on the various parameters of 

the device and proven conventional relations were not valid for the organic solar cells. All 

invalidities were arising due to the low carrier mobility in organic semiconductors. Some extra 

inputs were needed to predict the performance of an organic solar cell that was ignored or 

approximated in conventional devices. 
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3. Quantum Dots 

Theoretically, quantum dots are 0-dimensional point particles having discrete energy 

levels like an atom, but, in practice, these are the tiny particles of size few nanometers. The 

energy states of bulk materials form a continuous band structure, while the quantum 

dots/nanoparticles, the energy states start becoming quantized on confining the motion of 

electrons in all three directions. The density of states of bulk materials and various quantum 

structures are shown in Fig. 1.6. The continuous bands in bulk semiconductors are considered 

as overlapping of discrete energy levels of all atoms in a crystalline lattice. As the size of a QD 

is decreased, the energy bands are no longer continuous. The energy gap between the energy 

levels is increased and causes energy states like an atom [45-48].  

 

Figure 1.6 The density of states of bulk semiconductor, quantum well, quantum wire and quantum dot. 

 The quantum effects are observed when particle size is of the order of Bohr radius. Bohr 

radius can be defined from Bohr’s model of a hydrogen atom. Bohr’s radius is the size of a 

bound electron-hole pair for most semiconductors. The exciton Bohr radius is the critical size at 

which material properties are defined by quantum confinement instead of bulk properties. Thus, 

tiny particles of semiconductors with size (typically few nanometers) comparable to the Bohr 

radius show the quantum properties. So, bandgap of the quantum dots can be easily tuned with 

the size of QD due to increasing energy level splitting with decreasing size. This result can be 

predicted using a quantum mechanical solution of “particle in a box” theory. The bandgap of 

quantum dots is always greater than that of bulk material and it increases as we reduce the 

particle size. 

3.1. Synthesis of Nanoparticles 

The process of nanoparticle synthesis can be divided into three phases: (a) nucleation 

phase (b) growth period, and (c) termination of the reaction. The nucleation phase is the 

duration in which reactant concentration is higher than the nucleation threshold. In this 

duration, quantum dots nucleate and reactant concentration in the reaction chamber drops 
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below the threshold concentration. After that, the nucleated QDs start to grow. Upon reaching 

the desired size, the reaction is forced to stop [49-50].  

There are numbers of ways to synthesize the quantum dots which are categorized into 

two parts: 

 Vapor phase synthesis 

In this process, the vapor of required materials is allowed to condense in a controlled 

manner to achieve the desired sized QDs. Ways of forming vapors of materials are 

further categorized in several synthesis processes on the basis of energy sources such as 

using pulsed laser, spark discharge, ion sputtering, thermal/non-thermal plasma, etc. 

These processes generally used in the synthesis of elemental (Si, Ge, and other metallic) 

quantum dots [51-53]. 

 Liquid phase synthesis 

Liquid phase synthesis is a commonly used technique for the preparation of quantum 

dots. The precursor solution of the required materials is allowed to react in a reaction 

chamber. The precursors are put together (non-injection technique) or injected 

sequentially (injection technique) in the chamber. The concentration and timing are the 

common controlling parameters to achieve the desired size of quantum dots. 

The injection technique provides mono-dispersed nanoparticles with high quantum 

efficiency. For many applications, mono-dispersity of quantum dots is desired to 

achieve a sharp luminescence peak. Thus, in the emission spectra of quantum dots, 

mono-dispersity controls full-width half maxima, quantum yield responsible for 

intensity, and wavelength defined by the bandgap (size) of quantum dots [54-56]. 

3.2. Role of Quantum Dots in Solar cells 

 Different sizes of quantum dots have the corresponding absorption in different regions 

of the solar spectrum. Thus, generally, quantum dots in a solar cell are integrated to enhance 

the absorption spectra of the cell. Applications of quantum dots in solar cells are not limited to 

enhancement in absorption in the cell [57-59]. Narrow-band-gap QDs, such as CdS, CdSe, PbS, 

etc. have unique advantages in solar cell applications. Quantum dots have large extinction 

coefficients due to the quantum confinement effect and large intrinsic dipole moments which 

lead to efficient charge separation. Quantum dots also exhibit the unique capability of multiple 

exciton generation (MEG). In MEG, a single photon is able to produce multiple excitons 
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depending on the energy of photon and bandgap of QDs. Thus, the internal quantum efficiency 

is greater than unity. Efficient charge transfer from QDs to the conduction band of acceptor 

material is required and depends on the energy band alignment at the interface. The band 

alignment can be achieved by tuning the lowest unoccupied molecular orbital and highest 

occupied molecular orbital energy levels in the QDs by controlling their size. QDs reduce the 

thermalization losses; promote multi exciton generation on the cost of single photon. It can 

create an intermediate band and enhance the absorption of low energy photons. Thus, the QDs 

are beginning to be widely used in solar cells as an efficient alternative for dye in dye-

sensitized solar cells (DSSCs). These cells are called QD sensitized solar cells (QDSSC) [60-

64]. 

QDs can alter the dynamics of carrier recombination, mobility, injection rates, etc. in 

the device which can lead to enhanced device performance [65-73]. Furthermore, QDs are also 

used as a stability improving agent in organic solar cells. Chuang et al. fabricated ZnO/PbS 

quantum dot solar cell at room temperature by all solution processing which overcame the 

major challenges of low efficiency, high-temperature fabrication and poor ambient stability by 

choosing proper ligand which provided better band alignment of the quantum dots in the 

device. The reported device efficiency was 8.55% and the J-V characteristics were almost 

unchanged over 150 days of non-encapsulated devices stored in the air [74]. Thus, QDs can be 

used as a promising candidate for the tuning of the performance of the solar cells. The 

recombination rate in QDs, injection/extraction rate at the QD interfaces, and tunneling among 

the QDs are the essential parameters that can be modified according to the requirements of the 

device. The recombination rate can be controlled by changing the doping of nanoparticles. 

Injection/extraction rates are highly dependent on the interface quality (surface roughness, 

energetic disorder etc.). The transport among the QDs is controlled by choosing an appropriate 

capping agent. 

 S. Gustavsson et al. [75] and D. Weinmann et al. [76] have done an exhaustive study 

on microscopic single-electron transport through the QDs at low temperatures. The field 

dependence on charge transport in nanoparticles (nanowire, nanotubes, etc.) is studied by 

Verma et al. [77-79]. Very few mathematical models have been developed to deal with the 

charge transport in QDs at room temperature for device applications. 

 



14 

 

4. Motivation 

Solar energy is the most promising renewable energy among the other sources due to its 

abundant availability on the earth surface. It is many thousands of times of the world’s current 

demand for energy. On the other hand, fossil fuel-based energy conversion depends on the 

limited resources which may lose in few years. Burning fossil fuels produces carbon dioxide 

which acts as a greenhouse gas and results in climate change (Global warming). 

Organic solar cells have advantages over the inorganic solar cells such as low cost by 

high throughput roll-to-roll printing, low-temperature deposition techniques, non-toxic 

material, mechanically flexible and lightweight devices, and low consumption of active 

materials. But, there are few challenges such as stability in an ambient, short lifetime, and low 

power conversion efficiency; so, quality research is needed to be carried out. The generation of 

free carriers is an excitonic process. It is quite different from free carrier generation in 

inorganic semiconductors. Dissociation of exciton at the donor-acceptor interface is a very 

complex process and it is still not clear what exactly happens. The lack of clarity about charge 

and energy transfer processes at the donor-acceptor interface (the key process) in organic solar 

cells and the effects of inserting the inorganic/organic intermediate layers at donor-acceptor 

interfaces on charge transfer processes motivate research in this direction. 
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5. Structure of the Dissertation 

 Chapter 2 introduces the analysis of bilayer heterojunction diodes in which different 

regimes of current-voltage characteristics based on the energy band diagram of the device 

and various physical parameters are studied that affect the device characteristics. 

 Chapter 3 deals with the modeling of quantum dots solar cells and analysis of effects of 

charge transport and carrier recombination in the quantum dots on the solar cell 

characteristics. 

 Chapter 4 details the fabrication techniques of various quantum dots and related solar cells. 

 Chapter 5 contains an analysis of s-shaped current-voltage characteristics obtained from the 

fabricated quantum dot solar cells (chapter 4) with the help of the proposed model (chapter 

3). 

 Chapter 6- conclusion and scope for future work. 



16 

 

  



17 

 

Chapter 2 

Current-Voltage Characteristics of Bilayer 

Heterojunction Diodes 

1. Introduction 

Organic light-emitting diodes (OLEDs) and organic photovoltaic cells (OPVs) are 

widely accepted organic semiconductor devices. Modern organic semiconductor devices give 

efficient performance due to enhancement in key mechanisms for a particular application by 

introducing the multilayered structure of the device [80-83]. In previous papers, numerous 

charge transport models are proposed in the operating range of a single layer device by the 

incorporation of various charge transport processes such as Child’s law, trap-charge limited, 

recombination, and injection based conduction, etc. [84-88]. In addition, the device structure of 

the OLEDs and OPVs is almost the same but the mode of operations is different. Generally, 

OLEDs are operated above the build-in-potential (Vbi) and OPVs having open circuit voltage 

approximately near the build-in-potential and operate below Vbi [89]. Thus, the models are not 

directly applicable to the multilayered devices due to additional effects of charge 

blocking/accumulation at the heterojunction interfaces. Hence, analysis of a model is needed 

which predicts the electric characteristics of OLEDs/OPVs.  

Low carrier mobility, formation of the metal/organic interface, injection processes, 

charge transport, effects of doping, recombination near organic/organic interfaces and undoped 

amorphous semiconductor with very low intrinsic carrier concentration create complications in 

the modeling of an organic device as compared to inorganic p-n junction diodes [90-91]. 

Inorganic p-n junction physics can be applied in the modeling of heterojunction organic diodes 

by considering the effects of metal-organic interface barrier, organic-organic interface barrier, 

equilibrium carrier distribution, etc. Thus, a model based on energy band theory has features to 

predict the current-voltage characteristic of the heterojunction organic diodes. In the analysis, 

the material parameters like carrier mobility, carrier lifetimes, dielectric constant, etc. are 

assumed to be constant. 
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Figure 2.1 (a) Device schematic of a bilayer heterojunction diode and (b) corresponding energy band 

alignment of individual layers. 

In this chapter, a p-n junction diode like model is developed to predict the current-

voltage characteristics in a heterojunction organic diode on the basis of energy band theory and 

material specifications. The developed model is analyzed in order to understand the charge 

transport phenomenon and affecting parameters like metal-organic, organic-organic interfaces, 

mobility, layer thickness, etc. and is compared with the analytical solution of governing 

transport equations in a heterojunction organic diode by considering the drift-diffusion 

approximation with Boltzmann statistic of carrier injection in amorphous materials and 

validated with experimental current-voltage data of an OLED and OPV. 

2. Charge Transport Model 

2.1. Transport equations 

The drift-diffusion approximation is used to describe the charge transport in each 

transport layer. It is described by a set of continuity equations for holes and electrons and 

Poisson's equation as follows: 
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where, 

       
  

  
     

  

  
     (1d) 

      
  

  
     

  

  
     (1e) 

The generation rate is assumed to be zero under dark. Recombination in the transport layers is 

modeled by Shockley-Read-Hall recombination. Assuming trap centers are at intrinsic energy 

level, the recombination rate is given by, 

  
     

 

                 
      (2) 

2.2. Boundary conditions 

Device schematic of the bilayer organic diode is shown in Fig. 2.1 (a). The active 

material is sandwiched between two electrodes of different work functions. Generally, a hetero-

junction of hole transport layer (HTL) and electron transport layer (ETL) is considered as an 

active layer and a transparent indium tin oxide (ITO) is used as an anode while aluminum (Al) 

as a cathode. The HTL and ETL have thickness dHTL and dETL and the energy offset between 

their highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) levels are ΔEv and ΔEc respectively. The energy barriers at metal-organic interfaces, 

Δφa (at the anode) and Δφc (at the cathode), are the difference between anode/cathode work 

functions (φa and φc) and HOMO/LUMO levels of HTL and ETL respectively [92].  

The organic semiconductors are generally undoped and carrier concentrations at the 

electrode-organic interfaces can be obtained by Gaussian distribution of carriers. So, the 

following relations have been considered as the boundary conditions for our calculations
  

At the anode: 

          ( 
   

  
)     (3a) 

          ( 
          

  
)     (3a) 

              (3c) 

And at the cathode: 

          ( 
     

    

  
)     (3d) 
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          ( 
   

  
)     (3e) 

     
     

 
      (3f) 

where    is the applied bias,        is the thermal potential.  

A simulated current-voltage characteristic is obtained by simultaneous solution of 

transport equations under the above boundary conditions. 

3. Current-Voltage Characteristic Model 

3.1. Equilibrium carrier concentration 

The energy band diagram is shown in Fig. 2.1 (b) and the built-in-potential (Vbi) is the 

work function difference of the anode and cathode [87, 93]. 

a c
bi

q
V

 
        (4) 

Organic semiconductors are generally undoped and have a negligible number of 

intrinsic charge carriers, thus a constant electric field ( )/biE V d is present inside the device. 

The charge concentration at the metal/semiconductor interface is found according to the 

Gaussian statistics. Hence, carrier distribution in the device can be obtained by solving the 

continuity equation [94-95] 
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where, p is the hole concentration in the device and Dp, μp, and τp are the diffusion coefficient, 

mobility and lifetime for hole respectively.  

The continuity equation for holes (Eq. 5) can be solved in steady-state with the 

following boundary conditions 

 0 a
vp N exp

kT

 
  

 
    (6a) 

  0p         (6b) 



21 

 

where, Nv is the density of states in the valence band (HOMO level) of HTL and kT is the 

thermal energy in eV. Here, zero (0) stands for metal/organic interface at the anode. Thus, the 

hole concentration is 
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Now, putting p
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 and the diffusion length p p pL D  , (7) is further simplified as 

  

2
2

1
exp exp 1 1

2

pa
v

LqE
p x N x

qEkT kT

kT



  
   
                    
    

   

    (8) 

The term

2

2
/

p

qE

L kT

 
 
 
 

 << 1, so on taking approximation, the equation is rewritten as 
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Thus, hole distribution in HTL is 

  exp expa
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and in ETL is 
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.   (10b) 

The electron distribution can be found in a similar way. 

3.2. Reverse and below flat band applied bias (Regime I) 

As the organic semiconductors are undoped, whole active layer is depleted and injected 

carriers decay exponentially. On applying a reverse bias voltage, it shifts the majority carrier 

concentration towards the electrode and current in the device is limited by carrier generation-
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recombination process in the effective depletion region. The generation current can be obtained 

by integrating the recombination rate over the depletion width (W) and written as [95] 

02

i
gen

qnW
J


   .     (11) 

In the organic semiconductor diodes, many factors such as low carrier mobility, trap 

state distribution, organic/organic interface barrier, etc. affect charge transport in a non-linear 

fashion so recombination current equation is 

0 exp 1a
rec r

r

qV
J J

kT

  
   

   
      (12) 

where, recombination saturation current density 0 gr enJ J  and ideality factor 2r   are the 

fitting parameters. 

3.3. Flat band to the threshold voltage (Regime II) 

At the applied bias equal to the built-in-potential, the flat band condition is reached and 

the electric field in the device is reduced to zero thus, carrier concentrations are constant 

throughout HTL and ETL separately and are obtained by (Eq. 10) on taking E=0. It is seen that 

majority carrier accumulate at the organic-organic interface with further applied forward bias 

and the minority carrier diffusion from the interface to electrode becomes similar to the carrier 

diffusion in the neutral region of a p-n junction diode. The steady-state continuity equation (Eq. 

5) for holes in ETL is  
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In the same way, as for the p-n junction diode, the diffusion equation (Eq. 13) can be 

solved for the boundary condition  
  /

0
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Where, for a long base p-n junction diode, the saturation current density is given by the relation 

[94]  

2 p n
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d p a n

D D
J qn

N L N L

 
  

  
,     (15) 

and D, L are the diffusion coefficient and diffusion length and Nd, Na are the donor and 

acceptor doping concentrations respectively. 

In relation, the term 

2

i

d

n

N
and 

2

i

a

n

N
are the equilibrium hole and electron concentration in 

n-type and p-type regions respectively thus, it can be replaced by the hole and electron 

concentration in the ETL and HTL under flat band condition. Hence, (Eq. 15) can be modified 

as 
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3.4. Bulk resistance limited region (Regime III) 

The current in the high injection regime is limited by the bulk resistances of the active 

layers. The band offset at interface blocks the movement of charge carrier resulting in charge 

accumulation at the interface thus external voltage needs to exceed some critical value which is 

proportional to the sum of Vbi and band edge offset at the interface. The critical voltage is 

considered at which the J-V curve enters in regime III and is named as threshold voltage. The 

electric field across the active layer is   /a thE V V d  . Charge transport in this regime is drift 

dominant with field-dependent carrier mobility. Poole-Frenkel model of field-dependent 

mobility is given as [96] 

 0exp E         (17) 

where, 0 is the zero-field carrier mobility and  is a constant. Thus, the drift current can be 

written as [92, 97] 
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where, conductance (G) and voltage term (Vpf) are the fitting parameters and depend on zero-

field mobility, injected carrier concentration and distribution of HOMO/LUMO levels 

respectively. 
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Figure 2.2 (a) Charge carrier and (b) potential distribution in the device at various applied biases. 

Thus, the forward J-V characteristic of a bilayer organic diode is separated in three 

regimes of operation (i) recombination dominant current (Va<Vbi) (ii) diffusion dominant 

current (Vbi<Va<Vth) and (iii) bulk resistance limited current (Va>Vth). 

4. Model Validation and Analysis with Simulation Results 

In order to obtain simulated current-voltage characteristics of a bilayer organic 

semiconductor diode, a computer code with quad-precision (128 bits) is written to solve the 
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basic semiconductor equations (continuity equations for electron and hole and Poisson 

equation). The drift-diffusion approximation with Shockley-Read-Hall and bimolecular 

recombination process has been used in the numerical analysis of the diode. The exciton 

diffusion equation can be solved independently with the equilibrium carrier distributions so the 

integration of exciton continuity equation in the simulation has been ignored. The Gaussian 

statistics and electrode work function are used as boundary conditions to obtain carrier 

concentration and potential at the metal/organic interfaces [98-99]. 

For the numerical analysis of the schematic device, the HTL and ETL thicknesses are 

assumed to be equal and total device thickness is 120 nm. Band gaps of each (HTL and ETL) 

material are Eg1=Eg2=2.0 eV and ΔEv=ΔEc=1.0 eV are discontinuities present in their band 

edges. At the metal/organic interfaces, the energy barriers are also assumed to be the same and 

equal to 0.2 eV. Thus, from the energy diagram, Vbi and Vth are equal to 0.6 V and 1.6 V 

respectively.  

Before comparing the simulated J-V characteristic with the model, charge and potential 

distribution in the device must be analyzed to understand the variation in transport processes in 

various regimes. Thus, variations in carrier concentration and potential distribution at various 

applied biases are shown in Fig. 2.2. At 2.0 V reverse bias, the majority carrier concentration 

shifts towards the electrodes in respective transport layers consequently, effective depletion 

width changes to ~40 nm where electron and hole concentration is almost equal and the reverse 

saturation currents obtained by numerical analysis (4.51×10
-15

 A/cm
2
) and Eq. 12 are 

approximately same. Reduction in reverse bias results in increase in majority carrier 

concentration while the minority carrier concentration is reducing due to increase in 

recombination rate and reduction in electric field in the device. In equilibrium, minority carrier 

concentration reaches its minimum value; the carrier distribution is constant throughout the 

transport layer as applied bias reaches near the built-in-potential. At Va=Vbi, the electric field in 

the device is reduced to zero and transport layers are just like a neutral region in p-n junction 

diode and the current in the device is dominated by the diffusion process. Further increase in 

forward bias causes an increase in charge accumulation at the interface barrier and the 

additional applied voltage drops across the junction only. At the threshold voltage, the voltage 

drop across the junction becomes equal to the barrier at the interface and the electric field in the 

transport layers still remains to zero. Additional forward bias drops across the transport layers 

while the junction voltage remains the same. Thus, beyond threshold voltage, the current in the 

device is limited by the bulk resistance of the device. 
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Figure 2.3 Simulated current-voltage characteristics fitted with the current in different regimes.  

TABLE-2.1 Fitting parameters and corresponding reduced Chi-square and adj. R-square values in the 

different regimes (Where Jr0, Js are in mA/cm
2
 and G is in S/cm

2) 

Model Parameter Value (Standard error) 
Reduced Chi-

Square 

Adj. R-

Square 

Regime-I 

Jr0=6.31×10
-24

 (1.39×10
-24

) 

η=1.72 (0.035) 
4.53×10

-42
 0.9998 

Regime-II 

Js=2.56×10
-28

 (2.51×10
-30

) 

η=1.053 (0.0002) 
5.29×10

-18
 0.9999 

Regime-III 

G=.0415 (0.00223) 

Vth=1.61 

Vpf=0.857 (0.051) 

2.31×10
-4

 0.9977 

Fitting of simulated J-V characteristic with the proposed current-voltage model in 

different voltage regimes has been performed. Fitted curves in separate regimes are plotted in 

Fig. 2.3 over the simulated J-V characteristic. In regime-I, the simulated J-V characteristic is 

well fitted with the model for Jr0 in the order of 10
-24

 mA/cm
2
 and the ideality factor η =1.72 

which shows that current in the device is dominated by recombination process while in regime-

II, ideality factor changed to η =1.05 thus, the current is dominant by diffusion process. The 

third regime is bulk resistance limited regime in which the current is mainly limited by 

conductance and field-dependent mobility in transport layers. According to the model, the 

simulated J-V characteristic well fitted for G =4.15×10
-2

 S/cm
2
, Vpf =0.86 and Vth =1.61 V. 
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Thus, overall diode characteristic obtained by numerical analysis have been traced with the 

models in the specific regimes. The fitting parameters in different regimes and corresponding 

fitting goodness parameters (reduced Chi-Square and adjusted R-Square) are tabulated in 

Table-2.1 which provide good agreement of acceptance of the models. 

4.1. Effects of band parameters on J-V characteristic  

The interface barrier at the band edges plays an important role in charge transport in the 

device. It creates an energy barrier in the path of respective charge carriers consequently, the 

reverse saturation current (Jr0) is reduced. The energy barrier is also responsible for the charge 

accumulation at the interface so the applied bias beyond Vbi drops across the interface and the 

transport layers behave as neutral region thus, current in the device is due to diffusion of 

carriers. This shows that the interface barriers affect the J-V characteristics in the low voltage 

region by limiting the minority carrier injection at the interface. The J-V curves with varying 

band edge discontinuities (keeping ΔEv=ΔEc) are plotted in Fig. 2.4 (a) for equal HTL and ETL 

thicknesses. From the figure, it is clearly seen that the slopes of the curves are changing as the 

band edge discontinuity increases after a certain voltage. This voltage is found to be 

approximately same as the built-in-voltage of the device. For Va<Vbi, the ideality factor is ~2; 

current in the device is recombination dominant. At Va=Vbi, the flat band condition is reached 

and concentration of accumulated carriers at the interface barrier increases exponentially with 

Va which increases the minority carrier injection in the corresponding transport layers and the 

diffusion process is dominated over the recombination of carriers. The bulk resistance 

limitation in the current starts at a fixed Va which is approximately equal to the sum of built-in-

potential and band edge discontinuity at the junction.  

The device is again simulated for different values of metal/organic interface barrier; 

here wider bandgap for HTL and ETL is chosen to observe the effect on J-V curves of a large 

variation in Δφa/Δφc. It is shown in Fig. 2.4 (b) that as the Δφa/Δφc increases, the J-V curves are 

saturated at lower voltages and lower current densities because metal/organic interface barrier 

affects the concentration of space charge injected from metal to semiconductor. It decays 

exponentially with increasing energy barrier and causes high bulk resistance of the transport 

layers but the carrier distribution profile in the device does not change. Thus, it significantly 

affects the J-V curve in bulk resistance limited region (regime-III) and current is limited by 

high resistive transport layer while the band edges discontinuities mainly affect the J-V 

characteristic in regime-I and II by blocking the carriers at the organic/organic interface 

barriers. 
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Fig. 2.4 (a) Effects of band-edge discontinuities at the heterojunction and (b) energy barriers at the 

metal-organic interface (anode/cathode) on the J-V characteristics. 

4.2. Effect of position of heterojunction  

In a bilayer device, the depth of the hetero-junction is an important fabrication 

parameter which controls the device performance primarily by controlling the bulk resistance 

of the device. The simulated J-V curves with varying junction depth are plotted in Fig. 2.5 and 

other parameters are kept same in order to obtain same conductivity of HTL and ETL. For the 

same carrier mobility, intrinsic concentration, and metal/organic interface barrier, the J-V 

curves are overlapping each other in the whole voltage range except for the lower applied bias. 

The behavior of the J-V curve in a low applied bias regime can be attributed to the change in 

carrier distribution inside the device on varying the thickness ratio of the HTL to ETL. As 
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carrier concentration exponentially decays with device depth, the junction near to either 

electrode leads to an increase in carrier concentration at the interface thus, diffusion of 

electrons/holes is dominating. Further increase in applied forward bias, the recombination rate 

at the heterojunction increases more rapidly than the centered heterojunction, thus near built-in-

potential, the recombination current dominates and a kink in the J-V curve is observed. Hence, 

the position of hetero-junction is more important for an OPV performance but no significant 

effects are visualized in the working regime of an OLED. 
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Figure 2.5 Effects of heterojunction depth on the J-V characteristics. 

5. Model Validation with Experimental Data 

In the context of model validation with experimental J-V curve of the bilayer organic 

diodes, a PV cell and an OLED have been fabricated using P3HT/PCBM and PVK/AlQ3 as the 

starting materials respectively according to methods given in Ref. [100-101]. Both the devices 

are fabricated on ITO (anode) coated glass substrate and thermally evaporated Al contacts are 

used as a cathode thus, built-in-potential (~0.7 volts) is same for both and band edge 

discontinuities and trap state density controls the threshold voltage in the devices. 
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Figure 2.6 Fitting of experimental J-V characteristics of (a) P3HT/PCBM (PV Cell) and (b) PVK/AlQ3 

(OLED) bilayer organic diode with the current in various regimes. 

The J-V characteristics shown in Fig. 2.6 of the fabricated devices have been measured 

using a probe station and HP parameter analyzer. The ohmic current in low applied bias is due 

to shunt paths in the thin-film and limitation of measuring instrument is superimposed on the 

current in regime I and II; the current only in regime III is clearly visible. In Fig. 2.6 (a), some 

part of J-V characteristic in regime II is free from the effect of ohmic current which is fitted 

with the model and gives good agreement with the measured data having ideality factor of η 

≈2.6 and saturation current density of Js =5×10
-15

 mA/cm
2
. The band discontinuities are of ΔEv 

≈ΔEc ≈1.0 eV at the P3HT-PCBM interface thus, fitted Vth (1.65 V) is approximately same as 

calculated (1.7 V). The model in regime III also covers whole measured data with G =1.6×10
-3

 

mS/cm
2
 and Vpf =0.45 V. Similarly, for regime III, the model excellently fits the experimental 

data of the OLED with G =5.0×10
-4

 mS/cm
2
, Vth =1.5 V and Vpf =0.38 V. 
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In the chapter, a piece-wise current-voltage model has been developed for bilayer 

organic diodes on the basis of the energy band diagram. The current-voltage characteristic is 

separated into three regimes of operation that are individually governed by recombination, 

diffusion and bulk resistance limited charge transport processes. The models in separate regions 

are compared with the results from the numerical solution of semiconductor equations with 

excellent agreements in respective regimes. It is observed that the band parameters: band edge 

discontinuity and metal interface barriers affect J-V characteristic below and above the 

threshold voltage by blocking charge transport and reducing carrier injection in transport layers 

respectively; it is negligibly affected by any variation in the position of heterojunction. The 

proposed models are also compared with experimental J-V characteristics of an OLED and 

photovoltaic diode. Thus, the model is able to predict the current and affected regimes of J-V 

characteristics of a diode on the basis of the energy band diagram and material parameters. 

Applicability of the model can be improved by interfacing it to the trap state model in the 

organic materials to analyze the effects of concentration of trap states, their spatial and energy 

distribution, etc. on the current-voltage characteristic. 
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Chapter 3 

Modeling Quantum Dot Solar Cells 

This chapter has been reprinted from Upendra, et al. "Charge transport in quantum dot organic 

solar cells with Si quantum dots sandwiched between poly(3-hexylthiophene) (P3HT) absorber 

and bathocuproine (BCP) transport layers", Journal of Applied Physics, 122, 0153104 (2017), 

Copyright 2017, AIP Publishing LLC. 

1. Introduction 

In the recent years, organic photovoltaic devices (OPV) have attracted researcher’s 

attention due to their low cost, ease of fabrication, flexible devices, and eco-friendly 

manufacturing [4-7]. Usually, OPVs have low power conversion efficiency. To improve the 

performance of these devices, researchers have used various methods such as the addition of 

metal nanoparticles, semiconducting quantum dots, and various nano-structured elements in the 

active layer. The nano-structured elements are primarily used to improve the absorption of 

photons or/and electrical parameters of active layer in the photovoltaic device [57-59]. 

Due to tunable bandgap and carrier confinement [102, 103], nanostructures such as 

quantum dots are extensively used in the light-emitting devices to achieve wavelength-tunable 

luminescence and efficient light sources. The QDs simplify the process of device fabrication 

because the only structural feature that tunes the properties of the device is the size of the QDs. 

The fabrication process to achieve various sizes remains essentially the same, other than 

varying a few parameters such as growth time and temperature [104-105]. 

In addition, the charge transport and recombination in OPVs play a crucial role in the 

device performance. In OPVs, high efficiency can be achieved if charge transport efficiently 

extracts the charge carriers from the active region and the recombination loss is minimum [106-

107]. Generally, QDs are used as photon absorbing elements in OPVs but, the addition of QDs 

can alter the mechanism of charge transport and carrier recombination in the device due to 

various phenomena such as carrier injection/extraction between bulk material and QDs, 

tunneling of carriers among QDs, and recombination in QDs. So, a model that includes the 

above-stated mechanisms in QDs is needed to analyze the effects of altered transport and 

recombination phenomenon on the device performance. 
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Figure 3.1 (a) Schematic of the modeled device and (b) corresponding flat band energy band diagram of 

a quantum dot organic solar cell. The energy levels are taken in eV with respect to the vacuum level. 

I have earlier modeled a simple p-n junction organic diode and validated our modeled 

results through device fabrication. As the same model can be used for OPVs, I have extended 

this model for the study of QD based solar cells. I have modeled a photovoltaic device based on 

Si QDs because Si QDs are easy to fabricate and have a wide range of bandgap tunability [102, 

108].  Silicon quantum dots (Si QDs) have good compatibility with poly (3-hexylthiophene) 

(P3HT) and bathocuproine (BCP) materials due to suitable energy level alignment as shown in 

Fig. 3.1(b), so those two materials are chosen as hole and electron transport layers, 

respectively. 

S. Gustavsson et al. [75] and D. Weinmann et al. [76] have reported an exhaustive 

study on the microscopic single-electron transport through the QDs at low temperatures. The 

present work entails modeling the charge transport in quantum dots and subsequently, makes a 

complete model for the quantum dot organic photovoltaic device. The developed model starts 

from the photon absorption, all the way to the charge collection at electrodes by considering the 

charge transport through the QDs, recombination in QDs and charge transport through the bulk 

materials [28]. 

2. Model Description 

The schematic of the proposed device structure and corresponding band energy diagram 

are shown in Fig. 3.1 (a) and (b) respectively. The QD layers are sandwiched between P3HT 

and BCP layers. The P3HT layer in the device acts as a photon-absorber and hole transport 

layer while the BCP layer acts as the electron transport layer. Indium tin oxide, the transparent 

front electrode acts as the anode of the device and also allows photon penetration in the device. 

Aluminum acts as a back contact which collects the electrons from the device (cathode) and at 
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the same time, acts as a reflective layer which increases the absorption of photons in the device. 

The photons reach the active region of the device through the transparent anode and get 

absorbed in the P3HT layer causing exciton generation. These excitons, then, diffuse through 

the P3HT and reach the interface of the P3HT and QD layer. Then, they dissociate into free 

carriers by transferring the electrons to the LUMO of QDs while hole remains in HOMO of 

P3HT, so, there is a mismatch in the boundary conditions of electron and hole currents at the 

interface (from a simulation point of view). To avoid the mismatch condition in currents, a thin 

layer so called generation layer with appropriate energy level alignment is assumed between 

P3HT and QD layers, whose HOMO and LUMO are equal to the HOMO of P3HT and LUMO 

of QDs layer respectively. Zinc phthalocyanine (ZnPc) is a well-suited material for the 

generation layer [109]. Free carrier generation occurs only in this layer with the rate of exciton 

dissociation and due to small thickness and perfect band alignment, hole generation in P3HT 

and electron generation in QDs can be considered as hole and electron generation in the 

generation layer thus, the mismatch in boundary condition is resolved [110-111]. Unabsorbed 

photons from P3HT are transmitted into the QD layer which generates free carriers in the 

quantum dots without excitonic charge transfer. Finally, the free carriers are transported and 

collected by the respective electrodes. So, the device can be modeled by including the 

following processes: 

a. Carrier injection/extraction between transport layers and QD layers 

b. Charge transport through the QD layers 

c. Recombination in quantum dots 

d. Exciton generation and dissociation into free carriers 

e. Coupled rate equations in the various regions of QD layers 

f. Charge transport in HTL and ETL 

g. Charge collection at electrodes 

 

Figure 3.2 Discretization scheme for quantum dot layers in the device. 
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a. Carrier injection/extraction between transport layers and QD layers 

To model the transfer of charges from transport layers to QD layers, the first QD layer 

can be considered as carrier traps. In the state of equilibrium, the emission and capture rates at 

the traps must be equal. For holes, that can be written mathematically as 

               [        ]    (1a) 

where   is the capture rate coefficient and   is the emission rate coefficient for the trap sites,  

     is the hole concentration in the first QD layer and      is the hole concentration in the 

transport layer at the interface,    is the density of trap sites in the QD layer. The trap density 

is limited by the number of QDs in a layer because each quantum dot can trap only few 

carriers. In the equation, the subscript     stands for equilibrium. 

The rate of change of hole concentration is the difference between emission and capture 

rates and can be written as 

  

  
      [       ]           (1b) 

If the device is not too far from the equilibrium, the emission and capture rate coefficients can 

be assumed to be equal to the equilibrium values. Assuming the hole concentration to be much 

smaller than the density of traps, Eq. 1b can be written as 

  

  
 

 

   
[
    

     
          ]     (1c) 

where             is the emission/capture time constant and depends on the materials at the 

interface. Similarly, the rate of change of electron concentration can be derived. 

b. Charge transport through the QD layers 

The charge transport among the QDs is not possible through the band transport 

mechanism because an insulating layer surrounds the QDs. The insulating layer is used to 

protect or control the size of quantum dots or do both [112]. The thin insulating layer creates a 

narrow potential barrier between two QDs and quantum dot itself acts as a potential well. 

Hence, charge carriers move from one quantum dot to another through tunneling process. 

The tunneling probability from QD layer 1 to layer 2 (see Fig. 3.2) can be approximated 

by one-dimensional WKB approximation and written as [45]
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                             (2) 

where   √
  

         is the inverse characteristic length for tunneling and          is the 

thickness of potential barrier which is equal to the thickness of insulating layer around the 

quantum dot core. 

The electrons in the potential well can be assumed to be oscillating with oscillation 

frequency, 

  
   

      
      (3) 

where     is the thermal velocity of electrons and       is the width of the potential well i.e. 

diameter of the quantum dot core. 

The number of electrons tunneling per second from layer 1 to layer 2 is given by 

                (4a) 

where    is the number of electrons in layer 1. 

The tunneling probability and the oscillation frequency are same in all QDs for all layers. Thus, 

the total number of electrons tunneled per second from layer 2 to layer 1 is 

                (4b) 

Now, net flow of electrons from layer 1 to layer 2 is 

                           (4c) 

Hence, the above balance equation can be rewritten in terms of equilibrium carrier 

concentrations as 

             (   
   

   

  )    (4d) 

where          and    
 and    

 are the equilibrium electron concentrations in layer 1 and 

layer 2 respectively. Similar equations can be written for the hole transport. 

 



38 

 

c. Recombination in quantum dots 

Direct band to band recombination of charge carriers in the QDs can be defined in a 

similar way to the Langevin bimolecular recombination mechanism because QDs are generally 

undoped and recombination rate depends on the concentration of both types of carriers, hence 

the bimolecular recombination rate is [98][23]
 

                    
       (5a) 

where   is the bimolecular recombination coefficient,  ,  , and    are the electron, hole, and 

intrinsic concentrations, respectively. 

Furthermore, trap assist recombination process is also in the context of carrier 

recombination. Trap assist recombination rate can be described as Shockley-Read-Hall (SRH) 

recombination 

     
     

 

                 
    (5b) 

where    and    are the electrons and holes lifetime respectively. 

Assuming the lifetime of electrons and holes are equal and the carrier concentrations are much 

higher than    and   .  

Now, the recombination rate can be rewritten as 

     
     

 

       
     (5c) 

For the quantum dots, both recombination processes take place simultaneously, so total 

recombination rate is 

                            
   

     
 

       
   (5d) 

d. Exciton generation and dissociation into free carriers 

Organic materials have low dielectric constant and on absorption of light, the excitons 

are generated in absorbing layer. The excitons are hard to dissociate into free carriers by 

themselves, so excess energy is needed to dissociate them. The presence of discontinuity in 

electron affinity at the donor-acceptor interface causes efficient dissociation of exciton into free 

carriers.
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The whole process, from photon absorption to free carrier generation is modeled by 

including the following set of equations: 

i. It is assumed that excitons are generated only in the absorbing layer. The profile of 

exciton generation rate in the absorbing layer can be described by 

       ∫                                     
 

 
   (6a) 

where       is the number of photons of wavelength   per unit time,      is the 

absorption coefficient of the absorbing material,       is the reflection loss at front 

surface and   is the depth inside the device measured from the front surface. 

ii. The exciton concentration at both electrodes is assumed to be zero due to infinite 

relaxation rate and the exciton dissociation into free electron and hole is significant in 

the presence of discontinuity in electron affinities at the heterojunction so, the excitons 

not only diffuse towards the dissociating interface but also diffuse towards the 

electrodes, hence exact exciton distribution can be obtained by solving the diffusion 

equation 

     

  
        

    

   
              

  
 

   

      

       (6b) 

where      is the exciton concentration,     is the exciton lifetime,          is the 

exciton dissociation rate coefficient and    is the diffusion length of excitons. 

iii. Finally, the free carriers generation rate which is equal to the rate of exciton 

dissociation is written as 

                       (6c) 

e. Coupled rate equations 

Fig. 3.2 shows the way the quantum dot layers have been modeled and labeled with 

label 1 denoting the first QD layer and L denoting the L
th

 QD layer. Label 0 and L+1 

correspond to points in HTL and ETL, respectively, at the QD-transport layer interfaces. The 

transport equations for electrons can be written as [28]
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  (         )
]                          (7a) 
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The transport equations for holes can be written in a similar fashion. 

f. Charge transport in HTL and ETL 

The drift-diffusion approximation is used to describe the charge transport in each 

transport layer. It is described by a set of continuity equations for holes and electrons and 

Poisson's equation as follows: 

  

  
  

 

 
 
   

  
         (8a) 

  

  
 

 

 
 
   

  
          (8b) 

   

   
  

 

 
               (8c) 

 

where, 

       
  

  
     

  

  
     (8d) 

      
  

  
     

  

  
 .    (8e) 

The generation rate is assumed to be zero under dark condition but under illumination, the 

generation rate is significant only at donor-acceptor heterojunction (i.e. in generation layer) and 

negligible in bulk material. Generation has already been explained in section D and the 

generation profile is assumed to be the same for all calculations. Recombination in the transport 
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layers is modeled by Shockley-Read-Hall recombination. Assuming trap centers are at intrinsic 

energy level, the recombination rate is given by, 

  
     

 

                 
      (9) 

g. Charge collection at electrodes 

The transport layers are doped with respective n-type or p-type impurities to minimize 

the effects of low carrier mobility. Both the electrodes are assumed to be ohmic, so these metal-

semiconductor interfaces will be in thermal equilibrium and the carrier concentrations are equal 

to the equilibrium concentration. These relations are considered as the boundary conditions for 

our calculations [33, 98]
  

At the anode: 

            
          (10a) 

                           (10b) 

          
  

 
  [

    

    
]     (10c) 

And at the cathode: 

            
          (10d) 

                           (10e) 

     
  

 
  [

    

    
]  (

       

 
)    (10f) 

where    and    are the doping concentrations of P3HT and BCP, respectively,      is the 

applied bias,        is the thermal potential, and    , &       are the discontinuities in the 

conduction and valence bands, respectively. Detailed analysis of electrode potential in presence 

of band discontinuities is given by Anderson [113] and K. Yang et. al. [114] The electrode 

potential is not affected by energy levels of QD layers; it only depends on the Fermi levels of 

end materials. 
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3. Results and Discussions 

The schematic of the photovoltaic device is shown in Fig. 3.1(a). The thickness of 

P3HT which is considered as the photon absorbing HTL is 60.0 nm while the thickness of BCP, 

acting as ETL is 55.0 nm. 5 quantum dot layers have been sandwiched between the P3HT and 

BCP layers. Each quantum dot has 4.0 nm core diameter and 0.5 nm thick silicon oxide (SiO2) 

shell as a passivation layer. A 1.0 nm ZnPc (generation layer) is assumed between the P3HT 

and QDs resulting in the total device thickness of 141.0 nm.  

Furthermore, in chapter 2, it is found that the charge transport in the device is very 

sensitive to the change in electrode barriers, carrier mobility, and device thickness etc. To 

analyze the effect of quantum dots on the device performance, it is required to minimize the 

effects of other parameters on charge transport so, both the transport layers are doped with 

majority carriers (5×10
16

 cm
-3

) which improves the transport properties of respective layers and 

reduces the effects of low carriers mobilities, imbalanced mobilities, nature of contacts, etc. on 

the device performance [111, 115]. The electrical parameters for the P3HT and BCP layers are 

taken from the previous reports and assumed constant as listed in Table 3.1. 

TABLE 3.1 The parameters of P3HT and BCP used for the model device. 

Parameters (symbol) P3HT BCP 

Doping Concentration                               

Hole mobility,    [116]
 0.1        

0.001        

Electron mobility,    0.001        0.1        

Band gap,    [108]
 2.0    7.0    

Electron affinity,   3.0    3.5    

Carrier Lifetime,       1.0    1.0    

Dielectric constant,   [117]
 

4.5         4.5         

Various electrical parameters for the quantum dots are given in table 3.2. The electron 

affinity and bandgap of silicon quantum dots as a function of particle size are well explored by 

D. Das and A. Samanta [118]. Intrinsic carrier concentration is obtained from the exponential 

relation between    and the bandgap of QDs. Tunneling probability is calculated by assuming 

WKB approximation, which gives the tunneling coefficient between QDs. We have assumed 

that the tunneling coefficient is same for electrons and holes. The SRH recombination time 

constant for QDs has been taken from the work by Sobolev et al. [119].  
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TABLE 3.2 The parameters of quantum dot layers used in the model. 

Parameters (symbol) Values (unit) 

Tunneling coefficient,   [28]
               

Capture/emission coefficient,                       

Bimolecular recombination coefficient,                  

SRH recombination lifetime,       1.2    

Bandgap,    [118]
 1.5    

Electron affinity,   3.5    

The wavelength-dependent photon flux is calculated by Plank radiation law, assuming 

the sun’s temperature to be 5700 K. Theoretical calculations revealed that about 1×10
17

 photons 

per cm
2
/s are equivalent to 100 mW/cm

2
 solar power density. The bandgap of P3HT is around 

2.0 eV hence it absorbs radiation below 620 nm [120]. Absorption coefficient has been 

assumed to be independent of the wavelength. Absorption in QDs has been neglected because it 

is very low compared to the absorption in the P3HT layer. 

3.1. Simulation results 

The device shown in Fig. 3.1(a) is simulated in dark condition, for zero bias and 0.7 

volts forward bias and corresponding carrier density and potential distribution profiles are 

plotted in Fig. 3.3. The potential across the device decreases from 0.9 V (built-in potential) to 

0.2 V for 0.7 V applied bias. The logarithmic plot of carrier distribution is in good agreement 

with the position of Fermi level and band bending in equilibrium. Due to large bandgap and 

significant doping in transport layers, the minority carrier concentrations are negligible and do 

not play any significant role in charge transport. The QD layers are undoped and respective 

carriers are injected from the HTL and ETL, hence the carrier densities are much larger than 

the intrinsic carrier concentration in the QD layers. The high electron and hole densities are 

responsible for charge transport in QD layers. On applying forward bias, the carrier density in 

the transport layers increases, hence carrier injection at the interfaces between the transport 

layers and QD layer also increases, which results in an increase in carrier concentration in QD 

layers and the current in the device. 
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Figure 3.3 Carrier concentration and potential distribution in the device at equilibrium and 0.7 V applied 

bias under dark condition. 

The QD parameters capture time constant, bimolecular recombination coefficient, and 

SRH recombination lifetime are assumed to be 1×10
-9

 s, 4×10
-10

 cm
3
/s, and 1×10

-6
 s, 

respectively. The current density-voltage (J-V) characteristics of the device are plotted in Fig. 

3.4 for the chosen parameters. The applied voltage is varied from -1.0 V to 10.0 V and current 

density and magnitude of current density are mapped on linear and logarithmic scales, 

respectively. The value of current is found to be almost constant (0.5 pA/cm
2
) under reverse 

bias condition. The current density increases exponentially with increasing forward bias (up to 

1.5 V). At the higher applied bias, the current is limited by the series resistance of the bulk 

material and increases linearly.  

It is difficult to estimate the capture/emission time constant     between the QDs and 

transport layers. To illustrate the effects of   on the J-V curve,    is varied over a large range 

(1×10
-6

 s to 1×10
-12

 s) and corresponding magnitude of current densities are plotted (Fig. 3.4) 

against applied voltage on a semi-logarithmic scale. The graph shows a reduction in current 

density when    is in the range of few microseconds and the J-V curves for        and 

       overlap perfectly. Thus, J-V characteristic is unaffected below      capture/emission 

time constant. At large values of  , the series resistance of the device increases, resulting in 

decrease in current density. 
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Figure 3.4 Magnitude of current density vs applied voltage for the various values of the 

capture/emission coefficient on a logarithmic scale and on a linear scale, current density vs applied 

voltage at 1.0 ns capture/emission coefficient. 

3.2. Device under illumination 

 

Figure 3.5 (a) Exciton distribution and (b) J-V characteristics of corresponding devices (bilayer, trilayer, 

and modeled QD based device) under illuminated conditions. 

To illustrate the effect of the addition of cascaded QD layers on the performance of 

OPVs, we compare the exciton density profile and J-V curves of a bilayer (P3HT/BCP) 

structure, a trilayer (P3HT/ZnPc/BCP) structure, both without QDs, and the modeled device 
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which contains QDs. The total device thickness and absorbing layer thickness are kept same in 

all devices and the thickness of ZnPc layer in trilayer structure is kept equal to the thickness of 

QD layers. All the devices are illuminated at a power density of 100 mW/cm
2
. Fig. 3.5(a) 

shows the exciton distribution in various devices, the exciton densities in all the devices are 

approximately same hence; changes in J-V characteristic of corresponding devices (Fig. 3.5(b)) 

are mainly due to the variation in charge transport and recombination in central layer. Further, 

we have extracted the short circuit current density (JSC) and the open-circuit voltage (VOC) for 

QD based devices which are found to be 2.36 mA/cm
2
 and 1.19 V respectively. The VOC for the 

device with QDs is significantly higher compared to devices without QDs. J-V characteristic 

also revealed a good fill factor (  )   0.73 and improved power conversion efficiency (PC ) of 

2.06 % as compared to bilayer (PCE=1.67 %) and trilayer (PCE=1.78 %) structures. These 

calculations clearly show that QDs significantly improve device characteristics. 

 

Figure 3.6 (a) Variation in the JSC and VOC and (b) variation in FF and PCE with bimolecular 

recombination coefficient in quantum dots. 
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Now that we have established that QDs can improve device performance, let us study 

how a QD based solar cell can be improved to give the best possible performance. Bimolecular 

recombination coefficient     and size are the important design parameter for the quantum 

dots. These parameters may be easily tuned according to the requirement [121-122]. To 

illustrate the effects of   on the solar cell parameters,   is varied from 4×10
-4

 cm
3
/s to 4×10

-20
 

cm
3
/s, keeping all other parameters constant and corresponding JSC, VOC, FF, and PCE are 

plotted in Fig. 3.6. The short circuit current density is observed to decrease linearly from 2.35 

to 1.95 mA/cm
2
 on increasing   from 4×10

-6
 to 4×10

-4
 cm

3
/s. However, the VOC is found to be 

0.4 V when   is 4×10
-4

 cm
3
/s and increases exponentially on reducing   and finally it gets 

saturated to 2.09 V for the values of   below 10
-13

cm
3
/s. At higher values of  , optically 

generated excess carriers in the QD layers quickly recombine and do not play any role in 

photovoltaic phenomenon resulting in low values of VOC and JSC. Enhanced VOC at lower 

values of   may be attributed to reduced dark current and enhanced charge concentration in the 

device due to reduction in recombination in QD layers [123]. Fill factor has a complex 

relationship with  , it can be attributed to variation in parasitic resistances of the device with  , 

as shown in Fig. 3.7. It is observed that the shunt resistance (Rsh) increases with decreasing   

due to diminishing photocarrier recombination in QD layers but the series resistance (Rs) is 

varying non-monotonically possibly due to the competition between resistance of the QD layers 

and that of the transport layers. At higher values of   (4×10
-4

 to 4×10
-9

 cm
3
/s), recombination 

in QD layers is very fast which causes reduction in Rs and hence, the resistance of transport 

layer dominates the series resistance of the device. At lower values of  , the resistance of QD 

layers dominates the series resistance of the device. It is observed that the FF strongly follows 

the variation in Rs. At lower values of  , the fill factor is saturated to 0.53 and increases to a 

maximum value of 0.74 when    is 4×10
-9

 cm
3
/s and again decreases exponentially at higher 

values. As JSC, VOC, and FF get saturated for the lower values of  , corresponding PCE also 

gets saturated to a value of 2.62 % and when    increases above 4×10
-12

 cm
3
/s, PCE decreases 

exponentially. 
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Figure 3.7 Variation in parasitic resistances (normalized) of the device with bimolecular recombination 

coefficient. 

 

Figure 3.8 (a) Carrier distribution in the device at various values of   (b) change in carrier 

concentrations in the device for different values of    with respect to carrier concentration when   is 

zero. 

Fig. 3.8 (a) shows the charge distribution in the device under short circuit conditions for 

various values of bimolecular recombination coefficient, keeping all other parameters constant. 

From the plot, it is evident that in QD layers the electron concentration is of the order of 10
14

 

cm
-3

 which is much higher than the concentration of holes; hence, the electron current controls 
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the total current in the QD layers. Negligible change in electron concentration gradient in the 

QDs is the reason why JSC remains constant over the wide range of  . Fig. 3.8 (b) shows the 

change in charge concentration (∆Q) for various values of   with respect to charge 

concentration when   equal to zero (no bimolecular recombination). ∆Q decreases 

exponentially with decreasing  . Variations in VOC can be correlated with the change in charge 

concentration; ∆Q becomes insignificant for values of   below 10
-11

 cm
3
/s and no substantial 

change in VOC has been observed. As the recombination rate is a non-linear function of charge 

concentration, J-V curve has a complex relation with  . 

In the chapter, we have modeled a quantum dot organic solar cell that includes several 

phenomena: carrier injection/extraction between bulk material and QDs, tunneling among QDs, 

and recombination in QDs at room temperature. When compared to the bilayer and trilayer 

device structures without QDs, the device performance is improved by adding cascaded QD 

layers due to better control on charge transport in the device. 1-D numerical analysis of the 

model is able to explore important parameters that affect the characteristics of the solar cell. 

The solar cell characteristics mainly controlled by the QD layers [124-127]. Increasing 

capture/emission time constant restricts the charge transfer between the transport layer and QD 

layer that results in attenuation in device current due to rise in series resistance of the device. 

The charge transport and recombination in the device are primarily controlled by the 

bimolecular recombination coefficient which can be used to tune solar cell parameters, 

primarily, Voc. At lower values of bimolecular recombination coefficient in QDs, charge 

carriers escape recombination and reach high enough concentrations so that no significant 

change is observed in power conversion efficiency on further reduction in the bimolecular 

recombination coefficient. 

. 
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Chapter 4 

Fabrication of Quantum Dot Solar Cells 

1. Introduction 

Metal nanoparticles, semiconducting quantum dots, and various nano-structured 

elements in the active layer are primarily used to improve the absorption of photons and/or 

electrical parameters of active layer in the photovoltaic devices [59-60]. Efficient charge 

extraction from the active region and minimum recombination losses are the basic requirements 

to achieve an efficient photovoltaic device [106]. As it is known that QDs are used as photon 

absorbing elements in a solar cell but, the addition of QDs can also alter the mechanism of 

charge transport and carrier recombination in the device due to various phenomena such as 

carrier injection/extraction between bulk material and QDs, tunneling of carriers among QDs, 

and recombination in QDs. In our previous study [128], 1-D numerical analysis has been done 

by considering drift-diffusion approximation of charge transport in HTL and ETL while 

conduction and recombination in the quantum dot layers are described by a system of coupled 

rate equations incorporating tunneling and bimolecular recombination in QDs (Chapter-3). It is 

observed that insertion of QD layers at the interface of traditional donor and acceptor material 

in a bilayer heterojunction organic solar cell shows improved device performance by 

controlling the charge transport and carrier recombination in the device with bimolecular 

recombination coefficient in QDs. So, the direct impact of addition of QDs can be shown on the 

electrical characteristics of conventional solar cells but such multilayered structures are 

difficult to fabricate and compare the electrical characteristics with the simulated results. 

 

Figure 4.1 Schematic and corresponding energy band diagram of the fabricated device. 
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In this chapter, experimental results of various fabricated devices have been presented. 

Various QD based solar cells were fabricated and analyzed the experimental results in order to 

verify our model of QD-solar cells. To that end, various core-shell quantum dots are 

synthesized and a thin film of QDs is applied between the donor-acceptor (D-A) interface. But, 

in physical realization of the device, some additional factors: imbalanced carrier mobility, poor 

extraction of the carriers at electrodes, injection/extraction barrier between electrodes and 

active material result in an s-kink in the fourth coordinate of the I-V characteristics of the 

device which drastically reduces the device performance mainly by reducing the fill factor 

[129-133]. The effects on the solar cell parameters and the appearance of s-kink in J-V 

characteristics on insertion of QDs are further analyzed in chapter 5 with the help of our 

proposed model. 

2. Experimental Details 

2.1. Quantum Dot Synthesis 

a. CdSe-ZnS core-shell QDs 

The CdSe-ZnS core-shell QDs have been synthesized by a single-step non-injection 

technique using CdO (1.6 mmol), Zn(NO3)2.6H2O (0.8 mmol), Se (0.4 mmol), and S (0.8 

mmol) as starting materials. The materials were mixed in 20 mL of 1-octadecene (ODE) 

together with 3.0 mL of trioctylphosphine (TOP) and (4 mmol) of stearic acid (SA) in a 100 

mL three-necked flask. The mixture was heated to 250 ˚C under nitrogen environment for 30 

minutes with vigorous stirring. Afterward, the solution was cooled down to room temperature 

and further purified by centrifugation in a 1:3 chloroform/ acetone solvent [49-50]. Finally, the 

precipitate was collected and dried in vacuum and dispersed in chloroform to make a colloidal 

solution of QDs. 

b.  CdS-ZnS white light-emitting QDs (WQD) 

The CdS-ZnS core-shell QDs were synthesized using a single-step non-injection 

process. CdO (2.0 mmol), Zn(OAc)2 (1.0 mmol), S (1.0 mmol), and stearic (4.0 mmol) acid, 

were mixed in 20 ml of 1-ODE in a three-neck flask at room temperature with constant stirring. 

The mixture temperature was slowly increased to 100 °C for proper mixing and after 5 min; the 

temperature was set to 260 °C for 30 min. The collected samples were washed multiple times 

with mixture of chloroform and acetone (1:3) and centrifuged at 10000 rpm for 10 min. Thus, 

precipitated QDs were collected and stored by dispersing in chloroform to form a colloidal 

solution. 
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2.2. Device Fabrication 

Schematic of the device is shown in Fig. 4.1 which is realized with the given fabrication 

procedure. ITO coated glass (~280 nm; ~10 Ω/sq) substrates were cleaned in ultrasonic bath 

sequentially with DI-water, acetone, and 2-propanol for 10 minutes each at 50 ˚C and dried by 

blowing nitrogen gas. The cleaned ITO substrates were then ozonized for 15 minutes to remove 

organic contaminants and provide better adhesion to poly (3,4-ethylene dioxythiophene): poly 

(styrene sulfonate) (PEDOT:PSS) layer. 

The PEDOT:PSS solution was filtered by PVD  filters of pore size of 0.45 μm and 

spin-coated on the ITO glass substrates at a spin speed of 4000 rpm for 30 seconds. The 

samples were annealed for 15 minutes at 110˚C. Afterward, the solutions for active layers were 

prepared by dissolving poly (3-hexylthiophene) (P3HT), Phenyl-C60-butyric acid methyl ester 

(PCBM), and QDs in dichlorobenzene (DCB), dichloromethane (DCM), and 

dimethylformamide (DMF) respectively, keeping 10 mg/ml concentration of each. Used 

solvents are orthogonal which avoids dissolving of already deposited layers. For bulk 

heterojunction, dichlorobenzene is used in which required materials are added at a time in the 

solvent. The filtered P3HT and QD solutions were spin-coated one by one at 2000 rpm for 2 

minutes to get dried film after that PCBM solution was coated at 5000 rpm for 30 seconds. The 

samples were prebaked at 100 ˚C for 15 minutes.  inally, the samples were transferred into 

thermal evaporator chamber and aluminum contacts of thickness 150 nm were deposited at a 

base pressure of 10
-6

 Torr and deposition rate of 1 Å/s. The final devices were heated at 150 ˚C 

for 15 minutes in an inert environment and thus the devices are ready for further electrical, 

optical, and structural/morphological characterizations.  

2.3. Characterizations Tools 

a. Optical Measurement (absorption and emission spectrum) of dispersed QDs and active 

layer were carried out with the help of a USB 4000 Ocean Optics spectrometer attached to a 

cuvette holder and an integrating sphere. 

b. Electrical Measurements (J-V characteristics) of the devices were measured with HP 

parameter analyzer and probe station integrated with xenon lamp and optical power meter. 

c. Structural/morphological Measurement such as XRD diffractogram of the fabricated 

QDs was recorded by Bruker, D8-Advance XRD system. To know the size and shape of the 

QDs, the carbon-coated copper grid of 300 mesh was used for taking transmission electron 

microscopy (TEM) image using JEOL JEM-3200 FS. The layer cross-section and surface 

roughness were characterized by Carl Zeiss Ultra Plus Field Emission Scanning Electron 
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Microscope (FESEM) and NT-MDT NATEGRA Atomic Force Microscope (AFM) 

respectively. 

3. Results and Discussions  

3.1. CdSe-ZnS QDs based solar cell  

The CdSe-ZnS quantum dots were synthesized according to the process mentioned in 

previous section 2.1.1. Initially, the QDs were dispersed in chloroform and absorption & 

photoluminescence (PL) spectra were recorded. As shown in Fig. 4.2 (a), the first absorption 

peak and PL emission measured at excitation wavelength of 405 nm correspond to the bandgap 

of ~2 eV of the QDs. Transmission electron microscopy image shown in Fig. 4.2 (b) indicates 

~6 nm diameter of particles which also corresponds to ~2.0 eV bandgap according to the plot of 

radius versus band gap variation of CdSe QDs [134] and highest occupied molecular orbital & 

lowest unoccupied molecular orbital levels of the QDs are compatible with used donor and 

acceptor materials. 

         

Figure 4.2 (a) Photoluminescence and absorbance spectra (b) Transmission electron microscopy image 

of CdSe-ZnS core-shell quantum dots 

The absorption spectrum of the final device integrated with QDs interlayer is compared with 

the spectrum of a bilayer heterojunction device without QDs and the recorded spectra are 

plotted in Fig. 4.3. The QDs in the device enhance the photon absorption for a specific 

wavelength range below 600 nm as expected from the PL and absorbance spectra (Fig. 4.2 (a)) 

of chloroform dispersed QDs. 

(b) 
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Figure 4.3 Variation in optical absorbance of the bilayer (P3HT/PCBM) heterojunction solar cell on 

introducing QD layer at the donor-acceptor interface. 

Figure 4.4 shows the J-V characteristics of the device. They are measured with HP 

parameter analyzer and probe station integrated with xenon lamp and optical power meter. In 

the numerical simulation, optical absorption in QDs was assumed to be zero so that the 

photocurrent did not increase and variations in fill factor were directly attributed to 

improvement in charge transport in the device. The J-V characteristic of the device with QD 

interlayer shows increase in JSC from 0.21 mA/cm
2
 to 0.41 mA/cm

2
 due to the enhancement in 

optical absorption in QDs. But, the fill factor and shunt resistance of the device is drastically 

reduced along with decrease in series resistance of the device (see Table-4.1). Consequently, 

the device performance is reduced. 

TABLE 4.1 Solar cell parameters in the devices. 

Parameters P3HT/PCBM P3HT/CdSe-ZnS/PCBM 

VOC (V) 0.4 0.45 

JSC (mA/cm
2
) 0.216 0.41 

FF 34.38 23.27 

RS (ohm/cm
2
) 1088.76 819.84 

RSH (ohm/cm
2
) 2638.65 897.14 
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Figure 4.4 (a) Dark and illuminated J-V characteristics of P3HT/PCBM bilayer organic solar cell with 

and without QD interlayer, (b) normalized current density vs voltage characteristics with varying 

illumination intensity in the QD integrated solar cell. 

In order to investigate the reason behind the s-shape J-V characteristics of QD 

integrated (QD Interlayer between conventional donor and acceptor layer) organic solar cells, 

the model is numerically analyzed with the variation of capture/emission time constant [135]. 

Charge injection/extraction rate depends upon structural/energetic disorders at the interface and 

electronic coupling between the used materials and the range can be varied from 10
3
 s

-1
 to 10

10
 

s
-1

 [136-137]. In the model, the capture/emission time constant (which is equal to the inverse of 

injection/extraction rate) was varied and found as a responsible factor for s-kink in the J-V 

characteristics. It was also observed that the degree of s-kink increased with increasing 

illumination intensity. So, it is concluded that the degree of s-kink is directly proportional to the 
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magnitude of accumulated photo carriers at the interface. The J-V characteristics plotted in Fig. 

4.4 (b) were measured with increasing illumination intensity. The fill factor decreased with 

increasing illumination intensity in a similar way as we found in numerical analysis of the 

device [135]. 

Fill factor is directly related to the charge transport in the device.  On addition of QDs 

in the device, the fill factor reduces with increase in illumination intensity as shown in Fig. 4.4 

(b) which can be attributed to the increase in accumulated photo carriers in the device.  

3.2. CdS-ZnS WQDs Solar Cell 

  The white light-emitting CdS-ZnS QDs were synthesized whose absorption and PL 

spectra are shown in the Fig.4.5. First absorption peak at approx. 430 nm corresponds to the 

bandgap of the QDs. The PL spectrum has a sharp peak at 445 nm along with emission in wide 

range between 500 nm to 800 nm which is due to band edges and trap state emission 

respectively [138].  

  Thus, short-wavelength spectrum mainly below 430 nm is absorbed in the QDs and is 

emitted in the longer wavelength so it may work as a down converter in photovoltaic devices. 

The down-converted photons belong to the absorption range of P3HT.  

 

Figure 4.5 Absorption and PL spectra of CdS-ZnS QDs dispersed in chloroform. 

  These QDs were used in the P3HT-PCBM based solar cells and the behavior of the 

device was studied. 
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3.2.1. Bilayer Heterojunction Solar cell 

The white light emission in the QDs is due to the emission from the trap states. Thus, 

trap states play active role in optical properties of the QDs and it may affect the charge 

transport in the device. The dark and illuminated J-V characteristics of the bilayer 

heterojunction solar cells with sandwiched QD layer at the donor-acceptor interface are plotted 

in Fig. 4.6. The dark characteristic shows that the knee voltage of the device is reduced to about 

0.25 V which is approximately half of the knee voltage of conventional P3HT/PCBM bilayer 

heterojunction (dark characteristic in Fig. 4.4 (a)). The VOC is much higher as compared to the 

knee voltage and degrades with time in an unusual manner which can be attributed to the 

effects of the presence of trap states at the QD’s surface. The s-kink in the illuminated J-V 

characteristics does not appear which shows the improvement in charge transport consequently; 

fill factor of the device is improved but overall device performance is degraded.  

 

Figure 4.6 J-V characteristics of the bilayer heterojunction solar cell with sandwiched layer of WQDs 

between D-A layer under the dark and illuminated condition measured at two times of interval 5 min. 

3.2.2. Bulk Heterojunction Solar Cell 

  Furthermore, the bulk heterojunction solar cell was fabricated by mixing of WQDs in 

1:1 solution of P3HT and PCBM. The final solution was diluted in order to keep concentration 

same as before the addition of WQDs in P3HT:PCBM solution. Two devices were fabricated 

according to the procedure given in experimental details. 

  Optical absorption spectra of the bulk P3HT:PCBM with and without WQDs were 

recorded using USB 4000 spectrometer and plotted in Fig. 4.7. The addition of WQDs in the 
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device improved optical absorption in wavelength from 360 nm to 470 nm and wavelength 

more than 575 nm. The absorption spectra of the dispersed WQDs in chloroform was showed a 

single absorption peak as usual but absorption spectra of the thin film of bulk P3HT:PCBM 

heterojunction solar cell is affected on mixing with WQDs in the layer differently. This may be 

due to the incorporation of additional trap states. 

 

Figure 4.7 Optical absorption of P3HT:PCBM bulk heterojunction thin film with and without WQDs. 

Electrical characteristics of the solar cell are shown in Fig. 4.8. The knee voltage of the 

bulk heterojunction diode is highly affected with the addition of WQDs in bulk heterojunction 

diode. Dark characteristics show that the knee voltage of BHJ diode is reduced; it is 

approximately half of the BHJ diode without WQDs. On illumination of the device with 1 sun 

intensity, the cell gives VOC =0.4 V, JSC =0.57 mA/cm
2
, and FF ~ 34%. But, device with added 

WQDs shows degraded PCE along with other solar cell parameters. The VOC in the WQD 

added device is much higher with respect to the knee voltage of that found previously in the 

bilayer solar cell. 
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Figure 4.8 Dark and illuminate J-V characteristics of the P3HT:PCBM and P3HT:PCBM:WQD bulk 

heterojunction solar cells. 

Thus, in the above discussion, it has been observed that solar cell performance can be 

improved by integrating the QDs in conventional organic solar cells. But, to achieve that, the 

synthesized QDs must be well controlled. Primarily the trap state distributions with respect to 

energy as well as spatial distribution must be controlled as the efficient charge transport is an 

essential requirement of a good device.  

In summary, the CdSe-ZnS and CdS-ZnS core-shell QDs were fabricated and integrated 

into the photovoltaic devices. This results in enhancement in solar cell parameters, JSC and VOC, 

which is due to the enhancement in photon absorption and the reduction in series resistance 

attributed to improved charge transport in the device. A drastic change in fill factor with the 

appearance of s-kink in J-V characteristic is mainly due to low injection rate of photoelectrons 

in the QDs which results in accumulation of carriers at the interface, promotes the 

recombination of photo-carriers and degrades the shunt resistance. Improvement in fill factor 

(reduction in degree of s-kink) with illumination intensity indicates the concentration of 

accumulation of photo-carriers should be minimum for efficient photovoltaic devices. It can be 

achieved by minimizing the structural disorders in the vicinity of the donor-QD interface. 
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Chapter 5 

S-shaped Current-Voltage Characteristics 

This chapter has been reprinted from Upendra, et al. "Impact of capture/emission time constant 

at donor-acceptor interface on current-voltage characteristics of hybrid organic/inorganic 

quantum dot solar cells", IEEE Electron Device Letters, 39, 10, 1588 (2018), Copyright 2018, 

IEEE. 

1. Introduction 

Currently, the field of organic solar cells is concentrated on the development of novel 

materials, interface engineering, and the addition of nano-elements for light management 

and/or improvement in conduction and recombination mechanisms in the devices [139-140]. 

Although the various efforts are leading us towards improved performance, sometimes they 

cause an undesirable s-kink in the fourth quadrant of current density-voltage characteristics 

which drastically reduces fill-factor and open-circuit voltage of the solar cell [132]. 

In order to reveal the origins of undesirable s-kink in J-V characteristics, researchers 

have fabricated various device structures, performed numerical simulations, and modeled 

equivalent circuits which intentionally produce s-kink and found that the imbalanced carrier 

mobility, poor extraction of the carriers at electrodes, injection/extraction barrier between 

electrodes and active material, etc. are the primary factors responsible for the s-shaped J-V 

characteristics [131, 133, 141-143]. The s-kink in J-V curve is mainly due to the unbalanced 

carrier extraction from the active region of the device. In this order, (1) the charge injection at 

the donor-acceptor (D-A) interface and (2) tunneling rate among the quantum dots play an 

important role in determining the J-V characteristic of the device. 

1.1. Distribution of Trap State at Donor-Acceptor Interface 

In the development of quantum dot organic solar cells, the carrier injection in the QDs 

is very sensitive to the change in morphology by thermal annealing, surface roughness at the 

interface and electronic coupling between the QDs and neighbor material [144-145]. Although 

there are no dangling bonds at the surface of a molecular crystal, the structural disorder at the 

D-A interface creates energetic disorder with a variance of several tenths of eV which is 

responsible for the generation of widely distributed trap sites in the forbidden energy gap. The 

trap states having trap energy up to few TkB
 eV and trap sites with trap energy more than 0.25 
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eV are known as shallow traps and deep traps respectively. The mobility of charge carriers in 

the bulk semiconductor varies several orders of magnitude depending on positions of traps and 

corresponding capture/emission time constants in the material [146]. The traps in the vicinity of 

interface and electronic coupling between the materials have jointly changed the scenario of the 

carrier injection between donor and acceptor layers. 

1.2. Tunneling Coefficient among the Quantum Dots 

The tunneling rate is also an essential constraint to determine the charge transport in the 

device. Tunneling rate basically depends on the tunneling coefficient and the carrier 

concentration gradient. 

In the synthesis of colloidal QDs, long organic ligands such as oleic acid (OA), 

trioctylphosphine (TOP), and oleylamine, etc. are commonly used which allow low surface 

defect, controlled growth, and good stability in dispersed solvents. Such long organic ligands 

are electrically insulating and form a large potential barrier as well as the shell thickness. 

Consequently, it results in inefficient charge transport among the QDs and limits the 

applicability of QDs in the electronic devices. Although, high-temperature treatment of QDs is 

removed the ligands but carbon/organic residues are still on the surface of QDs and responsible 

for the poor electrical performance. 

In the chapter, I have used our previously proposed QD organic solar cell model [128] 

and examine the effects of capture/emission time constant and tunneling coefficient which 

control carrier injection/extraction rate between QDs and neighbour material and tunneling rate 

among the QDs on the performance of solar cell and thoroughly analyzed the appearance of s-

kink in J-V characteristics. 

2. Theory and Model 

The band diagram of the schematic device under the equilibrium condition is shown in 

Fig. 5.1(a). The whole process of electrical energy generation can be summarized as follows. 

The photons of sufficient energy get absorbed and generate excitons in the absorber layer. 

These excitons diffuse towards the D-A interface and dissociate into free carriers at the 

interface by transferring electrons to the acceptor and leaving holes in donor material [13]. A 

thin generation layer between poly (3-hexylthiophene) (P3HT) layer and QD layer with highest 

occupied molecular orbital equal to HOMO of donor and lowest unoccupied molecular orbital 

equal to LUMO of acceptor layer is assumed and free carriers are generated only in this layer. 

The free holes are moved towards the anode via hole transport layer and free electrons are first 
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injected into QDs and tunnel among several QD layers then reach the electron transport layer 

and are finally collected by the cathode. The detailed modeling of various processes is given in 

Ref. [128]. 

TABLE-5.1 Electrical parameters used in the model for transport (P3HT, BCP) layer and quantum dots 

Parameters (symbol) Transport layers QD layers 

SRH recombination lifetime 1.0 μs 1.2 μs 

Dielectric constant 4.5 ε0 F/cm 11.3 ε0 F/cm 

Tunneling coefficient - 1.42×10
10

 /s  (10
5
-10

10
 /s) 

Capture/emission time constant, τ - 1 ms to100 ps  (1 ns) 

Bimolecular recombination 

coefficient 

- 4.0×10
-10

 cm
3
/s 

 

2.1. Charge Transfer at Donor-Acceptor Interface 

Charge hopping is one of the most common regimes for transport in organic 

semiconductors. The hopping mechanism is well described by Marcus [147]. The Marcus 

theory directly gives the probability of a transition from an initial state to final state but, for 

device application, electron transfer rate is more useful than the probability. So, if it is assumed 

that the distribution of final energy state has vibrational energy significantly lower than thermal 

energy and probability density is integrated over all possible values, the rate of electron transfer 

between initial and final state can be written as 
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where, G
0
is the change in Gibbs free energy, is reorganization energy and 

fi V is the 

electronic coupling between materials. The role of energetic disorder, electronic coupling, etc. 

on the charge transfer rate between radical sites are well studied by T. W. Kemper and the 

typical rate is found to be 10
7
 s

-1
 whereas some sites have rate ~10

10
 s

-1
 [136]. 

Due to weak coupling within the molecules, the band like transport rarely occurs in 

organic semiconductors. The charge transport follows via multiple trapping de-trapping 

mechanisms, so deep traps drastically increase the emission time constant and degrade the 

charge transport [148]. Lifetime of the carrier in its free state depends on the concentration and 

nature of trap sites. A carefully prepared organic crystal can contain about 10
15

 cm
-3

 traps and 
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carrier spends about 10
-7

 s in the trapped state. The typical trapping time for a disordered 

semiconductor varies in the range of 10
-5

-10
-3

 s [137]. 

Thus, there are two factors which control the injection rate of carriers at the D-A 

interface; first, electron transfer rate described by Marcus based on electronic coupling, 

reorganization energy and Gibbs free energy between the materials and second, the hopping 

rate in presence of deep traps in the vicinity of the D-A interface. I have taken time constants 

corresponding to the rate described by Marcus theory and rate controlled by deep traps. Thus, 

the overall time constant (capture/emission time constant) is determined by the combined effect 

of both phenomena and net injection rate is limited by the slower one. The parameter, 

capture/emission time constant represents mean-time that is required by an electron/hole to 

transfer from one site to another site at the QD and transport layers interfaces. 

2.2. Tunneling Rate among Quantum Dots 

Tunneling rate among the quantum dots mainly depends on the shell thickness and 

energy barrier between core and shell of that. The simplified tunneling coefficient can be 

written as [45] 

    (
 

  
) (  

 

  
)                    ,    (2) 

where,   √
  

         ,   is the electron energy less than the energy barrier      between 

core and shell of the QD, and          is the thickness of potential barrier which is equal to the 

thickness of insulating shell around the quantum dot core. 

 The electrical properties of the quantum dot-based devices have a direct dependency on 

the tunneling rate among the QDs. In the QD based electronic devices, mobility is an essential 

property which is well studied with respect to the synthesis process, shape and size of QDs, 

ligand length, doping etc. In previous study, it is found that halide ions (Cl
−
, Br

−
, I

−
, etc.), metal 

chalcogenide (MCC) capping ligands (Sn2S6
4−

, In2Se4
2−

, and Cu7S4
−
), oxoanions (PO4

3−
 and 

MoO4
2−

) etc, short inorganic ligands have excellent charge carrier mobilities and provide better 

electrical characteristics and high photovoltaic efficiencies as compared to organic ligands. S. 

M. Jung et al. [149] studied ligand-dependent electrical performance of QD thin-film 

transistors and found that the MCC ligands Sn2S6
4−

, Sn2Se6
4−

, and In2Se6
2−

 on CdSe QDs cause 

large variation in the field-effect mobilities, the typical values are of 4.8, 12.0, and 44.2 cm
2
/Vs 

respectively. The short ligands of length few tenths of nm could reduce the inter particle 

distance between QDs, compared to long (≥1.0 nm) organic ligands.  urther, on thermal 
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decomposition of MCC ligands, the interspacing among the QDs is reduced significantly 

consequently, reduced interspacing among the QDs significantly improves the tunneling 

coefficient consequently, the electric conductivity.  

 In addition, film morphology, roughness, non-homogeneous films are considerably 

affecting the potential distribution in the QD thin film. So, energy barrier between QDs no 

longer periodic and formed trap state and non-uniformity directly affect the tunneling 

coefficient among the QDs. Core size of the quantum dots determines the attempt frequency of 

electron and hole localized at the QD.  

  
   

      
      (3) 

where     is the thermal velocity of electrons and       is the width of the potential well i.e. 

diameter of the quantum dot core.  

3. Results and Discussions 

3.1. Effects of capture/emission time constant 

In the schematics, the thicknesses of P3HT and bathocuproine layers are 55.0 nm and 

60.0 nm respectively and 5 silicon QD layers are cascaded between them. Each QD layer has 

4.0 nm diameter of silicon core and 0.5 nm thick SiO2 shell around the core and the generation 

layer of thickness is 1.0 nm, thus total device thickness becomes 141.0 nm. Furthermore, to 

make device characteristic unaffected by low carrier mobility, imbalance mobility and nature of 

contacts, the transport layers are intentionally doped and electrode contacts are assumed to be 

ohmic because metal work functions are closer to the HOMO and LUMO of respective organic 

semiconductors [128], [111]. The tunneling probability of carriers among the QDs through the 

SiO2 barrier is calculated by WKB approximation.  

The tunneling coefficient is assumed to be same for electrons and holes. The behavior 

of the device can be observed by varying τ from few milliseconds to few hundreds of 

picoseconds in order to analyze the impact on J-V characteristic of the solar cell. And, various 

electrical parameters used in the model are listed in Table-5.1. The model device is illuminated 

with solar radiation of power 100 mW/cm
2
. 
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Figure 5.1 (a) Energy band diagram of Si quantum dot based organic solar cell in thermal equilibrium. 

(b) Current-voltage characteristic for various values of capture/ emission time constant under constant 

light illumination intensity of 100 mW/cm
2
. 
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TABLE-5.2 Solar cell parameters extracted from J-V characteristic corresponding to capture/emission 

time constant. 

τ (s) VOC (V) JSC (mA /cm
2
) FF (%) RS (Ω.cm

2
) RSh (Ω.cm

2
) J-V curve 

1×10
-10

 1.20 2.37 75.3 31.62 7.7×10
6
 Exponential 

1×10
-9

 1.19 2.37 73.8 44.31 6.9×10
6
 Exponential 

1×10
-8

 1.15 2.37 68.8 50.99 6.8×10
6
 Exponential 

1×10
-7

 1.05 2.37 59.5 1.2×10
2
 3.5×10

6
 Exponential 

1×10
-6

 0.96 2.36 48.8 4.5×10
2
 4.4×10

5
 Semi-exp. 

1×10
-5

 0.88 2.34 31.3 2.5×10
3
 6.2×10

3
 S-shaped 

5×10
-5

 0.85 1.2 18.9 8.2×10
3
 5.4×10

2
 Semi-s-shape 

1×10
-4

 0.84 0.6 18.8 1.5×10
4
 9.8×10

2
 Semi-linear 

1×10
-3

 0.80 0.06 19.6 1.1×10
5
 9.3×10

3
 Linear 

The J-V characteristics under illumination are plotted in Fig. 5.1(b) with varying 

capture/emission time constant from 1×10
-3 

s to 1×10
-10

 s and it is clearly shown that as the τ 

reduces from 1×10
-3

 s, the shape of J-V characteristic is improving. The improvement 

continues with an s-kink in J-V characteristic for a range (~ 10
-6

 s to 10
-4

 s) of τ. The J-V curves 

at τ=1×10
-9 

s and 1×10
-10

 s are approximately overlapping hence no further 

effects/improvements are observed when τ is below 1 ns. The series resistance (RS) for different 

J-V curves is continuously decreasing with τ and pinned to a minimum value while the shunt 

resistance (RSh) varies non-monotonically (see Table-5.2). For higher values of τ, the carrier 

transport is hindered, thus, the variation in J-V characteristics can be attributed to slow down in 

the injection rate of electrons at the QD-generation layer interface and increase in space charge 

concentration in the device. The solar cell parameters (VOC, JSC, and FF) are extracted from the 

J-V curves at various capture/emission time constants. For τ in the range of 1×10
-8

 s to 1×10
-4

 s, 

the VOC and FF decrease exponentially, and JSC remains almost constant upto τ=1×10
-5

 s. 

Increasing value of τ causes the accumulation of photo-generated carriers which are more likely 

to recombine than being collected at the electrodes; degrading VOC, JSC, and FF. The carrier 

injection depends on the concentration gradient at the interface as well as τ. As τ increases, the 

emission process gets slower and carriers spend more time in the generation layer which causes 

an increase in the concentration gradient at the interface, and hence the behavior of JSC is the 

result of the above two competitive processes. At lower values of τ, JSC is limited by the 
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concentration gradient while at higher values of τ, it is limited by capture/emission time 

constant itself. 

 

 

Figure 5.2 Carrier distributions in the device for τ=10
-5

 s and 10
-8

 s at various applied biases (-0.5, 0.0, 

0.5, and 0.6 volts). 

The charge distribution in the device for τ =1×10
-5

 s (s-shaped) and 1×10
-8

 s 

(exponential) at various applied biases (-0.5, 0.0, 0.5, and 0.6 volts) are compared and plotted 

in Fig. 5.2. At negative applied bias, the carriers are efficiently extracted from the transport 

layers but the carrier concentration in QD layers and at its interfaces remains unaffected; this 

can be seen from the plots at -0.5 V and 0.0 V together. The constant current density for 

negative biases indicates that the current in the device depends on the concentration gradient at 

the interfaces for lower values of τ. Further increase in forward bias raises the carrier 

concentrations (see plots at 0.5 V and 0.6 V) in respective transport layers due to fast injection 

at QD interfaces for lower values of τ while at higher values of τ, the majority concentration 

increases due to increased injection from electrodes and minority concentration decreases due 

to poor injection of minority carriers from QD interfaces and increased recombination rate in 

transport layers. Also, at increasing forward bias, the electron concentration in QD layers is 
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decreasing and hole concentration is increasing because the recombination of photo-carrier 

(electrons) is increasing with increasing hole concentration in generation layer. Thus, a non-

monotonic variation in accumulated charge concentration with applied voltage, mostly for 

higher values of τ, changes the scenario of carrier recombination in the device. 

 

 

 

Figure 5.3 Normalized J-V characteristics where current density is normalized at -1.0 V applied bias 

under various (a) illumination intensities and (b) hole mobilities in HTL. 
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For efficient organic solar cells, the SRH recombination was proposed as a dominant 

mechanism at interfacial traps. The time delay between first and second carrier capture makes 

SRH recombination first order (monomolecular) process. The J-V characteristics, from short 

circuit condition to maximum power point and from maximum power point to open circuit 

condition are limited by monomolecular and bimolecular recombination respectively [150]. In 

Fig. 5.3, the normalized J-V characteristics (a) at varying illumination intensity and (b) at 

varying hole mobility of HTL are plotted for τ =10
-5

 s. Figure 5.3 (a) shows that the 

monomolecular recombination rate is relatively high for higher illumination intensity, and 

overlapped curves near the VOC indicates the bimolecular recombination rate is unaffected with 

illumination intensity. Here, excess holes are quickly swept from the active region of the device 

but the electrons require more time in being collected at the electrode. Therefore, to match the 

imbalance in holes and electrons collection, the mobility of holes in active layer has been 

reduced. The result shows that the monomolecular and bimolecular recombination rates are 

increasing with decreasing hole mobility and the degree of s-kink is also decreasing as hole 

mobility is decreasing. Thus, the quantity of accumulated photo-carrier and mismatched charge 

collection are the factors that control the degree of s-kink in J-V characteristic of QD solar 

cells. 

3.2. Effect of Tunneling Rate 

The tunneling rate among the quantum dots is found very sensitive to the ligand length, 

film defects, and its spatial and energetic distribution in the QD thin films. The range of 

tunneling coefficient is calculated with shell thickness for Si:SiO2 core-shell QDs. A minor 

change of ~1 nm in order of ligand length in shell thickness causes large variation over several 

orders of magnitude. The overall tunneling rate coefficient can be varied from ~1×10
5
 /s to 

~1×10
12

 /s by considering combined effects of ligands, film defects, and its distribution. In the 

QDs at low tunneling rates, the charge carriers are more localized and significantly blocked the 

charge transport. Here, the effect of tunneling rate coefficient is analyzed on the J-V 

characteristics of QD solar cells.  

In Fig. 5.4, the J-V characteristics are shown at varying tunneling rate coefficients. The 

J-V characteristics of the solar cell are continuously degrading with decreasing tunneling rate 

coefficient. For higher values of tunneling rate coefficient mainly above ~1×10
9
 /s, the 

characteristics are overlapping and showing no significant effect on the characteristics but w 

lower than ~1×10
9
 /s rapidly degrade the device performance. The reduction in tunneling rate 

coefficient causes localization of carriers on the quantum dots and promotes carrier 

recombination in quantum dots and its interfaces so device parameters are degraded 
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continuously with decreasing tunneling coefficient. The J-V characteristics show non-

monotonic variation in the solar cell parameters that can be attributed to the competition 

between recombination rate and carrier concentration gradient in quantum dots. Carrier 

accumulation at interfaces as well as concentration gradient in the quantum dots is raised up 

due to blocking of carriers. That’s why JSC degrade quickly but at very low tunneling rates and 

appearance of S-shaped J-V characteristics is the result of an accumulation of charge carriers as 

explained previously. 

 

Fig. 5.4 Current-voltage characteristics of QD solar cell at various tunneling rate coefficients among the 

quantum dots. 

 

Figure 5.5 Normalized J-V characteristics of QD solar cell with decreasing hole mobility (from 0.1–10
-6

 

cm
2
/Vs) of hole transport (P3HT) layer. The current density is normalized at -1.0 V applied bias. 
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The normalized J-V characteristics at various hole mobilities in the hole transport layer 

are shown in Fig. 5.5. In order to balance the carrier extraction from the photovoltaic device, 

the hole mobility of HTL has been varied from 0.1 cm
2
/Vs to 10

-6
 cm

2
/Vs. Large variation in 

the normalized curves for lower voltages is showing the dominating monomolecular 

recombination in the active layer [150]. Degree of s-kink is reducing with decreasing hole 

mobility but improvement in FF is not observed which indicating that extraction of holes and 

electrons is balancing while raise up in bulk resistance of HLT restrict the improvement in FF. 

Thus, capture/emission time constant and tunneling coefficient among the QDs are the 

prime factors that control J-V characteristic of the device. It is responsible for the change in 

shape of J-V curve from a diode (exponential) to a resistive (linear) curve via an s-shape 

characteristic. The series resistance increases and the shunt resistance decreases with increasing 

τ due to reduction in injection rate and accumulation of charge at the interface respectively. 

Thus, the deep traps (>0.3 eV) in the polymer at the vicinity (few Å) of the interface for which τ 

is more than a micro-second cause s-shaped J-V characteristic and drastically reduce the fill 

factor as well as performance of the solar cells. Tunneling coefficient is mainly dependent on 

the height and width energy barrier and it can be easily tuned for efficient performance while 

capture/emission time constant is determined by energetic as well as spatial distribution of traps 

and vary over a wide range with interface roughness and morphology so it needs well-

controlled fabrication handling. The varying illumination intensity and hole mobility in HTL 

reveals that quantity of accumulated photo-generated carriers and imbalance in charge 

extraction from active region of the device are the prime factors for the appearance of 

undesirable s-kink in J-V characteristic.  
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Chapter 6 

Conclusions and Scope for Future Work 

Firstly, I have modeled a bilayer heterojunction diode and analysis of simulation results 

leads us to model a piece-wise current-voltage characteristic model in bilayer organic diodes on 

the basis of the energy band diagram. The current-voltage characteristic is separated into three 

regimes of operation that are individually governed by the recombination, diffusion and bulk 

resistance limited charge transport processes and experimentally verified fabricated bilayer 

diodes. The model is able to predict the current-voltage characteristics of a diode on the basis 

of the energy band diagram and material parameters. Further, the charge transport in the 

quantum dot has been modeled and analysis of the effects of insertion of QD layer on the 

device performance has been carried out. The charge transport and recombination in the device 

are largely controlled by the bimolecular recombination coefficient which can be used to tune 

solar cell parameters, primarily, VOC. Device performance can be optimized by some essential 

parameters namely: bimolecular recombination rate, capture/emission time constant, and 

tunneling coefficient among the quantum dots. Numerical analysis of the S-shaped J-V 

characteristics that appeared in the fabricated QDs based solar cells reveals the 

capture/emission time constant and tunneling coefficient are the prime factors that control J-V 

characteristic of the device. They are responsible for the change in the shape of J-V curve from 

a diode (exponential) to a resistive (linear) curve via an s-shape characteristic. The 

capture/emission time constant is strongly related to interfacial structural and energetic disorder 

and tunneling coefficient can be tuned on the basis of chosen materials (core and shell), shell 

thickness. Synthesis processes of quantum dots and fabrication conditions of the device have 

unintentionally varied these parameters. The poor capture/emission time constant (longer 

value) and tunneling coefficient (lower value) have degraded the device performance instead of 

improvement. 

There are many aspects that remain untouched in the study of charge transport in 

quantum dots and integration in solar cells. Such as, the interface engineering can be 

performing with suitable bandgap and band alignment at D-A interface which intentionally 

block/allow charge carriers to transfer in a certain direction. The measured current in various 

devices with the above state of art can provide information about the dominant process of 

exciton dissociation. The buffer layer at the D-A interface can be replaced by inorganic thin 
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layer of high-k materials which may reduce the binding energy of exciton in the vicinity of the 

dissociating interface and enhance the performance. 
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