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Abstract 

 

The experimental works have been done on the optical characterization of mono crystalline solar 

cell by Surface Photo Voltage (SPV) measurement for fabricated solar cell by observing 

minority carrier diffusion length (L) & life time (τ). The core objective of this research was to 

reduce the cost of solar cell and increase the efficiency by analysis the optical characterization. 

As the PV cell is one kind of photo diode so the surface photo voltage is very important part of 

characterization of cell fabrication. There is a direct relation between the minority carrier lifetime 

and solar cell efficiency. The method of SPV is a contactless system that helps to analysis the 

optical characterization of semiconductors. It measures the diffusion length of minority carriers 

in the region of essential light absorption inside solar cells and wafers. The minority carrier 

diffusion length, L is an important factor for cell efficiency and spectral response of the mono 

crystalline silicon solar cell. It is also necessary for evaluation of the p-type silicon wafer. In this 

experiment the surface photo voltage (SPV) of fabricated solar cells have been analyzed and 

observed minority carrier flow by Light Current Voltage (LIV) tester as it represented the quality 

of fabrication process and efficiency of the solar cell. A simple computer-controlled, normal 

incidence measurement system was designed for SPV measurements of minority carrier 

diffusion length and lifetime of Si-solar cell. Measurement system is based on a mini 

monochromator driven with a steeper motor to vary wavelengths in 400-1200 nm spectral range . 

Light induced surface photo voltage is measured as a function of the wavelength. SPV is 

measured using a Standard Research 510 lock in amplifier. A LabVIEW interface is used for 

system control and data acquisition. After calculating the experimental data obtained from mono 

crystalline silicon solar cells measurement, minority carrier diffusion length and life time were 

calculated and it was 92 µm and almost 3.135 µs respectively. By using solar simulator‘s (Sun 

Simulator K3000 LAB55) platform at 25
o
C efficiency was measured and it was 16.04%. 
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Chapter 1 

Introduction 

1.1. Background 

At present energy crisis is one of the major concern that the world‘s facing due to the limited 

natural resources that are used to power industrial society are diminishing as the demand rises. 

These natural resources are in limited supply. So every government‘s and concerned individuals 

are working to make the most efficient use of renewable resources a priority. In Southeast Asia 

shortage of power system is prevailing. There is always remaining a gap of 1000-1500MW 

between generated power and demanded power [1]. The main reason of energy crisis is caused 

by poor efficiency of power generating equipments and the lack of sufficient energy storage.  

 

Carbon based fuel creates most of its energy such as electricity through burning. This energy 

generation process leaves harmful impact for the earth. As early as the 16
th
 century, 

environmental impact of burning fossil fuels was considered. Burning of fossil fuel leads to 

accumulation of sulfur dioxide (SO2) and other harmful gases in the atmosphere. In addition, the 

burning process enhances the carbon dioxide (CO2) concentration in the atmosphere. Carbon 

dioxide is also known as green house gas. According to Canadian Energy Research Institute 

report, burning fossil fuel globally produce 6.3 billion metric tons of carbon dioxide per year( 

World Energy: The past and Possible Futures). Since, the Earth‘s atmosphere can only absorb 

half of this amount; the rest contributes to the global warming. It is estimated that one ton of 

Carbon dioxide contributes to 1.5x10
-12

 degrees of global temperature change (Science Daily, 

2011). 

 

In addition to the environmental effects of burning fossil fuel, we also face depletion of fossil 

fuels. Fossil fuel is non-renewable energy resource. The gap between the energy demand and its 

production from fossil fuels is widening. The most obvious consequence is the increase in fuel 

prices. Increasing fuel price leads to increase in the cost of living and daily expenses. 

 

Therefore, there is an urgent need to find an alternative energy resource to fulfill the global 

energy requirements. The alternate energy resource that meets the requirement of sustainable, 

cyclic, environmental friendly, carbon free, chemical free, clean and inexpensive is in the form 
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of a renewable energy resource.  The earth needs a safe and long lasting energy resource. Unless 

we give renewable energy a serious thought, the problem of energy crisis cannot be solved 

easily. Renewable energy sources like- solar, wind or combination of both can reduce our 

dependency on fossil fuels and also helps to reduce greenhouse gas emission. For Bangladesh, 

solar is the best renewable source as a coastal zone. Solar energy is the direct conversion of 

sunlight using PV panel. But unfortunately our country doesn‘t produce equipments for PV 

panels. We import PV cell mostly from European countries. But the efficiency of these is very 

poor. Although one of the most costly parts of solar installation covers the storage but if we 

focus on direct grid supply concept then the efficiency of the panel will put a huge cost efficient 

factor for the whole system. On the other hand, if we replace the existing PV panel with the 

efficient one then the life time of the system will be increased and the system will be more 

efficient than before.  

 

To increase the efficiency of solar cell, we need to analysis the fabrication and characterization 

process of PV cell.  The aim of this work is to analysis the optical characterization of mono 

crystalline solar cell by Surface Photo Voltage (SPV) measurement for fabricated solar cell by 

observing minority carrier diffusion length & life time and also Light-Current-Voltage (LIV) 

testing is done to evaluate the performance of the cell and mainly to calculate the efficiency of 

the solar cell. The main objective of this research is to reduce the cost of solar cell and increase 

the efficiency by analysis the optical characterization. 

 

1.2. Growth Rate Report of Renewable Energy in Global Aspects 

Renewable energy continued to grow in 2014 against the backdrop of increasing global energy 

consumption and a dramatic decline in oil prices during the second half of the year [2]. Global 

final energy consumption has increased by about 1.5% annually in recent years, driven primarily 

by rising demand in developing countries [3].  

 

Despite rising energy use, for the first time in four decades, global carbon emissions associated 

with energy consumption remained stable in 2014 while the global economy grew [4]. Whereas 

previous emissions decreases were associated with downturns in the global economy, the carbon 

stabilization in 2014 has been attributed to increased penetration of renewable energy and 
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improvements in energy efficiency [4]. Several countries—including China, Mexico, and the 

United States—as well as the European Union have announced climate change commitments that 

set the stage for future investment in renewable and energy efficiency [4].  

 

There is rising awareness worldwide that renewable energy and energy efficiency are critical not 

only for addressing climate change, but also for creating new economic opportunities, and for 

providing energy access to the billions of people still living without modern energy services. 

Renewable are vital elements of rural electrification programs in many countries, and dozens of 

international actors were involved in advancing energy access through renewable during 2014 

[5]. 

According to the data by 2013, renewable energy provided an estimated 19.1% of global final 

energy consumption. Of this total share, traditional biomass, used primarily for cooking and 

heating in remote and rural areas of developing countries, accounted for about 9%, and modern 

renewables increased their share slightly over 2012 to approximately 10.1% [5].  

Modern renewable energy is being used increasingly in four distinct markets: power generation, 

heating and cooling, transport, and rural/off-grid energy services. In 2013, hydropower 

accounted for an estimated 3.9% of final energy consumption; other renewable power sources 

comprised 1.3%; renewable heat energy accounted for approximately 4.1%; and transport 

biofuels provided about 0.8% [5]. 

 

Figure 1.1. Estimated Renewable Energy [5] 
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In 2014, renewable energy overall expanded significantly in terms of capacity installed and 

energy produced. Some technologies experienced more rapid growth in deployment in 2014 than 

they have averaged over the past five years [5]. The most rapid growth, and the largest increase 

in capacity, occurred in the power sector. 

 

Growth is also driven by the increasing cost-competiveness of renewable energy. Renewable 

energy costs continued to decline in 2014, and in many countries renewable are broadly 

competitive with conventional energy sources. In terms of cost and environmental performance, 

distributed renewable systems also are competitive with fossil fuels (especially diesel) for heat 

and electricity in islands and remote jurisdictions, and, in general, for providing access to 

modern energy services [5]. In remote and rural areas of developing countries—and increasingly 

deployed to power mini- and micro-grids—renewable are playing a large and growing role in 

providing essential and productive energy services, due largely to growing recognition of their 

cost-effectiveness. 

Figure 1.2.Growth rate of Renewable [5] 
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1.2.1. Present Scenario of Power Crisis in Bangladesh 

Bangladesh has been facing a severe power crisis in the recent years. Power generation in the 

country is almost entirely dependent on natural gas, which accounts for 81.4% of the electricity 

generation of the total installed capacity 12,071 MW. At the current rate of increase in 

consumption (10% annually), the national proven reserve of natural gas may not last more than 

15-20 years. Only limited amount of coal resource is available to generate electricity, although it 

has adverse environmental impact. On the other hand, the government of Bangladesh has 

declared that it aims to provide electricity for all by the year 2020, although at present there is a 

high unsatisfactory demand for energy, which is growing by more than 8% annually. The Rural 

Electrification Board (REB) in its master plan of 2000 noted that it had supplied electricity 

services to about 31% of the total rural population. It aims to reach 97 million rural populations 

by 2020, which is about 84% of the total rural population. In order to meet this target only fossil 

fuel based power plant would not be able to satisfy the demand. It needs to look for the 

alternative sources of energy for power generation.  

 

Renewable energy technologies would be one of the important emerging options. Bangladesh is 

situated between 20.30 and 26.38 degrees north latitude and 88.04 and 92.44 degrees east 

longitude, which is an ideal location for solar energy utilization. Daily solar radiation varies 

between 4 and 6.5 kWh/m
2
. Solar PV technology is an important emerging option for electricity 

generation. So, densely populated tropical country like Bangladesh could be electrified by PV 

grid system using the inexhaustible and pollution free solar energy without using any novel 

technologies. Compensation of electricity shortage and reduction CO2 emission would be done 

by introducing solar energy sources for electricity generation in mass scale [6]. 

 

Solar energy can be used to pull the country from the quagmire of energy crisis. This energy is 

available throughout the whole country and it does not demand strong industrial base to harness 

it. Altogether, solar energy has the promise and potential of solving Bangladesh‘s energy 

problem. 

 

Bangladesh has 15 MW solar energy capacities through rural households and 1.9 MW wind 

power in Kutubdia and Feni. Bangladesh has planned to produce 5% of total power generation 

by 2015 & 10% by 2020 from renewable energy sources like air, waste & solar energy [7].  
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Bangladesh is set to install 2,000 photovoltaic mini-grid power plants by 2014 in a bid to bring 

its off-grid areas under the power network. Many Infrastructure Development Companies have 

reportedly said they will provide loans for the project. As part of the new generation expansion 

initiative in line with growing demand, Government has plan to enhance national power 

generation capacity to be 16000 MW by 2015. Expected generation from renewable sources 

should be then at least 800 MW as envisioned in National Renewable Energy Policy. However, 

estimated output per unit of renewable energy based installed capacity is far less than 

conventional power plants. Therefore, in order to achieve a dependable generation of 800 MW, 

installed capacity of renewable energy based power should be at least 1000-1200 MW. 

Moreover, considering a proven resources as of date, solar power should dominate in the 

renewable energy development initiative [8]. 

 

As of 2010, solar photovoltaic generates electricity in more than 100 countries and, while yet 

comprising a tiny fraction of the 4.8 TW total global power-generating capacities from all 

sources, is the fastest growing power-generation technology in the world. Between 2004 and 

2009, grid-connected PV capacity increased at an annual average rate of 60 percent, to some 

21 GW. Off-grid PV accounts for an additional 3–4 GW [9].Bangladesh has 80 MW solar energy 

capacities through rural households and 1.9 MW wind power in Kutubdia and Feni. Bangladesh 

has planned to produce 5% of total power generation by 2015 & 10% by 2020 from renewable 

energy sources like air, waste & solar energy [10].  

 

Although Bangladesh boasts significant experience in installing solar home systems in remote 

and off-grid areas, the solar mini-grid project is the first of its kind here. As of May 2011, 

950,000 plus photovoltaic systems were installed in Bangladesh, supported by the government 

and financed by many Infrastructure Development Company, along with 30 NGOs and private 

sector partners[7]. As another new addition to the energy sector, the Bangladesh Government 

recently has taken up a pilot project to use solar energy for irrigation pumps. The Bangladesh‘s 

government has also lifted all sorts of tax and VAT on renewable energy equipment to encourage 

the use of sustainable renewable energy sources [7]. 
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1.3. History of Solar Photovoltaic System 

The first person to observe the Photovoltaic Effect, in 1839, was French physicist Edmond 

Becquerel. He observed that voltage of a ‗wet cell‘ battery increased when its silver plates were 

exposed to sunlight [11]. In 1861[8], Auguste Mouchet manufactured the first solar powered 

motor, which ran on steam. The first solar PV cells were made in the 1880's and had an 

efficiency of around 2% [11].  In 1877 two Cambridge scientists, W. G. Adams and R. E. Day 

discovered PV effects in a solid substance. 1883 Charles Edgar Fritts, a New York electrician, 

constructed a selenium solar cell that was in some respects similar to the silicon solar cells of 

today. Aubrey Eneas opened the first solar company in Boston, US, in 1900 and called it The 

Solar Motor Co. William J. Bailley invented a solar collector in 1908, which comprised of 

copper coils feeding an insulated box. This is very similar to the ones used today. A process used 

to make very pure crystalline silicon, known as the Czochralski meter, was developed in the 

early 1950's. In 1954, Bell Telephone Laboratories invented a 4% efficient photovoltaic solar 

panel, later improving it to 11% efficient. A small US satellite was powered by a cell producing 

less than one watt in 1958[11]. In 1962Bell Telephone Laboratories launches the first 

telecommunications satellite, the Telstar (initial power 14 watts). [11]In 1970, Elliot Burman 

developed solar cells which were significantly less costly, reducing the price from $100 to $20 

per watt, and then in 1973/4 the oil embargo allowed the solar industry to grow, with the US 

Department of Energy funding the Federal Photovoltaic Utilization Program, allowing for the 

testing and installation of over 3000 PV systems. In 1976 David Carlson and Christopher 

Wronski, RCA Laboratories, fabricate first amorphous silicon photovoltaic cells. In 1994 The 

National Renewable Energy Laboratory develops a solar cell—made from gallium indium 

phosphide and gallium arsenide—that becomes the first one to exceed 30% conversion efficiency 

[12]. 

 

Approximately 1.2 billion homes were using Solar Geysers by the 1990's; it was becoming more 

and more popular. In 2005, thin film solar modules were invented by Professor Vivian Alberts of 

South Africa [11]. 
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1.4. Principle of Operation of Solar Energy 

A solar cell is an electronic device which directly converts sunlight into electricity. Light shining 

on the solar cell produces both a current and a voltage to generate electric power. This process 

requires firstly, a material in which the absorption of light raises an electron to a higher energy 

state, and secondly, the movement of this higher energy electron from the solar cell into an 

external circuit. The electron then dissipates its energy in the external circuit and returns to the 

solar cell. A variety of materials and processes can potentially satisfy the requirements for 

photovoltaic energy conversion, but in practice nearly all photovoltaic energy conversion uses 

semiconductor materials in the form of a p-n junction. 

 

 

 

 

 

 

 

 

 

 

Figure 1.3.Cross section of a solar cell [14] 

Solar cell converts photons in Solar rays to direct-current (DC) and voltage. The associated 

technology is called Solar Photovoltaic (SPV). A typical silicon PV cell is a thin wafer consisting 

of a very thin layer of phosphorous-doped (N-type) silicon on top of a thicker layer of boron-

doped (P-type) silicon. An electrical field is created near the top surface of the cell where these 

two materials are in contact (the P-N junction). 

 

When the sunlight hits the semiconductor surface, an electron springs up and is attracted towards 

the N-type semiconductor material. This will cause more negatives in the n-type and more  
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positives in the P-type semiconductors, generating a higher flow of electricity. This is known as 

Photovoltaic effect. Figure 1.4 below shows the working mechanism of a silicon solar cell. 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.4. Silicon Solar Cell and its working mechanism [15] 

 

The basic steps in the operation of a solar cell are: 

 the generation of light-generated carriers 

 the collection of the light-generated carries to generate a current 

 the generation of a large voltage across the solar cell 

 the dissipation of power in the load and in parasitic resistances 

 

1.4.1. Light Generated Current in a Solar Cell 

The generation of current in a solar cell, known as the "light-generated current" involves two key 

processes. The first process is the absorption of incident photons to create electron-hole pairs. 

Electron-hole pairs will be generated in the solar cell provided that the incident photon has 

energy greater than that of the band gap. However, electrons (in the p-type material), and holes 

(in the n-type material) are meta-stable and will only exist, on average, for a length of time equal 

to the minority carrier lifetime before they recombine. If the carrier recombines, then the light-

generated electron-hole pair is lost and no current or power can be generated. A second process, 
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the collection of these carriers by the p-n junction, prevents this recombination by using a p-n 

junction to spatially separate the electron and the hole. The carriers are separated by the action of 

the electric field existing at the p-n junction. If the light-generated minority carrier reaches the P-

n junction, it is swept across the junction by the electric field at the junction, where it is now a 

majority carrier. If the emitter and base of the solar cell are connected together the light-

generated carriers flow through the external circuit. 

 

1.4.2. Carrier Collection Probability of a Solar Cell 

 

The collection probability describes the probability that a light generated carrier absorbed in a 

certain region of the device will be collected by the p-n junction and therefore contribute to the 

light-generated current, but probability depends on the distance that a light-generated carrier 

must travel compared to the diffusion length. Collection probability also depends on the surface 

properties of the device. The collection probability of carriers generated in the depletion region is 

unity as the electron-hole pair is quickly swept apart by the electric field and are collected. Away 

from the junction, the collection probability drops. If the carrier is generated more than a 

diffusion length away from the junction, then the collection probability of this carrier is quite 

low. Similarly, if the carrier is generated closer to a region such as a surface with higher 

recombination than the junction, then the carrier will recombine. 

 

1.4.3. Quantum Efficiency of a Solar Cell 

The quantum efficiency is the ratio of the number of carriers collected by the solar cell to the 

number of photons of a given energy incident on the solar cell. The quantum efficiency may be 

given either as a function of wavelength or as energy. If all photons of a certain wavelength are 

absorbed and the resulting minority carriers are collected, then the quantum efficiency at that 

particular wavelength is unity. The quantum efficiency for photons with energy below the band 

gap is zero. A quantum efficiency curve for an ideal solar cell is shown below. 
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Figure 1.5. The quantum efficiency of silicon [15] 

 

1.5. Advantages and Limitations of Solar Energy 

Renewable energy sources in general, and Solar Energy source in particular, has the potential to 

provide energy services with zero or almost zero emission. The solar energy is abundant and no 

other source in renewable energy is like solar energy. Every technology has its own advantages 

and disadvantages. As the solar insolation and atmospheric conditions vary significantly from 

place to place, efficiency of solar energy also differs accordingly. 

 

Advantages 

 It is an abundant Renewable Energy technology.  

 The technology led to development of stable solar cells with efficiency 25%. 

 Two types of crystalline silicon are used in the industry. They are Monocrystalline 

Silicon. 

 This technology is Omni present and it can be captured for conversion on a daily basis. 

 It is a Non-polluting technology, which means that it does not release green house gases 

 It is a Noiseless technology as there are no moving parts involved in energy generation 

 This technology requires Low-maintenance because of lack of moving parts 

 It can be installed on modular basis and expanded over a period of time 
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 Most viable alternative for providing electricity in remote rural areas as it can be installed 

where the energy demand is high and can be expanded on modular basis. 

 

Limitations 

 As the technology is in an evolving stage, the efficiency levels of conversion from light 

to electricity is in the range of 10 to 17%, depending on the technology used. 

 The initial investment cost of this technology is high. At present the technology is 

basically surviving because of subsidy schemes available by the government. 

 As the efficiency levels are low, the space required is relatively high. For instance, with 

the existing levels of technologies, the land required for putting up a 1 MW solar PV 

power plant is between 6 to 9 acres. However, research is going on to increase the 

efficiency levels of the cell. 

 Solar energy is heavily dependent on atmospheric conditions. 

 

1.6. Generation of Solar Photovoltaic Technologies 

Solar cell technologies differ from one another based firstly on the material used to make the 

solar cell and secondly based on the processing technology used to fabricate the solar cells. The 

material used to make the solar cell determines the basic properties of the solar cell, including 

the typical range of efficiencies. 

 

1.6.1. Crystalline Technology 

Crystalline Silicon (c-Si) was chosen as the first choice for solar cells, since this material formed 

the foundation for all advances in semiconductor. 

Two types of crystalline silicon are used in the industry. They are 

• Monocrystalline Silicon 

• Multicrystalline Silicon 

 

1.6.1.1.  Monocrystalline Silicon 

Mono-Crystalline Silicon cells are produced by growing high purity, single crystal Si rods and 

slicing them into thin wafers. Single crystal wafer cells are expensive. They are cut from 
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cylindrical ingots and do not completely cover a square solar module. This results in substantial 

waste of refined silicon. The efficiency of mono-crystalline silicon cells generally remains 

between 17-18% because of the purity level. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6. Mono crystalline silicon solar cell 

 

1.6.1.2. Benefits of Monocrystalline Solar Cell 

Monocrystalline Solar cells are the oldest solar cell. There are many advantages of 

monocrystalline silicon solar cell compare to other cells. 

i. Longevity 

Monocrystalline solar cells are first generation solar technology and have been around a long 

time, providing evidence of their durability and longevity. This type of solar cell can last a long 

time, there will come a time when the lower efficiency makes it economically desirable to 

replace the panels especially as the efficiency of newer panels continues to increase. 

 

ii. Efficiency 

As already mentioned, PV panels made from monocrystalline solar cells are able to convert the 

highest amount of solar energy into electricity of any type of flat solar panel. Consequently, if 

your goal is to produce the most electricity from a specific area (e.g., on a roof) this type of panel 

should certainly be considered. 
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Consequently, Monocrystalline panels are a great choice for urban settings or where space is 

limited. As a developer of PV rooftop installations in Germany, buying or leasing roof space is a 

significant cost of the whole project and so you want to be able to produce as much electricity 

you can from this valuable resource. 

 

iii. Lower Installation Costs 

The cost of solar panels is typically around 60% of the cost of a fully installed solar power 

system, with installation being a significant cost component.  

 

iv. Other Environmental Concerns 

Some thin film solar products uses cadmium telluride (CdTe) . Cadmium is a heavy metal that 

accumulates in plant and animal tissues. Cadmium is a 'probable carcinogen' in humans and 

animals. While cadmium telluride doesn't pose a threat while the panel is in service, disposal of 

this toxic waste when the product reaches the end of its life comes an at large cost and suitable 

facility which is why firms like First Solar offer their own "end of life" recycling program to take 

care of disposing this material. Monocrsytalline solar panels are not hazardous to the 

environment. 

 

v. Greater Heat Resistance 

Like other types of solar cell, monocrystalline solar cells suffer a reduction in output once the 

temperature from the sunlight reaches around fifty degrees Celsius/a hundred and fifteen degrees 

Fahrenheit.  Reductions of between twelve and fifteen percent can be expected.  This loss of 

efficiency is lower than the polycrystalline cells. 

 

There are so many advantages of Monocrystalline silicon solar cell. For that reason I choose 

Monocrystalline Silicon for my thesis. 

 

 

1.6.1.3. Limitations of Monocrystalline Solar Cell 

The initial investment cost of this technology is high and the efficiency is still very poor. 

 

 

http://solar-facts-and-advice.com/cadmium-telluride.html
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1.6.2. Thin-film Technologies 

The manufacturing process of thin-film modules is quite different from that of the c-Si ones. 

Instead of making separate wafers, the semiconductor materials used in thin-film photovoltaics 

are deposited in gaseous form onto glass or metal substrates. The whole module is made in one 

time: To the glass super strate first a transparent conductor and long metal bars that connect the 

adjacent cells are attached. Subsequently the different semiconductor layers are deposited in 

gaseous form, and finally the bottom conductor is attached. The straightforward manufacturing 

process makes thin-film module especially suitable for mass production, which naturally brings 

their costs down [16]. 

 

As the layer of the photovoltaic material is very thin in thin-film modules less photons are 

absorbed, and part of the light passes right through. This results in smaller efficiency as 

compared to c-Si modules, but also opens up new opportunities. First of all, the semi-transparent 

photovoltaic material can be deposited on glass to make windows that also produce electricity. 

 

Secondly, thin-film materials can be used to produce highly efficient multiple junction solar 

cells, where two or more junctions with different band gaps are stacked on top of each other. The 

multijunction solar cells are constructed so that the uppermost layer exploits the shortest 

wavelengths (highest-energy photons) and the lowermost exploits the longest wavelengths. This 

is done by choosing semiconductor materials with higher band gaps to the uppermost layer, and 

materials with lower band gaps into the subsequent layers in descending order [16]. 

 

Most of the thin-film modules are currently made of amorphous silicon (a-Si), but also different 

compounds are used: Gallium Arsenide (GaAs), Cadmium Telluride (CdTe) and Copper Inidium 

Diselenide (CIS). Amorphous silicon, that is silicon with very little order in the atomic 

arrangement, has the advantage of the good availability of silicon. It is also very suitable for 

production of multijunction modules. However, the problem with a-Si modules is that their 

performance degrades significantly during the first months of operation: commercial modules 

have stabilized efficiencies of only 5-8%, though in laboratories stabilized efficiency of 13% 

have been reached. The advantage of GaAs and CdTe is their close-to optimal band gaps, 1.43 

eV for GaAs and 1.44 eV for CdTe, resulting in relatively high efficiency. But these materials 
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are not trouble-free either: gallium is a rarer element than silicon, which lifts its costs, and 

cadmium in turn is highly toxic, which causes safety problems in both manufacturing and usage 

of CdTe modules. The highest efficiencies so far among single-junction thin-films at both 

laboratories and industrial scale have been reached with CIS cells and modules [10]. 

Furthermore, the homogenous and opaque appearance of CIS modules renders them especially 

suitable for building integration of PV modules, which offers new opportunities for 

popularization of photovoltaics [17] [16]. 

 

The multijunction technology is also promising, and very high efficiencies have been reached 

with it. With multijunction GaAs-GaInP (Gallium Inidium Phosphorus) solar cells, 29.5% 

efficiency have been reached and these cells are used in space applications and for concentrator 

PV. For multijunction a-Si, the theoretical upper limit for the efficiency is 42% and for modules 

in laboratories stabilized efficiencies of 11% have been reached [16]. 

 

1.7. objectives of this Thesis 

The main objective of this research is to reduce the cost of solar cell and increase the efficiency 

by analysis the optical characterization. As the PV cell is one kind of photo diode so the surface 

photo voltage is very important part of characterization of cell fabrication. There is a direct 

relation between the minority carrier lifetime and solar cell efficiency. The SPV method is a 

well-established contactless technique for the characterization of semiconductors, namely for 

measurement of diffusion length of minority carriers in the region of essential light absorption 

inside solar cells and wafers. The aim of this work is to analysis the optical characterization of 

mono crystalline solar cell by Surface Photo Voltage (SPV) measurement for fabricated solar 

cell by observing minority carrier diffusion length & life time and also sun simulator testing is 

done to evaluate the performance of the cell and mainly to calculate the efficiency of the solar 

cell. 

 

1.8. Organization of this Thesis 

In Chapter 2: Basic Semiconductor Properties and Physics: This chapter discuss about the basic 

semiconductor properties and its application in solar cell.  Also, all the properties and parameters 

of solar cell are briefly discussed. 
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In Chapter 3: Monocrystalline Solar Cell Fabrication: In this Chapter standard fabrication 

process of    monocrystalline silicon solar cell has been discussed in details and explains how p-n 

junction is formed from p-type wafer. Also explain the requirements of preparing solar cell that 

can produce more electricity.             

 

In Chapter 4: Monocrystalline Solar Cell Characterization: All the techniques of optical 

characterization of monocrystalline solar cell is described in details. How this characterization 

helps to analysis the cell performance hence helps to increase the quality of a solar cell has been 

described in this chapter. 

 

In Chapter 5: Result and Analysis: Optical Characterization has been analyzed for sampled 

solar cell. Also all the experimental criteria are explained in this chapter. A simple computer-

controlled, normal incidence measurement system was designed for SPV measurements of 

minority carrier diffusion length and lifetime of Si-solar cell. Measurement system is based on a 

mini monochromator driven with a steeper motor to vary wavelengths in 400-1200 nm spectral 

range and solar simulator‘s (Sun Simulator K3000 LAB55) have been used for analysis 

efficiency, fill factor ,parasitic resistance and other important parameters.  

 

In Chapter 6: Conclusion, discuss about the result and limitation and future scope. 
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Chapter 2 

Silicon material for photovoltaic 

 

2.1. Introduction 

Silicon is a semiconductor material which is the second most abundant element (Clarke number 

~26%) on Earth and exists mainly in the oxidized silicate (SiO2) form. Si sources are neither 

localized in very specific regions nor are they noble. However, crystalline silicons (c-Si) and 

amorphous (a-Si) silicons remain the most fundamental, purely inorganic materials used for 

microelectronics, optoelectronics, photonics and solar cells. 

silicon is a group IV element in the periodic table of elements (see figure 2.1). This means that it 

has four electrons in its outermost shell, i.e., it has four valence electrons, which determines its 

electrical properties. Another common semiconductor is germanium that is also a group IV 

element. Compounds of elements for instance from groups III and V (gallium and arsenic), II 

and VI (cadmium and tellurium) and even I, III and VI (copper, indium and selenide) are also 

used to produce semiconductors [1].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. The periodic table of the element. [2] 
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Semiconductors, and elements used as compounds to produce semiconductors, are highlighted 

with green in figure 2.1[2]. 

 

In pure silicon crystal, the four valence electrons of a silicon atom are tied with strong covalent 

bonds to four adjacent silicon atoms. Therefore at zero temperature silicon is a perfect insulator 

there are no free electrons to carry currents as there are in metals, but all the electrons are tied to 

their nuclei. As the temperature increases, some electrons gain enough energy to escape from the 

potential field of their nuclei and thus the conductivity of silicon increases. 

 

According to quantum mechanics, electrons in atoms have well-defined possible, discrete energy 

levels. As several atoms are brought into contact these levels spread out into so called bands. 

Depending on the distance of the atoms and the bonds between them, there might be bands of 

forbidden energy called band gaps between the atoms, or the bands may overlap, forming a 

continuum of allowed energy states in the material. The characteristics of insulators, conductors 

and semiconductors depend on their band structure. [3] 

 

The bands of interest are the valence band, that is the highest completely filled band, and the 

conduction band. In the valence band all the energy states are occupied and hence its electrons 

are immobile, whereas in the conduction band there are plenty of unoccupied states for electrons 

to move in response to an applied electric field. To get to the conduction band, however, an 

electron has to jump over a gap – the forbidden band between the valence and conduction bands. 

Hence the conductivity properties of a material are dependent on the size of this gap, called the 

band gap energy. In conductors the valence and conduction bands overlap; thus there is lots of 

mobile electrons to carry a current already at lower temperatures. In insulators, the band gap 

energy at room temperature can be 5 eV or more, and in semiconductors it is around 1 eV (at 

room temperature). For instance silicon has band gap energy of 1.12 eV. 

 

In semiconductors not only the electrons in the conduction band can move and carry currents, but 

also the vacancies they leave to the valence band, called holes. When an electron is excited to the 

conduction band, a vacant energy state, a hole, is generated to the valence band. Another electron 

can move into this hole, and further a third electron may move to the vacant state of the previous 
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electron and so on. This apparent motion of holes in the valence band contributes to the current 

like the motion of electrons in the conduction band. When an electric field is applied, the holes in 

the valence band move to opposite direction with respect to the electrons in the conduction band, 

although the moving charge carriers are actually electrons in both bands. This feature, observed 

in pure semiconductors, is known as intrinsic conductivity [1], [3]. 

 

Then it must be considered how an electron can obtain the required energy to jump to the 

conduction band. Thermally is obviously one way, but in photovoltaic the energy is received 

from the photons of solar radiation. To excite an electron for instance in a silicon crystal, a 

photon with energy of 1.12 eV is required. The energy of a photon is related to its frequency with 

the following expression [1]. 

 

 …….………………………………………………………………………….(2.1)  

 

Where, h is the Planck‘s constant (6.626 · 10−34 Js), ν is the photon‘s frequency (Hz), λ is its 

wavelength (m) and c is the speed of light (2.998 · 108 m/s). The speed of light is related to the 

frequency and wavelength with the expression c = νλ. [1] Using equation (2.1) it can be 

calculated that in silicon photons with wavelengths shorter than 1.11 µm are able to excite an 

electron to the conduction band. Photons with wavelengths longer than 1.11 µm cannot do this, 

but their energy is wasted as heat. On the other hand, as only the exact amount of 1.12 eV is 

utilized by the excited electron, photons with wavelengths shorter than the limit have excess 

energy that also heats the cell. This means that in the case of silicon 20.2% of the sun‘s energy is 

wasted due to photons with too long, and 30.2% due to photons with too short wavelengths, 

giving a theoretical upper limit of 49.6% for the efficiency of a single junction silicon solar cell 

(from figure 2.2). In real silicon solar cells, however, the highest efficiencies that have been 

obtained in laboratories are in the order of 25%. The remaining 20% is lost due to various 

reasons, such as [1]: 

 some of the photons are reflected from the surface of the cell and some pass right through 

the cell 

 part of the generated electron-hole pairs are recombined before they contribute to the 

current  

 the cell has some internal resistance. 
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Figure 2.2.The solar spectrum at AM1.5.  [1]  

 

In figure 2.2,dark area Indicated are the portion of the sun‘s energy that can be exploited by a 

silicon solar cell and the sparse stripes portions of energy wasted for photons with excess energy 

and for photons with shortage of energy [1]. 

 

It is the size of the band gap of the material used that determines the theoretical upper limit for 

the efficiency of a solar cell. With lower band gap energy, there are more photons with the 

ability to excite electrons to the conduction band, resulting in a higher current; on the other hand, 

there are also more photons with excess energy that is wasted as heat. With higher band gap 

energy in turn, less electrons are excited, but the electrons have more energy and there are also 

less photons with excess energy to be dissipated. Thus, a smaller band gap yields more current 

and less voltage, and a higher band gap gives the opposite. The optimum band gap, that results in 

the highest possible power and efficiency, is estimated to be between 1.2 eV and 1.8 eV [1] – the 

band gap of silicon is thus slightly too small. 
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The Silicon properties are given below in table 2.1[4]. 

 

Table2.1.    Properties of a Silicon Material 

Property Value 

Atomic Density 5 x 10
22

 cm
-3

 

5 x 10
28

 m
-3

 

Atomic Weight 28.09 

Density (ρ) 2.328 g cm
-3

 

2328 kg m
-3

 

Energy Band gap (EG) 1.1242 eV 

Intrinsic Carrier Concentration (ni) at 300K 1 x 10
10

 cm
-3

 

1 x 10
16

 m
-3

 

Intrinsic Carrier Concentration (ni) at 25°C 8.6 x 10
9
 cm

-3
 

8.6 x 10
15

 m
-3

 

Lattice Constant 0.543095 nm 

Melting Point 1415 °C 

Thermal Conductivity 1.5 Wcm
-1

K
-1

 

150 Wm
-1

K
-1

 

Thermal Expansion Coefficient 2.6 x 10
-6

 K
-1

 

Effective Density of States in the Conduction Band (NC) 3 x 10
19

 cm
-3

 

3 x 10
25

 m
-3

 

Effective Density of States in the Conduction Band (NV) 1 x 10
19

 cm
-3

 

1 x 10
25

 m
-3

 

Relative Permittivity (εr) 11.7 

Electron Affinity 4.05 eV 

Electron Diffusion Coefficient (De) kT/q µe 

Hole Diffusion Coefficient (Dh) kT/q µh 
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2.2. Doping 

Semiconductors are very sensitive to impurities. This property can be exploited in changing their 

conductivity in a more favorable direction by adding suitable impurities, which is called doping. 

Semiconductors can be doped so that there is excess or shortage of electrons, to make n- or p-

type semiconductors, respectively. When p- and n-type material is brought into contact, a p-n 

junction is formed.  

 

Electrical conduction in intrinsic semiconductors is quite poor at room temperature. 

Semiconductors are doped to improve their conductivity and to get the required ingredients for 

the p-n junction:  

 

 p--type semiconductors 

 n-type semiconductors 

 

 

2.2.1. P-type Semiconductor 

To produce p-type semiconductor, group III elements are introduced to the semiconductor. 

Silicon is typically doped with boron, with approximate concentrations of one boron atom per 

ten million silicon atoms. Again, each boron atom substitutes a silicon atom in the silicon crystal, 

and is surrounded by four silicon atoms. Boron has three valence electrons that are all bound to 

the adjacent silicon atoms, but now an extra hole, a vacant energy state, is left next to the boron 

atom. This hole is easily filled by electrons from nearby atoms, and can therefore be thought as a 

mobile positive charge. As the hole is filled, the boron atom having a +5e charge in its nucleus is 

surrounded with all together six electrons – thus a fixed ion with net charge of −e is formed. As 

boron atoms accept electrons, they are called acceptors. A semiconductor doped with an acceptor 

is called p-type semiconductor because of its free positive charge carriers [1], [3]. 

 

 It is important to remember that despite their names, p- and n-type semiconductors are 

electrically neutral. The names merely refer to the type of majority charge carriers in these 

materials – electrons in n-type and holes in p-type semiconductors. 
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2.2.2. N-type Semiconductor 

 N-type silicon is produced by introducing a small portion of some group V element, typically 

phosphorus, into the silicon crystal. Typically a ratio of approximately one phosphorus atom per 

1000 silicon atoms is used – already this is sufficient to change the conductivity properties of 

silicon significantly. A phosphorus atom takes place of a silicon atom in the crystal lattice, and 

out of the five valence electrons of phosphorus, four are tied with covalent bonds to the adjacent 

silicon atoms. The fifth electron, however, is very loosely bound, and requires very little energy 

to be excited to the conduction band; at room temperature the fifth electron is most probably 

found in the conduction band. What the fifth electron then leaves behind is a +15e phosphorus 

nucleus surrounded by 14 electrons, i.e., an ion with a net charge of +e. This ion is fixed in the 

crystal lattice – hence there is a fixed net positive charge and a free electron towards each ion. As 

group V elements donate electrons, they are called donors. This type of semiconductor is called 

an n-type semiconductor because of the mobile negative charge carriers [1], [3]. 

 

Figure 2.3.Three basic bond pictures of a semiconductor. (a) Intrinsic Si with no impurity.  

(b) n-type Si with donor (phosphorus). (c) p-type Si with acceptor (boron). 

 

2.3. Orientation of Monocrystalline Silicon 

In single crystalline silicon material the crystal orientation is defined by Miller indices. A 

particular crystal plane is noted using parenthesis such as (100). Silicon has a cubic symmetrical 
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cubic structure and so (100), (010) etc are equivalent planes and collectively referred to using 

braces {100}. Similarly, the crystal directions are defined using square brackets, e.g. [100] and 

referred collectively using triangular brackets, <100>. 

 

In solar cells the preferred orientation is <100> as this can be easily textured to produce 

pyramids that reduce the surface reflectivity. However, some crystal growth processes such as 

dendritic web <111> produce material with other orientations. 

To denote the crystal directions, single crystal wafers often have flats to denote the orientation of 

the wafer and the doping. The most common standard is the SEMI standard: 

If the minor flat is 180° from the major flat the wafer is n-type <100> 

If the minor flat is 90° to the left or right the wafer is p-type <100>. 

If the minor flat is 45° up on the left or right the wafer is n-type <111> 

If there are no minor flats the wafer is p-type <111> 

 

Figure 2.4. Crystal orientation of monocrystalline silicon [4] 

 

2.4. P-N Junction for diode and solar cell 

P-n junction diodes form the basis not only of solar cells, but of many other electronic devices 

such as LEDs, lasers, photodiodes and bipolar junction transistors (BJTs). A p-n junction 

aggregates the recombination, generation, diffusion and drift effects. 

 

http://www.pveducation.org/pvcdrom/pn-junction/doping
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P-n junctions are formed by joining n-type and p-type semiconductor materials, as shown below. 

Since the n-type region has a high electron concentration and the p-type a high hole 

concentration, electrons diffuse from the n-type side to the p-type side. Similarly, holes flow by 

diffusion from the p-type side to the n-type side. If the electrons and holes were not charged, this 

diffusion process would continue until the concentration of electrons and holes on the two sides 

were the same, as happens if two gases come into contact with each other. However, in a p-n 

junction, when the electrons and holes move to the other side of the junction, they leave behind 

exposed charges on doping atom sites, which are fixed in the crystal lattice and are unable to 

move. On the n-type side, positive ion cores are exposed. On the p-type side, negative ion cores 

are exposed. An electric field  forms between the positive ion cores in the n-type material and 

negative ion cores in the p-type material. This region is called the "depletion region" since the 

electric field quickly sweeps free carriers out, hence the region is depleted of free carriers. A 

built in potential Vbi due to  is formed at the junction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5.Charge carrier distribution at p-n junction and currents through the junction [5] 

 

The diode equation gives an expression for the current through a diode as a function of voltage. 

The Ideal Diode Law, expressed as:  

 [11] 
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Where, I =the net current flowing through the diode 

I0 = dark saturation current 

v=applied voltage across the terminals of the diode 

q= absolute value of electron charge 

k = Boltzmann's constant 

T = absolute temperature (K) 

The "dark saturation current" (I0) is an extremely important parameter which differentiates one 

diode from another. I0 is a measure of the recombination in a device. A diode with a larger 

recombination will have a larger I0.  

 

For actual diodes, the expression becomes:  

      [6] 

Where, 

n = Ideality factor, a number between 1-2 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. I-V Characteristics curve of an ideal p-n junction diode [7] 

 

The collection of light-generated carriers does not by itself give rise to power generation. In 

order to generate power, a voltage must be generated as well as a current. Voltage is generated in 

a solar cell by a process known as the photovoltaic effect. The collection of light-generated 
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carriers by the p-n junction causes a movement of electrons to the n-type side and holes to the p-

type side of the junction.  

 

Under short circuit conditions, there is no buildup of charge, as the carriers exit the device as 

light-generated current. However, if the light-generated carriers are prevented from leaving the 

solar cell, then the collection of light-generated carriers causes an increase in the number of 

electrons on the n-type side of the p-n junction and a similar increase in holes in the p-type 

material. This separation of charge creates an electric field at the junction which is in opposition 

to that already existing at the junction, thereby reducing the net electric field. Since the electric 

field represents a barrier to the flow of the forward bias diffusion current, the reduction of the 

electric field increases the diffusion current. A new equilibrium is reached in which a voltage 

exists across the p-n junction. The current from the solar cell is the difference between load 

current and the forward bias current.  

 

Under open circuit conditions, the forward bias of the junction increases to a point where the 

light-generated current is exactly balanced by the forward bias diffusion current, and the net 

current is zero. The voltage required to cause these two currents to balance is called the open-

circuit voltage. 

 

2.5. Parameters for Efficiency Test 

2.5.1. I-V Curve 

The I-V curve of a solar cell is the superposition of the I-V curve of the solar cell diode in the 

dark with the light-generated current.  The light has the effect of shifting the I-V curve down into 

the fourth quadrant where power can be extracted from the diode. Illuminating a cell adds to the 

normal dark currents in the diode so that the diode law becomes:  

   [9] 

Where IL = light generated current.  
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Figure 2.6.The effect of light on the current-voltage Characteristics of a p-n junction [9] 

Note:  Since the cell is generating power the convention is to invert the current axis 

 

 

2.5.2. Short-Circuit Current 

The short-circuit current is the current through the solar cell when the voltage across the solar 

cell is zero (i.e., when the solar cell is short circuited). Usually written as ISC, the short-circuit 

current is shown on the I-V curve in the figure – 2.7. The short-circuit current is due to the 

generation and collection of light-generated carriers. For an ideal solar cell at most moderate 

resistive loss mechanisms, the short-circuit current and the light-generated current are identical. 

Therefore, the short-circuit current is the largest current which may be drawn from the solar cell. 

 

The short-circuit current depends on a number of factors which are described below: 

 the area of the solar cell - To remove the dependence of the solar cell area, it is more 

common to list the short-circuit current density (Jsc in mA/cm
2
) rather than the short-

circuit current [10] 

 the number of photons - Isc from a solar cell is directly dependant on the light intensity as 

discussed in Effect of Light Intensity [10] 

 the spectrum of the incident light - For most solar cell measurement, the spectrum is 

standardized to the AM1.5 spectrum [10] 

 the optical properties of the solar cell [10] 
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 the collection probability - the collection probability of the solar cell which depends 

chiefly on the surface passivation and the minority carrier lifetime in the base [10] 

 

2.5.3. Open-Circuit Voltage 

The open-circuit voltage, VOC is the maximum voltage available from a solar cell, and this occurs 

at zero current. The open-circuit voltage corresponds to the amount of forward bias on the solar 

cell due to the bias of the solar cell junction with the light-generated current. The open-circuit 

voltage is shown on the I-V curve in the figure – 2.7. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. I - V curve of a solar cell  showing the short-circuit current, open-circuit Voltage, fill 

factor ‗FF‘, maximum power point ( ) [11 ] 

 

2.5.4. Fill Factor 

The short-circuit current and the open-circuit voltage are the maximum current and voltage 

respectively from a solar cell. However, at both of these operating points, the power from the 

solar cell is zero. The "fill factor" more commonly known by its abbreviation "FF" is a parameter 

which, in conjunction with Voc and Isc determines the maximum power from a solar cell. The FF 

is defined as the ratio of the maximum power from the solar cell to the product of Voc and Isc. 
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Graphically, the FF is a measure of the "squareness" of the solar cell and is also the area of the 

largest rectangle which will fit in the I-V curve. The FF is illustrated in the figure-2.10. The FF is 

most commonly determined from measurement of the IV curve and is defined as the maximum 

power divided by the product of Isc*Voc [11]. 

 

 

 

2.5.5. Efficiency 

The efficiency is the most commonly used parameter to compare the performance of one solar 

cell to another. Efficiency is defined as the ratio of energy output from the solar cell to input 

energy from the sun. In addition to reflecting the performance of the solar cell itself, the 

efficiency depends on the spectrum and intensity of the incident sunlight and the temperature of 

the solar cell. Therefore, conditions under which efficiency is measured must be carefully 

controlled in order to compare the performance of one device to another. Terrestrial solar cells 

are measured under AM1.5 [18] conditions and at a temperature of 25°C [18]. Solar cells 

intended for space use are measured under AM0 [18] conditions.  

 

The efficiency of a solar cell is determined as the fraction of incident power which is converted 

to electricity and is defined as: 

[12] 

Where,    [12] 

 

2.6. Effect of few parameters 

2.6.1. Characteristic Resistance 

The characteristic resistance of a solar cell is the output resistance of the solar cell at its 

maximum power point. If the resistance of the load is equal to the characteristic resistance of the 

solar cell, then the maximum power is transferred to the load and the solar cell operates at its 
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maximum power point. It is a useful parameter in solar cell analysis, particularly when 

examining the impact of parasitic loss mechanisms. The characteristic resistance is shown in the 

figure 2.8.                       

 
 

Figure  2.8. The characteristic resistance of a solar cell [13] 

 

The characteristic resistance of a solar cell is the inverse of the slope of the line, shown in the 

figure above, can be given as: 

[13] 

The equation for the characteristic resistance is:  

                            [19] 

Substituting the point Isc and Voc in the equations gives:  

              [13] 

 

2.6.2. Effect of Parasitic Resistances 

Resistive effects in solar cells reduce the efficiency of the solar cell by dissipating power in the 

resistances. The most common parasitic resistances are series resistance and shunt resistance. 

The inclusion of the series and shunt resistance on the solar cell model is shown in the figure 2.9. 
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Figure 2.9. Parasitic resistances in a solar cell circuit 

 

In most cases and for typical values of shunt and series resistance, the key impact of parasitic 

resistance is to reduce the fill factor. Both the magnitude and impact of series and shunt 

resistance depend on the geometry of the solar cell, at the operating point of the solar cell. Since 

the value of resistance will depend on the area of the solar cell, when comparing the series 

resistance of solar cells which may have different areas, a common unit for resistance is in Ωcm
2
 

[20]. This area-normalized resistance results from replacing current with current density in 

Ohm's law as shown below: 

 

           [14] 

 
 
2.6.2.1. Series Resistance 

Series resistance in a solar cell is due to three causes. Firstly, the movement of the current 

through the emitter and base of the solar cell. Secondly, the contact resistance between the metal 

contact and the silicon. Finally, the resistance of the top and rear metal contacts. The main 

impact of series resistance is to reduce the fill factor, although excessively high values may also 

 

Shunt  

resistance 

Series resistance 
 

current 

voltage 
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reduce the short-circuit current. The effect of the series resistance on the IV curve is shown in 

figure – 2.13. Series resistance does not affect the solar cell at open-circuit voltage since the 

overall current flow through the solar cell, and therefore through the series resistance is zero.  

 

However, near the open-circuit voltage, the I-V curve is strongly affected by the series 

resistance. A straight-forward method of estimating the series resistance from a solar cell is to 

find the slope of the I-V curve at the open-circuit voltage point. 

 

 

 

 

 

 

 

 

 

Figure 2.10. I-V curve for different  series resistances [14] 

 

2.6.2.2. Shunt Resistance 

Significant power losses caused by the presence of a shunt resistance are typically due to 

manufacturing defects, rather than poor solar cell design. Low shunt resistance causes power 

losses in solar cells by providing an alternate current path for the light-generated current. Such a 

diversion reduces the amount of current flowing through the solar cell junction and reduces the 

voltage from the solar cell. The effect of a shunt resistance is particularly severe at low light 

levels, since there will be less light-generated current. The loss of this current to the shunt 
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therefore has a larger impact. In addition, at lower voltages where the effective resistance of the 

solar cell is high, the impact of a resistance in parallel is large. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 

Figure 2.11. I-V curve for different parallel resistances [14] 

 

2.7. Effect of Temperature 

Like all other semiconductor devices, solar cells are sensitive to temperature. Increases in 

temperature reduce the band gap of a semiconductor, thereby effecting most of the 

semiconductor material parameters. The decrease in the band gap of a semiconductor with 

increasing temperature can be viewed as increasing the energy of the electrons in the material. 

Lower energy is therefore needed to break the bond. In the bond model of a semiconductor band 

gap, reduction in the bond energy also reduces the band gap. Therefore increasing the 

temperature reduces the band gap.  

 

In a solar cell, the parameter most affected by an increase in temperature is the open-circuit 

voltage. The impact of increasing temperature is shown in the figure – 2.12. 
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Figure  2.12. Effect of temperature on the IV characteristics of a solar cell [15] 

 

2.8. Effect of Light Intensity 

Changing the light intensity incident on a solar cell changes all solar cell parameters, including 

the short-circuit current, the open-circuit voltage, the FF, the efficiency and the impact of series 

and shunt resistances. The light intensity on a solar cell is called the number of suns, where 1 sun 

corresponds to standard illumination at AM1.5, or 1 kW/m
2
 [16]. For example a system with 10 

kW/m
2
[16] incident on the solar cell would be operating at 10 suns, or at 10X [16]. A PV module 

designed to operate under 1 sun conditions is called a "flat plate" module while those using 

concentrated sunlight are called concentrators. 
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Chapter 3 

Monocrystalline Solar Cell Fabrication 

 

3.1. Introduction 

The fabrication of our silicon solar cell starts with a 200μm thick, (100) oriented Czochralski Si 

(or Cz-Si) wafer. The majority of silicon solar cell production is currently based upon a very 

standardized process that is intended to make a p‐n‐electrical junction on the entire front surface 

of the wafer and a full‐area aluminum‐based metallization on the back [1]. The wafers generally 

have micrometer sized surface damages that need to be removed. After the damage removal, the 

wafer surface shows high optical reflectivity, for which an anti-reflection coating (ARC) is 

necessary. Furthermore, the top surface was textured by chemical etching before an ARC was 

deposited. 

 

For a p-type crystalline silicon (c-Si) substrate, an n-type top layer while for an n-type c-Si 

substrate a p-type top layer acts as emitter. A thermal diffusion is commonly used for emitter 

diffusion [2]. After the emitter diffusion, the edge isolation was carried out, as otherwise the top 

and the bottom surfaces of the wafers remain electrically shorted. A suitable thin dielectric 

coating at the front and back of the wafers were given to passivate surface defects. As the wafer 

becomes covered with a dielectric layer, an electrical connection to the cell becomes necessary. 

Ag and Al metal electrodes were formed by using screen printing of Al pastes and co-firing at a 

suitable temperature. 
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Figure 3.1. Steps of solar cell fabrication process [3] 

 

3.2. Fabrication Steps 

3.2.1. Test Incoming Wafer 

Wafers are typically received from multiple supply sources, and because they can be damaged 

during sawing and shipping, all incoming wafers should be tested to ensure that they would 

provide a foundation for acceptable cell efficiencies [4].  

 

3.2.2. Saw Damage Removal 

In a solar cell, contribution from both the surface and volume of the wafer are needed. Therefore, 

cleaning of Si wafers is essential in order to remove the organic and inorganic contaminants from 

the c-Si wafer surfaces. 

Wet-chemical treatments are an important step in the silicon solar cells fabrication. Process 

carried out in wet-chemical bench is called Etching. We have used some standard process called 

Radio Corporation America (RCA) cleaning.  
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Process 1 

The surface damages to the wafers were removed by using RCA cleaning process consists of two 

steps normally referred to as standard cleaning 1 (SC1) and standard cleaning 2 (SC2). 

The SC1 step consisting of a NH4OH/H2O2/H2O mixture, aims at organic particle removal.  

For SC2 step, HCl/H2O2/H2O mixture is used to remove metal or inorganic contaminants. 

Figure 1 show the DI water rinsing as first step in cleaning process. Figure 2 show the wafers dip 

into the nitric acid solution and start the RCA clean process. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.RCA cleaning process: DI water dip(left),cleaning process: Nitric Acid 

solution(Right)  

Process 2 

 

The surface damages to the wafers were removed through isotropic etching with a concentrated 

solution of NaOH in de-ionized water (DI-W). DI-W helps the NaOH to break in Na+ and OH
-
 

ions in the solution. A 10% NaOH solution, at 70°C temperature for about 10 minutes of etching 

removes the organic contaminants. 

 

3.2.3. Hydrophobic Process 

Saw damage removal step etches out about 5 micro meter Si from wafer surface. After that the 

wafers were rinsed in DI-W for 1 min, HF (2%) for 1 min, DI-W for 1 min.After that the wafers 

are dried using compressed air or nitrogen blow so that they are prepared for the next step. 
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Figure 3.3 shows the Scanning Electron Microscopic (SEM) images of raw wafer and saw 

damage removed wafer [5] 

 

(a). Raw wafer                                                                           (b). Saw damage removed surface 

 

Figure 3.3.  Comparison of SEM image of the (a) raw wafer  and (b) saw damage removed wafer  

[ 5] 

 

3.2.4. Surface Texturing Process 

Surface texturing is used to enhance the amount of light absorbed into devices by reducing 

reflection losses. In addition, surface texturing scatters light inside the semiconductor in order to 

trap it inside the wafer, and therefore increases the short circuit as well as the efficiency of the 

solar cells. KOH/IPA texturing process is used to create random pyramid features on wafer 

surface to reduce reflection and enhance light absorption.  

 

For this process, a wet bench chemical treatment was utilized to etch away between 5 and 15μm 

of silicon wafer from the top surface. The characteristics of the etching depend upon, time of 

etching, etching rate, temperature, components of the solution and its concentration. IPA 

enhances surface diffusion, so a rapid etching can take place in presence of IPA in the solution 

[18]. With the alkali metal only being a spectator ion, the etching reaction proceeds as follows 

[19]: 
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The potassium silicate (K2SiO3) is soluble in water and thus silicon surface remains devoid of 

any deposition. For texturing process, we prepared a solution using the ratio of, KOH: IPA: H2O 

= 1 gram: 5 ml: 125 ml.  

 

Initially DI water was transferred to a clean beaker and then KOH pellet was added to the beaker. 

The solution was then heated and when it reached at 70°C temperature, we dipped the silicon 

wafer and added IPA into that solution. After 10 minutes the wafers ware removed from the 

beaker and rinsed with DI‐water then the hydrophobic process was repeated and finally the 

wafers ware dried using the compressed air.  

 

 

 

 

 

 

 

 

 

Figure 3.4.  After Clean Wafers in Texturing process [6] 

 

 

 

 

 

 

 

 

 

 

Figure 3.5.  Compress air gun for wafer drying [6]  
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3.2.4.1. Result 

SEM image/ structural characterization of textured sample: 

 

 

 

 

 

 

 

 

 

Figure 3.6.  SEM of the p-type textured silicon wafer [3] 

 

In this anisotropic texturing process both faces of the wafer covers by micrometer sized four 

sided pyramids. Pyramids are of [111] planes. That means [111] planes formed on [100] oriented 

surface.  

 

3.2.5. Phosphorus Diffusion Process 

For boron doped p‐type silicon substrate, an n‐type top layer acts as emitter. A thermal diffusion 

is commonly used for emitter diffusion [7] [8]. Phosphorus (P) diffusion is currently the primary 

method for emitter fabrication in silicon (Si) solar cell processing [9] [10]. Along with nitrogen 

(N2) and oxygen (O2) gases, phosphorus oxy‐chloride (POCl3), a liquid source of phosphorus, is 

also widely used in the standard diffusion process of solar cells [11], [12].The diffusion depends 

on various factors, of which temperature and gaseous environment is most important [13]. In 

oxygen environment and at high temperature, phosphorus diffusion leads to formation of n+ type 

emitter at the top surface of the wafer.  
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The diffusion was carried out in two stages, pre‐deposition and drive‐in [14], [15]. The formation 

of phosphorous‐rich oxide films, phosphor silicate glass (PSG), on the silicon substrate carry out 

at pre‐deposition stage and in drive‐in stage, the phosphorous‐rich oxide film acts as an infinite 

source for phosphorous diffusion into the Si substrate. The phosphorus atoms formed at the 

PSG‐Si interface penetrate through the silicon wafer [10] and can besimplified with the 

following reaction equations: 

 

pre-deposition: 

 

POCl3 (liquid) + N2 (bubble) → POCl3 (vapor)  

POCl3 + 3O2 →2 P2O5 + 6Cl2 

 

drive-in:  

2 P2O5 + 5Si →4P + SiO2  

P + 3Si → n-type doped Si 

 

Diffusion steps 

i. At first the wafers are put inside the diffusion chamber with an initial temperature is 

600°C. 

ii. Then turn ON N2 gas and wait for 10 minutes. 

iii. Then increase the temperature to 875°C keeping N2gas turn ON. 

iv. When temperature reaches at 875°C turn OFF N2 gas, turn ON 02gas and POC13 

simultaneously. 

v. This process continues for 10 minutes. 

vi. Then turn OFF 02 gas and POC13 simultaneously and turn ON N2. 

vii. After that wait for 10 minutes. 

viii. Then turn OFF N2 and turn ON 02 and wait for 10 minutes. 

ix. Again turn OFF 02 and Turn ON N2gas and wait for 10 minutes. 

x. Then reduce the temperature to 600°c keeping N2 turn ON. 

xi. At 600°c, turn OFF N2 gas. 
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Figure 3.7. The phosphorus doped silicon wafer [3] 

 

In presence of oxygen, phosphor silicate glass (PSG) is formed at the 850°C temperature. 

Phosphor silicate glass or PSG is phosphorus doped silicon dioxide, a hard material layer formed 

at the top surface of Si wafer in the pre‐deposition stage of diffusion process [16]. In the drive‐in 

stage, a deeper junction was formed as phosphorus atoms from the PSG layer diffuse deeper, 

thus thicker emitter and a lower surface concentration of dopant was achieved. But a thin PSG 

layer was still present on top of the wafer after drive‐in stage of diffusion. Due to this thin 

phosphor silicate glass (PSG) layer the top wafer surface becomes glassy and degrade blue 

response of solar cells. To remove the PSG layer we prepared a 10% hydrofluoric acid (HF) 

solution and then dipped the silicon wafer for one minute after that the wafer were rinsed with 

DI‐water. 

 

3.2.6 Edge Isolation 

 

A critical step in solar cell fabrication is electrical isolation of n and p type regions. Edge 

isolation is done to separate front side and back side. By using an acid barrier paste with the help 

of screen printing to isolate the edge. After the screen printing is done the wafers are dried for 10 

minutes in a preheated oven at 200 °C.  
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Figure 3.8(a) shows a screen printer used and (b) screen printing dice  

 

 

 

 

 
 

 

 

 

Figure 3.8. (a) Screen printer (b) screen printing frame [20] 

 

3.2.7 Back and front contact /surface metallization 

 

Screen printing process is most commonly used to form metal contacts on back and front 

surfaces of solar cells. It is cost effective, robust, simple, inexpensive, and fast method of 

metallization of the solar cells [17][18]. The screen printing of Ag and Al pastes for the 

formation of the front and rear electrical contacts has been in use by the silicon industrial 

community since the 1970s [19]. At the front surface the metallization creates electrical 

connection to thin n+ layer whereas at the back surface it provides an electrical connection and at 

the same time it creates a p+ layer. Chemicals are Ferro FX53‐038, aluminum type for rear 

surface and Ferro CN33‐462, silver type for front surface. The screen is made up of an 

interwoven mesh kept at a high tension, with an organic emulsion layer defining the printing 

pattern. Figure 3.10 shows a microscopic image of the screen and the screen mask. An H‐pattern 

screen that was mounted in an aluminum frame was then overlain on the front side of the cell and 

the metallization paste was squeegeed over the wafer surface with a screen printer. 
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Figure 3.10.  a) Microscopic image of the screen b) Image of front side printing mask [3] 

 

After every steps of screen printing, the silicon wafers are required to go through drying at 

relatively low temperature for certain period in a preheated oven at 120°C for 10 minutes so that 

the paste gets attached well to the wafer surface. 

3.2.8 Co-firing by Rapid Thermal Annealing 

 

In order to establish an ohmic contact (low resistive contacts), contact firing is recommended in 

silicon solar cell processing. In this case, a belt conveyer system integrated RTA processing unit 

is used for a continuous processing of contact firing. A convey or belt furnace capable of 

reaching 1000 °C temperature. RTA of screen printed cells is done at a temperature of 500, 600 

and 800 °C respectively. The wafers are passed through a moving belt which goes inside the 

RTA machine. Figure 3.11 shows the contact firing process of screen printed Si solar cell.  

 

 

 

 

 
 

 
 
 

 

Figure 3.11.  Contact firing at RTC furnace [3] 
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Chapter 4 

Monocrystalline Solar Cell Characterization 

 

4.1. Characterization processes 

During cell fabrication process there are two processes of characterization of textured surface of 

Si wafer. One is surface reflection and response (SRR) and another is scanning electron 

microscope (SEM). Other characterization tests are carried out, after completing the fabrication 

of a solar cell. These tests show the efficiency of solar cell. The major characterization 

equipment are LIV tester with which it was possible to evaluate the performance of the cell and 

mainly to calculate the efficiency of the solar cell, SPV method which relies on analyzing 

illumination induced changes in the surface voltage and four point probe for measuring sheet and 

bulk resistance of the cell. 

 

4.2. Surface Reflection and Response (SRR) Method 

Surface spectral reflection is determined by measuring the light reflected from the surface of a Si 

wafer or solar cell as a function of wavelength. Spectral response is determined by measuring the 

photo-generated I-V response of the solar cell as a function of wavelength. By a careful 

correlation of spectral reflection, and spectral response, solar cell internal quantum efficiency can 

be determined.  

 

 A simple, computer-controlled, normal incidence measurement system was designed for SRR 

measurements of Si wafers and solar cells. Measurement system is based on a mini 

monochromator driven with a stepper motor to vary wavelengths in ~ 500-1200-nm spectral 

range. Incident light is obliquely incident on the surface of device under test. The resulting signal 

is connected to a Stanford Research 510 lock-in amplifier. This system can be modified to 

measure spectral response as a function of wavelength as well as a function of flux density at 

fixed wavelength. A LabVIEW interface is used for system control and data acquisition.  
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Figure 4.1.  Schematic diagram of the surface reflection and measurement system [1] 

 

During normal operation, light from the exit slit of the monochromator is guided to the wafer at 

near normal incidence. Stepper motor is used to vary monochromator output wavelength. A light 

chopper is placed at the exit slit of the monochromator to provide reference signal to the lock-in 

to ensure all the stray light is rejected by the system and enhance system sensitivity from nano-

volt to mV range. Surface reflection as a function of wavelength is determined by measuring 

photo detector response through lock-in amplifier. In order to determine spectral response, 

completed solar cell with top and bottom contacts is placed on vacuum chuck. Vacuum pump is 

turned on to ensure low resistivity contact between wafer backside and the vacuum chuck. 

Current-voltage probes make contact with the front surface (Fig. 4.2) and the back contact is 

through the Au-coated wafer vacuum chuck. The lock-in output and stepper motor are controlled 

by a PC using a LabVIEW interface. The system wavelength range is from ~ 500-1000-nm. All 

data is written to a file in text form for subsequent plotting and processing. 
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Figure 4.2.Picture of surface reflection 

 

4.3. Scanning Electron Microscope Analysis 

The use of the texturization processes to enhance the solar cell efficiency, increasing the light 

absorption and therefore the short circuit current of the solar cell, must be controlled due to the 

introduction of new problems in the metallic contact emplacement, poor quality contacts and hot 

spots. SEM is an interesting tool to control the pyramids size and the formation mechanism 

involved in the texturization processes. As it has been mentioned in this work, there is a 

correlation between the pyramids size and the macroscopic parameters as the short-current 

intensity. The scanning electron microscope (SEM) is a microscope that uses electrons instead of 

photons to form an image. This microscope, basically, consists of an electron gun and a set of 

electromagnetic fields to guide the electron beam toward the sample surface. Then, the beam 

scans the sample thanks to scanning coils. Finally, backscattered and secondary electrons 

received from the surface are collected by detectors and converted in a signal to produce the final 

image. Nowadays, the surface morphology of a solid sample can be studied by the SEM, because 

it has much higher resolution and has a large depth in field than a traditional microscope. On the 

other hand, in addition to the backscattered and secondary electrons from the sample surface, 

there are others types or signals produced during this process (Auger electrons, X-ray 
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fluorescence photons and others photons with various energies) that could be used in chemical 

analysis. 

 

 

(a)                                                                                                 (b) 

Figure 4.3.(a)Scanning electron microscope (b), SEM image of randomly textured [3] 

 

4.4. Light-Current-Voltage (LIV) Tester 

LIV (Light-Current-Voltage) testing is done to evaluate the performance of the cell and mainly 

to calculate the efficiency of the solar cell. Initially the wafer is kept on the gold plated tray and 

then the bus bar of the cell is aligned with the pogo pins. Then the vacuum is turned on. Then the 

power supply and the control box are connected to the Laptop. LIV measurements using 

inexpensive, flash, xenon light source for illumination. LIV data acquisition is based on a 

custom-designed electronic interface integrated with high resolution, programmable voltage 

supply. Voltage across the solar cell is applied to measure the light generated photo-current. A 

user-friendly LabVIEW interface capable of writing data in ASCII format forms the basis of data 

acquisition. Spectral distribution of xenon high intensity plasma discharge lamp is light is closest 

to the solar spectra, and is industry standard. The flash LIV system is capable of measuring small 

(~ 10 cm
2
) and large (up to ~15x15 cm

2
) solar cells. The intensity variation is controllable in ~ 

10 mW/ cm2 to 100 mW/ cm2 through simple absorptive metallic filters. 
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Figure 4.4. LIV measurement System [2] 

 

Solar cells are characterized by their ability to convert sunlight into electricity. The light 

intensity (L)-current (I)-voltage (V) test is a series of measurements performed on complete solar 

cells to measure their operating characteristics. The LIV test identifies characteristics such as 

short circuit current (Isc), open circuit voltage (Voc), fill factor (FF) and maximum power (Pmax). 

These results can be used to determine the efficiency of solar cell. Solar cells are tested under 

one-sun conditions using Xenon arc lamps; a xenon spectrum is closest to sunlight. Data 

acquisition based on programmable current-voltage source power supplies capable of handling 

current up to ~ 8 A is used in conjunction with a proprietary data acquisition system [2]. 

Calibration of this LIV measurements system is based on independently measured c-Si solar 

cells at Sandia National Laboratories.  

 

4.5. Surface Photovoltage (SPV) Method 

The surface photovoltage (SPV) method is a well-established contactless technique for 

semiconductor characterization that relies on analyzing illumination-induced changes in the 

surface voltage. Electrical properties of a free semiconductor surface are mainly determined by 

surface-localized electronic states within the semiconductor band gap or double layer of a 

charge, known as a surface dipole. The charge transfer between bulk and surface induced by the 
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appearance of surface-localized electronic states results in a non-neutral region named surface 

space charge region. If light falls on the pn-junction, the photons create electron-hole pairs 

separated by the space charge. Thus, in p-type silicon the majority carriers are holes, the charge 

in the depletion region is negative, and the electric field in the depletion region forces electrons 

to the surface, creating a surface photovoltage. Photons are absorbed not only in the pn-junction 

but also in the p-type area. The electrons produced are minority carriers in those areas and their 

concentration is greatly reduced by recombination.  

 

The n-layer must therefore be sufficiently thin for the electrons of diffusion length L to pass 

through the n-layer. i.e, L >> t, 

Where t = thickness of n-layer.         [4] 

 

When a typical 300μm thick silicon wafer is illuminated by strong sunlight of irradiance 1000 

mW/cm
2
, electrons and holes are generated at a rate of 9×10

18
 cm

-3
s

-1
[5] . The electric potential 

and the charge distribution are related to each other through the Poisson equation and the 

experimental value of the photo voltage coincides with the change of the surface potential. 

Minority carriers that drift around in the bulk either eventually recombine with majority carriers, 

or they reach the surface, where they produce a surface photovoltage. The shorter the diffusion 

length, the less likely minority carriers will make it to the surface to cause surface photo voltage. 

Longer wavelength light penetrates deeper into silicon than short wavelength light. Therefore, 

the longer wavelength will penetrate more deeply into the silicon, the minority carriers created 

will be more likely to recombine before they reach the surface and the longer wavelength light 

will produce a smaller SPV signal than the short wavelength light [7] . 

 

 

 

 

 

 

 

 

 

Figure 4.5. SPV Signal Changes with Penetration of incident light and wavelength 
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One can determine the diffusion length by comparing these two SPV signal produce by the two 

different wavelengths. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.6.  SPV Measurement System. 

 

 

4.6. Four Point Probe 

A four point probe is a simple apparatus for measuring the resistivity of semiconductor samples. 

By passing a current through two outer probes and measuring the voltage through the inner 

probes allows the measurement of the substrate resistivity. The doping concentration can be 

calculated from the resistivity using formulas. 

 

The sheet resistivity of the top emitter layer is very easy to measure experimentally using a "four 

point probe". A current is passed through the outer probes and induces a voltage in the inner 

voltage probes. The junction between the n and p -type materials behaves as an insulating layer 

and the cell must be kept in the dark. 
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Figure 4.7. Resistance measurement by Four Point Probe 

 

Using the voltage and current readings from the probe: 

                                                      

 

Where: 

                       

The typical emitter sheet resistivity of silicon solar cells lies in the range 30-100 Ω/□ . 

In typical usage the current is set to 4.53 mA so that the resistivity is simply the voltage reading 

in mV. 

 

 

 

 

 

 

 

 

Figure 4.8. Four Point Probe 
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4.6.1. The Measurement of Bulk Resistivity 

The measurement of bulk resistivity is similar to that of sheet resistivity except that a resistivity 

in cm
-3

 is reported using the wafer thickness, t: 

 

                                                  [9] 

 

 

Where, t is the layer/wafer thickness in cm. 

 

The simple formula above works for when the wafer thickness less than half the probe spacing 

(t < s/2). For thicker samples the formula becomes: 

 

 

 

 

4.6.2. Measuring Shunt Resistance (RSH) and Series Resistance (RS) from I_V 

Characteristics Curve 

During operation, the efficiency of solar cells is reduced by the dissipation of power across 

internal resistances.  These parasitic resistances can be modeled as a parallel shunt resistance 

(RSH) and series resistance (RS). 

 

For an ideal cell, RSH would be infinite and would not provide an alternate path for current to 

flow, while RS would be zero, resulting in no further voltage drop before the load. 

Decreasing RSH and increasing Rs will decrease the fill factor (FF) and PMAX as shown in Figure 

4.9.  If RSH is decreased too much, VOC will drop, while increasing RS excessively can cause 

ISC to drop instead. 
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Figure 4.9. Effect of Diverging Rs & RSH from Ideality [9] 

 

It is possible to approximate the series and shunt resistances, RS and RSH, from the slopes of the 

I-V curve at VOC and ISC, respectively.  The resistance at Voc, however, is at best proportional to 

the series resistance but it is larger than the series resistance. RSH is represented by the slope at 

ISC. Typically, the resistances at ISC and at VOC will be measured and noted, as shown in Figure 

4.10. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10.  Obtaining Resistances from the I-V Curve [9] 
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Chapter 5 

Result and Analysis 

 

Part A 

5.1. Solar Photovoltage (SPV) Measurement 

Solar cells are characterized by their ability to convert sunlight into electricity. For high 

efficiency solar cells, adequate surface passivation and high minority carrier lifetime are 

required. For p-type doped Si wafers, a simple method based on surface photovoltage (SPV) has 

been developed. This SPV minority carrier lifetime measurement system has been designed to 

characterize up to 6-inch diameter Si wafers. A computer-controlled monochromator illuminates 

the wafer under test over a broad (500-1000 nm) spectral range. Surface photovoltage generated 

by incident light is measured through a lock-in amplifier to provide detection capability over 

extremely large (μV to V) scale. A LabVIEW-based computer interface is used to acquire SPV 

as a function of wavelength. A linear regression analysis of the plotted data provides the wafer 

minority carrier lifetime. For short wavelength ranges, method also provides qualitative 

information on surface passivation. 

 

5.2. SPV Method Description 

The surface photovoltage (SPV) technique utilizes the change of the electrochemical potential in 

the space-charge region of a semiconductor during excess carrier generation due to illumination 

of the sample with light of suitable wavelength and intensity [1]. The SPV method is a well-

established contactless technique for the non-destructive characterizations of semiconductors 

bulk materials, multi-layers, nanostructures, and actual devices [2]. In 1961, Goodman showed 

that, under certain assumption, by making measurements of SPV as a function of wavelength, the 

minority carrier diffusion length can be determined. Therefore, the primary of the SPV technique 

is the determination of the diffusion length of minority carriers in the region of essential light 

absorption inside solar cells and wafers under dc conditions [3]. 
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Figure 5.1.  Change in surface potential without (a) and with light illumination (b) 

 

5.3. Minority Carrier Diffusion Length & Lifetime 

The minority carrier diffusion length, L is essential for evaluation of the quality and transport 

properties of the material. In the base region, the diffusion length is a critical factor impacting the 

conversion efficiency and spectral response of the cell. The SPV is generated when some of the 

minority carriers that drift around in the bulk reach the surface. The statistical distance that 

carriers travel in the bulk before they recombine is the diffusion length. Since, some of the 

minority carriers recombine before they reach the surface, therefore, the shorter the diffusion 

length, the smaller the SPV signal due to the high recombination losses. 

 

SPV measurements require measurement of the potential of a semiconductor surface subjected to 

light incidence. The surfaces of semiconductors are often depletion (or space charge) regions 

where the built-in electric field due to defects or junction formation has transported all free 

charge carriers. A reduced carrier density means that the electronic energy band of the majority 

carriers is bent away from the Fermi level (Fig. 4.1). This band-bending is responsible for the 

surface potential. Photo-generated electron-hole pairs, generated within the semiconductor, 

diffuse through the bulk of the sample before reaching the surface depletion region. The photo-
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generated minority carriers have a shorter diffusion length than the much more numerous 

majority carriers, with which they can combine radiativley. Therefore, the change in surface 

potential on exposure to light is an indicator of the ability of minority carriers to reach the 

surface, i.e., the minority carrier diffusion length.  

 

The diffusion length, L, is approximately related to the minority carrier lifetime τbulkby  

 

 

 

Where D is the diffusion coefficient. Note that the diffusion length, L, is independent of any 

built-in fields in contrast to the drift behavior of the electron-hole pairs. Another important factor 

to note is that while the photo-generated majority carriers also diffuse towards the surface, 

however, their number, as a fraction of the thermally generated majority carrier density in a 

moderately doped semiconductor, is far too small to create any significant, measurable 

photovoltage. Both types of photo-generated carriers also diffuse towards the rear surface where 

their collection can introduce errors in data interpretation particularly when the diffusion lengths 

are larger than the wafer thickness.  

 

In real semiconductors, the measured diffusion length, 

 

, 

 

 includes the effect of surface recombination, which is best understood through its effect on 

carrier lifetime: 

 

 

 

Where is the effective minority carrier lifetime, is the bulk minority carrier lifetime, s 

is the surface recombination velocity, and d is the wafer thickness. Even for well characterized 

materials, uncertainty regarding the actual value of the surface recombination velocity reduces 

the accuracy with which the diffusion length can be determined. 

Anis-pc
Typewritten text
Dhaka University Institutional Repository



 

66 
 

 

5.4. Experimental SPV Setup 

A simple, computer-controlled, normal incidence measurement system was designed for SPV 

measurements of minority carrier lifetime of Si and other semiconductor wafers. Measurement 

system is based on a mini monochromator driven with a stepper motor to vary wavelengths in ~ 

500-1200-nm spectral range. Light-induced surface photovoltage (SPV) is measured as a 

function of the wavelength. SPV is measured using a Stanford Research 510 lock-in amplifier. 

This system can be modified to measure SPV as a function of wavelength as well as a function of 

flux density at fixed wavelength. A LabVIEW interface is used for system control and data 

acquisition. 

 

The figure below describes detailed system schematics of the minority carrier lifetime 

measurement system that includes: 

 

1. 150W fibre optical microscopic illuminator 

2. Motorized Mini monochromator 

3. Stepper motor 

4. Aurum coated wafer chunk 

5. Ito/Aurum coated quartz plate 

6. Light chopper 

7. Vacuum pump 

8. Contact probe 

9. Stanford research 510 lock-in amplifier 

10. National Instruments USB 6008 
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Figure 5.2.   Basic block diagram of the SPV measurement 

 

5.4.1. Mini Mono-Chromator 

Motorized monochromator use a stepping motor driven by an external motor controller with RS 

232 interface. Included with the controller is an application program with over 25 commands to 

control a variety of operations of the grating drive. These motorized models also include a 

manual drive and a digital counter that displays the wavelength to 0.2 nm. 

 

These new monochromators are low cost, compact and simple-to-use instruments for moderate 

resolution applications. They are ideal for general laboratory experiments and educational studies 

covering fixed wavelength ranges and not requiring sub-nanometer resolutions. 

 

Light from a tungsten-halogen lamp is focused onto the entrance slit of the monochromator (Fig. 

5.3). The output from the monochromator is directed to the wafer vacuum chuck with a simple 

folding mirror. During normal operation, light from the exit slit of the monochromator is guided 

to the wafer at normal incidence.  
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Figure 5.3.  Close-up views of the SPV system showing wafer chuck, interface box, and the 

folding mirror 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.  150W fibre optical microscopic illuminator, Motorized monochromator, 

 

5.4.2. Stepper Motor 

A stepper motor is an electromechanical device which converts electrical pulses into discrete 

mechanical movements. The shaft or spindle of a stepper motor rotates in discrete step 

increments when electrical command pulses are applied to it in the proper sequence. The motors 
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rotation has several direct relationships to these applied input pulses. The sequence of the applied 

pulses is directly related to the direction of motor shafts rotation. The speed of the motor shafts 

rotation is directly related to the frequency of the input pulses and the length of rotation is 

directly related to the number of input pulses applied. 

 

Stepper motor is used to vary monochromator output wavelength. Monochromator wavelength 

calibration is determined through electronic upper and lower limit switches. These limit switches 

are determined by moving the stepper motor to the limit switch. For example, the upper limit 

switch for this monochromator is set at 1205.7 nm and the lower at ~ 28 nm. Once the system 

finds the limit switch, wavelength is defined, and system is moved to desired wavelength by 

setting up known number of steps. 

 

5.4.3. SR510Lock-in Amplifier 

The Lock-in technique is used to detect and measure very small ac signals. A Lock-in amplifier 

can make accurate measurements of small signals even when the signals are obscured by noise 

sources which may be a thousand times larger. Essentially, a lock-in is a filter with an arbitrarily 

narrow bandwidth which is tuned to the frequency of the signal. Such a filter will reject most 

unwanted noise to allow the signal to be measured. A typical lock-in application may require a 

center frequency of 10 KHz and a bandwidth of 0.01 Hz. This 'filter' has a Q of 106 -well beyond 

the capabilities of passive electronic filters. 

 

In addition to filtering, a lock-in also provides gain. For example, a 10 nanovolt signal can be 

amplified to produce a 10 V output--a gain of one billion. 

 

All lock-in measurements share a few basic principles. The technique requires that the 

experiment be excited at a fixed frequency in a relatively quiet part of the noise spectrum. The 

lock-in then detects the response from the experiment in a very narrow bandwidth at the 

excitation frequency. 

The lock-in output and stepper motor are controlled by a PC using a LabVIEW interface. The 

system wavelength range is from ~ 500-1200-nm. All data is written to a file in text form for 

subsequent plotting and processing. 

Anis-pc
Typewritten text
Dhaka University Institutional Repository



 

70 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5.  Stanford research 510 lock-in amplifier. 

 

The table below lists some specifications for the SR510 lock-in amplifier. Also listed are the 

error contributions due to each of these items. The specifications will allow a measurement with 

a 2%accuracy to be made in one minute. We have chosen a reference frequency of 5 kHz so as to 

be in a relatively quiet part of the noise spectrum. This frequency is high enough to avoid low 

frequency '1/f' noise as well as line noise. The frequency is low enough to avoid phase shifts and 

amplitude errors due to the RC time constant of the source impedance and the cable capacitance. 

 

The full-scale sensitivity of 100 nV matches the expected signal from our sample. The sensitivity 

is calibrated to 1%. The instrument's output stability also affects the measurement accuracy. For 

the required dynamic reserve, the output stability is 0.1%/°C. For a 10°C temperature change we 

can expect a 1% error. 

A front-end noise of 7 nV/√Hz will manifest itself as a 1.2 nVrms noise after a 10 second low-

pass filter since the equivalent noise bandwidth of a single pole filter is 1/4RC. The output will 

converge exponentially to the final value with a 10 second time constant. If we wait 50 seconds, 

the output will have come to within 0.7% of its final value [4]. 
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The dynamic reserve of 60 dB is required by our expectation that the noise will be a thousand 

times larger than the signal. Additional dynamic reserve is available by using the band pass and 

notch filters. A phase-shift error of the PLL tracking circuits will cause a measurement error 

equal to the cosine of the phase shift error. The SR510‘s 1° phase accuracy will not make a 

significant contribution to the measurement error. 

 

Table 5.1. Specification of Lock in Amplifier 

Accuracy 20% 

full-scale sensitivity 100 nV 

output stability 0.1%/°C 

dynamic reserve 60B 

 

 

5.4.4. Light chopper 

A light chopper is placed at the exit slit of the monochromator to provide reference signal to the 

lock-in to ensure all the stray light is rejected by the system and enhance system sensitivity from 

nanovolt to mV range. 

 

The Model SR540 Optical Chopper is used to square-wave modulate the intensity of optical 

signals. The unit can chop light sources at rates from 4 Hz to 3.7 kHz. Versatile, low jitter 

reference outputs provide the synchronizing signals required for several operating modes: single 

or dual beam; sum & difference frequency; and synthesized chopping to 20 kHz. 

 

Specifications 

Table 5.2. Specification of Light chopper 

Chop Frequency 4 Hz to 400 Hz with 6 slot blade. 

400 Hz to 3.7 kHz with 30 slot blade. 

Frequency Stability 250 ppm/°C typical. 

 

Long Term Frequency Drift < 2%, 100 Hz < f < 3700 Hz 

Phase Jitter 0.2° rms from 50 Hz to 400 Hz. 
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0.5° rms from 400 Hz to 3.7 kHz 

 

Frequency Display 

 

4 digit, 1 Hz resolution, 1 Hz accuracy 

Frequency Control 10 turn pot with 3 ranges: 

4 Hz to 40 Hz 

40 Hz to 400 Hz 

400 Hz to 3.7 kHz 

Dimensions Controller 7.7" x 5.1" x 1.8" 

Chopper Head 2.8" x 2.1" x 1.0" 

Blade Diameter 4.00" 

Power 100 / 120 / 220 / 240 VAC 

50 / 60 Hz 

12 watts 

 

 

5.4.5. ITO/Au Coated Quartz Plate 

Capacitive SPV voltage is measured by placing an ITO/Au coated quartz plate on top of the 

wafer to be measured. A thin-sheet of Teflon film is placed between the top glass electrode and 

the wafer to create electrical isolation. The bottom electrode is connected to the Si wafer and is 

Au-coated to provide reduced contact resistance. 

 

 

 

 

 

 

 

 

 

 

Figure 5.6.  The wafer under test sandwiched between the Au-coated chuck and ITO-coated 

quartz plate with Au-coated contacts at boundaries (right). 
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Figure 5.7.  Close-up views of the contact for Au/ITO-coated quartz plate (left) 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Working SPV system with lock-in exhibiting signal of 0.74 and frequency of 146 Hz. 

 

5.4.6. Setup Procedure on Computer Data Acquisition  

Prior to data acquisition, settings on the lock-in amplifier are manually set. This is done by 

looking at the SPV signal at wavelength of ~ 600 nm (red light).  

 

Anis-pc
Typewritten text
Dhaka University Institutional Repository



 

74 
 

 

Following lock-in settings are fairly standard for these measurements: 

 (a) chopper frequency in ~ 30-200 HZ range, 

 (b) time constant ~ 100-300 ms, 

 (c) all input filters engaged,  

(d) dynamic resolution off, 

 (e) offset off, and voltage scale is set anywhere between ~ 0.2 mV to 2 mV. 

 

Once the lock-in settings are set, LabVIEW interface is used to acquire data by following the 

steps outlined below. 

i. Stepper motor speed is input; typically between 50-100 nm/min, 

 

ii. Stepper motor is moved until upper limit switch corresponding to a wavelength of ~ 

1205.7 nm is detected, 
 

iii. Desired initial (λi) and final (λf) wavelengths are input for lifetime measurement 

scans, 
 

iv. Incremental wavelength step (λs) in nm is input, 
 

v. At each wavelength position, SPV signal is acquired from the lock-in amplifier, 
 

vi. Computer program calculates total number N of SPV measurements;  

N = [ (λf-λi)/λs ] 

vii. Computer moves stepper motor by increments of (400/75)*λ ssteps for each of the 

wavelength measurements, 

viii. Computer program measures SPV at each wavelength  (λj)=λi+(λf-λi)*j/N, where 

N is the total number of measurements defined above, and j is each individual 

measurement, 

ix. Once scan is completed, computer program writes the data file with two columns 

(λ(j), V(j)), 

x. After the file, if more scans are needed, procedure from steps i. through steps ix are 

repeated, and finally 
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xi. If all data acquisition is completed, system requests that the wavelength be set at 

λ=600 nm so that alignment is visually convenient for next set of measurements. 

 

In order for this setup to work a computer must be connected to see the digital result. The block 

diagram below shows how these two figures are connected practically: 

 

  

 

 

 

 

 

 

 

 

 

Figure 5.9.  The form of graph displayed, where λ-SPV is plotted.[5] 

With the help of this displayed data (ideal), a reciprocal of α versus reciprocal of spv is plotted 

which ideally looks like: 

 

 

 

 

 

 

 

 

 

Figure 5.10.  The ideal form of penetration depth versus 1/Vspv graph that is plotted with the 

help of data in Fig. 5.9.[5] 
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This graph is used to find the value of diffusion length that is found by its x-intercept. 

 

5.5. Experimental Results 

LAB VIEW results shows the SPV results in arbitrary unit. Table 5.3. Data obtained from the 

SPV measurement system and corresponding data for plotting graph. 

 

Table 5.3. Data obtained from the SPV measurement system 

 

Wavelength (nm) VSPV (V) alpha/cm 

 

Reciprocal of α 

[x] 

1/Vspv 

 

400.0 0.008752 9.52E+04 1.05E-01 114.2596 

420.0 0.011230 5.00E+04 2.00E-01 89.0472 

440.0 0.010170 3.11E+04 3.22E-01 98.32842 

460.0 0.016369 2.10E+04 4.76E-01 61.09109 

480.0 0.100115 1.48E+04 6.76E-01 9.988513 

500.0 0.011408 1.11E+04 9.01E-01 87.65778 

520.0 0.011352 8.80E+04 1.14E-01 88.0902 

540.0 0.009894 7.05E+03 1.42E+00 101.0714 

560.0 0.012030 5.78E+03 1.73E+00 83.12552 

580.0 0.016497 4.88E+03 2.05E+00 60.61708 

600.0 0.009456 4.14E+03 2.42E+00 105.753 

620.0 0.009690 3.52E+03 2.84E+00 103.1992 

640.0 0.009726 3.04E+03 3.29E+00 102.8172 

660.0 0.010858 2.58E+03 3.88E+00 92.09799 

680.0 0.016135 2.21E+03 4.52E+00 61.97707 

700.0 0.026755 1.90E+03 5.26E+00 37.37619 

720.0 0.057274 1.66E+03 6.02E+00 17.45993 

740.0 0.108288 1.42E+03 7.04E+00 9.234634 

760.0 0.161041 1.19E+03 8.40E+00 6.209599 
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780.0 0.246863 1.01E+03 9.90E+00 4.05083 

800.0 0.312239 8.50E+02 1.18E+01 3.202675 

820.0 0.341902 7.07E+02 1.41E+01 2.924815 

840.0 0.417073 5.91E+02 1.69E+01 2.397662 

860.0 0.276158 4.80E+02 2.08E+01 3.621115 

880.0 0.216894 3.83E+02 2.61E+01 4.610547 

900.0 0.132755 3.06E+02 3.27E+01 7.532673 

920.0 0.108309 2.40E+02 4.17E+01 9.232843 

940.0 0.149111 1.83E+02 5.46E+01 6.706413 

960.0 0.087267 1.34E+02 7.46E+01 11.45909 

980.0 0.069836 9.59E+01 1.04E+02 14.31926 

1000.0 0.106754 6.40E+01 1.56E+02 9.36733 

 

From the testing of SPV we get the following graphs 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 5.11. The LabVIEW Image 
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Figure 5.11 plotted by using the data shown in Table 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. 1/alpha vs 1/Vspv represents minority carrier diffusion length 

 

This figure (5.12) is plotted in MATLAB and the code is given in appendix 2. This figure is used 

to find the value of diffusion length that is found by its –x intercept and the value is 92 . 

 

Equation of minority carrier diffusion length: 

 

 

Where this Ln is the diffusion length, D is the diffusivity (for Si D= 27 cm
2
/s), and τ is the 

lifetime. 

Minority carrier lifetime becomes 
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5.6. Discussion 

The SPV data was plotted as a function of 1/α. The minority carrier diffusion length for cell 

surface was determined to be 92 μm. For Si minority carrier diffusion coefficient, D, to be 27 

cm2/sec; the effective lifetime for sample cell is 3.135μsec. The main challenge of SPV 

measurement was to calibrate the system. At first the light emitted from the monochromator 

must focused on the mirror properly and the second challenge was to set the sensitivity of lock in 

amplifier so that the peak of the curve doesn‘t cut and get the full curve in range of selected 

wavelength. 

 

 

Part B 

5.7. Efficiency Measurement and I-V Characteristic 

Solar cells are characterized by their ability to convert sunlight into electricity. This solar cell 

efficiency measurement using sun simulator system determines fundamental device 

characteristics including short circuit current (Isc), open circuit voltage (Voc), fill factor (FF), 

series resistance (Rs), shunt resistance (RSHUNT), and maximum power (Pmax). Those collected 

results, can be used to determine the efficiency of solar cell. Incident intensity is controllable 

using absorptive metallic filters. System is independently calibrated with pre-qualified solar 

cells. 

 

Efficiency is the ratio of output to input; in case of solar cell energy conversion we call this value 

η. This is the percentage of solar energy to which the cell is exposed that is readily being 

converted to electrical energy. The value of η can be calculated by: 

 

Solar Cell Efficiency, η =FF*VOC*ISC/(E*A) 

 

Where E is the input light energy in W/m
2
, and  A is the surface area of the solar cell in m

2
. 
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Generally this I-V characteristic would fall under electrical characterization, however since the 

measurement is usually taken by sun or sun-simulator i.e. optically induced; this is also an 

optical characterization. 

 

5.8. Experimental Setup for Efficiency Measurement 

The sun simulator is essentially a solar cell I-V measurement system that consists of multiple 

components such as the K201 solar simulator, K101 photovoltaic power meter, K401 solar 

simulator power supply, K202 auto controller, K901 sample mounting jig and K730 the software 

that measures the IV characteristics. The full system of sun simulator describes in Appendix 1. 

 

 

 

 

 

 

 

 

 

 

Figure 5.13.  Complete setup of the system [6]. 

 

This system, shown in fig.5.13, is generally meant for the IV measurement of thin films, however due to 

the flexible mounting jig—measurement of our sample i.e. simple wafer is also possible. For the ideal 

output a K801 reference cell is used. 
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5.8.1. Specification of Reference Cell (K801) 

 

Table 5.2 Specification of Reference Cell (K801) 

Specification Value 

Irradiance Monitoring and Calibration Spectral 

Range 

350 nm ~ 1,100 nm 

BK7 Filter for C-Si Cell 

KG5 Filter for DSSC 

 

 

5.9. Equation for Measuring the Solar Cell Efficiency 

In order to measure solar cell performance, the positive and negative probes are connected to an 

electronically-controlled resistive system. As the voltage across the solar cell is varied, current 

flow across the load resistor goes from zero to a maximum value (short-circuit). Maximum 

power is achieved at a point often referred to as the maximum power point (MPP) at which the 

product P=V*I=Vm*Im is at its maximum value. The ratio of Vm*Im to VOC*ISC is defined as the 

solar cell fill factor (FF). 

 

Solar Cell Fill Factor (FF) = Vm*Im / VOC*ISC…………………………………………….…….(1) 

 

FF is a complicated function of many variables including resistance, minority carrier lifetime, 

surface recombination; it usually in the ~ 0.6-0.8 range, higher FF represents higher efficiency 

solar cell. 

 

There are several ways through which solar cell efficiency can be measured; simplest method is 

described here. Solar cell efficiency is simply described as the ratio of output power to input 

power, i.e., 

 

Solar Cell Efficiency (η)= cell output/ input energy ……………………………………………(2) 
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From Eq. (1), cell output is given by 

 

Solar Cell Output=Vm*Im= FF*VOC*ISC……………………………...................................(3) 

 

Peak solar cell incident solar radiation is considered to be 100 mW/cm
2
. This is also referred to 

as AM 1.5 solar insolation; all terrestrial efficiency measurements refer to AM 1.5. Therefore, 

for AM 1.5 illumination, on can rewrite equation (2) as follows: 

 

Solar Cell Efficiency (η)=FF*VOC*ISC/(0.1*A)………………………… ………………(4) 

 

In eq. (4), A is solar cell area is in cm2, VOC is in V, and ISC is in A.  

 

From Eq.(4), ISC is then given by 

 

ISC=(η*0.1*A)/(FF*VOC) …………………………………………………………………….(5) 

 

 

5.10. Experimental Result 

For conducting the experimental study, we have we have choose a reference cell from India of 

156 cm
2
 monocrystalline silicon solar cell, which has been placed on the jig of solar simulator‘s 

(Sun Simulator K3000 LAB55) platform at 25
o
C. Xenon lamp of sun simulator produced light of 

input power 100mWcm
-2

. Before taking the result from the solar simulator, calibration has been 

done with respect to a reference cell. The vertical position of the reference cell has been adjusted 

such that the major performance parameters of the cell obtained from the simulator match 

exactly to its specification sheet.  

 

By using sun simulator, we have measured the efficiency for different areas of same solar cell 

and analysis the changes of data for different areas of solar cell which indicate that the whole 

area of solar cell is almost uniformed.  
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From sun simulator, we have obtained the following results which are presented in the table 5.5 

below. 

 

Table 5.5. Results from Sun Simulator  

 

T

e

s

t 

Area 

cm
2
 

Voc 

(V) 

Isc 

(mA) 

Jsc 

(mA/cm
2

) 

 

Pmax 

(m

W) 

Vmax 

(V) 

Imax 

(mA) 

Fill 

Factor 

(%) 

Efficien

cy 

(%) 

R 

Shunt 

(Ohm) 

R 

Series 

(Ohm) 

 

1 

 

10.24 

 

0.60

9 

 

595.6

78 

 

58.172 

 

164.

381 

 

0.35

7 

 

459.8

7 

 

45.35 

 

16.05 

 

20.54

2 

 

0.49

5 

 

2 

 

10.24 

 

0.61

1 

 

598.1

87 

 

58.417 

 

164.

878 

 

 

0.36

5 

 

 

451.8

2 

 

 

45.092

13 

 

 

16.10 

 

 

14.33

8 

 

 

0.49

4 

 

 

3 

 

9 

 

0.59

9 

 

 

604.6

19 

 

 

67.18 

 

 

148.

995 

 

 

0.33

7 

 

 

442.6

6 

 

 

41.11 

 

 

16.55 

 

 

6.184 

 

 
 

0.54

2 

 

 

 

We draw the I-V curve and P-V curve for test 1 data. From the table 5.5 we observed that the 

efficiency for different we can say that the cell is well fabricated. 
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Figure 5.16. 1 I-V Characteristics Curve of Sample Solar Cell 

This figure (5.16) is plotted in MATLAB and the code is given in appendix 2. 

 

5.11. Discussion 

Reference cell and it‘s placement on the jig is very important because changing the vertical 

position of the cell on the platform could change the efficiency. Although most of the 

performance parameters of theoretical and experimental study are almost to the same but it has 

been observed that some discrepancies exist between these efficiencies. In our theoretical 

treatment, zero series resistance is considered but in experimental study, it has been found that 

the series resistance is 0.495 ohm. Again, there is a large variation of short circuit current density 

and reason behind this discrepancy is zero loss for reflection and grid coverage are treated, but in 

a practical cell, sun simulator counted these loss factors. Again, open circuit voltages obtained 

from both types of study are almost equal and it greatly depends on the reverse saturation current 

density which depends on the material properties.  
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In this model no attempt has been made to account for the effect of thickness in short circuit 

current density equation which is principally responsible for the observed discrepancy. It has 

been concluded that, this model would be useful for silicon solar cell performance parameter 

approximation if thickness is incorporated with short circuit current density equation.   
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Chapter 6 

Conclusion 

 
 

In this thesis paper two types of optical characterization measurements were done successfully. 

One was minority carrier diffusion length and calculates the minority carrier lifetime by SPV and 

other was efficiency measurement. SPV measurement instrument provided by Institute of 

Electronics, Atomic Energy research Establishment, Savar, Dhaka and sun simulator provided by 

Bangladesh Council of Scientific and Industrial Research (BCSIR). The main advantage of SPV 

instrument is low cost. 

 

The minority carrier lifetime is a very important parameter to explain the quality of solar cell. 

The lifetime can be as high as 1 milisecand the minority carrier diffusion length range is 100- 

300 μm [11] for silicon. We observed that diffusion length sometimes small valued. It happened 

due to recombination. Recombination occurs in many reasons. Doping causes defects and more 

recombination. Again solar grade silicon wafer (purity six nines) also provide some defects in 

the base region. So there need a tradeoff between excessive doping in order to increase the 

diffusion length and lifetime. 

 

The efficiency of solar cell is measured by sun simulator. The drawback of this system is 

maintenance, contact problem and cost. The contact probes are pin type that is useful for thin 

film solar cell. But we have used this instrument for crystalline solar cell efficiency 

measurements. To use this we have cut the cell into 2cm/2cm size. Result sounds good when we 

compare with another sun simulator operated by LIV software.  

 

 In future these characterization instruments can help easily to measure the imported cells 

performances. 

 

 

 

 

http://www.bcsir.gov.bd/
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APPENDIX 

APPENDIX 1 

 

Sun Simulator 

The sun simulator is essentially a solar cell I-V measurement system that consists of multiple 

components such as the K201 solar simulator, K101 photovoltaic power meter, K401 solar 

simulator power supply, K202 auto controller, K901 sample mounting jig and K730 the software 

that measures the IV characteristics. The specifications of these models are given in tables 1, 2 

and 3. 

 

 

 

 

 

 

 

 

 

Image 1:Individual components: K201, K101 and K901 (left to right). 

 

Table 1. Specifications for solar simulator K201 

Specifications         Value 

Class AAA 

Irradiance Area 25 m
2
 ~ 330 m

2
 

Intensity 0.8 ~ 1.2 Sun 

Lamp Xenon or Metal Halide Lamp 
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Table 2. Specifications for photovoltaic power meter K101 

 

Specifications Value 

Power type DC/Pulse Electrical Power Source / Meter 

Operation type Constant Current / Voltage Operation 

Voltage range -10 ~ +10V 

Current range 1 A or 10 A or 20 A (User Selectable) 

Sweep type Automatic I-V Sweep 

Input type Reference Cell / Photodiode Input 

 

 

Table 3. Specifications for auto controller K202 . 

Specifications Value 

Calibration Auto intensity to 1 Sun 

Ari mass filter auto control AM 0 to AM 1.5 

Optical shutter control Auto 

 

Table 4. Specifications for Lamp Power Supply (K401) 

Specifications Value 

Power Source for Xe Lamp Operation 150 W ~ 4 kW 

 

Protection 

UVP, UCP, OVP, OCP 

Ignitor Control Signal 

Shutter Control Signal 

Operation Time Count: 
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APPENDIX-2 

 

Specification for K730 Solar Cell I-V Test Software 

 

 

Table 5. Specification for K730 Solar Cell 

 

MS Windows XP or Windows 7 OS 

Test Condition Editing & Recipe Management 

CSV Format Data File 

Real Time Voltage, Current, Power and Temperature Monitoring 

Manual/Automatic Scan Range 

Scan Direction Select 

Data Point Setting 

Scan Speed Setting 

1 Sun Calibration Function 

Data Correction using Reference Monitoring 

Automatic Parameter Output 

Isc Monitoing Function 

Series Resistance and Shunt Resistance 
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APPENDIX-3 

1. MathLAB code for SPV curve 

clc; 
clearall; 
closeall; 
a=[  1.05E-01   114.2595978 
2.00E-01    89.04719501 
3.22E-01    98.32841691 
4.76E-01    61.09108681 
6.76E-01    9.98851321 
9.01E-01    87.65778401 
1.14E-01    88.09020437 
1.42E+00    101.0713564 
1.73E+00    83.12551953 
2.05E+00    60.61708189 
2.42E+00    105.7529611 
2.84E+00    103.1991744 
3.29E+00    102.817191 
3.88E+00    92.09799226 
4.52E+00    61.97706848 
5.26E+00    37.37619137 
6.02E+00    17.45992946 
7.04E+00    9.23463357 
8.40E+00    6.209598798 
9.90E+00    4.050829812 
1.18E+01    3.202674874 
1.41E+01    2.924814713 
1.69E+01    2.3976618 
2.08E+01    3.621115448 
2.61E+01    4.610547088 
3.27E+01    7.532672969 
4.17E+01    9.232843069 
5.46E+01    6.706413343 
7.46E+01    11.45908534 
1.04E+02    14.31926227 
1.56E+02    9.367330498      ]; 
a1=a(:,1); 
a2=a(:,2); 
plot(a1,a2, 'b'); 

 
b=[  8.40E+00   6.209598798 
4.17E+01    9.232843069 
7.46E+01    11.45908534 
-90         0.65      ];                    
b1=b(:,1); 
b2=b(:,2); 
holdon, plot(b1,b2,'b'); 
xlabel('Reciprocal of Penetration depth (1/alpha)'); 
ylabel('Reciprocal of SPV (1/Vspv)'); 
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2. Matlab code for I-V characteristic curve 

clc; 
clearall; 
closeall; 
a=[ -0.065  617.745 
-0.057  578.861 
-0.049  594.281 
-0.042  617.447 
-0.037  602.449 
-0.029  575.118 
-0.022  613.33 
-0.014  616.895 
-0.009  584.613 
-0.002  588.218 
0.006   615.539 
0.013   609.631 
0.018   573.632 
0.026   605.436 
0.034   616.03 
0.041   593.335 
0.046   578.358 
0.054   615.494 
0.061   615.211 
0.069   578.296 
0.074   593.123 
0.082   614.749 
0.089   603.001 
0.097   571.632 
0.102   607.19 
0.109   612.588 
0.117   585.694 
0.125   578.274 
0.129   610.486 
0.137   610.411 
0.145   569.633 
0.149   589.723 
0.157   605.969 
0.164   592.839 
0.172   562.767 
0.177   600.126 
0.185   600.186 
0.192   571.754 
0.2     565.329 
0.205   593.866 
0.212   590.766 
0.22    548.825 
0.228   565.844 
0.233   580.317 
0.24    564.923 
0.248   532.813 
0.255   564.034 
0.259   563.16 
0.268   532.934 
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0.275   523.154 
0.282   544.737 
0.287   540.281 
0.295   499.198 
0.303   510.295 
0.31    517.983 
0.315   503.374 
0.323   469.847 
0.329   493.081 
0.337   486.759 
0.343   460.534 
0.35    444.966 
0.357   459.87 
0.365   449.705 
0.37    415.772 
0.377   417.682 
0.385   420.163 
0.393   403.139 
0.398   373.278 
0.405   385.247 
0.412   377.267 
0.42    352.165 
0.425   334.989 
0.433   343.054 
0.44    330.883 
0.448   299.715 
0.452   296.217 
0.46    295.566 
0.468   279.634 
0.473   253.067 
0.479   254.488 
0.487   244.673 
0.494   224.976 
0.5     206.855 
0.507   206.521 
0.515   192.118 
0.522   169.134 
0.527   159.439 
0.534   153.275 
0.542   137.953 
0.55    114.678 
0.555   109.197 
0.562   97.71 
0.569   81.512 
0.577   62.262 
0.582   55.585 
0.589   40.027 
0.597   21.986 
0.605   7.024 
0.609   -0.901 
0.616   -15.18       ]; 
a1=a(:,1); 
a2=a(:,2); 
plot(a1,a2, 'r'); 
legend('Current (mA)'); 

 

b=[ -0.065  -39.968 
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-0.057  -32.767 
-0.049  -29.2 
-0.042  -26.109 
-0.037  -22.099 
-0.029  -16.799 
-0.022  -13.524 
-0.014  -8.801 
-0.009  -5.246 
-0.002  -1.25 
0.006   3.483 
0.013   7.814 
0.018   10.389 
0.026   15.677 
0.034   20.746 
0.041   24.415 
0.046   26.86 
0.054   32.991 
0.061   37.764 
0.069   39.999 
0.074   43.979 
0.082   50.176 
0.089   53.535 
0.097   55.199 
0.102   61.657 
0.109   66.782 
0.117   68.591 
0.125   72.043 
0.129   78.907 
0.137   83.458 
0.145   82.493 
0.149   88.157 
0.157   95.113 
0.164   97.481 
0.172   96.917 
0.177   105.966 
0.185   110.835 
0.192   110.034 
0.2     112.846 
0.205   121.5 
0.212   125.28 
0.22    120.657 
0.228   128.803 
0.233   134.988 
0.24    135.452 
0.248   132.066 
0.255   143.668 
0.259   146.075 
0.268   142.714 
0.275   144.004 
0.282   153.846 
0.287   155.278 
0.295   147.356 
0.303   154.445 
0.31    160.48 
0.315   158.618 
0.323   151.564 
0.329   162.436 
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0.337   163.99 
0.343   157.736 
0.35    155.728 
0.357   164.381 
0.365   164.107 
0.37    153.795 
0.377   157.622 
0.385   161.698 
0.393   158.284 
0.398   148.535 
0.405   155.937 
0.412   155.526 
0.42    147.809 
0.425   142.477 
0.433   148.47 
0.44    145.469 
0.448   134.192 
0.452   134.009 
0.46    135.831 
0.468   130.773 
0.473   119.688 
0.479   122.024 
0.487   119.222 
0.494   111.235 
0.5     103.371 
0.507   104.747 
0.515   98.877 
0.522   88.364 
0.527   84.093 
0.534   81.892 
0.542   74.779 
0.55    63.055 
0.555   60.585 
0.562   54.912 
0.569   46.393 
0.577   35.921 
0.582   32.346 
0.589   23.579 
0.597   13.129 
0.605   4.247 
0.609   -0.549 
0.616   -9.358       ];   

 
b1=b(:,1); 
b2=b(:,2); 
holdon, plot(b1,b2,'g'); 
legend('Power (mW)'); 
xlabel('Voltage (V)'); 
ylabel('Current (mA) & Power (mW)'); 
legend('Current (mA)', 'Power (mW)');  
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