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ABSTRACT 

 

Today’s research works surrounding Solar cells revolve around finding out different ways to 

improve efficiency. Open Circuit Voltage is now considered as an important parameter in 

determining efficiency of Solar Cell. In this work, analytical modeling of open circuit voltage 

(VOC) is performed for Schottky Barrier (SB) Solar Cell and mathematical expression for VOC 

is derived for all levels of injection of carriers. No analytical work for finding open circuit 

voltage of SB solar cell for all levels of injection has been done previously. Some of the 

works attribute to analytical modeling of open circuit voltage of SB Solar Cell for special 

cases of low and high level of injection. This work is valid for all levels of injection and it has 

tracked down the previous results for low and high level of injection by applying necessary 

assumptions. Mathematical expressions obtained after applying necessary assumptions are 

then compared with previous mathematical modeling of low and high level of injection. 

Mathematical expression of VOC for low and high level of injection is found same to those 

obtained by works done previously. For finding out this mathematical representation of open 

circuit voltage second order differential equation is required to be solved to obtain excess 

minority carrier hole concentration in depletion and neutral region of a n-type SB Solar Cell. 

Proper boundary conditions are applied in evaluating   constants of the solution of the 

differential equation.  Effect of doping concentration, Metal work function, effective surface 

recombination velocity at the n-n+ interface and thickness of semiconductor on VOC has been 

studied. Variation of VOC with doping concentration and metal work function has been 

explained. Both Si and GaAs are considered as semiconductors and different metals are used. 

Comparison of VOC for different levels of injection as function of doping concentration has 

been performed. With the increase of doping concentration and metal work functions VOC 

increases for different levels of injection. For changing level of injection from low to all level 

it has been found that Voc increases by around 0.1 volt for a certain metal and while 

changing level of injection from all level to high level around 0.1 volt increase of VOC occurs 

for a certain metal. While changing doping level from 1014 to 1017 range, Voc increases about 

0.1-0.25 volt for various metal combinations. Using GaAs instead of Si means increase of 

about 0.2 volt in VOC. Increase of metal work function indicates increase in VOC. The 

variation of VOC is less prominent among various levels of injection while using n-GaAs 

instead of n-Si as semiconductor. Increase of effective surface recombination velocity Seff and 

thickness of the semiconductor L does not imply significant change in VOC. With increase of 

Seff, VOC decreases slightly for all level and low level of injection. With increase of L, VOC 

remains almost constant under all level and low level of injection. High level of injection 

indicates slight increase of VOC with Seff and L. In the end comparisons of low level and high 

level of injection has been performed while using current analytic model with the previous 

result obtained for low and high level of injection. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction 

Open circuit voltage is a very important parameter that determines several other performance 

parameters of Solar cell. One of the major concerns of research in today’s world revolves 

around to find the way to increase the efficiency of Solar Cell. Efficiency and fill factor of 

Solar cell are very important aspects of research works regarding Solar Cell and Open Circuit 

voltage is the main concern in this case. To carefully understand the impact of Open Circuit 

Voltage on the efficiency of Solar Cells lots of works have been done using Si, GaAs and 

different combinations of materials to improve the efficiency of Solar Cell.  

Improving the efficiency of solar cell using various kinds of materials and fabrication 

techniques are worked over a long time [1-4]. A great amount of research efforts on Schottky 

barrier solar cells have been done to understand the effects of various factors to improve 

efficiency [5-7]. To improve the short circuit current density is one of the ways to improve 

the efficiency of the solar cells. But it has been much easier to concentrate on open circuit 

voltage (Voc) of the cell to improve the efficiency of the device [8-10]. 

In this work Analytical modeling of Open Circuit Voltage of Schottky barrier (SB) Solar Cell 

is performed for different levels of injections. 

 

In this chapter, basic operating principles of Schottky Barrier Diode (SBD) and Solar Cell 

will be discussed. Literature survey will be carried out on relevant research works made on 

SB Solar Cell in the past to improve its efficiency and different characteristics. 

 

   

1.2  Schottky Barrier Diode (SBD) 
 

Research works based on metal semiconductor rectifying systems started by hand of Braun. 

In 1874, he first noted the dependence of the total resistance of a point contact on the polarity 

of the applied voltage and on the detailed surface conditions using mercury metal contacted 

with copper and iron sulfide semiconductors. Practical implementation of point contact 

rectifier started in 1904. In 1931, based on the band theory of solids, transport theory of 

semiconductor was developed by Wilson. This theory proved to be pivotal in case of research 

works related to metal semiconductor contacts. The first theory that predicted the correct 

direction of rectification of the metal–semiconductor junction was given by Nevill Mott in 

1939. A major breakthrough was done by contribution of Walter H.Schottky who gave 
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suggestions that potential barriers could arise from stable space charges present in the 

semiconductor. That was the starting concept for a Schottky barrier diode. These models 

were further enhanced by Hans Bethe in 1942 to become the thermionic-emission model 

which accurately describes the electrical behavior.   Because of their importance in direct 

current and microwave applications and as intricate parts of other semiconductor devices, 

metal-semiconductor contacts have been studied extensively. They have been used as photo 

detectors, solar cells, rectifiers, as the gate electrode of the MESFET, etc. they have also got 

different kinds of voltage clamping applications. Most importantly, the metal contact on 

heavily doped semiconductor forms an ohmic contact that is required for every 

semiconductor device in order to pass current in and out of the device. Many of the literatures 

are trying continuously in their search for other applications in various fields with Schottky 

barrier diode. 

 

1.2.1 Structure of SBD 

The ideal energy-band diagram for a particular metal and n-type semiconductor before 

making contact is shown in Figure 1.1(a). Here the vacuum level is the reference level. Also 

in figure 1.1(a), φ m  is the metal work function, φ s is the semiconductor work function, and χ 

is the electron affinity. Work function is the necessary energy to remove an electron from 

Fermi level to vacuum. Electron affinity is the difference between minima of conduction 

band and vacuum level. Here for φ m> φ s, the ideal thermal-equilibrium metal-semiconductor 

energy-band diagram is shown in Figure 1.1(b). Before contact, the Fermi level in the 

semiconductor was above that of the metal. In order for the Fermi level to become a constant 

through the system in thermal equilibrium, electrons from the semiconductor side flow to the 

lower energy states in the metal. Positively charged donor atoms remain in the 

semiconductor, creating a space charge region. 

Here φ B0 is the ideal barrier height of the semiconductor contact, the potential barrier seen by 

electrons in the metal trying to move into the semiconductor. This barrier is known as the 

Schottky barrier and is given by   

 

                                             φ B0= φ m-χ                                                    (1.1) 
 
On the semiconductor side, Vbi is the built-in potential barrier seen by electrons in the 

conduction band trying to move into the metal. This is given by 

 

                                           Vbi= φ B0- φn                                                  (1.2) 
 
Here Vbi is a slight function of the semiconductor doping. 
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Figure1.1. (a) Energy-band diagram of a metal and semiconductor before 
contact;  
 

 
Figure 1.1. (b) Ideal energy-hand diagram of a metal-n-semiconductor junction 
for φ m> φ s 
 
Now if we apply a positive voltage to the semiconductor with respect to the metal, the 

semiconductor-to-metal barrier height increases, while φ B0 remains constant in this idealized 

case. This bias condition is the reverse bias. If a positive voltage is applied to the metal with 

respect to the semiconductor, the semiconductor-to-metal barrier Vbi is reduced while φ B0 

again remains essentially constant. In this situation, electrons can more easily flow from the 

semiconductor into the metal since the barrier has been reduced. This bias condition is the 

forward bias. The energy-band diagrams for the reverse and forward bias are shown in Figure 

1.2, where VR is the magnitude of the reverse-bias voltage and V0 is the magnitude of the 

forward-bias voltage. 
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Figure 1.2. a) Under reverse bias b) Under forward bias 
 
In forward bias, the barrier seen by the electrons in the semiconductor is reduced, so majority 

carrier electrons how more easily from the semiconductor into the metal. The forward-bias 

current is in the direction from metal to semiconductor; it is an exponential function of the 

forward-bias voltage V0. 

 

1.3  Solar Cell 
 
A solar cell, or photovoltaic cell, is an electrical device that converts the energy of light 

directly into electricity by the photovoltaic effect. It is a form of photoelectric cell, defined as 

a device whose electrical characteristics, such as current, voltage, or resistance, vary when 

exposed to light. Solar cells are the building blocks of photovoltaic modules, otherwise 

known as solar panels.  Solar cells are described as being photovoltaic irrespective of whether 

the source is sunlight or an artificial light. They are used as a photo detector (for 

example infrared detectors), detecting light or other electromagnetic radiation near the visible 

range, or measuring light intensity. 

The Photovoltaic effect was experimentally demonstrated first by French physicist Edmond 

Becquerel Willoughby Smith first described the "Effect of Light on Selenium during the 

passage of an Electric Current" in a 20 February 1873 issue of Nature. In 1883 Charles 
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Fritts built the first solid state photovoltaic cell by coating the semiconductor selenium with a 

thin layer of gold to form the junctions; the device was only around 1% efficient. 

In 1888 Russian physicist Aleksandr Stoletov built the first cell based on the 

outer photoelectric effect discovered by Heinrich Hertz in 1887. 

Albert Einstein explained the underlying mechanism of light instigated carrier excitation—

the photoelectric effect—in 1905, for which he received the Nobel Prize in Physics in 

1921.Russell Ohl patented the modern junction semiconductor solar cell in 1946 while 

working on the series of advances that would lead to the transistor. 

The first practical photovoltaic cell was publicly demonstrated on 25 April 1954 at Bell 

Laboratories. The inventors were Daryl Chapin, Calvin Souther Fuller and Gerald Pearson. 

Solar cells gained prominence when they were proposed as an addition to the 1958 Vanguard 

I satellite. By adding cells to the outside of the body, the mission time could be extended with 

no major changes to the spacecraft or its power systems. In 1959 the United States 

launched Explorer 6, featuring large wing-shaped solar arrays, which became a common 

feature in satellites. These arrays consisted of 9600 Hoffman solar cells. 

Improvements were gradual over the next two decades. The only significant use was in space 

applications where they offered the best power-to-weight ratio. 

 
 

1.3.1 Operating principle of Solar Cell 

The working principle of all today solar cells is essentially the same. It is based on the 

photovoltaic effect. In general, the photovoltaic effect means the generation of a potential 

difference at the junction of two different materials in response to visible or other radiation. 

The basic processes behind the photovoltaic effect are: 

a. Generation of the charge carriers due to the absorptions of photons in the materials 

that form a junction 

b.  Subsequent separation of the photo-generated charge carriers in the junction 

c. Collection of the photo-generated charge carriers at the terminals of the junction. 

In general, a solar cell structure consists of an absorber layer, in which the photons of 

incident radiation are efficiently absorbed resulting in the creation of electron-hole pairs. In 

order to separate the photo-generated electrons and holes from each other, the so-called “semi 

permeable membranes” are attached to the both sides of the absorber. The important 

requirement for the semi-permeable membranes is that they selectively allow only one type 

of charge carrier to pass through. An important issue for designing an efficient solar cell is 

that the electrons and holes generated in the absorber layer reach the membranes. This 
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requires that the thickness of the absorber layer is smaller than the diffusion lengths of the 

charge carriers. 

In the figure 1.3, simplified schematic diagram of Solar cell is shown. Here we have 

considered a p-n junction with a very narrow and more heavily doped n region. The 

illumination is through the n side. The depletion region (space charge layer) extends 

primarily into the p side. There is a built in field E0 in the depletion layer. The electrodes 

attached to the n side must allow illumination to enter the device. A thin reflection coating on 

the surface reduces reflections and allows more lights to enter the device. 

 

Figure 1.3. Principle of operation of Solar Cell 

As the n side is very narrow most of the photons are absorbed within the depletion region and 

within the neutral p side and photo generate electron-hole pairs in these regions. EHPs photo 

generated in the depletion region are immediately separated by the built in field E0 which 

drifts them apart. The electron drifts and reaches the neutral n side whereupon it makes the 

region negative by an amount of charge –e. Similarly the hole drifts and reaches the neutral p 

side and thereby makes the side positive. As a result, open circuit voltage develops between 

the terminals of the device with the p side positive with respect to n side. 

The EHPs photo generated by long wavelength photons that are absorbed in the neutral p side 

can only diffuse in this region as there is no electric field. If the recombination lifetime of the 

electron is Ʈe , it diffuses a mean length Le given by Le=√(2DeƮe) where De is its diffusion 

coefficient in the p side. Those electrons within a distance Le to the depletion region can 

readily diffuse and reach this region whereupon they become drifted by E0 to the n side. 

Consequently only those EHPs photo generated within the minority carrier diffusion length 

Le to the depletion layer can contribute to photovoltaic effect. Once an electron diffuses to the 
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depletion region it is swept over to the n side by electric field to give an additional negative 

charge there. Holes left behind in the p side contribute a net positive charge to this region. 

Those photo generated EHPs further away from depletion region than Le are lost by 

recombination. It is therefore important to have the minority carrier diffusion length as long 

as possible. Similarly holes photo generated within a diffusion length Lh can reach the 

depletion layer and become swept across to the p side. The photo generation od EHPs that 

contribute to the photovoltaic effect therefore occurs in a volume covering Lh+W+Le. if the 

terminals of the device are shorted then the excess electron in the n side can flow through the 

external circuit to neutralize the excess holes in the p side. This current due to flow of photo 

generated carriers is called the photocurrent. 

Under a steady state operation there can be no net current through an open circuit solar cell. 

This means the photocurrent inside the device due to the flow of photo generated carriers 

must be exactly balanced by a flow of carriers in the opposite direction. EHPs photo 

generated by energetic photons absorbed in the n side near the surface region or outside the 

diffusion length Lh to the depletion layer are lost by recombination as the lifetime in the n 

side is generally very short (due to heavy doping). The n side is therefore made very thin. The 

length ln of the n side may be shorter than the hole diffusion length Lh. the EHPs photo 

generated very near the surface of the n side however disappear by recombination due to 

various surface effects acting as recombination centers. 

At long wavelengths the absorption coefficient is small and the absorption depth is greater. 

To capture these long wavelength photons we therefore need a thick p side and at the same 

time a long minority carrier diffusion length. 

1.3.2 Efficiency and fill factor of Solar Cell 

Solar cell efficiency is the ratio of the electrical output of a solar cell to the incident energy in 

the form of sunlight. The energy conversion efficiency (η) of a solar cell is the percentage of 

the solar energy to which the cell is exposed that is converted into electrical energy. This is 

calculated by dividing a cell's power output (in watts) at its maximum power point (Pm) by 

the input light (E, in W/m2) and the surface area of the solar cell (Ac in m2). 

 

AcE

Pm


  

Another defining term in the overall behavior of a solar cell is the fill factor (FF). This is the 

available power at the maximum power point (Pm) divided by the open circuit voltage (VOC) 

and the short circuit current (ISC): 

 

IscVoc

Pm
FF


  
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The fill factor is directly affected by the values of the cell's series and shunt resistances. 

Increasing the shunt resistance (Rsh) and decreasing the series resistance (Rs) lead to a higher 

fill factor, thus resulting in greater efficiency, and bringing the cell's output power closer to 

its theoretical maximum. 

So fill factor plays a major role in increasing the efficiency of solar cell and in this case Open 

Circuit Voltage and Short circuit current are very important parameters. 

 

1.3.3 Open Circuit Voltage 

The open-circuit voltage is the voltage at which no current flows through the external circuit. 

It is the maximum voltage that a solar cell can deliver. The Voc corresponds to the forward 

bias voltage, at which the dark current compensates the photo-current. The Voc depends on 

the photo-generated current density and can be calculated assuming that the net current is 

zero. 

 

Voc depends on the saturation current of the solar cell and the photo-generated current. While 

Jph typically has a small variation, the key effect is the saturation current, since this may vary 

by orders of magnitude. The saturation current density, J0, depends on the recombination in 

the solar cell. Therefore, Voc is a measure of the amount of recombination in the device. 

Laboratory crystalline silicon solar cells have o Voc of up to 720 mV under the standard 

AM1.5 conditions, while commercial solar cells typically have Voc above 600 mV. 

 

1.3.4 Advantage of Schottky barrier in Solar Cell 

 

The advantages of Schottky barriers in Solar cell include  

1. Low-temperature processing because no high-temperature diffusion or annealing is 

required;  

2. Adaptability to polycrystalline and thin-film solar cells;  

3. High radiation resistance due to high electrical field near the surface;  

4. High current output and good spectral response, because the presence of a depletion 

region right at the semiconductor surface can substantially reduce the effects of low 

lifetime and high recombination velocity near the surface. 
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1.4 Literature Review 

At first in the year of 1958 new developments in Silicon photovoltaic devices are attributed 

by Prince and Wolf [11] for both low and low level lights. Later on it has been tried to 

increase the efficiency of the Solar cells by numerous researchers like Bortfeld, Gobart, 

Lamorte and Mciver[12]. Their work revolves around high efficiency GaAs Solar Cell. Till 

then, different methods are tried to increase the efficiency of Solar cells upto the recent works 

by Marti, Cuadra and Luque[13].  

Schottky Barrier Solar Cell concept has arisen by the work of Anderson and Delahoy [14, 15] 

who have worked on the concept of using Schottky junctions for Solar energy conversion. 

They have also worked on Schottky barrier height modification. Efficiency calculation for 

thin film Schottky barrier Solar cell has been shown in the work of Lanza and Hovel[16]. 

Recent works on Schottky barrier Solar cells include works of Corpus, De Souza and 

Hamelmann [17] which concentrates on design of Schottky contacts for optimum 

performance of thin film Solar cells. Light induced degradation in different cell structures has 

also been studied by Liu, Lee and Collins [18]. Device performance and current transport 

mechanisms were studied in the works of Ji and Anderson [19]. 

Use of open circuit voltage for determining barrier height to study the effect on illumination 

and fill factor has been studied in work of Panayotatos, Card [20].  The residual oxide layer 

was minimized and theroretical analysis has been matched with experimental results. Open 

circuit voltage characteristics of Schottky barrier Solar cell has been studied in the works of 

Peckerer, Lin and Kocher [21]. Their work exhibited ways to control the Schottky barrier 

height and its effect on open circuit voltage of Schottky barrier Solar Cell to increase the 

efficiency and tried to reach the efficiency level of the commercially available Solar Cells. 

Later on effect of dislocations on the open circuit voltage of GaAs Solar cells has been 

studied by Zolper and Barnett [22]. Gong, Posthuma, Dross [23] have worked on comparison 

of n type and p type Si based Solar Cell for low level of illumination. Later on Wolf [24] 

worked on high level of injections to study the effect on SB solar cells.  Effect of content, 

thickness and defect density on the performance of p-i-n InGaN single homojunction and 

heterojunction solar cells has been studied by Cai, Wang, Chen, Liang, Liu and Zhang[25].  
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Fig 1.4.1. variation of current density with 

voltage (ref. [25]) 

 

Fig 1.4.2. variation of quantum 

efficiency with wavelength (ref [25]) 

Fig 1.4.3. Variation of cell efficiency 

(ref[23]) 

 

Fig 1.4.4. Variation of recombination, 

field and concentration with position(ref[18]) 
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 Fig 1.4.5. Variation of open 

circuit voltage with photon current (ref[14]) 

 

 Fig 1.4.6. Variation of quantum 

efficiency with wavelength (ref[17]) 

 

Figure 1.4. Different plots from Literature Review 

 

1.5 Objective of the Work 

The objective of this thesis is to find out a mathematical expression for open circuit voltage 

defined for all levels of injection: 

 

i) Effect of using different combinations of metal-semiconductors 

ii) Effect of surface recombination velocity 

iii) Effect of thickness of semiconductor layer 

 It is inclined to study the various combinations of metal-semiconductors in this regard to find 

out for which combination a desired characteristic open circuit voltage can be achieved. 

Effect of surface recombination velocity, effect of doping and effect of semiconductor 

thickness are studied hereby and suitable Voc characteristic for all level is explored. 

The possible outcome would be finding out a suitable range of doping density, metal-

semiconductor combination and semiconductor thickness to ensure to tract down the best 

possible solution of Voc for not only specific low/ high level injection but also for all levels. 

 

1.6 Scope of the work 

Drift and diffusion components of both majority and minority carrier current densities will be 

used with the help of continuity equation for carriers. Applying techniques of integration on 

Electric field present in depletion and neutral region, a general mathematical expression of 
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open circuit voltage (Voc) will be obtained. Excess minority carrier (hole) charge expression 

will be evaluated by using proper boundary conditions. In this regard, second order non linear 

differential equation will be solved. The general mathematical expression at first will be 

found for all levels of injections. Then the special cases of low level and high level injection 

will be studied and compared with previous works of low and high level injection to prove 

the authenticity. In this case proper estimations like expanding mathematical terms will be 

used to tract the previous result in the cases of low and high level injections. Then the 

variation of open circuit voltage (Voc) will be studied for various combinations of metal-

semiconductors, doping densities and thickness of semiconductor layers to find out the best 

possible range of operation in this regard. All these kinds of simulation works will be done by 

using MATLAB. 

 

1.7 Conclusions 

In this chapter at first the structure of Schottky Barrier Diode has been studied. Later on the 

operation of Solar cells has been discussed and the advantages of using SB solar cells have 

been mentioned. Open circuit voltage plays an important role as an important parameter in 

analytical modeling of SB solar cell and in this regard some lights have been implied on the 

objective and scope of our present work. Some of the literature works on this case has been 

highlighted in this section. 

In chapter 2, the mathematical derivation for finding out analytical model of open circuit 

voltage for all levels of injections for SB Solar cell has been studied. The analytical 

expression for low and high levels of injections has been derived out by utilizing proper 

conditions and the previous findings has been traced out in this case. Using transport 

equations, continuity equations and solution of second order non linear differential equations 

help to ultimately find out the analytical model of Open circuit voltage. Excess minority 

carrier charge will be expressed by utilizing proper boundary conditions. 

In chapter 3, with the help of mathematical derivations done in previous chapter, different 

characteristics plots of open circuit voltage for different doping concentrations, thickness, 

metal work functions, effective surface recombination velocities have been studied. The 

results will be obtained for low, high and intermediate levels of injections and some of the 

results will be compared with previous findings. 

In chapter 4, the entire work will be presented in a nutshell and optimum performance of the 

SB Solar cell for the open circuit voltage will be attributed for different doping densities, 

thickness and effective surface recombination velocities. 
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CHAPTER 2 

MATHEMATICAL DERIVATIONS 

2.1 Introduction 

In chapter 1, basic structures of Schottky Barrier Diode and operation of SB Solar cell have 

been studied. In determining efficiency of the Solar cell, Open circuit voltage plays an 

important role. Open circuit voltage has been defined in that chapter. Besides, Advantages of 

SB Solar Cell have been described briefly. Some of the past works on developing new ways 

of improvement of efficiency of Solar Cell have been introduced. 

In this chapter, through analytical modeling of SB Solar Cell, mathematical expression for 

open circuit voltage will be obtained for all levels of injection. This mathematical expression 

will be evaluated for both low level and high level of injections later on. There have been 

some of the previous works concentrating on only low and high level injection condition. In 

this chapter, The generalized mathematical modeling will help us to track the previous 

findings in general and will help to find ways of determining open circuit voltage 

characteristics for the intermediate levels. 

To understand the open circuit voltage characteristics (Voc) under low and high level of 

injection, few works have been done previously [8-10].  A unique mathematical solution for 

the open circuit voltage (Voc) characteristics under all levels of injection is necessary for 

understanding efficiency under any amount of illumination. Using different combinations of 

metal-semiconductors and thickness of semiconductor layer can result in different 

characteristic plots under different ranges of illumination. 

Effect of changing doping concentrations, effect of using different combinations of metal-

semiconductors, effect of surface recombination velocity and effect of thickness of 

semiconductor layer are studied. 

 It is important to study the various combinations of metal-semiconductors in this regard to 

find out for which combination a desired characteristic open circuit voltage can be achieved. 

Effect of surface recombination velocity, effect of doping and effect of semiconductor 

thickness are studied hereby and suitable Open circuit voltage characteristic for all level is 

explored. 

The possible outcome would be finding out a suitable range of doping density, metal-

semiconductor combination and semiconductor thickness to ensure to track down the best 

possible solution of Open circuit voltage for not only specific low/ high level injection but 

also for all levels. 
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2.2 Mathematical modeling of open circuit voltage for all 

levels of injection 

The energy band diagram of metal/n-type Schottky barrier (SB) Solar cell is shown in the 

figure 2.1. Here Schottky contact forms at x=0 and ohmic contact forms at x=L. A depletion 

region of width W is formed near Schottky contact.  

 

Figure 2.1.Energy Band Diagram of a Metal/n-type Semiconductor Schottky Barrier Solar 

Cell 

The one dimensional structure of a SB Solar Cell is shown in figure 2.2. 

 

Figure 2.2.One dimensional structure of SB Solar Cell 

The open circuit voltage (Voc) under illumination of monochromatic light at the interface of 

metal and n-type semiconductor Schottky barrier Solar cell is considered for the metal. So, 

the boundary condition is that the total current density JT, which is the combination of drift 

and diffusion current component of electrons and holes flowing in the cell must be zero. 
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                                  Here,                   JT=Jn+Jp                                                   (2.1) 

Where, 

 Jn= majority carrier current density 

Jp=minority carrier current density 

The fundamental one dimensional transport equations assuming the origin of the axis at the 

metal semiconductor contact, are given by the following equations: 

                                                Jn=qnμnE+qDn
��

��
                                                                                             (2.2) 

                                                Jp=qpμpE-qDp
��

��
                                                                                              (2.3) 

 

Where, n=majority carrier electron concentration in n type semiconductor region in cm-3 

              p=minority carrier hole concentration in n type semiconductor region in cm-3 

 μn=electron mobility in cm2V-1s-1 

 μp=hole mobility in cm2V-1s-1 

 E=electric field in drift region in Vcm-1 

 Dn=diffusion coefficient of electron in cm2s-1 

 Dp=diffusion coefficient of hole in cm2s-1 

The diffusion coefficients from the Einstein relation are given as, 

                                                               Dn=
��

�
μn                for electrons                                                      (2.4) 

                                                               Dp=
��

�
μp               for holes                                                              (2.5) 

Where 
��

�
 is called as thermal voltage VT, K is the Boltzmann constant and T is the 

temperature in Kelvin. 

For Open Circuit Voltage, JT=0; 

Using JT=0 and from equation (2.1),(2.2) & (2.3) it can be shown as, 

                                          qnμnE+qDn
��

��
 + qpμpE-qDp

��

��
= 0                                                    (2.6) 

The open circuit voltage (VOC) is expressed as, 
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VOC=V(X=L)-V(X=0) 

       = [V(L)-V(W)]+[V(W)-V(0)]                                                                                       (2.7) 

 The potential difference [V(W)-V(0)] represents developed voltage within depletion region 

where as  [V(L)-V(W)] corresponds to that in the neutral region. 

The Open circuit voltage will be evaluated in two different regions as 

i) Depletion region 

ii) Neutral region 

 

Open circuit voltage of those two regions will be added to give the final mathematical 

expression of Open Circuit Voltage of SB Solar Cell for all levels of injections. Afterwards 

the necessary constants will be calculated and the result will be evaluated for special case of 

low level and high level of injection. 

 

2.2.1 Open circuit potential in depletion region(0≤X≤W) 

Within the depletion region, there exists built in electric field(Eb) due to donor densities and 

electric field (Eg) due to generation of electron-hole pairs under monochromatic light 

illumination. So, the total electric field(E) is represented as, 

                                                         E=Eb(X)+Eg(X)                                                            (2.8) 

The carrier densities at non-equilibrium can be expressed as, 

                                                       n=n0(x)+Δn(x)                                                                (2.9) 

                                                       p=p0(x)+Δp(x)                                                              (2.10) 

here, Δn is excess electron concentration and Δp is the excess hole concentration. n0 is 

thermal equilibrium electron concentration and p0 is the thermal equilibrium hole 

concentration. 

From using equation (2.8), (2.9) and (2.10) to substitute parameters into equation (2.6), we   

can obtain, 

q(n0+Δn(x))μnEg(x)+q(po+Δp(x))μpEg(x)+qΔn(x)μnEb(x)+qΔp(x)μpEb(x) 

+ qDn 
���(�)

��
-qDp

���(�)

��
=0                 (2.11) 

Further simplification of equation (2.11) gives Eg(x) as, 

Eg(x)=
�

�
���(�)

��
���

���(�)
��

(�����(�)���(�����(�))��
  -   

(��(�)�����(�)��)��(�)

(�����(�)���(�����(�))��
                                             (2.12) 
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In equation (2.12) both excess electron and hole concentrations are present. To make future 

calculation more tractable, Continuity equation has been used. Continuity equation helps to 

find out relation between both majority and minority carrier concentrations and lifetimes. 

The continuity equations for electrons and holes are given as, 

                                                 -  
�

�

���

��
+G(x)- -

��

��
= 0                                                        (2.13) 

                                                  - 
�

�

���

��
+G(x)- 

��

��
= 0                                                         (2.14) 

In equation (2.13) and (2.14) G(x) is the generation rate of electron-hole pairs, τn is the 

lifetime of electron and τp is the lifetime of holes. 

In the steady state JT must be constant everywhere, and so as a result 
���

��
=0. 

Using equation (2.13) and (2.14) the corresponding relationship between excess carrier 

concentration and lifetime can be found as,  

                                                                       
��

��
=

��

��
                                                                 (2.15) 

Performing integration of equation (2.12) within depletion region, Open circuit potential can 

be shown as, 

V(W)-V(0)=-∫ ��(�)��
�

�
 

                 =-∫
�

�
��� (�)

��
�� �

��� (�)
��

 

(�����(�)���(�����(�))��

�

�
dx+∫

(��(�)�����(�)��)�� (�)

(�����(�)���(�����(�))��
 ��

�

�
              (2.16) 

Now considering − ∫
�

�
��� (�)

��
�� �

��� (�)
��

 

(�����(�)���(�����(�))��

�

�
dx as the first part and 

∫
(��(�)�����(�)��)�� (�)

(�����(�)���(�����(�))��
 ��

�

�
 as the second part, the required integration can be performed 

to obtain desired mathematical expression of Voc in depletion region. 

After performing integration of the first part of equation (2.16), result of integration can be 

obtained as, 

− ∫
�

�
��� (�)

��
�� �

��� (�)
��

 

(�����(�)���(�����(�))��

�

�
dx=(

������
��
��

���
��
��

��
)[ln(

��(�)�
��� �� ��� �

� ��
� ���

��

��(�)�
��� �� ��� �

� ��
� ���

��

)]                          (2.17)  

After performing integration of the second part of equation (2.16), result of integration can be 

obtained as, 

∫
(��(�)�����(�)��)�� (�)

(�����(�)���(�����(�))��
 ��

�

�
=-φs                                                                                                                       (2.18) 



Chapter 2 
Mathematical Derivations 

18 

 

Where φs=surface potential=
�

�

�����

Є�
 

Here, w is the depletion width of n type semiconductor region, Єs is the dielectric permittivity 

of the semiconductor and Nd is the doping concentration. 

Variation of surface potential (φs) with excess hole carrier concentration (Δp) is shown in the 

following figure: 

 

Figure 2.3. Variation of surface potential with excess hole carrier concentration 

Using the equations (2.17) and (2.18) in equation (2.16), the general expression of open 

circuit voltage in depletion region can be easily found as, 

                               V(W)-V(0)= =(
������

��
��

���
��
��

��
)[ln(

��(�)�
��� �� ��� �

� ��
� ���

��

��(�)�
��� �� ��� �

� ��
� ���

��

)]-φs                              (2.19) 

 

2.2.2 Open circuit potential in neutral region(W≤X≤L) 

In neutral region, only the electric field Eg(x) associated with generation of electron-hole 

pairs with monochromatic light illumination exists. 

Therefore in the neutral region the following relationships among parameters can be 

considered, 

                                                       E=Eg(x)                                                                  (2.20) 

                                                       n=Nd+Δn(x)                                                           (2.21) 



Chapter 2 
Mathematical Derivations 

19 

 

                                                       p=
��

�

��
+Δp(x)                                                            (2.22) 

Here, ni is intrinsic carrier concentration in cm-3. 

Using equation (2.20), (2.21) and (2.22) into equation (2.6) after further calculations  

generated electric field in neutral region Eg(x) can be expressed as, 

                                      Eg(x)=
�����

��
��

(�����(�))���(
��

�

��
���)��

���(�)

��
                                            (2.23) 

The variation of excess hole carrier concentration Δp across the length of the semiconductor 

L is shown in the following figure: 

 

 

Figure 2.4. Variation of Excess hole carrier concentration with length of the semiconductor 

After performing integration of equation (2.23) within neutral region, open circuit potential 

can be shown as, 

V(L)-V(W)=− ∫ ��(�)��
�

�
 

                   =(
��

��
��

���

�����
��
��

)ln[

��(�)�
��� ��

��
�

��
� �

� �� � �
��
��

��(�)�
��� ��

��
�

��
� �

� �� � �
��
��

]                                                                    (2.24) 
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2.2.3 Open Circuit Voltage in SB Solar Cell 

From equation (2.19), the mathematical expression of open circuit voltage for depletion 

region is obtained. From equation (2.24), the mathematical expression of open circuit voltage 

for neutral region is obtained.  

By using equation (2.7), which indicates that the open circuit voltage of these two areas needs 

to be added to obtain Open circuit voltage in SB Solar Cell, it can be shown as, 

VOC=(
������

��
��

�� �
��
��

��
)[ln(

��(�)�
��� �� ��� �

� ��
� ���

��

��(�)�
��� �� ��� �

� ��
� ���

��

)]-φs +(
��

��
��

���

�� ���
��
��

)ln[

��(�)�
��� ��

��
�

��
� �

� �� � �
��
��

��(�)�
��� ��

��
�

��
� �

� �� � �
��
��

]                      (2.25) 

This equation (2.25) is valid for all levels of injection of SB Solar Cell. 

 

2.2.4 Mathematical expression of Open Circuit Voltage (VOC) 

for the special case of of High level injection 

 

The assumptions for high level injections are: 

For 0≤x≤w  no,p0<<Δn,Δp 

For w≤x≤L  Δn,Δp>>Nd>>
��

�

��
 

Using these two assumptions in equation (2.25), Open circuit voltage for high level of 

injection can be obtained as, 

VOC(high)=(
������

��
��

���
��
��

��
)ln(

��(�)

��(�)
)-φs+(

��
��
��

���

�����
��
��

)ln(
��(�)

��(�)
)        (2.26) 
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2.2.5 Mathematical expression of Open Circuit Voltage (VOC) 

for the special case of Low level injection 

 

The assumptions for low level injections are: 

For 0≤x≤w  no,p0<<Δn,Δp 

For w≤x≤L  Δn,Δp<<Nd>>
��

�

��
 

Using these two assumptions in equation (2.25), Open circuit voltage for high level of 

injection can be obtained as, 

VOC(low)=(
������

��
��

���
��
��

��
)ln(

��(�)

��(�)
)-φs+(

��
��
��

���

�����
��
��

)ln[

��(�)�
��� ��

��
�

��
� �

� �� � �
��
��

��(�)�
��� ��

��
�

��
� �

� �� � �
��
��

]                                        (2.27) 

To simplify equation (2.27), the parameters inside logarithmic term needs to be simplified. 

Let, 
�����

��
�

��
��

�����
��
��

= � 

Where, r is constant. 

Then equation (2.27) can be written as,  

VOC(low)= (
��

��
��

���

�����
��
��

)ln[

��(�)�
��� ��

��
�

��
� �

� �� � �
��
��

��(�)�
��� ��

��
�

��
� �

� �� � �
��
��

]= (
��

��
��

���

�����
��
��

)ln[
��(�)��

��(�)��
]                                          (2.28) 

Expanding the logarithmic term of equation (2.28) using the following formula,  

Ln(1+x)=x-
��

�
+

��

�
-

��

�
+….. 

It can be written as, ln[
��(�)��

��(�)��
]≈

��(�)���(�)

��(�)��
 

Using further simplification techniques, it can be found that, 
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(
��

��
��

���

�����
��
��

)ln[

��(�)�
��� ��

��
�

��
� �

� �� � �
��
��

��(�)�
��� ��

��
�

��
� �

� �� � �
��
��

]=
��

��
��

���

����
(��(�) − ��(�))                                               (2.29) 

Now using equation (2.29) in equation (2.27) the mathematical expression of open circuit 

voltage for Low level of injection can be expressed as, 

VOClow=(
������

��
��

�� �
��
��

��
)ln(

��(�)

��(�)
)-φs+

��
��
��

���

����
���(�) − ��(�)�                                                  (2.30) 

 

2.2.6 Summary of mathematical expressions of open circuit 

voltage of SB Solar cell for different levels of injections 

 

The mathematical expressions obtained for all level, low level and high level injections can 

be represented in the following table: 

Level of 
injection 

Expression of open circuit voltage VOC 

all 

VOC=(
������

��
��

���
��
��

��
)[ln(

��(�)�
��� �� ��� �

� ��
� ���

��

��(�)�
��� �� ��� �

� ��
� ���

��

)]-φs +(
��

��
��

���

�� ���
��
��

)ln[

��(�)�
��� ��

��
�

��
� �

� �� � �
��
��

��(�)�
��� ��

��
�

��
� �

� �� � �
��
��

] 

high 
VOC(high)=(

������
��
��

���
��
��

��
)ln(

��(�)

��(�)
)-φs+(

��
��
��

���

�����
��
��

)ln(
��(�)

��(�)
) 

low 
VOC(low)=(

������
��
��

���
��
��

��
)ln(

��(�)

��(�)
)-φs+

��
��
��

���

����
(��(�) − ��(�)) 

 

Table 2.1. Summary of mathematical expressions of Open Circuit Voltage of SB Solar cell 

under different levels of injection 
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2.2.7 Determination of excess minority carrier 

concentrations in depletion and neutral region 

The mathematical expressions for Open Circuit Voltage of SB Solar Cells are represented for 

different levels of injections in tabular form in section 2.2.6. 

But the excess carrier hole concentrations Δp(0), Δp(L) and Δp(W) are not determined in 

those mathematical representations. 

In this section, the excess hole concentrations  in different regions will be determined. 

In steady state condition, the continuity equation for holes can be written as, 

-
�

�

���

��
+G(x)-

��

��
= 0 

Where, G(x)=φ{1-R(λ)-a(λ)}f(λ)αe-αx 

If φ’= φ{1-R(λ)-α(λ)}f(λ) 

Then the continuity equation can be written as, -
�

�

���

��
+φ’αe-αx-

��

��
= 0                              (2.31)     

Here, R(λ) is the reflection coefficient, a(λ) is absorbance of thin metallic layer and f(λ) is the 

probability that a photon will produce an electron hole pair. Φ indicates flux of photon 

striking the interface and φ’ represents wavelength dependent pre factor. 

DEPLETION REGION 

In depletion region, 

Jn=qnμnE+qDn
��

��
 

Jp=qpμpE-qDp
��

��
 

Then, using JT=Jn+Jp=0; the expression of electric field can be expressed as, 

E=
���������

(���������)��

���

��
 

 =
�

��

���

��
 

Where, constant,A=
���������

���������
 

Then, by differentiating Jp it can be written as, 

                                                          
 ���

��
=(qμpA-qDp)

����

���                          (2.32)                              
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Using the relationship of equation (2.32) into equation (2.31), a second order non linear 

differential equation is found as, 

                                                    
����

���
-

��

��
′ ��

=-
�′

��
′ αe-αx                                                           (2.33) 

Solving this second order differential equation of equation (2.33) through ordinary 

differential equation solution method, a mathematical solution will be found for excess hole 

carrier concentration in depletion region. The mathematical solution of excess hole carrier 

concentration can be written as,  

                                               ΔP(x)=C1�

�

��
′  +C2�

��

��
′

-Q1e
-αx                                                 (2.34) 

Here, Lp
’ is the diffusion length of minority carrier hole. Relation between Lp

’, Dp and τp can 

be expressed as, 

Lp
’=√Dpτp 

In equation (2.35), A constant Q1 is used. This constant can be represented as, 

constant, Q1=
� ′���

����
′���

 

Now excess hole concentrations can be evaluated in two boundary points of depletion region 

namely at x=0 and at x=W. 

Excess hole concentration at point x=0 can be evaluated with help of equation (2.34) as, 

                                                     ΔP(0)=C1+C2-Q1                                                            (2.35) 

Similarly, Excess hole concentration at point x=W can be evaluated with help of equation 

(2.34) as, 

                                            ΔP(W)=C1�

�

��
′  +C2�

��

��
′

-Q1e
-αw                                                 (2.36) 

In equation (2.35) and (2.36), two unknown constants C1 and C2 are present. These two 

unknown constants will be evaluated later on. 

 

NEUTRAL REGION 

In neutral region, 

By ignoring drift current the mathematical expression of hole current can be approximated as, 

Jp≈-qDp
���

��
 

Then, by differentiating Jp it can be written as, 
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 ���

��
=( -qDp)

����

���                                                          (2.37) 

Using the relationship of equation (2.37) into equation (2.31), a second order non linear 

differential equation is found as, 

                                                          
����

��� -
��

����
=-

� ′

��
αe-αx                                                    (2.38) 

Solving this second order differential equation of equation (2.38) through ordinary 

differential equation solution method, a mathematical solution will be found for excess hole 

carrier concentration in neutral region. The mathematical solution of excess hole carrier 

concentration can be written as,  

                                                 ΔP(x)=C3�
�

��+C4�
�

�� -Q2e
-αx                                               (2.39) 

Here, Lp is the diffusion length of minority carrier hole. Relation between Lp, Dp and τp can 

be expressed as, 

Lp=√Dpτp 

In equation (2.39), A constant Q2 is used. This constant can be represented as, 

Q2=
�′���

����
���

 

Now excess hole concentrations can be evaluated at x=L of neutral region. 

Excess hole concentration at point x=L can be evaluated with help of equation (2.39) as, 

                                              ΔP(L)= C3�
�

�� +C4�
�

��-Q2e
-αL                                               (2.40) 

In equation (2.40) two unknown constants C3 and C4 are present. These two unknown 

constants will be evaluated in next section. 

 

2.2.8 Evaluation of unknown constants C1,C2,C3&C4 Using 

proper boundary conditions 

The constants of integrations C1,C2,C3&C4 are to be evaluated by applying the boundary 

conditions at x=0, x=W and x=L. 

The boundary conditions are: 

                                        ΔP(W)(depletion region)=ΔP(W)(neutral region)                                        (2.41) 

                                        
���

��
(x=W(Depletion region)= 

���

��
(x=W(neutral region)                                     (2.42) 
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                                       Dp
’���

��
|x=0=SpΔp(0)                                                                     (2.43) 

                                       Dp
���

��
|x=L=SpΔp(L)                                                                     (2.44) 

Here, Sp is the effective surface recombination velocity. 

Using boundary condition of equation (2.41) into equation (2.34) and (2.39), 

                                       C1�

�

��
′  +C2�

��

��
′

-Q1e
-αw= C3�

�

��+C4�
�

�� -Q2e
-αw                               (2.45) 

Using boundary condition of equation (2.42), with help of equation (2.34) and (2.39) it can be 

written as, 

                                C1�

�

��
′  -C2�

��

��
′

+α����
′ e-αw= 

��
′

��
C3�

�

��-
��
′

��
C4�

�

�� +���
′ Q2e

-αw                 (2.46) 

Using equation (2.45) and (2.46), C1 and C2 can be expressed as function of unknown 

quantities C3 and C4. These constants C1 and C2 can be expressed as, 

                                 C1=
���

�
�� ���

��
′

��
�����

��
�� ���

��
′

��
��(�����)(���

′ ��)����

��

�

��
′

                             (2.47) 

                                 C2=
���

�
�� ���

��
′

��
�����

��
�� ���

��
′

��
��(�����)(���

′ ��)����

��

��

��
′

                            (2.48) 

Using equation (2.43) into equation (2.35) and (2.36), A new equation can be obtained as, 

                                     C1(
��
′

��
′ − ��)+C2(-

��
′

��
′ − ��)=-Q1(α��

′ + ��)                                   (2.49) 

Now putting the expressions obtained for C1 and C2 from equation (2.47) and (2.48) into 

equation (2.49), it can be obtained as, 

C3 �
�

�� (X)+C4 �
��

�� (Y)=-SpQ1-Dp
’Q1α-

��

�
�

��(��
�

��
)

[
��
′

��
′ -Sp](αLp

’-1)+  
��

�
�

��(��
�

��
)

[ −
��
′

��
′ -

Sp](αLp
’+1)           (2.50) 

In equation (2.50) to remove representational complexity, we have used two constants X and 

Y to reduce complexity of representations. 

Here, 

X=
�

� �
′

��
′

����(��
��
′

��
)

��

�

��
′

+
��

� �
′

��
′

����(��
��
′

��
)

��

��

��
′
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and Y=
�

� �
′

��
′ ����(��

��
′

��
 )

��

�

��
′

 + 
��

� �
′

��
′  

����(�� 
��
′

��
)

��

��

��
′

 

Using equation (2.44) into equation (2.40) A new equation can be obtained as, 

                              C3(
��

��
− ��)�

�

�� +C4(−
 ��

��
− ��) �

��

�� =-Q2(αDp+Sp)����                        (2.51) 

After solving equations (2.50) and (2.51), the solution for C3 and C4 can be easily found out. 

After obtaining expressions of unknown constants C3 and C4 in terms of known parameters, 

then by putting C3 and C4 into equation (2.47) and (2.48), C1 and C2 can easily be represented 

as functions of known parameters. 

As all the unknown constants C1, C2, C3 and C4 are now expressed as function of known 

parameters, equation (2.35), (2.36) and (2.40) will help to find out mathematical expressions 

of excess charges as ΔP(0), ΔP(L) and ΔP(W). 

After determination of excess charge concentrations in depletion and neutral region, the 

expression of Open circuit voltage from equation (2.25), (2.26) and (2.30) can be determined 

as functions of known parameters. 

 

2.3 Mathematical expression of Open Circuit Voltage  

Low injection 

In this section, the assumptions will be made from the very beginning of the work and 

equation (2.26) will be tried to be tracked down to verify the Mathematical expression of 

open circuit voltage obtained previously. 

 

Using equation (2.16), it can be rewritten as, 

V(W)-V(0)=-∫ ��(�)��
�

�
 

                 =-∫
�

�
��� (�)

��
�� �

��� (�)
��

 

(�����(�)���(�����(�))��

�

�
dx+∫

(��(�)�����(�)��)�� (�)

(�����(�)���(�����(�))��
 ��

�

�
 

Using strong illumination condition and considering the assumption of low level injection  

n0(x),po(x)<<Δn(x),Δp(x) 

Open circuit voltage in depletion region for low level injection can be evaluated after 

performing necessary integrations as, 
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                                               V(W)-V(0)=-
(�����

��
��

)

(
��
��

�����)
 ln{

��(�)

��(�)
}-φs                                 (2.52) 

Where, φs=
�

�

�����

Є�
. 

For determining open circuit voltage in neutral region the following assumption can be used. 

Δn,Δp<<��>>
��

�

��
 

Then equation (2.23) can be modified as, 

                                                           Eg(x)=
�����

��
��

����

���

��
                                                   (2.53) 

By performing integration of equation (2.53) in neutral region, the open circuit voltage for 

low level of injection in neutral region can be obtained as, 

                                            V(L)-V(W)=-( 
�����

��
��

����
)[Δp(L)-Δp(W)]                               (2.54) 

By adding equation (2.52) and (2.54), An expression of open circuit voltage for low level of 

injection can be found and the result tracks down equation (2.26). 

High level injection  

In this section, the assumptions will be made from the very beginning of the work and 

equation (2.30) will be tried to be tracked down to verify the Mathematical expression of 

open circuit voltage for high level injection obtained previously. 

 

Using equation (2.16), it can be rewritten as, 

V(W)-V(0)=-∫ ��(�)��
�

�
 

                 =-∫

�
�

��� (�)
��

�� �
��� (�)

��

 

(�����(�)���(�����(�))��

�

�
dx+∫

(��(�)�����(�)��)�� (�)

(�����(�)���(�����(�))��
 ��

�

�
 

Using strong illumination condition and considering the assumption of high level injection  

n0(x),po(x)<<Δn(x),Δp(x) 

Open circuit voltage in depletion region for high level injection can be evaluated after 

performing necessary integrations as, 

                                           V(W)-V(0)=-
(�����

��
��

)

(
��
��

�����)
 ln{

��(�)

��(�)
}-φs                                     (2.55) 
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Where, φs=
�

�

�����

Є�
. 

For determining open circuit voltage in neutral region the following assumption can be used. 

Δn,Δp>>��>>
��

�

��
 

Then equation (2.23) can be modified as, 

                                                         Eg(x)=
�����

��
��

Δ�(μ��μ�
τ�
τ� 

)

���

��
                                                (2.56) 

By performing integration of equation (2.56) in neutral region, the open circuit voltage for 

high level of injection in neutral region can be obtained as, 

                                             V(L)-V(W)=-( 
������

��
��

(μ��μ�
τ�
τ� 

)
) ln {

��(�)

��(�)
}                                    (2.57) 

By adding equation (2.55) and (2.57), An expression of open circuit voltage for low level of 

injection can be found and the result tracks down equation (2.30). 

As the mathematical expressions of open circuit voltage for the special case of low and high 

level injection are tracked down in sections 2.3 and 2.4, the determination of excess charge 

concentrations and unknown constants will follow the same path of process followed in 

section 2.2.8. 

2.4 Conclusions 

In this chapter, Analytical modeling of open circuit voltage of SB Solar Cell for all levels of 

injection has been performed. Mathematical expression of open circuit voltage for all level of 

injection has been obtained. In the mathematical expression excess hole carrier 

concentrations at different regions are solved by solving second order non linear differential 

equations. Later, Unknown constants of excess hole concentrations are evaluated by applying 

proper boundary conditions. The Open circuit voltage expression is also obtained for special 

case of low and high levels of injections from the main mathematical representation by 

applying necessary assumptions. In the end, the mathematical expression of low and high 

level of injection are verified by using the necessary assumptions from very beginning of 

modeling and tracking down the mathematical expressions obtained previously by general 

expression. 

In the next chapter, the variation of Open circuit voltage will be explored as function of 

various parameters like doping concentrations, effective surface recombination velocity, 

length of the semiconductor region, metal work functions under different levels of injection. 

The necessary plots and discussions will try to explain the findings.   
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Chapter 3 

RESULTS AND DISCUSSIONS 

3.1 Introduction 

In the previous chapter, mathematical expression for analytical modeling of Open circuit 

voltage of Schottky barrier (SB) Solar cell for all levels of injection has been obtained.  

In this chapter, the characteristic plots of open circuit voltage for various combination of 

metal-semiconductor have been obtained. Different parameters like doping density, metal 

work function, effective surface recombination velocity, length of Semiconductors have been 

varied around practical ranges to study the open voltage circuit characteristics of SB Solar 

Cell. 

 

3.2 Open Circuit Voltage as a function of doping concentrations 

for various metal-semiconductor combinations of SB Solar Cell 

Here, Different Characteristic Plots have been obtained for a range of Doping concentrations 

(1014cm-3≤Nd≤1017cm-3). Different metals are also used to obtain different Voc plots in this 

doping range. The photon flux is considered to be φ’=2x1017 cm-2s-1 for all the cases 

discussed here and surface recombination velocity (Seff) of 200 cm/s is considered. 

Absorption coefficient at λ=550nm is considered as 104 cm-1. 

In this section Si is used as semiconductor and various metals like Sn, W, Cu, Rh, Pd are 

used. 

 

Metals Work function in eV 
Sn 4.42 
W 4.55 
Cu 4.65 
Rh 4.98 
Pd 5.12 

 

Table 3.1. Work function of different metals 

 The Electron affinity of n-Si is 4.05eV and room temperature band gap is 1.12eV. 
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3.2.1 Effect of doping concentrations on Open Circuit Voltage for 

all levels of injection (metal- n Si Semiconductor) 

Variation of open circuit voltage (VOC) as a function of doping concentration (Nd) for five 

different metals is plotted in Figure 3.1. 

Figure 3.1 shows that Voc increases with Nd.  For a given Nd , Voc increases with metal work 

function. As Nd increases, the depletion region width decreases. As a result electric field 

becomes stronger in that region. So with the increase of electric field it becomes easier for 

photo generated holes to drift from n-type semiconductor to metal side and electrons from 

metal to n-type semiconductor side. As a result of increasing pile up of photo generated 

electrons and holes in those two regions of metal and semiconductor adjacent to depletion 

layer, VOC increases with increasing doping concentrations. 

Mathematically this phenomenon can be explained as the following equation: 

                                                 Voc= φB+ln(Jsc/A*T2)                                                         (3.1) 

With increase of Nd, depletion width decreases and as a result the value of short circuit 

current (JSC) increases. With increase of JSC, Voc increases.   

 

 

Figure 3.1.Variation of Open Circuit Voltage with doping concentration for different metal-n 

Si combinations for all levels of injection 
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Changing metals according to metal work function also affect VOC. With increase of metal 

work function, VOC increases. The reason is that increase of metal work function means 

increase of barrier height. But the holes move from n-Si to metal and electrons move from 

metal to n-Si. Due to their opposite direction of movement actually barrier works as sink for 

electrons and holes. So it has become easier for photo generated electrons and holes to 

accumulate at opposite sides and increase VOC. 

 

3.2.2 Effect of doping concentrations on Open Circuit Voltage for 

low level of injection (metal-n Si Semiconductor) 

In the following figure 3.2, the variation of open circuit voltage (VOC) is obtained as a 

function of doping concentration (Nd). Here Si is used as Semiconductor and Sn, W, Cu, Rh, 

Pd are used as metals. We have considered low level of injection in this regard. 

 

 

Figure 3.2. Variation of Open Circuit Voltage with doping concentration for different metal-n 

Si combinations for low level of injection 
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Due to low level of injections the rate of photo generated excess electron and hole 

concentrations are considered very much lower than doping concentration (Nd). As a result of 

lower rate of generation of electron-hole pairs, VOC will certainly be of lower value compared 

to all level injection discussed in section 3.2.1. But the value of VOC will increase with 

increasing Nd and increasing metal work function. As it has been previously explained in 

section 3.2.1 that increased doping makes higher electric field and accumulation of charge 

becomes much greater and so VOC increases. Increased metal work function means higher 

height of sink for electrons and holes and accumulation becomes greater and VOC increases. 

 

3.2.3 Effect of doping concentrations on Open Circuit Voltage for 

high level of injection (metal-n Si Semiconductor) 

In the following figure 3.3, variation of open circuit voltage (VOC) is obtained as a function of 

doping concentration (Nd). Here Si is used as Semiconductor and Sn, W, Cu, Rh, Pd are used 

as metals. We have considered high level of injection in this regard. 

 

Figure 3.3. Variation of Open Circuit Voltage with doping concentration for different metal-n 

Si combinations for high level of injection 
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Due to high level of injections the rate of photo generated excess electron and hole 

concentrations are considered very much higher than doping concentration (Nd).  As a result 

of higher rate of generation of electron-hole pairs, VOC will certainly be of higher value 

compared to all level and low level injection. But the value of VOC will increase with 

increasing Nd and increasing metal work function. As it has been previously explained in 

section 3.2.1 that increased Nd makes higher electric field and accumulation of charge 

becomes much greater and so VOC increases. Increased metal work function means higher 

height of sink for electrons and holes and accumulation becomes greater and VOC increases. 

3.2.4 Effect of doping concentrations on Open Circuit Voltage for 

all levels of injection (metal-n GaAs Semiconductor) 

The main difference between the previous case of n-Si semiconductor (discussed in section 

3.2.1, 3.2.2 and 3.2.3) is that in this case of using n-GaAs as semiconductor layer, the value 

of Electron affinity and bandgap changes. In this case of n-GaAs, the value of Electron 

affinity is 4.07eV and bandgap is 1.42eV. 

In the following figure 3.4, variation of open circuit voltage (VOC) is obtained as a function of 

doping concentration (Nd). Here GaAs is used as Semiconductor and Sn, W, Cu, Rh, Pd are 

used as metals. We have considered all level of injection in this regard. 

 

Figure 3.4. Variation of Open Circuit Voltage with doping concentration for different metal-n 

GaAs combinations for all levels of injection 
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In this figure, VOC is greater compared with previous case of n-Si metal SB Solar Cell. While 

using n-GaAs as semiconductor, increase of electron affinity and increase of bandgap leads to 

increased VOC. Decrease in effective density of states in conduction and valence band leads to 

decrease of energy gap between conduction band and Fermi level. As a result, although 

Schottky barrier decreases due to increased electron affinity, built in potential barrier 

increases because of lower gap between conduction band and Fermi level. But the barrier 

basically acts as sink due to reverse movement of carriers, as a result VOC increases. 

As it has been previously explained in section 3.2.1 that increased doping makes higher 

electric field and accumulation of charge becomes much greater and so VOC increases. 

Increased metal work function means higher height of sink for electrons and holes and 

accumulation becomes greater and VOC increases. 

 

3.2.5 Effect of doping concentrations on Open Circuit Voltage for 

low level of injection (n-GaAs Semiconductor) 

In the following figure 3.5, variation of open circuit voltage is obtained as a function of 

doping concentration. Here GaAs is used as Semiconductor and Sn, W, Cu, Rh, Pd are used 

as metals. We have considered low level of injection in this regard. 

 

 

Figure 3.5. Variation of Open Circuit Voltage with doping concentration for different metal-n 

GaAs combinations for low level of injection 
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Due to low level of injections the rate of photo generated excess electron and hole 

concentrations are considered very much lower than doping concentration (Nd).  As a result 

of lower rate of generation of electron-hole pairs, VOC will certainly be of lower value 

compared to all level injection. But the value of VOC will increase with increasing doping 

concentration and increasing metal work function. Using n-GaAs as semiconductor in this 

case, increase of electron affinity and increase of bandgap leads to increased VOC than 

compared with figure 3.2. As it has been previously explained in section 3.2.1 that increased 

doping makes higher electric field and accumulation of charge becomes much greater and so 

VOC increases. Increased metal work function means higher height of sink for electrons and 

holes and accumulation becomes greater and VOC increases. 

 

3.2.6 Effect of Doping concentrations on Open Circuit Voltage for 

high level of injection (n-GaAs Semiconductor) 

In the following figure 3.6, variation of open circuit voltage is obtained as a function of 

doping concentration. Here GaAs is used as Semiconductor and Sn, W, Cu, Rh, Pd are used 

as metals. We have considered high level of injection in this regard. 

 

 

Figure 3.6. Variation of Open Circuit Voltage with doping concentration for different metal-n 

GaAs combinations for high level of injection 
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Due to high level of injections the rate of photo generated excess electrons and holes are 

considered very much higher than doping concentration.  As a result of higher rate of 

generation of electron-hole pairs, VOC will certainly be of higher value compared to all level  

and low level injection. But the value of VOC will increase with increasing doping 

concentration and increasing metal work function. As it has been previously explained in 

section 3.2.1 that increased doping makes higher electric field and accumulation of charge 

becomes much greater and so VOC increases. Increased metal work function means higher 

height of sink for electrons and holes and accumulation becomes greater and VOC increases. 

 

3.3 Effect of metal work function at the metal-semiconductor 

interface on Open circuit voltage for different levels of injections 

In the following figures 3.7-3.8, we have compared all, low and high levels of injections at 

metal-n Si interface and metal- GaAs interface for different metal work functions. In these 

cases, we have considered doping concentration Nd=1014cm-3 and the photon flux is 

considered to be φ’=2x1017 cm-2s-1 for all the cases discussed here and recombination velocity 

of 200 cm/s is considered. Absorption coefficient at λ=550nm is considered as 104cm-1. 

 

3.3.1 Effect of metal work function at the metal-n-Si 

semiconductor interface on Open circuit voltage for different 

levels of injections 

In the following figure 3.7, we have compared all, low and high levels of injections at metal-

n Si interface for different metal work functions. 

In this figure 3.7, all, low and high level of injection is compared with variation of metal 

work function. With increase of metal work function, VOC increases. The reason is that 

increase of metal work function means increase of barrier height. But the holes move from n-

Si to metal and electrons move from metal to n-Si. Due to their direction of movement 

actually the barrier acts as sink for electrons and holes. As a result it has become easier for 

photo generated electrons and holes to accumulate at opposite sides and increase VOC. In the 

case of low level injection, due to lower carrier concentration of photo generated electron 

hole pairs compared to doping density, VOC decreases as there is less accumulation of 

electron hole pairs. On the other hand in case of high level of injection due to increased 

concentration of photo generated electron hole pairs compared to doping, VOC increases than 

all and low level of injection. 
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Figure 3.7. Effect of different levels of injections on Open circuit voltage for various metal 

work functions for different metal-n Si SB Solar Cell 

 

3.3.2 Effect of metal work function at the metal-n-GaAs 

semiconductor interface on Open circuit voltage for different 

levels of injections 

In the following figure 3.8, we have compared all, low and high levels of injections at metal-

n GaAs interface for different metal work functions. 
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Figure 3.8. Effect of different levels of injections on Open circuit voltage for various metal 

work functions for different metal-n GaAs SB Solar Cell 

 

In this figure, all, low and high level of injection is compared with variation of metal work 

function. The values obtained for VOC for this case of using n-GaAs as semiconductor, 

increase in comparison with the previous case of using n-Si semiconductor. , increase of 

electron affinity and increase of bandgap leads to increased VOC. Decrease in effective density 

of states in conduction and valence band leads to decrease of energy gap between conduction 

band and Fermi level. As a result, although Schottky barrier decreases due to increased 

electron affinity, built in potential barrier increases because of lower gap between conduction 

band and Fermi level. But the barrier basically acts as sink due to reverse movement of 

carriers, as a result VOC increases. 
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3.4 Effect of surface recombination velocity on open 

circuit voltage for SB Solar Cell 

In the following figures 3.9-3.11, we will compare all, low and high levels of injections at 

metal-n Si interface for a range of effective surface recombination velocity (Seff). In these 

cases, we have considered doping concentration Nd=1014cm-3 and the photon flux is 

considered to be φ’=2x1017 cm-2s-1 for all the cases discussed here. Absorption coefficient at 

λ=550nm is considered as 104cm-1. 

Due to increase of effective surface recombination velocity, the rate of recombination will 

increase. As a result the photo generated electron-hole pairs will recombine and so the 

amount of short circuit current will decrease. The decrease of the short circuit current will 

lead to the decrease of open circuit voltage according to the following formula: 

Voc= φB+ln(Jsc/A*T2) 

3.4.1Effect of surface recombination velocity on open circuit 

voltage for metal-n Si combinations considering all levels of 

injection 

Here in figure 3.9, Open circuit voltage characteristic is obtained for different metal-n Si 

combinations with increase of effective surface recombination velocity, the value of open 

circuit voltage decreases slightly. Here all level of injection is considered. 

 

Figure 3.9. Open circuit voltage characteristics with variation of effective surface 

recombination velocity for all levels of injections for metal-n Si Solar cell 
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Increase in effective surface recombination velocity leads to increased rate of recombination 

of electron-hole pairs. As a result, the amount of short circuit current will decrease. 

According to the equation (3.1), Open circuit voltage VOC will decrease. Here, VOC decreases 

slightly as dependency is weak. The reason of weak dependency is that the mathematical 

terms represent effective surface recombination inside logarithmic term. 

 

3.4.2 Effect of surface recombination velocity on Open circuit 

voltage for metal-n Si combinations considering low level of 

injection 

Here in figure 3.10, Open circuit voltage characteristic is obtained for different metal-n Si 

combinations with increase of effective surface recombination velocity, the value of open 

circuit voltage decreases slightly. We have considered low level of injection in this regard. 

 

 

Figure 3.10. Open circuit voltage characteristics with variation of effective surface 

recombination velocity for low level of injection for metal-n Si Solar cell 
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In this case of low level of injection, excess charge concentration is negligible compared with 

doping concentration.  In the expansion of mathematical terms for low level of injection, both 

excess charge carrier terms are present like the mathematical expression of all level injection. 

As a result, the result for variation of effective surface recombination velocity is tractable 

with previous result of figure 3.9. 

 

3.4.3 Effect of surface recombination velocity on open circuit 

voltage for metal-n Si combinations considering high level of 

injection 

Here in figure 3.11, Open circuit voltage characteristic is obtained for different metal-n Si 

combinations with increase of effective surface recombination velocity, the value of open 

circuit voltage increases slightly. We have considered high level of injection in this regard. 

 

 

Figure 3.11. Open circuit voltage characteristics with variation of effective surface 

recombination velocity for high level of injection for metal-n Si Solar cell 
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In this case of high level of injection, excess charge concentration is negligible compared 

with doping concentration.  In the expansion of mathematical terms for high level of 

injection, both excess charge carrier terms are present like the mathematical expression of all 

level and low level of injection. As a result, the result for variation of effective surface 

recombination velocity is tractable with previous result of figure 3.9-3.10. 

3.5 Effect of the semiconductor thickness on Open circuit voltage  

In the following figures 3.12-3.15, we have compared all, low and high levels of injections at 

metal-n Si interface over a range of semiconductor thickness for different metal work 

functions. In these cases, we have considered doping concentration Nd=1014cm-3 and the 

photon flux is considered to be φ’=2x1017 cm-2s-1 for all the cases discussed here and 

recombination velocity of 200 cm/s is considered. Absorption coefficient at λ=550nm is 

considered as 104cm-1. 

3.5.1 Effect of the semiconductor thickness on Open circuit 

voltage considering all levels of injections for metal n-Si 

semiconductor SB Solar Cell 

In the following figure 3.12, Different metal-n Si semiconductor SB Solar cell open circuit 

voltage characteristic have been studied considering all levels of injection. 

 

Figure 3.12. Effect of semiconductor thickness on Open circuit voltage for all levels of 

injections for different metal-n Si Solar cell 
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In this case of all level of injection, thickness of the semiconductor layer does not cause any 

change in open circuit voltage.  The reason is that increase in length does not imply any 

significant change in photo generated electron hole pairs. Only the excess charge 

concentration in neutral end point depends exponentially on length but its contribution is 

negligible and as a result VOC does not vary with L. 

With increase of metal work function, VOC increases but remains constant over L. increase in 

metal work function makes the height of sink for electrons and holes higher and as a result 

short circuit current density increases and so VOC increases according to equation(3.1). 

 

3.5.2 Effect of the semiconductor thickness on Open circuit 

voltage considering low level of injection for metal n-Si 

semiconductor SB Solar Cell 

Here, in figure 3.13, effect of semiconductor thickness is taken into account by considering 

low level injection. 

 

 

Figure 3.13. Effect of semiconductor thickness on Open circuit voltage for low level of 

injection for different metal-n Si Solar cell 
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In this case of low level of injection, presence of excess charge concentration in neutral end 

point is tractable with the mathematical equation for all level of injection. As a result like 

previous case of all level injection the contribution of excess carrier concentration is 

negligible because of exponential dependency on length and as a result there is no variation 

with L. 

 

3.5.3 Effect of the semiconductor thickness on Open circuit 

voltage considering high level of injection for metal n-Si 

semiconductor SB Solar Cell 

Here, in figure 3.14, it has been observed that open circuit voltage increases slightly with 

increase of length.  

 

Figure 3.14. Effect of semiconductor thickness on Open circuit voltage for high level of 

injection for different metal-n Si Solar cell 
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In the case of high level of injection, slight increase of open circuit voltage VOC is visible 

with increase over length. In this case, excess charge carrier concentration is considered very 

much higher than doping concentration and as a result of exponential dependency on length 

L, slight increase in VOC is observable. 

 

3.5.4 Comparison of low level and high level of injection by 

studying the effect of thickness on Open circuit voltage for metal-

n Si SB Solar cell 

In the following figure 3.15, low level and high level of injection have been considered for 

W-Si and Cu-Si SB Solar Cell. 

The comparison shows the gradually increasing characteristic plot of open circuit voltage in 

the case of high level injection and literally constant open circuit voltage characteristic for 

low level of injection. 

 

 

Figure 3.15. Comparison of Open circuit voltage variation on Semiconductor thickness for 

both low level and high level injection 
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3.5.5 Effect of the semiconductor thickness on Open circuit 

voltage considering all levels of injections for metal n-GaAs 

semiconductor SB Solar Cell 

In the following figure 3.16 , Different metal-n GaAs semiconductor SB Solar cell open 

circuit voltage characteristic have been studied considering all levels of injection. 

Because of changing of semiconductor from Si to GaAs; the increased value of bandgap and 

electron affinity ultimately leads to increased value of open circuit voltage in this case 

compared with the case of using Si as Semiconductor. 

Thickness of the semiconductor layer does not cause any change in open circuit voltage. Only 

the excess charge concentration in neutral end point depends exponentially on length but its 

contribution is negligible and as a result VOC does not vary with L. 

 

 

Figure 3.16. Effect of semiconductor thickness on Open circuit voltage for all levels of 

injections for different metal-n GaAs Solar cell 
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3.5.6 Effect of the semiconductor thickness on Open circuit 

voltage considering low level of injection for metal n-GaAs 

semiconductor SB Solar Cell 

In the following figure 3.17, the variation of Open circuit voltage with thickness of GaAs 

Layer has been observed for low level of injection. 

In this case of low level of injection, presence of excess charge concentration in neutral end 

point is tractable with the mathematical equation for all level of injection. As a result like 

previous case of all level injection the contribution of excess carrier concentration is 

negligible because of exponential dependency on length and as a result there is no variation 

with L. 

 

Figure 3.17. Effect of semiconductor thickness on Open circuit voltage for low level injection 

for different metal-n GaAs Solar cell 
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3.5.7 Effect of the semiconductor thickness on Open circuit 

voltage considering high level of injection for metal n-GaAs 

semiconductor SB Solar Cell 

In the following figure 3.18, the variation of Open circuit voltage with thickness of GaAs 

Layer has been observed for high level of injection. 

In the case of high level of injection, slight increase of open circuit voltage VOC is visible 

with increase over length. In this case, excess charge carrier concentration is considered very 

much higher than doping concentration and as a result of exponential dependency on length 

L, slight increase in VOC is observable. 

 

 

Figure 3.18. Effect of semiconductor thickness on Open circuit voltage for high level 

injection for different metal-n GaAs Solar cell 
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3.5.8 Comparison of low level and high level of injection by 

studying the effect of thickness on Open circuit voltage for metal-

n GaAs SB Solar cell 

In the following figure 3.19, low level and high level of injection have been considered for 

W-GaAs and Cu-GaAs SB Solar Cell. 

The comparison shows the gradually increasing characteristic plot of open circuit voltage in 

the case of high level injection and literally constant open circuit voltage characteristic for 

low level of injection. The values of open circuit voltage are higher compared with figure 

3.15. Using n-GaAs as semiconductor, increase of electron affinity and increase of bandgap 

leads to increased VOC. 

 

Figure 3.19. Open circuit voltage variation on Semiconductor thickness for both low level 

and high level injection for metal-n GaAs SB Solar Cell 
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3.6 Variation of Open circuit voltage with metal work functions 

for various doping concentrations (Nd) under different levels of 

injection 

Here, Different Characteristic Plots have been obtained for various Doping concentrations 

(1015cm-3≤Nd≤1017cm-3) over a range of metal work function. The photon flux is considered 

to be φ’=2x1017 cm-2s-1 for all the cases discussed here and surface recombination velocity 

(Seff) of 200 cm/s is considered. Absorption coefficient at λ=550nm is considered as 104 cm-1. 

In the following figures 3.20, 3.21 and 3.22, the variation of open circuit voltage is observed 

for general, low and high levels of injection. 

3.6.1 Variation of Open circuit voltage with metal work functions 

for various doping concentrations (Nd) under all levels of injection 

of metal-n Si SB Solar Cell 

In the following figure 3.20, the variation of open circuit voltage is obtained as a function of 

metal work function for various doping concentrations under all levels of injection. 

 

Figure 3.20. Variation of Open circuit voltage with metal work functions for various doping 

concentrations for different metal-n Si SB Solar cells for all levels of injection 
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In this figure, Changing metals according to metal work function affect VOC. With increase of 

metal work function, VOC increases. The reason is that increase of metal work function means 

increase of barrier height. But the holes move from n-Si to metal and electrons move from 

metal to n-Si. Due to their direction of movement actually the barrier acts as sink for 

electrons and holes. As a result it has become easier for photo generated electrons and holes 

to accumulate at opposite sides and increase VOC. 

Open circuit voltage increases with the increase of doping. Due to increase of doping, 

depletion region width decreases. So the electric field increases in the depletion region. As a 

result, more photo generated holes cross from n –Si semiconductor to metal side. Also photo 

generated electrons cross from metal to n-Si semiconductor easily. Accumulation of electron 

and hole pairs increase and as a result VOC increases. 

3.6.2 Variation of Open circuit voltage with metal work functions 

for various doping concentrations (Nd) under low level of 

injection of metal-n Si SB Solar Cell 

In the following figure 3.21, the variation of open circuit voltage is obtained as a function of 

metal work function for various doping concentrations under low level of injection. 

Due to low level of injections the rate of photo generated excess electrons and holes are 

considered very much lower than doping concentration.  As a result of lower rate of 

generation of electron-hole pairs, VOC will certainly be of lower value compared to all level 

injection. But the value of VOC will increase with increasing doping concentration and 

increasing metal work function. As it has been previously explained in section 3.2.1 that 

increased doping makes higher electric field and accumulation of charge becomes much 

greater and so VOC increases. Increased metal work function means higher height of sink for 

electrons and holes and accumulation becomes greater and VOC increases. 
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Figure 3.21. Variation of Open circuit voltage with metal work functions for various doping 

concentrations for different metal-n Si SB Solar cells for low level of injections 

 

3.6.3 Variation of Open circuit voltage with metal work functions 

for various doping concentrations (Nd) under high level of 

injection of metal-n Si SB Solar Cell 

In the following figure 3.22, the variation of open circuit voltage is obtained as a function of 

metal work function for various doping concentrations under high level of injection. 
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Due to high level of injections the rate of photo generated excess electrons and holes are 

considered very much higher than doping concentration.  As a result of higher rate of 

generation of electron-hole pairs, VOC will certainly be of higher value compared to all level  

and low level injection. But the value of VOC will increase with increasing doping 

concentration and increasing metal work function. As it has been previously explained in 

section 3.2.1 that increased doping makes higher electric field and accumulation of charge 

becomes much greater and so VOC increases. Increased metal work function means higher 

height of sink for electrons and holes and accumulation becomes greater and VOC increases. 

 

 

Figure 3.22. Variation of Open circuit voltage with metal work functions for various doping 

concentrations for different metal-n Si SB Solar cells for high level of injections 
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3.7. Variation of Open circuit voltage with thickness of 

semiconductor for various doping concentrations (Nd) 

Here, Different Characteristic Plots have been obtained for various Doping concentrations 

(1015cm-3≤Nd≤1017cm-3) over a range of semiconductor thickness L. The photon flux is 

considered to be φ’=2x1017 cm-2s-1 for all the cases discussed here and surface recombination 

velocity (Seff) of 200 cm/s is considered. Absorption coefficient at λ=550nm is considered as 

104 cm-1. 

In the following figures 3.23, 3.24 and 3.25, the variation of open circuit voltage is observed 

for general, low and high levels of injection. 

 

3.7.1 Variation of Open circuit voltage with thickness of 

semiconductor for various doping concentrations (Nd) for all 

levels of injection 

The following figure 3.23 is obtained for Open circuit voltage under all levels of injection for 

various doping concentrations. 

 

Figure 3.23. Open circuit voltage as a function of Si semiconductor thickness for various 

doping concentrations under all levels of injection 
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In this case of all level of injection, thickness of the semiconductor layer does not cause any 

change in open circuit voltage.  The reason is that increase in length does not imply any 

significant change in photo generated electron hole pairs. Only the excess charge 

concentration in neutral end point depends exponentially on length but its contribution is 

negligible and as a result VOC does not vary with L. 

With the increase of doping, depletion region width decreases. Electric field becomes 

stronger as a result and amount of short circuit current increases. As a result according to 

equation (3.1), VOC increases. 

3.7.2 Variation of Open circuit voltage with thickness of 

semiconductor for various doping concentrations (Nd) for low 

level of injection  

The following figure 3.24 is obtained for Open circuit voltage by considering low level of 

injection for various doping concentrations.  

 

Figure 3.24. Open circuit voltage as a function of Si semiconductor thickness for various 

doping concentrations under low level of injection 
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In this case of low level of injection, presence of excess charge concentration in neutral end 

point is tractable with the mathematical equation for all level of injection. As a result like 

previous case of all level injection the contribution of excess carrier concentration is 

negligible because of exponential dependency on length and as a result there is no variation 

with L. 

The increase of doping concentration implies increase in VOC due to increase in electric field. 

VOC is lower than the case of all level of injection as excess charge carrier concentration is 

negligible compared with doping concentration and due to less amount of excess charge 

carrier VOC is lower. 

3.7.3 Variation of Open circuit voltage with thickness of 

semiconductor for various doping concentrations (Nd) for high 

level of injection 

The following figure 3.25 is obtained for Open circuit voltage by considering high level of 

injection for various doping concentrations.  

 

Figure 3.25. Open circuit voltage as a function of Si semiconductor thickness for various 

doping concentrations under high level of injection 
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In the case of high level of injection, slight increase of open circuit voltage VOC is visible 

with increase over length. In this case, excess charge carrier concentration is considered very 

much higher than doping concentration and as a result of exponential dependency on length 

L, slight increase in VOC is observable. 

The increase of doping concentration implies increase in VOC due to increase in electric field. 

VOC is higher than the case of all level and low level of injection as excess charge carrier 

concentration is much higher compared with doping concentration and due to huge amount of 

excess charge carrier VOC is higher than previous cases. 

3.8 Open circuit voltage as a function of Semiconductor layer 

thickness for various ranges of effective surface recombination 

velocity  

Here, Different Characteristic Plots have been obtained for various effective surface 

recombination velocities (Seff) over a range of semiconductor thickness L. The photon flux is 

considered to be φ’=2x1017 cm-2s-1 for all the cases discussed here and doping concentration 

(Nd) of 1014cm-3 is considered. Absorption coefficient at λ=550nm is considered as 104 cm-1. 

In the following figures 3.26, 3.27 and 3.28, the variation of open circuit voltage is observed 

for general, low and high levels of injection. 

3.8.1 Open circuit voltage as a function of Semiconductor layer 

thickness for various ranges of effective surface recombination 

velocity under all levels of injection 

The following figure 3.26 shows the variation of open circuit voltage as function of thickness 

under all levels of injection. 

In this case of all level of injection, thickness of the semiconductor layer does not cause any 

change in open circuit voltage.  The reason is that increase in length does not imply any 

significant change in photo generated electron hole pairs. Only the excess charge 

concentration in neutral end point depends exponentially on length but its contribution is 

negligible and as a result VOC does not vary with L. 

Increase in the value of effective surface recombination velocity means increase in 

recombination rates of electron-hole pairs. As a result, with increase of effective surface 

recombination velocity, amount of short circuit current decreases and as a result VOC 

decreases. 
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Figure 3.26. Variation of open circuit voltage as a function of semiconductor thickness for 

different values of effective surface recombination velocity under all levels of injection 

3.8.2 Open circuit voltage as a function of Semiconductor layer 

thickness for various ranges of effective surface recombination 

velocity under low level of injection 

The following figure 3.27 shows the variation of open circuit voltage under low level of 

injection for different values of effective surface recombination velocities. 
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Figure 3.27. Variation of open circuit voltage as a function of semiconductor thickness for 

different values of effective surface recombination velocity under low level of injection 

In this case of low level of injection, presence of excess charge concentration in neutral end 

point is tractable with the mathematical equation for all level of injection. As a result like 

previous case of all level injection the contribution of excess carrier concentration is 

negligible because of exponential dependency on length and as a result there is no variation 

with L. 

With increase of effective surface recombination velocity, amount of short circuit current 

decreases and as a result VOC decreases according to equation (3.1). 

3.8.3 Open circuit voltage as a function of Semiconductor layer 

thickness for various ranges of effective surface recombination 

velocity under high level of injection 

The following figure 3.28 shows the variation of open circuit voltage under high level of 

injection for different values of effective surface recombination velocities. 
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In this case of high level of injection, presence of excess charge concentration in neutral end 

point is tractable with the mathematical equation for all level and low level of injection. As a 

result like previous case of all level injection the contribution of excess carrier concentration 

is negligible because of exponential dependency on length and as a result there is slight 

variation with L. With increase of effective surface recombination velocity, amount of short 

circuit current decreases and as a result VOC decreases. 

 

Figure 3.28. Variation of open circuit voltage as a function of semiconductor thickness for 

different values of effective surface recombination velocity under high level of injection 

3.9 Comparison of Open circuit voltage as a function of doping 

concentrations for all, low and high level of injections for a metal- 

n Si SB Solar Cell 

The following figure 3.29 compares the variation of open circuit voltage for all, low and high 

level of injections. Cu is considered here as the metal and Si is considered as semiconductor. 
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Figure 3.29. Comparison of Open circuit voltage for different levels of injection as a function 

of doping concentrations for metal-n Si SB Solar Cell 

In this case, at initial doping concentration low level of injection is slightly lower than all 

level of injection, then the low and all level injection merges. High level of injection always 

indicates higher value than these two levels. The reason is that due to higher excess charge 

concentration than doping concentration at high level of injection, VOC is higher than other 

level of injection. 

On the other hand, increase of doping means decrease in depletion region and as a result 

increase in electric field means higher short circuit current which indicates higher rate of 

accumulation and as a result VOC increases with doping concentration. 
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The following figure 3.30 compares the variation of open circuit voltage for all, low and high 

level of injections. Cu is considered here as the metal and GaAs is considered as 

semiconductor. 

 

Figure 3.30. Comparison of Open circuit voltage for different levels of injection as a function 

of doping concentrations for metal-n GaAs SB Solar Cell 

In this case, at initial doping concentration all level of injection is slightly lower than low 

level of injection, then the low and all level injection merges. High level of injection always 

indicates higher value than these two levels. The reason is that due to higher excess charge 

concentration than doping concentration at high level of injection, VOC is higher than other 

level of injection. With increase of doping concentration, it has been observed from the figure 

that all level of injection comes closer to high level of injection for higher doping like 

1017cm-3. 

On the other hand, increase of doping means decrease in depletion region and as a result 

increase in electric field means higher short circuit current which indicates higher rate of 

accumulation and as a result VOC increases with doping concentration. 
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3.10 Conclusions 

In the previous chapter, Analytical Modeling of open circuit voltage of SB Solar Cell for all 

levels of injection has been performed. Mathematical Expression has been obtained for the 

special case of low and high level of injection. 

In this chapter, different characteristic plots have been obtained for open circuit voltage 

considering different levels of injection for various parameters. Doping concentration has 

been varied over a range and variation of open circuit voltage has been obtained by using 

both metal- n Si and metal- n GaAs SB Solar Cell. Open circuit voltage increases with 

increase of doping and in case of using GaAs, higher open circuit voltage has been obtained. 

Then metal work function has been varied and the comparisons of Open circuit voltage 

characteristic plots have been made for all, low and high levels of injection. Both metal- n Si 

and metal- n GaAs SB Solar Cell cases have been studied. Variation of open circuit voltage 

as function of effective surface recombination velocity and semiconductor thickness layer has 

been studied. The variation is not that much visible in these cases. Open circuit voltage is also 

studied as function of semiconductor thickness for various ranges of effective surface 

recombination velocity. Comparison of Open circuit voltage as function of doping 

concentrations for different levels of injection has been compared for metal- n Si and metal- n 

GaAs SB Solar Cell. 

There is no comparison made between our present work of special case of low and high level 

of injection and previous work on low and high level of injection. The main reason is that in 

the previous work only related data of metal and doping concentration is given but some of 

the important parameters values are not given. As a result due to lack of sufficient identical 

data set from previous work it is not possible to show characteristic comparison between past 

and present work. But the mathematical expressions of low and high level of injection of our 

work which has been obtained from the mathematical expression of all level of injection are 

identical with the previous work’s mathematical expression of low and high level of 

injection. 
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CHAPTER 4 

CONCLUSIONS 

4.1 Summary 

Open circuit Voltage and Short Circuit current density bear great importance in efficiency 

calculation of Solar Cell. In this work, Analytical model of Open Circuit Voltage (VOC) of SB 

Solar Cell has been derived for all levels of injection. Mathematical analysis has been carried 

out separately in depletion region and neutral region. The joint analysis ultimately helps to 

find out the mathematical expression of VOC under all levels of injection. Different 

integration techniques are collaborated in this case. In the analytic expression there are 

unknown excess charge minority carrier concentration terms in the boundary of depletion and 

neutral region. These unknown concentrations are evaluated by solving second order non-

linear differential equation. Proper boundary conditions are evaluated to determine unknown 

constants to fully determine analytic model of VOC under different levels of injection. For the 

special case of low level and high level of injection that general mathematical expression is 

modified accordingly making necessary assumptions. In the past, there has been no work on 

finding out analytical open circuit voltage model for SB Solar Cell under all levels of 

injection. There has been few works on considering low level and high level of injection. 

This current work is the first one for finding out mathematical expression of open circuit 

voltage under all levels of injection. As a result it has been possible to make analysis under 

intermediate level of injection. This is the most significant part of this work and it has carried 

out mathematical analysis of Open circuit voltage under low and high level of injection as 

special case of all level of injection. This work also helps to make comparison of previous 

works of low and high level injection with this one and tracking down the similar 

mathematical expressions of open circuit voltage helps to make judgment of the validity of 

this work with previous works of low and high level injection.  

Different characteristic plots of VOC have been obtained for different levels of injection. VOC 

is obtained as a function of metal work function, doping concentration, effective surface 

recombination velocity and thickness of the semiconductor layer. The variation of VOC is 

prominent in the case of variation of metal work function and doping concentration. Physical 

explanations are given briefly for different levels of injections in those cases. The effect of 

effective surface recombination velocity and thickness of semiconductor layers are not 

prominent in study of VOC characteristics and the reasons are also explained. The results are 

obtained by using all, low and high levels of injection. Si and GaAs are used as 

semiconductor layers. Some comparisons are made for VOC for the special case of low and 

high level of injection as function of metal work function. Small variation of VOC as function 

of Thickness of semiconductor layer is also compared. Although there are no works on all 

level injections of solar cell, some of the literatures attribute to low and high level of 

injection. Comparisons are made between previous variation of VOC and our present 

modeling of VOC for all level injection. 
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4.2 Future course of research work 

This work considers analysis of VOC along single dimension. This work can be extended for 

the multidimensional case. This work can be also extended to calculate the efficiency of SB 

Solar Cell for all levels of injection. In this case, Short circuit current density characteristics 

are required to be studied as functions of various parameters. Later on after successful 

calculation of fill factor, the efficiency can be plotted and measured for various ranges of 

values of parameters.  
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