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ABSTRACT 

The minimization of device size and exploration of alternative energy are the demand of 

present world. Along with the genre of Mobile computing, smaller handy gadgets, more 

faster and efficient processors are the requirement of society and this leads towards the 

exploration into the field of nano-scale MOSFETs. In the same time the use of ‘solar energy’ 

through the ‘Photovoltaic solar cell’ is also the importunity of future life. To feed the demand 

of these, the device size miniaturization in case of ‘MOSFET’ or the ‘Solar cell structure’ is 

obvious. To incorporate billions of transistors in a single chip, the MOS devices are to be 

scaled to bring faster speed, but in the same time some unwanted effects do appear. The short 

channel effect is most prominent, which changes the threshold voltage, surface potential, 

electric field also. Hence the reliability study of MOS device is an important work which has 

been done in this research work. On the other hand c-Si solar cell is dominating the solar cell 

market. The c-Si solar cell efficiency is achieved up to 18% to 20%. To break through this 

efficiency level and to minimize the uses of c-silicon the ‘HIT solar cell’, ‘Dyesensitized 

solar cell’ ‘Perovskite solar cell’ new structures modeling have been done, as before 

fabrication modeling is an important step.  In HIT solar cell proposed model the different 

layers are considered in nanoscale as the thinner layer produced more Voc, which enhanced 

the efficiency of 27.7%. In ‘Dyesensitized solar cell’ the nano crystalline semiconductors are 

used to attract broadband solar spectrum. In the newly modeled ‘Perovskite solar cell’ the 

layer of ZnTe is used as HTL whose thickness is 5nm and achieved a remarkable efficiency 

of 23.54%. The different models are carried out in this research work and achieved good 

results. At last, some swarm optimization techniques like ABC, FA and CS are applied in PV 
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panels to derive the minimum duty cycle for the controller to extract the maximum power 

points and different electrical parameters. 
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LIST OF SYMBOLS AND UNITS 
___________________________________________________________________________________ 

 

Symbol   Definition    Unit 

∇   Gradient  

𝛹𝛹   Electron Wave Function 

k   Wave Vector 

η   Efficiency 

𝜀𝜀𝑠𝑠𝑠𝑠    Dielectric constant 

𝑚𝑚     Electron Mass      kg 

ℏ   Modified Planck Constant    eV.s 

𝐸𝐸   Energy of the electron    eV 

𝑚𝑚∗   Electron effective mass   kg 

L   Channel Length     Metre 

Z   Channel width     Metre     

d   Insulated Oxide Thickness   nm 

rj   Junction Depth    nm     

VTH   Threshold voltage    V 

Vbi   Built in potential     Volt 

E   Electric field      Volt/cm 

i-Si   Intrinsic Silicon     μm 

c-Si   Crystalline Silicon    μm 

a-Si    Amorphous Silicon    μm 

Eg   Band gap      eV 

𝜇𝜇𝑛𝑛    Electron mobility     m2/(V.s) 
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𝜇𝜇𝑝𝑝    Hole mobility      m2/(V.s) 

μc-Si: H  Hydrogenated micro crystalline silicon  μm 

a-Si:H   Hydrogenated amorphous silicon   μm 

Jsc    Short circuit current density    mA/cm2 

Voc   Open circuit voltage     mV 
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CHAPTER 1 

INTRODUCTION AND ORGANIZATION OF THE THESIS 

___________________________________________________________________________ 

 Introduction and Motivation of the Present Research 

 Thesis Organization 

 Reference 

___________________________________________________________________________ 

 

1.1           INTRODUCTION AND MOTIVATION 

 

With the increase of modern society life, the energy requirement is obvious and which is 

growing exponentially. The smaller device size and ‘alternative energy’ exploration are the 

demand of future world. The researchers are involved to explore more and more, smaller handy 

gadgets, more faster and efficient processors which lead to exploration into the regime of nano 

scale MOSFETs. In the similar time the use of ‘solar energy’ through the ‘Solar Photovoltaic 

device’ that is the solar cell, is also the importunity of future life. It is perceptible that the 

intensive research works over the different genere of new model solar photovoltaic cells with 

advanced optical material is going on. The researchers are investing their new thinking to 

improve the ‘efficiency’ of ‘solar cell’ with cost effectiveness. The enhancement of ‘efficiency’ 

is not only the criteria of present research work but also more cost effectiveness, which can only 

minimize the price of ‘Photovoltaic electrical energy’ unit. The new research in the field of 

‘Photovoltaic cell’ is going on to the nanoscale layer thickness of different genre of ‘solar cells’ 

to increase the ‘efficiency’.  
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Before physical fabrication, the modeling is very significant critical step. 

Down scaling of electronic devices specially MOSFETs in the nano- regime improves device 

performance, with some constrictions. Due to reduction in size, supply voltage at drain and gate 

have also been reduced proportionately [1-2]. This situations demand a reliability study of 

nanoscale device. In ‘this research work’ a small AC signal of high frequency supply is 

superimposed on DC biasing, as the uncountable noise sources are inevitable in the VLSI 

circuits. This ‘superimposed signal’ changes various electrical characteristics as ‘Surface 

Potential’, ‘ Electric field’, ‘Threshold Voltage’, ‘Drain Current’ and ‘Transconductance’ of 

nano region devices fluctuate but not in bulk. These fluctuations degrade the function of the 

nanoscale advance MOS devices. 

To convert the ‘solar light energy’ in to ‘electrical energy’, ‘Photovoltaic solar cells’ are used 

which belongs to different generations. In the prevailing ‘solar cell’ industry, 92% of ‘solar cells’ 

are made of ‘Silicon’, though ‘Silicon’ is an ‘indirect band gap’ semiconductor material and it 

has poor infrared light absorbance. The silicon ‘solar cells’ are dominating the photovoltaic 

industry, because of its long term reliability with optimum efficiency. 

‘Tandem solar cells’ of 44.70% efficiency have been achieved at Helmholtz center Derlin [3], 

which is applicable mainly in satellite powering. These ‘Tandem solar cells’ are made of optical 

compound semiconductor with multijunction and multi tunnels which have the lattice mismatch 

also [4]. The process of compound semiconductor production is complex and costly also.  Hence, 

the output net power price also becomes high. After the reduction of complexity of the 

multijunction ‘Tandem cells’, the advanced types of ‘single junction Photovoltaic cells’ are P-I-

N ‘solar cells’ which also produce the ‘efficiency’ of 20% using GaAs or GaInP [5-6]. These 

compound materials have the ‘wide band gap’ and it may be tuned up to 2.3eV [7]. The ‘direct 
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band gap’ property advantages are over shadowed with the increased trap densities. The 

polarization interfaces of these compound alloys also make difficulty to model these P-I-N solar 

cells. Moreover these compound optoelectronics semiconductor materials preparation process is 

very critical which leads to price hike. The researchers are continuously striving their effort for 

better conversion ratio with the reduction of complexity and cost, which is resulted in 

development of heterojunction (H-I-T) solar cells. The H-I-T ‘solar cells’ combine the highly 

stable crystalline silicon with comparatively low temperature applicable technology of a-Si:H 

films in a reduced cost with an ‘efficiency’ of 20.7% [8]. With the motive of minimization of use 

of silicon, in my research work the new material ZnTe is applied for positive charge 

transportation emitter layer and the simulated result of this new modeled H-I-T ‘solar cell’ 

showed the ‘efficiency’ of 27.7%.The ‘impact of defects’ and ‘ambient temperature’ on the H-I-

T ‘solar cells’ are simulated, for better performance. 

In the year of 1991 O’Regan and Gratzel developed a new environment friendly ‘Photovoltaic 

solar cell’ using photo sensitizer dye with the name of ‘Dyesensitized Solar Cell’ [9].  The 

‘efficiency’ of this type of ‘solar cell’ is very low [10]. Though the ‘efficiency’ of ‘Dyesensitized 

Solar Cell’ is less around 7-8 percent with respect to tandem, P-I-N or H-I-T ‘solar cells’, but it 

is becoming popular as the fabrication technology is easier and cheaper too. The conventional 

DSSCs had the potential to be an alternative of ‘silicon solar cells’, but the main disadvantage of 

‘Dyesensitized Solar Cell’ is the use of ‘liquid electrolytes’, which suffers from stability.  The 

‘liquid electrolytes’ and dyes are degraded very fast with ambient temperature and hence the 

overall performance considerations of DSSCs suffer a setback. This problem of stability can be 

solved by using solid state electrolytes in place of liquid state electrolyte.  
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From the essence of this draw-back the newer concept of ‘solar cells’ developed using Perovskite 

are the alternative significant improvement in terms of ‘efficiency’ and crossed the level of 20% 

‘efficiency’ [11]. This new concept of ‘solar cell’ has three parts as the main photosensitizer 

material Perovskite and other two parts are two different types of charge carriers (electron and 

hole) transport layer on the top and bottom of Perovskite.  The most popular Perovskite material 

used in solar-cell is CH3NH3PbI3 [12]. As lead (Pb) is toxic and hazardous to ‘human health’ and 

‘environment’, hence a suitable alternative is CH3NH3SnI3 used in ‘solar cells’. Another 

important issue of this ‘solar cell’ is the selection of material suitable for transportation of 

positive charge carriers, holes.  

Mostly used HTL material is high expensive polymer based ‘spiro-MeOTAD’ [13-14], which 

pull up the price of ‘solar cell’. To achieve a solution, in this research work, effective inorganic 

II-VI, p-doped Zink Telluride (ZnTe) material is applied as HTL. The new concept of model 

Perovskite material (CH3NH3SnI3) without lead and cheaper HTL material (ZnTe) is applied in 

the newer ‘solar cell’ and simulated the same in the SCAPS software and physically fabricated 

also.  In our research work the simulated and fabricated cell has achieved the ‘efficiency’ of 

23.54% and 5.032% respectively. 

 It is also witnessed that the ‘efficiency’ enhancement is not the only solution for the production 

of economical solar power for the prevailing people of society. To draw the maximum electrical 

energy, it is sensible to utilize the ‘PV module’ at the ‘maximum power point’ (MPP) [15]. In 

this respect the optimization of MPPT (Maximum Power Point Tracking) with the intelligent 

technique is very much useful. Many Intelligent optimization techniques have been developed 

recently. ‘PSO’ is one of them [16] which is applied in this research work. Inspiring from the 

social behavior of various species the optimization algorithm [17] of ABC (Artificial Bee 
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Colony) [18], Fire fly algorithm [19] and Cuckoo search [17] [20] algorithm is applied to extract 

the electrical parameters from the Photovoltaic Panel and tracks the ‘Maximum Power Point’. 

1.2  ORGANIZATION OF THE THESIS 

My research thesis has been outlined in ‘eight chapters’ including the 1st Chapter where the 

Introduction of this work is narrated. In this Introduction Chapter it is illustrated about the 

‘Nanoscale MOSFETs’ as well as the ‘Nanoscale’ different layer or particles of materials used in 

‘Photovoltaic Solar cells’ of different genre.   

In Chapter 2 an introduction of nanoscale MOS devices and ‘solar cell’ and their physics is 

described. The basic, fundamentals, of these devices and brief idea of DMDG SON MOSFET, 

‘Heterojunction Intrinsic Thin-film’, ‘Dyesensitized’ and ‘Perovskite’ ‘solar cells’ are also 

discussed.  

Chapter 3 has described the nano scale DMDG SON MOSFET structures and their reliability 

study is done while the AC signals like noises are super imposed with the DC signals at the gate. 

In 4th Chapter, the basic concept of Heterojunction Intrinsic Thin Film (HIT) Photovoltaic cells 

and the different modeling is discussed. The comparison among the different structures and 

different materials are studied and applied in the new model of H-I-T ‘solar cells’. 

Chapter 5 consists of ‘Dyesensitized solar cell’ structures, their working principals and 

comparison of organic and inorganic dye based ‘Dyesensitized solar cells’. The fabrication 

processes of multiple of cells applying organic and inorganic dyes are discussed and analyses of 

those cells are also described in this Chapter.  

In Chapter 6, the different optoelectronics materials are described, including the ‘Perovskite 

materials’ which are studied and used in numbers of ‘Perovskite solar cells’ simulations and 
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physical fabrications. The details of ‘Perovskite solar cell’ modeling, construction, simulation 

and fabrications are postulate in this chapter. 

Chapter 7 is framed with the discussion of different ‘optimization techniques’ and applied to 

‘extract’ the best ‘possible solutions’ of ‘Photovoltaic Panels’. The ‘Maximum Power Point 

Tracking’ (MPPT) is an important technique in this domain for best result of output which has 

been done by intelligent techniques in this work. 

 In the 8th chapter, conclusion of works which are carried out in my ‘research work’ is described 

with a summery. The future scope of works are discussed which can be the extension of this 

‘research work’ in forthcoming time. 
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CHAPTER 2 

 

BASICS OF SEMICONDUCTOR PHYSICS AND ADVANCE MOSFET AND SOLAR 

CELLS 

__________________________________________________________________________ 

 Introduction 

 Semiconductor Physics 

 Basics of Nanoscale Advance MOSFET 

 Basics of Nanoscale Solar cells 

 Reference 

_________________________________________________________________________ 

2.1.  INTRODUCTION  

The ‘modern life’ is ameliorating due to technological development. The electronics industry is 

playing an important role right from the day to day life to the space satellite industry. More 

‘energy efficient’ ‘cost effective’ handy, faster devices exploration is going on through the 

researchers. The ‘semiconductor industry’ is dominating the pace of contemporary development 

of devices. The MOSFET devices are the paramount of VLSI high density integrated circuits. 

The newer electronics gadgets are the present challenge in this field and CMOS devices are the 

building block of ‘low power’ ‘VLSI circuits’. The innovative structures of MOS devices are 

continuously developed and sizes are also to be miniaturized. The step sub-threshold slope, 

‘short channel effect’, ‘threshold voltage fluctuations’ are evolving along with the ‘MOS device’. 

To address the same ‘DMDG SON MOSFET’ is one of the solutions. In the same time the 
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reliability study also is a very critical task; along with the sophisticated   new device energy 

management is also an important task. The alternative renewable energies are the future of our 

civilization. Among the renewable energies the ‘solar energy’ has the most potential which can 

be converted to the electrical energy using the ‘photovoltaic effect’ on semiconductor. The 

continuous investigations are also going on to develop more efficient solar photovoltaic cell to 

feed the energy demand.  

2.2.   SEMICONDUCTOR PHYSICS 

The ‘electrical conductivity’ and resistivity of semiconductor lies in between conductor and 

insulators. The most common semiconductor used in the ‘electronics industry’ more precisely in 

the nano regime devices like MOSFET or Solar cell is Silicon semiconductor. Apart from the 

silicon there are so many semiconductors that are used in this field like ‘Germanium’ (Ge), 

‘Gallium Arsenide’ (GaAs), ‘Gallium Indium Phosphate’ (GaInP) etc. But ‘Silicon’ is the 

common and most usable semiconductor as it is abundant in nature in the form of ‘silicon 

dioxide’ (SiO2). The Silicon extraction from the SiO2 and the fabrication technologies are also 

well developed. Silicon semiconductor is available in ‘mono crystalline’, ‘poly crystalline’ and 

‘Amorphous Silicon’ form. The silicon is also a good choice for fabrication of ‘solar cell’ due to 

its good ‘absorption coefficient’. The ‘silicon’ is an ‘indirect band gap’ material where as 

‘Germanium’ is ‘direct band gap’ material. The ‘silicon’ and ‘Germanium’ are group –IV atoms, 

which signify that outer orbit of ‘these materials’ consists of 4 valance electrons making the 

‘covalent bond’, ‘each electron’ is shared by the ‘neighbor atom’ also. The ‘silicon and 

Germanium’ have a pure diamond lattice as depicted in figure 2.1 [1]. 
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Fig.2.1 Diamond lattice of semiconductor [1] 

‘Energy Band Structures of Semiconductor’: 

The dynamic behavior of the ‘electron’ can be established from the ‘electron wave’ function, Ψ, 

which is attained by solving the time-independent Schrodinger equation [2].  

∇2𝛹𝛹 +
2𝑚𝑚
ℏ2 [𝐸𝐸 − 𝑈𝑈(𝑟𝑟)]𝛹𝛹 = 0 

Where, m is ‘electron mass’, ℏ is the ‘modified Planck constant’, E is the ‘energy of the 

electron’, and U(r) is the ‘periodic potential energy’ inside the semiconductor.  

 Solving this quantum-mechanical equation, the relation of electron’s energy and momentum that 

are defined the ‘band structure’ of the ‘semiconductor’. 

 

Fig.2.2 ‘Energy band diagram’ of ‘direct band gap’ material 
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The ‘Quantum mechanically’ reckoned ‘motion of the electron’ in the ‘crystal’, is free space if 

its ‘mass’ is m, and it is replaced by an ‘effective mass’, m*, and from ‘Newton’s law of motion’ 

of classical mechanics, the force F=m*a, where F is the applied force and ‘a’ is the acceleration 

of the electron. The allowed ‘electron energies’ Vs ‘crystal momentum’ graph is ‘plotted. The 

‘crystal momentum’, p = ℏk, where ℏ is ‘modified plank constant’ and  ‘k’ is the ‘wave vector’ 

corresponding to the ‘wave function’ solutions of the ‘Schrodinger equation’ [2]. 

The ‘energy bands’ below the ‘valence band’ are speculated to be ‘fully occupied’ by ‘electrons’ 

and the ‘conduction band’ are speculated to be ‘empty’. These empties are usually termed as 

holes with positive charge effective mass. The ‘electron effective mass’ is thus defined as 

  𝑚𝑚∗ = 1

�𝑑𝑑
2𝐸𝐸

𝑑𝑑𝑝𝑝2�
= 1

1
ℏ2.𝑑𝑑

2𝐸𝐸
𝑑𝑑𝑘𝑘2

     

2.3  BASICS OF NANOSCALE ADVANCE MOSFET 

The basic ‘MOSFET structure’ using Si-SiO2 was first time proposed by ‘Kahng and Atalla’ in 

1960 for the first time [3]. The reduction of device size is the requirement for ‘more density of 

transistors’ and as well as the ‘performance’ of the ‘electronic gadgets’. The trend of 

‘miniaturization’ is shown in Figure 2.3 [4]. 

 

Fig.2.3 Trend of Minimization of Gate dimension in ICs [4] 



Ph.D Thesis by Tapas Chakrabarti @ 2018 Page 37 
 

The ‘structure’ of ‘common MOSFET’ is reflected in figure 2.4. The ‘MOSFET’ is normally 

four terminals device which are illustrated in the figure consists of ‘p-type’ ‘semiconductor 

substrate’ in which the ‘source’ and ‘drain’ of n+ region are there. One ‘Gate terminal’ is 

connected to the ‘metal’ just above of ‘SiO2 layer’. The substrate is the another terminal which 

normally connected to ground. The basic parameters of ‘MOSFET’ are the ‘channel length’ ‘L’ 

it is the distance between ‘source and drain’, the ‘channel width’ ‘z’, the ‘insulated oxide 

thickness’ ‘d’, and the ‘junction depth’ ‘rj’ are illustrated in the figure 2.4. The ‘channel length’ 

can be modified by ‘modulating’ the ‘Gate to Source voltage’. This ‘channel conductance’ is 

also rest on the ‘substrate voltage’.  

 

Fig.2.4  Schematic diagram of ‘MOSFET structure’ 

With the demand of high speed and cost effectiveness, the miniaturization is the obvious choice, 

but on the contrary ‘several drawbacks’ of the ‘MOS design’ and ‘process’ appear along with 

benefits. If the ‘thickness’ of ‘silicon dioxide layer’ is brought down around 2nm range, it will 

start breakdown because of ‘gate leakage current’. The ‘short channel effect’ is the ‘major 

challenge’ in ‘down-scaling’ of devices. The ‘short channel effect’ shift the ‘pinch off’, 
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ultimately changes the ‘threshold voltage’ as well as the ‘hot carrier effect’, ‘drain induced 

barrier lowering’. To ‘overcome’ the situations the necessary technological changes are going on 

as ‘SOI devices’ or ‘SON devices’ with ‘multiple gates’ and ‘multiple metals’. The 

miniaturization also invites the fluctuations of all the ‘electrical parameters’ like, ‘Threshold 

voltage’, ‘surface potential’, ‘Transconductance’; ‘electric field’ fluctuates along the ‘channel 

length’. The ‘double metal’, ‘double gates’, ‘silicon on nothing’, (DMDG SON) MOSFET 

structure is shown a breakthrough in recent days. The main concept of a ‘DMDG SON 

MOSFET’ is to control the ‘channel’ very ‘efficiently’ by selecting the ‘channel width’ to be 

‘very small’ and by applying a ‘gate contact’ to ‘both sides’ of the ‘channel’. This idea helps to 

quell ‘short channel effects’ and guides to ‘higher current density’ as compared with a 

‘MOSFET’ having ‘only one gate’. The “double metal double gate” ‘MOSFET’ having ‘two 

gates’ and we can modulate the ‘gates’ from the ‘both side’ for ‘better control’ of the ‘channel’, 

for this reason ‘DMDG’ ‘MOSFET’ is superior to the conventional ‘MOSFET’ [5]. 

2.4  BASICS OF NANOSCALE SOLAR CELL  

The alternative renewable energy is the prime resource of tomorrow’s life. In 1839 ‘Alexander 

Edmond Becquerel’ discovered the ‘Photovoltaic effect’ the operating principal of ‘solar cell’. 

The ‘solar cells’ structures exploration is the mainstream research work in present day. The c-

Silicon solar cells’ are the ‘first generation’ ‘solar cell’ which reached its extreme  point of 

‘efficiency’ around 20~22% [6]. The ‘thin film solar cells’ with newer optical materials and the 

newer structures have brought a new dimension in this research area.  ‘Heterojunction thin film’ 

(H-I-T) ‘solar cells’, ‘Dyesensitized solar cells’, ‘Perovskite solar cells’, ‘Organic solar cells’ 

and ‘Plastic solar cells’ are predominant in forthcoming ‘energy world’.  
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‘PHOTOVOLTAIC EFFECT IN SOLAR CELL’ 

The ‘Photoelectric effect’ is the ‘generation’ of ‘charge carrier’ when ‘photons’ from the ‘sun 

light’ are incident on a ‘semiconductor material’. The function of ‘photovoltaic’ is that, the 

‘incident photons’ are the source of ‘generation’ of an ‘electron-hole pair’ which can be 

‘extracted’ in to the ‘external circuit’ that produces ‘electricity’. To describe this ‘mechanism’ 

more elaborately, and fundamentally, that is the ‘light stream’ consists of ‘photons’ and each 

‘photon’ carries one ‘quantum of energy’. This ‘photon’ is ‘associated’ with just one 

‘wavelength’ or ‘frequency’. ‘High-frequency photon’ has more ‘energy’ than the ‘low 

frequency’. The ‘solar cell’ is composed of a ‘p-n junction’ which is formed by a ‘p-doped 

semiconductor’ and ‘n-doped semiconductor’. The generated ‘charge carriers’ in the ‘p-n 

junction’ of ‘solar cell’ are separated by the ‘built in potential’ of the junction [2].    

‘Crystalline Silicon Solar Cell’ 

 ‘Silicon’ is one of the most ‘abundant elements’ in the earth. It is a ‘semiconductor material’ 

that very much suitable for ‘solar cells’ applications, with energy the ‘band gap’ of 1.1eV. 

‘Crystalline silicon’ is the ‘semiconductor material’ very popular in the ‘solar cell industry’, and 

‘wafer-based’ ‘c-Si Photovoltaic cells’ and modules which influence the ‘current solar cells’ 

market. This type of ‘solar cells’ are used in the form of ‘PV Panel’ to set up the ‘PV Plant’  at 

the rate of several hundred ‘Mega Watt’ even at the ‘Giga Watt’ scale due to its stability and 

large scale production. The ‘efficiency’ of ‘c-Si solar cell’ is in the ranges from 14% to 20%, in 

general [6-7]. 

 

 



Ph.D Thesis by Tapas Chakrabarti @ 2018 Page 40 
 

‘Amorphous Silicon Solar Cell’ 

Along with CdTe ‘Photovoltaic cells’, the ‘a-Si solar cells’ are the most developed and ‘widely’ 

known ‘thin-film solar cells’. ‘Amorphous silicon’ can be deposited on ‘cheap’ and ‘very large 

substrates’ on ‘continuous deposition techniques’. ‘Different commercial organizations’ are also 

manufacturing ‘light and flexible’ ‘a-Si module’ ‘perfectly suitable’ for ‘flat’ and ‘curved 

surfaces’. Currently, ‘amorphous silicon PV modules’ ‘efficiencies’ are ‘in the range’ of ‘4% to 

8%’. At laboratory environment, this type of ‘cell’ has attained the ‘efficiencies’ of 12.2%. 

‘Thinner layers’ could ‘increase’ the ‘electric field strength’ across the ‘material’ and provide 

better ‘stability’ and ‘less reduction’ in ‘power output’, but this ‘reduces’ ‘light absorption’ and 

hence reduces the ‘cell efficiency’. A remarkable alternative of ‘amorphous silicon solar cell’ is 

the ‘multi-junction thin-film silicon’ (a-Si/μc-Si) ‘solar cell’ which consists of ‘a-Si cell’ with 

additional ‘layers of a-Si’ and ‘micro-crystalline silicon’ (μc-Si) applied onto the substrate. The 

‘advantage’ of the ‘μc-Si layer’ is that it ‘absorbs’ ‘more light spectrum’ through the ‘red’ and 

near ‘infrared’ of the ‘light spectrum’, thus enhancing the ‘efficiency’ up to 10%. The ‘thickness’ 

of the ‘μc-Si layer’ is in the ‘order of 3 μm’ and makes the ‘cells thicker’ and ‘more stable’. The 

‘current deposition techniques’ enable the ‘production’ of ‘multi-junction thin-films’ [7].  

‘Heterojunction with intrinsic thin layer’ (H-I-T)  

H-I-T ‘solar cell’ has pulled the attention of ‘’solar cell’ researchers due to its ‘low process 

temperature’ in comparison to ‘crystalline silicon’ (c-Si) ‘solar cell’ and relatively ‘high 

efficiency’ (η) (more than 21%). The structure of this type of cell consists of ‘thin intrinsic’ 

‘amorphous silicon layers’ as surface passivation, which also acts as ‘buffer layer’ at the ‘top’ as 

well as ‘bottom surfaces’ of ‘n-type’ ‘crystalline silicon’ (c-Si) wafer. Thin ‘p-type a-Si’ ‘top 
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layer’ acts as an emitter while ‘highly doped’ ‘n+-type’ ‘bottom layer’ is used as a ‘back surface 

field’ (BSF) [8-9].  

‘Dye-sensitized solar cells’ 

‘Photo-electrochemical’ function is used in ‘Dyesensitized solar cells’ which are based on 

‘semiconductor structures’ formed between a ‘photo-sensitized’ ‘anode’ and an ‘electrolyte’. In a 

‘Dyesensitized solar cell’ the ‘Nano crystals’ [10] of semiconductor that harvest the photons and 

the ‘dye molecule’ is responsible for the ‘charge separation’. It is similar to natural 

photosynthesis [11] ‘These cells’ are so attractive because of ‘low-cost materials’ and simple 

technology to fabricate. However, their ‘performance’ can be ‘degraded’ over time with 

exposure to ‘UV light’ and the use of a ‘liquid electrolyte’ can be problematic. At ‘Laboratory’ 

the ‘efficiencies’ are achieved, more than 10% with the application of ‘new broadband dyes’ and 

‘electrolytes’ however, ‘commercial efficiencies’ are become low level of ‘4% to 5%’. An 

‘interesting area of research’ is the use of ‘Nano crystalline’ ‘semiconductors’ that can allow 

DSSCs to have a ‘broad spectral coverage’. The ‘nano-structured materials’ used in 

‘Dyesensitized solar cell’ will produce ‘high power conversion’ ‘efficiencies’. 

‘Perovskite Solar Cells’ 

The ‘working principle’ of ‘Perovskite solar cells’ are very similar to that of DSSC solar cells. 

The ‘generation’ of ‘electron and hole’ pair by ‘absorbing light’ and ‘separation and 

transportation’ of the ‘electrons’ and ‘holes’ using two different ‘transport layers’ is the working 

function of this type of ‘solar cell’. The light is ‘absorbed’ by the ‘Perovskite material’ and 

electron and hole pair is generated. The ‘Perovskite material’ is ‘sandwiched’ between ‘electron 

and hole’ ‘transport layer’. The purpose of the transport layers is to transport ‘only one type’ of 
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‘carriers’ through it and to ‘block’ the movement of ‘other type’ of carrier to flow. The 

‘Perovskite solar cell’ showed a record ‘efficiency’ of 22.1% [12]    
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CHAPTER 3: 

RELIABILITY STUDIES FOR NANOSCALE MOSFET 

____________________________________________________________________________ 

 INTRODUCTION 

 LITERATURE SURVEY OF MOSFETS 

 ANALYTICAL STUDY OF NANOSCALE DMDG SON MOSFET 

 RESULT AND DISCUSSIONS 

 REFERENCES 

_____________________________________________________________________________ 

 3.1.  INTRODUCTION 

The Moor’s law postulated in 1965, that the transistors numbers in a single chip would quadruple 

in every three years. The electronics and communication industry followed the prediction 

significantly. Advancements in CMOS technologies are primarily manifested through structural 

modifications in short channel devices.  

Outstanding results have been achieved in Silicon based beyond CMOS technologies, including 

LDMOS and DeMOS with/without STI, DGMOS, High-K/composite material gate, etc. 

suppressing the Short Channel Effects (SCE) to a great extent. For high speed CMOS devices 

SOI (silicon on insulator) based MOSFETs are developed. The SOI (Silicon on Insulator) can 

minimize the parasitic capacitance of MOS devices [1-2].  

The additional advantages of fully depleted layer of thin body SOI are the steep sub-threshold 

slope; lower leakage current through the junction and higher channel mobility and due to lesser 

impurity concentration the fluctuation of VTH (threshold voltage) can be reduced [1]. In sub-

nanometer regime FDSOI MOSFET with multiple gate structures are become more attractive 
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because of their inherent immunity to short channel effect, improved sub-threshold 

characteristics and developed current driving capability [2].  

Dual Gate (DG) geometry helps in reduction of SCE’s by lowering the doping density, whereas, 

Dual Material Gate (DMG) introduces a step like potential profile, due to the work function of 

multiple materials used at gate of the device suppressed SCE [3]. A combined compact model 

structure on dual material dual gate (DMDG) and silicon on nothing (SON) has been established, 

depicting ultra-low threshold voltage with highly suppressed SCE’s [4].  

Threshold voltage, low field mobility, drains current, and transient Transconductance are 

superior in SON MOS compared to its SOI counterparts [1-2]. SON geometry fabrication is 

easier with standard recipes, epitaxial, RIE, and LDD implantation. The benefits of SON with 

DMG and DG has been illustrated quite a significant number of times. 

Perfect control of SCE’s coupled with high drive current, makes SON MOS as a best solutions 

for integration in deca-nanometer regime. Threshold voltage, low field mobility, drains current, 

and transient Transconductance are superior in SON MOS compared to its SOI counterparts. 

SON geometry fabrication is easier with standard recipes, epitaxial, RIE, and LDD implantation.  

The benefits of SON with DMG and DG has been illustrated quite a significant number of times. 

These advanced structures, delineated as an excellent gate control with outstanding switching 

speeds. This drives us to a point the stability and reliability of these transistors, when subjected 

to small signal noise at gate.  

In general noise is a natural method of interference that disturbs a stable switching circuit. Noise 

can have uncountable sources, ranging from imperfect DC input to parasitic coupling with other 

L, R components in the circuit. Effect of any random noise is mostly associated to the process of 

trapping and de-trapping of carrier. Generation and occupation of traps results in discountenance 
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of conductance.  

For semiconductors, typical noise fluctuations are associated with disturbance in conductivity. In 

MOS/DGMOS, these fluctuations are typically associated with number of carriers and 

fluctuations, explained by Mc Whorter model, as well as, mobility fluctuations, depicted in 

Hooge model. Hence, the scaling in device size, supply voltage at drain and gate are also to be 

reduced proportionately.  

To realization of the effect of noise on channel dynamics, for these advanced structures like 

DMDG SON MOSFET, elaborate study will substantiate the reliability of this advance deca-

nanoscale DMDG SON MOSFET [4]. This changed situation demands a reliability study of the 

nanoscale device. 

 3.2.  LITERATURE SURVEY 

The Silicon based MOSFETS sizes are minimized in to a remarkable level to increase in speed 

and efficiency in mobile computing. These reductions under a certain limit will exhibit some 

undesirable effects, such as Gate leakage current, Short Channel Effects etc. To overcome these 

unexpected effects the modifications of device structures are going on.  

In sub-nanometer regime FDSOI (Fully Depleted Silicon On Insulator) MOSFET with multiple 

gate structures are become more attractive because of their inherent immunity to short channel 

effect, improved sub-threshold characteristics and increase of current driving ability. Improved 

sub-threshold slope due to volume ‘inversion of charge’ in the channel of dual gate, MOSFET is 

observed [2].  

This type of DG MOSFET intensifies the charge carrier mobility also. The different work 

functions at the gate are introduced DMG in MOSFET structure the vertical field is modified and 

step in potential profile also observed [5]. The DMDG MOSFET in SON is another concept of 
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structure is developed by the researchers.  

The DMDG SON MOSFET is more acceptable than the SOI DMDG MOSFET in respect of 

short channel effects of device. The SON based structure features and improved current driving 

capability, along with enhanced device scalability, provide opportunity for more device 

miniaturization, without influencing device performance [6-7].  

The downscaling of CMOS transistors in to deca-nanometer scale, 20nm length of channel and 

the thickness of 5nm is chosen that is an ultra thin body DMDGMOSFET cannot be described by 

the classical model of charge inversion phenomena. In this structure characteristic the quantum 

mechanical effects (QME) are required to be considered. As the size is reduced, the supply 

voltage at drain and gate are also to be reduced proportionately [4].  

The CMOS devices are mostly used in VLSI circuits, as the current drive of this type of device is 

large. Moreover the device with multiple gates have the capability of addressing the short 

channel effect, sub-threshold slope, drain induced barrier lowering effect which are the function 

of channel length and film thickness [8]. The performance of multiple gate MOS device can be 

accounted with different type of analytical physics model [9]. The overall performance of SON 

MOSFET and SOI MOSFET structure and its comparison can be drawn after solving of 2-D 

Poisson equation [10]. The multiple metal considering multiple work functions are also used in 

SON structures improve the SCE of device. 

 3.3.  ANALYTICAL STUDY OF NANOSCALE DMDG SON MOSFET 

(A)  POTENTIAL MODEL 

Analytical Study of Nanoscale DMDG SON MOSFET Potential Model as in Fig.3.1, the model 

proposed above is ultrathin so carrier quantization appears in this case for two kinds of 
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confinements, structural confinement, appearing because of ultrathin nature and transverse 

electric field makes the electrical confinement [11]. Hence, simultaneously 2-D Poisson’s 

equations and Schrodinger equations are solved self consistently, to derive the potential profile 

[12].  

 

Fig.3.1 Basic structure of DMDG SON MOSFET 

 

The 2-D Poisson equation for such a structure is given by, 

𝜕𝜕2𝛷𝛷(𝑚𝑚 ,𝑦𝑦)
𝜕𝜕𝑚𝑚 2 + 𝜕𝜕2𝛷𝛷(𝑚𝑚 ,𝑦𝑦)

𝜕𝜕𝑦𝑦 2 = 𝑞𝑞𝑁𝑁𝐴𝐴
𝜀𝜀𝑠𝑠𝑠𝑠

                              (3.1) [12]                                            

In the above equation, 𝛷𝛷(𝑚𝑚,𝑦𝑦)is the 2-D potential profile in the channel, 𝑁𝑁𝐴𝐴 is the acceptor 

impurity concentration, and  𝜀𝜀𝑠𝑠𝑠𝑠  is the dielectric constant of silicon. Considering a second order 

potential approximation, 𝛷𝛷(𝑚𝑚,𝑦𝑦) can be expressed in simple parabolic function, 

𝛷𝛷(𝑚𝑚,𝑦𝑦) = 𝛷𝛷𝑠𝑠(𝑚𝑚) + 𝑐𝑐1(𝑚𝑚)𝑦𝑦 + 𝑐𝑐2(𝑚𝑚)𝑦𝑦2             (3.2) [12] 

Where, 𝛷𝛷𝑠𝑠(𝑚𝑚) is the surface potential and 𝑐𝑐1(𝑚𝑚) , 𝑐𝑐2(𝑚𝑚) are the coefficients dependent on x 

only. 

The 1-D Schrodinger equation is given as follows, 



Ph.D Thesis by Tapas Chakrabarti @ 2018 Page 49 
 

𝜕𝜕2𝜓𝜓
𝜕𝜕𝑦𝑦2  +  2𝑞𝑞𝑚𝑚𝑙𝑙 ,𝑡𝑡

∗

ℏ2 (𝐸𝐸 − 𝐸𝐸𝑂𝑂)𝜓𝜓 = 0                  (3.3) [14] 

The front gate of the proposed structure consists of two materials M1 and M2 with different work 

functions. So the potential under these two regions will be different. The boundary conditions are 

to solve (ϕ1, ϕ2). The boundary conditions to solve ϕ1 and ϕ2 are, 

𝑑𝑑𝛷𝛷1(𝑚𝑚 ,𝑦𝑦)
𝑑𝑑𝑦𝑦

= 𝜀𝜀𝑜𝑜𝑚𝑚
𝜀𝜀𝑠𝑠𝑠𝑠

(𝛷𝛷𝑠𝑠1(𝑚𝑚) − 𝑉𝑉 ′𝐺𝐺1)/𝑡𝑡𝑜𝑜𝑚𝑚     under M1 when y=0          (3.4) 

𝑑𝑑𝛷𝛷2(𝑚𝑚 ,𝑦𝑦)
𝑑𝑑𝑦𝑦

= 𝜀𝜀𝑜𝑜𝑚𝑚
𝜀𝜀𝑠𝑠𝑠𝑠

(𝛷𝛷𝑠𝑠2(𝑚𝑚) − 𝑉𝑉 ′𝐺𝐺2)/𝑡𝑡𝑜𝑜𝑚𝑚      under M2 when y=0          (3.5) 

𝑑𝑑𝛷𝛷1(𝑚𝑚 ,𝑦𝑦)
𝑑𝑑𝑦𝑦

= 𝜀𝜀𝑚𝑚𝑠𝑠𝑟𝑟
𝜀𝜀𝑠𝑠𝑠𝑠

(𝑉𝑉′𝐺𝐺𝐺𝐺𝐺𝐺 − 𝛷𝛷𝐵𝐵(𝑚𝑚))/𝑡𝑡𝑚𝑚𝑠𝑠𝑟𝑟   under M1 when y=tsi  (3.6) 

𝑑𝑑𝛷𝛷2(𝑚𝑚 ,𝑦𝑦)
𝑑𝑑𝑦𝑦

= 𝜀𝜀𝑚𝑚𝑠𝑠𝑟𝑟
𝜀𝜀𝑠𝑠𝑠𝑠

(𝑉𝑉 ′′𝐺𝐺𝐺𝐺𝐺𝐺 − 𝛷𝛷𝐵𝐵(𝑚𝑚))/𝑡𝑡𝑚𝑚𝑠𝑠𝑟𝑟   under M2 when y=tsi  (3.7) 

𝛷𝛷1(𝐿𝐿1, 0) = 𝛷𝛷2(𝐿𝐿1, 0)       (3.8) 

𝛷𝛷1(0,0) = 𝛷𝛷𝑠𝑠1(0) = 𝑉𝑉𝐺𝐺𝑠𝑠        (3.9) 

𝛷𝛷2(𝐿𝐿1 + 𝐿𝐿2, 0) = 𝛷𝛷𝑠𝑠2(𝐿𝐿1 + 𝐿𝐿2) = 𝑉𝑉𝐺𝐺𝑠𝑠 + 𝑉𝑉𝑑𝑑𝑠𝑠    (3.10) 

Where, tox is the oxide thickness at the dual material gate, εox is the dielectric constant of the 

oxide layer, tair is the thickness of the air layer, εair is the dielectric constant of air. Also, VG1 = 

VGS-VFB1, VG2 = VGS-VFB2, VGSB = VGS-VFB3where VGS is the gate to source bias voltage, VFB1, 

VFB2, VFB3 are the flat band voltages of M1, M2 and back substrate respectively. The built in 

potential (Vbi) across the body – source junction, and ΦB(x) is the back gate potential function.  

After applying all the above boundary conditions, we get four constants as C11, C21, C12, C22. 

The surface potential is solved by substituting all the constants found by solving the boundary 

conditions in the Poisson equation, 

𝑑𝑑2𝛷𝛷𝑠𝑠1(𝑚𝑚)
𝑑𝑑𝑚𝑚 2 − 𝛼𝛼𝛷𝛷𝑠𝑠1(𝑚𝑚) = 𝛽𝛽1      𝑑𝑑

2𝛷𝛷𝑠𝑠2(𝑚𝑚)
𝑑𝑑𝑚𝑚 2 − 𝛼𝛼𝛷𝛷𝑠𝑠2(𝑚𝑚) = 𝛽𝛽2   (3.11) 

Where, 
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      (3.12) 

The differential equations (3.11) are solved using normal ODE solving techniques to obtain the 

surface potential expression. The final equation of surface potential is normalized to get its 

reduced form as shown below 

𝛷𝛷𝐺𝐺1 =

− 𝛽𝛽1
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2√𝛼𝛼 .𝑒𝑒2𝐿𝐿√𝛼𝛼−1
   (3.13) 
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+ �4.𝑉𝑉𝐺𝐺𝑠𝑠 .𝛼𝛼. 𝑒𝑒2√𝛼𝛼 .𝑙𝑙1� + �2𝑉𝑉𝑑𝑑𝑠𝑠𝛼𝛼. 𝑒𝑒2.√𝛼𝛼 .𝑙𝑙1� + �2𝛽𝛽1. 𝑒𝑒𝐿𝐿.√𝛼𝛼+√𝛼𝛼 .𝑙𝑙1� −

�𝛽𝛽2𝑒𝑒−𝐿𝐿√𝛼𝛼+√𝛼𝛼 .𝑙𝑙1� − �2𝛽𝛽1𝑒𝑒−𝐿𝐿√𝛼𝛼+2√𝛼𝛼 .𝑙𝑙1� + �𝛽𝛽1. 𝑒𝑒(−𝐿𝐿√𝛼𝛼+3√𝛼𝛼 .𝑙𝑙1)� − �𝛽𝛽2. 𝑒𝑒(−𝐿𝐿√𝛼𝛼+3√𝛼𝛼 .𝑙𝑙1)� −

2𝑉𝑉𝐺𝐺𝑠𝑠 .𝛼𝛼 .𝑒𝑒 (−𝐿𝐿√𝛼𝛼+2√𝛼𝛼 .𝑙𝑙1)

2√𝛼𝛼 .𝑒𝑒2.𝐿𝐿 .√𝛼𝛼−1
+ 𝛽𝛽2𝑒𝑒√𝛼𝛼 .𝑚𝑚

2√𝛼𝛼
+ �2𝛽𝛽2𝑒𝑒𝐿𝐿.√𝛼𝛼� − �𝛽𝛽2. 𝑒𝑒𝐿𝐿.√𝛼𝛼+√𝛼𝛼 .𝑙𝑙1� − �2𝛽𝛽1. 𝑒𝑒𝐿𝐿.√𝛼𝛼+2√𝛼𝛼 .𝑙𝑙1� +

(𝛽𝛽1. 𝑒𝑒𝐿𝐿√𝛼𝛼+3√𝛼𝛼 .𝑙𝑙1 ) − �𝛽𝛽2. 𝑒𝑒𝐿𝐿.√𝛼𝛼+3√𝛼𝛼 .𝑙𝑙1�     (3.14) 

The equations of surface potential Φs1 at 0 to 10nm material (M1) and Φs2 at 10nm to 20nm 

material (M2) are considered here. 

Differentiating these two equations with respect to x we get the expression of electric fields, 

𝐸𝐸1 =

(𝛽𝛽1 − √𝛼𝛼. 𝑒𝑒(−√𝛼𝛼 .𝑚𝑚))
�𝛽𝛽1𝑒𝑒�2.√𝛼𝛼 .𝑚𝑚−√𝛼𝛼 .𝑚𝑚��

2√𝛼𝛼
− �2𝛽𝛽2𝑒𝑒𝐿𝐿.√𝛼𝛼� + �4𝑉𝑉𝐺𝐺𝑠𝑠 .𝛼𝛼. 𝑒𝑒2.√𝛼𝛼 .𝑙𝑙1� + �4.𝑉𝑉𝑑𝑑𝑠𝑠 .𝛼𝛼. 𝑒𝑒2.√𝛼𝛼 .𝑙𝑙1� +
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�𝛽𝛽1. 𝑒𝑒𝐿𝐿.√𝛼𝛼+√𝛼𝛼 .𝑙𝑙1� − �𝛽𝛽2. 𝑒𝑒𝐿𝐿.√𝛼𝛼+√𝛼𝛼 .𝑙𝑙1� − �2.𝛽𝛽1. 𝑒𝑒(−𝐿𝐿.√𝛼𝛼+2.√𝛼𝛼 .𝑙𝑙1)� + �𝛽𝛽1. 𝑒𝑒(−𝐿𝐿.√𝛼𝛼+3.√𝛼𝛼 .𝑙𝑙1)� −

�𝛽𝛽2. 𝑒𝑒(−𝐿𝐿.√𝛼𝛼+3.√𝛼𝛼 .𝑙𝑙1)� − (2.𝑉𝑉𝐺𝐺𝑠𝑠 .𝛼𝛼 .𝑒𝑒�−𝐿𝐿 .√𝛼𝛼+2.√𝛼𝛼 .𝑙𝑙1�)

(2.√𝛼𝛼 .𝑒𝑒�2.𝐿𝐿 .√𝛼𝛼�−1)
+ 𝛽𝛽1.𝑒𝑒√𝛼𝛼 .𝑚𝑚

2.√𝛼𝛼
+ �2𝛽𝛽2𝑒𝑒𝐿𝐿.√𝛼𝛼� + �𝛽𝛽1. 𝑒𝑒𝐿𝐿.√𝛼𝛼+√𝛼𝛼 .𝑙𝑙1� −

�𝛽𝛽2. 𝑒𝑒𝐿𝐿.√𝛼𝛼+√𝛼𝛼 .𝑙𝑙1� − �2𝛽𝛽1. 𝑒𝑒𝐿𝐿.√𝛼𝛼+2.√𝛼𝛼 .𝑙𝑙1� + �𝛽𝛽1. 𝑒𝑒(−𝐿𝐿.√𝛼𝛼+3.√𝛼𝛼 .𝑙𝑙1)� − �𝛽𝛽2. 𝑒𝑒(−𝐿𝐿.√𝛼𝛼+3√𝛼𝛼 .𝑙𝑙1)� −

2𝑉𝑉𝐺𝐺𝑠𝑠 𝛼𝛼 .𝑒𝑒𝐿𝐿√𝛼𝛼 .𝑒𝑒2√𝛼𝛼 .𝑙𝑙1

2√𝛼𝛼 .𝑒𝑒2.𝐿𝐿 .√𝛼𝛼−1
        (3.15) 

 

𝐸𝐸2 = (𝛽𝛽2 − √𝛼𝛼. 𝑒𝑒(√𝛼𝛼 .𝑚𝑚 . ) 𝛽𝛽2.𝑒𝑒�−√𝛼𝛼 .𝑚𝑚�

2.√𝛼𝛼
− �2𝛽𝛽2. 𝑒𝑒𝐿𝐿.√𝛼𝛼� + �4.𝑉𝑉𝐺𝐺𝑠𝑠 .𝛼𝛼. 𝑒𝑒2.√𝛼𝛼 .𝑙𝑙1� + �4.𝑉𝑉𝑑𝑑𝑠𝑠 .𝛼𝛼. 𝑒𝑒2.√𝛼𝛼 .𝑙𝑙1� +

�𝛽𝛽1. 𝑒𝑒(−𝐿𝐿.√𝛼𝛼+√𝛼𝛼 .𝑙𝑙1)� − �𝛽𝛽2. 𝑒𝑒(−𝐿𝐿.√𝛼𝛼+√𝛼𝛼 .𝑙𝑙1)� − �2.𝛽𝛽1. 𝑒𝑒(−𝐿𝐿.√𝛼𝛼+2.√𝛼𝛼 .𝑙𝑙1)� + �𝛽𝛽1. 𝑒𝑒(−𝐿𝐿.√𝛼𝛼+3.√𝛼𝛼 .𝑙𝑙1)� −

�𝛽𝛽2. 𝑒𝑒(𝑙𝑙 .√𝛼𝛼+3.√𝛼𝛼 .𝑙𝑙1)� − 2.𝑉𝑉𝐺𝐺𝑠𝑠 .𝛼𝛼 .𝑒𝑒 (−𝐿𝐿 .√𝛼𝛼+2√𝛼𝛼 .𝑙𝑙1)

2.√𝛼𝛼 .𝑒𝑒2.𝐿𝐿 .√𝛼𝛼−1
+ 𝛽𝛽2.𝑒𝑒√𝛼𝛼 .𝑚𝑚

2.√𝛼𝛼
+ �2.𝛽𝛽2. 𝑒𝑒𝐿𝐿.√𝛼𝛼� + �𝛽𝛽1. 𝑒𝑒𝐿𝐿.√𝛼𝛼+√𝛼𝛼 .𝑙𝑙1� −

�𝛽𝛽2. 𝑒𝑒𝐿𝐿.√𝛼𝛼+√𝛼𝛼 .𝑙𝑙1� − �2.𝛽𝛽1. 𝑒𝑒𝐿𝐿.√𝛼𝛼+2.√𝛼𝛼 .𝑙𝑙1� + �𝛽𝛽1. 𝑒𝑒𝐿𝐿.√𝛼𝛼+3.√𝛼𝛼 .𝑙𝑙1� − �𝛽𝛽2. 𝑒𝑒𝐿𝐿.√𝛼𝛼+3.√𝛼𝛼 .𝑙𝑙1� −

2.𝑉𝑉𝐺𝐺𝑠𝑠 .𝛼𝛼 .𝑒𝑒𝐿𝐿 .√𝛼𝛼+2.√𝛼𝛼 .𝑙𝑙1

2.√𝛼𝛼 .𝑒𝑒2.𝐿𝐿 .√𝛼𝛼−1
        (3.16) 

The equation of Electric field E1 at 0 to 10nm material (M1) and E2 at 10nm to 20nm material 

(M2) are derived here. 

(B) THRESHOLD VOLTAGE MODEL 

The quantum threshold voltage can be deduced from the accumulated integrated charge in the 

virtual cathode under the p+ poly-silicon front gate [15]. The inversion charge carriers are 

expressed as bellow: 

𝑄𝑄inv ,q
𝑇𝑇 =

𝑞𝑞𝑘𝑘𝑇𝑇
𝜋𝜋ђ2 ∑ [�𝑚𝑚𝑙𝑙

∗𝑚𝑚𝑡𝑡
∗𝑔𝑔𝑡𝑡 ln �1 + exp�− 1

𝑉𝑉𝑡𝑡
�𝐸𝐸𝑙𝑙~𝑠𝑠 − ∅𝐺𝐺1(𝑚𝑚𝑚𝑚)��� + 𝑚𝑚𝑡𝑡

∗𝑔𝑔𝑙𝑙 ln[1 + exp(− 1
𝑉𝑉𝑡𝑡

(𝐸𝐸𝑙𝑙~𝑠𝑠 −𝑠𝑠

∅𝐺𝐺1(𝑚𝑚𝑚𝑚)))]]        (3.17) 
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It is very difficult to solve the equation 𝑄𝑄inv ,q
𝑇𝑇 =  𝑄𝑄𝑇𝑇  directly. Hence, an analytical approach 

has been utilized. It consists of two parts, first the calculation of classical threshold voltage 

model taking into account the SCEs, 𝑉𝑉th
𝑐𝑐𝑙𝑙

 and secondly we calculate the deviation between the 

classical and quantum threshold voltageΔ𝑉𝑉𝑡𝑡ℎ
𝑞𝑞 . As a result, the final quantum threshold voltage is 

given by 

𝑉𝑉𝑡𝑡ℎ
𝑞𝑞  =  𝑉𝑉𝑡𝑡ℎ𝑐𝑐𝑙𝑙 +  ∆𝑉𝑉𝑡𝑡ℎ

𝑞𝑞         (3.18) 

Classical Threshold Voltage  

In order to find out the classical voltage threshold model, a graphical approach has been used. 

In our proposed structure, there exists two different threshold voltages related to each gate 

material. These threshold voltages are given as under, 

𝑉𝑉𝑡𝑡ℎ2 =  𝑉𝑉𝐹𝐹𝐵𝐵,𝑓𝑓𝑝𝑝  +  2∅𝐹𝐹 + �𝑄𝑄𝑠𝑠𝑠𝑠  + 4𝑉𝑉𝐶𝐶𝑠𝑠𝑠𝑠
2

� + 𝑉𝑉𝑡𝑡 ln(𝑉𝑉𝑡𝑡
4𝐶𝐶𝑠𝑠𝑠𝑠
𝑄𝑄𝑠𝑠𝑠𝑠

)   (3.19) 

𝑉𝑉𝑡𝑡ℎ1 =  𝑉𝑉𝑡𝑡ℎ2 −  𝛾𝛾𝑜𝑜𝑚𝑚 𝑡𝑡𝑓𝑓𝑡𝑡𝑠𝑠𝑠𝑠
𝛾𝛾𝑜𝑜𝑚𝑚 𝑡𝑡𝑓𝑓+𝛾𝛾𝑚𝑚𝑠𝑠𝑟𝑟 𝑡𝑡𝐺𝐺+𝑡𝑡𝑠𝑠𝑠𝑠

∆𝑉𝑉𝑓𝑓𝐺𝐺      (3.20) 

It must be analyzed that the overall threshold voltage is derived from the surface potential 

minima as it is a function of surface potential and occurs at its lowermost value.   

𝑉𝑉𝐹𝐹𝐵𝐵,𝑓𝑓𝑝𝑝   is flat-band voltage of the gate, 𝛾𝛾𝑜𝑜𝑚𝑚 =  𝜀𝜀𝑠𝑠𝑠𝑠
𝜖𝜖𝑜𝑜𝑚𝑚

, 𝛾𝛾𝑚𝑚𝑠𝑠𝑟𝑟 =  𝜀𝜀𝑠𝑠𝑠𝑠
𝜖𝜖𝑚𝑚𝑠𝑠𝑟𝑟

 , 𝑄𝑄𝑠𝑠𝑠𝑠 = 𝑞𝑞𝑁𝑁𝐴𝐴𝑡𝑡𝑠𝑠𝑠𝑠  is total charge 

across the channel, and ∆𝑉𝑉𝑓𝑓𝐺𝐺 is difference between flat-band voltages of the front and the back 

gates (∆𝑉𝑉𝑓𝑓𝐺𝐺 =  𝑉𝑉𝐹𝐹𝐵𝐵,𝑓𝑓𝑝𝑝  −  𝑉𝑉𝐹𝐹𝐵𝐵,𝐺𝐺𝑛𝑛  ). 

Taking into account the SCEs the threshold voltage shift is given by: ∆𝑉𝑉𝑡𝑡ℎ = 2�𝜂𝜂𝐺𝐺𝜂𝜂𝐿𝐿1𝑒𝑒−𝜏𝜏   

where, parameters have the significances as stated. 

The final expression of classical threshold voltage after incorporating the threshold voltage 

shift comes out to be, 

𝑉𝑉𝑡𝑡ℎ𝑐𝑐𝑙𝑙  =  𝑉𝑉𝑡𝑡ℎ1 − Δ𝑉𝑉𝑡𝑡ℎ         (3.21) 
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 Quantum Threshold Voltage  

Considering the classical and quantum inversion charge models at the virtual cathode position, 

we find out the expression for critical charge, 𝑄𝑄𝑇𝑇  required to achieve inversion, separately. The 

difference obtained between the surface potential for the classical and the quantum models is 

calculated from the expression of critical charge. For classical case, at threshold, we can write, 

𝑄𝑄𝑇𝑇 = 𝑄𝑄inv ,cl
𝑇𝑇 = ∫ 𝑞𝑞𝑛𝑛𝑠𝑠 exp �𝑞𝑞𝜙𝜙1(𝑚𝑚𝑚𝑚 ,𝑦𝑦)

𝑘𝑘𝑇𝑇
� 𝑑𝑑𝑦𝑦𝑡𝑡𝑠𝑠𝑠𝑠

0 =

𝑞𝑞𝑛𝑛𝑠𝑠 exp �𝜙𝜙𝐺𝐺1(𝑚𝑚𝑚𝑚 )
𝑉𝑉𝑡𝑡

� × ∫ exp �(𝑐𝑐11 (𝑚𝑚𝑚𝑚 )𝑦𝑦+𝑐𝑐12 (𝑚𝑚𝑚𝑚 )𝑦𝑦2)
𝑉𝑉𝑡𝑡

� 𝑑𝑑𝑦𝑦𝑡𝑡𝑠𝑠𝑠𝑠
0   (3.22) 

The value of c12 is found to be negative at the virtual cathode position, so we can write 

𝑐𝑐12=− |𝑐𝑐12| .  Hence, the equation on simplification becomes, 

𝑄𝑄𝑇𝑇 = 𝑞𝑞𝑛𝑛𝑠𝑠 exp �𝜙𝜙𝐺𝐺1(𝑚𝑚𝑚𝑚 )
𝑉𝑉𝑡𝑡

� 𝑒𝑒
𝑐𝑐11

2

4𝑉𝑉𝑡𝑡 |𝑐𝑐12 |

2�|𝑐𝑐12 | �𝜋𝜋𝑉𝑉𝑡𝑡(erf �(−𝑐𝑐11 +2𝑡𝑡𝑠𝑠𝑠𝑠 |𝑐𝑐12 |
2�𝑉𝑉𝑡𝑡 |𝑐𝑐12 |

)� − erf( −𝑐𝑐11
2�𝑉𝑉𝑡𝑡 |𝑐𝑐12 |

))  (3.23)  

Alternatively, at the weak inversion region where the Fermi level is much below the 

conduction band, we can approximate the Fermi–Dirac distribution by Boltzmann. 

𝑄𝑄𝑇𝑇 = 𝑞𝑞𝑘𝑘𝑇𝑇
𝜋𝜋ђ2 exp �𝜙𝜙𝐺𝐺1(𝑚𝑚𝑚𝑚 )

𝑉𝑉𝑡𝑡
�∑ ��𝑚𝑚𝑙𝑙

∗𝑚𝑚𝑡𝑡
∗𝑔𝑔𝑡𝑡 exp �− 𝐸𝐸𝑙𝑙

~𝑠𝑠

𝑉𝑉𝑡𝑡
� + 𝑚𝑚𝑡𝑡

∗𝑔𝑔𝑙𝑙 exp �− 𝐸𝐸𝑡𝑡
~𝑠𝑠

𝑉𝑉𝑡𝑡
��𝑠𝑠    (3.24) 

Equating (19) and (20), we get the shift in surface potential Δ𝜙𝜙𝐺𝐺1
𝑞𝑞 (𝑚𝑚𝑚𝑚) , This shift allows us to 

change in threshold voltage from ∆𝑉𝑉𝑡𝑡ℎ
𝑞𝑞  from Δ𝜙𝜙𝐺𝐺1

𝑞𝑞 (𝑚𝑚𝑚𝑚). 

It can be achieved by allowing non-ideal sub-threshold slope of S as, 

∆𝑉𝑉𝑡𝑡ℎ
𝑞𝑞 = 𝐺𝐺

�𝑘𝑘𝑇𝑇𝑞𝑞 �𝑙𝑙𝑛𝑛(10)
𝛥𝛥𝜙𝜙𝐺𝐺1

𝑞𝑞 (𝑚𝑚𝑚𝑚 )      (3.25) 

 3.4.  RESULTS AND DISCUSSION 

Most natural method of interference that causes a switching circuit is due to noise. Noise can 

have uncountable sources, ranging from imperfect DC input to parasitic coupling with other L, R 

components in the circuit. We are anticipating some significant performance degradation in 
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DMDG SON MOS, which might be greater than the devices having higher SCE’s. To understand 

the effect of noise in DMDG SON MOS, for the first time, we have taken a sinusoidal 

component of noise, with varying frequency (1kHz to 1MHz). Sinusoidal signal is a component 

of an entire noise spectrum. Thereby, at the first step, we are studying the impact of a component 

of noise. DMDG SON MOS features ultra-low threshold voltage, ideal for DC and high 

frequency switching applications. Surface states tend to scatter in deep depletion modes. This 

feature is supposed to be predominant with carriers that are confined with innumerable small 

potential wells acting as boundary conditions, as is the case with quantum confinement in 

nanoscale MOS. For this reason, we have operated the device strictly in deep depletion or 

inversion modes, and studied the impact of sinusoidal signal on the gate, when the drain current 

saturates.  The device features quantum threshold voltage of 0.3458V, in normal DC operations. 

We have fixed the drain to source voltage (VDS) at 0.5V and, gate to source voltage (VGS) at 

0.45V. A sinusoidal voltage (VRMS = 0.707V) is applied at the gate along with VGS. The 

magnitude of the sinusoid complies with simulated sinusoidal noise applied [16/19]. The total 

voltage applied at the gate, takes the form, VGS = VGS(DC) + VGS(Sinusoid) × sin(ωt). This ensures 

that the device stays in inversion regime, with saturating drain current. 

 Application of this mixed signal is anticipated to bring some change in device 

performance. Response of surface states with DC and sinusoidal components are analyzed 

separately, to bring out the underlying factor behind the change in device performance.  

Moreover, the dissociated DC and sinusoidal constants are convoluted and plotted, to check the 

fluctuations for different device parameters. 
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Fig. 3.2 DC and Sinusoidal components of Surface Potential plotted across the length of the Channel 

 

 Surface potential directly determines the behavior of surface states. Surface potential 

plotted against the entire channel length shows the typical profile for a DMDG SON MOS. Both 

the components are plotted in Fig.3.2. Although fluctuation of surface potential is an expected 

phenomenon on application of sinusoidal signal at the gate, but the fluctuation seems way to 

higher, which is almost in the range of 1.3V, even after maintaining the magnitude of sinusoidal 

signal within safe limits. Fig.3.3 compares the fluctuation of surface potential for a lower 

(10KHz) and higher frequency (1MHz). Interestingly, we are observing lesser fluctuation at 

increased frequencies.  
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Fig.3.3 Comparison drawn between different frequencies, for convoluted DC and sinusoidal Surface Potential 

components depicted along the length of the channel. Lesser frequencies show greater potential fluctuations along 

the channel 
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Fig.3.4 Electric Field is plotted along the length of the channel for three different Drain Voltages, indicating levels 

of Deep Depletion modes, depicting shift in pinch off along the Channel 

Electric field profile for deep depletion modes (VDS = 0.5V, 1V, 2V) plotted for the DC 

component only, shown in Fig.3.4 depicts normal behavior of the channel. The field profile 

plotted for sinusoidal component depicts an astonishing phenomenon, shown in Fig.3.5. Instead 
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of saturating near the drain edge, electric field for the sinusoidal component reversers its 

magnitude, and goes on increasing towards the negative direction, as we approach towards the 

drain edge. Reversal of magnitude refers to change in direction of field. This phenomenon has 

never been observed previously for any noise component in any nanoscale MOS structure.   
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Fig.3.5 DC and Sinusoidal components of Electric Field is plotted along the length of the Channel. Reversal of Field 

direction for the sinusoidal component is depicted 

Fig. 3.6(a), clearly depicts the fluctuation of electric field along the channel, due to the mixed 

voltage supply at the gate. Interestingly, the fluctuation pinches off at one point in the channel, 

and then increases drastically towards the drain side. Moreover, the field constantly changes its 

direction in the drain side, indicating a highly unstable channel dynamics. The comparison 

between field fluctuations for 10 KHz and 1 MHz, shown in Fig.3.6 (b), depicts lower 

fluctuation for higher frequencies. Moreover, the interface traps and bounded carriers have 

responded to lower frequencies significantly, which implies that there will be performance 

degradation for any component of noise induced in the circuit. Low power devices show 

significant performance degradation for higher voltages, and higher temperatures. With increase 

in temperature, the mean free paths for the highly energetic carriers are reduced, which leads to 
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almost doubling of reverse saturation current for every 10oC rise in temperature. Sinusoidal 

component is analogous to a transient force which is disturbing the channel dynamics, by 

opposing the carriers to get collected in the drain side, which in turn, is bound to result in 

scattering. 

 

(a)        (b) 

Fig.3.6(a) DC and Sinusoidal components of Electric Field convoluted to understand their combined effect along the 

Channel & Fig.3.6(b)Field fluctuation increases drastically in the drain side. The Field even reverses direction quite 

frequently towards the drain edge 

Fig.3.7 shows the expected trend, depicting no temperature variance with the DC component of 

the field. Whereas, the sinusoidal component is showing clear temperature dependence however 

the field towards the drain side is increasing in the negative direction with increase in 

temperature, thereby establishing the fact of high HCE. This phenomenon is clearly depicted in 

Fig.3.8. Fig.3. 9, clearly depicts the above phenomenon, where a comparison is drawn between 

the overall impact of both DC and sinusoidal components convoluted together, in 10 Hz, and 10 

KHz frequencies.  
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Fig.3.7 DC component of Electric Field plotted across channel length, depicting the invariance of Electric Field with 

Temperature 
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Fig.3.8. Sinusoidal Component of Electric Field plotted across the length of the Channel. Sinusoidal component 

depicts significant increase of Electric Field in the reverse direction with increase in Temperature 
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Fig.3.9 Comparison drawn between two frequencies, for convoluted DC and sinusoidal Electric Field components 

depicted along the length of the channel. Very low frequency plot (10 Hz) shows characteristics analogous to DC 

component 

The phenomenon occurring at the channel due to the combined effect of DC and sinusoidal 

component of electric field shows highly unstable channel dynamics. It is quite obvious that if 

the carriers of the channel are not in equilibrium even at gate voltages higher than threshold 

voltage, and if they are constantly receiving forces in two opposite directions, threshold voltage 

is bound to fluctuate. To make the model familiar to the phenomenon happening in the channel, 

we have solved quantum threshold voltage, along the channel, in inversion mode only. 

Fig.3.10(a) shows the DC and sinusoidal component of the field separately. As expected, the 

sinusoidal component shows a greater threshold voltage across the channel. This depicts that; the 

sinusoidal component will have much significant impact in determining the threshold voltage of 

the device. 



Ph.D Thesis by Tapas Chakrabarti @ 2018 Page 61 
 

10.0 12.0 14.0 16.0 18.0 20.0
0.00

0.05

0.10

0.15

0.20

0.25

0.30

    VGS (DC) = 0.45V
  VGS (Sinusoid) = 0.1V

 DC Component
 Sinusoidal component

Q
ua

nt
um

 T
hr

es
ho

ld
 V

ol
ta

ge
 (V

)

Channel Length (nm)  

Fig. 3.10.(a) DC and Sinusoidal components of Quantum Threshold Voltage is plotted (a) along the length of the 

Channel Sinusoidal component shows significant increase in Quantum Threshold Voltage, 
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Fig.3.10.(b). Across Film Thickness shows a constant increase in Quantum Threshold Voltage than the  

DC component 

 

All the above discussions boil down to the fact that, threshold voltage is bound to fluctuate along 

the channel, if the channel dynamics is disturbed. Moreover, we can observe an increased 

quantum threshold voltage fluctuation towards the drain edge, which will definitely degrade 

device performance because of HCE. Fig.3.11, depicts the comparison of threshold voltage 

fluctuation with change in frequency. An even more interesting phenomenon is observed when 

we have plotted quantum threshold voltage for both DC and sinusoidal components along the 
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film, starting from channel to the substrate. As expected, quantum threshold voltages for both the 

components have lowered on increasing film thickness. But, sinusoidal component of quantum 

threshold voltage is showing a constant significant increase than the DC component. This infers 

that, in the combined effect of DC and sinusoidal component, the sinusoidal component will 

predominate, and will disturb the carrier concentration and orientation throughout the film and 

the channel. This phenomenon is depicted in Fig.3.10(b), We are observing a change in threshold 

voltage, which is strictly a DC parameter with a sinusoidal component of noise. This degrades 

device performance. Fluctuations for electric field and threshold voltage are significantly 

reduced for simple nanoscale MOS devices, which feature significantly high SCE’s. We are 

reaching at a stage, where structural modifications made to suppress SCE’s increases instability 

of the device when subjected to any component of noise, ultimately resulting in performance 

degradation and circuit instability. 
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Fig.3.11 Comparison drawn between different frequencies, for convoluted DC and sinusoidal Quantum Threshold 

Voltage components depicted along the length of the channel. Lesser frequencies show greater Quantum Threshold 

Voltage fluctuations along the Channel. 
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CHAPTER 4 

MODELING OF HIGHLY EFFICIENT HIT SOLAR CELLS 

____________________________________________________________________________ 
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 4.1.  INTRODUCTION 

A simple ‘heterojunction solar cell’ means that two semiconductors of different ‘band gaps’ 

forming the p-n junction, especially crystalline n-type silicon wafer with amorphous p-type 

silicon [1]. 

‘Amorphous silicon’ is comparatively cheaper silicon material with respect to ‘crystalline 

silicon’ (c-Si) technology. Although the ‘c-Si solar cells’ have high photo-voltaic (PV) 

conversion efficiency, however, this technology is also associated with higher production cost, 

thermal budget and requirement of quality Silicon semiconductor. The existing ‘defect states’ in 

c-Si wafers manifest further deterioration due to comparatively higher processing temperature. 

So, the ‘crystalline’ and ‘amorphous’ silicon applied in different layer of ‘solar cell’ and form the 

‘heterojunction intrinsic thin film’ (H-I-T) has become alternative options [2]. 
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The H-I-T ‘solar cell’ was first time developed in 1991, and patented by ‘Sanyo Electric 

Company’ and it became popular among researchers due to interesting features of the cells like 

the high PV conversion efficiency (η) and lower processing temperature.   

An introduction of ‘thin intrinsic’ layer of ‘hydrogenated amorphous silicon’ (a-Si:H) between 

the ‘p-type’ and ‘n-type’ ‘silicon’ achieved a remarkable advancement in H-I-T ‘solar cell’ and 

found better response of the ‘external quantum efficiency’ (EQE). Optimizing the ‘layer 

thickness’ of intrinsic (i-Si) and emitters (a-Si:H) of H-I-T ‘solar cell’, the ‘Short Circuit Current 

density’ (Jsc), ‘Fill Factor’ and ‘efficiency’ can be increased up to a level of operation. 

The heterojunction a-Si/c-Si interface controls the ‘function of performance’ of the H-I-T ‘solar 

cell’ and achieved the ‘high efficiency’. Using p-type a-Si:H materials in HIT device structure, 

‘high Fill Factor’ along with improved performance observed. The discontinuity of ‘energy band 

structure’ of heterojunction increase the loss with ‘electron –hole pair’ recombination that is 

effected to the ‘current density’ but not the ‘open circuit voltage’.   

When a light is entered from air to the ‘top surface’ of ‘silicon’, that time a fraction of ‘light’ is 

returned back to the air by ‘reflection’. Introducing texturization on the top most surface of 

‘Silicon layer’ can reduce the ‘reflection’. Textured surface can trap the more light which 

increase the ‘short circuit current’ but the textured surface becomes more defective, which 

should be optimized for good response. Comparatively thinner wafers are used in H-I-T ‘solar 

cells’ like 250 μm, 98 μm thick which leads lower processing temperature. [3]. 

Charge carrier transportation across the H-I-T cell structure is determined by the various stage 

‘drift-diffusion’ of charge carriers, where the high electric field exists, the drift will occur and on 

account of concentration gradient diffusion of carriers will take place. The ‘heterojunction 
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interface’, the ‘energy bands discontinuity’ will lead to trap the ‘charge carriers’ and tunneling 

the same is an ‘important factor’ in ‘performance’ of H-I-T ‘solar cells’ [2-3]. 

Exploration of new structures, minimization of silicon is going on. It is evident that newer 

structures of H-I-T ‘solar cell’ using ‘ZnO’, ‘ZnSe’ and ‘ZnTe’ materials are showing 

mentionable results [4].  

The ‘band gap’ of ZnTe is quite wide, which is ‘2.23–2.28eV’ at room temperature, ‘absorption 

coefficient’ is also high close to105cm-1 and low ‘electron affinity’ of 3.73eV, which makes the 

ZnTe as most promising ‘compound semiconductor material’ (II–VI)  in the domain of ‘low-

cost’ and ‘high-efficiency’ thin film ‘solar cells’ [4-5]. Another material ZnO is also a ‘direct 

band gap’ and sufficiently ‘wide band gap’ (Eg=3.34eV) semiconductor. But the electron an 

‘hole mobility’ of ZnO is 200 cm2/Vs and 5-50 cm2/Vs respectively, which are not so 

impressive. In my research work, using ZnTe and ZnO in the ‘emitter layer’ new models of H-I-

T ‘solar cells’ are developed which reveals that a ‘low cost’ substitution to traditional ‘c-Si solar 

cells’. 

4.2.  LITERATURE SURVEY OF ‘HIT SOLAR CELLS’ 

The ‘solar cell’ industry is dominated by the ‘crystalline silicon’ (c-Si) ‘solar cells’ which are 

most common p-n junction type. Thin-film ‘hydrogenated amorphous silicon’ (a-Si: H) and 

‘hydrogenated microcrystalline silicon’ (μc-Si: H) semiconductors are popular for ‘p-i-n thin-

film’ structures of ‘solar cell’ [6].  

Different ‘band gaps’ or work function materials combination called ‘Heterojunction materials’ 

like a-Si:H/c-Si, CdS/CdTe and Cds/CIGS are used in H-I-T ‘solar cells’. The ‘silicon 

heterojunction’ ‘solar cells’ are a fascinating technology as the amalgamations of ‘crystalline 

silicon’ and ‘amorphous silicon’ are involved [6].  
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‘Silicon heterojunction’ ‘solar cells’ are engineered of  ‘c-Si’ as light absorber along with ‘thin-

film silicon’ layers. This type of ‘solar cells’ are achieved the ‘efficiency ~22%’, whereas the 

‘theoretical value’ is ~23% for ‘c-Si cells’ [7].  

Improving the ‘surface passivation’ of ‘c-Si’ another conceptual configuration is known as 

‘Heterojunction Intrinsic Thin-film’ or ‘H-I-T solar cell’, which has showed the result of 

‘efficiency’, is ~25%. The ‘typical configurations’ of heterojunction and ‘H-I-T solar cells’  is  

TCO/a-Si:H(p)/a-Si:H(i)/c-Si(n)/a-Si:H(i)/a-Si:H(n+)/TCO/Al [1]. 

TCO 

a-Si:H(p) 

a-Si:H(i) 

c-Si:H(n) 

a-Si:H(i) 

a-Si:H(n+) 

TCO 

Fig.4.1. Typical Structure of H-I-T Solar Cell 

The continuous investigations for betterment of ‘solar cell device’ structures and exploration of 

materials are also going on. The Sanyo research and development group was the first to apply an 

a-Si:H heterojunction to a ‘c-Si solar cell’ in 1991 and their first ‘Hetero junction’ ‘solar cell’ by 

directly depositing ‘a-Si:H(p)’ layer onto ‘n-type-c-Si’ wafer, and  was obtained the ‘efficiency’ 

of 12.3% [6]. Due to the high density ‘defect-state’ at the hetero-interface, the ‘solar cell’ shows 

relatively low ‘Open circuit voltage’ and ‘Fill Factor’. Inserting of a tiny layer of ‘a-Si:H(i)’ 

between ‘a-Si:H(p)’ and ‘n-type’ ‘c-Si wafer’ lead to better cell performance. This incorporation 

of ‘a-Si:H(i)’ lead to passivation of the ‘dangling bonds’ on the ‘c-Si’ surface, which lowered the 
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a-Si:H/c-Si interface defect-state density. These lower ‘defect-state density’ at the 

‘Heterojunction’ interface led to overshadow the ‘Open circuit voltage’ and ‘Fill Factor’. Using a 

passivated a-Si:H(i) layer, achieved the ‘efficiency’ of 14.8% for H-I-T ‘solar cells’ [6]. A cell 

efficiency of 18.1% was obtained with the ‘textured wafer surface’ for ‘light trapping’ and the 

inclusion of a BSF at ‘back side’ of the device [6]. The ‘textured wafer surface’ and the ‘BSF’ is 

lead to a significant upgrade in ‘short circuit current density’ (Jsc). The H-I-T ‘solar cell’ was 

further, improved by applying double-side passivated a-Si:H(i) to the wafer. ITO was included in 

the ‘rear side’ between the BSF and metal-grid electrode for further enhancement of ‘efficiency’ 

of H-I-T ‘solar cell’ which goes up to 21.3% [3]. Sanyo was also trying to fabricate slim HIT 

cells with thickness below 100 μm [7]. With these ‘thinner cells’, the ‘short circuit current’ 

decreases slightly, but the ‘open circuit voltage’ increases significantly, from their existing 

structure (729 mV to 743 mV). This achievement is accredited to the ‘extremely low’ bulk 

recombination. From this time, they focused on developing technologies for ‘higher conversion 

efficiency’ with thin c-Si wafer (98 μm) with the aim of reducing cost. In 2011, Panasonic 

(Sanyo) obtained a new ‘record of efficiency’ of 24.7% [8]. Innumerable research groups are 

following Sanyo’s lead to work on H-I-T ‘solar cells’ as high performance and low-temperature 

processing.  

4.3  ‘THEORY OF H-I-T SOLAR CELLS’ 

The ‘Heterojunction with Intrinsic layer’ (H-I-T) ‘solar cell’ features are adding of a thin layer of 

‘intrinsic a-Si:H’ between ‘p-type a-Si:H’ and ‘n-type c-Si’. This ‘solar cell structure’ was 

initially explored to obtain a ‘thin film’ ‘poly silicon’ or ‘crystalline silicon’ junction of structure 

for a ‘solar cell’ applying minimum temperature. Here, the emitter is formed of a very ‘thin 

intrinsic a-Si: H’ layer and put a lid of ‘p-type’ ‘a-Si:H’. The most dominant section is thick ‘n-
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type c-Si’ where the optical energy is to be assimilated and the ‘BSF’ is made of a thin ‘un-

doped a-Si:H’ and crowned by ‘n-type a-Si’. Indium Tin Oxide is ‘sputtered’ on the top and 

bottom of the ‘cell’ and this ITO will take part as an ‘anti-reflection coating’ (ARC) and a 

‘transparent conducting’ electrode, enhanced the assembly of carriers density [1] [9-10]. Metals 

contacts are applied on the frontage, forming a grid to allow light into the cell, however, since 

‘sun light’ enters the ‘cell’ through the ‘front side’ only. For maximum collection of ‘charge 

carriers’ the back partition of the ‘cell’ is covered by metal contact as in Fig.4.2.  

 

ITO TCO Coated Glass Substrate 

p-type a-Si 

i-type a-Si 

 

n-type 

 

c-Si 

i-type a-Si 

n+ -type a-Si 

Back electrode metal 

             Figure 4.2 ‘Basic structure of HIT solar cell’  

4.3.1. ‘OPERATION OF HIT SOLAR CELL’ 

The ‘principle of operation’ of the HIT ‘solar cell’ is explained by the equation (4.1), with 

current density (J) versus voltage (V) relation [10] 

𝐽𝐽(𝑉𝑉) = 𝐽𝐽01 �𝑒𝑒
𝑞𝑞�𝑉𝑉−𝐽𝐽𝑅𝑅𝐺𝐺�

𝑛𝑛𝑘𝑘𝑇𝑇 − 1� + 𝐽𝐽02�𝑒𝑒𝐴𝐴1(𝑉𝑉−𝐽𝐽𝑅𝑅𝐺𝐺) − 1� + �𝑉𝑉−𝐽𝐽𝑅𝑅𝐺𝐺
𝑅𝑅𝑠𝑠ℎ

� − 𝐽𝐽𝑃𝑃ℎ … … … … … … … . . (4.1)  

Where, q is electron charge, Jph is photo current density, J01 & J02 are ‘reverse saturation current’ 

densities, n diode ideality factor, k ‘Boltzmann constant’, T temperature, Rs series resistance, Rsh 
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shunt resistance, A1 is a temperature independent constant. The ‘equivalent circuit’ of ‘two diode 

model’ (D01, D02) the ‘solar cell’ is illustrated in Fig. 4.3. 

 

Figure 4.3 ‘H-I-T Solar cell equivalent circuit’  

 

4.3.2. ‘BAND DIAGRAM OF THE a-Si:H/c-Si CELL’ 

As aforementioned, a ‘heterojunction solar cell’ is made of two materials with ‘different band 

gaps’. In the junction of ‘solar cell’ the ‘conduction band’ and ‘valance band’ are not in 

continuous line because of the ‘band gap mismatch’. In figure 4.3 demonstrates the ‘band 

structure’ of a heterojunction ‘a-Si:H/c-Si’ where the ‘band gap’ of ‘a-Si’ is higher  than the ‘c-

Si’ used here. 

 

 

Figure 4.4  ‘Band diagram’ of a (p+) a-Si:H/(n) c-Si/(n+) a-Si:H heterojunction  

In above fig.4.4, ‘ΔEC’ and ‘ΔEV’ represents the offsets of ‘conduction’ and ‘valence band’ 

respectively. Considering the ‘rear area’ of the ‘cell’, the ‘large valence band offset’ at the ‘(n+) 



Ph.D Thesis by Tapas Chakrabarti @ 2018 Page 72 
 

a-Si:H’ interface provides  a hindrance to the flow of ‘minority holes’ whereas, the flow of 

‘majority electrons’ from the ‘(n)c-Si’ to the ‘(n+)a-Si:H’ is relatively uninterrupted as the offset 

of ‘conduction band’ is too small [11].  

4.3.3. LOSS MECHANISM OF H-I-T CELL  

a). Reduction in ‘recombination loss’: The H-I-T ‘solar cell’ technology has its ability to 

minimize the ‘recombination’ losses of ‘charge carriers’ as low temperature budgetary 

‘amorphous silicon’ thin layer is deposited upon the ‘charge carrier’ generating portion of ‘mono 

crystalline silicon’. The top most ‘front layer’ of the H-I-T ‘solar cell’ is formed with a ‘thin 

layer’ of ‘a-Si’, so the probability of ‘surface recombination’ is become less. 

(b). Reduction in optical loss: The ‘sun light’ is entered in to the ‘HIT cell’ through the 

‘transparent ITO’ and the ‘thin layer’ of emitter. Hence the transmission of ‘light’ is 

better and the ‘sun light’ reached in to the ‘c-Si’ layer to generate the ‘charge 

carriers’ with a lesser ‘optical loss’.  This has led to improvement in ‘short circuit current 

density’ (Jsc) of the ‘cell’ and ultimately produced ‘enhanced efficiency’. 

(c). Minimizing resistance loss: The ‘photo generated’ ‘electrical current’ is collected 

through the ‘surface grid electrodes’. In H-I-T ‘solar cell’ the grid is placed in rear, as a result 

lesser ‘resistive loss’ and improve the output ‘efficiency’ of the ‘cell’.  

4.4. ‘MODELING OF TWO NUMBERS HIT SOLAR CELLS’ 

‘Silicon’ H-I-T ‘solar cells’ combine the ‘advantages and stability’ of ‘c-Si solar cells’ such as 

‘high efficiency’ and ‘high stability’ with those of ‘a-Si solar cells’ such as low temperature and 

relatively less costly process. In this ‘research work’ we have modeled two structure of H-I-T 
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‘solar cells’ with ‘Zinc Oxide’ (ZnO) material and ‘Zinc Telluride’ (ZnTe) in emitter layer 

replacing the ‘a-Si layer’ and optimized the ‘layer thickness’ of ‘different layers’ to attain the 

maximum efficiency.  

4.4.1. ‘MODELING OF H-I-T SOLAR CELLS WITH ZnO’ 

‘Zinc Oxide’ is a ‘wide band gap’ (II-VI) semiconductor material which has several 

encouraging ‘electronic properties’ including, ‘good transparency’, ‘high electron mobility’ and 

‘wide band gap’. These properties are very suitable and important for solar cell. This material is 

a ‘direct band gap’ semiconductor with ‘Eg=3.4 eV’. The ‘crystal structure’ of ZnO is 

hexagonal. The ‘electron’ and ‘hole mobility’ of ZnO is 200cm2/Vs and 5-50 cm2/Vs 

respectively. The ‘current density’ of any kind of ‘solar cell’ is most critical parameter and 

dependent on the ‘mobility’ of ‘electron and holes’. The other ‘critical parameter’ of the ‘solar 

cell’ is the ‘open circuit voltage’ which depends on ‘band gap’ of the material. The respective 

parameters are described here. 

(a) Current Density  

The ‘generalized equation’ of ‘current density’ (Jsc) of ‘solar cell’ is depicted below [12]. 

Jsc = qG.�
kTτ

q
 . (�μn + �μp) … … … … … … … … … … … … . (4.2) 

Where, q = ‘electron charge’ 

G= ‘Irradiance of light’ 

K = ‘Boltzmann constant’ 

T = ‘Temperature’ 

μn/ μp = ‘electron/hole mobility’ 

τ = electron lifetime 
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From Eq (4.2) the ‘current density’ is ‘directly proportional’ with the ‘square root of mobility’. If 

we use higher mobility materials then we get higher current density. In Zinc Oxide ‘electron’ and 

‘hole mobility’ is ‘higher’ than the ‘amorphous silicon’. ‘Electron mobility’ of ZnO is almost 

five times greater than the ‘amorphous silicon’. If we use ZnO as an ‘emitter layer’ in a 

‘heterojunction solar cell’ then we can expect the ‘higher current density’. 

(b) Band Gap   

The ‘band gap’ of a semiconductor material is a key factor in respect of ‘solar cell’ absorption of 

‘photon energy’ produce the electron hole pair. The photon energy received by the ‘photovoltaic 

solar cell’ is determined by the ‘band gap’ of that material. The ‘absorption coefficient’ (𝛼𝛼) is 

dependent on the ‘band gap’ which is revealed in following equation. 

𝛼𝛼 = 𝛼𝛼0�
𝐸𝐸(𝜆𝜆)−𝐸𝐸𝑔𝑔(𝑚𝑚)

𝐸𝐸𝑔𝑔(𝑚𝑚)
……………(4.3) 

Where, E(λ) =  ℎ𝑐𝑐
𝜆𝜆

, ‘h’ is the ‘Plank’s constant’, ‘c’ is the ‘velocity of light’, and ‘λ’ is the ‘wave 

length’ and Eg is the ‘band gap’. 

(c) Open Circuit Voltage:   

The maximum ‘open-circuit voltage’ (Voc) of ‘solar cell’ is viewed at the state of zero ‘current’. 

The ‘open-circuit voltage’ analogous 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 ‘equation for Voc’ can be derived at ‘net current’ is zero in the general ‘solar cell’ equation, 

as follows: 

𝑉𝑉𝑜𝑜𝑐𝑐 =
𝑛𝑛𝑘𝑘𝑇𝑇
𝑞𝑞

ln �
Il

I0
+ 1�… … … … … … … … … … (4.4) 
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From equation (4.4) the ‘Voc is dependent’ on the ‘saturation current’ (Io) of the ‘solar cell’ and 

the ‘light-generated current’ (Il). Again the ‘saturation current’ is dependent on ‘band gap’ (Eg) 

of the material.  

An equation for Io is given below as a ‘function of band gap’ (Eg) [13] 

𝐼𝐼0 =
𝑞𝑞
𝑘𝑘

15𝜎𝜎
𝜋𝜋4 𝑇𝑇3 �

𝑚𝑚2

𝑒𝑒𝑚𝑚−1 𝑑𝑑𝑚𝑚… … … … … … … … … (4.5)
∞

𝑢𝑢
 

Where ‘q’ is the ‘electronic charge’, σ is the ‘Stefan–Boltzmann constant’, k is ‘Boltzmann 

constant’, ‘T’ is the ‘temperature’ and 𝑢𝑢 = 𝐸𝐸𝑔𝑔
𝑘𝑘𝑇𝑇

 

From equation (4.4) we can analyze that if the ‘band gap’ is high then the ‘saturation current’ is 

low.  

Again from the equation (4.2), if the ‘saturation current’ (I0) is less, the ‘open circuit voltage’ is 

high.  

So finally, the ‘open-circuit voltage’ is increases as the ‘band gap’ increases.  

The ‘band gap’ of ‘ZnO’ and ‘a-Si’ is 3.4 eV, 1.72 eV respectively, the ‘band gap’ of ‘ZnO’ is 

greater than the ‘a-Si’. So if we use ZnO as an ‘emitter layer’ then we can get higher ‘open-

circuit voltage’. 

The proposed H-I-T ‘solar cell’ structure is “ITO/ZnO(n)/a-Si(i)/c-Si(p)/a-Si(p)/ITO” and the 

structure as in Fig 4.4. In this proposed structure ‘n-doped zinc Oxide’ (ZnO) is the ‘emitter 

layer’ and a-Si(p), a-Si(i), c-Si(p) ‘layers’ are BSF, buffer and absorber layers respectively. This 

structure of H-I-T ‘solar cell’ is proposed to ameliorate the ‘efficiency’ of the ‘solar cell’ and the 

‘cell structure’ is developed in ‘AFORS-HET simulation software’ environment. In this 

‘proposed structure’, we have taken the optimized ‘thickness layer’ of the ‘ZnO’, ‘a-Si(i)’, ‘c-Si(n)’ 

and ‘a-Si(n)’ is ‘10nm’, ‘7nm’, ‘300um’ and ‘10 nm’ respectively. The ‘surface recombination 
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velocities’ of ‘electrons’ and ‘holes’ are both has taken as 107 cm/s. The ‘defect density’ in ‘c-Si 

layer’ is 0.56eV with a ‘concentration’ of 1x1010𝑐𝑐𝑚𝑚−3 [14-15]. 

 

 

 

 

  

 

 

Fig.4.5 ‘Schematic Structure of Modeled HIT solar cell with ZnO(1st Model)’ 

 

4.4.2  ‘MODELING OF H-I-T SOLAR CELLS WITH ZnTe’ 

Zinc telluride is a compound chemical with the formula of ZnTe. ZnTe is a ‘p-type 

semiconductor’. ‘Zinc telluride’ can easily be doped, therefore, the most 

common semiconductor materials used in optoelectronics is ZnTe. ZnTe is utilized in 

various semiconductor devices like ‘blue LEDs’ and ‘components of microwave generators’. 

Zinc telluride (ZnTe) is a ‘wide band gap’ (II-VI) compound semiconductor. Its ‘band gap’ 

remains ‘2.23eV to2.28eV’ at ‘room temperature’ and it has ‘high absorption coefficient’ close 

to105cm-1 and ‘low electron affinity’ 3.73eV. For ‘low-cost’, ‘high-efficiency’ ‘thin film solar 

cell’ fabrication, Zinc telluride (ZnTe) is becoming most promising ‘II–VI compound 

semiconductor’ [16-17].  Most of the ‘wide band gap’ materials are favorable to n-type doping 

but resist p-type doping. The ‘ZnTe’, is easier to ‘p-type doping’ compared to ‘n-type doping’ 

[16]. This is why a ‘p-doped ZnTe’ layer of ‘acceptor concentration’ of 1x1020cm-3 is employed 

ITO(contact) 

ZnO(n) (10nm) 

      a-Si(i)(7nm) 

c-Si(p) (300um) 

a-Si(p) (10nm) 

ITO (contact) 
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as ‘emitter layer’ in the ‘proposed structure’. Effective ‘conduction band’ and ‘valance band 

densities’ of ZnTe are 1.176x10^18 cm-3 and 1.166x10^19 cm-3 respectively. The ‘electron’ and 

‘hole mobility’ of ZnTe is 340cm2/Vs and 100 cm2/Vs respectively [17]. Refractive index and 

extinction co-efficient of ZnTe is 3.56 and 0.2 respectively.  
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Fig 4.6(a), (b), (c) ,(d), ‘Optimization of different layer’ of Thickness in respect of Efficiency  and Fig.4.6 (e) & (f) 

Optimized Thickness of ZnTe in respect of Voc & Jsc 

Considering all optimized thickness value of different layer of the structure is viewed in Fig 4.6 

(a),(b),(c) and (d) in “AFORS-HET (Automat FOR Simulation of Hetero-structures) software”. 

The ‘thickness’ of ‘a-Si(n) layer’ (fig.4.6.a) will not affect the ‘efficiency’ but the ‘thickness’ of 

‘c-Si(n) layer’ (fig.4.6.b) is varied proportionately with ‘efficiency’. However the ‘efficiency’ 

inversely proportionate with ‘thickness’ in the ‘layer of a-Si(i)’ and ‘ZnTe(p)’ (fig.4.6.c &d). In 

figure 4.6(e) & 4.6(f) the ‘thickness’ of ‘ZnTe layer’ has been optimized with respect to ‘open 

circuit voltage’ and ‘short circuit current’. Both the ‘open circuit voltage’ and ‘short circuit 

current’ is decreased with the increment of ‘thickness of ZnTe layer’. After optimization of 

‘thickness’ of ‘different layer’ in respect of ‘efficiency’, ‘open circuit voltage’ and ‘short circuit 

current’, the new model of ‘solar cell structure’, has been developed using the ‘ZnTe as emitter 

layer’ as it is shown in Fig.4.7 and simulated accordingly. 
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Figure 4.7 Schematic structure of modeled HIT solar cell with ZnTe (2nd Model) 

 

4.5  RESULTS AND DISCUSSIONS 

4.5.1  HIT SOLAR CELL WITH ZnO(n) IN EMITTER LAYER 

The structure is modeled in ‘AFORS-HET simulation software’ environment and this modeled 

H-I-T ‘solar cell’ using ‘ZnO’ in ‘emitter layer’ and simulated consequently. The ‘open circuit 

voltage’ (Voc), ‘short circuit current density’ (Jsc), ‘Fill Factor’ (FF) and ‘efficiency’ (Eff) has 

been achieved 734.6mV, 42.39mA/cm2, 82% and 25.54% respectively for our proposed 

structure. The output ‘current-voltage curve’ (J-V) is simulated and depicted in figure 4.8. 

The ‘output characteristics’ of ‘solar cell’ is temperature dependent. On this context, the 

temperature is varied at value of 200C, 300C, 400C, 500C and 600C in software environment. 

From the output ‘I-V curve’ it is evident from the figure 4.9 that the open circuit voltage of the 

cell decreases with the increase of temperature. The reason behind the result is that increases in 

temperature reduces the band gap of a solar cell materials, whereby affecting the solar cell 

electrical parameters specially the open circuit voltage. 

 

ITO(contact) 

ZnTe(p)(10nm) 

a-Si(i)(7nm) 
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Figure 4.8 The I-V curve of the proposed structure 

 

Figure 4.9  I-V characteristics under different temperature 

4.5.2 HIT SOLAR CELL ZnTe(p) IN EMITTER LAYER 

The ‘open circuit voltage’ (Voc), ‘short circuit current’ (Isc), ‘Fill Factor’ (FF) and ‘efficiency’ 

(Eff) has been achieved 729.3mV, 44.69mA/cm2, 85.03% and 27.71% respectively for our 

proposed 2nd modeled structure. The output J-V curve is shown in figure 4.10. The result shows a 

significant improvement in the efficiency of the proposed HIT solar cell in which ZnTe/c-Si 
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junction is considered instead of a-Si/c-Si junction. The proposed solar cell has shown a 

significant improvement in ‘efficiency’ is mainly due to the fact that the absorption coefficient of 

ZnTe is greater than that of a-Si and the electron and hole mobility of ZnTe is also greater than 

that of a-Si. The electron mobility of a-Si and ZnTe is 20 cm2/Vs, 340 cm2/Vs respectively and 

the hole mobility of a-Si and ZnTe is 5 cm2/Vs, 100 cm2/Vs. 

 

Figure 4.10  J-V curve of the H-I-T solar cell ZnTe as emitter layer( 2nd Model structure) 

 

It is well known that the ‘band gap’ of semiconductors is ‘temperature dependent’. While the 

temperature is increased, it makes the decrement of the ‘band gap’. Lower value of external 

energy is required 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’. 

The ‘Current-Voltage’ characteristics of our second modeled ‘solar cell’ again simulated in 

200C, 300C, 400C, 500C & 60 0C temperatures and the output is shown in figure.4.11. It is 
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viewed that I-V characteristics of solar cell vary under different temperature. The ‘open circuit 

voltage’, ‘short circuit current’, ‘Fill Factor’ and the ‘efficiency’ at different temperature is 

tabulated in Table4.1.  

 

Figure 4.11 J-V characteristics under different temperature 

Table 4.1  Output Parameters of 2nd Modeled solar cell ZnTe as emitter layer under different Temperature 

Temperature(0C) Voc 

[mv] 

Isc 

[Ma/cm2] 

FF [%] η [%] 

20 742.7 44.62 85.59 28.37 

30 729.4 44.69 84.98 27.7 

40 716.1 44.75 83.75 26.84 

50 702 44.81 83.87 26.38 

60 688.7 44.86 83.14 25.69 
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4.5.3 COMPARATIVE STUDY WITH PRE EXISTING AND NEW MODELED H-I-T SOLAR CELL 

The H-I-T ‘solar cell structure’ with ‘a-Si’ and ‘c-Si heterojunction’ is very common. The 

Structure is ITO/a-Si(n)/a-Si(i)/c-Si(p)/a-Si(p)/ITO [1] (Model 1) shown in below. In the existing 

structure ‘a-Si(n)’ has been used as ‘emitter layer’, but in the proposed structure (1st Model) 

‘ZnO(n)’ has been used as the ‘emitter layer’.  

The ‘ambient temperature’ and the ‘defects density’ in the ‘Hetero-junction with Intrinsic Thin 

layers’ ‘solar cells’ (H-I-T) are strongly affect their ‘performances’. The structure: ITO/a-

Si:H(p)/a-Si:H(i)/c-Si(n)/a-Si:H(n)/ITO is presented in Fig.4.12(a). In this H-I-T ‘solar cell’ 

structure, “a-Si(p)/ a-Si(i)/ c-Si(n)/ a-Si(n)” layers are used as ‘emitter’, ‘buffer’, ‘absorber’ and 

‘BSF layers’ respectively [18]. The thickness of the “a-Si(p), a-Si(i), c-Si(n) and a-Si(n)” layers 

are taken as “10nm, 7nm, 300um and 10 nm” respectively. A study of the ‘performance 

evolution’ is performed for this structure using ‘AFORS-HET simulation software’ environment 

and compared with two other new modeled structure using ‘ZnO(n)’ and ‘ZnTe(p)’ in ‘emitter 

layer’ substituting the a-Si (n/p) respectively.  

The performance comparison of the proposed structure with the existing structures is shown in 

table 3. 
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(a)                   (b)       (c) 

Figure 4.12: Schematic structure of 3 models (a)Existing Silicon based (b) ZnO in emitter layer & (c) ZnTe in 

emitter layer HIT Solar cells  

 

Figure 4.13 J-V curve Comparison between two structure of  a-Si and Proposed ZnO in emitter layer  

 

Figure 4.14  J-V curve of the proposed structure HIT Solar cell ZnTe(p) in emitter layer 
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Table 4.2 Performance comparison of the proposed structures with the existing structure of HIT solar cell 
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CHAPTER 5: 

FABRICATION, CHARACTERIZATION AND PERFORMANCE 

ANALYSIS OF DYESENSITIZED SOLAR CELLS 

____________________________________________________________________________ 

 INTRODUCTION 

 LITERATURE SURVEY OF DYESENSITIZED SOLAR CELLS 

 THEORY OF DYESENSITIZED SOLAR CELLS 

 FABRICATION OF DYESENSITIZED SOLAR CELLS 

 RESULT AND DISCUSSION 

 REFERENCES 

___________________________________________________________________________ 

 

5.1   INTRODUCTION 

The ‘crystalline silicon’ ‘solar cell’ is already been commercialized, but the cost of production is 

quite high, which pull up the tariff of solar power beyond the reach of general people. The 

continuous exploration on this subject gets high pace, to bring down the production cost of ‘solar 

cell’ with high ‘efficiency’. The ‘dye-sensitized solar cell’ can prove itself as a suitable 

alternative to in the domain of ‘solar cells’. It offers a major consideration as a substitute source 

of unpolluted and green energy being its advantages among innumerable benefits, such low 

fabrication cost, great mechanical strength (robust), lightweight flexible cell and ‘low price’ to 

‘power conversion efficiency’ ratio. 

A new environment friendly ‘low cost solar cell’, ‘Dyesensitized Solar cell’ (DSSC) was first 

developed in 1991 applying photo sensitizer dye by O’Regan and Gratzel [1]. As the alternative 
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of conventional C-Si, the DSSCs are becoming very popular as the fabrication technique is very 

simple and very inexpensive materials are required to fabricate [1-2]. Nature has been a source of 

inspiration to develop ‘Dyesensitized Solar cell’ as it uses the principle of stacking in the green 

leaves, cell stacks thylakoids membranes so that the light will go to many layers of chlorophyll 

before it gets extinguished and the same trick is used in this solar cell, instead of pilling the 

thylakoids are using Nano size titanium particles that stacked up for light harvesting. The 

‘Dyesensitized Solar cell’ uses a molecule that is excited by sunlight and generates electric 

power, but the molecule is not involved in charge conduction, so the charge transport and ‘photo 

induced charge separation’ are separated and that’s not the case of in all another ‘solar cell’ 

which are based on P-N junction semiconductor [3]. 

Among the ‘basic element’ used in ‘Dyesensitized Solar cell’, dye plays a foremost role in 

absorbing sunlight and converting it into electricity [4-5]. The Ruthenium (Ru) complexes that 

are used in industries are complex in synthesis, [6-8], hence natural dye finds its way in DSSC. 

The excellent ‘dye’ must have ‘broad absorption spectrum’ and ability to ‘inject electron’ in 

semiconductor materials. Natural pigment extracted from flower, anthocyanin, and chlorophyll 

possess the above excellent qualities [9]. Anthocyanin absorbs light within 450-600 nm range 

whereas chlorophyll absorbs light in 430-662 nm range [9]. In anthocyanin and carbonyl, the 

hydroxyl group is present as anchorage agent due to which pigment get attached to TiO2 

nanostructures [10-11]. 

The ‘Dyesensitized Solar cell’ structures are fabricated on ‘ITO coated’ ‘glass substrate’. The 

‘wide band gap’ ‘semiconductor material’ TiO2 film on ITO glass substrate along with a 

photosensitizer dye is used to make the ‘solar cell’. Another predominant part of this ‘solar cell’ 

is an ‘electrolyte’ which is applicable on this film. The different varieties of ‘dyes’ are the 
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‘charge provider’ of ‘Dyesensitized Solar cell’. The ‘Dyesensitized Solar cell’ subsists of a 

Photo-electrode made of TiO2 ‘thin film’ on ITO glass and a ‘catalytic electrode’ on same genre 

of glass with an ‘electrolyte’ between them. The ‘electrical parameters’ like ‘Short circuit current 

density’ (Jsc), ‘Open Circuit Voltage’ (Voc), ‘Fill Factor’ (FF), ‘efficiency’ (η) and the ‘incident 

photon’ to ‘current efficiency’ (IPCE) depends on the ‘morphological properties’ of 

semiconductor, ‘spectroscopic properties’ of dyes and the ‘electrical properties’ of ‘electrolytes’. 

 In this research work different inorganic dyes like, Red Colloid Dye {FeCl3[Fe(OH)3]Fe3
+}, 

‘Prussian Blue Dye’ {KFe3[Fe2(CN)6]} and different ‘natural pigments’ are extracted from 

natural organic sources like ‘Green Chlorophyll Dye’ {C55H72O5N4Mg}, ‘red dye’ from hibiscus 

and ‘blue pigment’ from Clitoria-Ternatea is extracted and applied these dyes on TiO2 thin film, 

numbers of ‘Dyesensitized Solar cells’ are fabricated. The ‘grain size’ of these thin films ‘TiO2 

particles’ are 47 to 67nm. The three samples of dyesensitized solar cell fabrication are narrated 

using inorganic and organic dye like Red Colloid Dye {FeCl3[Fe(OH)3]Fe3
+} and ‘Prussian Blue 

Dye’ {KFe3[Fe2(CN)6]} of inorganic dye, and in the other hand organic Green Chlorophyll dye 

{C55H72O5N4Mg}. The best result is observed in the fabricated dyesensitized solar cell using 

inorganic Prussian blue dye.  

5.2  ‘LITERATURE SURVEY OF DYESENSITIZED SOLAR CELLS’ 

The environment friendly ‘low cost solar cell’ using photosensitizer dye was developed by 

Braian O’Regan and Michel Gratzel in the year of 1991 which is known as Dyesensitized Solar 

Cell. The device was based on 10µm thick transparent ‘TiO2 particles’. The films were doped 

with a charge transfer dye for sensitization and light harvesting. The overall ‘light’ to ‘electric 

energy’ ‘conversion yield’ was 7.1-7.9% in software domain [1]. 
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A basic ‘Dyesensitized Solar cell’ is composed of a ‘semiconductor metal-oxide’ and ‘sensitized’ 

by a dye, a ‘redox couple electrolyte’ and a ‘counter electrode’ which is generally thermally 

deposited platinum on ‘fluorine doped tin oxide’ (FTO) to get the maximum ‘efficiency’. While 

the ‘Dyesensitized Solar cells’ are low cost alternative, the use of costly material Platinum, 

enhance the price of cells. To address this issue, low cost alternative Cobalt sulfide, Copper 

sulfide or Nickel sulfide substituted the Platinum material as electrode [12]. 

 The investigation in respect of efficiency and overall performance of DSSC, the morphology of 

semiconductor materials and optimization of dyes are very important. The exploration of new 

electrolytes is the continuous process of research work in domain of ‘Dyesensitized Solar cells’.  

The ‘electrolytes’ are used for appropriate ‘charge propagation’ between the two ‘electrodes’. 

These electrolytes regenerate the dyes also. Many ‘redox charge relays’ have been proposed as 

substitution of I-/I3
- ‘redox couple’. Recently ‘polymer electrolytes’, ‘organic’ ‘hole transport 

material’ like ‘spiro-MeOTAD’ is used in some cells [12].  

The cost factor, ease of availability of raw materials and variety of colors associated with 

‘Dyesensitized Solar cells’. Dyes extracted from natural sources like Capsicum, black rice, 

spinach, eggplant skin, mulberry, cabbage-palm fruit, gardenia fruit, rhododendron etc. have all 

been used as sensitizers. On the basis of parameters like ‘short-circuit current density’, ‘open-

circuit voltage’, ‘fill factor’ and the ‘efficiency’ the performance for modified chlorophyll (II) 

with beta-carotene module shows the best result with an efficiency of 4.2% [7].  

The ‘TiO2 nano powder’ has high porosity, so the ‘thin film’ on FTO glass adsorbed the dyes as 

‘light sensitizer’. The ‘Prussian blue dye’ is good ‘photosensitizer’ applied on TiO2 film and 

achieved the ‘efficiency’ of 0.73% [5]. 
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Some researchers used ZnO instead of TiO2 for making the ‘thin film’ on FTO glass. The 

porosity of  ZnO is also substantially high. The DSSCs made of ZnO film with different dye like 

‘Ru complex dye N719’ or ‘organic dye D149’ are used and observed better result compare to 

TiO2 film based ‘Dyesensitized Solar cells’[4]. 

5.3   THEORY OF DYESENSITIZED SOLAR CELLS 

‘Dyesensitized Solar cells’ are belongs to third generation of  ‘solar cell’ which is a very 

promising in this genre,  as ‘low cost materials’ are involved in fabrication, and the simplicity of 

structures. The sunlight can be easily absorbed in the ‘inner parts’ of ‘solar cell’ through the 

‘transparent anode’ and ‘cathode’. It is a mesh or aggregation of nanoparticles of TiO2 (Titanium 

di-oxide) or any other material of semiconductor like ZnO (Zinc Oxide) [14], CuO (Copper 

oxide) etc. through which the electron are transported. A thin film of TiO2 nano-particles is 

developed on the conductive glass substrate. As the film is formed with a porous material, the 

light absorbing dye can be absorbed in this film and that converts the ‘incident light energy’ into 

‘electrical energy’. An ‘electrolyte’ is used between the ‘anode’ and ‘cathode’ that replenishes 

the ‘electrons’ lost by the ‘dye molecules’. The Tio2 is commonly used ‘semiconductor material’ 

which has the unique ability of TiO2 particles to stay welded together and particle of material is 

transparent also. Receiving the photons from the solar radiation, the electrons emerged from the 

dye molecules which are encompassing the TiO2 particles. ‘Dye molecules’ are excited from the 

‘Highest Occupied Molecular Orbital’ (HOMO) ‘band’ to the ‘Lowest Unoccupied Molecular 

Orbital band’ (LUMO), after getting excited by the photons from solar radiation [15]. 

The excited ‘dye- molecule’ loses an electron and becomes oxidized and the ‘electron’ goes to 

the ‘conduction band’ of the semiconductor, TiO2 nano-material. This ‘injected electron’ then 

gets carried out through the TiO2 nano-particles which is an electron transport layer, which 
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depends on the size and the density of the nano-particles. The probability of the ‘electron’ getting 

lost in the iodide electrolyte is increased if the nano-particles are small in size; more and more 

defects are there. Smaller size of nano-particles increases the ‘surface area’ of covering the nano-

particles with dye.  If the density of nano-particle is low, then the pathways for the electron to 

reach the anode are also less.  Fabrication of a ‘Dyesensitized solar cell’ is quite challenging, 

keeping in view of optimization of size and density of the nano-particles. After excitation of ‘dye 

molecule’ emitted ‘electron’ and it starts to degrade unless the lost electron is replenished. From 

the ‘I- ions’ of ‘Iodide electrolyte’ the ‘dye molecules’ are received back the ‘electrons’ and in 

this way ‘I- ions’ thereby gets oxidized to I3
- (tri-iodide ions). These tri-iodide ions then move 

around until they ‘come in contact’ with the ‘cathode’ of the DSSC. Once the ions reached in to 

cathode, they regain their ‘missing electrons’ from the ‘cathode’ and get reduced to I- form again 

[16]. When all these processes work together, the ‘electrons’ from the ‘dye’ reach to the external 

circuit through ‘anode’ and then ultimately ‘flow back’ into the ‘cell’ through the ‘cathode’. The 

effective electron injection depends on the separation of LUMO and the lower level of 

conduction band of the semiconductor. 

TRANSPARENT CONDUCTIVE OXIDE (TCO): 

To get the maximum ‘sunlight’ to the ‘active area’, the ‘TCO substrates’ must be ‘highly 

transparent’ (transparency > 80%). The ‘efficiency’ of ‘Dyesensitized solar cell’ is also 

dependent on the ‘TCO material’ and its ‘characteristics’ as the efficient ‘charge transfer’ can 

‘minimize energy losses’.  

1. SEMICONDUCTOR OXIDE MATERIAL: 

The central part of a ‘Dyesensitized solar cell’ device subsists of a ‘thick nano-particle film’ that 

provides a ‘large surface area’ for ‘light-harvesting’.  The efficiency of ‘Dyesensitized solar cell’ 
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depends on the ‘electron transfer rates’, which in turn depends on the ‘crystalline’, ‘morphology 

of surface area’ of the semiconductor. TiO2 is considered ‘most efficient’ and environmentally 

benign ‘photo-catalyst’.  

2. COUNTER ELECTRODE: 

‘Counter electrodes’ are mainly used to ‘regenerate the electrolyte’. The ‘counter electrode’ 

transports the ‘electron’ that arrives from the external circuit back to the ‘redox electrolyte’ 

system. Hence, for efficient charge transfer, the counter electrode should exhibit a high catalytic 

activity and high electrical conductivity.  

3. DYE SENSITIZER  

An efficient ‘solar cell’ sensitizer should adsorb strongly, to the ‘surface of the semiconductor 

oxide’ via anchoring groups, exhibit intense ‘absorption’ in the ‘visible part’ of the ‘spectrum’, 

and possess an appropriate ‘energy level alignment’ of the dye ‘excited state’ and the 

‘conduction band edge’ of the semiconductor. The performance of DSSCs mainly depends on the 

molecular structure of the photosensitization. 

4. ELECTROLYTES 

In ‘Dyesensitized solar cell’ the ‘electrolyte’ plays an important role, in the process of ‘light-to-

electricity conversion’. The ‘electrode’ must be able to ‘transport the charge carrier’ between 

‘photo anodes’ and ‘counter electrode’. The electrolytes in ‘Dyesensitized solar cell’ are 

classified as ‘liquid’, ‘solid-state’, or ‘quasi-solid state’. The ‘conduction band’ of TiO2 received 

the ‘electrons’ from the dye, and the ‘dye is oxidized’ and should go to its ‘ground state’ 

immediately.  
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Fig.5.1. Schematic representation of a Dyesensitized solar cell  

Equations:  

D +hν (incoming photon)           D*  [excitation of dye molecule by incoming photon] 

D* + TiO2      e-(TiO2) + D+  [injection of electron into conduction band] 

D+ + (3/2) I-                            D + (½) I3
 -  [regeneration dye by the electrolyte] 

½ I3
- 
+ e- (from load)                    (3/2) I-   [re-capture of electron] 

Where the ‘absorption’ of the ‘light’ by the ‘dye D’ leads to excited state D* 

5.4.     FABRICATION OF ‘DYESENSITIZED SOLAR CELLS’ 

In my work several type of dye were prepared and used on the ‘TiO2 film’ made on ‘Indium Tin 

oxide’ ‘transparent conductive glass’ (ITO) to make these different ‘Dyesensitized solar cells’. 

A)  PREPARATION OF RED COLLOID DYE 

The solid block of ‘Ferric Chloride’ (FeCl3) was crushed in a mortar-pestle to get the fine 

particles of FeCl3 which is depicted in Fig.5.2(a).  Adding ‘de-ionized’ water to ‘Ferric chloride’, 

a solution of ‘Ferric Chloride’ was made. De-ionized water was added in to 30 % pure 

‘Ammonia solution’ slowly to prepare a ‘dilute solution’ of Ammonium Hydroxide (NH4OH). 

Then the Ammonium Hydroxide (NH4OH) solution was added ‘drop by drop’ to the ‘Ferric 

Chloride’ (FeCl3) solution. The precipitate of Fe(OH)3 was collected using filter paper which is 

revealed in Fig.5.2(b), and again mixed with fresh ‘Ferric Chloride’ (FeCl3) solution, which is 
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the peptizing agent. The Fe3
+ ions are absorbed on the surface and breaking up into ‘small sized 

colloidal particles’ of [Fe(OH)3] Fe3
+ and the colour of dye is red which exhibits in Fig5.2(c). 

The chemical process for preparation of this ‘red dye’ is known as peptization. 

The Chemical Equations are as follows: 

FeCl3 + 3 NH4OH            Fe(OH)3 + 3 NH4Cl 

Fe(OH)3 + FeCl3   [Fe(OH)3] Fe3
+ (red colloid) 

(a).   (b).  (c).  

Fig. 5.2 Preparation of Red colloidal dye in Lab (a) Crushing FeCl3 chunks (b) Filtering of FeCl3 

solution (c) Red Colloidal Solution  

B). PRUSSIAN BLUE {KFe3[Fe2(CN)6]}DYE 

To prepare this inorganic dye of Prussian blue, two separate solutions were prepared. The first 

one was 4 gm of ‘Ferric Chloride’ in ‘100 ml’ of de-ionized water and the ‘second solution’ was 

that of 2gm of ‘Potassium Ferro cyanide’ in 200 ml of de-ionized water. For the first solution, a 

solid block of ‘Ferric Chloride’ was weighed and then crushed with a mortar-pestle. DI water 

was enumerated to it and the ‘solution’ was subjected to magnetic stirring for some while. In 

case of second solution, ‘2 gm’ of ‘Potassium Ferro cyanide’ was taken in a ‘beaker’ and then DI 

water was poured to it and then the ‘solution’ was also subjected to magnetic stirring for some 

minutes as it is depicted in Fig.5.3(a). The first solution was gradually added into the second 
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solution with a careful manner. As soon as the two solutions are mixed, the ‘precipitate’ was 

formed and collected which was our required ‘Prussian blue’ {KFe3[Fe2(CN)6]}. The precipitate 

is adjoined to DI water to obtain a colloid like solution of the potent dark blue colour of dye as 

exhibited in Fig.5.3(b). The compound solution subsists of ‘iron ions Fe+2’(ferrous) and ‘Fe+3 

(ferric) states’, very rigidly associated with ‘CN- (cyanide) ions’. 

Chemical Equations are as bellow: 

K4[Fe2(CN)6]               K+ + [Fe2(CN)6]4− 

FeCl3            Fe3
+ + 3Cl- 

K+ + [Fe2(CN)6]4− + Fe3+             KFe3[Fe2(CN)6] 

(a).                     (b).   

Fig.5.3 Preparation of ‘Prussian blue’ {KFe3[Fe2(CN)6]}Dye (a) ‘Potassium Ferro cyanide 
solution’ (b). Formation of ‘Prussian Blue Dye’ 

C) PREPARATION OF GREEN DYE FROM CHLOROPHYLL 

Few bunch of spinach leaves were washed with ‘DI water’ and cut into small pieces to increase 

the ‘surface area’ of the target. The immense grinding of leaves was done in a mixer grinder at 

very high speed. 50 ml of DI water was mixed while grinding. The obtained solution was filtered 

and the precipitate was separated. The dilute filtrate solution was heated at 100 degree Celsius 

for 5 minutes. The solution started simmering and the Chlorophyll automatically being separated 

from the solution. The ‘solution’ was ‘filtered’ again, and the precipitate that we obtained was 
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the chlorophyll. The obtained chlorophyll was diluted with ethanol and thus the final dye was 

made which is exhibited in Fig.5.4. In spinach there are two types of chlorophyll are found as 

bellow:  

 Chlorophyll-A (C55H72O5N4Mg) & Chlorophyll-B (C55H70O6N4Mg) [8]. 

  

Fig.5.4. Extracted Green Chlorophyll from spinach  

D). PREPARATION OF ELECTROLYTE 

The ‘iodide electrolyte solution’ was prepared by dispersing “0.127 g of 0.05 M Iodine (I2)” in 

“10 ml of water free Ethylene Glycol” and then ‘adding 0.83 g of 0.5 M Potassium Iodide (KI)’. 

The ‘solution’ was subjected to magnetic stirring and ‘stored in a dark container’ which is 

displayed in Fig.5.5 

                                                                         

 

 

 

Fig.5.5. Preparation of Electrolyte in Lab 

Chlorophyll obtained from the leaves Spinach leaves being cut into small pieces 

Addition of 
Ethylene Glycol in KI + I2 powder 
 

Final Iodide electrolyte solution 
 

Green Dye obtained from the leaves of 
Chlorophyll 
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5.5         EXPERIMENTAL DETAILS OF SOLAR CELLS WITH DIFFERENT DYE: 

The ‘ITO coated conductive glass’ was considered for the cell fabrication. Initially the glass was 

washed ‘two times’ with ‘de-ionized water’ and ‘Isopropyl alcohol’ (IPA) to clear the dust and 

‘impurities from the surface’. One paste of 3 gm of TiO2 nano powder was made by adding ‘drop 

by drop’ Ethanol until the paste attained the state of a watery shampoo. The ‘conductive side’ of 

the glass was checked and carefully the ITO coated conductive glass was taped from the edge of 

two end and the ‘conductive side’ was kept ‘facing up’. The taping was done as 0.4 cm was 

taped from edges and 0.8 cm was taped from other edge. Using spin coater the ‘film of TiO2’ 

was developed on the ITO glass. The TiO2 layer was initially left to dry and settle on its own for 

‘10 minutes’ and then was mounted on a ‘hot plate’ for ‘20 minutes’ at ‘350 (+) degree Celsius’. 

These steps resulted in a properly deposited uniform ‘layer of TiO2’ on the ‘conductive side’ of 

the ITO glass is exhibited in Fig.5.6.   

These spin coated TiO2 glasses were immersed in different three colours of dye which are 

already prepared in the lab as ‘red’, ‘Prussian blue’ and ‘Chlorophyll green’ for different time 

span. The ‘red dye’ and the ‘Prussian blue dyes’ are inorganic dyes, where as the ‘green dye’ is 

organic dye.  
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Fig.5.6 Coating of TiO2 thin film on ITO doped conductive Glass Substrate. 

(A).  Solar Cell-1: The immersion time of ‘TiO2 coated’ ‘conductive glass’ in ‘red dye’ was ‘30 

minutes’ and after then the ‘TiO2 coated glass’ was taken out carefully. It was left to ‘soak for 10 

minutes’ and mounted on a ‘hot plate’ for ‘5 minutes’ to dry the glass slide properly. ‘Two 

drops’ of the ‘electrolyte’ were enumerated to the TiO2 and dye coated first slide and 

immediately the ‘second slide’ with ‘carbon coating’ was placed over it, which shown in 

Fig.5.7(a). 

(a).       (b).  

 

TiO2 nano-powder Deposited TiO2 film on 
ITO glass 

TiO2 coated ITO glass mounted 
on a furnace 
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(c).    (d)  

Fig. 5.7 Fabrication of Dyesensitized solar cell with (a). Red Colloidal dye (b). Prussian Blue 

dye (c). Green dye from Chlorophyll (d) Blue dye extracted from Clitoriaternatea 

 (B). Solar Cell-2: The second sample of TiO2 coated glass was immersed in the blue dye for ‘45 

minutes’ and then taken out carefully. It was left to ‘soak for 10 minutes’ and mounted on a ‘hot 

plate’ for ‘5 minutes’ to dry the glass slide properly. 

A second ITO coated glass was again taped to a plate such that three edges, portions of width 

0.4cm and one from one edge a ‘portion of 0.8 cm’ were covered. Again, same as the previous 

cell, ‘two drops’ of the ‘electrolyte’ were applied to the TiO2 and dye coated first slide and 

immediately the ‘second slide’ with ‘carbon coating’ was placed over it. The binding clips were 

used to the sides and the sides with 0.8 cm of exposed glass surface were left open to attach the 

electrodes for electrical measurement purposes as exhibited in Fig.5.7(b). 

 (C). Solar Cell-3: The third sample of TiO2 coated glass was immersed in the green dye of 

Chlorophyll for ‘45 minutes’ and then taken out carefully. Similarly it was left to ‘soak for 10 

minutes’ and mounted on a ‘hot plate’ for ‘5 minutes’ to dry the glass slide properly. 

The electrolyte was poured carefully on the chlorophyll ‘TiO2 coated slide’ and the ‘carbon 

coated slide’ was immediately ‘placed on top’ in such a way that 0.8 cm remained exposed on 
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‘either side’ to attach the clips for electrical characterization. The binding clips are used in the 

other sides of the glass substrates as shown in Fig.5.7(c).  

In similar way we have fabricated another two ‘Dyesensitized solar cells’ with Red color dye’ 

extracted from Hibiscus and ‘Blue dye’ extracted from Clitoriaternatea as depicted in Fig.5.7(d). 

 5.6   RESULTS AND DISCUSSIONS 

I. SURFACE MORPHOLOGY 

The spin coated ‘TiO2 film’ on the ITO doped Glass substrate has been examined through FE-

SEM result in Fig.5.8 (a). The Morphology of this film is revealed that the TiO2 grain structures 

are stay welded and very much suitable for application of dyes. Average nano-particles size of 

‘TiO2 thin film’ are estimated to be about 47-63nm. It is much cleared that ‘TiO2 nano-particles’ 

were successfully and ‘uniformly deposited’ onto the ‘ITO glass substrates’ and their 

concentration and size depended on the ‘thickness’ of the deposited ‘TiO2 thin films’.  The 

different colors of dyes are applied on these films. Fig 5.8(b) explained the XRD peaks of ‘TiO2 

thin film’ layer, deposited on ITO coated glasses and sintered at above 3500C for 30 minute. In 

this peaks is obtained at 2θ=25.20, 37.10, 380, 38.40, 47.80, 54.90 and 55.10.  Both ‘anatase and 

rutile’ phase is observed when annealing at above 3500C. No anatase phase peak is observed 

when ‘annealing temperature’ is below 3500C. All the peak of ‘TiO2 thin film’ is clearly 

indicates that small size of nano particles are presents in samples. 
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(a)     (b).  

Fig. 5.8. (a). FE-SEM of TiO2 coated thin film &     (b). XRD patterns of TiO2 nano-particles  

The ‘Dyesensitized solar cells’ are fabricated with different dye like inorganic Red Colloid dye 

and Prussian blue dye, and green dye made of Chlorophyll, which is organic. It is viewed from 

the previous authors that for the DSSC solar cells made of Red Turnip extracted red dye and 

Wild Sicilian extracted purple dye, the ‘short circuit current density’ (Jsc), ‘open circuit voltage’ 

(Voc) and ‘Fill Factor’ of these cells are 9.5mA and 8.2mA, 430mV and 380mV, 37% and 38% 

respectively [11]. 

In our work, the ‘Dyesensitized solar cells’ with red colloid dye displayed a ‘short circuit current 

density’ (Jsc) of 7.5mA/cm2, an ‘open circuit voltage’ (Voc) of 570mV and ‘Fill factor’ of 40.65% 

whereas the another two solar cells fabricated with ‘Prussian blue dye’ and ‘Green dye’ made of 

Chlorophyll have shown the ‘Short circuit current density’ (Jsc) 13.5mA and 6.5mA, ‘open 

circuit voltage’ (Voc) 730mV and 473mV and ‘Fill Factor’ 69.55% and 25.83% respectively. 

With the comparison of ‘electrical parameters’ like ‘Short Circuit current’ (Isc), ‘Open circuit 

voltage’ (Voc) and ‘Fill Factors’ of these ‘fabricated solar cells’ and the previous ‘solar cell’, it is 

revealed that the Solar Cell-2 of our work, using the ‘Prussian blue dye’ has exerted the 

maximum ‘Fill Factor’ of 69.55% in ‘comparison to others’. In Fig.5.9 (a), (b), (c) & (d) are 

exhibited the output ‘I-V curve’ of these ‘Dyesensitized Solar Cells’.  
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In the Table-1, the different ‘electrical parameters’ of newly ‘fabricated solar cells’ of our works 

and the previously ‘fabricated solar cells’ done by the other authors are shown. From the 

‘comparison of the solar cells’ with the previously published authors’ ‘solar cell’ with ‘Prussian 

blue dye’ [4] the ‘short circuit current density’ (Jsc) 1.7 mA/cm2, ‘open circuit voltage’ (Voc) 

0.63V and ‘FF’ is 69% where as in our work with same dye we observed the ‘short circuit 

current density’ (Jsc) 13.5 mA/cm2, ‘open circuit voltage’ (Voc) 0.73V and ‘FF’ is 69.5%. The 

‘fabricated solar cells’ in our work used ‘Carbon coated’ counter ‘electrode of ITO glasses’, 

which is increased the ‘conductivity’. The ‘Short Circuit Current density’ (Jsc) is significantly 

high from previous author’s published ‘solar cells’, which is the novelty of this work. 

The current voltage characteristics of these ‘fabricated cells’ have been ‘measured at AM 1.5G’ 

and irradiance of ‘1000w/m2’. The ‘short circuit current’ and ‘open circuit voltage’ have been 

measured with the digital multimter. The maximum ‘voltage and current’ is also measured 

connecting ‘1kilo ohm’ series resistance along with the cell. The ‘I-V curves’ are plotted in 

‘Matlab' with the measured value mentioned in the table-5.1. 

Table5.1. Electrical Parameters of our fabricated solar cells and previous authors’ solar cells 

Solar Cells with Different Dyes Short Circuit Current 

density  (Jsc) mA/cm2 

Open Circuit Voltage 

(Voc) in Volt 

Fill 

Factors 

Red Colloid Dye [17] 7.5 0.57 0.41 

Red color dye extracted from 

Hibiscus 

0.970 0.370 0.18 

Red Turnip [9] 0.49 0.43 0.51 

Prussian Blue Dye [17] 13.5 0.73 0.695 
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Blue dye extracted from 

Clitoriaternatea  

3.910 0.721 74.21 

Purple colour dye of Wild 

Sicilian [10] 

9.50 0.43 0.37 

Green (Chlorophyll) Dye [17] 6.5 0.47 0.26 

Green Dye from Spinach [12] 0.35 0.44 0.49 

 

 

     

 

 

 

 

 

Fig.5.9(a). I-V curve of DSSC with Red Dye Fig.5.9(b). I-V curve of DSSC with Prussian Blue 
 

Fig. 5.9(c). I-V curve of DSSC with Green Dye 
Fig. 5.9(d) I-V characteristics of dye extracted from 
Clitoriaternatea (blue dye) 
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CHAPTER 6 

 MODELING, FABRICATION AND CHARACTERIZATION OF PEROVSKITE SOLAR 

CELLS 

____________________________________________________________________________ 

 INTRODUCTION 

 LITERATURE SURVEY OF PEROVSKITE SOLAR CELLS 
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 MODELING & FABRICATION OF PEROVSKITE SOLAR CELLS 

 RESULT AND DISCUSSION 
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____________________________________________________________________________ 

 6.1. INTRODUCTION 

New solid state material, Perovskite used in ‘solar cells’ are called ‘Perovskite solar cell’, which 

are Organic-inorganic-metal tri halide materials. The ‘Chemical formula’ of compound material 

of Perovskite is ABX3 and the crystal structures of these materials are similar to ‘calcium 

titanium oxide’ (CaTiO3) [1].  

In recent exploration of ‘solar cells’ the ‘Perovskite solar cells’ are exhibited a remarkable 

breakthrough in terms of ‘efficiency’. These types of ‘solar cells’ are passed the ‘efficiency 

level’ of more than 20% in last few years. A ‘Perovskite solar cell’ structural formation is a 

‘Perovskite material layer’ in a center and two ‘layer’ as a ‘hole transport layer’ (HTL) and 

‘electron transport layers’ are in two side. All the materials layers are build up on TCO glass 

substrate [2-3].  
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The ‘active region’ that is the ‘Perovskite layer’ of the ‘Perovskite solar cells’, receive the ‘solar 

irradiation’ and generates the ‘electron and hole pairs’. The generated ‘electrons and holes’ in the 

‘Perovskite layer’ is required to collect in the outer circuit separating the ‘charge-carriers’ from 

the ‘Perovskite layer’ to the ‘electrodes’. To get a ‘net current’ from the ‘Perovskite solar cell’ 

the two different ‘charge-carrier’ transportation ‘layers’ are predominant. Hence, the ‘HTL’ and 

‘ETL’ are selected with suitable ‘effective materials’ to collect and transport the ‘holes’ and 

‘electrons’ to the ‘electrodes’ ‘efficiently’. These two layers not only ‘transport’ the ‘charge-

carriers’ but also offer a ‘resistance’ to opposite ‘charge-carriers’. Therefore the ‘probability’ of 

‘recombination’ at those ‘layers’ get reduced. As a result the ‘Perovskite solar cell’ can produce 

more ‘current’ and more ‘efficiency’ [4].   

 6.2. LITERATURE SURVEY OF PEROVSKITE SOLAR CELL 

In the year of 2009, the first ‘Perovskite solar cell’, was developed and published by ‘Miyasaka 

et al.’ based on ‘Dyesensitized architecture’. The ‘Perovskite layer’ was developed on ‘Titanium 

dioxide layer’ as electron-collector (ETL) and the ‘power conversion efficiency’ was only 3.8% 

[5]. 

This ‘Perovskite solar cell’ was stable only for a ‘few minutes’ due to use of ‘liquid electrolyte’. 

In 2011 ‘Park et al.’ reported 6.5% PCE in similar architecture of cell [6]. The first stable 

‘Perovskite solar cell’ was published by Henry Snaith and Mike Lee of the University of Oxford 

in 2012 using ‘solid state’ ‘hole transport layer’ [4][7]. They achieved almost 10% ‘efficiency’ 

using the ‘sensitized TiO2 architecture’ with the ‘solid-state’ ‘hole transport’ material. More than 

10% of ‘efficiency’ was achieved using an inert scaffold instead of the ‘hole transport materials’ 

[4]. In 2014 with some new ‘deposition techniques’ the ‘efficiency level’ was attained in a higher 

range. 
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Using the ‘thin film architecture’ and ‘reverse scan method’ the 19.3% ‘efficiency’ was 

‘achieved’ by ‘Yang Yang’ [8-9]. Some researchers of (KRICT) ‘Korea University of Science 

and Technology’, developed a ‘solar cell’ device in November 2014, and achieved 21.1% of 

‘record efficiency’ but it was ‘non-stabilized’ [10].  

In March 2016, researchers from KRICT and (UNIST) ‘Ulsan National Institute of Science and 

Technology’ achieved 22.1% of ‘efficiency’ using ‘single-junction’ ‘Perovskite solar cell’ which 

is the highest ‘certified record’ for ‘Perovskite solar cell’ [10]. ‘Methyl ammonium-lead iodide’ 

(CH3NH3PbI3) is the ‘most popular’ ‘Perovskite material’ in ‘solar cells’ and showed impressive 

results of ‘efficiency’. But as the ‘lead’ is hazardous material to ‘human health’ due to its 

‘toxicity’. Hence the alternative ‘Perovskite materials’ exploration has been started and found 

‘Methyl ammonium tin iodide’ (CH3NH3SnI3) is an alternative ‘Perovskite material’ suitable to 

‘Perovskite solar cells’ and showed significant good results [11-13].  

 6.3. THEORY OF PEROVSKITE SOLAR CELL 

‘Perovskite solar cell’ is based on ‘Perovskite materials’ which are ‘Organic-inorganic-metal tri 

halide materials’, having ‘chemical formula’ ABX3 and having specific ‘crystal structure’ as 

‘calcium titanium oxide’ (CaTiO3). In last few years ‘Perovskite solar cells’ have shown 

‘significant improvement’ in terms of ‘efficiency’ more than 20% ‘efficiency level’. A 

‘Perovskite solar cell’ is consists of a ‘Perovskite material’ which remain in center and in two 

side an ‘electron transport layer’ (ETL) and a ‘hole transport layer’ (HTL), on the top of TCO. 

6.3.1 PEROVSKITE MATERIAL 

The ‘mineral’ ‘Perovskite’ (CaTiO3) is named from the name of ‘Russian mineralogist’, 

‘Count Lev Aleksevich von Perovski’.   
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                                       Fig6.1: Perovskite material structure [1] 

 

The basic ‘building block’ of the ‘organic-inorganic Perovskite’ are the ABX3 structure, where A 

is commonly a ‘large cation’ coordinated to ‘12 X−anions’. The structure consists of a ‘network’ 

of ‘corner-sharing’ BX6 octahedral, where the ‘B atom’ is a ‘metal cation’ (tin or lead) and X is 

the ‘hybrid anion’ (bromine or iodine). The ‘hinged octahedral’ allow for ‘wide accommodation’ 

of the B-X-B ‘bond angle’, and several ‘sets of cooperative rotations’, known as ‘tilt transitions’, 

which shows, different structures at different temperatures. Experimentally, the ‘organic-

inorganic super lattices’ are easily customized by modifying the ‘combination’ of the ‘organic 

and inorganic’ components in the starting solution from which the hybrids are crystallized. 

Hence, changing the parameters of the ‘material properties’ and tuning the same the ‘different 

order of structure’ will appear at ‘different temperature’. The CH3NH3BX3 compound at high 

temperature, it will be ‘pseudo cubic’, ‘tetragonal’ at ‘medium temperature’, and ‘orthorhombic’ 

at ‘low temperature’, respectively [14]. ‘Perovskite materials’ are used in ‘solar cells’ due to its 

‘high absorption coefficient’.  
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6.3.2   ZnTe as ‘HOLE TRANSPORT MATERIAL’ 

The increase in ‘efficiency’ of different types of ‘Perovskite solar cells’, the ‘hole transport 

layers’ (HTL) were mainly limited to ‘organic compounds’ such as “spiro-MeOTAD” and other 

conducting ‘polymers’. But these types of ‘organic hole-transport materials’ are usually ‘quite 

expensive’ compared to ‘Perovskite materials’ and ‘n-type semiconductor materials’ employed 

in the ‘Perovskite solar cells’, due to intricate ‘synthetic procedure’ and ‘high-purity’ 

requirement [1]. In present times, the focus of the researchers are on an ‘effective inorganic 

material’ as ‘hole transport layer’ to overcome this challenge. In this ‘research work’, ‘p-doped 

Zinc Telluride’ (ZnTe), an inorganic group II-VI material is propound as the ‘hole transport 

layer’ for ‘lead free’ (𝐶𝐶𝐶𝐶3𝑁𝑁𝐶𝐶3𝐺𝐺𝑛𝑛𝐼𝐼3) ‘Methyl Ammonium-tin iodide’ based ‘Perovskite solar 

cells’.  

The ZnTe is a ‘wide band gap’ (~2.6 eV) II-VI material, which ‘band structure’ satisfy the 

‘necessary condition’ to be employed as ‘hole transport layer’.  The most predominant reason 

behind the investigation of ZnTe as ‘hole transport layer’ is its very ‘high hole mobility’.  The 

‘hole mobility’ of the ‘p-doped ZnTe’ is  80-100cm2/Vs which is almost 100 times more than 

that of ‘CuSCN’ and 1000 times more than that of ‘spiro-MeOTAD’ [5][9]. 

6.3.3 ZnO as ‘ELECTRON TRANSPORT LAYER’ 

‘Electron’ and ‘hole pairs’ are produced in the ‘Perovskite layer’ of the ‘Perovskite solar cells’. 

After that the ‘electrons’ and ‘holes’ need to be collected at the ‘electrodes’ to get a ‘net current’ 

at the ‘outer circuit’.  

For a material to be maneuvered as ‘electron transport layer’ (ETL) in ‘Perovskite solar cells’ the 

materials should satisfy few important properties as postulated below: 



Ph.D Thesis by Tapas Chakrabarti @ 2018 Page 115 
 

(i) ‘Conduction band’ of the ‘ETL material’ should be ‘less’ than the ‘HOMO (highest 

occupied molecular orbital) level’ of the ‘Perovskite material’  

(ii) ‘High electron mobility’  

(iii) ‘Higher band gap’.   

The ‘electron mobility’ of the ‘n-doped ZnO’ is almost 200cm2/Vs and the ‘band gap is 3.4eV 

[10]. The ‘properties of ZnO’ are satisfied to the above three conditions, therefore it is a suitable 

material for ‘ETL’.  

6.3.4  ARCHITECTURE AND WORKING PRINCIPLE OF ‘PEROVSKITE SOLAR CELLS’ 

The basic working principle of ‘Perovskite material’ is very similar to that of ‘Dyesensitized 

solar cells’. The ‘Perovskite solar cell’ working function is ‘generation’ of ‘electron and hole 

pair’ by absorbing ‘light’ in ‘Perovskite layer’ and then ‘separation and transportation’ of the 

‘electrons’ and ‘holes’ using two different ‘transport layers’. The ‘Perovskite material’ is 

‘sandwiched’ between ‘electron’ and ‘hole’ transport ‘layers’. The function of the ‘transport 

layer’ is to transport only ‘one type’ of ‘charge carriers’ through it and to ‘offer a resistance’ to 

the other one. ‘Hole transport layer’ means that it will allow ‘holes’ to ‘pass through’ and block 

the ‘electrons’. Similarly, ‘electron transport layer’ allows electrons and opposes the holes 

movement. Due to use of two separate types of ‘transport layers’, the chances of ‘recombination’ 

of ‘charge carriers’ are also decreased. Figure-2, shows the basic ‘schematic structural diagram’ 

of ‘Perovskite solar cell’. The ‘cell’ can also be utilized by inverted configuration. ‘Perovskite 

solar cells’ have many ‘distinct advantages’ over traditional ‘silicon solar cells’. The main 

advantage of ‘Perovskite solar cell’ is that this type of ‘solar cell’ can deliver ‘high efficiency’ 

and it is ‘cost effective’ also, compared to traditional ‘Silicon solar cells’. The ‘fabrication 

processes of ‘Perovskite photovoltaic is ‘much cheaper’ and ‘simpler’ than ‘silicon solar cell’ 
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production. The ‘wafer processing’ and ‘cell fabrication’ associated with ‘silicon’ require 

‘expensive equipment’ and ‘facilities’. In comparison, ‘Perovskite cell fabrication’ can be 

attained with ‘simpler methods’ like ‘solution spin coating’ and ‘vapor deposition’ methods.  

The relation between current density, Jsc and mobility is given by the equation, 

𝐽𝐽𝑠𝑠𝑐𝑐 = 𝑞𝑞𝐺𝐺��𝜇𝜇𝑝𝑝 + �𝜇𝜇𝑛𝑛� ��
𝐾𝐾𝑇𝑇
𝑞𝑞
𝜏𝜏�… … … … … … … … … … … … … … . (6.1)  

Where q = electron charge,  

k = ‘Boltzmann constant’  

T = ‘temperature’ 

μ = ‘electron mobility’ and τ = ‘carrier lifetime’.  

From the above equation (6.1) it is found that the higher ‘carrier mobility’ will lead to the 

increased ‘short circuit current’ of the ‘cell’ and hence will improve the overall ‘performance of 

the cell’. 

 
 

 

 

 

 

 

 

 

 

Fig 6.2: (a) Perovskite solar cell structure        Fig.6.2.(b) Inverted Perovskite solar cell structure 
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6.4  MODELING & FABRICATION OF ‘PEROVSKITE SOLAR CELLS’ 

During last few years, the researchers have devoted extensive ‘research effort’ into 

‘inorganic/organic’ ‘solar cells’ like ‘Dye-sensitized solar cells’ (DSSC) due to its ‘cost 

effectiveness’ and simple ‘fabrication process’, over the ‘conventional solar cells’ made of 

different materials like ‘Silicon’, ‘Germanium’, ‘Gallium-Arsenide’, ‘Gallium Indium 

Phosphate’ etc. The exploration of ‘different materials’ as ‘electron transport layer’ of the 

‘Perovskite solar cells’ to improve the performance of the ‘solar cells’ is going on among the 

researchers. The popular ‘Perovskite material’ used in ‘solar cell’ is ‘Methyl Ammonium-lead 

iodide’ (CH3NH3PbI3) along with ‘top and bottom’ layer of ‘HTO’ and ‘ETO’.  

In my ‘research work’, two numbers of ‘Perovskite solar cells’ have been modeled in software 

environment and one of them is physically fabricated in Lab. We have applied the ZnO as an 

‘electron transport layer’ (ETL), in one model and in another model, ZnTe is introduced as a 

‘hole transport layer’ substituting the costly compound HTL material ‘spiro-MeOTAD’. 

6.4.1 PROPOSED MODELED ‘PEROVSKITE SOLAR CELL’ with ZnO as ETL 

In this proposed ‘solar cell’ a planer ‘p-i-n heterojunction architecture’ with ‘layer configuration’ 

of “metal contact/TCO /ZnO(n) /CH3NH3SnI3/𝑠𝑠𝑝𝑝𝑠𝑠𝑟𝑟𝑜𝑜-MeOTAD(p)/metal contact” as depicted in 

figure 6.3 is modeled, where  ‘n-doped ZnO’ and ‘p-doped Spiro-MeOTAD’  ‘layers’ are used as 

‘electron transport layer’ and ‘hole transport layer’ respectively. The parameters considered in 

simulation of this ‘Perovskite solar cell’ structure are described in table 6.1.  
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           Metal contact 

        𝑠𝑠𝑝𝑝𝑠𝑠𝑟𝑟𝑜𝑜-MeOTAD (p) 

           Perovskite                 

 

         [𝐶𝐶𝐶𝐶3𝑁𝑁𝐶𝐶3𝐺𝐺𝑛𝑛𝐼𝐼3] 

                 

                ZnO(n) 

                   

                  TCO 

             Metal contact 

Figure 6.3: Schematic of the proposed cell 

Table 6.1: layer parameters used for the simulation [15-16] 

Parameters 

 

Spiro-MeOTAD  

(HTL) 

  Perov-skite  

(CH3NH3SnI3) 

ZnO  

(ETL) 

 TCO 

Band gap 2.25 1.23 3.4 3.5 

Dielectric constant 7.3 8.2 8.12 9 

Electron affinity 3.73 4.17 4.29 4.4 

Electron mobility 300 1.6 200 20 

Hole mobility 100 1.6 5 10 

 Acceptor ‘doping concentration’ (NA) 2*10^18 Self doped 0 0 

Donor ‘doping concentration’  (ND) 0 0 1*10^19 2*10^19 

Layer thickness 0.25 um 0.40 um 0.5 um 0.5 um 
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6.4.2 PROPOSED MODELED ‘PEROVSKITE SOLAR CELL STRUCTURE’ WITH ZnTe as HTL 

In this ‘solar cell’ a planer ‘n-i-p heterojunction’ architecture with ‘layer configuration’ of  

“metal contact/ TCO/TiO2(n)/CH3NH3SnI3/ZnTe(p)/metal contact” as exhibited in figure 6.4 is 

modeled, where  ‘n-doped TiO2’ and ‘p-doped’ ZnTe ‘layers’ are employed as ‘electron 

transport layer’ and ‘hole transport layer’ respectively.  ‘Zinc telluride’ (ZnTe) is a ‘wide band 

gap’ II-VI ‘semiconductor material’ [13-14][18]. The ‘band gap’ of ZnTe is 2.23–2.28 eV at 

‘room temperature’, ‘high absorption coefficient’ (close to105Cm-1) and very ‘high hole 

mobility’ (80-100cm2/Vs) ‘Zinc telluride’ (ZnTe) is best promising ‘semiconductor candidates’ 

for the ‘hole transport layer’ in ‘Perovskite solar cell’. Most of the ‘wide band gap’ ‘II-VI 

materials’ are favorable to ‘n-type doping’ and resist ‘p-type doping’. But in the case of ZnTe, 

‘p-type doping’ is much easier compared to ‘n-type doping’ [20]. This is why a ‘p-doped ZnTe’ 

layer of ‘acceptor concentration’ of 1*1019 cm-3 is used as ‘hole transport layer’ (HTL) in the 

proposed structure. ‘Effective Conduction band’ and ‘valance band densities’ of ZnTe are 

1.176x1018 Cm-3 and 1.166x1019cm-3 respectively [21]. ‘Thermal velocities’ of the ‘electron’ and 

‘hole’ are both set to be equal to 107 cm/s. The parameter values of all the layers applied for the 

Structure simulation are depicted in Table 6.2. 

 CH3NH3SnX3 (where X = Cl, Br, I) is unstable in ‘ambient atmosphere’ and the ‘Sn2+ ion’ will 

rapidly oxidize into more stable ‘Sn4+ ion’, which is a ‘p-type dopant’ within the material in 

‘self-doping process’. So, instead of intrinsic, the ‘Perovskite layer’ can be simulated as ‘p-doped 

material’ during the simulation due to the present of ‘Sn4+ impurities’ [11][15]. For this proposed 

structure an ‘acceptor doping concentration’ of 1*1015 cm-3 is assumed for the ‘Perovskite 

material’ during the structure simulation. 
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Metal contact 

          HTL[ ZnTe (p)] 

              Perovskite 

          [𝐶𝐶𝐶𝐶3𝑁𝑁𝐶𝐶3𝐺𝐺𝑛𝑛𝐼𝐼3] 

            ETL[TiO2(n)] 

                 TCO 

          Glass substrate 

Figure 6.4: Schematic ‘structure of the proposed cell’ 

 

6.4.3 PHYSICAL FABRICATION OF ‘PEROVSKITE SOLAR CELL’ with ZnTe: 

The FTO coated glass was cleaned with ‘Alconox’ in an ‘ultrasonic bath’ for ‘20 minutes’, 

followed by ‘rinsing the glass’ with DI water. After that, it was transferred in a ‘beaker’ 

containing ‘acetone’ and ‘sonicated with ethanol’ for 10 minutes. The glass was ‘cleaned’ and 

‘dried’ to use as the ‘substrate of solar cell’. The ‘resistance’ of the ‘glass substrate’ was checked 

to find the conductive side which is found of 21 Ω. Generally the ‘resistances’ of ‘conductive 

glass’ substrates remain in between 10 Ω to 30 Ω.  

Six (6) gram of ‘titanium dioxide’ powder was measured and 9 ml of ‘nitric acid’ was poured 

into the powder and ‘crushed the mixture’ with a crusher until the mixture was consistent. Then, 

the suspension was kept in a dark container for 10 min to attain the ‘equilibrium state’. In order 

to break the masses into ‘separate particles’, the ‘powder’ was ground in a ‘ceramic mortar’ with 

a 1 ml of ‘water’ and 0.1 ml of ‘acetic acid’ to prevent ‘aggregation of the particles’. After the 

dust had been disseminated by the high ‘shear forces’ in the ‘viscous paste’, it was mitigated by 
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‘slow addition’ of water up-to 4 ml under constant grinding. Finally, ‘few drops’ of ‘detergent 

liquid’ were added to smooth the spreading of the ‘colloid’ on the ‘substrate’.  

To get the active area on the ‘conductive side’ of FTO glasses, the TiO2 paste was ‘spin coated’ 

on the ‘conductive side’ of the glass surface, the ‘spinning’ rate was kept ‘3000 rpm’ for ‘30 

sec’. The resultant sample was ‘annealed’ at 400 °C for 30 min, which is presented in Fig 6.5(a).  

For deposition of ‘lead-free Perovskite’ (active material), “SnI2” and “CH5N.HI” were separately 

deposited in two different phase. Initially 0.5 gm of SnI2 was loaded in cleaned ‘tungsten boat’ 

and then it was heated indirectly by passing current through the ‘electrode’ at ‘vacuum pressure’ 

of 10-5 Torr, as a result, thin ‘layer of SnI2’ (yellow colored) was deposited on the ‘surface of 

TiO2’ which are utilized as ‘electron collector’, that was kept on ‘substrate holder’ (normal to 

material containing tungsten boat) by ‘thermal evaporation technique’ as presented in Fig 6.5(b).  

After deposition of SnI2 on the ‘surface of TiO2’, the sample was transferred in ‘nitrogen clove’ 

to prevent it from ‘decomposition’ in air. Afterward, 0.5 g of CH3NH3SnI3 was mixed in 1.5 ml 

of 2-propanol, the mixture was vigorously stirred for 15 min, the ‘resultant mixture’ was ‘spin 

coated’ on the ‘surface of TiO2’, with a spin rate of ‘3000 rpm for 30 sec’.  

Next step was ‘deposition’ of ‘hole collector layer', ZnTe which was deposited on the sample 

prepared above. 

‘Zinc’ (Zn) and ‘Telluride’ (Te) metals of ‘high purity’ were weighed by an ‘electronic balance’ 

in the ‘stoichiometric ratio’. The material was ‘mixed and ground’ using agate ‘mortar and 

pestle’ and then the ‘resultant mixture’ was kept in cleaned ‘tungsten boat’. The material loaded 

‘tungsten boat’, was heated indirectly by passing current through the ‘electrodes’ at a vacuum 

pressure of 10-5 Torr, as a result of heating ZnTe it evaporates and settles on the surface of 

substrate kept on the ‘substrate holder’ as shown in Fig 6.5(c). For ZnTe deposition on the 
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‘surface of active Perovskite’ (CH3NH3SnI3), which acts as a ‘hole collector layer’ displayed in 

fig.6.5(d). Through the different ‘steps of fabrication’ the ‘Lead-free’ solution-processed ‘solid-

state’ ‘photovoltaic devices’ based on ‘methyl ammonium tin iodide’ (CH3NH3SnI3) ‘Perovskite 

semiconductor’ as the ‘light harvester’ is used as ‘active layer’. Here TiO2 is used as common 

‘Electron Transport Layer’. ‘Hole transport Layer’ ‘Zinc telluride’ (ZnTe) is used in the newly 

fabricated ‘Lead (Pb) free Perovskite solar cell’ is exhibited in fig.6.5(e).  

 

                

 

 

                                      

 

 

 

Fig. 6.5(a) Spin coating of TiO2 

Fig. 6.5(c) ZnTe by thermal deposition 

Fig.6.5(b)Deposited SnI2 by 
Thermal Evaporation  

Fig. 6.5(d) ZnTe layer By thermal 
deposition 

Fig. 6.5(e) Fabricated complete 
Perovskite Solar Cell 
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6.5 RESULTS & DISCUSSIONS 

The proposed two structures of ‘Perovskite solar cells’ as exhibited in figure 6.3 and 6.4 are 

simulated in ‘SCAPS simulating’ software tool.  

 

Figure 6.6: Band diagram of the proposed cell  

The ‘band diagram’ of the proposed structure is derived in figure 6.6. For any ‘Perovskite solar 

cell’ the ‘valance level’ of the ‘electron transport layer’ which is marked by ‘blue line’ need to 

be ‘lower’ than the ‘HOMO level’ that is drawn on the top as ‘black line’ of the ‘Perovskite 

material’ and the ‘conduction level’ of the ‘hole transport layer’ marked as ‘red line’ need to be 

‘higher’ than the ‘LUMO’, indicated by the bottom ‘black line’. Our proposed structures 

(Fig.6.3) have satisfied the necessary condition, which is depicted in the above figures 6.6.  

(i)  1st Modeled ‘Perovskite solar cell’ 

The ‘doping level’ of the ZnO is varied to optimize the ‘performance’ of the proposed ‘solar 

cell’. Figure 6.7 has stated the relation between the ‘doping level’ of ZnO and the ‘efficiency’ of 

the ‘cell’. 
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From the above curve, figure 6.7, it is observed that the ‘efficiency’ of the ‘cell’ is increased with 

the increment of doping level and accordingly the ‘donor doping-concentration’ of ZnO is 

optimized.  

The ‘thickness’ of the ‘Perovskite layer’ is also varied to optimize the ‘solar cell performance’ 

and the ‘result shows’ that with the increase of ‘Perovskite layer thickness’, the ‘solar cell’ 

‘performance’ is improved up to a certain value and then it is decreased which is clearly viewed 

in the figure 6.8. This ‘observation’ can be verified from the fact that, with increasing ‘thickness’ 

of the ‘Perovskite layer’, the ‘carrier’ ‘generation rate’ will be increased and hence the ‘solar cell 

performance’ will be improved. But the Perovskite layer thickness must be optimized in 

accordance with the ‘carrier lifetime’ to minimize the ‘recombination rate’ and maximize the 

number of ‘charge-carriers’ transferred to the ‘transport layers’. The figure 6.9 exhibited the 

relation between the ‘Perovskite layer’ ‘thickness’ and ‘solar cell’ ‘efficiency’ for the proposed 

structure.   

After optimization of doping level of the ZnO layer and the ‘Perovskite layer’ of the ‘cell’ is 

simulated under the 1.5G ‘solar spectrum illumination’ and found  22.94% ‘efficiency’, 34.23 

mA/cm2 ‘current density’, 0.87 V ‘open circuit voltage’ and 74.77% fill factor. The simulated 

Figure 6.7: Doping of ZnO Vs Efficiency Figure 6.8: Efficiency Vs Thickness of the Perovskite layer 
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output ‘J-V curve’ of our 1st modeled ‘Perovskite solar cell’ using ZnO as ETL has been drawn 

in figure 6.10. 

 

 

 

 

   

 

 

 

 

 

 

 (ii)  2nd Modeled ‘Perovskite solar cell’ with ZnTe as HTL 

The ‘Perovskite solar cell’ with ZnTe as ‘hole transport layer’ is modeled with the similar 

‘optimization technique’ applied in 1st modeled ‘solar cell’. Another important parameter 

‘electron affinity’ is considered in ZnTe ‘layer optimization’ as most ‘critical function’ of HTL is 

the ‘blocking of electron’ and to allow the ‘hole’. The relation between ‘electron affinity’ of 

HTL and efficiency of ‘solar cell’ is viewed in figure 6.11. 

After parameter optimization (ZnTe) for the proposed structure, 23.54% solar cell efficiency, 

76.21% fill factor, 36.88 mA/cm2 current density and 0.87V open circuit voltage are observed. 

Figure 6.12 shows the J-V curve for the proposed solar cell after optimizing the different ‘layer 

thickness’ as described in table 6.2.  

Figure 6.10: J-V curve of the proposed cell  

 

Figure 6.9: J-V curve for different thickness variation of        
                     Perovskite layer for the proposed cell 
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 Table 6.2: Layer parameters used for the simulation of ‘solar cell with ZnTe as HTL [15] [21] 

Parameters 

 

ZnTe (HTL) Perovskite (CH3NH3SnI3) TiO2 (ETL)  TCO(SnO2 doped) 

Band gap 2.25 1.23 3.2 3.5 

Dielectric constant 7.3 8.2 9 9 

Electron affinity 3.73 4.17 4.26 4.4 

Electron mobility 300 1.6 20 20 

Hole mobility 80-100 1.6 10 10 

 Acceptor doping 

concentration (NA) 

1*1019 

  

 Self doped 0 0 

Donar doping 

concentration  (ND) 

 0  0 1*1017 2*1019 

Layer thickness 0.50 um 0.70 um 0.5 um 0.5 um 

Fig 6.11: Effect of electron affinity of HTL over  
   Efficiency of the cell 

Fig.6.12: J-V curve of the proposed cell with  
  ZnTe as HTL 
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(iii) Results of Fabricated Solar Perovskite Solar Cell: 

The ‘lead free’ ‘Perovskite (CH3NH3SnI3) solar cell’ with the ZnO (n) as ‘electron transport 

layer’ and ZnTe as the ‘hole transport layer’ is obtained the ‘open circuit voltage’ of 0.74 V and 

‘short circuit current’ 7.48 mA. The Fill Factor and efficiency of this solar cell are attained 

49.06% and 2.717% respectively from the physically fabricated ‘PV cell’. 

 In case of ZnTe(p) as hole transport layer and conventional TiO2 as the ETL the Perovskite cell 

gives the open circuit voltage, that is 0.79 V and ‘short circuit current’ is 11.57 mA, and Fill 

factor and efficiency are 55.05% and 5.0317% respectively.  

The J-V characteristics curve of these two ‘Perovskite solar cells’ as mentioned above paragraph 

are presented in figure 6.14(a) and 6.14(b). 

Using ZnTe as a ‘Hole Transport Layer’, the ‘efficiency’ is achieved 22.94% by ‘Simulation 

software’ ‘SCAPS’, but the ‘fabricated cell’ with same materials profile the ‘efficiency’ comes 

down to 5.031%, as the physical ‘fabrication procedure’ could not keep the ‘layer thickness’ as 

per simulated structure due to some constraints. However the ‘fabricated solar cell’ with the 

‘lead free’ ‘Perovskite’ and ZnTe in ‘hole transport layer’ is significantly promising. The 

comparison of simulated results of ‘lead free’ ‘Perovskite solar cell’ with ‘ETL’ and ‘HTL’ non 

silicon layer of ZnO and ZnTe respectively as well as the fabricated same structures of cells are 

depicted in Table.6.3. 
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Table 6.3. Comparison of simulated and fabricated solar cell 

Sl 

No 

Cell structure Open circuit 

Voltage 

(Voc) in volt 

Current 

density J 

(mA/cm2) 

Fill 

Factor 

(%) 

Efficiency 

(%) 

Remarks 

1 metal contact/TCO /ZnTe(p) 

/CH3NH3SnI3/ TiO2(p)/metal contact 

0.87 36.88 76.21 23.54 Simulated 

2 metal contact/TCO /ZnTe(p) 

/CH3NH3SnI3/ TiO2(p)/metal 

contact 

0.79 11.57 55.05 5.032 Fabricated 

3 Metal-contact/TCO/ZnO(n) 

/CH3NH3SnI3 /𝑠𝑠𝑝𝑝𝑠𝑠𝑟𝑟𝑜𝑜-MeOTAD(p)/ 

metal contact 

0.87 34.23 74.77% 22.94 Simulated 

4 Metal-contact/TCO/ZnTe(p)/ 0.74 7.48 49.06 2.71 Fabricated 

Fig.6.14(a). J-V Characteristics of 
fabricated Perovskite Solar Cell with ZnTe 
as HTL 
 

Fig.6.14(b). J-V Characteristics of 
fabricated Perovskite Solar Cell with ZnO 
as ETL 
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CH3NH3SnI3/ ZnO(n)/metal 

contact 

 

The ‘crystal structure’ of ‘methyl ammonium tin iodide’ (CH3NH3SnI3) modified with ZnTe and 

TiO2 are exposed in ‘XRD patterns’ as viewed in figure 6.15(a) in which the patterns of ‘Zn’, 

‘Te’, ‘C’, ‘I’and ‘Sn’ samples contain matches orthorhombic. In figure 6.15(b) the patterns ‘Ti’, 

‘Oxide’, ‘C’, ‘I’, ‘Sn’ samples contain matches ‘orthorhombic’. The other peaks are just below 

due to ‘background noise’. So, these survivals of the clear dominant peak of ZnTe, TiO2 

modified ‘methyl ammonium tin iodide’ must be sufficient to justify the deposited layers. 

The grown ‘nano crystalline’ average size is achieved by XRD results. It can be calculated by the 

‘Scherrer’s equation’ as follows: 𝐷𝐷 = 𝑘𝑘𝜆𝜆
𝛽𝛽𝑐𝑐𝑜𝑜𝑠𝑠𝛽𝛽

 

Where k is equal to 0.9 (constant), it denotes x-ray wavelength, θ denotes ‘Bragg angle’, and β 

denotes ‘full width of the diffraction line’ at the half of the ‘maximum intensity’. In figure 

6.16(a), figure 6.16(b), 6.16(c) and figure 6.16(d) are the FESEM result of film made of ZnTe, 

ZnO and the layers of ‘Perovskite’. The figures 6.16(a) is the FESEM result of ZnTe film and 

figure 6.16(b) the nano rod of ZnTe which are 10~15 nm dia. In figure 6.16(c) the FESEM of 

‘film’ made of ZnO is shown and figure 6.16(d) it is revealed the three layer of the fabricated solar 

cell consists of ‘Perovskite material’, ‘CH3NH3SnI2’ on ‘TiO2 film’ and along with the ‘hole transport 

layer’ of ‘ZnTe’ have been observed. 



Ph.D Thesis by Tapas Chakrabarti @ 2018 Page 130 
 

             

  

         

 

    

 

6.6        REFERENCES 

Fig.6.15(a) XRD pattern of CH3NH3SnI3 
modified with ZnTe 

Fig 6.15 (b) XRD patterns of CH3NH3SnI3 
after modification of TiO2  

Fig.6.16(b)  SEM Results of ZnTe Nano-tube 

Fig.6.16(d). SEM Results of TiO2, CH3NH3SnI2 & ZnTe 
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CHAPTER 7  

APPLICATION OF SOFT COMPUTING TOOL IN PHOTO-VOLTAIC DEVICE FOR 

PERFORMANCE OPTIMIZATION 

____________________________________________________________________________ 

 INTRODUCTION 

 LITERATURE SURVEY OF SOFT COMPUTING TOOLS APPLICABLE TO SOLAR CELLS 

 THEORY OF ALGORITHMS RELATED TO SOLAR CELL PARAMETERS EXTRACTION 

 MODELING AND OPTIMIZATION  

 RESULT AND DISCUSSION 

 REFERENCES 

_____________________________________________________________________________ 

7.1   INTRODUCTION 

Extraction of ‘Energy’ from the ‘solar energy’ ‘irradiance’ through ‘solar photovoltaic’ ‘PV 

Module’ is a very important task in the domain of renewable energy. The ‘PV modules’ 

comprise of numbers of ‘solar cells’ in ‘series’ and ‘parallel’ connections. The energy conversion 

ratios in ‘solar cells’ are very low, so it is always desirable to ‘extract’ the ‘maximum power’, 

minimizing the external ‘losses’. ‘Photovoltaic systems’ consist of different ‘PV modules’ 

interconnected in ‘series’ and ‘parallel’ ‘panels or arrays’. Accurate estimation of the 

commercial ‘PV system’ depends upon the conglomeration of extraction methods and the 

‘quality’ of used ‘solar module’. The ‘lumped model’ is recognized to provide modeling of as 

impeccable only if it placates the I-V characteristics curve at all operating points.   In this context 

derivation of the ‘electrical properties’ from the non-linear ‘current voltage’ ‘(I-V) curve’ of the 

‘solar cell’ module is very critical in respect of ‘efficiency’, device ‘performance’ etc. Various 
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‘electrical models’ like ‘single diode’ and ‘double diode’ ‘electrical circuit’ models are used to 

describe the ‘solar cell’ curve in practice.  ‘Different algorithms’ are used to extract these 

‘parameters’ by different entity [1-2]. The ‘recently developed’ heuristic algorithms are like 

Fireflies Algorithm (FA), ‘Cuckoo Search’ (CS), Differential Algorithm and ‘Particle Swarm 

Optimization’ techniques are most popular. 

Another critical part of ‘photovoltaic system’ is the ‘maximum power point’ tracking. For this 

purpose different controllers are designed and implemented in ‘Photovoltaic systems’. The 

fundamental operations of these controllers are depends on the output ‘current’ and ‘voltage’ of 

the ‘cell’ or ‘panel’. The objective of these controllers is to vary the ‘operating current’ and 

‘voltage’ in respect of the ‘variable irradiance’ and ‘atmospheric conditions’, by which the 

accurate ‘maximum output power’ can be pull out in a very fast mode. These controllers are used 

in DC-DC, buck - boost converter with variable duty cycle. To pull out ‘maximum power’ from 

the ‘PV system’ so many approaches are proposed by different researchers in ‘recent years’ [3-

6]. The approaches are can be ‘categorized’ like (a) Direct methods (b) Indirect methods & (c) 

Artificial intelligence methods. Under these methods the ‘Perturb and Observe’ (P&O), 

‘Polynomial Curve fitting’, ‘Hill Climbing’ (HC), ‘Incremental Conductance’ (INC), ‘Fractional 

open circuit voltage’ and ‘short circuit techniques’, ‘Fuzzy logic’ and ‘Neural networks’ are 

observed in different works. The instantaneous values of current and voltages are assorted in 

order to strive for the ‘Maximum Power Point’ in ‘direct’ and ‘indirect’ methods. To ‘overcome 

the drawback’ of ‘these methods’ the artificial intelligence methods are becoming more popular. 

The ‘recently developed’ ‘swarm intelligence’ based ‘algorithms’ which are motivated from the 

‘social behaviors’ and ‘biological evolutions’ of various species like ‘Fireflies’, ‘termites’, ‘ants’, 

‘honey bees’. By the change in external parameters of the ‘solar modules’, these algorithmic 
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controllers generate the ‘duty cycle’ for the ‘operating point’. To operate the ‘Photovoltaic 

systems’ at its ‘maximum point’, it is required to have precise knowledge about the ‘PV module 

parameters’ or it is better to say the ‘solar cells’ parameters. 

In this ‘research work’, we have used a ‘double diode’ circuit model and two non-linear 

optimization techniques like cuckoo search and ‘firefly algorithm’ have been employed to get the 

solar cell’s model parameters from the I-V characteristics curve. ‘Firefly algorithm’ (FA) is a 

recently developed computational optimization model widely applied in solving ‘global 

optimization’ mathematical problems. ‘Firefly Algorithm’ introduced by ‘Yang-sing’, which is 

simulated on the ‘social behavior’ of tropical ‘fireflies’ based upon their characteristic ‘flashing 

pattern’. ‘Cuckoo Search’ is a ‘meta-heuristic algorithms’ which is population driven and based 

on the obligate ‘brood parasitic’ behavior of the ‘cuckoo birds’. In the recent years this ‘cuckoo 

search algorithm’ is being applied in ‘different fields of engineering’ to ‘optimize the results’, 

with great ‘efficiency’. 

It is also proposed an ‘intelligent technique’ based on ‘Swarm Intelligence’ based ‘optimization 

technique’ to track the ‘Maximum Power Point’ of a ‘solar cell’. We concentrated our focus on 

two most recently introduced ‘Swarm based algorithms’: .Artificial Bee Colony’ (ABC) and 

‘Firefly Algorithm’ (FA). ‘Artificial Bee Colony’ is inspired from the ‘intelligent exploration’ 

for ‘food sources’ of ‘honey bees’. We have prepared a detailed overview of equivalent ‘models’ 

of ‘solar cell’, based on different ‘Intelligence based algorithms’ as already mentioned in the 

above paragraph, design of simulation model of MPP controller, simulation results and 

comparisons of different ‘Evolutionary Algorithms’.  
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7.2   LITERATURE SURVEY OF SOFT COMPUTING TOOLS APPLICABLE TO SOLAR CELLS 

 

The ‘current voltage’ ‘I-V characteristic’ is an important parameter of Photovoltaic solar cell. 

The specific ‘equivalent circuit’ model of ‘solar cell’ is required for extraction of different 

parameters of ‘solar cells’ depending upon the ‘Photo current’ (Iph), ‘reverse saturation current’ 

(Is), the ‘series Resistance’ (Rs) and ‘shunt resistance’ (Rsh) and the ‘ideality factor’ (n). Among 

the models, ‘single diode’ or ‘double diode’ ‘electrical equivalent circuit’ considering the ‘solar 

cell’ as current generator are employed to demonstrate the non linear ‘I-V curve’ of ‘solar cell’ 

[4]. The ‘I-V characteristic’ equation can be deduced from the single diode equivalent circuit as 

follows: 

      𝐼𝐼 = 𝐼𝐼𝐿𝐿 − 𝐼𝐼𝑠𝑠 �𝑒𝑒
𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼
𝑛𝑛𝑘𝑘𝑇𝑇 − 1� −  �𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼

𝑅𝑅𝑠𝑠ℎ
�… … … … … … … . (7.1)    

and  𝑃𝑃 = 𝑉𝑉. (𝐼𝐼𝐿𝐿 − 𝐼𝐼𝑠𝑠 �𝑒𝑒
𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼
𝑛𝑛𝑘𝑘𝑇𝑇 − 1� − �𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼

𝑅𝑅𝑠𝑠ℎ
�… … … … . . . (7.2) 

The ‘series resistance’ arises due to ‘ohmic contacts’ of ‘cells’ and in the contrary the ‘shunt 

resistance’ is arises for the losses of ‘solar cell’ due to ‘diffusion current’ and ‘recombination-

losses’. The output ‘performance’ of ‘photovoltaic system’ is determined on the parameters like 

‘open circuit voltage’, ‘short circuit current density’ and the formost other one is ‘maximum 

power point’ (MPP). In this respect different ‘analytical models’ are utilized in the prevailing 

research field, as “Nonlinear least square optimization algorithm” based on Newton Model [5], 

Modified analytical five point method, Gonzalez – Longatt is a ‘circuit based’ ‘simulation 

model’ in order to determine the ‘electrical behavior’ of ‘PV module’ [6].  

In the previous few decades, enormous nature based algorithms are developed to optimize or 

analytical or numerical solution of different polynomials [7]. The “meta-heuristic optimization 

algorithms” are pulling the attention of researchers for investigation of ‘different parameters’ of 
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‘solar cells’ or any other real time investigations. The mainstream algorithms are ‘Genetic 

Algorithm’ (GA), ‘Artificial Neural Network’ (ANN), ‘Perturb and Observation’ (P&O), ‘Hill 

Climbing’ (HC), ‘Particle swarm Optimization’ (PSO), ‘Differential Evolution’ (DE), ‘Firefly 

Algorithm’(FA), ‘Artificial Bee Colony’ (ABC), ‘Cuckoo Search’ (CS), ‘Hunting and Search’ 

(HS) etc [3,7].  

The Evolutionary Algorithm (EA) and Differential Algorithm (DE) are employed to optimize the 

critical parameters of solar cell. The DE has ‘some advantages’ over the EA. The DE can 

optimize the Global optimizations irrespective of initial parameters [8].  

The continuous changes of atmospheric conditions like solar irradiance or temperature are the 

reason of vary the different parameters of solar cell. With the change of atmospheric conditions, 

the real time ‘maximum power point tracking’ is a predominant part of ‘Photovoltaic systems’ to 

get the best performance of any system. This extraction of real time MPP can be classified in 

different categories leads to Direct Method, Indirect Method or Artificial Intelligence Methods 

[3]. 

“FPGA controlled Power conditioning units” are used to attain the ‘maximum power point’ 

(MPP) is a direct method [4][9-10].  

The ‘Cuckoo Search optimization’ was motivated by the ‘species of Cuckoo bird’ which was 

developed in the year of 2009 by ‘Yang and Deb’. The Cuckoos are very enthralling bird 

because of its peculiar aggressive reproduction system along with its beautiful sound making 

ability. The mature Cuckoo lays ‘eggs’ in a nest of other species bird. One ‘cuckoo’ can laid one 

egg at each time and dumped it randomly chosen other species bird nest. The ‘host bird’ either 

unknowingly can hatch the egg to chick or destroy the egg or abandoned the nest. Hence the 

chances of maturing the ‘Cuckoo egg’ to chick is 𝑃𝑃 ∈ (0,1). The ‘Cuckoo-search’ is an 
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‘application of Levy Flights’ for generation of new solution. The Cuckoo eggs are hatched 

before the ‘host bird egg’ and the ‘Cuckoo eggs’ are similar to look too. The ‘Cuckoo egg in a 

nest’ contemplated a ‘solution’ in the optimization technique [11-13]. 

‘Artificial Bee Colony’ was proposed by ‘Karaboga’ in 2005, imitates the ‘foraging behavior’ of 

a ‘Honey Bee swarm’. This ABC algorithm becomes most popular as it can be utilized into many 

complex problems. ABC is a ‘population’ based ‘stochastic algorithm’, where the position of 

‘food source’ of nectar amount represents the possible solution. Each ‘cycle of search’ subsists 

of ‘three steps’ to find the ‘food source’ that represent the ‘possible solution’ to the ‘problem to 

be optimized’, that is considered in the said algorithm. Selection of ‘food source’ is operated by a 

parameter called “limit” which is analogous to the mathematical limit of the problems. 

The ‘Firefly Algorithm’ is ‘meta-heuristic algorithm’ for ‘global optimization’, which is 

motivated by the ‘social behavior’ of ‘unisex firefly’ insects’ flashing pattern. This ‘algorithm’ 

was suggested by ‘Xin She Yang’ in 2008. The ‘Firefly Algorithm’ can ‘efficiently’ solve 

different engineering problems. It has the capability of dealing multimodality which makes it so 

efficient [2][14].  

7.3  THEORY OF ALGORITHMS RELATED TO SOLAR CELL PARAMETERS EXTRACTION 

In our research work, we concentrate our attention on two popular ‘swarm intelligence based 

algorithms’ like: (i) ‘Artificial Bee Colony’ (ABC) ‘Algorithm’ and (ii) ‘Firefly Algorithm’ 

(FA). We have applied another ‘meta-heuristic’ ‘optimization technique’ that is Cuckoo Search 

Algorithm, which are applied in our work to ‘extract’ the different ‘electrical parameters’ of 

‘solar cells’.  
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A.  ‘SWARM INTELLIGENCE (SI) BASED ALGORITHMS’  

‘Swarm intelligence’ (SI) has drawn attention of the researchers in recent years. ‘Swarm 

intelligence’ is the ‘collective behavior’ of ‘social insects’ under certain rules. This concept was 

inspired from life-cycles of insects like ants, bees, termites, fireflies etc. ‘Each individual’ of the 

‘swarm’ moves stochastically within the space around them as per its perception of the 

neighborhood. The motion of ‘each individual’ must be computed in accordance with space 

exploration knowledge of it and the knowledge shared and obtained from other individuals. The 

stochastic factor of ‘each particle’s velocity’ enables the swarm to ‘explore’ the unknown and 

unexplored ‘regions’ of the ‘search space’. So, good initial distribution of swarm and knowledge 

sharing enables the swarm to extensively ‘explore’ the ‘search space’ and move to the best 

solution very quickly. A swarm needs to satisfy the following principles in order to be 

characterized as an intelligent swarm [7]: 

(a). “The proximity principle”: The ‘swarm’ should be ‘able to perform’ simple ‘space and time 

computations’. 

(b). “The quality principle”: The ‘swarm’ should be ‘able to distinguish’ between a good solution 

and a bad solution. 

(c). “The principle of stability”: The ‘swarm’ should not change its ‘mode of behavior’ when the 

environmental conditions fluctuate. 

(d). “The principle of adaptability”: The ‘swarm’ should be ‘adaptable to environmental 

fluctuations’ when the change is worth of investment of energy.   

Considering all the above the ‘Artificial Bee Colony’ (ABC) and ‘Firefly Algorithm’ (FA) is 

developed for computation purpose.   
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 (i) Artificial Bee Colony: It is one of the most recently developed algorithms and has been 

applied to many complex problems. [15]. In ‘ABC algorithm’, swarm of ‘artificial bees’ are 

made to fly around within the ‘search space’ to find ‘probable food sources’ (solutions) with 

high nectar amounts (better fitness) and finally find the ‘best solution’. The colony of artificial 

bees is ‘categorized’ into ‘three different components’ namely Employed, onlooker and Scout 

bees in order to realize the concept of ‘division of labor’. This component can be explained like 

this: 

Employed bee–An employed bee is employed randomly at specific ‘food source’ and carries the 

‘information about that food source’ (fitness). They share this information of ‘fitness value’ of 

‘food source’ with the onlookers. 

Onlookers – Onlookers select the ‘food source’ and recruit bees for the ‘food source area’ of 

higher nectar amount.    

Scout bees – Scout bee looks for the ‘food sources’ which are yet to explore. It searches the 

‘food source’ randomly. When it does not find a previously unexplored food source, it becomes 

employed. 

In this algorithm, the ‘number of employed bees’ or ‘artificial onlookers’ is equal to the 

‘probable number of solutions’ of the population. Initially ‘artificial bees’ are distributed within 

the ‘search space’ randomly using the equation as bellow: 

𝑚𝑚𝑠𝑠 ,𝑗𝑗=𝑚𝑚𝑗𝑗 :𝑚𝑚𝑚𝑚𝑚𝑚 -rand(0,1)*(𝑚𝑚𝑗𝑗 :𝑚𝑚𝑚𝑚𝑚𝑚 -𝑚𝑚𝑗𝑗 :𝑚𝑚𝑠𝑠𝑛𝑛 )            (7.3) 

Where 𝑚𝑚𝑗𝑗 :𝑚𝑚𝑚𝑚𝑚𝑚  and 𝑚𝑚𝑗𝑗 :𝑚𝑚𝑠𝑠𝑛𝑛 are ‘lower’ and ‘upper bounds’ for the 𝑗𝑗𝑡𝑡ℎ  dimension. The position is 

updated for them using the equation: 

𝑣𝑣𝑠𝑠 ,𝑗𝑗=𝑚𝑚𝑠𝑠 ,𝑗𝑗 + 𝜑𝜑𝑠𝑠 ,𝑗𝑗*(𝑚𝑚𝑠𝑠 ,𝑗𝑗 -𝑚𝑚𝑘𝑘 ,𝑗𝑗 )                              (7.4) 
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Where k has to be different from i. 𝜑𝜑𝑠𝑠 ,𝑗𝑗  is a ‘random number’ ranging from -1 to 1. Next the 

fitness values of new solution 𝑣𝑣𝑠𝑠 ,𝑗𝑗 and old solution 𝑚𝑚𝑠𝑠 ,𝑗𝑗  are compared and position with ‘better 

fitness’ value replaces the other. For each ‘onlooker bee’ a ‘food source’ is chosen by a 

probability which is given by: 

𝑝𝑝𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑡𝑡𝑛𝑛𝑒𝑒𝑠𝑠𝑠𝑠 𝑠𝑠
∑ 𝑓𝑓𝑠𝑠𝑡𝑡𝑛𝑛𝑒𝑒𝑠𝑠𝑠𝑠 𝑠𝑠𝑁𝑁
𝑠𝑠=1

                              (7.5) 

Where 𝑓𝑓𝑠𝑠𝑡𝑡𝑛𝑛𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠  is the fitness value for 𝑠𝑠𝑡𝑡ℎ  individual. After selecting a ‘food source’ onlooker 

bees start exploitation. If any position of ‘food source’ cannot be improved over a predetermined 

number of cycles then that ‘food source’ is said to be ‘abandoned’ and new position is found 

using the equation (7.4). This ‘process of iteration’ is repeated until the ‘termination criterion’ 

attains and ‘best position’ of each iteration. 

(ii) Firefly Algorithm: The ‘Firefly Algorithm’ is a ‘meta-heuristic’, ‘stochastic search 

algorithm’ inspiring from the ‘social behavior’ of ‘tropical fireflies’. The Fireflies move with 

each other realizing the ‘flashing patterns’ that uses ‘bio-luminescence’. The ‘rate of flashing’, 

‘rhythm and intensity of flashes’ generates a ‘pattern’ which attracts both the ‘males and 

females’ to ‘each other’.  Another important function of flashing is to seduce potential prey. The 

‘flashing characteristics’ of ‘fireflies’ can be encapsulated by following rules: 

(a) ‘Fireflies are unisex’ and hence irrespective of sex ‘every firefly’ will proceed towards 

more appealing one. 

(b) The more appealing firefly is proportional to its ‘flashing intensity’. So among the 

flashing fireflies, will move towards the brighter one. If there is no brighter one, than it 

will move ‘randomly’ through the ‘space’.  

(c) As the ‘intensity of the light’ decreases with distance attractiveness will also decrease. 
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(d) The ‘flashing intensity’ of an individual firefly, corresponds to the ‘fitness value’ is to be 

optimized. 

Thus for ‘firefly algorithm’ there are two predominant factors are involved, that is ‘variation of 

light intensity’ and ‘formulation of attractiveness’. In simplest cases ‘light intensity’ varies 

according to the ‘inverse square law’ [16]: 

  I(r)= 𝐼𝐼0
𝑟𝑟2  … … … … … … ….(7.6)   Where, I0 is the ‘intensity at the source’.  

‘Light intensity’ also varies depending on the ‘medium properties’. For a medium having light 

absorbing coefficient γ, the variation in light intensity can be formulated as: 

           I(r)=𝐼𝐼0𝑒𝑒−𝛾𝛾𝑟𝑟 … … … … … …(7.7) 

Singularity at r=0 can be avoided by combining the effects of ‘inverse square law’ and ‘light 

absorbing coefficient’, which derives Gaussian form as bellow: 

 I(r)=𝐼𝐼0𝑒𝑒−𝛾𝛾𝑟𝑟
2 … … … … … … … ….(7.8) 

As fireflies ‘attractiveness’ is proportional to the ‘light intensity’ observed by the adjacent 

fireflies. So, if we define a variable β for attractiveness then ‘variation of attractiveness’ will be 

quite similar to the variation in light intensity.  

 β=𝛽𝛽0𝑒𝑒−𝛾𝛾𝑟𝑟
2 … … … … … … … … ..(7.9) 

Here 𝛽𝛽0  is the ‘attractiveness’ at r=0 and ‘r’ is the ‘distance’ between two adjacent fireflies. The 

case r=0 implies two fireflies were found at the same exact point on the search space. 

The value of light absorbing coefficient γ plays a critical role on the ‘performance’ of the 

‘algorithm’ and the ‘speed of convergence’. Here, we assume the value of γ to be between 0.1 

and 10. The ‘distance’ between two fireflies can be computed as the ‘Cartesian distance’ 

between them. For example, the ‘distance’ between 𝑠𝑠𝑡𝑡ℎ  and 𝑗𝑗𝑡𝑡ℎ  fireflies can be given as: 
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𝑟𝑟𝑠𝑠𝑗𝑗=|𝑚𝑚𝑠𝑠 − 𝑚𝑚𝑗𝑗 |=�∑ (𝑚𝑚𝑠𝑠𝑘𝑘 − 𝑚𝑚𝑗𝑗𝑘𝑘 )2𝑑𝑑
𝑘𝑘=1    (7.10) 

The main position update formula for 𝑠𝑠𝑡𝑡ℎ  firefly which is attracted to another more attractive 

(brighter) firefly j can be given as: 

𝑚𝑚𝑠𝑠𝑡𝑡+1 = 𝑚𝑚𝑠𝑠𝑡𝑡+ 𝛽𝛽0𝑒𝑒−𝛾𝛾𝑟𝑟𝑠𝑠𝑗𝑗
2
(𝑚𝑚𝑠𝑠 − 𝑚𝑚𝑗𝑗 )+α𝜀𝜀𝑠𝑠 … … … … … … … ….(7.11) 

Here 𝜀𝜀𝑠𝑠   is a randomization parameter and α is the parameter controlling the step size. In some 

variants of Firefly Algorithm, the ‘movement’ of the fireflies is gradually decreased by 

controlling the parameter α. 

B. ‘CUCKOO SEARCH OPTIMIZATION’ 

‘Cuckoo search’ is one of the most recent ‘meta-heuristic’, population driven ‘algorithms’ 

developed in 2009 by ‘Xin-She Yang and Suash Deb’ and it imitates the unique breeding 

characteristics of some ‘cuckoo species’. Despite being fairly new CS has gathered attention of 

many researchers ‘in recent years’ for it can outperform many popular evolutionary and ‘swarm’ 

based ‘optimization techniques’ like ‘Genetic Algorithm’ (GA) and ‘Particle Swarm 

Optimization’ (PSO) [12]. 

(i). Cuckoo breeding behavior: ‘Several species’ of cuckoos are brood parasites, ‘lay their 

eggs’ in other birds’ nests. Probability of survival of eggs depends upon the ‘eggs’ not getting 

‘discovered’ by the ‘host bird’. The female cuckoos adopt different strategies depending upon 

defensive strategies of host species. Some species of cuckoos lay eggs which closely resembles 

the ‘host bird’s eggs’. This ensures less chance of getting the ‘alien eggs’ ‘discovered’ by the 

‘host birds’. Some cuckoo species lay darker ‘colored eggs’ in the nests of host birds whose eggs 

are lighter in color. This strategy effectively hides the cuckoo’s eggs from the host and reduces 

the chances of them getting abandoned.  
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(ii). Levy Flight: In natural world, many ‘animals and insects’ exhibit levy flight for efficient 

search for ‘food sources’. Usually searching of food at ‘current location’ and a ‘transition 

probability’ is to next location. A ‘levy flight’ is a ‘random walk’. This search pattern can be 

used in ‘optimization algorithms’ with good ‘efficiency’. 

Yang and Deb described ‘cuckoo search algorithm’ [12] based on ‘three assumptions’: 

1. A cuckoo chooses a host nest randomly and lays ‘one egg’ at a time. 

2. The ‘best nests’ with ‘high quality eggs’ (better fitness value) will move on to next 

generation. 

3. The number of ‘host nest’ is constant and each egg will be associated with a probability 

𝑝𝑝𝑚𝑚  of getting ‘discovered’ by the ‘host bird’. The discovered ‘eggs’ will be discarded’ 

The ‘each cuckoo’ is updated its position using ‘Levy flights’ 

 𝑚𝑚𝑠𝑠𝑡𝑡+1=𝑚𝑚𝑠𝑠𝑡𝑡+α⊕Levy(λ) ………………………… (7.12) 

Where ‘α’ is a step scaling factor,  

Levy flight ‘provides’ a ‘random search’ with ‘random step length’ is drawn from Levy 

distribution. 

Levy∼u=𝑡𝑡−𝜆𝜆(1<λ≤3) ………………………….(7.13) 

 

This Levy distribution has ‘infinite mean’ and ‘infinite variance’. 

 

7.4           MODELING AND OPTIMIZATION 

The equivalent circuit diagram of a ‘solar cell’ is considered with ‘double diode model’ as it is 

given in figure 7.1. In this model, ‘solar cell’ has been ‘modeled’ as ‘current source’ parallel to 

rectifying diode for ‘diffusion current’ as ‘diode current’ (𝐼𝐼𝑑𝑑1). The ‘current source’ has also 
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been connected by another ‘shunt diode’ for unveiling recombination current as diode current 

(𝐼𝐼𝑑𝑑2). The resistance in series (Rs) accounts for ‘ohmic losses’. The ‘shunt resistance’ (𝑅𝑅𝑠𝑠ℎ ) are 

represented for ‘current leakages’ across the ‘p-n junction’. The ‘ideality factor’ (n) is 

represented the ‘quality of the junction’. 

In this ‘double-diode model’, the ‘cell terminal current’ is calculated as follows: 

 

Figure-7.1:’Double diode solar cell equivalent circuit’ 

 

𝐼𝐼 =   𝐼𝐼𝑝𝑝ℎ −  𝐼𝐼𝑑𝑑1 −  𝐼𝐼𝑑𝑑2 −  𝐼𝐼𝑠𝑠ℎ                  (7.14)                  

Where 

I= ‘Terminal current’ 

𝐼𝐼𝑝𝑝ℎ= ‘Cell generated photocurrent’ 

𝐼𝐼𝑑𝑑1, 𝐼𝐼𝑑𝑑2= ‘Diode saturation currents’ 

𝐼𝐼𝑠𝑠ℎ= ‘Shunt resistor current’ 

The diode currents shown here can be derived from the Schottky diffusion model in P-N junction 

as shown in equation (7.15) and (7.16).  

𝐼𝐼𝑑𝑑1 = 𝐼𝐼𝑠𝑠1(𝑒𝑒
𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼
𝜂𝜂1𝑉𝑉𝑡𝑡 -1)  (7.15) 

𝐼𝐼𝑑𝑑2 = 𝐼𝐼𝑠𝑠2(𝑒𝑒
𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼
𝜂𝜂2𝑉𝑉𝑡𝑡 -1)  (7.16) 
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Thus the equation (7.14) can be modified as equation (7.18) after solving for the shunt current in 

equation (7.17): 

𝐼𝐼𝑠𝑠ℎ= (𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼
𝑅𝑅𝑠𝑠ℎ

) ……………….. (7.17) 

I=𝐼𝐼𝑝𝑝ℎ -𝐼𝐼𝑠𝑠1(𝑒𝑒
𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼
𝜂𝜂1𝑉𝑉𝑡𝑡 -1)-𝐼𝐼𝑠𝑠2(𝑒𝑒

𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼
𝜂𝜂2𝑉𝑉𝑡𝑡 -1) -(𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼

𝑅𝑅𝑠𝑠ℎ
) ……… (7.18) 

From the above equation power equation can be written as below: 

𝑃𝑃 = 𝑉𝑉 ∗ 𝐼𝐼  where, V and I are‘voltage’ and ‘output current’ from the ‘solar cell’ 

or, 𝑃𝑃 = 𝑉𝑉[𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼𝑠𝑠1 �𝑒𝑒
𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼
𝜂𝜂1𝑉𝑉𝑡𝑡 − 1� − 𝐼𝐼𝑠𝑠2 �𝑒𝑒

𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼
𝜂𝜂2𝑉𝑉𝑡𝑡 − 1� − �𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼

𝑅𝑅𝑠𝑠ℎ
�] … … … … . . (7.19) 

The equation (7.18) is the characteristic curve equation for double diode model. The only 

difference in single diode model the ‘diffusion’ and ‘recombination current’ is accompanied in 

‘single diode current’ and in double diode model, both the ‘diffusion’ and ‘recombination current 

are shown separately.  

(i). Methodology and Formulation of Fitness Function: 

Thus equation (7.18) is the non-linear transcendent for the ‘output current’ involved form the 

‘solar cell circuit’. The fitness function for this optimization is the ‘error criterion’ which used in 

‘classical curve fitting’ is based on the ‘sum of the squared distances’ between the experimental 

and calculated data [9]. 

𝐸𝐸(𝑚𝑚) = �1
𝑝𝑝
∑ | 𝐼𝐼𝑠𝑠

𝑒𝑒𝑚𝑚𝑝𝑝𝑝𝑝
𝑠𝑠=1 − 𝑌𝑌(𝐼𝐼,𝑉𝑉,𝛷𝛷)|2  (7.20) 

𝑌𝑌(𝐼𝐼,𝑉𝑉,𝛷𝛷)=𝐼𝐼𝑝𝑝ℎ -𝐼𝐼𝑠𝑠1(𝑒𝑒
𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼
𝜂𝜂1𝑉𝑉𝑡𝑡 -1)-𝐼𝐼𝑠𝑠2(𝑒𝑒

𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼
𝜂𝜂2𝑉𝑉𝑡𝑡 -1) -(𝑉𝑉+𝑅𝑅𝑠𝑠𝐼𝐼

𝑅𝑅𝑠𝑠ℎ
)        (7.21) 

Where 𝛷𝛷 = {𝐼𝐼𝑝𝑝ℎ , 𝐼𝐼𝑠𝑠1, 𝐼𝐼𝑠𝑠2,𝑛𝑛1,𝑛𝑛2,𝑅𝑅𝑠𝑠 ,𝑅𝑅𝑠𝑠ℎ} 

In this process, an initial population of model parameters generated randomly. Based on these 

parameters, a current value is calculated for each individuals using equation (7.21). As the 
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‘current voltage equation’ of a ‘solar cell’ (7.21) has seven unknown variables 

(𝐼𝐼𝑝𝑝ℎ , 𝐼𝐼𝑠𝑠1, 𝐼𝐼𝑠𝑠2,𝑛𝑛1,𝑛𝑛2,𝑅𝑅𝑠𝑠 ,𝑅𝑅𝑠𝑠ℎ ), so these variables were considered as the ‘parameter for optimization’. 

These current values are then ‘compared with the experimental value’ through ‘error criterion’ 

equation (7.20) and the values of the ‘model parameters’ are get evaluated at each iteration. The 

‘objective’ of this ‘optimization’ is to ‘minimize’ the ‘error criterion’ equation (7.20) so that the 

‘fitted curve’ exactly matches the experimental curve. This iterative process goes on until the 

‘termination criterion’ is fulfilled. 

(ii) SWARM INTELLIGENCE BASED MPP TRACKING:  

We have proposed an intelligent approach to track the ‘Maximum Power Point’ (MPP) of a 

‘solar cell’. The ‘swarm intelligence’ based ‘algorithms’ are used to track global MPP of a ‘PV 

module’. The ‘main objective’ of the ‘proposed model’ is to deliver a constant power, which 

‘corresponds to 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 ’ of the ‘solar cell’ at that given ‘irradiance level’ and ‘temperature’. The 

most ‘important function’ of the SI based ‘controller’ is to take ‘output voltage’ and ‘current’ of 

the ‘PV module’ as input and compute a ‘duty cycle’ corresponding to the ‘peak power’ at the 

particular ‘G’ and ‘temperature’ in which the ‘PV module’ is operating. Then this ‘duty cycle’ is 

fed to a boost type dc-dc converter which delivers the desired constant power to the load. 

Equation (7.19) is treated as the ‘objective function’ for the ‘SI’ based optimization purpose.  

A simple schematic of the ‘proposed approach’ is highlighted in the figure 7.2. The figure 7.3(a) 

& 7.3(b) model was realized and effects of the parameters (irradiance level and temperature) on 

the P-V characteristics are observed. 

For generating experimental ‘I-V curve’ of a ‘PV module’ a ‘simulation model’ was designed 

using MATLAB/SIMULINK environment. This model was used to generate ‘I-V curves’ at 

‘different environmental conditions’ which were fitted using ‘different evolutionary’ and ‘swarm 
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algorithms’ to ‘extract the parameters’ required to generate the exact same curve using double 

diode model. Figure 7.4 depicted the ‘simulation model’ of a ‘PV module’. 

 

Fig 7.2 Schematic representation of the proposed approach 

      

. 

 

                   

Fig 7.3(b) Change in P-V characteristic  
                  with temperature  
 

Fig 7.3(a)  Change in P-V characteristic  
       with the change in irradiance level 
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Fig. 7.4  MATLAB/SIMULINK model of a PV module 

 

7.5           RESULTS AND DISCUSSION 

The SIMULINK based ‘solar cell’ is used and simulated the ‘I-V characteristics curves’ are 

depicted in figure 7.5 and figure 7.6.  The fitted ‘I-V characteristics curves’ are evaluated by 

using ‘firefly algorithm’ and ‘cuckoo search optimization’ respectively at different ‘irradiance 

levels’. In each case, three different ‘environmental conditions’ (1000, 600 and 200 W/𝑚𝑚2) were 

considered and ‘FA’ and ‘CS’ were used to fit the ‘curves’ at different ‘irradiance levels’. It can 

be seen clearly both the curves are exactly fitting with the synthetic SIMULINK curve. As a 

‘double diode model’ has been used to ‘characterize I-V curve’, the total unknown parameters 

mount up to seven in the fitness function. Thus, the value of seven ‘model parameters’ values 

estimated using ‘soft computing tools’ like ‘Firefly Algorithm’ (FA) and ‘Cuckoo Search’ 

Algorithm (CS). The results are compared with ‘DE’ and ‘PSO Algorithm’ also in the Table 7.1.    
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Table 7.1: Estimated parameters for SIMULINK based solar cell at 200W/𝑚𝑚2and 25°C using different soft-

computing algorithms 

 ‘Artificial Bee Colony’ (ABC) and ‘Firefly Algorithm’ (FA) were separately used in the 

proposed model. Simulation for each case has been given. Table 7.2 demonstrates MPP for a 

Parameters FA CS DE PSO 

𝐼𝐼𝑝𝑝ℎ  0.7598 0.7598 0.76 0.7599 

𝐼𝐼𝑠𝑠1 1.1793×10−07 8.8479×10−08 1.1255×10−07 6.4211×10−07 

𝐼𝐼𝑠𝑠2 1.4264×10−04 4.1191×10−05 3.5181×10−05 3.7482×10−05 

𝑅𝑅𝑠𝑠 0.1093 0.1139 0.1717 0.1690 

𝑅𝑅𝑠𝑠ℎ  381.68 353.6029 325.9318 379.8742 

𝑛𝑛1 1.33 1.32 1.33 1.5 

𝑛𝑛2 3.00 2.38 2.4 2.59 

Fitness value 0.02 0.32 0.91 1.1 

Computational  time 

(sec) 

1.82 1.87 1.94 1.91 

Fig 7.5: The Simulated fitted curve using 
firefly algorithm              

Fig 7.6: The Simulated fitted curve using 
Cuckoo Search Algorithm 
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given ‘solar cell’ at ‘different irradiance levels’ and ‘temperature’ and found analytically using 

the suggested model under ‘standard test condition’ along with the value of ‘parameters’ of Is, 

Iph, Rs & Rsh are 1.6×10−10A, 8.206 A, 0.47Ω & 608 Ω respectively [11]. The numbers of cells 

considered in this analysis is 60. Figure7.8 demonstrates the controller output at 500 W/𝑚𝑚2& 

250C when using ABC as ‘MPP tracking algorithm’. Fig 7.9 demonstrates the ‘controller output’ 

at same condition when ‘FA’ was used as ‘MPP tracking algorithm’. Finally table 7.3 and Table 

7.4 compare the ‘performances’ of different ‘evolutionary algorithms’ in this context. During 

comparison, the number of individual in a ‘population’ in each algorithm was kept same 25. The 

figure 7.10 compares the ‘performances’ of different ‘evolutionary algorithms’ in terms of time 

taken to reach MPP. 

Table 7.2: 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 (W) for different irradiance level and temp 

 15°c 25°c 35°c 45°c 

100  W/𝑚𝑚2 21.68 20.93 20.25 19.54 

200  W/𝑚𝑚2 46.23 44.74 43.24 41.75 

300  W/𝑚𝑚2 71.69 69.38 67.06 64.74 

400  W/𝑚𝑚2 97.14 94.05 90.96 87.87 

500  W/𝑚𝑚2 123.4 119.5 115.6 111.7 

600  W/𝑚𝑚2 149.7 145 140.2 135.5 

700  W/𝑚𝑚2 175.2 169.7 164.2 158.8 

800  W/𝑚𝑚2 202.3 196 189.7 183.4 

900  W/𝑚𝑚2 229.4        

222.2 

215.1 208 

1000 W/𝑚𝑚2 256.5 248.5 240.6 232.7 
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Table 7.3: Comparison of performances of different evolutionary algorithms  

    Operating Condition Power Delivered to the load 

(W) 

 ABC FA 

100 W/m2 150C 21.65 21.62 

250C 20.9 20.8 

350C 20.2 20.15 

450C 19.5 19.5 

300 W/m2 150C 71.66 71.63 

250C 69.3 69.35 

350C 66.95 67.0 

450C 64.72 64.73 

500 W/m2 150C 123.3 123.1 

250C 119.3 119.1 

350C 115.5 115.5 

450C 111.6 111.5 

1000 W/m2 150C 256.4 256.1 

250C 248.29 248.42 

350C 240.5 240.35 

450C 232.6 232.65 

 

Table 7.4: Comparison of Performance of different evolutionary algorithm 

Algorithm Time taken to reach MPP 

by the Controller (sec) 

Convergence speed of 

algorithm (No. of iterations) 

ABC 0.28 8 

FA 0.57 12 
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Fig.7.8. Controller output at 500 W/𝑚𝑚2&25°c 
using ABC as MPPT tracking algorithm 

Fig 7.9: Controller output at 500 W/𝑚𝑚2&25°c 
using FA as MPPT tracking algorithm 

Fig 7.10: Comparison of performances of different evolutionary computing techniques for MPPT 
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____________________________________________________________________________ 

 Conclusion and Remarks 

 Future Scope of Work 

_____________________________________________________________________________ 

 

1.1. CONCLUSION AND REMARKS 

This research work can be demarcated in two boundaries among the ‘nanoscale devices’. In first 

part, the work is engrossed in the nanoscale DMDG SON MOSFET, where we have studied the 

reliability of ‘nanoscale devices’ and ‘other part’ is dedicated to ‘Photovoltaic solar devices’. 

Our research work is confined to develop novel structures using alternative optoelectronics 

materials, for cost effective and efficient ‘thin film’ ‘solar cells’.  

1) The scaling is inevitable in domain of electronics devices and VLSI circuits. In this 

research work, the 2-D ‘Poisson equation’ and 1-D ‘Schrodinger equation’ is solved 

under ‘dual material’ ‘dual gate’ to realize the ‘overall potential’ and ‘inversion charge 

profile’, considering the ‘gate voltage’ as small signal of ‘AC’ ‘superimposed’ on ‘DC’ 

bias. Analytical studies have proven that the advanced DMDG SON structures are more 

unstable than the MOS counterparts, on application of a mixed supply in nano-regime.  

DMDG SON structures are capable of reducing ‘short channel effects’, thereby reducing 

threshold voltage, but this ‘threshold voltage’ which defines the operable range of any 

MOSFET and is a characteristic of that model, fluctuates appreciably at a single point in 

the channel on application of ac signals superimposed on dc, at the gate. Application of 

10% to 30% ‘AC signal’ of the ‘original dc voltage’ is very common in practical circuits. 

Thus, if a small percentage of ac voltage, which may be the noise signal of circuits, is 
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leaked onto the gate of DMDG SON MOS structure the circuit may become fairly 

unstable. This fluctuation of threshold voltage will definitely oscillate the trans-

conductance, drain-conductance, making the ‘device behavior’ utterly complex, and will 

definitely result in reduced ‘battery life’ and produce performance degradation. From the 

overall study, we ‘may conclude’ that, all the ‘electrical parameters’ of the ‘device’ gets 

‘affected’ on the application of ‘mixed supply voltage’ at the gate. This instability may 

create a formost issue if advance ‘MOS devices’ are integrated in VLSI circuits.  

2) The ‘single junction’ ‘Silicon solar cells’ are dominating the present solar cell industry. 

The ‘extraction of silicon’ from the ‘silicon dioxide’ is very complicated and very skillful 

technology also. The ‘efficiency’ of conventional ‘silicon solar cells’ have reached to 

their peak point of 20~22%. The productions of ‘silicon solar cells’ are also expensive, 

which leads the solar power tariff in upper side in comparison of conventional power. To 

break the bottleneck of this constraint the H-I-T ‘solar cells’ are very promising. But the 

H-I-T ‘Solar cells’ are basically made of c-Si and a-Si. In our ‘research work’, we 

substituted the a-Si by cheaper Zinc Oxide or Zinc Telluride as ‘emitter layer’ in the 

existing structure and achieved the significant ‘improvement of efficiencies’ of 25.54% 

and 27.71% respectively. The exhibited ‘efficiency’ of ‘existing structure’ with ‘emitter 

layer’ of a-Si is 23.04%. The ‘short circuit current density’ of ZnO(n) and ZnTe(p) 

(emitter layer) ‘based solar cell’  are 82mA/cm2 and 85.03 mA/cm2  respectively. The 

‘short circuit current density’ is 81.11mA/cm2, received from the existing structured solar 

cell of which the ‘emitter layer’ is made of a-Si. The ‘thickness’ of the ‘emitter layer’ is 

optimized to 10nm and perceived that the ‘minimum optimum thickness’ will give the 

better ‘efficiency’. In this investigation of work in regards of HIT solar cell, it is 
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reconnoitered that the manoeuvre of silicon can be minimized with the incorporation of 

alternative materials in emitter layers. The best result of ‘efficiency’ is found with the 

application of ZnTe in the ‘emitter laye’r of ‘p’ region, which is a novel idea in respect of 

improvement of efficiency. 

3) In our 5th chapter, we have explored on another form of ‘solar cell’ that is ‘Dyesensitized 

solar cell’, which is completely silicon free, made of ‘low cost materials’ and simple 

fabrication procedure. It is also an eco-friendly device. The light harvesting part of this 

type of ‘solar cell’ is the ‘dye’. The inorganic and organic dyes like Red Colloid Dye, 

‘Red color dye’ ‘extracted from Hibiscus’, ‘Prussian Blue Dye’, ‘Blue dye’ ‘extracted 

from Clitoriaternatea’, Green (Chlorophyll) Dyes are experimented in this ‘research 

work’ to develop efficient Dyesensitized solar cell. We have studied and fabricated five 

different ‘Dyesensitized solar cells’ with ‘inorganic’ and ‘organic dyes’. The most 

significant result found is from the blue colored dyes of ‘organic’ and ‘inorganic 

pigments’ of Blue dye extracted from Clitoriaternatea and ‘Prussian blue’ dye. It is 

contemplated that the ‘inorganic dye’ based ‘solar cells’ are more stable ‘with respect to’ 

organic dyes. 

4) Generally the ‘Perovskite materials’ ‘Methyl ammonium leads Iodide’ (CH3NH3PbI2) is 

used in ‘Perovskite solar cells’. As the Lead (Pb) is hazardous for health and environment 

too, we have replaced the Lead (Pb) by Tin (Sn) in the ‘Perovskite material’ as ‘Methyl 

ammonium Tin Iodide’ (CH3NH3SnI2). Normally the ‘hole transport layer’ is popular 

with the ‘organic compound material’ ‘spiro-MeOTAD’. But the material is too 

expensive. Hence the ‘Perovskite solar cell’ cost also will be increased. In our ‘research 

work’ we have proposed a novel structure with ZnTe as ‘hole transport layer’ (HTL) as 
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“metal contact/TCO/ZnTe(p)/𝐶𝐶𝐶𝐶3𝑁𝑁𝐶𝐶3𝐺𝐺𝑛𝑛𝐼𝐼3/TiO2(n)/TCO/metal contact” and is achieved 

the simulated ‘efficiency’ of 23.54% with the ‘short circuit current’ of 36.88 mA/cm2. We 

have fabricated the above structure in our ‘Lab environment’ and observed the 

‘efficiency’ of 5.032% with the ‘short circuit current’ 11.57 mA/cm2. We have simulated 

another structure of ‘Perovskite solar cell’ with the ETL of ZnO and got the ‘efficiency’ 

of 22.94% with the ‘short circuit current’ of 34.23  mA/cm2. Another Perovskite 

(𝐶𝐶𝐶𝐶3𝑁𝑁𝐶𝐶3𝐺𝐺𝑛𝑛𝐼𝐼3) ‘solar cell’ applying ‘ZnO as ETL’ and ‘ZnTe as HTL’, has been 

fabricated and the ‘efficiency’ and ‘short circuit current’ observed 2.71% and 7.48 

mA/cm2. Our observations are that during fabrication the optimized ‘layer thickness’ are 

not maintained and the ‘Perovskite materials’ got the chance to get oxidized during 

change of chambers. Hence the fabricated results are not ‘similar to simulated’ results. 

5) A comparison is illustrated in ‘our work’ on the ‘performance’ of ‘Firefly’ and ‘Cuckoo 

Search Algorithm’ in the estimation of model parameters. From fig (2) and (3) it can be 

‘concluded’ that the curves obtained after calculating the parameters from the ‘Firefly 

algorithm’ and ‘Cuckoo search algorithm’ exactly fitting with the experimental curve of 

PV module. Swarm intelligence is gaining popularity among researchers for its ‘fast 

convergence rate’ that is also a necessary criterion for tracking ‘Maximum Power Point’ 

(MPP) of a ‘solar cell’. Hence in this research work, we opted for swarm intelligence 

based optimization technique to track MPP of a solar cell. It is found that on an average 

0.28 sec was taken ‘by the model’ to reach MPP when ‘Artificial Bee Colony’ was used 

as the MPP tracking algorithm in the controller. And 0.57 sec was the ‘average time 

taken’ by the ‘model’ when ‘Firefly Algorithm’ was used in the MPPT controller. It is 

also perceived that the power delivered to the load at ‘different irradiance levels’ and 
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‘temperatures’ are almost same as the ‘Maximum Power Point’ of the ‘solar cell’ found 

analytically at that condition (given in table 2).The controller outputs given in fig 4 and 5 

suggest that there has been almost zero ‘steady state oscillation’ when ‘ABC’ and ‘FA’ 

are used as MPP tracking algorithm. From our results it may be concluded that ‘ABC 

tracks MPP’ at a much faster rate than other algorithms. So, faster response of the 

controller and efficient power delivery to load proved the ‘validity of our work’.  

8.2  FUTURE SCOPE OF WORKS: 

1. The Analytical model of nanoscale DMDG SON MOSFET is carried out and viewed that 

application of ‘AC supply’ that is part of ‘noise signals’ along with DC supply in gate 

voltage, all the ‘electrical parameters’ are fluctuated which makes the devices instable.  

The validity should be verified in real life device structures and the applicability in VLSI 

circuits are to be done in future work. 

2. The H-I-T ‘solar cell’ models are done applying ZnTe (p-layer) and ZnO (n-layer) 

‘emitter layer’. The remarkable ‘efficiency’ of 27.71% (ZnTe in emitter layer) and 

25.54% (ZnO in emitter layer) are achieved by the ‘Model solar cells’. In future the 

physics of enhanced efficiency in respect of current flow is to be studied and the Physical 

fabrications of these models are to be done, carrying the specific thickness considered in 

these two ‘solar cells’. 

3.  The ‘Dyesensitized solar cells’ are fabricated employing different dyes on the ‘TiO2 

semiconductor’ layer. Alternative semiconductor materials like ZnO, CuO or any other 

similar materials can be used in the Dyesensitized solar cells in future. The alternative 

and substitutive solid materials are to be explored instead of liquid electrolyte. In future 

work the stability and ‘DSSCs’ life enhancement should be priority.  
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4. Lead free ‘Perovskite solar cells’ with ZnO as ‘electron transport layer’ and ZnTe the 

‘hole transport layer’ are modeled and physically fabricated. The efficiency achieved is  

22.94% (ZnO) and 23.54%(ZnTe) respectively in simulation software environment. But 

it is observed that the ‘efficiency’ drastically falls down in similar fabricated structure of 

‘solar cells’ as 2.71% and 5.032%. Detailed investigation is required in future works. The 

thickness of each layer similar to the modeled structure should be taken care. More 

exploration with tuned ‘band gap’ of ‘Perovskite material’ is also to be done in future. 

5. The different ‘soft computing tolls’ are used to extract the ‘electrical parameters’ of the 

‘Photovoltaic solar panels’. The ‘Firefly Algorithm’ and ‘Cuckoo Search Algorithm’ are 

implemented to extract the ‘Short circuit current’, ‘open circuit voltage’ and ‘Fill Factor’. 

The ‘Cuckoo search algorithm’ shows the best result. The ‘particle swarm optimization’ 

algorithms like ‘Artificial Bee Colony’ and ‘Firefly Algorithm’ applied to find the 

‘Maximum Power Point’. The ‘duty cycle’ of the controller has been found 0.28 sec and 

0.57 sec using ABC and FA respectively. The controller for extraction of MPP is to be 

designed with ABC algorithm and physical implementation can satisfy the work, which 

can be done in future.  
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