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ABSTRACT 

Presented is the results of a study using density functional theory of the electrical characteristics 

of copper-doped nickel (Cu:NiO) and nickel oxide (NiO), and their performances when utilized as 

Hole Transport Layer (HTL) in photovoltaic (PV) devices by modelling their I-V characteristics 

is presented. From first-principle it was observed that, doping NiO with a Cu ion introduced more 

states in the valence band enhancing the charge transport property of the material. The band gap 

of NiO reduced from 3.04 eV to 2.63 eV in the unstable supercell structure of Cu:NiO and then to 

1.65 eV in the stable supercell structure of Cu:NiO. The defect created by the substitution of Cu 

ion for Ni ion appears to have given rise to additional electronic states near the bandgap which 

increases the conductivity of holes substantially. Both stable and unstable supercell structures of 

Cu:NiO showed a direct band gap which eases the transition of holes from the active layer to the 

HTL. There was also a shift in Fermi level towards the valence band in both stable and unstable 

supercell structures thus enhancing hole mobility in the HTL. The unstable Cu:NiO showed the 

highest efficiencies when used as a composite HTL with poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) as compared to PEDOT:PSS/NiO, PEDOT:PSS and 

PEDOT:PSS/Cu:NiO (stable). This demonstrates how the HTL enhances device performance in 

applications for organic-inorganic electronic devices and provides a better knowledge of its 

electrical characteristics. 
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CHAPTER 1 

1.1 Background 

Photovoltaic is the generation of voltage between two electrodes when light is incident on a 

semiconductor material, either solid or liquid, when placed between the two electrodes [1]. 

Looking at the photosynthetic process one can understand where the inspiration to harness energy 

from the sun for daily consumption came from. Solar energy is absorbed by the photosynthetic 

mechanism in the plant using pigments known as chlorophyll [2], the absorbed energy leads to the 

break-down of water and fixing of carbon dioxide to produce organic sugars and oxygen for daily 

consumption [3]. In 1839, Alexandre-Edmond Becquerel was the first to demonstrate the 

photovoltaic effect using an electrolyte solution. He observed that electricity was generated when 

he coated the electrodes with light-sensitive materials such as AgCl or AgBr and were exposed to 

a light source [4]. The photoconductive nature of selenium was the next promising anomaly to be 

observed by Adams and Day [5]. Their experiment showed that the photovoltaic effect could be 

observed in an all-solid-state system. At that time, the notion of harnessing electrical energy from 

the sun was still alien to most scientists. In 1905, Albert Einstein in his paper “On a Heuristic Point 

of View Concerning the Production and Transformation of Light” [6], provided the theoretical 

basis for the photoelectric effect. For that finding, he was awarded the Noble Prize in Physics, 

which further raised awareness of the process of turning light energy into electrical energy. A few 

years after Adams and Day made their discovery, Charles Fritts constructed the first photovoltaic 

cell using selenium, which generated electricity from the sunlight in New York [4]. As good as the 

invention was, it had a major problem, and it was that, the photovoltaic cell was only able to 

convert less than 0.5% of the sunlight to electricity. A significant breakthrough was achieved in 

solar cell technology when in the 1950s, Gerald Pearson, Darryl Chapin, and Calvin Fuller [7], 
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invented the first silicon-based photovoltaic cell, that operated at an efficiency of 5.7%, ten times 

more efficient than the one created by Charles Fritts, at the Bell Telephone Laboratories in New 

Jersey [8]. This led to the application of photovoltaics in space technology when the first PV-

powered satellite, Vanguard was launched in March 1958 [9]. The efficiency of silicon-based solar 

cells has been boosted from 5.7% [10] in the 1950s to ~30% in 2020 [11] which has reached the 

theoretical maximum efficiency for a silicon-based PV cell of 30% predicted by Shockley and 

Queisser in 1961 [12]. 

1.2 Generations of Photovoltaic Cells 

To understand the various types of PVs that exist to date, it will be best to categorize them into 

generations [13]. The generations of PV cells essentially elucidate the phases by which they have 

evolved to date. Currently, there are four (4) generations of solar PVs and each generation has its 

unique features and properties that distinguish them from each other [14]. The first generation 

entails polycrystalline and monocrystalline silicon including gallium arsenide (GaAs). The only 

available PV cell technology for this generation is based on crystalline silicon. Thin-film solar PV 

cells made of microcrystalline silicon (c-Si) and amorphous silicon are included in the second 

generation. This generation also includes cadmium telluride (CdTe) or cadmium sulfide (CdS), 

copper indium gallium selenide (CIGS), and cadmium telluride. The third generation of PV cells 

comprises organic polymer-based PV cells, dyed-sensitized cells, perovskites, and nanocrystalline 

film-based technologies like quantum dots. The fourth generation, which is currently being 

developed, combines the stability of modern inorganic nanostructures with flexible and 

inexpensive thin-film polymers.  This generation generally involves organic-inorganic PV cells. 
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1.2.1 First-generation PV cells 

Ninety percent of the global market for PV energy is made up of monocrystalline and 

polycrystalline silicon. [15]. Raw silicon is abundant on the earth and therefore not expensive to 

acquire. The main challenge faced with silicon is that it naturally exists in oxide form, silicon 

dioxide (SiO2), hence, high energy input is needed to extract pure silicon crystals for PV 

applications. Monocrystalline silicon is the earliest PV technology to exist and presently has an 

efficiency of about ~28% under laboratory conditions [11]. The efficiency drops by a little for 

commercial PV cells to values between 15-22% [15]. The manufacturing process is the principal 

contributor to the fluctuation of efficiency in these cells. The Czochralski process, created by Jan 

Czochralski in 1916, is used in the fabrication of monocrystalline silicon cells with a purity of 

99.9999% silicon [16]. Because pure silicon has poor electrical conduction, small amounts of 

impurities like boron or phosphorous are added to it to increase its electrical conduction ability[17]. 

Depending on the material it is doped with, silicon can either become n- or p-type. For instance, 

adding boron to silicon results in a p-type semiconductor, but adding phosphorus results in an n-

type semiconductor. 
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Figure 1.1: Schematic diagram of Monocrystalline PV module. 

Compared to monocrystalline PVs, polycrystalline PVs have a relatively low cost of production 

by use of the block smelting fabrication method. The stage for the formation of the ingot [15] is 

not required for this method. The first efficiency of this PV module was recorded in 1984, with 

values below 15% under laboratory conditions [18]. Due to their expensive production method, 

which is still a hurdle for the industry, first-generation PVs are quite expensive. 

1.2.2 Second-generation PV cells 

Thin-film PV cells are less expensive, flexible, and thinner compared to first-generation PVs. The 

active layers of first-generation PV cells which were in the range of 200-300µm are now 10µm in 

second-generation PVs [19]. Due to their thinner layers, more impurities can be added since the 

charges do not have to travel long a distance in the device. Thin films are processed and deposited 

at low temperatures compared to crystalline silicon which requires high temperatures for 

manufacturing. Minimal active layer volume, low processing temperatures, and high purity are 

some of the advantages that contribute to the low cost per area for thin-film PV cells, however, 
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they come at the expense of low efficiency relative to crystalline silicon. The most commonly used 

materials for inorganic thin-film PV cells are cadmium telluride (CdTe), amorphous silicon (a-Si), 

and copper indium gallium selenide, Cu(InGa)Se2 [20].  

With the increasing production of thin-film PV cells, there are still challenges that are associated 

with this generation of PV cells. While thin-film PVs address each of these tasks as a separate 

operation, crystalline PV cells have had plenty of time to explore and create creative ways to 

improve silicon purity, wafer fabrication, cell processing, and encapsulation. Copper indium 

gallium selenide (CIGS) faces a long-term issue with the limited amount of indium reserves 

available. Cadmium is also toxic to the environment and therefore is a huge concern for CdTe PV 

cells. 

 

             Figure 1.2: A schematic diagram of a typical CIGS PV cell. 

1.2.3 Third-generation PV cells 

A dye-sensitized PV cell has shown to be a very affordable PV cell and is a member of the class 

of solar thin-film cells [21]. A photo-sensitized anode, a photo electro-chemical system, and an 
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electrolyte are used to make it [22]. The dye-sensitized PV, commonly referred to as the Gratzel 

cell, has a variety of unique characteristics, including the ability to easily adapt to the traditional 

roll-printing technique and the provision of varied ranges via its semi-translucent property, which 

enables the use of glass-based systems [23], [24].  

 

               Figure 1.3: The structure of a dye-sensitized PV cell [25]. 

On the other side, quantum dots utilise the dots as an absorbing PV substance. Materials like Si, 

CISGS, or CdTe [26] are replaced in this method. By changing the size of the dots, the bandgap 

of the dots may be varied to a wide variety of energy levels. As a result, quantum dots are desirable 

for multi-intersection solar-powered PV cells to enhance the absorption of various sunlight spectra 

[27], [28]. The quantum dot's energy bandgap widens as its size shrinks. 

1.2.4 Fourth-generation PV cells 

To achieve flexibility and maintain integrity throughout the device, all the layers such as 

semiconductor materials, dielectric layers, and electrodes must be compliant to a flexible substrate 

[29]. Nanowires are classified into three types; inorganic, organic, and metal oxide nanowires [30]. 
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Most commonly used flexible conductor materials as electrodes are silver nanowires [31], 

graphene [32], carbon nanotubes [33], and conductive polymer [34]. The aforementioned 

electrodes can theoretically be used with any flexible electronic device however it is important to 

note that some semiconductor-electrode pairs will provide different results than others, therefore 

it is preferable to choose electrodes that are compatible with the device. The class of 1D 

nanostructures currently includes nanowires as a significant component, which offers a way to 

clarify the interaction between optical, charge transport, and other features with dimensionality 

and size constraints [35].  

1.3 Photovoltaic Device Performance Parameters 

Both organic and inorganic PV cells have properties of current density 𝐽 vs. voltage 𝑉 that, when 

measured in the dark, resemble the exponential response of a diode with a large forward bias 

current and a modest reverse bias current. The J-V characteristics under irradiance are the 

superposition of the photocurrent and the dark J-V characteristics. When light is incident on a PV 

device, a photocurrent is created in the device along with the diode behavior. The following is the 

Shockley equation for the J-V characteristics of a perfect PV device: 

 

𝐽 = 𝐽0  [𝑒𝑥𝑝 (
𝑒𝑉

𝑛𝑘𝑇
) − 1] − 𝐽𝑝ℎ 

 

1.1.1 

Where 𝐽 is the current density, 𝐽0 is the reverse saturation current, 𝐽𝑝ℎ is an additional photocurrent 

term [36], 𝑒 is the elementary charge, 𝑉 is the applied voltage, 𝑛 is the ideality factor, 𝑘 is the 

Boltzmann constant, and 𝑇 is the temperature [37].  
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1.3.1 Open-circuit voltage 

The potential difference across a cell when a PV device is open-circuited, 𝐽 = 0, is referred to as 

the open-circuit voltage, 𝑉𝑂𝐶. No power can be produced at this voltage since power is the 

consequence of current and voltage. The 𝑉𝑂𝐶, can be thought of as the situation where the 

generation of photocurrent and dark current processes balance one another. 

1.3.2 Short-circuit current 

Short-circuit current density 𝐽𝑆𝐶  is the current density at the instance when 𝑉 = 0, which is the 

same as connecting the PV device's two electrodes together or short-circuiting it. Again, similar to 

𝑉𝑂𝐶 power is not produced at this point, but 𝐽𝑆𝐶  serves as the benchmark for power generation. For 

ideal PV cells 𝐽𝑆𝐶  is equal to the photocurrent density 𝐽𝑝ℎ. 

1.3.3 Fill-factor 

While 𝐽𝑆𝐶  and 𝑉𝑂𝐶 specify the boundaries of power generation in a PV cell, the product of the 

maximum voltage 𝑉𝑀𝑎𝑥 and maximum current density 𝐽𝑀𝑎𝑥 will give the maximum power density 

produced 𝑃𝑀𝑎𝑥. Due to resistance, recombination losses, and diode behavior, |𝐽𝑀𝑎𝑥| × 𝑉𝑀𝑎𝑥 are 

always less than |𝐽𝑆𝐶| ×  𝑉𝑂𝐶, respectively. The fill-factor describes the ratio between them and is 

given by: 

 

𝐹𝐹 =
𝐽𝑀𝑎𝑥  𝑉𝑀𝑎𝑥

𝐽𝑆𝐶  𝑉𝑂𝐶
 

 

1.1.2 
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𝐹𝐹 indicates how close 𝐽𝑀𝑎𝑥 and 𝑉𝑀𝑎𝑥 come to 𝐽𝑆𝐶  and 𝑉𝑂𝐶, which are the boundaries of power 

production. It is necessary to note that the value of 𝐹𝐹 is directly proportional to 𝑃𝑀𝑎𝑥, therefore 

higher 𝐹𝐹 will result in higher 𝑃𝑀𝑎𝑥. 

 

 

1.3.4 Power Conversion Efficiency (PCE) 

Power conversion efficiency 𝜂 is the most talked-about performance parameter of a PV cell and is 

defined as the percentage of how much incident irradiance 𝐼𝐿 [38] is converted to output power. 

The load determines the power output, therefore, depending on the load, the operation point of the 

PV cell on the 𝐽-𝑉 curve also changes. The equation for calculating PCE is expressed as: 

𝜂 =
|𝐽𝑀𝑎𝑥| × 𝑉𝑀𝑎𝑥

𝐼𝐿
× 100% =

𝐹𝐹 × |𝐽𝑆𝐶| × 𝑉𝑂𝐶

𝐼𝐿
× 100% 

1.1.3 

This depicts that the values of 𝐹𝐹, 𝐽𝑆𝐶 , and 𝑉𝑂𝐶 affect 𝜂 directly. Power conversion efficiency is 

crucial to the study of PV cells because it determines how well a PV cell's surface area is being 

utilized and how much PV cell surface area is needed to create a specified amount of power [39]. 

1.5 Motivation 

The properties of the materials used to make a photovoltaic device have an impact on how efficient 

it is. These properties include the band gap of the various materials, carrier lifetime and carrier 

mobility which translate into the charge transport property. In understanding the charge transport 

properties, steps can be taken to optimize the PV device design to improve efficiency. 

Characterizing charge transport can further aid in identifying potential bottlenecks that may be 

limiting device performance. 
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1.6 Problem statement 

The efficiency of flexible photovoltaic devices relies heavily on the performance of the hole 

transport layer, a critical component responsible for the efficient extraction and transport of holes 

from the light-absorbing layer to the electrode. To optimize the design and performance of 

photovoltaic devices, it is essential to comprehensively characterize the HTL material, as 

variations in material properties can significantly impact device performance. This research aims 

to computational investigate and characterize the HTL material properties, including energy band 

gaps, density of states, current-voltage characteristics, and power conversion efficiency, to gain 

deeper insights into its impact on device performance. The findings of this study will contribute to 

the development of more efficient and stable photovoltaic devices, ultimately advancing the field 

of renewable energy technology. 

1.7 Aim & Objectives  

This work seeks to elucidate the role of copper-doped nickel oxide when used as a composite layer 

for in an organic-inorganic PV device. In this investigation, the following will be achieved: 

• The band gap and density of states of NiO and Cu:NiO will be modelled from first principle 

using density functional theorem. 

• The current-voltage characteristics as well as the efficiencies of the doped and undoped 

composite HTL in the PV structure would be investigated using a solar cell simulator. 

1.8 Scope of work 

Chapter 1 presents a background of the research and discusses the various generations of PV 

devices that has led to the improvement of the optoelectronic properties of thin-film PV at low 

cost bringing about the motivation for this research. 
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Chapter 2 discusses the factors that affect carrier charge transport properties in the HTL and how 

they contribute to the performance of a PV device. The factors considered include: charge mobility 

of the material, temperature, doping, electric fields and the crystal structure of the material. At the 

end, computational methods of characterizing charge transport would be discussed with the focus 

on density functional theory and the continuity equation for PV cells. 

Chapter 3 describes the methods used in characterizing charge transport computationally. 

Relaxation of the crystal system of the material, a self-consistent field calculation, a Hubbard 

correction and a non-self-consistent field calculation were also discussed in this chapter. The 

chapter further takes a look at device performance simulation of hole transport layers incorporated 

into a PV cell configuration. 

Chapter 4 reports the results of the computational simulations which include the band structures, 

the density of states and the I-V characteristics of the materials. The efficiencies of the PV devices 

with the different hole transport layers were compared. The implication of the findings of the work 

were discussed. 

Chapter 5 entails the conclusions made from the research concerning the aims of the study. This 

chapter also highlights some recommendations that can be done in the future with regards to this 

work to explore further research avenues to optimize the optoelectronic properties of the HTL. 
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CHAPTER 2 

In this part, a review of the factors that affect charge carrier transport in materials for PV 

applications is presented. These factors include, charge mobility in the material, temperature, 

doping, electric fields and the crystal structure of the material. Moreover, various computational 

methods of charge transport characterization in PVs are discussed. 

2.1 Charge Transport 

Charge transport refers to the movement of charge carriers through a material or device [40]. This 

occurs through the motion of electrons or holes due to thermal excitations or application of an 

electric field. The study of charge transport in PV devices is very important as it is closely linked 

to the optoelectronic properties of the device.  

With a valence band and a conduction band that are separated by an energy band gap, the band 

model [41], [42] applied in traditional semiconductor theory is used to describe charge transport. 

Excitation of electrons from the valence band to the conduction band causes electrical conduction 

in the material. Due to their chemical makeup, organic semiconductors have the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The valence band 

and conduction band are analogs of the HOMO and LUMO, respectively [43], [44]. When 

electrons absorb a photon, they are excited from the HOMO to the LUMO. A descriptive picture 

of charge transport in organic PV materials is that of localized charge hopping between sites. A 

network of sites is distributed in space and energy, as displayed in Figure 2.1. Charges move from 

one site to another by thermally activated hopping or by tunnelling [45]–[47].  
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Figure 2.1: The hopping model of charge carriers occupying sites with their movements indicated 

by the arrows. 

2.2 Types of Charge Transport 

Charge transport can be classified into two types namely, normal charge transport and dispersive 

charge transport [48]. In normal charge transport, the charge carriers move through a material in a 

non-dispersive manner, meaning that their motion is not influenced by the energy of the carriers. 

This type of transport occurs in materials with a single, well-defined bandgap and a single type of 

carrier. 

On the other hand, in dispersive charge transport, the charge carriers’ motion is influenced by their 

energy. This can occur in materials with multiple bands or multiple types of carriers, such as in a 

semiconductor with both electrons and holes. Charge carriers with different energies will 

experience different scattering rates and mobility, leading to a dispersive transport of charge. 

The hopping model depicts that charge transport is a consequence of the chaotic movement of 

charges throughout a complex spatial and energetic landscape. At the microscopic level, some 

charge carriers may follow a fortunate sequence of jumps and make quick motions through the 
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film, while others might take quite longer [49]. Some charge carriers move faster than others at 

any given time, hence, the classical description of carrier mobility is not complete which means 

charge carrier mobility can no longer be regarded as an invariant material property [48], [50]–[53]. 

Dispersive transport happens when the photocurrent declines with time even before any charge 

carriers are extracted. The photocurrent is as a result of the average motion of all carriers, so this 

means that the average velocity is decreasing and the number of carriers is decreasing. This time-

dependent mobility makes it challenging to extract a sufficient amount of charge carriers, resulting 

in a thickness-dependence, where thicker devices have longer distances for charge carriers to 

transit eventually allowing more time for the photocurrent to decay unlike that of the normal charge 

transport as shown in Figure 2.2 [48]. 

 

Figure 2.2: Current transients measured in time-of-flight experiments. (a) the plateau reveals the 

constant velocity of the carriers in normal transport. (b) the decay in the velocity of carriers in 

dispersive transport. 

2.3 Factors affecting Charge Transport 

Some factors that affect the charge transport in flexible PV are charge mobility, temperature, 

doping, crystal structure, and electric fields. 
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2.3.1 Charge mobility 

Charge mobility refers to the ease with which charge carriers (electrons or holes) can move through 

a semiconducting material [43]. It is an important property of materials used in electronic devices, 

as it affects the conductivity of the material and the speed at which electronic devices can operate. 

The drift velocity of the charge carriers per unit electric field is used to define the charge mobility 

of a material which is measured in units of cm2V-1s-1 [54], [55]. Materials with high charge mobility 

have fast-moving charge carriers that can easily respond to an applied electric field, while materials 

with low charge mobility have slow-moving charge carriers that are more resistant to movement. 

 

2.3.2 Temperature 

Temperature affects how charge carriers move within a substance. The number of charge carriers 

available for conduction rises as a function of temperature and the kinetic energy of the charge 

carriers. As a result, the material's conductivity may rise as the temperature rises [56]. However, 

at very high temperatures, phonon scattering can also become more pronounced, which reduces 

the mobility of the charges in the material [57]. 

2.3.3 Doping 

In a PV cell, doping refers to the introduction of impurities into the semiconductor material that 

makes up the cell. These impurities, called dopants, can be either positive or negative and can 

affect the movement of charge carriers, such as electrons and holes, through the material [58]. 

Positively doped materials, also known as p-type materials, have an excess of holes and a 

deficiency of electrons. Negatively doped materials, also known as n-type materials, have an 

excess of electrons and a deficiency of holes [59]. 
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Doping can affect the charge transport in a PV cell by changing the concentration of charge carriers 

and the way they move through the material. For example, in a p-type layer, the excess of holes 

can increase the charge transport of the material, making it easier for charge carriers to move 

through the cell. In an n-type PV cell, the excess of electrons increase the charge transport of the 

material [60]. 

Overall, doping can affect the efficiency of a PV cell [38] by changing the way that charge carriers 

move through the material. By carefully controlling the doping levels, it is possible to optimize 

the performance of the PV cell. 

2.3.4 Crystal structure 

The crystal structure of a material influences its charge carrier transport due to how ordered or 

disordered the structure is. Materials with a highly ordered and symmetric crystal structure have 

higher conductivity than those with a disordered or asymmetric crystal structure. For example, 

metals have a highly ordered crystal structure and thus exhibit high electrical conductivity, while 

amorphous or polycrystalline materials have a disordered or less symmetric structure; hence, 

exhibit lower conductivity [61]. Additionally, defects in the crystal can also affect charge transport 

by creating scattering centers for the charge which can impede their movement [62].  

2.3.5 Electric fields 

Charges move in the direction of the forces caused by the field when there is an electric field 

present [63]. The strength and the direction of the field, respectively, define the magnitude and the 

direction of the force exerted on the charge carriers. A substance with a high electrical conductivity 

will conduct electricity well because the charge carriers can move readily in response to the electric 

field [64]. However, in a material with a low electrical conductivity, the carriers may not be able 
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to move as easily thus, the material will have low electrical conductivity. Additionally, high 

electric fields can decrease the mobility of charge carriers, this effect is known as field-dependent 

mobility [65]. 

2.4 Characterization of Charge Transport 

There are several methods that can be used to characterize charge transport in materials, including: 

Density Functional Theory (DFT), the continuity equation, Non-equilibrium Green’s Function 

(NEGF), Boltzmann Transport Equation (BTE), and the Monte Carlo method. For this work, the 

continuity equation and DFT methods are the ones considered.  

2.4.1 Density Functional Theory (DFT) 

DFT sets out to provide a practical and efficient method for determining the electronic structure 

of a many-electron system [66] using their electron density, 𝑛(𝒓) =  ∑ |𝜙𝑖(𝒓)|2𝑂𝐶𝐶
𝑖 . L. H. Thomas 

[67] and E. Fermi [68] proposed the first DFT for solids. Currently, Theorems by P. Hohenberg 

and W. Kohn are the solid theoretical foundations of modern DFT [69]. The central idea of DFT 

is to use the electron density as the basic variable, instead of the many-particle wave function, to 

describe the system developed by W. Kohn and L. Sham. The Kohn-Sham single-particle equation 

is as below: 

(−
1

2
 ∇2 + 𝑣𝑥𝑐(𝒓) + 𝑣ℎ(𝒓)) 𝜙𝑖(𝒓) =  𝜖𝑖𝜙𝑖(𝒓) 

2.1.1 

Where 𝑣ℎ is the Hartree potential, which is defined as ∫ 𝑑𝒓′ 𝑛(𝒓′)

|𝒓−𝒓′|
, 𝜖𝑖 is the single-particle energy 

[70], 𝜙𝑖(𝒓) is the wave function and 𝑣𝑥𝑐(𝒓) is the exchange-correlation potential. Many local and 

non-local approximations to 𝑣𝑥𝑐 have been proposed in literature because the exact exchange-

correlation potential[70] is unknown [71]. 
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The Kohn-Sham equation is solved self-consistently because the operator in equation 2.1.1 

depends on the electron density. The single-particle wave functions can be utilized to build the 

ground state density, which is used to compute the state parameters of interacting electrons such 

the total energy.  In this work, local [72] and semi-local functional approximations are used for the 

exchange-correlation potential. Furthermore, hybrid functionals, [73]–[75] have been introduced 

and are dependent on the orbitals which take into account the exact exchange self-energy. 

∑ (𝒓, 𝒓′) =  − ∑ 𝜙𝑗(𝒓)𝜙𝑗
∗(𝒓′)𝜈(𝒓, 𝒓′)

𝑁

𝑗
𝑋

 

2.1.2 

The hybrid potential is expressed as follows in the generalized Kohn-Sham formalism: 

𝜈𝑥𝑐(𝒓, 𝒓′) = 𝛼 ∑ (𝒓, 𝒓′) + (1 − 𝛼)𝜈𝑥(𝒓) +  𝜈𝑐(𝒓)
𝑋

 

 

2.1.3 

where 𝑣𝑥𝑐 has been split into two exchange potential (𝜈𝑥) and correlation potential (𝜈𝑐) and 𝛼 is a 

constant.  

Some advantages of using DFT for characterization of charge transport are: 

1. Its ability to accurately predict the electronic structure and band structure of materials, 

which are important factors in determining charge transport properties. 

2. It can handle large systems and complex geometries, making it well suited for studying the 

transport properties of real materials. 

3. It can also be used to study materials in different environments, such as under strain, 

making it a powerful tool for understanding the effects of different conditions on charge 

transport. 
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With all these advantages, one major draw-back that is associated with DFT with respect to this 

work, is its limited accuracy for strongly correlated systems. In systems with strong electronic 

correlations such as high temperature superconductors, transition metal complexes, and strongly 

correlated electron systems, DFT is based on the mean-field approximation and is unable to 

completely capture the effects of strong electron-electron interactions. In these cases, a more 

advanced method such as the Hubbard model [76] is required. 

2.4.2 Hubbard Correction 

The Hubbard perturbation is a method used in DFT to account for the electron-electron interactions 

in systems with strong electronic correlations. The method is based on the Hubbard model, which 

describes the electronic structure of a system using a set of localized orbitals also called Wannier 

functions [77] and an on-site Coulomb repulsion term [78]. 

The Hubbard perturbation is implemented by adding a term to the total Hamiltonian of the system, 

called the Hubbard U term [79], which represents the repulsion energy between two electrons in 

the same localized orbital. The Hubbard U term can be written as: 

𝑈 = 𝑈𝑒𝑓𝑓  ∑ 𝑛𝑖,𝑚,↑ 𝑛𝑖,𝑚,↓
𝑖,𝑚

, 

 

2.1.4 

where 𝑈𝑒𝑓𝑓 is the on-site Coulomb repulsion, 𝑛𝑖,𝑚,↑ and 𝑛𝑖,𝑚,↓ are the occupation numbers for the 

up and down spin electrons in the localized orbital 𝑖 and 𝑚. 

The Hubbard U term is usually treated as a perturbation to the Kohn-Sham equations, which are 

the equations that are solved to obtain the electronic structure of the system in DFT. The 

perturbation is applied to the Hamiltonian of the system, which is written as: 

University of Ghana http://ugspace.ug.edu.gh



20 

 

Ĥ′ =  Ĥ +  ∆Ĥ, 

 

2.1.5 

where Ĥ is the Kohn-Sham Hamiltonian and ∆Ĥ is the Hubbard U term. 

The Hubbard perturbation method allows to take into account the electronic correlation effects and 

to improve the description of the electronic structure for systems with strong electronic correlation, 

but it also increases the computational cost of the calculations. 

2.4.3 The Continuity Equation 

It is possible to describe charge transport in a material or device using the continuity equation. The 

conservation of charge in a system is described by the continuity equation, which is a fundamental 

equation in physics. It specifies that the net flow of charge into or out of a particular volume equals 

the rate of change of charge density in that volume [80]. Mathematically, it can be written as: 

𝜕𝑛

𝜕𝑡
+ ∇. (𝑛𝑉) = 𝐺 − 𝑅, 

 

2.1.6 

where 𝑛 is the charge density, 𝑡 is the time, 𝑉 is the velocity of the charge carriers [81], 𝐺 is the 

generation rate, and 𝑅 is the recombination rate. The right-hand side of the equation denotes the 

net flow of charge into or out of the given volume, while the left-hand side denotes the rate of 

change of charge density in that volume.  

The continuity equation can be used to study the diffusion of charge carriers, the generation of 

charge carriers by light absorption, and the recombination of charge carriers. In PV cells, the 

analysis of charge carrier transport in the various layers of the device can be done using the 

continuity equation. By solving the continuity equation, it is possible to obtain information about 
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the current-voltage characteristics of the device and the efficiency of the device under different 

operating conditions [80]. 

 

2.5 Theory 

From a first-principle perspective, the electronic properties which characterizes the transport of 

charges in a device is modelled by theoretically generating the total charge density (𝑛𝑖) of the HTL. 

This can be solved using the density functional theory approach. The Kohn-Sham method [72] 

utilizes the variational approach by using the electron-electron potential of the density functional 

to generate the minimum energy and its corresponding molecular orbitals. With the many-body 

equation expressed as: 

Ĥ 𝜓𝑖(𝑟𝒊) = 𝜖𝑖(𝑟𝑖)𝜓𝑖(𝑟𝑖) 2.1.7 

Ĥ is the Hamiltonian operator, 𝜓𝑖 is the Kohn-Sham (KS) orbital [82], 𝜖𝑖 is the (KS) orbital energy, 

𝑟𝑖 represents the distance between two electrons.  

The Hamiltonian operator is written as: 

Ĥ =  𝑇𝐾𝑆 + 𝑉𝑒𝑥𝑡 + 𝑉𝐻 + 𝑉𝑋𝐶 2.1.8 

𝑇𝐾𝑆 is the kinetic energy of particles in the KS orbitals, 𝑉𝑒𝑥𝑡 is an external potential of non-

interacting electrons, 𝑉𝐻 is the Hartree potential due to electrostatic interactions, and 𝑉𝑋𝐶 is the 

exchange correlation potential which includes all the remaining unknown terms.  The kinetic 

energy is given explicitly as a function of the orbitals; however, it must be a unique functional of 

the charge density when the Hohenberg-Kohn arguments are applied. The kinetic energy is 

expressed as: 
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 𝑇𝐾𝑆[𝑛𝑖] =  −
ℏ𝟐

2𝑚
 ∑ ∫ 𝜓𝑖

∗∇2𝜓𝑖𝑑𝑟𝑖

𝑖

,  
 

2.1.9 

the expression for the Hartree potential is also obtained as:  

𝑉𝐻[𝑛𝑖] =  𝑒2 ∫
𝑛𝑖

|𝑟𝑖 − 𝑟𝑖
′|

𝑑𝑟𝑖
′ 

 

2.2.0 

and the ground state energy becomes: 

𝜖𝑖 = 𝑇𝐾𝑆 + ∫(𝑉𝑒𝑥𝑡 +  𝑉𝐻 + 𝑉𝑋𝐶)  𝑑𝑟𝑖  
 

2.2.1 

We can finally write the Kohn-Sham equation as: 

(−
ℏ2

2𝑚
∇2 + 𝑉𝑒𝑥𝑡 + 𝑉𝐻 + 𝑉𝑋𝐶) 𝜓𝑖(𝑟𝑖) = 𝜖𝑖𝜓𝑖(𝑟𝑖)  

 

2.2.2 

A delocalized basis set is used to perform the calculation; hence, a plane wave basis is selected. 

The expression for the wave function with wave vector 𝑘 is: 

𝜓𝑖 = 𝑒𝑖𝑘𝑟𝑖 2.2.3 

where the sum of the expectation value of the KS orbitals gives the total electron density of the 

crystal 

𝑛𝑖 = ∑ 𝜓𝑖
∗𝜓𝑖

𝑖

= ∑|𝜓𝑖|
2

𝑖

   

2.2.4 
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Electrons are Fermions which obey the Pauli’s exclusion principle. The Fermi-Dirac distribution 

statistics will be the best way to describe the arrangement of electrons in the energy levels. 

According to the Fermi-Dirac statistics, at temperature 𝑇, the concentration of electrons 𝑛𝑜 at the 

bottom of the conduction band [7] is given as: 

𝑛𝑜 =  𝑁𝑐𝑓(𝐸𝑐) 2.2.5 

  

where 𝑁𝐶 is the density of states in the conduction band and 𝑓(𝐸𝑐) is the Fermi-Dirac distribution 

function which describes the distribution of electrons in the conduction band. The distribution 

function can be represented with high precision as: 

𝑓(𝐸𝑐) =
1

exp (
𝐸𝑐 − 𝐸𝐹

𝑘𝐵𝑇
) + 1

 ≈  exp (−
𝐸𝑐 − 𝐸𝐹

𝑘𝐵𝑇
) 

 

2.2.6 

Therefore, the electron density in the conduction band is written as: 

𝑛𝑜 = 𝑁𝑐 exp (−
𝐸𝑐 − 𝐸𝐹

𝑘𝐵𝑇
) 

 

2.2.7 

For the valence band, the deficiency of electrons from the saturated situation gives rise to mobile 

carriers called holes. Similarly, the hole density is given as: 

𝑝𝑜 =  𝑁𝑣[1 − 𝑓(𝐸𝑣)] ≈ 𝑁𝑣exp (−
𝐸𝑣 − 𝐸𝐹

𝑘𝐵𝑇
) 

2.2.8 

𝑁𝑉 is the density of states in the valence band, and 𝑓(𝐸𝑣) is the distribution function in the valence 

band. It is crucial to note that the product, 𝑛𝑜𝑝𝑜, is independent of the Fermi level, therefore, 

combining equations 2.2.7 and 2.2.8 we obtain: 
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𝑛𝑜𝑝𝑜 = 𝑁𝑐𝑁𝑣 𝑒𝑥𝑝 (−
𝐸𝑔

𝑘𝐵𝑇
)  

 

2.2.9 

For a material even with impurities, the total charge density is: 

𝑛𝑖
2 =  𝑛𝑜𝑝𝑜 2.3.0 

 

The total charge density can be expressed as: 

𝑛𝑖 = (𝑁𝐶𝑁𝑉)
1
2 𝑒𝑥𝑝 (−

𝐸𝑔

2𝑘𝐵𝑇
)  

 

2.3.1 

𝐸𝑔 is the energy band gap of the semiconductor, and 𝑘𝐵 is Boltzmann’s constant. 

The local dynamical diffusion current density within a lattice is expressed in one dimension 

represented by 𝑥 to reduce complexity and computational cost [83], [84]. In the presence of an 

electric field 𝐸(𝑥), the carrier density gradient 
𝑑𝑛(𝑥)

𝑑𝑥
 associated with the drift contribution, 𝐽𝑑 has 

a diffusion contribution, 𝐽𝐷 [84]. 

 This diffusion contribution can be expressed as: 

𝐽𝐷 =  −𝑞𝐷
𝑑𝑛(𝑥)

𝑑𝑥
 

 

2.3.2 

Also, the drift contribution is written as: 

𝐽𝑑 = |𝑞|𝑛(𝑥)𝜇(𝑥)𝐸(𝑥) 2.3.3 

Furthermore, the expression for the diffusion coefficient is given as: 
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𝐷 =
𝜇(𝑥)𝑘𝐵𝑇

𝑞
  

 

2.3.4 

Where 𝜇 is the carrier mobility. If 𝐷𝑒 and 𝐷𝑝 represent the diffusion coefficients for electrons and 

holes respectively, and 𝑝(𝑥) represents the hole density, then the electron diffusion current 

densities, 𝐽𝑒 can be represented as: 

𝐽𝑒(𝑥) = 𝑞𝐷𝑒

𝑑𝑛(𝑥)

𝑑𝑥
 

2.3.5 

and the hole diffusion current densities 𝐽𝑝, can also be written as: 

𝐽𝑝(𝑥) = −𝑞𝐷𝑝

𝑑𝑝(𝑥)

𝑑𝑥
 

2.3.6 

For an intrinsic material, the sum of 𝐽𝑒 and 𝐽𝑝 will give us the local dynamic diffusion current, 

𝐽𝑑𝑖𝑓𝑓. 

𝐽𝑑𝑖𝑓𝑓 = 𝑘𝐵𝑇 (𝜇𝑒(𝑥) − 𝜇𝑝(𝑥))
𝑑𝑛(𝑥)

𝑑𝑥
, 

2.3.7 

 

𝜇𝑝 and 𝜇𝑒 are mobilities for holes and electrons respectively. The ohmic current (𝐽𝜎) is also 

described as: 

𝐽𝜎 = 𝑞𝑛(𝑥)(𝜇𝑒(𝑥) + 𝜇𝑝(𝑥))𝐸(𝑥) 2.3.8 

The sum of the local dynamic diffusion and ohmic current densities give the total current density 

[85], 𝐽𝑡𝑜𝑡𝑎𝑙: 
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𝐽𝑡𝑜𝑡𝑎𝑙 = 𝑘𝐵𝑇 (𝜇𝑒(𝑥) − 𝜇𝑝(𝑥))
𝑑𝑛(𝑥)

𝑑𝑥
+  𝑞𝑛(𝑥)(𝜇𝑒(𝑥) + 𝜇𝑝(𝑥))𝐸(𝑥) 

 

2.3.9 

 

In an open circuit configuration, the semiconductor has no current flowing across it, therefore 

𝐽𝑡𝑜𝑡𝑎𝑙 is zero. This means that 𝐽𝑑𝑖𝑓𝑓 must be equal and opposite to 𝐽𝜎. 

𝐽𝜎 = −𝐽𝑑𝑖𝑓𝑓 2.4.0 

This is written in full as: 

𝑞𝑛(𝑥)(𝜇𝑒(𝑥) + 𝜇𝑝(𝑥))𝐸(𝑥) =  −𝑘𝐵𝑇 (𝜇𝑒(𝑥) − 𝜇𝑝(𝑥))
𝑑𝑛(𝑥)

𝑑𝑥
 

 

2.4.1 

 

Now we can have an expression for the electric field as: 

𝐸(𝑥) =
−𝑘𝐵𝑇

𝑞
 (

𝜇𝑒(𝑥) − 𝜇𝑝(𝑥)

𝜇𝑒(𝑥) + 𝜇𝑝(𝑥)
)

1

𝑛(𝑥)
 
𝑑𝑛(𝑥)

𝑑𝑥
 

 

2.4.1 

A potential difference is created between two points in a semiconductor by the electric field. 

Assuming 𝑥1 and 𝑥2 positions, the potential difference (𝑉) between them will be: 

𝑉 =  − ∫ 𝐸(𝑥)𝑑𝑥

𝑥2

𝑥1

, 

 

2.4.2 

further expressed as: 
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𝑉𝑂𝐶 =  ∫
𝑘𝐵𝑇

𝑞
 (

𝜇𝑒(𝑥) − 𝜇𝑝(𝑥)

𝜇𝑒(𝑥) + 𝜇𝑝(𝑥)
)

1

𝑛(𝑥)
 
𝑑𝑛(𝑥)

𝑑𝑥
𝑑𝑥

𝑥2

𝑥1

 

 

2.4.3 

Equation 2.4.3 represents the open circuit voltage between two points [84]. 
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CHAPTER 3 

In this section, the methods and procedures used to characterize the hole transport layer are 

discussed. It involves a first-principles study and a device performance simulation. The hole 

transport layer materials chosen for this work are nickel oxide (NiO) and copper doped nickel 

oxide (Cu:NiO). These materials were chosen for this work due to their high hole mobility, stability 

and compatibility with a wide range of semiconductors. 

 

                                          Figure 3.1: Crystal structure of NiO 
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                                                     Figure 3.2: Crystal structure of Cu:NiO 

3.1 First-principles study 

First-principles calculations were performed on NiO and Cu:NiO using density functional theory 

as implemented in the Quantum Espresso software package [86], [87]. To begin, the crystal 

structures of the materials are stable to obtain the minimum energy of the system at low pressure 

(under 1kPa). The system's ground state electron density and energy are then calculated using self-

consistent and non-self-consistent fields. In the end, both materials' band structures and density of 

states are computed. 

3.1.1 Relaxation 

Relaxation of a crystal structure refers to the process of finding the lowest energy configuration of 

a system by allowing the atoms to move from their initial positions. This is done by using a 

numerical optimization algorithm, such as conjugate gradient or steepest descent, to minimize the 
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total energy of the system. The algorithm iteratively adjusts the positions of the atoms until a 

convergence criterion is met, such as a specified threshold for the change in energy or the forces 

on the atoms. During this process, the electronic structure of the system is recalculated at each step 

using the updated atomic positions.  

3.1.2 Self-Consistent Field (SCF) Calculation 

After relaxing the crystal system, a self-consistent field calculation is conducted. Finding the 

system's ground-state electron density and energy is the aim of a SCF calculation. An initial 

estimation of the electron density serves as the basis for the SCF calculation. Then the electronic 

potential, 𝑉(𝑟), is calculated from the electron density using the following equation: 

𝑉(𝑟) =  𝑉𝑒𝑥𝑡(𝑟) +  𝑉𝐻(𝑟) + 𝑉𝑋𝐶(𝑟) 3.1.1 

where 𝑉𝑒𝑥𝑡(𝑟) is the external potential, 𝑉𝐻(𝑟) is the Hartree potential, and 𝑉𝑋𝐶(𝑟) is the exchange-

correlation potential. Once the potential is calculated, the electron wavefunctions and energies are 

determined by solving the Kohn-Sham equation (2.2.2). The electron density is then updated by 

summing over the occupied wavefunctions. The process is then repeated, using the updated 

electron density to calculate a new potential, and so on, until the electron density and potential 

have converged to a self-consistent solution. The final solution of the SCF calculation gives the 

ground-state electron density and energy of the system. 

3.1.3 Hubbard Correction 

This method involves adding an on-site Coulomb repulsion term, U, to the standard DFT 

Hamiltonian [88] in order to account for the strong electron-electron interactions between the p-

orbitals of O and the d-orbitals of Ni [43]. The Hubbard U parameter is calculated using the linear 

response approach. This method involves calculating the change in the total energy of the system 

as a small perturbation is applied [89] to the electron density. The perturbation can be introduced 
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by adding or removing an electron from a localized atomic or molecular orbital, or by adjusting 

the occupation of an existing electron. By fitting the calculated energy change to a linear function, 

the Hubbard U parameter can be extracted. The Hubbard U parameter was calculated to be 7.6eV. 

3.1.3 Non-Self-Consistent Field (NSCF) Calculation 

In this case, the potential is fixed to the potential of the ground state electron density, and the wave 

functions and energies are calculated along a path in k-space (i.e. the reciprocal space of the crystal 

lattice) [90]. The equation for the calculation of electronic wave functions and energies in a non-

self-consistent field calculation is the time-independent Schrödinger equation, which is given in 

equation (2.1.7). 

3.1.4 Bands Structure 

To calculate the band structure, a series of calculations for different wavevectors k along high-

symmetry lines in the Brillouin zone is performed.  At each k-point, the Kohn-Sham equation is 

solved to determine the electronic wavefunctions and energies. The energies are then plotted as a 

function of k-path to produce the band structure. 

3.1.5 Density of States (DOS) 

In DFT, the DOS is calculated by taking the derivative of the integrated electron density with 

respect to energy [91]. The integrated electron density, also known as the electron density of states 

(EDOS), is given by: 

𝐸𝐷𝑂𝑆(𝐸) =
2

𝑁
 ∫ 𝑑3𝑘  𝛩(𝐸 − 𝐸𝑘), 

3.1.2 

where N is the number of electrons, 𝑘 is the wave vector, 𝐸𝑘 is the energy of the kth state, and 𝛩 

is the Heaviside step function. The DOS is then calculated by taking the derivative of the EDOS 

with respect to energy: 
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𝐷𝑂𝑆(𝐸) =
𝑑𝐸𝐷𝑂𝑆(𝐸)

𝑑𝐸
 

3.1.2 

 

                     Figure 3.3: Flowchart of the methodology used in first-principles computation. 

 

3.2 Device Performance Simulation 

A Solar cell Capacitance Simulator (SCAPS) software package [92] is used to investigate the 

performance of the PV device. The Poisson's equation, the carrier continuity equation (2.1.6), and 

the charge carrier drift diffusion equations (2.3.5 and 2.3.6) are the foundations of the simulation 
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software. The performance of the PV device was simulated with different composite HTLs against 

two different active layers. The first simulation employed a fullerene (P3HT/PCBM) blend as an 

active layer and the second used a perovskite (CH3NH3PbI3) as an active layer. The device 

configurations for the simulations are shown in Figure 3.4. 

 

                                     Figure 3.4: Schematic configuration of device layers. 

The thickness data in SCAPS is used to define the physical dimensions of the various layers within 

a solar cell structure. These dimensions, in turn, influence the optical and electrical behaviour of 

the solar cell, making thickness a critical parameter for simulating and optimizing solar cell 

performance. Thicknesses are fine-tuned to achieve desired performance outcomes and better 

understand the behaviour of solar cells. The band gap, electron affinity, dielectric permittivity, 

conduction band density of states, valence band density of states, electron mobility, hole mobility, 

shallow donor density and shallow acceptor density are fundamental properties that describe the 

electronic characteristics of each semiconductor layer in the PV cell. SCAPS uses these parameter 

to calculate the optical and electrical characteristics of the PV cell to be simulated. Table 3.1 lists 

the parameters and the associated values for the simulations. 
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Table 3.1. I-V characteristic simulation parameters. 

PARAMETERS P3HT:PCBM 

[93] 

PEDOT:PSS 

[94] 

NiO 

[95] 

Cu:NiO CH3NH3PbI3 

[96] 

Thickness (nm) 90 100 125 125 245 

Band gap (eV) 1.05 1.60 3.04 1.65/2.63 1.55 

Electron affinity (eV) 3.95 3.40 4.50 2.10 3.90 

Dielectric permittivity 3.5 3.0 9.4 11.7 6.5 

CB density of states (cm-3) 1.00x1019 2.20x1015  4.00x1019 3.78x1016 1.80x1018  

VB density of states (cm-3) 1.00x1019 1.80x1018  1.00x1018 3.78x1016 1.80x1019  

Electron mobility (cm2V-1s-1) 10-3 10 10.50 5.58 0.5 

Hole mobility (cm2V-1s-1) 10-3 10-3 25.0 30.0 0.5 

Shallow donor density (cm-3) 1018 3.17x1014  1x1021   

Shallow acceptor density (cm-3)    3x1018 1x1019 
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CHAPTER 4 

4.1 Results and Discussion 

The band structure, density of states and I-V characteristics of pristine NiO and Cu:NiO were 

analyzed in this chapter. NiO has an FCC crystal structure with a lattice constant of 𝑎 = 4.315 Å 

[82] and possesses a type-II antiferromagnetic spin coupling along the [111] direction and thus 

requires a rhombohedral primitive unit cell [97] which consists of 4 atoms (2 Ni atoms and 2 O 

atoms). To examine the effects of doping NiO with a Cu atom, a supercell containing 15 Ni atoms, 

16 O atoms and 1 Cu atom was used which accounts for ~6% doping. Two scenarios of the doped 

material were examined. The first scenario involves the relaxation of the supercell structure before 

the first-principle calculations whilst the second scenario did not go through relaxation before the 

first-principle calculation. The band structures and density of states of the primitive cell and both 

stable and unstable supercell structures are presented. 

4.2 Band structure 

The band structure of NiO yields an indirect band gap with the conduction band (CB) minimum  

located at the Γ point and the valence band (VB) maximum  located at the Z point. NiO is known 

as an antiferromagnetic semiconductor with an indirect band gap. In its pure form, the electronic 

structure of NiO is characterized by a partially filled d-orbital, leading to antiferromagnetic 

ordering. Hybridization of Ni's d-orbitals with the oxygen p-orbitals results in the formation of 

energy bands. This hybridization primarily involves d-d and p-d orbitals. The partial filling of Ni's 

d-band contributes to the semiconducting behavior and indirect band gap of NiO. The bands are 

separated as a result of the hybridization, and the band minimum and maximum are not located at 

the same k-path in the first Brillouin zone. The Fermi level was calculated to be 13.812eV with a 

band gap (Eg) of 3.04 eV as shown in Figure 4.1.  
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Figure. 4.1: Band structure of NiO. All energies are relative to the Fermi level EF. 

 

Cu ions have a single valence electron in the 3d orbital while Ni ions have valence electrons in the 

3d and 4s orbitals, therefore, when the Cu ion is substituted for a Ni ion in the NiO crystal lattice, 

they introduce new energy levels into the band structure, resulting in additional bands for both 

stable and unstable supercell structures. Cu's d-orbitals hybridizes with the Ni and O orbitals in the 

host lattice. This hybridization alters the band structure by introducing new energy levels within 

the band gap, which results in the direct band gap observed in Figure 4.2. 

 

Eg EF 
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 For both structures of Cu:NiO (stable and unstable), the CB minimum and VB maximum occur 

at the Γ point which yields a direct band gap [98]. This is as a result of the creation of a hole in the 

valence band by the Cu ion. The hole acts as a carrier by adding states and allows for a direct 

transition from the valence band to the conduction band. The additional bands increase the carrier 

concentration of the crystal making it more conductive.  

A look at the stable supercell structure reveals that, the lattice constants and the atomic positions 

are optimized to the ground state. The Fermi level is calculated to be 11.591 eV with a band gap 

of 1.65 eV. 

 

           Figure 4.2: Band structure of Cu:NiO (stable). 
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On the other hand, the unstable supercell structure has its lattice constant and atomic positions kept 

fixed with any optimizations on the electronic structure hence, the crystal structure does not reflect 

the ground state energy [99]. The Fermi level is calculated to be 13.477eV with a band gap of 2.63 

eV as shown in Figure 4.3. 

 

                             Figure 4.3: Band structure for Cu:NiO (unstable). 

Table 4.1 shows the band gap and Fermi level calculated for NiO, Cu:NiO (stable) and Cu:NiO 

(unstable) 
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Table 4.1: Band gap and Fermi level for NiO, Cu:NiO (stable) and Cu:NiO (unstable) 

Material Band gap (eV) Fermi level (eV) 

NiO 3.04 13.812 

Cu:NiO (stable) 1.65 11.591 

Cu:NiO (unstable) 2.63 13.477 

 

 

 

4.3 Density of States (DOS) 

The p-type character of NiO is confirmed by the density of states for NiO, which is depicted in 

Figure 4.4. It shows that the Fermi level is closer to the valence band than to the conduction band. 

The Ni and O atoms in the crystal lattice bond with each other to produce the valence band [100]. 

Close to the Fermi level in the valence band, the 2p-orbital of O is dominant while in the 

conduction band, the 3d-orbital of Ni is dominant [101].  
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                  Figure 4.4: Density of states of NiO (spin up and spin down). 

 

For Cu:NiO, the DOS for both stable and unstable crystal structure shows that there are inter-bands 

occurring between the 3d-orbital of nickel and the 3d-orbital of Cu close to the Fermi level. 

Because of the Cu ion's existence, the lattice symmetry is reduced, increasing the number of 

electron states that are possible. The defect created by the substitution of Cu ion for Ni ion has 

given rise to additional electronic states near the bandgap.  

Due to the optimization of the lattice constant and the atomic positions in the stable structure, the 

additional band introduced by the Cu ion appears very close to the Fermi level. These optimized 
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new states are responsible for the narrowing of the band gap in the crystal structure which can be 

seen in Figure 4.5. 

 

                 Figure 4.5: Density of states (spin up) for Cu:NiO (stable). 

 

The unstable supercell structure had its lattice constant and atomic positions remain fixed 

therefore, the additional states introduced by the 3d-orbital of the Cu ion are relatively further from 

the Fermi level which results in a wide band gap of 2.63 eV as compared to the stable supercell 

structure (see Figure 4.6). 
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                          Figure 4.6: Density of states (spin up) for Cu:NiO (unstable).  

 

4.4 Current-Voltage (I-V) characteristics 

The performance of the PV device was simulated with different composite HTLs against two 

different active layers. The first simulation employed a fullerene (P3HT/PCBM) blend as an active 

layer and the second used a perovskite (CH3NH3PbI3) as an active layer. The HTLs simulated were 

PEDOT:PSS , PEDOT:PSS/NiO, PEDOT:PSS/Cu:NiO (stable) and PEDOT:PSS/Cu:NiO 

(unstable) composite. 
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 For the P3HT/PCBM blend as shown in Figure 4.7, PEDOT:PSS  recorded a short-circuit current 

density of 13.863 mAcm-2 whilst PEDOT:PSS/NiO, PEDOT:PSS/Cu:NiO (stable) and 

PEDOT:PSS/Cu:NiO (unstable) recorded 12.264 mAcm-2 and 12.532 mAcm-2 11.995 mAcm-2 

respectively. The open-circuit voltage for PEDOT:PSS, PEDOT:PSS/NiO, PEDOT:PSS/Cu:NiO 

(stable) and PEDOT:PSS/Cu:NiO (unstable) are 0.835 V, 0.990 V, 1.020 V and 1.047 V 

respectively.  

 

Figure 4.7: I-V characteristics of different composite HTLs with a fullerene blend active layer. 
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Figure 4.8 shows the I-V graph for the perovskite used as an active layer. The short-circuit current 

densities for PEDOT:PSS, PEDOT:PSS/NiO, PEDOT:PSS/Cu:NiO (stable) and 

PEDOT:PSS/Cu:NiO (unstable) are 11.692 mAcm-2, 12.884 mAcm-2, 15.693 mAcm-2 and 17.447 

mAcm-2 respectively. Their corresponding open- circuit voltages are 1.230 V, 1.296 V, 1.316 V 

and 1.431 V respectively.  

 

Figure 4.8: I-V characteristics of different composite HTLs with a perovskite active layer. 

 

The efficiencies of the composite HTLs in different device configurations are displayed in Table 

4.2 and Table 4.3. 
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Table 4.2. I-V characteristics and performance efficiency obtained for fullerene blend. 

HTL[102] JSC(mAcm-2) 𝑽𝑶𝑪(𝑽) FF(%) PCE(%) 

PEDOT:PSS only 13.863 0.835 72.34 8.38 

PEDOT:PSS/NiO 12.264 0.990 77.34 9.54 

PEDOT:PSS/Cu:NiO (stable) 12.532 1.020 77.21 9.75 

PEDOT:PSS/Cu:NiO 

(unstable) 

11.995 1.047 77.93 9.79 

 

Table 4.3. I-V characteristics and performance efficiency obtained for perovskite. 

HTL[102] JSC(mAcm-2) 𝑽𝑶𝑪(𝑽) FF(%) PCE(%) 

PEDOT:PSS only 11.692 1.230 87.99 12.66 

PEDOT:PSS/NiO 12.884 1.296 88.78 14.83 

PEDOT:PSS/Cu:NiO 

(stable) 

15.693 1.316 88.91 18.37 

PEDOT:PSS/Cu:NiO 

(unstable) 

17.447 1.431 90.27 22.53 
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The efficiencies obtained from combining the various composite HTLs with fullerene blend are: 

8.38%, 9.54%, 9.75% and 9.79% for PEDOT:PSS, PEDOT:PSS/NiO PEDOT:PSS/Cu:NiO 

(stable) and PEDOT:PSS/Cu:NiO [103] (unstable) respectively. The perovskite device efficiencies 

are: 12.66%, 14.83% 18.37%, and 22.53% for PEDOT:PSS, PEDOT:PSS/NiO, 

PEDOT:PSS/Cu:NiO (stable) and PEDOT:PSS/Cu:NiO (unstable) respectively. 
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CHAPTER 5 

5.1 Conclusion 

On pristine NiO and Cu:NiO, first principle calculations were carried out utilizing density 

functional theory as applied in the Quantum Espresso software. Two instances of the doped 

supercell structure (Cu:NiO) were analyzed. The first instance involved a stable structure of 

Cu:NiO whilst the second instance involved an unstable structure of Cu:NiO.  

As a result of the strong electron-electron interactions between the 2p-orbitals of O and the 3d-

orbitals of Ni, a Hubbard correction term known as “Hubbard U” term was required to add an on-

site Coulomb term to the total Hamiltonian of the structure. The “Hubbard U” term was calculated 

to be 7.6 eV. 

Pristine NiO showed a band gap of 3.04 eV and the Fermi level was calculated to be 13.812 eV. 

The hybridization of the 2p-orbitals of O and the 3d-orbitals of Ni revealed the band structure of 

NiO to have an indirect band gap with the CB minimum located at the point and the VB maximum 

located at the Z point. 

Both stable and unstable supercell structures of Cu:NiO showed a direct band gap with the CB 

minimum and the VB maximum occurring at the Γ point. This occurred due to the Cu ion's 

production of a hole in the valence band, which adds new states and enables a direct passage of 

electrons from the valence band to the conduction band. The extra bands boost the crystal's carrier 

concentration, making it more conductive. The stable supercell structure had its lattice constant 

and atomic positions optimized to the ground state hence its band gap was obtained to be 1.65 eV 

and the Fermi level was calculated to 11.591 eV. The optimization of the electronic structure led 

to the new states introduced by the Cu ion into the structure appearing close to the Fermi level 

accounting for the narrow band gap observed. 
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The unstable structure did not have any optimization calculations performed on its lattice constant 

and the positions of the atoms. This resulted in the new states introduced by the Cu ion appearing 

further from the Fermi level relative to the one observed in the stable structure hence, a wide band 

was achieved. The band gap obtained for the unstable structure was 2.63 eV and the Fermi level 

was calculated to be 13.477 eV. 

This suggested that Cu:NiO (unstable) will perform well as a HTL as compared to NiO and Cu:NiO 

(stable) due to its wide direct band gap nature and extra states in the valence to aid in the conduction 

of holes.  

I-V delineation was performed using two different active layers (i.e., fullerene blend and 

perovskite). Three different composite HTLs were simulated with the two active layers mentioned. 

These HTLs included: PEDOT:PSS, PEDOT:PSS/NiO, PEDOT:PSS/Cu:NiO (stable) and 

PEDOT:PSS/Cu:NiO (unstable). 

For the fullerene blend, Cu:NiO (unstable) composite showed the highest efficiency with a PCE 

of 9.79% as predicted from the solar cell simulation, with an open-circuit voltage of 1.041 V and 

a shot-circuit current of 11.995 mAcm-2.  

The PV device with the perovskite active layer showed more promising results. Again, the 

prediction of the solar cell simulation showed that Cu:NiO (unstable) achieved the highest 

efficiency with a PCE of 22.53%. The open-circuit voltage recorded was 1.431 V and the short-

circuit current was 17.447 mAcm-2. 

5.2 Recommendations 

Some recommendations for future works include, device simulations incorporating temperature-

dependent material properties and taking into account temperature-induced changes in the device 
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structure can help to predict the temperature dependence of charge transport. The simulation can 

shed light on the relationship between charge transport and temperature, especially how 

temperature affects the electrical conductivity of the material. The results of the simulation can be 

used to optimize the performance of PV devices for different operating temperatures. The 

simulations can also be used to evaluate the reliability and long-term performance of devices under 

varying temperature conditions. 

Also, humidity-dependent charge transport characterization can also be performed to ascertain the 

charge transport behavior of a PV device under different humidity conditions. The simulation will 

include how humidity affects the device's electronic characteristics, such as its electrical 

conductivity and the mobility of its charge carriers, as well as how moisture affects the device's 

structural alterations. This can be used to predict the lifespan of the device and how the 

performance of the device will change over the period of its lifespan. 

The performance of a PV cell is influenced by the concentration of impurities, or "dopants," added 

to the charge transport layers. The doping percentage refers to the concentration of these 

impurities. Another aspect that can be explored in future works will be to take into consideration 

how different doping percentages of the HTL affects the performance of the PV device. This will 

help in finding the optimal doping percentage for a charge transport layer which requires a balance 

between increased conductivity and the maintenance of a high open-circuit voltage [104]. 
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