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ABSTRACT 

 
The popularity of solar cell has been on the rise over the past few years. In order to be the 

substitute the fossil fuels, the energy production cost from solar cells must be reduced 

further. A lot of effort has been made by the scientific community to produce cheap and 

green energy from solar cells. High absorption coefficient and cost effective deposition 

technique have made polycrystalline CdTe a suitable applicant for thin-film solar cell 

technology. On the other hand, bulk heterojunction polymer solar cells based on blends 

of conjugated polymers (P3HT) and fullerene derivatives (PCBM) have shown great 

potential to produce efficient organic solar cells.  

 

Low availability of Te and need for enhancement of deposition speed influence to reduce 

the CdTe absorber layer. However, the overall cell efficiency of CdTe/CdS thin-film 

solar cell deteriorates unpredictably when the absorber width is reduced to sub-micron 

level. Deterioration of charge transport properties and their effects on voltage-dependent 

charge collection in submicron CdTe solar cells are believed to be responsible for this 

detrimental current-voltage. An analytical model for voltage-dependent photocurrent has 

been proposed in this thesis, considering partial depletion of the absorber and both 

electron and hole drift and diffusion in the depleted region and field free region, 

respectively, by solving continuity equations with proper boundary conditions. 

Exponential photon absorption and actual solar spectrum are considered to compute the 

photocurrent densities at entire output voltages. The results of the analytical model are 

verified by the 2D Taurus Medici device simulator. The model is also compared with 
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recently published experimental results on ultra-thin CdTe solar cells in order to 

determine the carrier transport properties (defects and carrier lifetimes) and effective 

doping concentrations.  

 

The efficiency of bulk heterojunction organic solar cells is mostly controlled by the 

dissociation of bound electron and hole pairs (EHPs) and charge carrier transport 

properties after dissociation. An analytical model has been developed considering both 

drift and diffusion of charge carrier to examine the relative effects of EHP dissociation 

and charge collection on the current-voltage characteristics. The effects of annealing on 

carrier transport properties are also examined. The theoretical model is also verified by 

the published experimental data.  
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CHAPTER 1  

Introduction 

Energy consumption rate is increasing day by day. In order to fulfill the uprising demand 

of energy for an advanced living standard, the modern human civilization depends mostly 

on fossil fuels [1]. From the chart in Fig. 1.1, displaying various sources of energy in the 

year 2011, it can be shown that 83% of the total consumed energy is produced from coal, 

natural gas and petroleum [2]. As these natural sources are non-renewable and limited, 

the world is quickly heading towards a serious energy crisis [3]. Another consequence of 

burning fossil fuels is global warming. The lowest predicted consumption of fossil fuel 

will cause the global temperature to increase by 1.1 to 2.9 degrees Celsius during the 21
st
 

century. However, in the worst possible prediction, the global temperature will rise by 2.4 

to 6.4 degrees Celsius [4]. In order to prevent this crisis, scientists and researchers are 

trying with their best efforts to make renewable energy more popular and to utilize the 

unlimited solar energy efficiently. As the result of their hard work, the usage of solar 

energy has increased rapidly. The International Energy Agency (IEA) predicts that within 

the next 50 years, solar power generators will be efficient enough to fulfill most of the 

electricity demand of the world.  
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Figure 1.1 Energy consumption from various sources in 2011 [2]  

1.1 Brief history of solar cells 

Modern solar cells are the result of intense research work over the years. Evolutions of 

organic and inorganic photovoltaic (PV) cells over these years are described below. 

1.1.1 Development of inorganic solar cells  

In 1839, Alexandre Edmond Becquerel first noticed PV effect while he was working with 

silver bromide (AgBr) or silver chloride (AgCl) coated platinum (Pt) electrode in an 

electrolyte solution. He observed a small voltage change when sunlight struck upon the 

electrode. After 44 years, in 1883, Charles Fritts introduced the first solid state solar cell. 

Biomass 

4% 
Renewable 

2% 

Petroleum 

37% 

Natural Gas 

26% 

Coal 

20% 

Nuclear 

8% 

Hydropower 

3% 

Energy Sources 
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He created a junction by coating selenium (Se) with ultra-thin gold (Au) layer. The 

efficiency of his device was very low. Later in 1946, Russell Ohl introduced the modern 

semiconductor solar cell [5]. Daryl Chapin, Calvin Souther Fuller and Gerald Pearson 

fabricated the first practical solar cell at Bell Laboratories in 1954. The efficiency of their 

silicon (Si) based solar cell was 6%. Since 1954, there have been substantial 

improvements in solar cell technology. 

1.1.2 Development of organic solar cells 

Photoconductivity in an organic compound (anthracene) was first observed by Pochettino 

in 1906. In the early 1960s, PV effects were observed in organic materials after finding 

semiconducting properties in many common dyes (i.e. methylene blue) [6]. The 

efficiency of these cells was very low; namely, below 1%. In 1986, Ching W. Tang first 

introduced heterojunction organic solar cell by using copper phthalocyanine layer as light 

absorber and electronegative perylene carboxylic derivative. The efficiency of this 

organic solar cell was 1%. To improve the efficiency further, G. Yu introduced the 

concept of bulk heterojunction organic solar cell in 1995. Currently, an efficiency of 8% 

is achieved in literatures [7].  

1.2 Different generations of solar cells 

The solar cell technology has been divided into three main categories. Each of these 

categories is referred by the word ‘generation’. A brief discussion on different 

generations of solar cells is presented.  

http://en.wikipedia.org/wiki/Russell_Ohl
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First generation solar cells are mainly made of pure silicon (Si) or germanium (Ge). In 

order to form a p-n junction, these materials are doped with boron (B) and phosphorus 

(P). These solar cells have higher efficiency compared to any other solar cells but in 

terms of price, these devices are costlier. The cost of first generation solar cells is 

comparatively high because a huge amount of pure materials are required to make these 

kinds of solar cells. The efficiency of first generation solar cells is quite close to the 

maximum theoretical efficiency. According to Shockley–Queisser limit, the maximum 

theoretical efficiency can be as high as 33.7% for a single p-n junction solar cell.  

 

Second generation solar cells (commonly called thin-film) are cheap compared to first 

generation solar cells because these solar cells are made with less amount of pure 

materials. Even the material selection is done quite sensibly. Thin-film solar cells based 

on polycrystalline cadmium telluride (CdTe), polycrystalline copper indium gallium 

selenide (CIGS) and hydrogenated amorphous Si (a-Si:H) are the main three candidates 

of second generation solar cells. Other than these solar cells, organic solar cells also fall 

under this category. The availability of materials and cost effective fabrication process 

made second generation solar cells more popular.  

Third generation solar cells are based on completely new concepts. Intensive research 

work is in progress to bring third generation solar cells into the market. The main goal of 

course is to achieve higher efficiency than the Shockley–Queisser limit. The technology 

used for third generation is somewhat ambiguous. Generally, it includes hot-carrier 

effects, multiple carrier ejection, photon upconversion and downconversion [8]. 
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1.3 Growth of solar cell usage 

Fossil fuels are the main sources of carbon emission and greenhouse gases and as 

mentioned before, the amount of fossil fuels is limited. In this context, energy from solar 

cells seems very attractive as it is clean, unlimited and environment friendly. However, 

fossil fuels still dominate the energy market in many countries because it requires 

comparatively less money to produce energy from fossil fuels than renewable energy 

sources.  

 

Due to thorough research and mass production of solar cells, the price of energy (per 

watt) produced by solar cells has been decreasing drastically. As a result of this reduction 

in price, solar cells are becoming increasingly popular in the energy market. Figure 1.2 

shows the worldwide solar cells growth from 2007 to 2011 [9]. This graph represents the 

total annual capacity (giga-watts) of installed solar cells. A growth rate of 172.22% is 

observed from 2009 to 2010, while an average growth rate (per year) from 2007 to 2011 

was 80.47%.  
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Figure 1.2 worldwide solar PVs growth from 2007 to 2011 [9] 

 

On the other hand, organic solar cells are heading quickly towards achieving the 

minimum efficiency (10%) for commercialization [10]. It is predicted that organic solar 

cells will dominate the PV market in near future because of its attractive features, such as 

lower production cost and flexibility of organic molecules [11].  

1.4 Solar cell market 

PV prices have been reduced dramatically over last 30 years. It was $98 (U.S. dollar) per 

watt in 1975 but at the end of 2007, it reduced to about $4 per watt [12]. The average 

retail price decreased from $3.50 to $2.43 per watt over the course of 2011 [13]. For 

large-scale installations, price of solar energy goes down below $1 per watt. As time 

progresses, fossil fuels are getting more expensive. Meanwhile, solar cell technology is 
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getting cheaper. For instance, PV energy is now cheaper than the energy from nuclear 

power stations. Therefore, it is predicted that renewable energy technologies, such as 

solar cells will soon take over the current energy market. A crossover point when the cost 

of energy from solar power stations matches the cost of conventional electricity 

generation is usually referred to as grid parity. A projection of the prices of conventional 

energy and solar energy is shown in Figure 1.3 [14]. The estimated crossover points are 

highlighted.  

 

 

Figure 1.3 A projection of the prices of conventional energy source and solar energy and 

the estimated crossover point [14] 

 

Due to insufficient efficiency and lack of proper industrial infrastructure, organic solar 

cells are not entirely commercialized yet. Also, organic solar cells’ lifespan is not long 
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enough to fully penetrate the energy market. This technology requires further 

improvements to compete with the existing solar cells.  

1.5 Application of solar cells 

In many applications solar cells are the most viable option for power supply. For 

example, costly and heavy fuel-power sources for space vehicles (i.e. satellites and space 

telescopes), which require continuous power supply to recharge their batteries, can easily 

be substituted by light and comparatively cheap solar panels. Therefore, solar cell is the 

best option for supplying electrical power to satellites [15]. 

 

Grid electricity or fossil fuel is inaccessible to over 2 million villages in the world 

according to UN estimation. Local PV power stations for the rural parts of the world can 

change the whole scenario. In many places PV power stations are already functional for 

supplying power into the electricity grid. People are showing more interest in solar panels 

to obtain their electricity from clean, non-polluting, renewable source. Solar energy is not 

restricted within residential uses only. It is also a very popular source of energy for 

commercial uses. For many years, solar energy has been the best choice for the industries 

that are located in the rural areas.  

 

Solar cells are also used in automobile industry. The cars powered solely by solar energy 

are slow and incapable of carrying heavy weight as the amount of power generated by 

solar panels mounted on the cars is insufficient. On the other hand, hybrid cars distribute 

the power consumption between solar power and fossil fuel. Since the introduction of the 
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first solar powered car by Ed Passerini, intensive research has been carried out by the 

automobile industry to introduce a vehicle that would run solely on solar energy. 

1.6 Research motivation 

1.6.1 CdS/CdTe solar cells  

Thin film solar cells have become very popular in inorganic solar cell industry due to 

drop in production cost together with reasonably higher power efficiency [14,16]. 

Efficient absorption of solar spectrum within about a micron-thick absorption layer, easy 

and cost effective deposition techniques and excellent charge collection property have 

made polycrystalline CdTe a strong candidate for thin film solar cell technology [14,17]. 

Low availability of Te and need for enhancement of deposition speed made submicron 

CdTe absorber layer a popular research topic in thin film photovoltaic (PV) technology 

[17]. However, when the thickness of the absorber layer (W) is reduced to submicron 

level, the open circuit voltage (Voc) and fill factor (FF) of CdTe solar cells deteriorates 

unpredictably [18]. Deterioration of charge transport properties and their effects on 

voltage-dependent charge collection in submicron CdTe solar cells are believed to be 

responsible for this detrimental current-voltage (J-V) characteristic [17]. Increased 

recombination states in the absorber layer, series resistance, and leakage current are 

considered as the reasons for reduction of Voc and FF in ultra-thin CdTe solar cells 

[17,19].  
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Few analytical [20] and numerical [19] models have been proposed in the literature for 

calculating voltage-dependent photocurrent in thin film solar cells. Hegedus et al. [20] 

have mentioned few models for voltage dependent collection efficiency. The short circuit 

current density (Jsc) is calculated considering complete charge collection. The most 

successful model computes photocurrent by considering that photo-generation occurs 

only at the CdS-CdTe interface. On the other hand, Anjan and Kabir [21] have derived an 

analytical model for external voltage-dependent photocurrent. While all the previous 

models assumed the full depletion of the absorber layer for the entire voltage range, in 

reality, the absorber layer is partially depleted at operating (relatively high) output 

voltage. Therefore, a more realistic analytical/numerical model is required to properly 

describe the current-voltage characteristics. 

1.6.2 P3HT:PCBM bulk heterojunction polymer solar cells  

Bulk heterojunction (BHJ) polymer solar cells based on blends of conjugated polymers 

and fullerene derivatives have already been established as the next generation solar cell 

for their high conversion efficiency, easy fabrication and abundant availability [22]. 

Poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid methylester (PCBM) 

are the most promising candidates among polymer and fullerene derivatives, respectively 

of BHJ solar cells. Due to high hole mobility, PCBM is one of the best options for using 

it as a fullerene derivative [23]. However, the high binding energy of the bound electron-

hole pairs (EHPs) in the blend reduces the photo-generation in BHJ polymer solar cells 

[24]. Therefore the photocurrent largely depends on the dissociation efficiency of bound 

EHPs. The charge carrier transport properties also have great influence on the overall cell 
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efficiency of organic solar cells [25]. Therefore, a physics-based model relating the 

quantitative effects of charge transport properties and dissociation of bound EHPs of 

organic materials on the J-V characteristic is inevitable. 

 

Few models exist in the literature for calculating voltage-dependent photocurrent in BHJ 

polymer solar cells [25,26.27]. The first model is based on an empirical expression and 

uses Braun model (which is based on Onsager theory) to compute the dissociation 

efficiency. However, there is a significant difference between Braun model and the exact 

extension of Onsager theory. The empirical expression fails to explain the exact physics 

of the charge transport mechanism in organic materials. The latter model does not 

consider direct recombination of photo-carriers and also fails to explain the dissociation 

of bound EHPs. 

1.7 Research objective 

The main objective of this research is to improve the understanding of device operation in 

organic and inorganic solar cells by physics-based analytical/numerical modeling. 

Separate research objective for organic and inorganic solar cells are presented in the 

following subsections.  

1.7.1 Thin-film solar cell 

The photo-generated charge carriers move by drift and diffusion mechanisms in the 

depletion and outside of the depletion regions, respectively, because of negligible built-in 
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electric field that is found at the outside of the depleted region. The objectives of this 

research work are defined considering the facts that are mentioned above. A brief outline 

of the objectives is the following:   

(a) To develop an analytical model for voltage-dependent photocurrent, considering both 

electron and hole drift in the depleted region and diffusion in the field free region by 

solving continuity equations. The model considers exponential photon absorption and 

actual solar spectrum. The overall load current considers the effect of voltage-dependent 

forward dark current consisting recombination current in the depleted region and the 

diffusion current in the field-free region. 

(b) To verify the results of the analytical model by the 2D Taurus Medici device 

simulator and recently published experimental results on ultra-thin CdTe solar cells. 

(c) To determine the effects of carrier transport properties and effective doping 

concentrations on ultra-thin CdTe solar cells.  

1.7.2 Organic solar cell 

The absence of exact modeling of device behavior is one of the main obstacles in 

developing organic solar cell technology [28]. Modeling device behavior plays an 

important role to realize the physics of a device. As mentioned above, dissociation 

efficiency has a great influence on the total cell performance. Thus accuracy in 

computing dissociation efficiency is necessary to predict the exact output. The J-V 

characteristics also depend on charge transportation mechanism. By taking these facts 

into account, the research objectives for organic solar cells are, 
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 (a) To develop an analytical model for voltage-dependent photocurrent considering drift 

and diffusion of the charge carriers in P3HT:PCBM organic solar cell. The model 

incorporates electric field dependent escape probability that agrees well with the exact 

extension of Onsager theory.  

(b) To compare the analytical model with the published experimental results in order to 

validate the model and to determine the carrier transport properties (defects, carrier 

mobility and lifetime) and effects of charge dissociation. 

1.8 Thesis outline 

This thesis contains six chapters. Following this introductory chapter, the second chapter 

contains few basic theories and a brief discussion on the existing models for J-V 

characteristics of CdS/CdTe thin-film and P3HT:PCBM BHJ solar cells. In the third 

chapter, the numerical model has been discussed in details. The developed analytical 

model for CdS/CdTe is explained in the fourth chapter. This chapter also contains the 

simulation results of the model and some brief discussions. The fifth chapter contains the 

analytical J-V model of P3HT:PCBM blend. The effects of various parameters and 

dissociation efficiency are illustrated in the results and discussion part of this chapter. 

Conclusion, contribution and future work is presented in the last chapter. 
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CHAPTER 2  

Background Theory 

2.1 Physical structure of solar cells 

The structures of solar cells mainly depend on the properties of the material of the solar 

cells. Therefore, bulk polymer and thin-film solar cells have different physical structures. 

A brief discussion on these different structures is given in the following sections.  

2.1.1 Structure of CdS/CdTe thin-film solar cell 

In CdS/CdTe thin film solar cells, CdS and CdTe layers are known as the window layer 

and the absorber layer, respectively. The physical structure of a CdS/CdTe is shown in 

Fig. 2.1. CdTe acts as the absorber layer because the incident photons are absorbed in this 

layer as the bandgap (Eg) of CdTe is as low as ~1.45 eV. The width of this layer can vary 

from 0.5-3.5 μm. Sufficiently long CdTe layer can absorb photons up to ~900 nm of the 

solar spectrum. As the absorber layer is lightly doped and the window layer is highly 

doped, as shown in Fig. 2.1, the depletion layer tends to extend through the CdTe layer. 

Negligible amount of photon is absorbed in CdS due to its large Eg (~2.42 eV) and very 

thin width (~0.06-0.2 μm). The oxide layer (SnO2 in Fig. 2.1) between CdS and glass 

layer is used to match the refractive indices for higher light absorption and to reduce 
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series resistance. The back electrode is copper (Cu) coated gold (Au), which can reduce 

the hole barrier at the back contact. 
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Figure 2.1 Schematic diagram of a CdS/CdTe thin film solar cell 

2.1.2 Structure of P3HT:PCBM  blend organic solar cell 

The typical device configuration of a BHJ polymer solar cell is shown in Fig. 2.2, where 

P3HT and PCBM are used as donor and acceptor materials, respectively. In order to 

increase the dissociation efficiency, P3HT and PCBM are blended together to form the 

active layer. The weight ratio of P3HT:PCBM is varied to control few properties (i.e., 

absorption coefficient) for better efficiency. The length of the active layer (W) can vary 

from 100 to 250nm. Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)  or 

PEDOT:PSS is the transparent conductive polymer layer between the active layer and the 

anode. This layer acts as a buffer layer which facilitates the photo generated holes to 

travel to the front contact. Indium Tin Oxide (ITO) forms an ohmic contact for easy 

transport of the generated carriers and also avoids unwanted absorption of the solar 

spectra.  
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Figure 2.2 Schematic diagram of a P3HT:PCBM BHJ solar cell 

2.2 Material properties 

The properties of the materials have significant effects on cell performance. As 

mentioned earlier, light is absorbed in the active layer of bulk organic solar cells and in 

the absorber layer of inorganic thin-film solar cells. Therefore, material properties of 

CdTe and P3HT:PCBM blend play a vital role in photo-current production.  

2.2.1 Polycrystalline cadmium telluride  

The polycrystalline materials consist of many single-crystal regions unlike crystalline 

materials which have regular geometric periodicity throughout the entire volume [29]. In 

polycrystalline materials, the single-crystal regions are known as grains and the grains are 

separated by grain boundaries. In most of the polycrystalline materials, impurities are 

accumulated at the grain boundaries. Thus the grain boundaries tend to degrade the 

electrical and physical properties of the polycrystalline materials. Figure 2.3 shows the 

crystal structure of a polycrystalline material. The grain boundaries of polycrystalline 
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CdTe are not highly electrically active. Thus CdTe is well suited for photo-generated 

charge carrier transportation [30].   

 

Grain 
Boundary

Grain

 

Figure 2.3 Schematic of polycrystalline material 

 

In 1947, Frerichs synthesized CdTe for the first time by combining Cd and Te vapors 

with each other in a hydrogen atmosphere [31]. CdTe is a compound semiconductor with 

a direct optical band gap of 1.45 eV. This made CdTe an excellent absorber of solar 

spectrum and thus a suitable material for photovoltaic energy conversion. Due to high 

absorption coefficient of CdTe, high quantum efficiency has been noticed in CdTe thin-

film solar cells. Figure 2.4 shows the absorption coefficient of CdTe as a function of 

wavelength.  
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Figure 2.4 Absorption coefficient of CdTe as the function of wavelength [32] 

 

High absorption coefficient of CdTe also allows the absorber layer to absorb most of the 

absorbable photons within only 2 μm of thickness (see Section 3.6.1). The photon 

absorption reduces by only 4% when the absorber width decreases from 5 to 0.5 μm [33]. 

Whereas, the absorber made of crystalline silicon requires 200 μm of width to absorb 

92% of the useful sunlight [30].  

2.2.2 Poly(3-hexylthiophene) and [6,6]-phenyl C61-butyric acid 

methylester blend 

In recent years, conjugated polymers have drawn much attention due to its solubility and 

electrical conductivity. Flexibility is also another promising feature of polymers. Among 

all polymers, P3HT is widely used in organic solar cell technology due to its relatively 

higher carrier mobility and higher absorption coefficient (in order of 10
5 

cm
-1

)
 
[34]. The 
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bandgap of P3HT is around ~1.7 eV which is much lower than the bandgap of PCBM 

(~2.3 eV).  Thus incident photons are mainly absorbed in the donor material. The 

chemical structures of P3HT and PCBM are given in Fig. 1 of Ref. [35]. 

 

The PCBM (electron acceptor) is a fullerene derivative of the C60. The electron affinity 

(χ) of this fullerene is ~3.7 eV which is comparatively higher than that of P3HT. 

Therefore, photo-generated electrons in the lowest unoccupied molecular orbital (LUMO) 

of the donor (LUMO-D) are easily transferred to the LUMO of the acceptor (LUMO-A). 

The high solubility in organic solvent of PCBM makes it well suited for the BHJ solar 

cell. This feature of PCBM allows preparing fine homogeneous BHJs and printable solar 

cells. The fine tuning of the band gap of PCBM reduces the offset between the LUMO-D 

and the LUMO-A which in turn increases the Voc [36]. The band gap of PCBM can be 

modified by several ways, i.e. synthesizing bisadduct analogue of PCBM [36] and 

placing substituents on the phenyl ring or altering chemical structure of organic material 

by electron irradiation [37].  

 

Annealing at various temperatures and increasing the weight ratio of P3HT in the blend 

improve the absorption coefficient of the active layer [35,38]. Figure 2.5 shows the 

absorption coefficient of the blend for various weight ratios between P3HT and PCBM 

[35]. As the ratio of PCBM in the blend decreases, the absorption coefficient below 425 

nm decreases whereas that between 425 and 700 nm grows gradually. A sharp decrease 

and distortion of the shape of the absorption coefficient are observed when the PCBM 

content in the blend increases beyond the 1:1 composition. This verifies the increment of 

http://en.wikipedia.org/wiki/Fullerene_derivative
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the volume occupied by PCBM in the blend (refer to the absorption coefficient of P3HT 

and PCBM in ref. [39]). In conclusion, the intermolecular packing structure of P3HT can 

be preserved if the weight ratio of PCBM is restricted below 1:1 composition [35].  

 

Figure 2.5 Absorption coefficients of the active layer for different weight ratio between 

P3HT and PCBM [35] 

 

Figure 2.6 shows the effect of annealing on the absorption coefficient (from ref. [38]) of 

the blend. The annealing temperature has been varied from 100° to 125°C. The thermal 

diffusion of PCBM molecules into large PCBM aggregates increases when the 

temperature increases [38]. As a consequence, P3HT can aggregate in the PCBM free 

regions and form crystalline P3HT. Thus the annealing process increases the crystallinity 

of P3HT; which, in turn increases the absorption coefficient of the blend.  
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Figure 2.6 Effects of different annealing temperatures on absorption coefficient of 

P3HT:PCBM blend [38] 

2.3 Photovoltaic energy conversion 

Solar cells convert solar energy to electrical energy in the form of current and voltage. 

This conversion is done in basic three steps. These steps are given below. 

(a) Photon absorption and creation of bound electron hole pairs: Photons are mostly 

absorbed at the absorber and donor layers of CdS/CdTe and P3HT:PCBM solar cells, 

respectively. Electrons jump from valance band (VB) to conduction band (CB) in 

inorganic solar cells or from highest occupied molecular orbital (HOMO) to LUMO in 

organic solar cells creating holes in the VB and in the HOMO, respectively. Thus the 
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incident photons require enough energy (E) to make this transition. The energy of a 

photon is [29] 

  
  

 
          (2.1) 

Here, h is the Planck’s constant, c is the speed of light and λ is the wavelength of the 

photon. The energy E has to be more than or equal to Eg of the absorber for successful 

absorption of the incident photons. Figure 2.7 (step- i) shows the photon absorption 

process in CdS/CdTe and P3HT:PCBM solar cells. As a result of photons absorption, 

bound electron hole pairs (EHPs) are formed. 
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Figure 2.7 The process of photon absorption to photocurrent generation in (a) 

P3HT:PCBM blend and (b) CdS/CdTe thin-film solar cell 

 

(b) Creation of free charge carriers: The built-in electric field between acceptor and 

donor assists the bound EHPs separation process, which is known as dissociation of 

bound EHPs. The dissociation rate depends on the binding energy of the bound EHPs. 

The binding energy is the coulombic attraction between an electron and a hole. This 
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binding energy is very high in organic materials due to their low dielectric constant. 

Therefore, the required energy for the bound EHPs to become free carriers in 

P3HT:PCBM solar cells is higher compared to that in CdS/CdTe solar cells. The built-in 

electric field provides this extra energy to the bound EHPs. Therefore, it is necessary for 

the bound EHPs to travel near to the acceptor and donor interface for dissociation (in 

BHJ solar cell). Figure 2.7 (step- ii) shows the dissociation of EHPs.  

 

 (c) Charge collection: These free charge carriers travel towards the respective 

electrodes and flow through an external circuit. In P3HT:PCBM solar cells, free electrons 

jump from the LUMO-D to the LUMO-A and travel through the acceptor material 

(PCBM) towards the cathode. The holes remain in the donor material (P3HT) and travel 

towards the anode. Collection of the charge carriers at the electrodes depends on their 

work functions. Figure 2.7 (step- iii) shows the movement of photo generated holes and 

electrons in a P3HT:PCBM blend. 

 

In case of CdS/CdTe thin-film solar cells, free holes travel in the direction of the built-in 

electric field while the free electrons travel in the opposite direction. Thus the photo 

generated holes remain in CdTe layer and travel towards the back contact by both drift 

and diffusion mechanism. Whereas the photo generated electrons travel towards the 

window layer. Figure 2.7 (step- iii) shows the movement of photo generated holes and 

electrons in a CdS/CdTe thin-film solar cell. The back contact can block the holes to flow 

through the external circuit. In order to reduce back contact effects, the back electrode in 
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coated with Cu, and the metal used for back contact is selected according to its work 

function. 

2.4 Characterization 

The output current density of solar cells as function of the output voltage is known as J-V 

characterization. J-V curve provides most of the necessary information to characterize 

both organic and inorganic solar cells. For example, open circuit voltage (Voc), short 

circuit current density (Jsc) , fill factor (FF), overall cell efficiency (η), maximum power 

point (Pmax), series resistance (Rs), and shunt resistance (Rp) can be evaluated from the J-

V curve.  

 

A parallel connection between a current source and a rectifying diode represents an ideal 

solar cell. It is known as “one-diode model”. Figure 2.8a shows an equivalent circuit 

model for an ideal solar cell. A more practical model can be represented by adding one 

series resistor and one parallel resistor with the equivalent circuit model of an ideal solar 

cell. Figure 2.8b shows the practical equivalent circuit model. Thus the J-V curve can be 

explained by the Shockley solar cell equation,  

             
     

  
              (2.2) 

where V is  the output voltage, Jph is the photocurrent density, Rs is the series resistance, 

Rp is the shunt resistance and Jd is the forward diode current density. 
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Figure 2.8 Equivalent circuit models of (a) ideal and (b) practical solar cells 

2.4.1 Open circuit voltage 

The Voc is the voltage across the output terminal when the circuit is not connected with a 

load which implies that the output terminal is open (infinite resistance). Figure 2.9 shows 

the Voc in a J-V curve. In ideal case, the Voc can be calculated by the following equation. 

     (
   

 
)   (  

   

  
)       (2.3) 

In the equation above, n is the ideality factor, e is the elementary charge, kb is the 

Boltzmann’s constant, T is the absolute temperature, and Jo is the reverse saturation 

current density.  

2.4.2 Short circuit current density 

The short circuit current density is the current density flowing through the circuit while 

the output terminal is in short circuit condition which implies that the voltage across the 
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output terminal is zero. In ideal case, the short circuit current density is equal to the 

photocurrent.  Figure 2.9 shows the Jsc in a J-V curve. 

2.4.3 Fill factor 

Solar cell performance can also be evaluated by calculating the fill factor from the J-V 

curve of a solar cell. Fill factor is the ratio of maximum power to maximum theoretical 

power. The maximum theoretical power can be calculated by multiplying the short circuit 

current density to the open circuit voltage. The expression for fill factor is given by, 

   
        

      
          (2.4) 

where, Jmax and Vmax is the current density and voltage, respectively, for maximum output 

power (Pmax) . Figure 2.9 shows Jmax, Vmax and, Pmax point (where solar cells usually 

operate).   

2.4.4 Overall cell efficiency 

Overall cell efficiency is the ratio of maximum output power to the input power. The 

input power is the rate at which solar energy reaches a unit area on the solar cell 

illuminated surface. It is known as solar irradiance and the unit is W/m
2
. The overall cell 

efficiency is given by the following expression, 

  
    

   
 

         

   
        (2.5) 
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The relative length of the optical path through the atmosphere around the world is 

calculated by air mass coefficient. The relative optical path is the ratio of the path length 

through the atmosphere (L1) to the zenith path length (Lz).  

   
  

  
              (2.6) 

Here, θ is the angle (solar zenith angle) between L1 and Lz. AM 1.5 corresponds to a θ of 

48.2°. Figure 2.10 illustrates the AM 1.5 condition.   
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Figure 2.9 A typical J-V curve indicating open circuit voltage, short circuit current 

density, maximum power point, Jmax, and Vmax 

2.4.5 Series resistance  

The series resistance in a solar cell results from the movement of the charge carriers 

through the semiconductor materials, contact resistance (resistance between 

semiconductor and electrode) and the resistance of the electrode materials. Series 
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resistance mainly reduces the fill factor of solar cell. However, large value of series 

resistance can also decrease the Jsc. As mentioned above, series resistance can be 

calculated from the J-V curve of a solar cell. The slope of the J-V curve at the Voc  point is 

the series resistance of a cell. The effect of series resistance is illustrated in Fig. 4.7 (in 

chapter 4). 

AM 1.0
AM 1.5

Zenith

Atmosphere

Earth

48.2° 

L 1

Lz

 

Figure 2.10 Illustration of the effect of incident angle on the light path through the 

atmosphere 

2.4.6 Parallel resistance 

Manufacturing defects can create shunt path for the photo generated carriers. Instead of 

travelling through the external circuit, the photo generated carriers can bypass through 

the shunt paths. Low parallel resistance reduces photo-current flow through the external 
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circuit and encourages the carriers to flow through the shunt path. The effect of parallel 

resistance is severe at low voltages.  

2.5 Existing J-V characteristics models 

The modeling of characteristics provides better insight of devices and also explains the 

device operation [19]. Device modeling can assist us to improve the design of a specific 

device and also helps to compare various structures. The values of material parameters 

can be optimized with the help of such models. Many J-V characteristic models for both 

organic and inorganic solar cells exist in the literature. A brief discussion on few 

important models is given in the following sections.  

2.5.1 Models for J-V characteristics of CdS/CdTe thin-film 

solar cells  

Hegedus et al. [20] mentioned in their work that the principle of superposition is not 

applicable for polycrystalline solar cells. Figure 2.11 proves the fact for an a-Si solar cell. 

The principle of superposition requires the dark current to shift down by a constant value 

of photocurrent (Jsc, if 100% collection efficiency is assumed). Superposition may occur 

in crystalline solar cells because crystalline semiconductors have negligible series 

resistance. As shown in Fig. 2.11, there is a substantial amount of loss between light 

current and shifted curve (estimated by applying the principle of superposition). 

Therefore, the total current density is not the difference between dark current and 

constant photo current only. It indicates that the photo-generated charge collection 

efficiency is not constant for all voltages; rather, it is a function of the output voltage. 
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They also explained three voltage dependent collection efficiency models for thin-film 

solar cells. These models are based on the concept that the maximum photocurrent is 

constant and multiplied by voltage dependent collection efficiency as shown in the 

equation below [40,41,42] 

          
               (2.7) 

here,     is the total photocurrent density,    
  is the maximum photocurrent density for 

complete collection of photo carriers, ηc is the voltage dependent collection efficiency 

and V is the applied voltage. The total current density can be expressed by 

             
     

  
              (2.8) 

here, Jd is the forward diode or dark current density, Rs is the series resistance, and Rp is 

the shunt resistance. Eq. (2.7) shows that the superposition principle can occur if ηc=1 for 

all values of output voltages.  
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Figure 2.11 Dark current, light current and shifted current of an a-Si solar cell [20] 

 

The first model considers interface recombination and drift-collection loss and presents 

the voltage dependent collection efficiency by the following empirical equation 

      
     

       
         (2.9) 

where, μ is the carrier mobility, F is the built-in electric field, S is the recombination 

velocity at the interface. The built-in electric field can be expressed as 

     √
           

 
        (2.10) 
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where, e is the elementary charge, Na is the acceptor concentration, Vbi is the built-in 

potential and ε is the permittivity of the semiconductor.  

The second model considers voltage dependent depletion layer width and a fixed 

diffusion length of the carriers to calculate the collection efficiency. The empirical 

equation of   , 

        
        

    
        (2.11) 

where, α is the absorption coefficient, L is the diffusion length and xd is the length of the 

depletion region or 

      √
         

   
        (2.12) 

This model assumes that the carriers, which are generated outside of the depletion region 

and cannot diffuse back to the depletion region after generation, are lost. These photo-

generated carriers do not contribute to the photo current density.  

The third and the most successful model, is based on recombination in the depletion 

region. According to this model, the charge collection is  

          {            }       (2.13) 

where 

       (  
 

  
)        (2.14) 
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where,     
     

  
, W is the absorber width, Vo is the flat band voltage and τ is the carrier 

lifetime. The model assumes full depletion of absorber layer and all incident photons are 

absorbed at the interface of CdS/CdTe layer.  

These models calculate the short circuit current density, considering complete charge 

collection. The most successful model (Eq. 2.13) calculates photocurrent by considering 

that all incident photons generate EHPs at the CdS-CdTe interface of the absorber layer, 

whereas the photons are absorbed exponentially across the absorber layer [21]. Another 

unrealistic assumption in that model is that the carrier injection from the neutral region 

has been assumed to be negligible. Furthermore, the mentioned models use many fitting 

parameters, such as reverse saturation current, effective attenuation coefficient, series 

resistance, and carrier ranges.  

 

Recently, Anjan and Kabir [21] have derived an analytical model for external voltage-

dependent photocurrent by solving the continuity equations for both holes and electrons. 

The photocurrent density due to holes is given below 
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with    
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where, G is the photon generation rate, W is the width of the absorber layer and   
  is the 

hole lifetime. The subscript p represents holes. The following expression presents the 

photocurrent density due to electrons 
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where,    
    

  

 
 and the subscript n stands for electrons in the absorber layer. The total 

current is calculated by considering voltage dependent dark current density.  

 

The photo carriers, which are generated in the neutral region, have certain impacts on the 

J-V characteristics of a thin-film solar cell. However, the previous model, assumed the 

full depletion of the absorber layer for the entire voltage range. Hence, the effects of the 

neutral region photo carriers to the cell performance were totally neglected. 

2.5.2 Models for J-V characteristics of P3HT:PCBM blends 

In an ideal organic solar cell, the photo current density, is independent of output voltage 

and can be given by [25] 

                 (2.17) 

where, W is the width of the active layer. Since the recombination of the charge carriers is 

negligible in ideal solar cells, the photo current can be determined directly from the 

generation (as shown in eq. 2.17). In such solar cells, the carriers can successfully leave 

the device without being recombined, which means the carrier lifetime is longer than the 

transit time (time required to travel through the active layer).  
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However, Sokel and Hughes [26] have pointed out that the previous equation cannot 

predict the photocurrent at the operating output voltage as the diffusion of charge carriers 

is totally neglected. They proposed a model for voltage dependent photocurrent which 

includes the diffusion component in the total photo current density 

          [
 

 
    

 
 
    

 
   

 
]       (2.18) 

here, Vt  is the thermal voltage. However, their proposed model is based on an empirical 

expression. It is hard to find the exact effects of various important parameters on J-V 

curve with this model. 

 

As mentioned earlier, all bound EHPs cannot produce free electrons and holes. Thus the 

performance of BHJ solar cells greatly depends on dissociation efficiency of the blend. 

Deibel et al. [43] have estimated the carrier generation in polymer and fullerene blend by 

using Braun model and given the generation rate of free carriers as 

                        (2.19) 

where, P is the electric field dependent dissociation efficiency, which is given as 

       
     

        
         (2.20) 

with 
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)   ( √   )

√   
       (2.21) 
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where, μ is the sum of electron and hole mobility, ε is the effective dielectric constant, a 

is the initial polaron-pair radius, Eb is the Coulombic binding energy, J1 is the Bessel 

function of order 1 and              ⁄  and kf is the geminate recombination rate. 

 

As mentioned earlier, the Braun model has been used to compute the dissociation 

efficiency which is based on Onsager theory. However, Wojcik and Tachiya [44] have 

showed that there is a considerable difference between Braun model and the exact 

extension of Onsager theory. 

  

Few other models for voltage dependent photocurrent can be found in the literature. 

Schilinsky et al. [45] proposed a model for photocurrent which is based on voltage 

depended mean carrier distance. The short circuit current density is multiplied by the 

ratio of average mean carrier distance to the total width of the active layer. 

       

{
 
 

 
  |   |    

          

 
      

|   |    
         

 
      

|   |  
          

  
      

     (2.22) 

However, this model does not consider direct recombination of photo-carriers and also 

fails to explain the dissociation of bound EHPs. Moreover, the internal quantum 

efficiency is assumed to be 100% while calculating the Jsc, whereas a lot of carriers 

undergo geminate recombination. 
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2.6 Summary  

Physical structures of both BHJ solar cell (P3HT:PCBM) and thin-film solar cell 

(CdS/CdTe) have been discussed in this chapter. The analytical and numerical (Medici 

simulation) models are based on these structures. The properties and functions of the 

materials used in organic and inorganic solar cells have also been discussed. The various 

means of characterizing solar cell behavior is elaborately discussed. This chapter also 

includes brief discussion on the existing models for J-V characteristics.  
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 CHAPTER 3 

Numerical Model of Thin-Film CdS/CdTe Solar 

Cell 

3.1 Introduction 

Numerical analysis of device behavior has greatly contributed to our understanding of the 

characteristics of solar cell [19]. The complex device models, which are difficult to solve 

analytically, can easily be solved by numerical methods. To some extent, numerical 

analysis can provide more accurate solutions without numerous assumptions. Many 

important physical effects, which are essential for more precise modeling, can also be 

taken into account with the help of numerical analyses tools. Therefore, the numerical 

simulators have become an indispensable tool for modeling solar cell characteristics.  

 

In this chapter, numerical analysis of the behavior of thin-film CdTe solar cell is 

performed using CADtool Medici© from Synopsys [46]. The numerical model is then 

validated by comparing with the experimental results in the literature. The effects of 

various parameters on the characteristics of thin-film CdTe solar cell have also been 

shown. 
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3.2 Introduction to Medici 

The electric field inside the device is computed using Poisson’s equation. Along with 

other physical equations, Medici solves the Poisson’s equation numerically [46] 

           
      

       
  

 
      (3.1) 

Where, φ is the intrinsic Fermi potential, E is the built-in electric field and ρ is the charge 

density.   
  and   

  are ionized acceptor and donor concentrations, respectively, e is the 

electron charge, p and n are hole and electron concentrations, respectively, and   is the 

permittivity. The carrier profile is computed by continuity equations (Eq. 3.2 and 3.3). 

Therefore these equations also have impacts on the built-in electric field.  

  

  
  

 

 
 ⃗    ⃗⃗  ⃗                 (3.2) 

  

  
   

 

 
 ⃗    ⃗⃗  ⃗                 (3.3) 

In the equations above, r and g are the recombination and generation rates, respectively. 

The electron and hole current densities can be obtained by Boltzmann transport theory. 

Considering both drift and diffusion components, the current densities for electrons and 

holes can be expressed by 

  ⃗⃗  ⃗       
⃗⃗ ⃗⃗       ⃗          (3.4) 

  ⃗⃗  ⃗       
⃗⃗⃗⃗       ⃗          (3.5) 
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In order to predict more precise output, it is vital to incorporate series resistance in a solar 

cell. Since it is not possible to directly assign a value as series resistance in Medici, 

contact resistance has been used as series resistance. Medici is a two dimensional device 

simulator [46]. It computes the output considering the xy-plane. So, the unit of the output 

current density is A/µm. The unit of the current density has been converted to mA/cm
2
 

assuming that the results are identical along the z plane.   

3.3 Device structure and parameters 

The physical structure of thin-film CdTe solar cell is designed in Medici according to 

Fig. 2.1 (in Section 2.1.1). The thicknesses of the electrodes have been assumed to be 

zero in order to utilize the nodes more efficiently inside the device. It does not affect the 

output because, in practical thin-film CdTe solar cells, the front contacts are connected in 

grid and their area compared to the shining surface of the cell is negligible. In fact, a loss 

factor is used to take this loss along with other losses into account.  The other losses are 

comprised of incomplete EHP generation, shading from the grid and photon absorption in 

the oxide layer [47]. The bottom electrode has been placed under the CdTe layer. The 

reflectance of the bottom contact is assumed to be 0.9. The various physical parameters 

used in the numerical simulation are listed in Table 3.1. 
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Table 3.1 Physical parameters used in numerical simulation 

parameters CdS CdTe 

Relative dielectric permittivity 9 9.4 

Band-gap at 300 K (eV) 2.42 1.45 

Electron affinity (V) 4.44 4.28 

Effective density of states in the conduction band at 300 K (#/cm
3
) 1.80×10

19
 7.50×10

17
 

Effective density of states in the valence band at 300 K (#/cm
3
) 2.40×10

18
 1.80×10

19
 

Electron mobility (cm
2
/V-s) 100 180 

Hole mobility (cm
2
/V-s) 20 20 

3.4 Light source  

The properties of a light source can be specified by Medici. A monochromic light source 

has been placed outside the solar cell. The built-in solar spectrum in Medici is similar to 

Air Mass Zero (AM 0) spectrum. However, in order to create a more realistic 

environment, the intensities of different wavelengths of incident photons have been 

manually specified which is similar to AM1.5 spectrum (ASTM G-173-03 standard) [48]. 

Figure 3.1 shows the sun spectrum at AM 1.5. Intensities of wavelengths from 0.3 µm to 

0.9 µm has been considered for CdTe solar cells. The light beam strikes on the top 

surface of the solar cell with an incident angle of 90°. 
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Figure 3.1 Sun spectrum at AM 1.5 (ASTM G-173-03 standard) 

3.5 Photon absorption 

Each wavelength of incident photons has a monochrome component of the light intensity 

which has been defined to make the solar light spectrum nearly identical to AM 1.5. 

There are losses in photo-generation due to reflection of light at the surface and 

interfaces. In order to include these losses, reflective indices of CdS and CdTe have been 

taken into account. The absorption coefficients of CdS and CdTe are also not defined in 

Medici. Therefore the absorption coefficients for different wavelengths have been 

manually specified.  
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3.6 Simulation results and conclusions  

The simulation results in this chapter are obtained using Medici. The whole structure of a 

solar cell is divided into triangular simulation grids and then physical equations (i.e. 

Poisson’s equation, current-continuity equations and transport equations) are 

simultaneously solved.  

3.6.1 Photo carrier generation  

Figure 3.2 illustrates the photo-generation rate along the window and absorber layer. The 

width of the window layer is kept fixed at 0.1 μm and the absorber layer is 3.5 μm. 

 

Figure 3.2 Total photo-carrier generation (EHPs) per cubic centimeter per second across 

the window and absorber layer 
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The high absorption coefficient of CdTe allows the absorber layer to absorb most of the 

photons within a width of ~2 μm. The high absorption coefficient reduces the penetration 

depth (δ=1/α) of the incident photons [49]. 

3.6.2 Energy band diagram 

To get confidence and insights on device operation, the energy band diagrams at zero 

output voltage of a 1.1 m thick CdTe layer solar cell under dark and illuminated 

conditions are shown in Figs 3.3a and 3.3b, respectively. The effects of back contact are 

also illustrated for dark (Fig 3.3c) and illuminated (Fig 3.3d) conditions. The doping 

concentrations in CdS and CdTe layers are 10
18

 and 10
14

 cm
-3

, respectively. The energy 

band discontinuities at the interfaces are determined by the electron affinity of both 

materials. The reported values are quite scattered in the literature. The common values of 

electron affinity of polycrystalline CdS and CdTe are given in Table 3.1. There is a cliff 

of 0.1 eV in the conduction band at the CdS/CdTe interface [50]. The cliff in the 

conduction band reduces the open circuit voltage. The magnitude of the cliff can be as 

high as 0.2 eV, depending on the scattered values of electron affinity of two materials, 

which is still quite small for affecting carrier transport and open circuit voltage.  

 

In Fig. 3.3a and 3.3b, the back electrode is Cu coated Au, which reduces the hole barrier 

at the back contact [17-18]. The quasi-Fermi level for holes near the back contact is quite 

flat in Fig. 3.3b, which shows a negligible hole barrier. The work function of the back 

contact has been increased (~5.5 eV) to reduce the hole barrier. However, the holes face 

an obstacle at the back contact if there is a Schottky barrier present between CdTe and 
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back electrode. The exact hole barrier height depends on the electron affinity of CdTe 

and the work function of the metal electrode. In this simulation, the back electrode is 

assumed to be Au with a work function of 5.1 eV (without Cu coating) to observe the 

back contact effects. The formation of hole barrier due to band bending near the back 

contact (as shown in Figs. 3.3c and 3.3d) can reduce the photocurrent in principle. The 

quasi-Fermi level for holes near the back contact in Fig. 3.3d shows accumulation of 

holes. Carrier generation due to illumination can be extracted from the potential 

difference between Fermi and quasi-Fermi levels of Fig. 3.3.  

 

(a)

(b)

Ev

Ev

Ec

Distance

EFn

EFi

EFp

(c)

(d)

Ec

EFi

Ev

Ec

EFn

EFp

Ev

Distance

Ec

n-type

(CdS)

p-type

(CdTe)

n-type

(CdS)

p-type

(CdTe)

 

Figure 3.3 Energy band diagram of CdS/CdTe solar cell at different conditions, (a) dark 

and (b) illuminated condition without back contact effects and (c) dark and (d) 

illuminated condition with back contact effects. 
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3.6.3 Built-in electric field profile  

Medici uses the Poisson’s equation to calculate the built-in electric field. Figure 3.4 

illustrates the electric field profile in the cell for different output voltages. The field has 

been calculated while the cell is illuminated.  

 

Figure 3.4 Built-in electric field profiles for different output voltages 

 

The background doping and width of the absorber layer have been kept fixed at 10
14

 cm
-3 

and 1.1 μm, respectively. The width of the CdS is 0.06 μm. The built-in electric field 

mainly exists in the depletion region [29]. The width of the depletion region decreases 

with the increment of the forward bias voltage. From Fig. 3.4 it is evident that for higher 

output voltages, the absorber layer is partially depleted. Therefore, both electron and hole 

drift in the depleted region and diffuse in the field free region.  
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3.6.4 Carrier profile  

Figure 3.5 illustrates electron and hole profiles across the window and absorber layers 

under dark condition. The widths of the absorber and window layers are 1.1 and 0.06 μm, 

respectively. The solar cell is in short circuit mode (voltage = 0V). Since there is no 

carrier generation in the device, minority carrier (electrons) in the absorber layer 

decreases along the width.   

 

Figure 3.5 Electron (dashed line) and hole (solid line) profile across the window and 

absorber layers under dark condition 

 

The carrier profiles change under illumination. Figure 3.6 shows the changes in carrier 

profile when the cell is exposed under the sun.  
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Figure 3.6 Electron (dashed line) and hole (solid line) profile across the window and 

absorber layers under illumination 

3.6.5 Experimental fitting 

The experimental results (Fig. 6 of Ref. [20]) are reconstructed to validate the numerical 

model and its outputs. In order to ensure the best fit to the experimental results, the values 

of various parameters (i.e. carrier life time, mobility, doping concentration, etc) have 

been chosen by trial and error. The absorber layer width is kept fixed at 3.5 μm. The 

values of the other parameters have been kept in close proximity to the reference data for 

CdS and CdTe [30]. Table 3.2 shows the values chosen for the best fit. Figure 3.7 shows 

that the experimental and simulated J-V curves are in good agreement.  
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Figure 3.7 Symbols represent the experimental data for light (green) and dark (red) 

current densities, respectively. Solid lines represent the simulation results of light (green) 

and dark (red) current densities 

 

 

Table 3.2 The values of the parameters to fit the experimental result  

Parameters CdS CdTe 

Hole lifetime (s) 10
-10

 0.2×10
-6

 

Electron lifetime (s) 10
-6

 7×10
-9

 

Doping concentration (cm
-3

) 10
18

 10
14

 

Hole mobility (cm
2
/V-s) 20 20 

Electron mobility (cm
2
/V-s) 100 180 

Layer width (μm) 0.06 3.5 
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3.6.6 Effect of window layer width 

Since all the photo-generated carriers in CdS layer are lost due to poor charge collection 

efficiency, it is necessary to minimize photon absorption in this layer [21,51]. The 

bandgap of CdS is ~2.45 eV. Thus photons up to 500 nm can be absorbed by CdS layer 

which is equivalent to ~7 mA/cm
2
 if the maximum theoretical Jsc is assumed to be 

approximately 30 mA/cm
2
 [51]. However, to minimize this absorption, the bandgap of 

CdS needs to be increased or the width has to be reduced [52]. The bandgap can be 

increased by using alloyed CdS [51]. The effect of CdS layer width on the J-V 

characteristics is illustrated in Fig. 3.8. 

 

 
Figure 3.8 J-V curves for different widths of CdS layer 

 

 

As expected, reducing of CdS layer thickness increases the Jsc. Increased photons 

absorption in CdTe layer is responsible for this enhancement of Jsc. 

-25

-20

-15

-10

-5

0

0 0.2 0.4 0.6 0.8

C
u

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2
) 

Voltage (V) 

d=0.5 μm 

d=0.3 μm 

d=0.1 μm 



51 
 

3.7 Summary  

In this chapter, numerical modeling of thin-film CdS/CdTe solar cell is performed using 

device simulator tool, Medici. The numerical model has shown good agreement with the 

experimental results. The band diagrams, photon absorption, carrier profiles and electric 

field profiles at various conditions that have been illustrated, provided a better insight 

into device physics of a CdS/CdTe solar cell. The effect of window layer width on J-V 

curve has also been presented.  
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CHAPTER 4 

Modeling of the Effects of Charge Transport on 

Voltage-Dependent Photo-Current in Ultra-Thin 

CdTe Solar Cells 

The contribution of this chapter has recently been published [53]. Most of the materials 

are taken from Ref. [53]. 

4.1 Abstract  

An analytical model is developed to study the current-voltage characteristics of CdTe thin 

film solar cells by incorporating exponential photon absorption, carrier trapping, carrier 

drift and diffusion in the photon absorber layer. An analytical expression for the external 

voltage-dependent photocurrent is derived considering partial depletion of the absorber 

layer at operating terminal voltage. The overall load current is calculated considering the 

actual solar spectrum and dark current components. The analytical model is verified by 

Taurus Medici simulation and published experimental results for different absorber layer 

thicknesses. A good agreement of the analytical and numerical models with experimental 

data is ensured by reducing carrier lifetimes in the thinner absorber layers. The hole 

lifetime is reduced drastically by decreasing the width of the absorber thickness from 1.1 

µm to 0.5 µm and the cell efficiency depends critically on the transport properties of the 

holes. The results of this paper indicate that the improvement of the charge transport 
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properties in submicron CdTe solar cells is extremely important to increase the power 

conversion efficiency.  

4.2 Introduction 

The structure of CdTe solar cell has already been shown in Fig. 2.1 (chapter 2). The 

photons are mainly absorbed in the CdTe layer and create free electron-hole pairs (EHPs) 

there. The photo-generated EHPs are collected by the built-in electric field. The voltage 

dependent charge collection in the depleted absorber layer is the dominant charge 

collection mechanisms [19, 21]. The absorber layer is partially depleted at operating 

(relatively high) output voltage as depicted in Fig. 4.1b. The thermal equilibrium 

concentration of charge carriers (2.5 ×10
6
 cm

-3
) is negligibly small because of high 

bandgap (1.45 eV in CdTe). Therefore, charge neutrality may not exist outside of the 

depletion region of the CdTe layer (CdTe is usually treated as a photoconductor rather 

than a conventional semiconductor). However, the electric field in the outside of 

depletion region is negligible as compared to the depletion region because the photo-

generated excess charge carrier concentrations (10
11

 to 10
12

 cm
-3

 for normal sun 

intensity) are much smaller compared to the doping concentration (10
14

 cm
-3

). As a 

consequence, the charge carriers move mainly by drift and diffusion mechanisms in the 

depletion and outside of the depletion (field-free) regions, respectively.  
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Figure 4.1 (a) The structure of a CdTe/CdS solar cell (not in scale), and (b) electric field 

profile in the CdTe absorber layer at higher output voltage 

 

In this chapter, an analytical model for voltage-dependent photocurrent has been 

proposed considering both electron and hole drift in the depleted region and diffusion in 

the field free region by solving continuity equations with proper boundary conditions. 

Exponential photon absorption and actual solar spectrum are considered to compute the 

photocurrent densities at entire output voltages. The incident photon flux is taken as the 

air mass (AM) 1.5 global spectra from the ASTM G-173-03 standard [48]. The overall 

load current is computed considering the effect of voltage-dependent forward dark 

current which consists of recombination current in the depleted region and the diffusion 

current in the field-free region.  The results of the analytical model are verified by the 2D 

Taurus Medici device simulator. The model is also compared with the recently published 
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experimental results on ultra-thin CdTe solar cells in order to determine the carrier 

transport properties (defects and carrier lifetimes) and effective doping concentrations. 

4.3 Analytical model 

As mentioned earlier, the charge carriers move by drift and diffusion mechanisms in the 

depleted and field-free regions, respectively. The electric field profile is triangular for the 

uniformly distributed space charges in the depleted region as shown in Fig. 4.1b. In the 

depleted region electrons drift towards the illuminated surface (front contact) and holes 

drift towards the bottom metal contact (back contact). The drift velocity of the photo-

generated carriers is higher near the CdTe/CdS interface compared to that at near the 

field-free region [21]. Therefore, considering an average drift velocity of the carriers 

throughout the absorber layer will not impact the output significantly. 

 

Few assumptions are made to develop an analytical model for the J-V characteristics.  

(1) The built-in electric field is uniform in the depleted portion of the absorber layer.  

(2) Due to the large bandgap of the materials, the thermal equilibrium charge carriers 

concentration is considered to be negligible.  

(3) The diffusion of charge carriers is negligible compared to carrier drift in the depletion 

region. 

(4) The mobility (μ) and lifetime (τ) of the carriers (electrons and holes) are assumed to 

be constant throughout the whole absorber layer.  
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4.3.1 Net external current density 

The net external current density from a solar cell is [54] 

             
     

  
       ,       (4.1) 

where V is  the output voltage, Jph is the photocurrent density, Rs is the series resistance, 

Rp is the shunt resistance and Jd is the forward diode current density.  

4.3.2 Dark current density 

The forward dark current consists of recombination current in the depleted region and the 

diffusion current in the field-free region.  Thus the expression of Jd can be given as 

[54,55,56],  
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 ,   (4.2) 

 

Where,    √
  [           ]

   
                (4.3) 

                       otherwise                                                                                   

and    √     is the electron diffusion length.  
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Here e is the elementary charge, ni is the intrinsic carrier concentration of CdTe,   ( 

   

 
) is the thermal velocity, kb is the Boltzmann constant, T is the absolute temperature, 

xd is the width of the depletion region, W is the width of the CdTe layer, Vbi is the built in 

potential voltage between the n-type and p-type layers, D is the diffusion coefficient, Na 

and ε are the doping concentration and the permittivity of the absorber layer respectively. 

The subscript n and p represent electrons and holes, respectively.  

4.3.3 EHP generation  

The photon absorption in the highly doped CdS n-layer contributes a negligible current 

because of their very short diffusion length and the extremely thin width of CdS [57]. The 

photons are mainly absorbed in the CdTe absorber layer. The electron-hole pair 

generation rate G in the absorber layer can be written as [21],  

              [      ]                (4.4) 

where Io is the intensity of the solar spectra (W/cm
2
-nm), c is the speed of light, h is the 

Planck constant, R is the reflection, scattering, and other loss factors,      is the 

absorption coefficient of the absorber layer, λ is the incident photon wavelength, α1 and d 

are the absorption coefficient and width of the CdS window layer, respectively. Shading 

from the grid, incomplete EHP generation in the absorber layer and photon absorption in 

the oxide layer contribute to the other losses [47]. 
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4.3.4 Voltage-dependent Photocurrent 

The photo current in the photovoltaic structures can be written as, 

           
           

           
            (4.5) 

Where,   
         is the displacement current density,   

         and   
         are the 

conduction current densities for electrons and holes, respectively. The conduction current 

density consists of both drift and diffusion currents. Considering the spatial invariant 

property of the total photocurrent, the expression of the photocurrent density for a fixed 

voltage can alternately be written as [58], 

         
 

 
∫ {  
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                   (4.6) 

The conduction currents for holes and electrons are determined by the excess carrier 

concentrations due to irradiation. The excess carrier concentrations for both holes and 

electrons across the CdTe layer are calculated by solving the continuity equations. Since 

charge neutrality may not exist in the outside of the depletion region, the continuity 

equations for both holes and electrons are solved separately. Thus the conduction currents 

for both holes and electrons will be determined separately using the excess carrier 

profiles. 

 

Considering the assumptions mentioned above (Section 4.3), the steady-state continuity 

equation for holes is, 

 

  
         

 

  
       

  

   
              

  

  
    (4.7) 
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where    is photo generated hole concentration, x is the distance along the absorber layer 

from the CdS/CdTe interface and G is the EHP generation rate at x = 0. Here subscript p 

represents holes. Due to the built-in field in the depletion region, photo-generated holes 

immediately start drifting towards the back contact            at x = 0) and recombine 

with a velocity of Sp (surface velocity) at the back contact.  

         
   

  
         (4.8) 

Thus the solution of Eq. (4.7) is, 
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and ppp DL  is the hole diffusion length.  

The photo current density for the holes which are travelling towards the bottom contact 

is,  
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Similarly, the excess electron concentration distribution is determined by solving the 

steady-state continuity equation for electrons in the depletion and field-free 

regions                     at x = xd) [21,56], and thus the electrons density is, 
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where  
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The photo current density for the electrons which are travelling towards the front contact 

is,  

        
 

 
{   ∫        ∫

   

  
  

 

  

  

 
}  

  
       

           
[     { 

   (
 

     
  )

  
   (

 

     
  ) 

  
     }  

 

 
         ]  

   

 
[  

 (    
 

  
     

  

  
)    

 (    
 

  
     

  

  
)  

              ]        (4.22) 

 



62 
 

The total photo current density can be obtained by integrating over all incident photon 

wavelengths of the solar spectrum, i.e. 

       ∫ {               }  
 

 
      (4.23) 

4.3.5 Built-in electric field 

The built-in electric field in the depletion region is a function of the output voltage and 

given as [20],  

     
     

  
 

          

  
        (4.24) 

where Vj (=V  JRs) is the junction voltage, and V0 is the flat-band voltage. At Vj=Vo, the 

field becomes zero (see Eq. 4.24). From the existing theories of semiconductors, it is 

predicted that the electric field diminishes while the applied Vj is equal to the Vbi. 

However, several experiments reveal that the field reduces to zero just beyond Voc and 

slightly less than Vbi [20]. Generally V0 is around 0.1 V more than the Voc. Therefore, V0 

is assumed to be a fitting parameter in this work.    

4.4 Numerical model 

As mentioned, 2D Taurus Medici is used for the numerical simulations [46]. For each 

simulation, the structure of the cell is redesigned according to the experimental details. 

The physical parameters used in the numerical simulation are already shown in Table 3.1. 

The solar intensity is defined in such way that solar light spectrum is almost identical to 
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AM1.5. The doping concentrations in CdS and CdTe layers are 10
18

 and 10
14

 cm
-3

, 

respectively.  

4.5 Results and discussions 

4.5.1 Verification of the analytical model 

The analytical model is verified by fitting with the published experimental data and 

Medici simulation. The analytical model has similar doping concentration and carrier 

mobility as the numerical model. Figure 4.2 shows the J-V curves of CdS/CdTe solar 

cells at three sun intensities (100, 32, and 10 % of 1.5 AM global spectrum). The symbols 

represent experimental data, the solid and dotted lines represent analytical and numerical 

(Medici simulation) results, respectively. The experimental data were extracted from Fig. 

2 of Ref. [20]. The CdTe thickness is 1.8 m. The CdS thickness is assumed as 0.2 m. 

The best fit parameters for the analytical and numerical simulation are the same. The best 

fit lifetimes of holes and electrons are h= 8×10
-7

 s and e = 2 10
-9

 s, which are 

consistent with the lifetime values in electrodeposited CdTe [59-60]. The other fitted 

parameters in Fig. 4.2 are: Na = 1.3 × 10
14

 cm
-3

 and Rs = 6 -cm
2
.  
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Figure 4.2 J-V curves for a CdTe/CdS solar cell for three different sun intensities. The 

experimental data are represented by the symbols and analytical and numerical results are 

represented by the solid and dotted lines, respectively 

4.5.2 Toward ultra-thin absorber 

Figure 4.3 shows the J-V curves of CdTe/CdS solar cells with different absorber layer 

thicknesses (i.e., 0.5, 0.65, 0.85 and 1.1 µm). The thickness of CdS layer is kept fix at 

0.06 µm. The symbols represent experimental data, and the solid and dotted lines 

represent analytical and numerical (Medici simulation) results, respectively. The 

experimental data were extracted from Fig. 1 of Ref. [61]. The doping concentrations and 

carrier mobilities are mentioned in Section 4.4 and Table 3.1. The carrier lifetimes have 

been varied within an acceptable range to best fit the experimental values. It is to be 

noted that the lifetimes for both carriers used in the analytical and numerical models for 
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each thickness are the same, which are given in Table 4.1. The analytical model agrees 

well with the Medici simulation and experimental results.  

 

Figure 4.3 J-V curves for CdTe/CdS solar cells for different absorber layer thicknesses. 

Solid and dotted lines represent analytical and numerical results, respectively 

 

The short circuit current, open circuit voltage, and fill factor all reduce with decreasing 

the CdTe thickness as evident from Fig. 4.3. The light absorption is obviously lower in 

thinner absorber layer. The light absorption is reduced by 6.3 % only as the absorber 

decreases from 1.1 µm to 0.5 µm, whereas, for the same reduction of the absorber layer, 

the short circuit current (Jsc) and the power conversion efficiency are reduced by ~12% 

and ~30%, respectively. The voltage-dependent carrier transport properties are 

responsible for this discrepancy. The hole lifetime decreases from 8×10
-7

 s to 2×10
-9

 s as 
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the width of the absorber layer reduces from 1.1 µm to 0.5 µm. Note that the fitted values 

of lifetimes mentioned above represent the average lifetime in the bulk.  

Table 4.1 Best fitted parameters used in analytical and numerical models for different 

absorber layer widths. 

W (m) n (s) p (s) Rs (-cm
2
) Rp (-cm

2
) 

Conversion 

efficiency (η) 

0.5 1×10
-10

 2×10
-9

 5 600 8.48 % 

0.65 1×10
-10

 1×10
-8

 4.1 600 9.76 % 

0.85 1×10
-10

 2×10
-7

 2.9 820 10.58 % 

1.1 1×10
-10

 8×10
-7

 2.1 980 11.92 % 

 

In practice, the carrier lifetime near the back contact is usually much smaller (In fact, 

time-resolved photoluminescence as a function of depth can give experimental values of 

the space dependent lifetimes). Moreover, the interface defects can be treated as an 

equivalent defect states for the bulk in the theoretical model.  Again, Cu can easily 

diffuse to the absorber layer from the back-contact in shorter devices and eventually acts 

as recombination centers [17].
 
The interface effects are more prominent in shorter 

devices, which can reduce the average carrier lifetime [17]. Lower carrier lifetimes in 

shorter devices result an increment of the leakage current and reduction of photocurrent, 

which in turn reduces the Voc and FF, and hence reduces the power conversion efficiency. 

The increase of series resistance in shorter devices due to weakly formed interfaces and 

contacts also reduces the FF.    
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It is also observed in both models that Rp decreases from 980 Ω-cm
2
 to 600 Ω-cm

2
 when 

W reduces from 1.1 µm to 0.5 µm. Ultra-thin solar cells with small grains are prone to 

form shunt paths, which leads to the reduction of Rp and carrier lifetimes [17,61]. The 

formation of hole barrier due to band bending near the back contact can reduce the 

photocurrent in principle. The exact hole barrier height depends on the electron affinity of 

CdTe and the work function of the metal electrode. We believe that the very little hole 

barrier in the present cell shown in Fig. 3.3 has negligible effect on the hole transport or 

photocurrent. 

4.5.3 Effects of carrier lifetime 

Since the analytical model agrees well with the accurate numerical model, we use our 

analytical model to examine the effects of carrier lifetimes and doping concentration on 

the J-V characteristics. The effects of hole (τp) and electron (τn) lifetimes for the W = 0.5 

m cell are shown in Figs. 4.4 and 4.5, respectively. 
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Figure 4.4 Net current density versus output voltage for various hole lifetimes for W = 

0.5 µm and n = 10
-10

 s. 

 

It is evident that the cell performance mainly depends on hole transport properties. The 

theoretical overall efficiency of the cell decreases from 10.64 % to 5.84% when the hole 

lifetime is reduced from 2×10
-7

 s to 2×10
-10

 s whereas, for the same variation of electron 

lifetime, the efficiency decreases from 11.14% to 8.54%. It is because the electron and 

hole pairs are mainly generated in the vicinity of the CdS/CdTe interface due to high 

absorption coefficient of the absorber layer up to the wavelength of 900 nm. Photo-

generated electrons quickly move towards the thin CdS layer whereas holes have to travel 

a longer distance in the CdTe layer. Therefore, the charge collection efficiency is mainly 

controlled by the hole transport.  
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Figure 4.5 Net current density versus output voltage for various electron lifetimes for 

W=0.5 µm and p = 2×10
-9

 s. 

 

The power conversion efficiency increases from 8.54% to 9.74 % for enhancing the hole 

lifetime from 2×10
-9

 s to 2×10
-8

 s (one order of magnitude increase). Electron lifetime 

mainly affects the open circuit voltage as shown in Fig. 4.5. Grain growth and 

recrystallization can reduce recombination and thus enhances the carrier lifetime. 

Razykov et al, [62] have developed an efficient deposition technique (chemical molecular 

beam deposition) to increase the grain size and to ensure high quality CdTe films. 
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4.5.4 Effects of acceptor concentration  

Effect of acceptor concentration on the J-V characteristics is shown in Fig. 4.6. The 

acceptor concentration has a negligible impact on Jsc but it greatly affects Voc. Low 

acceptor concentration reduces the built-in potential of the pn junction and enhances the 

dark current [47]. Thus lower acceptor concentration reduces Voc.  

 

Figure 4.6 Effect of acceptor concentration on the J-V characteristics of CdTe/CdS solar 

cells for W = 0.5 µm, n = 10
-10 s and p = 2×10

-9
 s 
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4.5.5 Impact of series resistance 

As mentioned before, the value of series resistance depends on semiconductor materials, 

contact resistance (resistance between semiconductor and electrode), the resistance of the 

electrode materials and deposition technique. The practical devices are more prone to the 

effects of series resistance whereas an ideal solar cell has the minimum series resistance. 

Figure 4.7 shows that the increasing value of series resistance reduces the FF of the J-V 

curve. The width of the absorber layer is kept fixed at 0.5 μm and the acceptor 

concentration is 10
14

 cm
3
. The values of other parameters are taken from Table 3.1 and 

4.1. 
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Figure 4.7 Effect of series resistance on J-V characteristic 
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4.6 Summary  

An analytical model has been derived considering both drift and diffusion of charge 

carriers. The model shows good agreement with the published experimental results. It is 

evident from the simulations, that the hole lifetime decreases due to increased number of 

defect states in the absorber, while the width of the absorber layer is reduced from 1.1 µm 

to 0.5 µm. The acceptor concentration does not have any significant effect on the Jsc. 

However, Voc reduces if the acceptor concentration decreases. The effects of carrier 

lifetime and series resistance have also been illustrated in this chapter. It has been found 

that the cell performance mainly depends on the hole transport properties. Therefore, the 

hole lifetime must be improved in order to increase the efficiency of a CdS/CdTe thin-

film solar cell.  
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CHAPTER 5 

Analytical Model for Current-Voltage 

Characteristics of Bulk Heterojunction Organic 

Solar Cells 

5.1 Abstract  

An analytical model, incorporating exponential photon absorption, carrier trapping, 

carrier drift and diffusion in the active layer, is derived to study the current-voltage 

characteristics of P3HT:PCBM solar cells. The Modified Braun’s model is used to 

compute the electric field dependent dissociation efficiency of the bound electron-hole 

pairs (EHPs). The overall load current is calculated considering the actual solar spectrum 

and voltage dependent dark current density. The analytical model is then verified by 

published experimental results. The effect of dissociation on the current-voltage (J-V) 

characteristics is illustrated. The output of the model suggests that annealing at high 

temperature increases device performance by improving carrier lifetime and mobility. It 

is evident from the simulations that bis[70]PCBM, as an acceptor, increases the open 

circuit voltage (Voc) by reducing  the offset between lowest unoccupied molecular orbitals 

of the acceptor and donor. The effects of carrier lifetime on device performance are also 

studied. The results of this chapter indicate that the improvement of the charge transport 

properties (i.e., carrier mobility) in P3HT:PCBM solar cells is extremely important to 

increase the power conversion efficiency.  
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5.2 Introduction 

Bulk heterojunction (BHJ) polymer solar cells based on blends of conjugated polymers 

and fullerene derivatives have drawn a lot of attention in research due to their cost 

effective fabrication process, high conversion efficiency and abundant availability [22]. 

However, high binding energy of the bound electron-hole pairs (EHPs), due to low 

dielectric constant (εr) of organic materials, reduces the number of photo-generated 

carriers [24]. Therefore, the photocurrent is dominated by the dissociation efficiency of 

bound EHPs. Overall cell efficiency also depends on carrier transport properties. A 

complete understanding of the physics of organic materials and charge transport 

mechanism can lead this technology one step closer to large scale commercial 

production. Hence, a physics-based model that relates the quantitative effects of 

dissociation efficiency and charge transport properties of the materials with the J-V 

characteristic is necessary. 

 

The potential difference between donor (conjugated polymer) and acceptor (soluble 

fullerene derivative) near the interface helps to dissociate the bound EHPs. Poly(3-

hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid methyl ester (PCBM) are used 

as donor and acceptor, respectively. The weight ratio of P3HT:PCBM in the blend is 

approximately 1:1. The total length of the active layer (W) is ~100-250nm. The photons 

are absorbed in the active layer, leading to the creation of excitons. Photo-carrier 

generation takes place if the bound EHPs successfully diffuse to the dissociation sites. In 

BHJ polymer solar cells, the electron donor and acceptor are blended together to spread 

dissociation sites all over the active layer (P3HT:PCBM blend). The resulting free 
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electrons and holes transport through acceptor and donor component of the blend, 

respectively.  

 

Few models have been proposed in the literature for calculating voltage-dependent 

photocurrent in BHJ polymer solar cells [25, 27]. However, the analytical models are 

based on empirical expressions. The second model does not consider direct 

recombination of photo-carriers and also fails to explain the dissociation of bound EHPs. 

Blom et al. [25] mentioned an analytical model to explain the J-V characteristics of BHJ 

solar cell. The model uses Braun model, which is based on Onsager theory, to compute 

the escape probability, even though there is significant difference between Braun model 

and the exact extension of Onsager theory. Modified Braun’s model agrees well with the 

exact extension of Onsager theory in low field. As solar cells consist of P3HT:PCBM 

blend operate in low field, using Modified Braun’s model is more appropriate for 

calculating the escape probability [44]. 

 

In this chapter, an analytical model for voltage-dependent photocurrent has been derived 

considering electric field dependent escape probability. The probability of EHPs 

separation is known as escape probability. Modified Braun model, which shows good 

agreement with the exact extension of Onsager theory at low electric field, is used to 

determine the dissociation of the bound EHPs. Exponential photon absorption and actual 

solar spectrum are considered in the model to compute the photocurrent densities at 

various output voltages. The incident photon flux is taken as the air mass (AM) 1.5 global 

spectrum from the ASTM G-173-03 standard [48]. The overall load current is calculated 
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considering the effects of voltage dependent forward dark current. The analytical model 

is then compared with the published experimental results in order to determine the carrier 

transport properties (defects, carrier mobility and lifetime) and effects of charge 

dissociation.  

5.3 Modified Braun Model 

As mentioned earlier, most of the J-V characteristic models are based on Onsager theory. 

However, Onsager assumed that geminate recombination takes place at zero reaction 

radius [44]. Reaction radius is the minimum distance required between bound electron 

and hole to recombine. This assumption leads to a very low separation rate compared to 

the observed escape probability in P3HT:PCBM blends. Therefore, it is believed that 

bound electron and hole recombine at a nonzero distance [43]. Thus Onsager theory fails 

to explain the exact behavior of the geminate pairs under the influence of a built-in 

electric field.  

 

Braun proposed an empirical model to compute electric field depended escape 

probability, assuming geminate recombination occurs at a nonzero reaction radius. The 

expression for electric field depended dissociation rate proposed by Braun is given as 

[25]. 

     
     

        
         (5.1) 

Here, F is the electric field, M is the escape probability, Kd is the separation rate, Kf 

( 
  

 
  is the recombination rate of bound EHPs, a is the reaction radius (or initial 
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separation of electron and hole), S1 is the reactivity parameter. Reactivity parameter is the 

relative velocity between bound electron and hole at the reaction radius. It governs the 

reactivity of the bound electrons and holes. However, Wojcik et al. [44] claim that Eq. 

5.1 is not accurate because both recombination and separation processes are assumed to 

follow exponential kinetics. They showed that Modified Braun model agrees well with 

the exact extension of Onsager theory except at very high electric field. According to the 

Modified Braun’s model [44], 
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Where D is the sum of the diffusion coefficients of electrons and holes in respective 

mediums, rc (=            ⁄  is the Onsager radius, J1 is the first order Bessel function, 

     is the effective dielectric constant of the blend, e is the elementary charge, kb is the 

Boltzmann constant, T is the absolute temperature and the reduced field,    

           
   ⁄ .  

5.4 Voltage dependent photocurrent density 

An analytical model is derived to calculate the voltage dependent photo current density. 

The continuity equation is solved to estimate the photo-generated carrier density hence, 

the total photo-current density. Few assumptions, such as, uniform electric field F in 

depletion region, negligibly small thermal equilibrium charge carrier concentration, 
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constant drift mobility () and a single lifetime ()  of holes and electrons in the donor 

and acceptor, respectively,  are made to allow the problem to be analytically tractable. 

5.4.1 Net current density 

The net external current density from a solar cell is [54], 

             
     

  
              (5.4) 

where V is  the output voltage, Jph is the photocurrent density, Rs is the series resistance, 

Rp is the shunt resistance and Jd is the forward diode current density. 

5.4.2 Dark current density 

The expression of Jd can be given as [56,57], 

         
[
     
   

]
          (5.5) 

Here, Jo is the reverse saturation current density,   ( 
   

 ⁄ ) is the thermal velocity 

and n is the ideality factor. 

5.4.3 EHP generation rate 

The electron-hole pair generation rate G in the active layer can be written as [21], 

           [      ]                 (5.6) 
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where Io is the intensity of the solar spectra (W/cm
2
-nm), c is the speed of light, h is the 

Plank constant, M is the field dependent dissociation efficiency, R loss factors,      is 

the absorption coefficient of the blend, λ is the incident photon wavelength.  

5.4.4 Voltage dependent photocurrent density 

The steady-state continuity equation for holes is [29], 

 

  
        

 

  
       

    

   
          

  

  
     (5.7) 

where    is photo generated hole concentration, x is the distance along the active layer 

from the front contact, D is the diffusion coefficient, α is the absorption coefficient of the 

blend and G is the EHP generation rate at x = 0. Here the subscript p represents holes. 

Due to the built-in field in the active layer, photo-generated holes immediately start 

drifting towards the front contact            at x = W) and recombine near the front 

contact at a velocity of Sp. Thus the solution of Eq. 5.7 is, 
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The photo current density for the holes which are travelling towards the front contact is, 
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Similarly, the photo current density for electrons is, 
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where 
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The total photo current density can be obtained by integrating over all incident photon 

wavelengths of the solar spectrum, i.e., 

       ∫ {               }  
 

 
      (5.21) 

The external voltage-dependent average electric field in the depletion region is given by 

[20], 

     
      

 
 

           

 
        (5.22) 

where Vj (=V  JRs) is the junction voltage, Rs is the series resistance and Vbi is the built-

in potential voltage. The Vbi is determined by the deference between the work functions 

of anode and cathode [63]. Typically, the Vbi in a P3HT:PCBM blend is around 0.8 V.  
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5.5 Results and discussions 

5.5.1 Experimental fit at different intensities 

The analytical model is verified by fitting with the published experimental data. The 

absorption coefficients of the blend at different wavelengths have been taken from Fig. 2 

of Ref. [35]. Figure 5.1 illustrates the absorption coefficient versus wavelength curve of 

P3HT:PCBM blend.  

 

Figure 5.1 Absorption coefficienct of P3HT:PCBM blend [35] 

The carrier mobility and lifetime are kept within an acceptable range while the 

experimental results are reconstructed [22,64]. Figure 5.2 shows the J-V curves of 

P3HT:PCBM solar cells at different sun intensities (i.e., 0.5, 0.75, 1 and 1.4 sun) for 

W=230 nm. The symbols represent experimental data, and the solid lines represent the 
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analytical results. The experimental data for different sun intensities are extracted from 

Fig. 4a of Ref. [65].  

 

Figure 5.2: J-V characteristic at different sun intensities. The symbols represent 

experimental data and solid lines represent the theoretical fit to the experimental data 

 

The µp in P3HT is 2×10
-4

 cm
2
/V-s and µn in PCBM is 5×10

-3
 cm

2
/V-s. The electron (in 

PCBM) and hole lifetimes (in P3HT) are  6×10
-5 

 and 3×10
-5 

s, respectively. The reaction 

radius (a) of a bound EHP is considered to be ~1.5 nm, the reactivity parameter (S1) is 

kept fixed at 0.05 cm/s and the dielectric constant (εr) of P3HT:PCBM blend is 3.5 [25, 

24]. Since the analytical model agrees well with the experimental results, we use the 

analytical model to examine the effects of dissociation efficiency and carrier lifetimes on 

the J-V characteristics. 
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5.5.2 Effects of dissociation  

Dissociation of bound EHPs has great impact on cell efficiency. The effect of 

dissociation on J-V curve is shown in Fig. 5.3. The values of the parameters used to 

reproduce the experimental data (Fig. 5.2) are also used here to observe the effect of 

dissociation. The solid line represents the J-V characteristic of P3HT:PCBM solar cell 

with regular dissociation rate, dotted-dashed line represents J-V curve assuming complete 

charge collection and the dashed line represents J-V characteristic considering complete 

dissociation of bound EHPs. The cell efficiency increases by only 0.15% (from 2.87% to 

3.02%) when complete charge collection is assumed. On the other hand, cell efficiency 

increases from 2.87% to 3.74% when complete dissociation of bound EHP is assumed. 

The difference between overall efficiencies implies that dissociation of bound EHPs is 

the dominating factor on the efficiency of BHJ polymer solar cells.  
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Figure 5.3 Net current density versus voltage curves of P3HT:PCBM solar cells 

assuming complete charge collection (dotted-dashed line) and complete dissociation of 

bound EHPs (dashed line). The solid line represents J-V characteristic with regular 

dissociation of bound EHPs 

5.5.3 Effects of carrier lifetimes 

As the holes are slower compared to electrons inside the active layer, the efficiency of 

P3HT:PCBM solar cells is more prone to hole lifetime than to electron lifetime. The 

overall theoretical efficiency of the cell decreases from 3% to 1.7% when the hole 

lifetime is changed from 3×10
-4

s to 3×10
-7

s but for approximately same variation of 

electron lifetime, the efficiency decreases from 2.8% to 2.3%. The effects of τn and τp for 

the W = 230 nm are shown in Figs. 5.4 and 5.5, respectively. The addition of alkyl thiol 

molecules to the blend increases the structural order and thus improves carrier lifetime 

[66]. The power conversion efficiency increases from 2.87% to 3% for enhancing the 

hole lifetime from 3×10
-5

 s to 3×10
-4

 s (one order of magnitude increase). 
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Figure 5.4 Net current density versus output voltage for various electron lifetimes (p = 

3×10
-5 

s) 

 

Figure 5.5 Net current density vs. output voltage for various hole lifetimes (n = 6×10
-5 

s) 
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5.5.4 Annealed vs. as-cast solar cells 

The J-V curves of as-cast solar cell, annealed (at 75°C for 4 minutes) solar cell and cell 

simultaneously treated by annealing under an external electric field are shown in Fig. 5.6. 

The experimental values are extracted from Ref. [67]. The width of the active layer is 

kept fixed at 120 nm.  

 

Figure 5.6 J-V curves of P3HT:PCBM solar cells: as cast solar cell (circles), annealed 

solar cell (triangles) and cells simultaneously treated by annealing and applying an 

external electric field (squares). The solid lines represent the theoretical fit to the 

experimental data 

 

The absorption coefficient of the blend improves due to annealing [35]. Different set of 

absorption coefficients (Ref. [38]) is used to compute the J-V curve of as-cast solar cell. 

The absorption coefficients of different wavelengths of non-annealed P3HT:PCBM blend 

is illustrated in Fig. 5.7.  
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Figure 5.7 Absorption coefficienct of as-cast P3HT:PCBM blend [38] 

High absorption increases the photo-generation and, hence, affects the short circuit 

current density (Jsc). It is evident from the simulations that low mobility of charge 

carriers in the blend is one of the main factors limiting the performance of BHJ solar 

cells. It is because low mobility hinders the excitons to travel to the donor acceptor 

interface and also affects carrier transportation after dissociation. Due to increased 

crystallization, near one order magnitude enhancement of hole mobility of the polymer is 

observed in annealed solar cells. The reactivity parameter also increases with carrier 

mobility in annealed solar cells. Presence of an external field during annealing leads to 

further improvement of charge carrier mobility due to an orientation of the polymer 

chains in the direction of the applied field. Annealing at a high temperature also burns the 

shunt paths [68]. As a result, shunt resistance increases by a large number (~10
3
) in 
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annealed solar cells. The carrier lifetime, carrier mobility, reactivity parameter and shunt 

resistance of P3HT:PCBM solar cells treated by different annealing processes (i.e., 

annealing with and without external electric field) and as-cast solar cell are given in 

Table 5.1.  

 

Table 5.1 Carrier lifetime, carrier mobility, reactivity parameter and shunt resistance of 

as-cast and differently treated P3HT:PCBM solar cells 

 

Parameters  As-cast Annealed 
Annealed in presence of  

 electric field 

Hole lifetime, τp (s) 6×10
-6

 8×10
-5

 9×10
-5

 

Electron lifetime, τn (s) 1×10
-5

 4×10
-5

 6×10
-5

 

Hole mobility, µp (cm
2
/V-s) 5×10

-5
 1×10

-4
 2×10

-4
 

Electron mobility, µn (cm
2
/V-s) 3.5×10

-4
 1×10

-3
 3×10

-3
 

Reactivity parameter, S1 (cm/s) 6×10
-3

 1×10
-2

 1×10
-2

 

Shunt resistance, Rsh (Ω-cm
2
) 9.9×10

2
 7.8×10

5
 1×10

6
 

5.5.5 bis[70]PCBM as an acceptor 

Another promising way to increase the efficiency of P3HT:PCBM solar cells is tuning 

the L UMO-A, with respect to the LUMO of the donor, LUMO-D [36]. Usually the 

energy difference between LUMO-A and LUMO-D is 1.1 eV. Whereas, only 0.4 eV 

offset between LUMO-A and LUMO-D is sufficient for successful dissociation of the 

bound EHPs in P3HT:PCBM blend [25]. As a result, this excess energy of the carriers is 

dissipated. Thus the open circuit voltage (Voc), which is restricted by the difference 

between LUMO-A and HOMO of the donor, HOMO-D, is greatly affected. Lenes et al. 

[36] introduce bisadduct analogues of C70 as acceptor to decrease the offset (by 

increasing the LUMO-A) between LUMO-A and LUMO-D. Figure 5.8 shows the J-V 
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characteristics of P3HT:PCBM and P3HT:bis[70]PCBM solar cells for W=200nm. The 

reverse saturation current density, reactivity parameter and carrier mobility are given in 

Table 5.2. Decrease in electron mobility hints towards the presence of shallow trap 

centers. Thus the reduction of Jsc can be explained through an increase in irregularity in 

the PCBM. Replacing the PCBM layer with bis[70]PCBM also effects the energy 

difference between LUMO-A and HOMO-D, which is reflected in the reverse saturation 

current densities of P3HT:PCBM and P3HT: bis[70]PCBM solar cells. 

 

Figure 5.8 J-V characteristics of P3HT:PCBM and P3HT:bis[70]PCBM solar cells. The 

symbols represent the experimental values and the solid lines represent the theoretical fit 

to the experimental data 
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Table 5.2. Carrier mobility, reactivity parameter and reverse saturation current density of 

P3HT:PCBM and P3HT:bis[70]PCBM solar cells. 

Parameters PCBM bisPCBM 

Electron mobility, µn (cm
2
/V-s) 1.5×10

-3
 6×10

-4
 

Hole mobility, µp (cm
2
/V-s) 1×10

-4
 1×10

-4
 

Reverse saturation current density, Jo (A/cm
2
) 2.7×10

-8
 1×10

-9
 

Reactivity parameter, S1 (cm/s) 1.5×10
-2 

1×10
-2

 

5.6 Summery 

An analytical model for voltage dependent current density in BHJ solar cell has been 

developed. The model considers both diffusion and internal field assisted drift of the 

charge carriers in the active region.  The model agrees well with the experimental results. 

It has been shown that cell performance is more prone to dissociation of bound EHPs 

rather than to charge collection efficiency. The effects of carrier lifetimes on J-V curves 

have also been illustrated in the chapter. It is apparent from the results that the hole 

lifetime increases by one order of magnitude, due to increased crystallization, while the 

blend is annealed at high temperature. Annealing also burns the shunt paths. Replacing 

PCBM with bis[70]PCBM, increases Voc by reducing the offset between LUMOs and 

reduces Jsc. 
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CHAPTER 6 

Conclusions, Contributions and Future Work 

6.1 Conclusions  

It is found that the drop in cell performance with decreasing absorber thickness is due to 

both incomplete absorption and charge collection. The CdS/CdTe solar cell efficiency 

depends critically on the transport properties of the holes. A good agreement of the 

analytical and numerical models with experimental data is ensured by reducing carrier 

lifetime in the thinner absorber layers. It suggests an increase in defect density and 

recombination states for holes in thinner absorbers. The results of this paper indicate that 

the improvement of the charge transport properties in submicron CdTe solar cells is 

extremely important to improve the power conversion efficiency. 

 

The Modified Braun’s model, which shows good agreement with exact extension of 

Onsager theory at low field, is used to calculate dissociation efficiency of the bound 

EHPs in P3HT:PCBM organic solar cell. We have found that complete dissociation of 

EHPs improves the cell performance much more than complete charge collection does. 

Carrier lifetime also has great impact on cell efficiency. The effects of electron and hole 

lifetime on J-V characteristics are shown. It is evident that the cell performance is more 

sensitive to hole lifetime than to electron lifetime. An increment of hole lifetime by one 

order of magnitude can improve the cell efficiency by more than 1%. It has been noticed 
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that the presence of shunt paths is reduced in annealed solar cells. Annealing increases 

the regularity of P3HT and as a consequence, the hole mobility is also improved. Thus, 

annealing increases the overall efficiency of solar cells based on P3HT:PCBM blend. 

Annealing in presence of an external electric field leads to further improvement in cell 

performance. The reverse saturation current density (Jo) reduces when bis[70]PCBM is 

used as an acceptor. This reduction of Jo suggests an increase of energy difference 

between LUMO-A and HOMO-D. At the same time the offset between LUMOs of donor 

and acceptor is reduced. Thus the Voc improves in P3HT: bis[70]PCBM solar cells.  

6.2 Contributions 

An analytical model to study the current–voltage characteristics of CdS/CdTe thin film 

solar cells has been developed by considering carrier drift and diffusion in the CdTe 

layer. The analytical model is verified by Taurus Medici simulation and published 

experimental results for different absorber layer thicknesses. This work (chapter 4) has 

been published in journal [53] and conference papers.  

 Salman M. Arnab and M. Z. Kabir, “Modeling of the effects of charge transport 

on voltage-dependent photocurrent in ultrathin CdTe solar cells,” J. Vac. Sci. 

Technol. A, vol. 31, pp. 061201, 2013. 

 S. M. Arnab and M. Z. Kabir, “Modeling of the Effects of Charge Transport on 

Voltage-Dependent Photocurrent in Ultra-Thin CdTe Solar Cells” Photovoltaic 

Technology Conference 2013, Aix-en-Provence, France, May 22-24, 2013.  
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An analytical model has also been derived to investigate the J-V characteristics of 

P3HT:PCBM solar cells. Modified Braun Model has been used to calculate the field 

depended dissociation of bound EHPs. The work on BHJ organic solar (chapter 5) has 

been presented is a conference. The proceedings of this conference paper will be 

considered for publication in Canadian Journal of physics. 

 S. M. Arnab and M. Z. Kabir, “Modeling of current-voltage characteristics of 

bulk heterojunction organic solar cells,” 25th International Conference on 

Amorphous and Nano-crystalline Semiconductors, Toronto, Canada, August 18-

23, 2013. 

 “Modeling of current-voltage characteristics of bulk heterojunction organic solar 

cells,” will later be submitted to Canadian Journal of Physics. -under preparation.  

6.2 Future work 

The efficiency of thin-film solar cells can be increased by adding an extra layer for down-

conversion. The analytical model for CdS/CdTe thin-film solar cells can be extended 

further more to incorporate the effects of down-conversion. This model can also be 

verified with Cu(InGa)Se2 thin-film solar cells. The models developed for both thin-film 

and BHJ solar cells, do not consider the effects of temperature on various parameters 

(i.e., carrier mobility). Therefore, temperature effects can be included in both the models.   
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