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ABSTRACT 

Cadmium Telluride has long been recognized as the second lowest- cost material after Si 

in the world photovoltaic market, specifically for thin-film solar cells. The two attractive 

properties of the CdTe are its nearly ideal band gap of ~1.5 eV for single p-n junction 

photovoltaic and its high optical absorption coefficient up to ρπ cm
-1

. Therefore, a thickness of 

~1 µm of CdTe can absorb up to 90% of the incident light.  

The key to high-performance thin film CdTe-based solar cells is controlling 

microstructure of the CdS/CdTe through obtaining high-quality crystalline CdTe thin films that 

have low density pinholes and other defects and form high-quality p-n heterojunction interfaces 

on the CdS or other window layers. Considering these, the relative high temperatures used for 

CdTe thick film growth may not be suitable in the thin film case due to lack of control in CdTe 

microstructure evolution. Therefore, development of low-temperature processes for CdTe thin 

film solar cells is important to achieving a precise control of the CdS/CdTe microstructure and 

optoelectronic properties. In addition, low temperatures provide benefits in wider selection of 

substrates especially those for low-cost, flexible solar cells applications.  However, the 

CdS/CdTe solar cells based on thin CdTe films fabricated at low temperature have generally 

poor performance as a result of increased density of grain boundaries and defects. In order to 

address this issue, we have developed an in situ thermal annealing process (iTAP) immediately 

after the CdS/CdTe deposition using Pulsed laser deposition (PLD) at 200 °C and before the 

common ex situ CdCl2 annealing typically employed for optimization of the CdTe-based solar 

cells.  A systematic study on the microstructure, optical and optoelectronic properties of 

CdS/CdTe solar cells processed under different iTAP conditions has been carried out.  It has 

been found that these physical properties depend sensitively on the iTAP processing conditions 
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and appropriate iTAP in the optimal window enhances grain growth, improves grain boundary 

connectivity, and reduces crystal defects. This leads to considerably improved CdTe crystallinity 

and as a result, improved optoelectronic properties of the CdS/CdTe solar cells. Our result 

suggests that the iTAP is important for optimizing the chemical composition and microstructure 

of CdTe thin films and its heterojunction with CdS, both of which are critical to the performance 

of the CdS/CdTe thin film solar cells. In addition, it was found that smaller CdTe thickness 

provides advantages in reduced charge recombination.  
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Chapter 1 : Solar Cells Developments  

 

1.1: Introduction   

1.1.1: Energy Definition   

The most abstract definition of energy is that it is a certain quantity that does not change 

in the manifold changes which nature undergoes. It is stated that since it is a mathematical 

principle, there is a numerical quantity which invariant when something happens. This fact is 

also called the conservation of energy. We cannot describe it as a mechanism, or anything 

concrete, it is just a fact that we can calculate the same number before and after any changes in 

nature. Although in physics we have no knowledge of what energy is, we can use some formulas 

to calculate some numerical quantities, and when we add them all together, we can see that they 

are conserved. Energy has a large number of different forms with different formulas, such as 

gravitational energy, kinetic energy, heat energy, elastic energy, electrical energy, chemical 

energy, radiant energy, nuclear energy and mass energy [1].  

The unit of Joule (J), named according to the English physicist James Prescott Joule 

(1818-1889), is often used to measure energy. This unit is defined as the amount of energy 

required to apply (1 Newton) of force on (1 meter of distance), that means: 

                                                     1 J = 1 N.m                                                               (1.1) 

Energy is also related to another important physical quantity which is power (P). The 

power p is defined as the rate of doing work, or the amount of energy consumed per unit time, 

therefore: 

                                                     E= ὖ᷿ὸὨὸ                                                                (1.2) 
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The power is usually measured in Watt (W) unit, according to the Scottish engineer James Watt 

(1736-1819), where (1 W) is one Joule per second, (1 W = 1 J/s) or (1 J = 1 W.s). In some 

energy forms, such as the electricity, often the unit Kilowatt hour (kWh) is used. It is given as: 

                              1kWh = 1000Wh  3600  = 3.600.000 W.s                                   (1.3)               

Also, there is another unit to measure small amount of energy in solid state physics, which is the 

unit of electron volt (eV). This unit is defined as the amount of energy gained or lost by the 

charge of a single electron (e = 1.6πς  ρπ # ) moved across an electric potential difference 

of one volt (V), therefore: 

                                           1 eV = 1.6πς  ρπ  J                                                     (1.4) 

 

1.1.2:  Energy Consumption   

The different forms of energy mentioned before are consumed for many different 

purposes. For example, we use energy for heating buildings, houses and water. For 

transportation, we use a lot of energy to run cars, trains, trucks and planes. We use energy to 

produce most of our daily life stuff and also to produce food. Energy involves in almost 

everything in our life, especially in the most prosperous and technologically developed nations 

like the USA, where energy is consumed widely. World Energy Statistics of 2013 shows that the 

average U.S. citizen uses an average power of (9319 W). While, an average citizen from India 

only uses about (800 W) [2], which is less than a tenth of the U.S. consumption. Figure 1-1: 

shows the world total final consumption from 1971 to 2012 by fuel in ñmillion tonnes of oil 

equivalent (mtoe) unitò. This statistic stated that the world consumption energy doubled over the 

last 40 years.  

http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Electric_potential
http://en.wikipedia.org/wiki/Potential_difference
http://en.wikipedia.org/wiki/Volt
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Figure  1-1: World total fuel energy consumption from 1973 to 2012 [3]. 

 

Besides increasing living standards in the modern and developed societies, the increment 

of energy consumption is due to the rapidly growth of world population. Studies predict a world 

population of 9 billion around 2040 in contrast to the 7 billion people in 2013. Therefore, the 

global energy demand is increasing. 

Moreover, another challenge related to energy consumption is that the dependence on 

fossil fuels energy source such as oil, coal and gas, which are not renewable and have huge 

impacts on the climate change. Burning fossil fuels produces the so-called greenhouse gases like 

carbon dioxide (CO2). The additional carbon dioxide created by using these energy sources is 

stored in our oceans and atmosphere, which is responsible for the global warming and climate 

change [4]. In Figure 1-2, we can notice the increase in carbon dioxide concentration in (million 

tonnes unit (Mt)) in the Earthôs atmosphere from 1971 to 2012. 
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Figure  1-2: World CO2 emissions from 1971 to 2012 by fuel (Mt of CO2) [3]. 

 

1.1.3:  Sources and Forms of Energy  

The different energy forms which were mentioned in the previous section can be 

converted from one form to another, and they are produced by different sources. As it is showed 

in Figure 1-3, there are three major sources of energy [5]. First energy source is the chemical 

energy stored in fossil fuels. This energy is converted to thermal energy by burning, with 

efficiency up to 90%. Then, the thermal energy can be converted into mechanical energy by 

using heat engines which have conversion efficiency up to 60%. This principle is used in our 

daily life in most of transportations such as to operate cars and planes. Finally, mechanical 

energy can be converted into electrical energy by using electrical generators with efficiency 

about 90%. A turbo generator that is connected to a steam turbine is usually used in most of 

electricity stations around the world, where the major energy source is coal. From what is stated 

in these conversion steps, it is well known that when the fossil fuels are used to generate 

electricity, more than 50% of the chemical efficiency is lost into the environment in form of heat. 
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Also, producing the energy from this source has huge impacts on the climate change because of 

the carbon emissions which result during these processes. The second energy source is nuclear 

energy in which energy is released as thermal energy during nuclear fission reactions. This 

thermal energy generates heat steam to operate a steam turbine which led to generate electricity. 

In this way, the carbon emissions which result from fossil fuel sources have been reduced. 

Although using the nuclear sources to generate electricity is considered a good method to reduce 

carbon emissions, the political considerations have limited it, considering its massive accidences 

which have been occurred.  

 

Figure  1-3: The Energy forms and the conversion methods between them. 

 

So far the energy sources discussed above are not sustainable or renewable energy. This 

means that the fuel and nuclear sources are not produced by nature as much as their 



 

 

6 

 

consumption, which means that they will run out someday. The renewable energy is the third 

type of energy sources, in which the sun is the main source. This energy source can be converted 

to electricity directly without any gas emissions. More details about the renewable energy and 

how it is related to the electricity will be discussed in the next section. 

 

1.1.4:  Renewable Energy Options 

 The renewable energy source has been identified as the promising source to generate 

energy. It can be seen in Figure 1-3 that the sun energy is converted to many different forms of 

energy. For example, the sun energy can be converted directly to thermal energy and electricity, 

or indirectly in the form of wind, hydro and biomass fuels. Moreover, there are two other energy 

sources that are often considered as renewable in terms of their sustainable nature. The first one 

is energy in the tides caused by the gravitational fields of the moon and the sun which can be 

tapped using tidal barrages or tidal stream technology. The second source is geothermal energy 

from the earthôs core accessible in some locations through hot springs, geezers or boreholes. 

However, the available average power produces from these energy sources is small comparable 

of that available from the sun. 

From what is discussed so far, it is clear that the sun energy is the best sustainable energy 

source that can be converted to many different energy forms. One of these forms is electricity 

which is the second consumed energy in the world as it was shown in Figure 1. It has been used 

since at least 100 years now. It provides us with many energy forms that we need to use every 

day, and the access to it strongly determines the living standard. 
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Further, if the sun energy is converted into electricity directly using devices based on 

semiconductor materials, we call it photovoltaic (PV). The name photovoltaic comes from the 

Greek word (phos), which means light, and (volt), which refers to electricity. The word (volt) is 

named after the Italian physicist Alessandro Volta (1745-1827) who invented the battery.  In the 

commercial solar modules, typical photovoltaic cells efficiencies are in the range of 15-20%. 

 

1.2: Basics of Solar Cells 

1.2.1:  Historical  I ntroduction   

In 1839, the photovoltaic (PV) effect was first discovered by the French physicist 

Alexandre-Edmond Becquerel at an age of 19 years [6, 7]. He observed this effect while he was 

experimenting with an electrolytic cell. The electrolytic cell was made up of two platinum 

electrodes placed in an electrolyte which is an electrically conducting solution. Becquerel 

observed that when the cell exposed to light, the current of the cell was increased. In 1876, the 

British natural philosopher William Grylls Adams and his student Richard Evans Day discovered 

that selenium produces the photovoltaic effect when exposed to light, but with a very poor 

performance. Seven years later, the American inventor Charles formed photovoltaic junctions by 

coating selenium with an extremely thin layer of gold, and the energy conversion efficiency was 

1% [8]. In 1905, Albert Einstein published his paper in which he explained the photoelectric 

effect on a quantum basis [9]. He assumed that light energy is being carried with quantized 

packages of energy, which called photons. The first silicon solar cell was invented by Russell 

Ohl in 1941[10]. Furthermore, the real development of modern solar cell technology began in 

1954, when Daryl M. Chapin, Calvin S. Fuller, and Gerald L. Pearson demonstrated a silicon-
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based solar cell with an efficiency of about 6% [11]. In the same year, the photovoltaic effect of 

II -VI semiconductor materials such as cadmium sulfide (CdS) has been reported by Reynolds et 

al. [12]. In 1956, the first gallium arsenide (GaAs) solar cell was reported with a photo-

conversion efficiency of 6.5% [13]. The first polycrystalline thin film solar cells based on a 

cadmium-sulfide (CdS) / copper sulfide (Cu2S) junction with conversion efficiency up to 9.15% 

and areas of Ḑ1 cm
2
 was reported at the University of Delaware in 1980 [14]. In 1985, A. W. 

Blakers and M. A. Green reported crystalline silicon solar cells with efficiencies above 20% at 

the University of New South Wales in Australia [15]. After that, the multi-junction solar cells 

were introduced with high conversion efficiency. They can be described as a series of p-n 

junction photodiodes which have different band gaps. They have made of different III-V or II-VI 

materials such as gallium arsenide (GaAs), gallium indium phosphide (GaInP), copper indium 

diselenide (CIS), copper indium gallium diselenide (CIGS), and cadmium telluride (CdTe). First 

two-junction tandem photovoltaic device which was made of a lower GaAs layer and an upper 

GaInP layer has been reported by Jerry Olson in 1987 [16, 17], with photo-conversion efficiency 

up to 29.5% under concentrated solar light. Adding third additional junction for a 

GaInP/GaAs/Ge solar cell further increased the conversion efficiency up to 34% [18], and to 

40% for a GaInP/GaAs/GaInAs cell [19]. It is also believed, according to theoretical calculation, 

that the conversion efficiency of multi- (or more) junction solar cells can be increased up to 55% 

[20]. However, the solar cell global market has been dominated by silicon flat panel modules, 

except for space applications, since their price is much lower than the use of arsenides and 

phosphides as photovoltaic (PV) devices.  

http://scitation.aip.org/content/contributor/AU0299533
http://scitation.aip.org/content/contributor/AU0299533
http://scitation.aip.org/content/contributor/AU0073641


 

 

9 

 

In addition, environmental and economic issues have been very serious problems in all 

over the world since 2000, which led to increase the investment of solar energy. Therefore, the 

installed PV capacity has grown significantly between 1999 and 2013 as it shown in Figure 1-4.  

It can be shown in this figure that the worldôs cumulative installed PV capacity was more than 23 

GW at the end of 2009. One year later, in 2010, it became 40.3 GW and the growth reached 70.5 

GW in 2011. In 2012, 100GW was reached and by 2013, around 138.9 GW of PV had been 

installed around the world.  

 

 

Figure  1-4: Global PV cumulative installed capacity from 2000 to 2013 [21]. 
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1.2.2: Solar Spectra 

Surface temperature of the sun is approximately 5800 K and its radiation spectrum can be 

approximated by a black body radiator at that temperature (as shown in Figure 1-5). Emission of 

radiation from the sun is isotropic like all black body radiators [22]. However, the great distance 

between the earth and the sun, which is approximately 93 million miles or 150 million 

kilometers, means that only those photons emitted directly at the Earth will contribute to the 

solar spectrum. On the other hand, the solar radiation is attenuated when passing through the 

atmosphere of the Earth. So, the most important factor that determines the solar irradiance under 

good sky conditions is the distance that the sunlight has to travel through the atmosphere. This 

distance is optimal when the Sun is directly overhead i.e.at the zenith. The ratio of an actual path 

length of the sunlight to this minimal distance is known as the optical air mass (AM). This air 

mass is a measure of the attenuations in spectral content and intensity of the solar radiation due 

to the atmosphere before reaching the Earthôs surface. If the Sun is at its zenith the optical air 

mass is unity and the spectrum is called the air mass 1 (AM1) spectrum. And if the Sun is at an 

angle (ɗ) with the normal, the air mass is given by: 

                                                   Air mass = 1/ cosɗ                                                  (1-5) 

A globally used standard for comparing solar cell performance is the AM1.5 (ɗ = 48.2
Ǔ
) spectrum 

normalized to a total power density of 1 kW/m
2
.  
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Figure  1-5: Solar spectra at different conditions [23]. 

In addition, the attenuation of solar radiation can be due to scattering, reflection and 

absorption by air molecules, dust particles and surrounding landscape, such as steam (H2O), 

oxygen (O2) and carbon dioxide (CO2). Ozone absorbs radiation with wavelengths below 300 nm 

(UV). CO2 molecules contribute to the absorption of solar radiation at wavelengths above 1 ɛm 

(infrared). All t hese attenuations can account for up to 49% of the light incident on a solar cell. 

 

1.2.3:  Working Principle  of Solar Cells 

The working principle of solar cells is based on the photovoltaic effect, in which a 

potential difference is generated at the junction of two different semiconductor materials that has 

absorbed light. In 1905, Albert Einstein explained this effect by assuming that the light consists 

of well-defined energy quanta, which so-called photons. The energy of one photon is given by: 

                                                           E= h ɜ                                                                  (1.6) 

Where h is Planckôs constant and ɜ is the frequency of the light. 
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There are three basic processes for the photovoltaic effect to be done. First process is 

generation of charge carriers when a photon, light, is absorbed in the materials, and second is 

separation of the photo-generated charge carriers in the junction between these materials, and 

finally is collection of the photo-generated charge carriers at the terminals of the junction. 

 

Figure  1-6: Photonsô absorption in semiconductor materials have Eg band gap when a) Eph =Eg, 

and b) Eph >Eg. 

 

As it is shown in Figure 1-6a, generation of charge carrier is resulted from absorption of a 

photon in semiconductor materials. It means that the photon energy is used to excite an electron 

from an initial state (Ὁ) to a final state (Ὁ). If the incident photon has energy higher than the 

difference between these two states, electron will be exited to higher level and eventually will 

move to the relaxation state by emitting thermal energy as shown in Figure 1-6b. In solid state 

physics, this can be understood based on band theory of solids states in which electrons of atoms 

in solids occupy states in energy bands.  

The occupied band with the highest energy (Ὁ) is the valence band in which valence 

electrons, which are involved in the covalent bonds, have their allowed energies. The conduction 
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band, unoccupied band, is located above the valence band with energy (Ὁ). It is formed by the 

allowed energies of electrons liberated from the valance band. The energy difference between the 

edges of these two bands is known as the band gap energy Ὁ . In a perfect solid, the energy 

states between the valence band and the conduction band are forbidden and not occupied. The 

energy band structure is considered an important parameter in studying material properties of 

solids. Figure 1-7: illustrate the difference between the band structure of conductors, insulators, 

and semiconductors materials. 

 

Figure  1-7: Simplified band structures of solid [24]. 

 

For conductors, the highest occupied energy level is in the middle of an energy band. In a 

pure semiconductor at absolute zero, no electrons are present in the conduction band and it 

behaves like an insulator. However, increasing temperature allows for thermal energy to excite 

electrons into the conduction band forming holes behind in the valence band. Excited electrons 

and resulting holes are so-called charge carriers and are considered as the main contributors to 

electric current.  
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The electrons transition from the valence band to the conduction band can be either direct 

or indirect, which is depending on the position of both the conduction and valance bands on 

semiconductor material. The band structure of a direct and indirect band gap semiconductor is 

shown in Figure 1-8. Usually direct band gap semiconductors are desirable for photovoltaic 

applications such as solar cells, because it is easy to excite electrons directly to the conduction 

band without the need of momentum energy. Therefore, the absorption coefficient of 

semiconductor material which strongly affects the performance of the devices is determined by 

its electronic structure. For example, semiconductor materials with direct band gaps such as 

GaAs and CdTe usually have high absorption coefficients, while those with indirect band gaps, 

like Si, suffer from low absorption coefficients. 

                 

   a)  Direct band gap structure                                   b) Indirect band gap structure 

Figure  1-8: An energy band diagram for a) a direct band gap semiconductor and b) An indirect 

band gap semiconductor [22]. 

 

Semiconductor doping using impurity atoms is usually used to achieve specific 

semiconductor properties. These impurity atoms can donate or accept electrons in the valence 
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band. When doped semiconductors have penalty of holes, they are called p-type semiconductors. 

While, doped semiconductors that have penalty electrons are called n-type semiconductors. By 

placing two p-type and n-type semiconductors together, a p-n junction is formed. If the same 

material is used for the p-type and n-type of the junction, it is called a homojunction. However, if 

dissimilar semiconductors are used, it is called a heterojunction. 

 

1.2.4:  The P-N Junction Formation  

 The p-n junction is an important concept that allows solar cells to generate electric 

current. When a p-type semiconductor and an n-type semiconductor are brought together, there is 

a very large difference in electron concentration between these regions which causes a diffusion 

current of electrons from the n-type material across the p-n junction into the p-type material. 

Similarly, the difference in holes concentration causes diffusion current of holes from the p-type 

to the n-type material. Because of this diffusion process, the region close to the p-n junction 

becomes almost completely depleted of mobile charge carriers. The gradual depletion of the 

charge carriers produces a space charge created by the charge of the ionized donor and acceptor 

atoms that is not occupied by the mobile charges any more. This region of the space charge is so-

called the space-charge region or depleted region and is schematically illustrated in Figure 1-9a.  

The space charge around the p-n junction produces an internal electric field which forces 

the charge carriers to move in the opposite direction of the concentration gradient. The diffusion 

currents continue to flow until the concentration diffusion and the internal electrical field, drift, 

equal to each other. This case describes the equilibrium in which no net current flows through 

the p-n junction. 



 

 

16 

 

 

Figure  1-9: Diagram of a p-n junction. 

 

Also, in a p-type semiconductor, the Fermi level, which is the energy level that has a 50% 

probability of getting occupied by an electron at any temperature, is close to the top of the 

valence band while the Fermi-level of an n-type semiconductor is close to the bottom of the 

conduction band. Therefore, when the p-n junction is formed between n- and p-type regions, 

there is a difference between the Fermi levels of the two sides which led the Fermi levels to be 

aligned as it is shown in figure 1-9b [24].  

In solar cells design, sunlight is incident on the n-type layer which is called the window 

layer. This layer has a relatively high band gap compared to photons energy of sunlight. Ideally, 

all photons should pass through the n-type layer and are then absorbed in the p-type layer which 

has a band gap similar to the incident photons. The absorbed photons in the absorption layer 

generate free charge carriers, electrons-hole pairs, which are responsible to produce an electric 

current. The electric field in the depletion region drives electrons to the n-type layer and holes to 

the p-type layer. These charge carriers are then collected in the terminals of the front and back 

contacts of the device resulting in an electric current. 
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1.2.5: The Shockley-Queisser Limit 

The theoretical limit for single-junction solar cells is usually referred to as the Shockley-Queisser 

(SQ) limit. In principle and as it discussed in Figure 1-6, only incident photons with energy 

higher than the band gap energy of the absorber layer can excite charge carriers and generate 

electron-hole pairs. And since the electrons tend to fill energy levels at the bottom of the 

conduction band and the holes fill energy levels at the top of the valence band. Therefore, if there 

is extra energy that the electron-hole pairs receive from the photons, it is eventually released as 

heat into the semiconductor in the thermalisation process. On the other hand, incident photons 

with energy lower than the band gap energy of the semiconductor absorber are not absorbed and 

cannot participate in electron-hole pairsô generation. Therefore, these photons are not involved in 

the energy conversion process. As a result, the excess energy of photons, larger than the band 

gap and the non-absorption of photons carrying less energy than the semiconductor band gap are 

considered in S-Q limit together with the radiative recombination. Therefore, S-Q limit gives a 

maximum efficiency of 33.7% of a single p-n junction using a semiconductor material with 1.4 

eV band gap and AM1.5 solar spectrum. 

In Figure 1-10, the values of power conversion efficiency as function of band gap for several 

important solar cell materials are shown. The ultimate efficiency is determined by the absorption 

edge and thermalization of excited electrons. The nominal efficiency, which is always lower than 

the ultimate efficiency, is a result of radiative recombination of electrons and holes. The detailed-

balance limit of efficiency is a fundamental limit for the conditions considered by Shockley and 

Queisser. 
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Figure  1-10: Efficiency limit of solar cells for AM1.5 solar radiation. Efficiency limit as 

determined by detailed balance. The solar radiation is approximated by blackbody radiation at 

5800 K [24]. 

 

Some design rules can be used to allow for passing the Shockley Queisser limit, such as 

use more than one semiconductor material with more than one band gab, often referred to as a 

multi-junctions or tandem cells, to reduce the amount of excess energy. 

Other losses such as surface reflection, non-ideal blackbody solar cells and Auger and SRH 

recombination can also limit the production of the solar cells.  

 

1.2.6:  Solar Cells Parameters 

It is known that a solar cell can be modeled by a current source connected in parallel with 

a p-n junction diode. Figure 1-11 shows a typical solar cell consisting of internal parasitic shunt 

resistance, Ὑ  and series resistance Ὑ  .  
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Figure  1-11: A solar cell circuit with series and shunting resistances [22]. 

 

The performance of solar cells is characterized by I-V measurements, which is shown in 

Figure 1-12 for a typical solar cell under illumination. The important parameters are the short-

circuit current ( Ὅ ), open-circuit voltage ( ὠ  , fill factor (FF), and energy conversion 

efficiency (ɖ). 

 

Figure  1-12: A typical currentïvoltage characteristic curve under illumination [22]. 

 

In the dark, the solar cell behaves as a diode with a current: 

WǎŎ 

Voc 
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                        Ὅ Ὅ [exp ( 
   

 ρ ]                          (1-7) 

where Ὅ is reverse saturation current, and ὲ is the diode factor. 

Under the illumination, the net current is given by: 

            I = Ὅ  Ὅ = Ὅ  Ὅ [exp ( 
   

 ρ ]                    (1-8) 

where Ὅ  is the photo-generated current. 

The short-circuit current ( Ὅ  ) is the current that flows through the external circuit when 

the electrodes of the solar cell are short circuited. It depends on the photon flux density incident 

on the solar cell, which is determined by the incident light spectrum. Typically, the global 

standard spectrum is the 1.5 AM spectrum.   

The  Ὅ is corresponded to the current at V = 0, and given by: 

 

                               Ὅ   = Ὅ  Ὅ[exp ( 
   

 ρ ]                          (1-9) 

Usually, the short-circuit current density ὐ is used to describe the maximum current delivered 

by a solar cell in order to remove the dependence of the solar cell area.  

The maximum current that the solar cell can generate is strongly depends on the optical 

properties of the solar cell, such as absorption and reflection parameters.  

Next parameter is the open-circuit voltage ὠ  which is considered when no current is 

flowing through the cell, I=0, and it can be given by: 
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                                                ὠ  =   ln (  +1)                                 (1-10) 

It is obvious from this equation that the  ὠ depends on the saturation current of the solar cell 

and the photo generated current. Typically, the saturation current Ὅ depends on the 

recombination in the solar cell. Therefore, ὠ  is strongly depends on the amount of 

recombination in solar cell device. 

Another parameter is the fill factor (FF), which is given by dividing the maximum power 

ὖ  over the theoretical power output ὖ : 

                                     FF=  = 
   

 
                                  (1-11) 

The conversion efficiency is given by the ratio of the output electrical power ὖ  , to the 

input power ὖ  : 

                                     ɖ =  = 
    

                                  (1-12) 

Furthermore, the shunt resistance is resulted from the defects of the crystal structure, 

which provide alternative paths for the current to flow. The series resistance is caused by the 

semiconductor-metal contacts at both electrodes, which contain a resistivity for the current flow. 

Ideally and for high solar cells performance, it is required to make the shunt resistance as big as 

possible, infinity, to reduce a lockage current, and the series resistance as small as possible, Zero, 

to collect more current. The effect of series and shunt resistance is shown in Figure 1-13.  
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Figure  1-13: Effect of series resistance at (RshŸÐ) (a) and shunt resistance at (Rs=0) (b) on the 

currentïvoltage characteristic of a solar cell [22]. 

 

1.2.7: Charge Carrier  Recombination 

Another important concept in solar cells is the charge carrier recombination, which is 

crucial to solar cell performance. A non-equilibrium state is created due to the generation of 

charge carriers and therefore recombination processes seek to reach equilibrium. When a photon 

is absorbed and an electron-hole pair is generated, they have to be swept across the junction 

before they recombine. Moreover, there are several mechanisms that are responsible for 

recombination which can be shown in Figure 1-14. One recombination process is called Auger 

recombination in which the energy released during recombination is given to another carrier and 

then released as a phonon mode. Phonon mode causes a lattice vibration and is nothing different 

than heat. Therefore, Auger recombination becomes dominant in photovoltaic materials with 

high densities of charge carriers, like in highly doped Si. Another recombination process is 

radioactive recombination or band-to-band recombination which is the reverse process of optical 

generation where electrons drop from the conduction band to the valence band and emit photons. 

b a 
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Also, recombination can occur through traps (defects) with energies located in the bandgap. This 

is called Shockley-Read-Hall (SRH) recombination. The electron is trapped until a mobile hole 

finds the electron and both charge carriers recombine.  

 

Figure  1-14: Recombination processes in semiconductors [22]. 

 

The minority charge carrier lifetime  †  is dependent on the defect density ὔ on the 

following expression: 

                                                                     † = ὔ                                                            (1-13) 

And the open circuit voltage can by written as: 

                                                                                                          (1-14) 

Where G is the generation rate, and Î is the intrinsic density of the charge carriers of the 

semiconductor material.  
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Therefore, it is obvious that the larger the defect density, the shorter the life time of the minority 

of charge carrier and the smaller the open circuit voltage. Defects can be located in the bulk of 

the semiconductor materials, and also can be present at the interfaces between materials or the 

metallic contacts used in the solar cell. Recombination mechanisms in CdTe solar cells are 

typically dominated by SRH recombination [25, 26].  

 

1.3: Basics of Thin Film  Solar Cells 

1.3.1: Thin Film Properties  

Silicon has been widely used for solar cells manufacturing. However, it has some 

disadvantages, such as its indirect band gap which makes the absorption coefficient near its band 

edge is low. Therefore, a fairly thick substrate is required. Usually, the minimum thickness to 

obtain reasonable absorption and mechanical strength is 0.1 Έ 0.2 mm, which is one of the 

reasons for high material and manufacturing cost. On the other hand, the direct semiconductors 

often have absorption coefficient one or two orders of magnitude higher than silicon as it is 

shown in Table 1-1[22].  

Table  1-1: Properties of common solar cell materials. 

 

For those materials, with direct band gap, a thickness of a few micrometers is enough to 

absorb most of incident light. In addition to a high absorption coefficient near the band gap, there 
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are many other factors which determine the practicality of making a solar cell, such as 

fabrication methods, life time, availability and stability. Nowadays, there are only two such 

materials besides silicon have reached the status of mass production. These materials are 

cadmium telluride (CdTe) and copper indium-gallium diselenade, Cu(InGe)Se2, which often 

called CIGS. Both of them have a direct band gap and high absorption coefficient, and therefore 

they are very desirable for thin film applications. 

 

1.3.2:  CdTe-Thin F ilm  Solar Cells 

In this section we will discuss the thin-film cadmium telluride (CdTe) technology which 

is one of the low cost materials for photovoltaic applications. Over the past several decades, 

CdTe thin-film technology has grown significantly. Figure 1-15 shows record of solar cell 

efficiencies of CdTe and other leading solar cell technologies since the 1970ôs[27]. The record 

conversion efficiency of lab-scale solar CdTe solar cells, which was obtained by GE Global 

Research in 2013, is 19.6% and recently 21% by First Solar [28].    
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Figure  1-15: Record solar cell efficiencies over the past 40 years [27]. 

 

CdTe is an II -VI semiconductor because it consists of the II valence electron element 

cadmium (Cd) and the VI valence electron element tellurium (Te). The lattice structure of CdTe 

forms is a zinc-blende where every Cd atom is bonded to four Te atoms and vice versa. The band 

gap of CdTe is ~1.5 eV, which is matched the optimal solar spectrum range. It has a direct band 

gap, consequently only a small thickness of CdTe is required to absorb all the photons with 

energy higher than the band gap energy. These properties together with its high absorption 

coefficient of ρπ- ρπ cm
-1

 make it very desirable material for thin film technology. Another 

advantage of CdTe is its compatibility with nïtype CdS, which is a wide-band-gap 

semiconductor (~ 2.4 µm) for which it is a good transparent to the bulk of solar radiation. 
















































































