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ABSTRACT 

 

The invention of solar cells remains the breakthrough towards clean energy 

alternatives since its discovery. Organic solar cells may be the replacement to 

inorganic ones, because of their excellent properties and solution processability 

leading to low financial and ecological cost, ultra-light weight, good efficiencies and 

improved stability. Conventional organic solar cells have been fabricated from a blend 

of active layers of a conjugated material (donor material) and a fullerene derivative 

(acceptor material) sandwiched between the hole transport layer (HTL) on an indium 

tin oxide (ITO) positive electrode and the electron transport layer (ETL) on a low-

work-function metal negative electrode. The HTL in a photovoltaic device plays a 

pivotal role in device performance. 

 The aim of the thesis is to investigate the low band gap polymeric solar cells 

based on inexpensive and solution-processable HTL and optimization of device 

efficiency. The thesis is mainly directed towards: 

1. Fabrication of organic solar cells based on low band gap polymer as core 

problem of the thesis using solution-processable CuSCN as hole transporting 

layer.  

2. Development of low band gap polymeric solar cells using solution-processable 

CuI as hole transport material.  

3. Optimization of composition ratio of P3HT:PC61BM in organic solar cells for 

optimal device efficiency.  

The present thesis deals with the fabrication of efficient organic solar cells using 

different buffer layers as HTL/ETL. Focus was on using inexpensive and solution 
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processable Cu(I) salt as HTL in organic solar cells. The optical property, physical 

property and morphology of the deposited HTLs were studied using UV-Vis-NIR 

spectroscopy, X-ray diffraction (XRD), scanning electron microscope (SEM), 

transmission electron microscopy (TEM) and atomic force microscope (AFM) 

characterizations. The current density voltage (J-V) characteristics and PCEs were 

measured with a computer controlled Keithley 2400 source meter. 

 The present thesis consists of six chapters, which are briefly described below. 

 Chapter 1 This chapter of the thesis is devoted towards the extensive literature 

survey on past and present research work done on organic solar cells including 

working mechanism, various geometry, buffer layers, both hole and electron transport 

layers (HTL and ETL) which are used in organic solar cells, are discussed keeping 

focus on various HTL. It summarizes the general review on various methods for the 

enhancement in the performance (both stability and efficiency) of organic solar cells 

by using different HTL, ETL and conducting polymers. 

 Chapter 2 This chapter details the various characterization techniques 

performed to characterize the parameters of organic solar cells e.g. morphology, I-V 

measurement etc. The detailed process for the fabrication of solution processed 

optoelectronic devices such as solar cell is discussed. Equipments require for 

fabrication process like Glove Box, thermal evaporation systems and spin coating unit 

with characterization techniques including UV-vis-NIR, XRD, SEM, TEM and AFM 

etc. are discussed in brief.             

 Chapter 3 describes the utilization of copper (I) thiocyanate (CuSCN) as an 

efficient and solution processable hole transport layer (HTL) in bulk heterojunction 

solar cells. The work has been discussed in two subsequent sections. 
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  Chapter 3A In this section three different combinations of the most studied 

active layers of P3HT:PC61BM, PCDTBT:PC71BM and PTB7:PC71BM were used for 

photovoltaic device fabrication with the simplest device structure of 

ITO/CuSCN/active layer/Al. The use of CuSCN as an HTL has improved light 

absorption within the active layer and thereby leads to up to 5.94% and 4.60% power 

conversion efficiencies (PCEs) for these active layers respectively. These results are 

slightly better when compared to the devices fabricated using thermal deposition of 

MoO3 and solution processed deposition of PEDOT:PSS as an HTL under similar 

conditions.  

 Chapter 3B During past few years, significant research on solution-

processable deposition of copper(I)thiocyanate (CuSCN) as an efficient hole 

transporting layer (HTL) for excitonic solar cells have been successfully reported. 

Surprisingly, till now only two solvents diisopropyl sulfide and diethyl sulfide are 

known which have been used for CuSCN film deposition as a HTL for device 

fabrication. It is also noticeable that both the solvents are an irritant solvent having 

very foul smell. In this section we have used eco-friendly and inexpensive solvent 

dimethyl sulfoxide (DMSO) for solution processed thin film deposition of CuSCN for 

organic solar cells. The photovoltaic devices were fabricated using two different 

donor polymers PCDTBT and PTB7 blended with PC71BM as an acceptor material 

with device structure of ITO/CuSCN/active layer/Al. The power conversion 

efficiency (PCE) based on CuSCN using DMSO as a deposition solvent have been 

achieved up to 4.20% and 3.64% respectively, with relative higher fill factor (FF) as 

compared to previously reported values in literature.  

In parallel with the above work, investigations were also directed towards 

development of alternative and universal solvents for copper (I) thiocyanate for 
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fabrication of low band gap polymeric solar cells to boost the utilization of CuSCN. 

In this connection, we used five different alternative solvents compactable with 

CuSCN for fabrication of organic solar cells: N,N-dimethylformamide, dioxane, 

acetonitrile, ethylene glycol, propylene carbonate. 

 Chapter 4 In this chapter, we have shown the performance of solution-

processable copper iodide (CuI) as an alternative hole transporting layer (HTL) for 

polymeric solar cells. Optical spectra of the CuI thin film reveal highly transparent 

and practically no absorption in the range vis-NIR region (450-1110 nm). X-ray 

diffraction (XRD) patterns of CuI exhibits a p-type semiconductor as well as 

crystalline nature. The power conversion efficiencies (PCEs) based on CuI as an HTL 

have been achieved to up to 3.04% and 4.48% for PCDTBT and PTB7 based donor 

materials blended with PC71BM as an acceptor material respectively with a 

configuration based on ITO/CuI(40 nm)/active layer (60 nm)/Al (120 nm). 

Furthermore, we use a wide range of solvents for solution-processed deposition of 

copper iodide (CuI) thin films as hole transport layer for efficient polymeric solar 

cells in general. Three different solvents (dimethyl sulfoxide (DMSO), N,N-

dimethylformamide (DMF) and diisopropyl sulfide)  are used for solution-processable 

HTL for low band gap solar cells. To examine the feasibility of these deposited 

solvents for HTL, we used two different combination of active layers based on low 

band gap polymers (PCDTBT: PC71BM and PTB7:PC71BM) for fabrication of solar 

cells with a device configuration based on ITO/CuI(40 nm)/active layer (60 nm)/Al 

(120 nm).  

 In Chapter 5 the effects of different composition ratios of P3HT:PC61BM in 

active layer on photovoltaic parameters were systematically studied in ambient 

conditions. The P3HT:PC61BM composition ratios range from 1.0:0.4 to 1.0:1.2 in 
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active layer shows relatively good PCE and further decrease or increase of 

P3HT:PC61BM ratio the resulted devices show very poor PCE. The devices with 

various composition ratios clearly demonstrated that 1.0:0.8 weight ratio of 

P3HT:PC61BM has achieved highest power conversion efficiency. 

   Chapter 6 This chapter presents the major conclusions derived from the 

present work and the scope of the future study in this field has been suggested. 
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Chapter: 1 

Introduction 

1.1 Background and Motivation 

Energy plays a significant role in the economic growth of a country and its 

demand is increasing day by day. Conventionally, major portion of energy is being 

drawn from petroleum and coal. Due to large consumption of these sources the 

available amount is continuously decreasing and may not be able to meet the demand 

in near future. The combustion of these sources causes harmful effects on the 

environment, for example, global warming which has now become an issue of global 

concern. Therefore, efforts are being made to develop new kind of energy sources 

which could belong lasting and environment friendly. 

Renewable energy sources are believed to be one of the best options to handle 

energy problem. Among many renewable energy sources solar cells are the most 

important, which convert sunlight directly into electricity and is entirely environment 

friendly. Solar cells can be made economically competitive with respect to fossil fuels 

and other emerging renewable energy technologies. Large scale manufacturing of 

these devices is expected to offer sustainable energy source which shall provide 

significant portion of our daily energy requirements (1-7). 

The main advantage of solar cells involves their graceful procedure: just 

converting daylight into electricity. No requirement of water and fuels, maintenance 

requirements is very less, no by-product, no sound pollution or no requirement of 

transferring from one location to other after installation. Although the initial cost is 

very high yet operation and maintenance cost is very low (1-6, 8). A lot of research 

has been carried out in order to reduce initial cost, increase in the efficiency, life time 

and to simplify the production procedure. 
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Figure 1.1 World energy consumption 1990-2040. 

First generation solar cells were based on silicon (Si) which possess good 

efficiency (>15%) and durability (>20 years). Si based solar cells are available in the 

market but because of their high cost they are away from the reach of a common man 

of the country. Therefore efforts are being made to reduce the cost and improve 

further the performance of Si based solar cells or find out new materials to replace Si. 

Organic semiconductors have evolved as truly revolutionary materials for electronic 

devices such as light emitting diodes, thin film transistors, biosensors and solar cells. 

Compared to inorganic counterpart organic based electronic devices will be thin, light 

weight, easy to process and could be fabricated on large flexible surfaces like plastic, 

cloth and paper. Along with this, these devices will be very cost effective. Efforts are 

being made all over the world to develop these materials and devices. Organic light 

emitting diodes are now well developed and are available in the market. Presently 

intense work is being done on organic solar cells (OSCs). 
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1.2 Solar Cells 

In 1839, Alexander Edmond Becquerel (French physicist) discovered the solar 

cells effects during analyzing with a solid electrode in an electrolyte solution (9). 

However, the first solar cell based coating a wide plate of copper with selenium and 

then topped it with an extremely thin semi-transparent layer of gold leaf; was 

discovered by an American inventor Charles Edgar Fritts in 1883 (10). Later on in 

1954, Chaplin fabricated first inorganic solar cell based on crystalline silicon and 

achieved power conversion efficiency (PCE) of about 6%, six years after the 

discovery of the p-n junction by Walther H. Brattain, William B. Shockley, and John 

Bardeen who have got Nobel Prize for the transistor (11). In the 1970s oil embargoes 

lead to a rapid attention in different sources of energy, and the first modern solar 

modules for worldly use were fabricated in 1976 (12). The development of solar cells 

can be considered to be in four generations. 

Year wise development on the power conversion efficiency (PCE) of different 

solar cells devices is shown in Figure 1.2. 

 

Figure 1.2 Evolution of record cell efficiencies of various solar cell technologies. 

This graph is provided by the NREL. 
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1.2.1 First Generation Photovoltaic Cells 

First generation photovoltaic cells which are also known as silicon wafer 

based solar cells are fabricated by crystalline silicon wafer. This is most advanced 

technology for the production of solar cells at industrial scale and has a share of more 

than 90% in solar energy market (13). 

These cells are single layer p-n junction diode with large-area and are capable 

of generating functional electricity from light sources with the wavelengths of 

sunlight. The power conversion efficiency of commercially available silicon based 

photovoltaic module is about 20% (14). Although the efficiency achieved at 

laboratory is 25% which is just closer to the theoretical efficiency of about 33% (15). 

The main advantages of c-Si solar cells are high carrier mobility, broad spectral 

absorption range, and high efficiency (16, 17). The main drawback of this generation 

of solar cell is expensive production cost (18). The cost of electricity generation is 

normally 10 times higher than that of the fossil fuel. 

1.2.2 Second Generation Photovoltaic Cells 

The second-generation solar cells include thin films semiconductors, which 

are much efficient compared to crystalline silicon based first generation solar cells. In 

this generation four types of solar cells were introduced: amorphous silicon, 

polycrystalline silicon, cadmium telluride, copper indium gallium diselenide. These 

cells were also known as Plasma Enhanced Chemical Vapour Deposition (PECVD). 

Amorphous silicon cells are the non-crystalline form of silicon which can be 

deposited over large areas with help of PECVD including the large variety of 

techniques. Optical band gap of unhydrogenated amorphous silicon is reported to vary 

in a range from 1.1-1.5 eV and its function similar to crystalline silicon (c-Si) solar 

cells. Polycrystalline silicon are made of pure silicon grains, they work better than 
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previous designs because of their mobility feature. We can easily move them over 

large magnitude. Cadmium telluride (CdTe) cells are formed with cadmium and 

tellurium mixed with zinc cubic crystal structure. This material is cheaper than silicon 

but not as efficient as silicon. Copper indium gallium diselenide (CIGS) alloy cells 

having band gap about 1.38 eV are deposited on glass or stainless steel and are 

complex in model. This generation includes all types of thin film technology of solar 

cell and has 10% share of solar cells production. Photovoltaic devices based on these 

materials have achieved efficiency of about15-20% (19-22). 

1.2.3 Third Generation Photovoltaic Cells 

To boost the performance of second generation solar cells and to reduce the 

cost of production third generation solar cells were introduced. A lot of research has 

been approved internationally to develop organic materials based solar cells which 

come under this generation of solar cells (23-38). The main advantages of such 

technology are low production cost, flexible devices, light weight, large area devices, 

and easy fabrication process which can be done either by spin coating or by printing 

technology of solution processable polymers. The limitations of third generation solar 

cells are: unable to commercialise in market due to sensitive nature of organic 

materials to environment which lead to fast degradation and reduced efficiency with 

time; the PCE of such cells are less compared to first and second generations of solar 

cells.  

1.2.4 Fourth Generation Photovoltaic Cells 

The main objective for development of fourth generation solar cells is to 

defeat the limitation like low efficiency and fast degradation of polymer based solar 

cells. For that, a lot of research has been done based on hybrid solar cells in which 

organic and inorganic materials are used to enhance the solar cells efficiency due to 
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utilization of broad solar spectrum band of inorganic materials and easy fabrication of 

polymers. Hybrid solar cells consists of conductive polymers and inorganic 

semiconductor nanocrystals (38-45) such as cadmium sulfide (CdS) (46, 47), 

cadmium selenide (CdSe) (48-54), titanium dioxide (TiO2) (55-58), cadmium telluride 

(CdTe) (59, 60), lead sulfide (PbS) (61), zinc oxide (ZnO) (62-64), carbon nanotubes 

(CNT) (65, 66) etc. Inorganic semiconductors nanoparticles are good electron 

acceptors have high absorption coefficients and good physical and chemical 

stabilities. 
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Table 1.1 Laboratory and module power conversion efficiencies (PCEs) of various 

types of solar cells. 

Solar 

Technology 

Solar cells devices Power conversion efficiencies 

Silicon 

 

Si (crystalline cell) 
Laboratory efficiency: 26.3% (67) 

Module efficiency: 24.4%  (67) 

Si (multi-crystalline cell) 
Laboratory efficiency: 21.3% (68) 

Module efficiency: 19.9%  (69) 

Thin-Film 

Technologies 

Amorphous silicon (a-Si) 

solar cells 

Laboratory efficiency: 9.5% (70) 

CIGS based solar cells 
Laboratory efficiency: 19.9%  (71) 

Module efficiency: 17.5% (72) 

Cadmium telluride solar cells 

(CdTe) 

Laboratory efficiency: 21.0% (73) 

Module efficiency: 18.6% (74) 

III-V Cells 

GaAs (thin film cell) 
Laboratory efficiency:  28.8% (75) 

Module efficiency: 24.1% (76) 

GaAs (multicrystalline) Laboratory efficiency: 18.4% (77) 

InP (crystalline cell) Laboratory efficiency: 22.1% (78) 

Organic-Based 

Solar 

Cells 

Bulk-heterojunction solar 

Cells 

Laboratory efficiency: 10.2% (79) 

Dye-sensitized solar cells Laboratory efficiency:  11.9% (80) 

Tandem solar cells Laboratory efficiency: 10.6% (81) 

Inverted solar cells 
Laboratory efficiency: 11.2% (82) 

Module efficiency: 8.7% (83) 

Perovskite Perovskite cells 
Laboratory efficiency: 19.7% (84) 

Module efficiency: 12.1% (85) 

Novel PV 

Technologies 

 

Quantum wells, quantum 

wires, quantum dots, 

nanoparticle inclusion in 

host semiconductor 

Theoretical efficiencies are 50-60% 

(86, 87). 

Concentrator 

Photovoltaic 

Technologies 

(CPV) 

Si concentrator cells 

 

Laboratory efficiency: 26.8% @96 suns 

(88). 
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1.3 Polymer Solar Cells 

An alternative progress towards inorganic solar cells is the use of small 

molecules and polymers as active layers, which can be processed over large areas at 

relatively low temperatures, either through thermal deposition of small molecules or 

by spin coating of solution processable polymers. The energy consumption for 

fabrication of PSCs are very less compared to inorganic solar cells due to high 

throughput and low temperature process which permits preparation through printing 

technology (89). Due to inexpensive and high absorption coefficients, these materials 

are allowed to make thin film of thickness in nanometer order. Along with low cost 

and easy to process flexibility of polymers raise an attraction toward PSCs (90-92). 

The typical diagram of PSCs is illustrated in Figure 1.3, in which active 

materials, HTL and ETL are sandwiched systematically between indium tin oxide 

(ITO) acting as an anode and aluminium metal (low work function) that acts as a 

cathode in conventional structure. A lot of research has been done in polymer based 

solar cells but these cells are unable to commercialize due to their poor efficiencies 

and limited life time compared to silicon based solar cells. The main challenges for 

PSCs: to investigate new donor and accepter materials, alternative HTL and ETL, 

modifying device architecture, new method of fabrication and processing and 

searching of perfect encapsulation materials. 
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Figure 1.3 Schematic diagram of polymer solar cells in which HTL and active 

material is sandwich in between ITO coated anode and aluminium cathode. 

 

1.4 Advantages of Organic Solar Cells 

 Appreciably lower production costs by deposition techniques under low 

temperature compared to conventional inorganic technologies 

 Modules of OPV devices have low weight and mechanically flexible, that’s 

why these devices can be used in mobile devices. 

 Manufacturing of OPV in a continuous process using state of the art printing 

tools. 

 New market opportunities, e.g. wearable PV. 

 High energy yield due to a good low-light performance and a positive 

temperature coefficient of the efficiency. 

 Wide range of applications due to semi-transparent nature of devices. 

 Non-toxicity and low consumption of abundant absorbing materials. 

 Due to light weight, these devices can be easy integrated into other products. 

 Short energy payback times and low environmental impact during 

manufacturing and operations.  
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1.5 Solar Cell Parameters 

The standard parameters used to characterize the performance of an OPV 

devices are described briefly in this segment. These parameters will be useful to 

compare the electrical performance of different OPV devices. The characteristics 

including the electrical behaviour of organic solar cell can be performed by current 

density-voltage (J-V) measurements in the dark and under illumination exposed to 

particular light intensity. Figure 1.4 shows the classic J-V curve of a solar cell in the 

dark (black coloured) and under illumination (red coloured). Four parameters: the 

short circuit current density (Jsc), the open circuit voltage (Voc), the fill factor (FF) and 

the power conversion efficiency (PCE) can be determined from this J-V curve. The 

short-circuit current density (Jsc) is the current density at zero voltage, there is no 

power created at this point, but the (Jsc) does mark the arrival of power generation. 

Similar to Jsc, the open-circuit voltage (Voc) is the voltage across the solar cell when 

J= 0, which is same as the device being open-circuited. The operating command of a 

solar cell is the range of bias from 0 to Voc in which the cell delivers power. 

 

The cell power density is given by:  

P = J×V ............(1) 

 

P reaches a maximum at the device operational point. The maximum of the 

obtained electrical power Pmax is situated in the fourth quadrant in which the product 

of current density (J) and voltage (V) reaches its maximum value: 

Pmax = Jmax × Vmax ............(2) 
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Fill factor (FF) is a parameter which determines the maximum power of a 

solar cell. It is the ratio of maximum obtainable power to the product of short circuit 

current density (Jsc) and open circuit voltage (Voc); it determines the shape of the J-V 

curve. FF should be 1, but due to various losses during transport and recombination, it 

always remains less than 1. Solar cells with high FF shows the convex shape in J–V 

curve whereas solar cells having low FF show concave shape or linear shape in J–V 

curve.    

FF = 
Jmax × Vmax 

............(3) 
Jsc × Voc 

 

The performance of one solar cell can be compared with another by using 

most common parameter referred to efficiency. Efficiency may be defined as the ratio 

of output power of the devices to input or incident power which depends upon the 

spectrum and intensity of the incident power and the temperature of the device. In 

laboratory, most of the devices are measured under AM1.5 conditions and at a 

temperature of 25°C to compare the performance of one device to another. 

 

PCE (ɳ) = 
JSC × VOC ×FF 

............(4) 
Pin 
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Figure 1.4 J-V characteristic of a solar cell presenting open-circuit voltage (VOC), 

short-circuit current (JSC) and the maximum power (Pmax) with current and voltage at 

maximum power. 

 

1.6 Operating Mechanism of Organic Solar Cells 

The basic operation mechanism of organic solar cells is shown in Figure 1.5(93). 

The process of conversion of light into electricity by an organic solar cell can be 

systematically briefly described by the following steps (93, 94). 

1. Light incident on active material of OPV devices, having an energy that 

exceeds the band gap of active material, excites an electron to an unoccupied 

state above band gap, to form electron hole pair. 

2. The electron hole pair is then separated over a built-in gradient in the 

electrochemical potential of the OPV devices. 

3. After all, the electron and hole is collected at respective electrodes and lead to 

recombination for external circuit work. 
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Figure 1.5 Energy band diagram of organic solar cell based on donor-acceptor 

concept.  

 

1.6.1 Exciton Generation. 

The materials accountable for the absorption of photons in the OPV devices 

are the organic semiconductors which form the active layer. When incident photons 

are absorbed by the organic semiconductors, electrons are excited from its HOMO 

into the LUMO, leaving behind an electron vacancy, which is corresponding to a 

positively charged carrier termed as a hole. The generated excitons in the organic 

semiconductors having binding energy, normally in the range of 200-500 meV binds 

the electron and hole jointly and resist to dissociate due to the low polymeric 

dielectric constant (95). 

1.6.2 Exciton Diffusion 

The photo-generated excitons diffuse in the organic semiconductors until 

reaching the donor-acceptor interface where exciton dissociation occurs or the 

excitons are unable to recombine. A fundamental problem of the disordered organic 
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materials is that the diffusion length of the exciton in most of the organic 

semiconductors is ~ 10 nm so the exciton has to move much distance otherwise the 

recombination can take place (96, 97).  Therefore, the thickness of active layer of 

OPV devices should be thin to obtain a larger fraction of excitons to reach the 

interface. 

1.6.3 Exciton Dissociation 

The excitons dissociation takes place only when the potential drop across 

donor and acceptor interface is larger than the binding energy of exciton. After photo 

excitation, an electron can jump from LUMO of the donor to the LUMO of the 

acceptor and leave the hole in the donor due to its higher HOMO level. The resulting 

state of the electron and hole is termed as a polaron pair, which is bound by less 

strong Coulombic force (98, 99).  

1.6.4 Charge Separation 

The polaron pairs have to be separated in order to expand free charge carriers 

(electrons and holes). The separation of photogenerated polaron pairs in OPV devices 

is based on the Braun-Onsager model (100-102). During the process, a fraction of the 

polaron pairs can recombine geminately. The geminate recombination is a mono-

molecular process in which the recombination rate is proportional to the concentration 

of the polaron pairs.  

1.6.5 Charge Transport 

The transport is driven by the built-in electric field in OPV devices, which is 

induced by the difference in the intrinsic work functions of anode and cathode before 

contact (27). During charge transportation, holes and electrons transport toward anode 

and cathode respectively. Here, the free electrons and holes are independent and 

recombine by a second order process in non geminate recombination fashion, termed 
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as bimolecular process which is different from geminate recombination. In geminate 

recombination, electrons and holes are from the same origin. 

1.6.6 Charge Extraction 

At last, holes are extracted from the anode at the same time as electrons from 

the cathode of the device to generate the electrical current. During the charge 

extraction, surface recombination at the organic-metal interface take place which 

resists the performance of OPV devices (103, 104). 

 

Figure 1.6 Conversion steps with loss mechanism in organic solar cells architecture.  
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1.7 Device Architecture 

The basic design of polymer based organic solar cells is illustrated in Figure 

1.7. Polymer based organic solar cells consist of two electrodes having different work 

functions. One electrode should be optically transparent. Indium tin oxide (ITO) is 

taken as anode due to its good electrical conductivity and optical transparency, on the 

other side the low work function metals like aluminium, silver and gold are taken as 

cathode electrode. The hole transport layer (HTL), active organic layer(s) (donor and 

accepter), electron transport layer (ETL) are sandwiched in between these two 

electrodes in systematic order. These layers are fabricate either by spin coating 

method or by thermal evaporation process, depending upon the nature of materials. 

The built-in-potential (Vbi) is developed due to difference in work functions of these 

two electrodes which generates an internal potential. Vbi along with active material(s) 

and interface material (s) plays a very important role to measure various parameters of 

organic solar cells.  

 

 

 

Figure 1.7 Schematic diagram of polymer solar cells in which HTL, active material 

and ETL are sandwich in between ITO coated anode and aluminium cathode. 
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Different device architectures of OSCs are classified based on development to 

get better efficiencies and improved parameters: 

1.7.1 Single Layer Solar Cells  

The first structure of organic photo-voltaic solar cells (OPV-SCs) was quite 

simple, consisting of single layer of an organic material between two electrodes, 

typically a transparent conductive oxide (TCO), as anode, and a metal cathode. 

The first polymer solar cells were fabricated by using single layer of an 

organic material which was sandwiched in between two electrodes, typically an 

optically transparent conductive oxide as anode and a metal cathode with different 

work functions. Figure 1.8 illustrates the typical structure of single layer solar cell. 

For example, a solution of P3HT polymer was inserted in between ITO electrode and 

aluminium electrode. The efficiency was very less about only 0.1% which is the main 

limitation of single layer solar cells. The electrical field generated at active material is 

due to the difference in work function of two electrodes which is very less for 

efficient exciton dissociation in polymers (105, 106). Moreover, recombination losses 

are very high due to movement of holes and electrons in the same material (107).  

 

Figure 1.8 Schematic diagrams of single layer solar cell device. 
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1.7.2 Bilayer Solar Cells 

 

Figure 1.9 Schematic diagrams of bilayer solar cell devices. 

 

Fundamentally, the bilayer solar cells are composed of two different organic 

layers (donor and acceptor) deposited sequentially, between two electrodes in 

systematic order. The basic structure of bilayer solar cell is demonstrated in Figure 

1.9. The first OSC based on bilayer configuration was fabricated by Dr. Ching Tang 

at Kodak Research Laboratories in 1986, by using copper phthalocyanine (CuPc) as a 

donor material while a perylene derivative 3,4,9,10-perylene tetracarboxylicbis-

benzimidazole (PTCBI) as acceptor material and achieved an efficiency of about 1% 

(108). The efficiency was further improved by Forrest as he replaced perylene 

tetracarboxylic dianhydride as acceptor and obtained efficiency of 1.8% (109). 

Bilayer solar cells are generally fabricated by thermal evaporation of small molecules. 

The thickness of each layer plays a very important role for achieving desired 

parameters of device. The exciton dissociation occurs far from the collecting 
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electrodes as a result of which low quantum efficiencies is the main drawback of 

bilayer solar cells. The other small molecule used are zinc phthalocyanine (ZnPc) 

(110), metal free phthalocyanine (111), pentacene (112), tin phthalocyanine (113), 

boron subphthalocyanine (114, 115) bis(2,2-dicyanovinyl)-quinquethiophene (116). 

 

Table 1.2 Device geometry with performance of various organic solar cells based on 

bilayer configuration. 

Device geometry 
Voc 

(V) 

Jsc 

(mA/cm
2
) 

FF 

(%) 

PCE 

(%) 

Ref. 

ITO/ CuPc/ PTCBI/ Ag 0.45 2.30 0.65 0.95 (108) 

ITO/ CuPc/ SubPc/ C60/ BPhen/ Al 0.42 5.16 0.47 1.29 (115) 

ITO/ SubPc /C60/ BCP/ Al 0.97 3.36 0.57 2.1 (114) 

ITO/ PEDOT:PSS/ tetracene/ C60/  BCP/ Al 0.58 7.00 0.57 2.3 (117) 

ITO/ pentacene/ C60 / BCP/ Al 0.36 15.0 0.50 2.7 (118) 

ITO/ PEDOT:PSS/ CuPc/ C60/ BCP/ Al 0.58 18.8 0.52 3.6 (119) 

ITO/ PEDOT:PSS/ P3HT/ PCBM/ Ca/ Al 0.60 8.71 0.73 3.8 (120) 

 

1.7.3 Bulk-Heterojunction Solar Cells 

In case of bulk-heterojunction solar cells, the donor and accepter materials are 

mixed together with suitable solvent(s) to form a blend which is inserted in between 

two different work function electrodes in a methodical way. First BHJ solar cell was 

fabricated by American physicist Alan J. Heeger in 1995 and achieved an efficiency 

of about 1.5 % (121) by using MEH-PPV as a donor while PCBM as acceptor 

material. After that the same concept was followed by Sir Richard Friend for 

fabrication of efficient solar cells (122). Later on, the efficiency was further improved 

to 2.5% by using MDMO-PPV as donor and PCBM as acceptor. The reason behind 

improved efficiency is due to better morphology of MDMO-PPV and PCBM blend 

along with better optical and electrical properties of MDMO-PPV (123). 
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Fabrication of BHJ solar cells based on P3HT (donor): PCBM (accepter) 

blend was fabricated by Padinger in 2003. In case of P3HT: PCBM blend, post 

annealing and externally applied voltage of devices plays very important role to 

improve the efficiency. It was published that PCE of above blend improved from 

0.4% to 2.5% post annealing at 70° and after applying external voltage of 2.7 V 

across the device with post annealing, PCE was enhanced to 3.5%. Improving 

morphology and better charge carrier mobilities of active layer were the two main 

reasons for improvement the efficiency values (124). 

 

Figure 1.10 Bulk heterojunction configuration in organic solar cells along with 

donor-acceptor. 
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Table 1.3 Device geometry with performance of various organic solar cells based on 

bulk-heterojunction configuration. 

Device geometry 
Voc 

(V) 

Jsc 

(mA/cm
2
) 

FF 

(%) 

PCE 

(%) 
Ref. 

ITO/ MEH-PPV:PCBM/Ca 0.8 2.0 0.25 1.5 (121) 

ITO/ PEDOT:PSS/ PFDTBT:PCBM/ LiF/ Al 1.04 4.66 0.46 2.2 (125) 

ITO/ PEDOT:PSS/ MDMO-PPV:PCBM/ LiF/ Al 0.82 5.25 0.61 3.3 (126) 

ITO/ PEDOT:PSS/ P3HT:PCBM/ TiOx/ Al 0.61 11.1 0.66 5.0 (127) 

ITO/ PEDOT:PSS/ PCPDTBT:PCBM/ Al 0.62 16.2 0.55 5.2 (128) 

ITO/ PEDOT:PSS/ PTB7:PCBM/ Al 0.74 14.5 0.69 7.4 (129) 

ITO/ PEDOT:PSS/ PTB7:PC71BM/ PFN/ Ca/ Al 0.76 15.4 0.71 8.2 (130) 

ITO/ PEDOT:PSS/ PTB7-Th:PC71BM/ Al 0.81 17.52 0.72 10.28 (79) 

 

1.7.4 Hybrid Planar-Mixed Heterojunction Cells 

It is a combination of bilayer and bulk-heterojunction solar cells. In such type 

of cells, a blend solution of donor and accepter is inserted in between donor layer and 

accepter layer. Electrode1/donor/mixed/acceptor/electrode2 is the device geometry of 

such solar cells. Xue has investigated the device based on hybrid heterojunction solar 

cells in which small molecules CuPc and C60 was coated in between the separate 

layers of CuPc and C60, and achieved the efficiency of about 5.0% (131). Such type of 

geometry provides efficient photon harvesting and good transport to the photo-

generated charge carriers to the respective electrodes. The thickness of each 

homogenous layer is equal to the diffusion length of the excitons. Consequently, 

exciton dissociation becomes more efficient as it occurs throughout the mixed layer as 

well as at the interfaces of the mixed layer and the homogenous layers. 
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Figure 1.11 Schematic diagrams of hybrid planar-mixed heterojunction solar cell 

device. 

 

1.7.5 Tandem Solar Cells 

In order to improve the efficiency of organic solar cells, tandem structure was 

investigated. One reason behind the low efficiency of OPV devices is the inability of 

organic material to absorb the entire solar spectrum. The first tandem solar cells were 

prepared by Hiramoto (132). The series connection of two or more solar cells with 

dissimilar absorption characteristics either in small molecule or in polymer for 

utilizing a broad series of the solar spectrum is known as tandem configuration of 

organic solar cells (133-138). During the initial stage of fabrication of tandem 

structure, there was no major problem in case of small molecule as thin films were 

prepared through thermal evaporation while in case of solution processable polymers, 

problem arises during deposition of upper layer which sometime partially or 
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completely destroy the bottom layer. To overcome such limitation, a suitable 

interlayer was sandwiched in between these layers which act as cathode for bottom 

layer and anode for upper layer (139-142). 

 

Figure 1.12 Schematic diagrams of tandem solar cell devices. 

 

1.7.6 Inverted Solar Cells 

Inverted solar cells are those polymers based solar cells in which high work 

function ITO work as cathode while low work function aluminium or silver work as 

anode. The overall device geometry is inverted in which ETL is coated above to ITO 

followed by active material(s) and HTL is coated just below to aluminium/ silver. The 

work function of ITO was customized by metal oxides like titanium oxide, PFN, zinc 

oxide and cesium carbonate (143-149). The degradation of inverted solar cell is much 
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lesser as compared to conventional structure of OPV devices due to non-contact of 

hygroscopic and corrosive hole transporting PEDOT:PSS directly to ITO. 

Approximately 10% power conversion efficiency has been achieved through 

ITO/PFN/PTB7:PC71BM/MoO3/(Al/Ag). 

 

Figure 1.13 Schematic diagrams of inverted solar cell devices. 

 

1.7.7 Perovskite Solar Cells 

Perovskite solar cell is a solar cell in which perovskite material act as active 

layer which is sandwich in between two electrodes out of which one should be 

optically transparent. In such solar cells, fluorine doped tin oxide (FTO) is generally 

use as transparent electrode while other electrode either be silver or aluminium. 

Perovskite material is composed of most typically a hybrid organic inorganic lead or 

tin halide based material. Different device geometries of perovskite solar cell have 

been already developed with improved efficiencies.  

Based on device architecture, perovskite solar cells have been divided into two 

categories: Conventional n-i-p structure and Inverted p-i-n structure. Conventional n-
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i-p (n-i-p planar and n-i-p mesoscopic) has device architecture FTO/ETM/Perovskite 

/HTM /Metal anode while Inverted p-i-n (p-i-n planar and p-i-n mesoscopic) have 

device architecture ITO/HTM/Perovskite /ETM /Metal cathodeas shown in Figure 

1.14 (A-D) (150-151). In order to enhance the efficiency perovskite solar cells, hole 

transporting material (HTM) and electron transporting material (ETM) are inserted 

with perovskite layer with proper alignment in sequential order.  

 

 

 

 

Figure 1.14 Schematic diagrams of perovskite solar cell devices (A) n-i-p planar, (B) 

n-i-p mesoscopic, (C) p-i-n planar, (D) p-i-n mesoscopic. 
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1.8 Device Components 

Polymer based organic solar cells are consisting of following components:  

 Electrodes  

 Anode (ITO/FTO) 

 Cathode (Al/Ag/Au) 

 Interface Layers 

 Hole transport layer (HTL) 

 Electron transport layer (ETL) 

 Active Layer  

 Donor (P3HT/PCDTBT/PTB7) 

 Acceptor (PC61BM/ PC71BM) 

 

1.8.1 Electrodes (Anode/Cathode) 

All the devices based on organic semiconducting materials consisting of two 

electrodes (152). Out of these two, one electrode should be optically transparent with 

suitable work function to collect positive charge carriers (holes) for conventional 

structure of OPV devices. Basically high work function materials are used as anode 

for a BHJ organic solar cell.  

Metal oxides like indium tin oxide (ITO) or fluorine-doped tin oxide (FTO) on 

glass or plastic substrates were ultimate option for anode due to its high work 

function, good electrical conductivity, high optical transparency in the visible region, 

insolubility and high thermal stability. The top metal electrode (cathode) is typically 

either aluminum, gold or silver with comparable low work function can be coated by 

thermally deposition technique with suitable vaccum. However, aluminum is the most 

suitable top electrode in standard structure of solar cells. 
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1.8.2 Interface Layers (HTL/ETL) 

The performance of organic solar cells based on BHJ structure are strongly 

depends upon hole transport layer (HTL) and electrode transport layer (ETL). HTL is 

sandwich in between ITO anode and active material while ETL is inserted in between 

active material and metallic cathode in case of conventional cells. Without interface 

layer, device exhibit poor performance or even no operation so it is compulsory to 

fabricate interface layers accordingly. The selection of HTLs and ETLs depends upon 

the energy levels and charge transport properties of the material(s). 

Hole Transport Layer (HTL) 

Hole transport layer improves the collection of positive charge holes at anode 

electrode. A lot of materials like organic, inorganic and self assembled monolayers 

were used as HTL. Water soluble PEDOT:PSS is the most commonly used HTL in 

conventional geometry BHJ solar cells, due to its high transparency in the visible 

range, good electrical conductivity, high work function which match the HOMO level 

of frequently used donor polymers and also have the ability to reduce the ITO surface 

roughness (153). Moreover transition metal oxides with a high work function, namely 

molybdenum oxide (MoO3) (154), vanadium oxide (V2O5) (155,156) and tungsten 

oxide (WO3) (157) so forth have been successfully used as HTL in organic solar cells. 

In the present thesis copper (I) thiocyanate (CuSCN) (158) and copper iodide (CuI) 

(159) are also used as alternative hole transporting layer (HTL) for polymeric solar 

cells. 

Electron Transport Layer (ETL) 

Electron transport layer improve the efficiency of cathode electrode for 

collection and extraction of negative charge electron. Low work function materials 

having good electronic level matching with the LUMOs of the active material 



Chapter: 1 

28 
 

(polymers) are as ETL used in organic solar cells. Zinc oxide (ZnO) (160) and 

titanium oxide (TiOx) (161, 162) are the well-known and widely used ETLs which can 

be deposited by sol-gel, spray-coating and nanoparticle (NP) deposition. Later on 

cesium carbonate (Cs2CO3) (163) and niobium pentoxide (Nb2O5) (164) was also used 

as good ETL for OSCs. 

1.8.3 Active Material (Donor/Acceptor) 

In organic solar cells, active layer composed of organic semiconducting 

materials are responsible for absorption of light, generation and separation of charge 

carriers. Typically, the active layer consists of two components in the OSCs: electron 

donor and acceptor materials.  

Polymers and small molecular compounds with conjugated backbones are 

used as electron donor material in OPV devices. A lot of research has been done on 

P3HT donor material due to promising photovoltaic properties and good stability 

although the absorption band of P3HT is not broad enough to get good harvest of the 

sunlight. In the present thesis a lot of work has done based on low band gap polymer: 

PCDTBT and PTB7. Fullerene and its derivatives are the most successful electron 

acceptor materials. PC61BM and its equivalent derivative PC71BM has been 

dominantly used as acceptors in OSCs. PC71BM shows stronger absorption in visible 

region compared to PC61BM. 

1.9 Objectives of the Thesis  

The objective of this thesis is to fabricate the organic solar cells based on low 

band gap polymers deposited through spin coating technique in glove box. All the 

devices are fabricate on pre-patterned ITO coated glass substrates. The device 

structure is: ITO (anode) /HTL/ active layer / Al (metal), where active layer 

corresponds to the low band gap polymers: PCDTBT and PTB7. The fabrication is 
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carried out in Flexible Organic Energy devices section of CSIR- National Physical 

Laboratory.  

Most of the effort devoted to the fabrication of OPV devices has been based 

on P3HT:PC61BM bulk heterojunction architecture in which P3HT act as electron 

donor and PC61BM act as electron acceptor materials. But the PCE achieved by this 

photoactive material is unable to reach up to a certain limit due to poor absorption in 

active layer, which restricts to commercialization. Less investigation has been done 

on low band gap polymers based solar cells. In the present work, focus has been on 

low band gap polymers (PCDTBT and PTB7) acting as donor material with PC71BM 

as acceptor material through modification of an interference layer. 

 The aim of the thesis is to investigate the low band gap polymeric solar cells 

based on inexpensive and solution-processable HTL and optimization of device 

efficiency. The thesis is mainly directed towards: 

1. Fabrication of organic solar cells based on low band gap polymers (PCDTBT 

and PTB7) as core problem of the thesis using solution-processable CuSCN as 

hole transporting layer.  

2. Development of low band gap polymeric solar cells using solution-processable 

CuI as hole transport material.  

3. Optimization of composition ratio of P3HT:PC61BM in organic solar cells for 

optimal device efficiency.  

 

1.10 Thesis Outline 

Chapter 1 (present chapter) This chapter of the thesis is devoted towards the 

extensive literature survey on past and present research work done on organic solar 

cells including working mechanism, various geometry, buffer layers, both hole and 
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electron transport layers (HTL and ETL) which are used in organic solar cells, are 

discussed keeping focus on various HTL. It summarizes the general review on various 

methods for the enhancement in the performance (both stability and efficiency) of 

organic solar cells by using different HTL, ETL and conducting polymers. 

Chapter 2 This chapter details the various characterization techniques performed to 

characterize the parameters of organic solar cells e.g. morphology, I-V measurement 

etc. The detailed process for the fabrication of solution processed optoelectronic 

devices such as solar cell is discussed. Equipments require for fabrication process like 

glove box, thermal evaporation systems and spin coating unit with characterization 

techniques including UV-vis-NIR, XRD, SEM, TEM and AFM etc. are discussed in 

brief.             

 Chapter 3 describes the utilization of copper (I) thiocyanate (CuSCN) as an 

efficient and solution processable hole transport layer (HTL) in bulk heterojunction 

solar cells. The work has been discussed in two subsequent sections. 

  Chapter 3A In this section three different combinations of the most studied 

active layers of P3HT:PC61BM, PCDTBT:PC71BM and PTB7:PC71BM were used for 

photovoltaic device fabrication with the simplest device structure of 

ITO/CuSCN/active layer/Al. The use of CuSCN as an HTL has improved light 

absorption within the active layer and thereby leads to up to 5.94% and 4.60% power 

conversion efficiencies (PCEs) for these active layers respectively. These results are 

slightly better when compared to the devices fabricated using thermal deposition of 

MoO3 and solution processed deposition of PEDOT:PSS as an HTL under similar 

conditions.  

 Chapter 3B During past few years, significant research on solution-

processable deposition of copper(I)thiocyanate (CuSCN) as an efficient hole 
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transporting layer (HTL) for excitonic solar cells have been successfully reported. 

Surprisingly, till now only two solvents diisopropyl sulfide and diethyl sulfide are 

known which have been used for CuSCN film deposition as a HTL for device 

fabrication. It is also noticeable that both the solvents are an irritant solvent having 

very foul smell. In this section we have used eco-friendly and inexpensive solvent 

dimethyl sulfoxide (DMSO) for solution processed thin film deposition of CuSCN for 

organic solar cells. The photovoltaic devices were fabricated using two different 

donor polymers PCDTBT and PTB7 blended with PC71BM as an acceptor material 

with device structure of ITO/CuSCN/active layer/Al. The power conversion 

efficiency (PCE) based on CuSCN using DMSO as a deposition solvent have been 

achieved up to 4.20% and 3.64% respectively, with relative higher fill factor (FF) as 

compared to previously reported values in literature.  

In parallel with the above work, investigations were also directed towards 

development of alternative and universal solvents for copper (I) thiocyanate for 

fabrication of low band gap polymeric solar cells to boost the utilization of CuSCN. 

In this connection, we used five different alternative solvents compactable with 

CuSCN for fabrication of organic solar cells: N,N-dimethylformamide, dioxane, 

acetonitrile, ethylene glycol, propylene carbonate. 

Chapter 4 In this chapter, we have shown the performance of solution-

processable copper iodide (CuI) as an alternative hole transporting layer (HTL) for 

polymeric solar cells. Optical spectra of the CuI thin film reveal highly transparent 

and practically no absorption in the range vis-NIR region (450-1110 nm). X-ray 

diffraction (XRD) patterns of CuI exhibits a p-type semiconductor as well as 

crystalline nature. The power conversion efficiencies (PCEs) based on CuI as an HTL 

have been achieved up to 3.04% and 4.48% for PCDTBT and PTB7 based donor 
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materials blended with PC71BM as an acceptor material respectively with a 

configuration based on ITO/CuI(40 nm)/active layer (60 nm)/Al (120 nm). 

Furthermore, we use a wide range of solvents for solution-processed deposition of 

copper iodide (CuI) thin films as hole transport layer for efficient polymeric solar 

cells in general. Three different solvents (dimethyl sulfoxide (DMSO), N,N-

dimethylformamide (DMF) and diisopropyl sulfide)  are used for solution-processable 

HTL for low band gap solar cells. To examine the feasibility of these deposited 

solvents for HTL, we used two different combination of active layers based on low 

band gap polymers (PCDTBT: PC71BM and PTB7:PC71BM) for fabrication of solar 

cells with a device configuration based on ITO/CuI(40 nm)/active layer (60 nm)/Al 

(120 nm). 

 In Chapter 5 the effects of different composition ratios of P3HT:PC61BM in 

active layer on photovoltaic parameters were systematically studied in ambient 

conditions. The P3HT:PC61BM composition ratios range from 1.0:0.4 to 1.0:1.2 in 

active layer shows relatively good PCE and further decrease or increase of 

P3HT:PC61BM ratio the resulted devices show very poor PCE. The devices with 

various composition ratios clearly demonstrated that 1.0:0.8 weight ratio of 

P3HT:PC61BM has achieved highest power conversion efficiency. 

Chapter 6 This chapter presents the major conclusions derived from the 

present work and the scope of the future study in this field has been suggested. 
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Chapter: 2 

Experimental Methods and Characterization Techniques 

2.1 Introduction 

Fabrication of organic solar cell devices involves many fundamental steps and 

each step has its own importance. Particularly, processing of device is prompt to 

changes when different active materials with different interfacial layers are used. 

Often, even processing of device with the same active material using different HTL 

can result in different requirements for device processing. In order to obtain the 

optimal device efficiency from the available materials, much iteration of experiments 

is essential to establish the best processing conditions for fabrication of OPV devices. 

In this chapter, experimental details including various steps involved in device 

preparation and fabrication equipments like thermal evaporator, spin coating unit, 

laser scribing system, UV ozone cleaner and glove box integrated with vacuum 

coating unit have been presented. Further, techniques used in the characterization of 

OPV devices such as solar simulator to illuminate the devices, Keithley source meter 

for J-V characteristics, atomic force microscopy (AFM), X-ray diffraction (XRD), 

UV-Vis absorption spectroscopy, transmission electron microscopy (TEM), scanning 

electron microscope (SEM) are discussed. 

2.2 Materials Used 

Different organic materials including anode, cathode, active materials and 

materials for HTL are illustrated in Table 2.1 
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Table 2.1 List of materials required for fabrication of OPV devices. 

S. No. Material Vendor Layer 

1 ITO Vin Karola Instruments Anode Electrode 

2 PEDOT:PSS Ossila Ltd 

Hole Transport Layer 

3 MoO3 Alfa Aesar 

4 CuSCN Sigma-Aldrich 

5 CuI Alfa Aesar 

6 P3HT 1-Material 

Active Materials 

7 PTB7 1-Material 

8 PCDTBT 1-Material 

9 PC61BM 1-Material 

10 PC71BM 1-Material 

11 Aluminium Alfa Aesar Cathode Electrode 
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Following organic solvents were used to dissolve active layer materials (donor 

and acceptor) and interface layer materials. 

 Chlorobenzene 

 Dichlorobenzene 

 1,8-diiodooctane (DIO) 

 Diisopropyl sulphide 

 Dimethyl sulfoxide (DMSO) 

 N,N-Dimethylformamide  

 Dioxane 

 Acetonitrile 

 Ethylene glycol 

 Propylene carbonate 

2.3 Brief Experimental Detail 

The standard conventional bulk heterojunction (BHJ) organic solar cells were 

fabricated using following layers: a transparent anode layer coated with hole transport 

layer (HTL), followed by the active layer and a metal cathode with a low work 

function. ITO (indium tin oxide) coated glass substrate is used as anode due to its 

good electrical conductivity and optical transparency. Before deposition of any layer, 

these substrates should be cleaned with soap solution in ultrasonic-bath followed by 

heating in acetone, trichloroethylene and isopropyl alcohol (10 min each solvent-

step). First, hole transport layer (HTL) is deposited by spin-coating or thermal 

evaporation technique (depending upon the nature of the material). Next, the active 

layer prepared by blend solution of donor and accepter at a particular weight ratio 

(depending upon the polymer used) is deposited through spin coating method. Finally, 

aluminium electrode (low work function metal) is evaporated in high-vacuum through 
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thermal evaporation technique. Entire device fabrication takes place inside a glove-

box in nitrogen inert atmosphere. Basic device structure is illustrated in Figure 2.1. 

 

Figure 2.1 Schematic diagram of standard structure of conventional organic solar 

cells. 

2.4 Device Fabrication Process 

2.4.1 Patterning of ITO coated glass substrates  

To measure the performance of organic solar cell device(s) accurately, it is 

essential to identify precisely the active area which results from the vertical overlap of 

ITO and aluminium. Therefore, it is extremely essential to control the patterning of 

both the electrodes. 

In the first step, ITO coated glass sheet was cut in 25 mm×25 mm size slides 

through glass cutter. The glass substrate used for device fabrication is entirely covered 

by ITO. During the initial stage in the laboratory, etching was done by exposing these 

ITO substrates to the solution of dilute hydrochloric acid (HCl) solvent and zinc dust 

powder through proper masking of desired pattern, either through cello tape or 

photolithography that involved the steps of photo resist coating called wet-etching 

technique. But later, pattering was done using a laser scribing system. Using this 

system, ITO substrates were patterned and etched in a single step dry ablative etching 

process, performed in ambient conditions which provide a good replacement over 

chemical etching. Laser scribing system (LSS) is shown in Figure 2.3. The whole 
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etching operation of LSS was corresponding to the drawing made in Corel Draw. We 

make two strips of ITO having 2 mm width. The patterned ITO strips on glass 

substrate is shown Figure 2.2. 

 

Figure 2.2 ITO coated glass substrates before and after patterning the strip of 2 mm 

width. 

Benefits and Characteristics of Laser Patterning: 

 Processing time is very less, 45 second required for etching 1 inch 

substrate. 

 Big substrate size can be patterned without any problem. 

 Patterning can be done up to 10 microns size of pixel. 

 No requirement of any mask for patterning i.e. the process can be done 

in a single step with ease. 

 Any type of patterning is possible by making drawing on CorelDraw. 

 Patterning and etching is very much environment friendly as there is 

no pollution during the process. 

 It is a dry etching process unlike other etching processes. 

 Substrates are not heated during the process. 

 Etching can be done without damaging glass or plastic. 
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 It also helps to get rid of toxic chemicals that are otherwise used in 

chemical etching process. 

 

Figure 2.3 Laser scribing system for patterning and etching of ITO substrates as per 

required design. 

For the realization of patterning of aluminium (cathode), shadow-masks made 

from either aluminium sheet or cast iron sheet were used as shown in Figure 2.4. 

These masks were cut through cutter (in case of thin flexible aluminium sheet) or in 

workshop (thin cast iron sheet), with a width of 2.5 mm, that can easily fix to the 

sample holder of evaporator plate. The two strips are 3 mm distant, as in the anode. 

Active area of the device is 2 mm × 2.5 mm = 5mm², obtained with 90° superposition 

of strip-shaped electrodes. In this technique, four different pixels for a device which 

are electrically isolated from one another in the same substrate can be obtained. 
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Figure 2.4 (a) Realization of patterned devices, (b) Shadow-mask used for aluminium 

evaporation. 

2.4.2 Cleaning of patterned ITO glass substrates 

Prior to deposition of thin film(s), ITO coated glass substrates with patterned 

strips should be cleaned appropriately according to the techniques listed in the flow 

chart as shown in Scheme 2.1.   
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Scheme2.1 Flowchart representing the cleaning procedure for cleaning the ITO 

substrates. 
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2.4.3 UV ozone cleaning of cleaned ITO glass substrates 

The ITO coated glass substrates were cleaned using UV ozone cleaning to 

remove stain on ITO, which cannot be removed by water and organic solvents. These 

stains are of nanometre size and form organic contaminants which cannot see through 

eyes. Hence, these substrates should be further cleaned by treating in UV ozone 

cleaner, which also facilitates to reduce the surface pollution created by solvents. The 

samples exposed to UV ozone cleaner are shown in Figure 2.5. UV ozone cleaner also 

leads to the supplementary cleaning of these ITO substrates by removing the nano 

impurities from surface. Moreover, it also increases the adhesiveness of ITO 

substrates leading to better bonding between anode (ITO) and HTL. Apart from this, 

it also enhances the work function of ITO which helps holes and electrons to shift 

toward respective electrodes as high work function anode and low work function 

cathode; as in case of conventional structure is the essential obligation for proper 

running of devices. 

 

Figure 2.5 Photograph of UV ozone cleaner placed in glove box. 
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2.4.4 Deposition of hole transport layer (HTL) on ITO coated substrates 

In the present work, four different materials as hole transport layer: poly(3,4 

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), molybdenum oxide 

(MoOx), copper thiocyanate (CuSCN), and copper iodide (CuI) have been used. 

PEDOT:PSS is most commonly used as hole transport layer (HTL) in organic 

solar cells, due to its favourable work function that corresponds to HOMO level of 

donor polymers, good electrical conductivity, high transparency, and the ability to 

reduce the surface roughness of ITO that helps to make active layer deposition more 

uniform. A thin film of PEDOT:PSS (shown below) was spin coated onto pre cleaned 

and UV ozone treated ITO coated glass substrates at 3000 rpm for 90 second under 

ambient conditions followed by annealing at 120°C for 30 min in vacuum oven. The 

thickness of the layer is about 80 nm that usually depends on the concentration of the 

solution and rotating speed (rpm) of spin coating unit. The functional solution is 

typically volatile, and concurrently evaporates. As a result, higher the angular speed 

of spinning, thinner would be the obtained film. 

 

Figure 2.6 Thin layer of PEDOT:PSS coated on the top of ITO coated glass 

substrate. 
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Spin coating unit as shown in diagram of Figure 2.7 is equipment used to 

deposit uniform thin film(s) of the solution to substrate. A small amount of solution is 

applied in the centre of the substrate, and then these substrates are rotated to spread 

the coating solution by centrifugal force. Various parameters such as choice of 

solvent, concentration of solution, rotating speed and spin time should be optimized in 

order to attain the controlled deposition of thin film of uniform thickness.  

 

Figure 2.7 Spin coating unit for deposition of HTL in environment. 

Due to presence of hygroscopic, acidic and protonation nature of PSS in 

PEDOT:PSS, device stability is influenced and results in degradation which limits 

their possible commercial applications. It is also noted that other PSS based HTL 

materials like polyaniline influences the device stability as well. To overcome such 

limitation, molybdenum oxide (MoO3) as hole transport layer was deposited on the 

pre-cleaned ITO coated glass substrates through thermal evaporation technique in 

vacuum coating unit (VCU). VCU is equipment which is used for deposition of thin 

film on substrate(s) by evaporating the material in high vacuum. The vacuum allows 

vapour particles of material to move freely towards the substrate, where they 
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condense back to a solid state. Evaporation and condensation are two basic procedure 

of the system. The uniformity of thin film by evaporation of source material(s) 

depends upon the level of vacuum inside the chamber of VCU. In high vacuum, 

evaporated particles can move directly to the substrates without colliding with the 

background gas molecules. On the other hand, if evaporation is performed in poor 

vacuum, the consequential deposition is generally non-uniform and tends not to be 

continuous throughout the entire surface of substrates as the evaporated material 

move to substrate mostly from a single direction, protruding features block the 

evaporated material from some areas. 

 

Figure 2.8 Boat containing MoO3 fixed between two electrodes in a thermal 

evaporating system. 

Copper thiocyanate (CuSCN) is effectively used as hole transport layer due to 

high optical transparency and p-type conductivity. First of all, CuSCN powder was 

dissolved in diisopropylsulfide in 10 mg/mL and mix through ultra sonic bath for 4 

hrs. After sonication the mixture was kept for 6 hrs and the resulting clear solution 
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was used for solution-processable HTL in organic solar cells. A thin film CuSCN 

solution was deposited by spin coating unit onto the pre-patterned ITO coated glass 

substrate for device fabrication at 3000 rpm for 60 seconds in ambient conditions. The 

resulted thin films were annealed (at 90°C for 20 minutes and 120°C for 20 minutes) 

and then dried at room temperature for 1 hour at ambient conditions. The main 

drawback related to CuSCN as HTL is nasty and unusual smell of diisopropyl sulfide 

solvent. In order to overcome this problem, a systematic study was done by using a 

series of environment friendly and economic solvents: dimethyl sulfoxide (DMSO), 

N,N-dimethylformamide (DMF), acetonitrile (MeCN), propylene carbonate (PC), 

dioxane and ethylene glycol (EG). 

The main limitation related to CuSCN as HTL is the poor solubility which 

resists the OPV devices for commercial application. Copper(I) iodide (CuI)is also 

used as an excellent solution processable hole transport layer as it is easily soluble in 

various solvents and bears good electrical conductivity and optical transparency. First, 

10 mg of copper iodide (CuI) was dissolved in 1.0 mL of acetonitrile and the resulting 

suspension mixture was sonicated for 1 hour at room temperature. After sonication 

the mixture was kept for 10 minutes and the resulting clear solution was used for 

solution-processable HTL in organic solar cells. A thin film of CuI layer was 

deposited by spin coating over ITO coated glass slides at 3500 rpm for 60 seconds. 

The resulting substrates were annealed at 100°C for 15 minutes followed by drying at 

room temperature for 1 hour. 
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Figure 2.9 Thin layer of (a) CuSCN, (b) CuI coated on the top of ITO coated glass 

substrate. 

2.4.5 Deposition of active layer thin film over the hole transport layer 

The performance of an organic solar cell strongly depends upon active layer 

and its parameters like thickness and morphology. It is very significant to map the 

preparation of the blend solution to attain the required performance for device. In this 

thesis, most of the devices were fabricated using blend solutions of low band gap 

polymer: PTB7: PC71BM and PCDTBT: PC71BM. One of the experiments was also 

done on bulk-heterojunction solution of P3HT:PC61BM. All the devices were 

fabricated with simplest device structure of ITO/HTL/active layer/Al. The chemical 

structure of all the polymers used in this thesis is shown in Table 2.2. 
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Table 2.2 Conjugated polymers and their chemical structure used for fabrication of 

polymer solar cells.
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The composition ratio of donor and acceptor play a very important role to 

determine the maximum performance of OPV devices as it strongly influences optical 

and electrical properties. In case of low band gap solar cells based PTB7:PC71BM as 

active layer: the compositions ratio of PTB7:PC71BM is 1:1.5 which was dissolved in 

a mixture of chlorobenzene and 1,8-diiodoctane(97:3 vol %) in a concentration of 25 

mg/mL. Other low band gap solar cells based PCDTBT:PC71BM as active layer: the 

composition ratio of PCDTBT:PC71BM is 1:4 that was dissolved in a mixture of 

chlorobenzene and dichlorobenzene (1:3 ratio) in a concentration of 35 mg/mL. This 

composition ratio recorded the best performance of OPV devices. The composition 

ratio of P3HT:PC61BM based conventional BHJ solar cell has also been optimized for 

best possible performance in ambient conditions without protective atmosphere. The 

composition ratios of P3HT:PC61BM materials range from 1.0:0.4 to 1.0:1.2 dissolved 

in 20 mg/mL of chlorobenzene shows comparatively good performance. Further 

decrease or increase of P3HT:PC61BM ratio resulted in devices showing very bad 

performance. It was also demonstrated that 1.0:0.8 weight ratio of P3HT:PC61BM has 

achieved relatively best performance. 

 

 

 

 

 

 

 

Figure 2.10 Spin coating unit for deposition of active material(s) in glove box. 
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The active layer was deposited on top of the HTL by spin coating technique 

(Figure 2.6) inside a nitrogen glove box with O2 and H2O levels below 0.1 ppm. The 

spin-coating technique was composed of three steps: first step involve the extension 

of the solution over the surface of substrate which was accelerated to its final rotating 

speed. Consequently, during the second step, the substrate was rotated at a constant 

rate where viscous forces control the thinning behaviour of the active layer. During 

this step the film is slowly formed which can be observed by the change in colour of 

the reflected light. In the last step, the active layer is dried during rotation of substrate 

at a constant lower rate and the solvent evaporation rate dominates the thinning 

behaviour.  

All the active materials used for fabrication of OPV devices are very sensitive 

to environment. To prevent the degradation of these materials caused by the oxidation 

in air, the device should be fabricated under inert atmosphere. The glove box is 

intended to permit manipulation of chemicals sensitive to oxygen and moisture under 

an inert atmosphere. The glove box is a sealed container working within a very high 

purity nitrogen or argon gas. The glove-box is fitted with UV ozone cleaner, spin 

coating unit, hot plate, and other equipments used for ozone cleaning, deposition, 

annealing and encapsulation of active layer. The glove box is directly and internally 

connected with a thermal evaporating system for the deposition of small organic 

molecules and cathode electrodes. The glove box integrated with vacuum coating unit 

is shown in Figure 2.11 
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Figure 2.11 Glove Box (MBRAUN) used for deposition of active material(s). 

2.4.6 Deposition of cathode electrode 

The top electrode was deposited by thermal evaporation technique at a base 

pressure of 10
-6 

mbar with a shadow mask as already shown in Figure 2.2. In this 

thesis, aluminium was used as the top electrode in conventional structure of OPV 

devices. Au, Mg, Ag, Ca, and their alloys can also be used as cathode due to its low 

work function. The metal deposition system included evaporation filament as sources 

situated at the base of the evaporating chamber supported by shutter to load the 

aluminium beads. In case of Al deposition, filaments are made up of tungsten wire 

while molybdenum sheets are employed for deposition of silver and gold. The 

deposition rate can be controlled by the applied electrical power. The metallic 

chamber used for the deposition of Al electrode is shown in photograph of Figure 

2.12. Schematic diagrams of OPV devices fabricated in the thesis are shown in Figure 

2.13. 
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Figure 2.12 Thermal evaporation systems (back side on LHS and front side on RHS) 

along with filament used for deposition of metal cathode (Al). 

 

 

                            (a)                                                                     (b) 

Figure 2.13 Schematic diagrams of low band gap OPV devices using (a) CuSCN as 

HTL (b) CuI as HTL. 
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2.5 Measurement of Solar Cell Characteristics in Dark and under Illumination 

The J-V characteristics of the all OPV devices were measured with computer-

controlled Keithley 2400 source meter under dark and one sun illumination. To 

measure the current density under illumination, the devices were illuminated from the 

ITO side using shutter controlled SCIENCETECH solar simulator (as shown in 

Figure 2.14) with an air mass 1.5 (AM 1.5) and the light intensity 100 mW/cm². The 

light intensity was determined by a standard silicon photodiode. Current density can 

be calculated by dividing the values of current in IV curve by area of pixel. All 

measurements were performed at room temperature. After obtaining the values of 

short circuit current density (Jsc) and open circuit voltage (Voc), we can easily 

calculate the other parameters such as fill factor (FF) and power conversion efficiency 

(η) of devices as mentioned in the previous chapter. 

 

Figure 2.14 Solar simulator showing the experimental set-up for J-V characteristics 

of solar cell devices under illumination with Keithley 2400 source meter. 
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2.6 Devices Fabrication 

Lot of devices based on low band gap polymers have been fabricated during 

the entire period of PhD work. The device geometry employed for processing OPV 

devices are illustrated in Table 2.3. 

Table 2.3 Device configurations used for fabrication of OPV devices in this Thesis. 

S. No. Anode HTL 
Active Layer 

Cathode 

Donor Accepter 

1 ITO PEDOT:PSS P3HT PC61BM Al 

2 ITO MoO3 P3HT PC61BM Al 

3 ITO PEDOT:PSS PTB7 PC71BM Al 

4 ITO MoO3 PTB7 PC71BM Al 

5 ITO PEDOT:PSS PCDTBT PC71BM Al 

6 ITO MoO3 PCDTBT PC71BM Al 

7 ITO CuSCN P3HT PC61BM Al 

8 ITO CuSCN PTB7 PC71BM Al 

9 ITO CuSCN PCDTBT PC71BM Al 

10 ITO CuI PTB7 PC71BM Al 

11 ITO CuI PCDTBT PC71BM Al 

 

 

 



Chapter: 2 

68 
 

 In S. No. 1, a study based on different weight ratios of P3HT: PC61BM has 

been investigated to obtain the best efficiency from the available material(s)  

 In S. No. 2-6, the devices were fabricated to compare the performance of low 

band gap polymer solar cells with well established hole transport layer like 

PEDOT:PSS and MoO3 with new introduce HTLs. 

 In S. No. 7-9, copper thiocyanate (CuSCN) as an effective solution 

processable HTL has been investigated for low band gap polymer solar cells. 

Parallel with this, so many experiments have been also performed to explore 

the application of CuSCN with environment friendly and economic solvent(s) 

as a solution processable HTL. 

 In S. No. 10-11, same type of study has been done on copper iodide (CuI) as 

solution processable HTL for fabrication of OPV devices based in low band 

gap polymer solar cells with different solvents. 

2.7 Characterization Equipments 

2.7.1 Atomic force microscope (AFM)  

To optimize the surface thin film at nanoscale level, AFM has been proved as 

one of the powerful tools due to its higher resolution and magnification. The precursor 

for AFM was invented by Gerd Binnig and Heinrich Rohrer in 1980 at IBM Research 

-Zurich, and got the Nobel Prize for Physics in 1986. G. Binnig, C. F. Quate, and C. 

Gerber invented the first atomic force microscope in 1986 (1). The first commercially 

available AFM was introduced in 1989. A 1010 mm specimen is used for AFM 

measurements in the tapping mode. During AFM measurement the cantilever (the 

AFM tip) scans the surface and records the topology in 2D as well as 3D topology 

information with a colour code for the height scale. To study the magnetic and electric 

response of surface AFM is found to be useful. The cantilever is typically made up of 
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either silicon or silicon nitride material having a tip radius of curvature in nanometres 

scale. Scratched film is used to measure the thickness and afterwards the step height 

which is the difference between the averaged heights was measured at one edge of the 

scratch.  

During the process when the tip is brought into the contact of a sample 

surface, forces between the tip and the sample results into a deflection of the 

cantilever as per Hooke's law (2). AFM modes of operation can be classified into 

contact mode, non contact mode and tapping mode depending on the purpose of 

specimen. 

In contact mode, the cantilever remains in contact with the surface during 

scanning. When it encounters variations in the surface it responds by deflecting to 

follow the contours. In Non-contact mode, there is no direct contact between the tip 

and surface and the tip remains a few nanometre above the surface of the material 

vibrating at a little higher frequency little higher than the resonance frequency of tip 

(3). This result into very small vibrations. In the tapping mode, the cantilever arm 

resonates at a frequency as it scans the surface. When the tip comes in contact with 

the surface, a sensor reverses the motion of the cantilever to continue the oscillation. 

If scanning is processed at a constant height of tip then there is chance of damaging 

the tip due to non uniformity of film on substrate as the tip can collides with the 

surface and break. Therefore, generally a feedback mechanism is employed to 

regulate the tip-to-sample distance to maintain a constant force between the tip and 

the sample. 
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Figure 2.15 AFM setup 

 

 

Figure 2.16 Block diagram of atomic force microscope. 
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2.7.2 X-ray Diffraction (XRD) 

X-ray diffraction is non-destructive measurement which is used to determine 

the structure, crystallinity (amorphous or crystalline nature) and identification of 

materials (4, 5). Figure 2.17 depicts the pictorial representation of X-ray 

diffractometer. Due to the characteristic peaks of crystalline material X-ray powder 

diffraction can be used as a "fingerprints" to characterize these materials. In this 

method, monochromatic beam of X-rays is focused onto crystalline materials which 

interact with the structural planes of the lattice and construct a diffraction pattern as 

per the lattice point of each plane. Constructive interference of reflected X- rays from 

lattice plane can be expressed by Bragg's law (6). 

nλ = 2d sinθ ............................(1) 

 

Where, n is an integer (1, 2, 3), λ is the wavelength of a beam of X-rays 

incident on a crystal with lattice planes, d is inter planer spacing, and θ the angle 

between the incident ray and the scattering planes. According to law, for a given set 

of parallel planes the diffraction will give maxima only in that direction for which the 

angle will satisfy the Bragg’s law. 

The X-rays, generated via a cathode ray tube are filtered to turn out 

monochromatic radiation, collimated and directed towards the sample. X-ray interact 

mostly with electrons in atoms, collide and some photons from the incident beam are 

deflected away from original. The X-rays interfere constructively and destructively 

producing a diffraction pattern on the detector. 
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Figure 2.17 XRD setup 

2.7.3 UV-Vis absorption spectroscopy 

The UV-Vis spectroscopy is an effective technique for the determination of 

size and optical properties of nanosized materials. This spectrometer gives the 

spectrum between absorbance (A) versus wavelength (λ). This spectrum corresponds 

to degree of absorption at each wavelength. In this spectroscopy the electrons get 

excited from valence band to conduction band by the absorption of appropriate 

amount of energy. To determine the nature of charge transition across the optical band 

gap, variation of optical coefficient with wavelength is calculated. Tauc’s expression 

is used to relate between the absorption and band gap energy as shown in equation (2) 

(7-9).                             

 (αhν) = A (hν – Eg)
n
 ...............................(2) 
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Where ‘α’ is the absorption coefficient of the nano materials, A is a constant 

related to the effective masses associated with the bands, Eg is the band gap energy, hν 

is the energy of photon and n is the transition. 

The block diagram of the computer controlled UV-VIS-NIR model 

spectrophotometer is shown in Figure 2.18. The samples measurements were carried 

out using Varian 500 Scan UV-VIS-NIR spectrophotometer for various measurements 

like absorbance, transmittance, specular and diffuse reflectance measurements. All 

absorbance spectrophotometers must contain the light source, wavelength selection 

device, sample holder and photon detector. This type of spectrophotometer features a 

continuous change in wavelength and an automatic comparison of light intensities of 

samples and reference material; the ratio of the latter is the transmittance/reflectance 

of the sample, which is plotted as a function of wavelength. The automatic operation 

eliminates many time consuming adjustments and provides a rapid spectrogram. 

 

Figure 2.18 UV-vis absorption spectroscopy 
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Figure 2.19 Block diagram of UV-vis absorption spectroscopy. 

2.7.4 Transmission electron microscope (TEM) 

Transmission electron microscope (TEM) is used for characterization of nano 

particles owing to its high resolution and chemical microanalysis (10). This 

instrument provides information regarding direct identification of the chemistry of 

even single nanocrystal along with the atomic resolution images and chemical 

information at a spatial resolution of 1nm or better (11-13). 

TEM is based on the principle of amplitude or scattering contrast of the 

electron beam owing to the fact that the electron beam is scattered by crystalline 

material. It is composed of two modes of images which are bright field and dark field 

images. Simultaneous examination of micro structural features having high resolution 

along with the acquisition of chemical and crystallographic information from small 

region of the specimen are some of the characteristic features of this spectroscopy. 

TEM consist of four major parts: electron source, aberration corrected lens, sample 

holder and imaging system as illustrated in Figure 2.20. Electromagnetic lenses and 

the metal apertures are used to focus the electron beam coming from the source. The 
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system allows the electrons to pass through in a small energy range, so the electrons 

in the electron beam will have a well defined energy. This beam interacts with the 

sample contained in sample holder and transmitted beam replicates the patterns on the 

sample. This transmitted beam is projected onto a phosphor screen. In the present 

work, TEM images were recorded by Tecnai G2 F30 STWIN transmission electron 

microscope at an accelerating voltage of 300 kV, magnification upto 1000 kX, 

specimen heating holder upto 1000 °C, TEM point resolution 0.205 nm, TEM line 

resolution 0.144 nm and EDAX Resolution 136 eV. To obtain the images, particles 

were dissolved in ethanol followed by ultrasonication for 30 minutes. A drop of 

solution was coated onto the copper grid and TEM images were obtained. 

 

Figure 2.20 Schematic diagram of the conventional TEM. 
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2.7.5 Scanning electron microscopy (SEM) 

Scanning electron microscopy is a powerful technique which produces images 

via scanning with a focused beam of electrons on a specimen. The electrons of the 

beam interact with the electrons in the specimen resulting into the various signals. 

Detector detects these signals containing information of surface topography and 

composition of the specimen. The electron beam follows a rectangular pattern during 

scanning, and the beam's position is combined with the detected signal to create an 

image (14). SEM can achieve resolution less than 1 nm. Samples can be observed in 

both high and low vacuum and have advantage of resolution less than 1 nm. SEM is 

able to produce characteristic three-dimensional images and is useful for judging the 

surface structure of the sample (13, 15). 

The SEM is an instrument that produces a largely magnified image by using 

electrons instead of light to form an image. A schematic diagram of the SEM is 

illustrated in Figure 2.21. Electron gun which is at the top of microscope is used to 

produce the electron beam. This beam follows a vertical path through the microscope 

held within vacuum. The beam travels through electromagnetic fields and lenses, 

which focus the beam down toward the sample. Once the beam hits the sample, 

electrons and X-rays are evicted from the sample. Detectors collect these X-rays, back 

scattered electrons and secondary electrons and convert them into a signal that is sent 

to screen which produces the final image. In this research work, the samples have 

been prepared by spin coating of solution on 1010 mm glass slide. SEM images 

were recorded by EVO MA 10VPSEM modal with resolution 3 nm SEI MODE 

@30kV, 5 nm BSE MODE, magnification 7X to 10,00,000X and ac voltage 200V-

30kV. 
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Figure 2.21 Schematic diagram of SEM. 
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Chapter: 3; Part: A  

Efficient Low Band Gap Polymer Solar Cells using Copper (I) 

Thiocyanate (CuSCN) as Solution Processable Hole Transport Layer 

 

3.1 Introduction 

Power conversion efficiency (PCE) with adequate stability in polymeric solar 

cells is the most crucial challenge for their possible commercial applications at large 

scale. Conventional bulk heterojunction (BHJ) solar cells has been fabricated from a 

blend of active layer of a conjugated material (donor material) and a fullerene 

derivative (acceptor material) sandwiched between hole transport layer (HTL) on an 

indium tin oxide (ITO) positive electrode and electron transport layer (ETL) on a low-

work-function metal negative electrode. Various methodologies have been developed 

for realizing this goal, among them active layer optimization and engineering are most 

studied (1, 2). While with great to effort on active layer very little is known about 

HTL, which can be the electrical contacts between active layers, and electrodes, and 

leads to enhance charge transport and collection. Thus HTL in photovoltaic device 

plays a pivotal role for device stability, power conversion efficiency (PCE); influence 

the work function of the electrode and properties of active layer. It’s also mentioned 

here that with respect to thousands of active materials (i.e. donor and acceptor 

materials) reported in literature (3-5), the types of organic HTL materials are limited 

to poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), 

polyaniline:poly (styrene sulfonate), graphene-based materials, carbon nanotubes 

(CNTs) etc (6). 

Water soluble PEDOT:PSS is the most widely used HTL in organic solar 

cells, while several investigations have been demonstrated that due to presence of 
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hygroscopic, acidic and protonation nature of PSS in PEDOT:PSS, it’s influences the 

device stability and degradation which limits their possible commercial applications 

(7, 8). It is also noted that other PSS based HTL materials like polyaniline based has 

influences the device stability (9, 10). Small molecules (11), graphene-based materials 

(12, 13) and CNTs are also used as HTL for organic solar cells, while the PCE of 

these devices are poor compared to PEDOT:PSS used as an HTL. Alternatively 

transition metal oxides, like nickel oxide (NiO), molybdenum oxide (MoOx), 

vanadium oxide (V2O5) and tungsten oxide (WO3) etc have been widely used as an 

efficient HTL as replacements of PEDOT:PSS in organic solar cells (14-20). It is also 

noted that for some transition metal oxides, thermally deposited HTL is required for 

better photovoltaic performance. For example thermal deposition of MoOx has been 

reported an excellent HTL in organic solar cells and shows very promising 

performances compared to PEDOT:PSS as an HTL (14). 

Copper (I) thiocyanate (CuSCN) (21-25) is successfully used as HTL that 

exhibits both high optical transparency and p-type conductivity (26). Most 

importantly, CuSCN is working excellent from solution using right solvents and 

concentration at room temperature (27), thus making it a suitable solution-processable 

HTL for cost effective, large area and flexible plastic substrate applications. CuSCN 

was reported as an efficient HTL for dye synthesized solar cells (27) and hybrid 

perovskite solar cells (28). Recently, electrodeposited CuSCN as an efficient HTL for 

BHJ solar cells (29) and perovskite solar cells (30) have been appeared. Poor 

solubility of CuSCN limits its application as a solution-processable HTL for solar 

cells applications. So far diisopropyl sulfide and diethyl sulfide two useful solvents 

have been reported for CuSCN at proper concentration to reach the minimum 

thickness required for HTL in solar cell applications. 
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Best of our knowledge, very recently, only two studies have been 

demonstrated for CuSCN as a solution-processable and transparent HTL in BHJ solar 

cells using different combinations of donor and acceptor materials (31, 32). Yaacobi-

Gross et al. first demonstrated solution-processable CuSCN as HTL material for high 

efficiency organic solar cells using bilayer Sm/Al (10/90 nm) cathode for device 

fabrication (31). CuSCN as an solution-processable HTL was not studied for most 

used active materials of poly(3-hexylthiophene) and phenyl-C61-butyric acid methyl 

ester (P3HT:PC61BM) (33), poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-

thienyl-2',1',3'-benzothiadiazole)] (PCDTBT) (34) and poly[[4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-

ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7) (35,36) blend with phenyl-

C71-butyric acid methyl ester (PC71BM).  

Here we report CuSCN as an efficient and solution-processable HTL in 

conventional BHJ solar cells. Three different combinations of active layers of 

P3HT:PC61BM, PCDTBT:PC71BM and PTB7:PC71BM were used for photovoltaic 

device fabrication with simplest device structure of ITO/CuSCN/active layer/Al. 

Details investigation of the effect of annealing temperature of HTL on photovoltaic 

performances were studied. In this present work, the resulted HTLs were 

characterized by UV-vis-NIR spectroscopy, scanning electron microscope (SEM), 

atomic force microscope (AFM) and transmission electron microscope (TEM) for 

better understanding to achieve the highest possible efficiency. 

3.2 Results and discussion 

3.2.1 Photovoltaic properties 

Inspired by many potential importance of CuSCN as a solution-processable 

HTL over PEDOT:PSS and other transition metal oxides, we decided to explore the 
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solution-processable CuSCN as an HTL in organic solar cells in general. To examine 

the CuSCN films as HTL in photovoltaic devices, BHJ solar cells were fabricated 

using simplest device geometry of ITO/CuSCN/active layer/Al as presented in Figure 

3.1. It is well-known that P3HT:PC61BM, PCDTBT:PC71BM and PTB7:PC71BM are 

the most studied and successful used donor: acceptor combinations in organic solar 

cell based on PEDOT:PSS and other transition metal oxide as HTL. We have 

examined the efficiency of this donor: acceptor combinations using solution-

processable CuSCN as HTL in order to make more universal applications. The 

chemical structures and band diagram of the materials used are presented in Figures 

3.2 and 3.3 respectively. 

 

 

Figure 3.1 Schematic of the conventional BHJ solar cell in which the HTL is 

sandwiched between an ITO cathode and active layer. 
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Figure 3.2 Chemical structures of P3HT, PCDTBT, PTB7, PC61BM and PC71BM. 
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Figure 3.3 Electronic energy levels of the materials used in organic solar cells. 

 

Blend of P3HT and PC61BM active materials are the most studied donor and 

acceptor materials respectively in organic solar cells. To examine the performance of 

the active layer using CuSCN as an HTL for fabrication of OPV devices with the 

geometry of ITO/CuSCN/P3HT:PC61BM/Al, CuSCN in diisopropyl sulfide was spin-

coated onto pre-patterned ITO electrode on a glass substrate for device fabrication. 

The thickness of the HTL was varied by using different concentration of the solution 

and rpm during spin casting followed by annealing. Then the P3HT:PC61BM (1.0:0.8 

wt %) active layer from a solvent of chlorobenzene was deposited and finally device 

was completed by deposition of 120 nm aluminium layer at a pressure of 5x10
-6

 mbar. 
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We have observed that these devices show poor performance. This may be due to the 

compatibility issue between the HTL and active layer namely interfacial energy 

alignment occur from the significant difference between the work function of CuSCN 

(-5.35 eV) and HOMO level of P3HT (-4.90 eV),  but further studies will be needed 

to confirm this proposal. 

To demonstrate solution-processable CuSCN as a potential member of HTL 

for low band gap donor polymers, BHJ solar cells were fabricated with well studied 

PCDTBT as a donor polymer with PC71BM as an acceptor material using a simple 

device structure of ITO/CuSCN/PCDTBT:PC71BM/Al. All the devices were 

fabricated and characterized under identical condition in ambient condition and 

photovoltaic results under AM 1.5 G illumination with 100 mW/cm
2
 are summarized 

in Table 3.1. The CuSCN as an HTL layer was deposited from a solution of 

diisopropyl sulfide solution and the thickness of the layer is about 30 nm. The resulted 

HTL was thermally annealed by heating at 90°C for 20 minutes.  Then the active 

material PCDTBT:PC71BM (1.0:4.0 wt%) was deposited on the annealed HTL 

followed by further annealing and deposition of 120 nm aluminium layer at a pressure 

of 5x10
-6

 mbar. We have found that the resulted device shows PCE of 4.22% with 

open circuit voltage (Voc), short-circuit current (Jsc) and fill factor (FF) are 0.77 V, 

14.89 mA/cm
2
 and 37.39% respectively as shown in Figure 3.5. We have noted that 

thermal annealing of HTL has influence on device performances namely FF. Under 

identical condition, when the HTL was thermally annealed by heating at 120°C for 20 

minutes, significant improvement of PCE up to 5.94% has been achieved with Voc, Jsc 

and FF are 0.76 V, 15.15 mA/cm
2
 and 51.52% respectively (Figure 3.5 and Table 3.1, 

entry 2). This improvement of PCE is due to significant increase of FF with slightly 

improve of Jsc, while no noticeable change of Voc has been observed. Thus annealed 
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of HTL at 120°C for 20 minutes may have improved the mobility, morphology and 

nano scaled phase separation for better contact which causes enhancement of the PCE 

(37). Both the corresponding dark curves are shown in Figure 3.4. 
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Figure 3.4 Dark curves for OPV devices for ITO/CuSCN/PCDTBT:PC71BM/Al 

geometry. 
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Figure 3.5 J-V curves for OPV device performance for 

ITO/CuSCN/PCDTBT:PC71BM/Al geometry. (black line) HTL was annealed at 90°C 

for 20 minutes; (red line) HTL was annealed at 120°C for 20 minutes. 
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For comparison purpose, photovoltaic devices have been fabricated using 

MoO3 by thermal deposition as a HTL with the geometry of ITO/MoO3 (10 

nm)/PCDTBT:PC71BM/Al and PCE 5.25% with Jsc, Voc and FF are 10.8 mA/cm
2
, 

0.89V and 54.9% respectively under similar condition. We have found that in case the 

device made from MoO3 as HTL shows under performance compared to CuSCN as an 

HTL by solution-processable (Figure 3.6). This is due to the lower values of Jsc and 

Voc, while no noticeable change of FF has been found.  
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Figure 3.6 J-V curves for OPV device performance for 

ITO/MoO3/PCDTBT:PC71BM/Al geometry. 

 

For other comparison purpose, photovoltaic devices have been fabricated 

using PEDOT:PSS by solution-processed as a HTL with the geometry of ITO/ 

PEDOT:PSS /PCDTBT:PC71BM/Al and achieve PCE 3.22% with Jsc, Voc and FF are 

10.29 mA/cm
2
, 0.82V and 38.28% respectively under similar condition which show 

significantly lower performance as shown in figure 3.7. This results clearly 

demonstrated that solution-processable CuSCN is even better HTL compared to both 
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thermal deposited MoO3 and solution-processed PEDOT:PSS respectively for 

photovoltaic applications. 
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Figure 3.7 J-V curves for OPV device for ITO/PEDOT:PSS/PCDTBT:PC71BM/Al 

geometry. 

 

In order to further examine the CuSCN as an efficient HTL for low band 

polymer, we have considered the most successful used PTB7 as a donor material 

blended with PC71BM as an acceptor. CuSCN as an HTL was deposited from 

diisopropyl sulfide solution on ITO coated glass. The obtained HTL was annealed by 

heating 90°C for 20 minutes. Then the active layer and metal cathode were deposited 

successively to complete the photovoltaic device with structure of ITO/CuSCN/active 

layer/Al. The resulted device exhibits PCE of 3.71% with Voc, Jsc and FF are 0.74 V, 

16.25 mA/cm
2
 and 30.77% respectively (Figure 3.9 and Table 3.1, entry 3). When 

HTL was annealed at 120°C for 20 minutes significant improvement of PCE up to 

4.60% has been achieved (Figure 3.9, Table 3.1, entry 4) as previously found for 

PCDTBT:PC71BM active layer. FF is lower due to the little S-shape of the J-V curve 

originated from surface recombination and blocking contacts caused by interfacial 

layers. 
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PTB7 is lower band gap polymer compared to PCDTBT and earlier studies 

demonstrated that devices made with PCDTBT polymer are more stable than PTB7. 

Since the devices measurement and transfer under ambient condition and during this 

process the device made with PTB7 is slightly oxide. As a results device made with 

PTB7 show lower FF. Alternately, may be originated from the interfacial energy 

alignment that is the HOMO level of PTB7 (-5.15 eV) is 0.2 eV higher lying 

compared to energy level of CuSCN (work function ~-5.35 eV), where as HOMO 

level of PCDTBT is 0.15 eV lower lying (~-5.5 eV) which are influence the ohmic 

contact and charge collection. The corresponding dark curves and light are presented 

in Figure 3.8 and 3.9. 
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Figure 3.8 Dark curves for OPV devices for ITO/CuSCN/PTB7:PC71BM/Al geometry. 
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Figure 3.9 J-V curves for OPV device performance for ITO/CuSCN/PTB7:PC71BM/Al 

geometry. (black line) HTL was annealed at 90°C for 20 minutes; (red line) HTL was 

annealed at 120°C for 20 minutes. 

 

Table 3.1 Solar cells parameters of the devices from the solution-processable HTL of 

CuSCN and donor materials with PC71BM of active area 6.0 mm
2
. 

 

Entry 
Annealed condition 

for HTL 

Donor  

materials 

Jsc 

mA/cm
2
 

Voc 

(V) 
FF (%) PCE (%)

a
 

1 90°C for 20 min. PCDTBT 14.89 0.76 37.39 4.22   

(4.07 ) 

2 120°C for 20 min. PCDTBT 15.15 0.76 51.52 5.94   

(5.65) 

3 90°C for 20 min. PTB7 16.25 0.74 30.77 3.71  

( 3.62) 

4 120°C for 20 min. PTB7 16.93 0.76 35.58 4.60   

(4.42 ) 

a
In parenthesis average PCE of 4 devices 
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3.2.2. Absorption and transmission of HTL 

Optical absorption of CuSCN thins film on quartz substrate were measured to 

investigate the absorption across the range of solar spectrum (Figure 3.10). Due to 

wide optical band gap (23) of CuSCN film shows partially nothing absorption in the 

range 500-1110 nm, while shows absorption in VU region (<500 nm). It is noted that 

PEDOT:PSS films exhibit significant absorption in the vis-NIR region due to 

presence of polarons and bipolarons, which are generated by oxidative doping. Thus it 

is clear that CuSCN layer shows significant lower parasitic absorption which makes it 

as an efficient HTL in solar cells for further improvement of PCE. The absorption and 

transmission spectra are hump at around 350 nm (Figures 3.10 and 3.11 respectively) 

may be due to excitation of electrons from sub bands in the valence band to the 

conduction band. We note that earlier studies of optical properties on CuSCN were 

report similar behavior. 

In order to understand the improvement of PCE of the devices behind the 

annealing of HTL, experiments were undertaken to measure the effect of temperature 

on the optical properties of the HTL. Absorption and transmission measurements of 

the as prepared CuSCN thin film and annealed CuSCN thin films (at 90°C for 20 

minutes and 120°C for 20 minutes) are presented in Figures 3.10 and 3.11 

respectively. Remarkably, we do not observed any significant difference in absorption 

and transmission spectra of the CuSCN film after annealed. This indicates that the 

enhancement may be originated from morphological improvement of the HTL due to 

anneal at higher temperature (38, 39). This may be originated from the higher boiling 

point of diisopropyl sulfide (120°C) used for deposition of CuSCN as an HTL.  
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Figure 3.10 UV-vis-NIR absorption spectra of CuSCN thin films on quartz substrate. 

(black) as prepared, (red) annealed at 90°C for 20 min and (blue) annealed at 120°C 

for 20 min. 
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Figure 3.11 Transmission spectra of CuSCN thin films on quartz substrate. (black) as 

prepared, (red) annealed at 90°C for 20 min and (blue) annealed at 120°C for 20 

min. 
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3.2.3 Morphological studies 

In order to understand the better photovoltaic performance behind the 

annealing temperature, the SEM images of CuSCN films were shown in Figure 3.12. 

The films were prepared by spin coated on a glass substrate followed by annealing at 

90
°
C for 20 minutes and 120°C for 20 minutes respectively. We have found that both 

the films have smooth surface rather than rough surface like flattened which may be 

facilitated good contact between HTL and active layer. SEM images of the HTL from 

thermal deposition of MoO3 and solution processed PEDOT:PSS were also illustrated 

in Figure 3.13. To understand the films morphology at even better scale, AFM studies 

in air was performed on CuSCN film. The annealed CuSCN film was relatively 

smooth; with a root mean square (RMS) roughness and average roughness are 1.82 

nm and 1.12 nm respectively (Figure 3.14). It is also mentioned here that PEDOT:PSS 

film shows smoother morphology, while CuSCN films appear as a nano crystalline 

surface. The spin-coated CuSCN film has been studied by TEM. The TEM image of 

the CuSCN film indicates the presence of nonowires type structure reveals the 

mounds to be nanocrystalline as shown in Figure 3.15. 

 

Figure 3.12 SEM image of CuSCN film annealed at (left) 90
°
C for 20 minutes and 

(right) 120
°
C for 20 minutes on ITO. 
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Figure 3.13 SEM image of (left) MoO3 film and (right) PEDOT:PSS on ITO. 

 

 

Figure 3.14 AFM surface images of a spin coated of CuSCN film on glass after 

annealed at 120°C for 20 minutes, (left) 2D image and (right) 3D image. 

 

 

Figure 3.15 TEM images of the CuSCN film (left, scale bar 600 nm and right scale 

bar 5 nm). 
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3.3 Experimental  

3.3.1 Materials 

All chemicals and materials were purchased from sigma-aldrich and Alfa 

Aesar and used without further purification unless otherwise stated. P3HT (Mn ~ 

54,000 and PDI < 2.5) and were purchased from sigma-aldrich. PCDTBT, PTB7, 

PC61BM and PC71BM were purchased from 1-material, Canada. 

3.3.2 Preparation of CuSCN Hole Transport Layer (HTL) 

10 mg of copper (I) thiocyanate (CuSCN) was dissolved in 1 mL of 

diisopropyl sulfide and the resulting suspension mixture was sonicated for 4 hrs at 

room temperature. After sonnicated the mixture was kept for 1 hr at room temperature 

and the insoluble portion was settle down. The clear solution was used for solution-

processable HTL in organic solar cells. 

3.3.3 Preparation of MoO3 Hole Transport Layer (HTL) 

10 mm Thickness HTL of MoO3 was deposited by thermal evaporation at a 

pressure of 5x10
-6

 mbar. 

3.3.4 Preparation of Active Materials 

 P3HT:PC61BM:P3HT and PC61BM were dissolved in chlorobenzene in 

the weight ratios from 1:0.8 and the concentration of the solution 

mixture of P3HT and PC61BM was 30 mg/mL in total. 

 PCDTBT:PC71BM: The composition ratio of PCDTBT:PC71BM is 1:4 

that dissolved in a mixture of chlorobenzene and dichlorobenzene (1:3 

ratio) in a concentration of 35 mg/mL. 

 PTB7:PC71BM: The compositions ratio of PTB7:PC71BM is 1:1.5 that 

dissolved in a mixture of chlorobenzene and 1,8-diiodoctane(97:3 

vol%) in a concentration of 25 mg/mL. 
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3.3.5 Device Fabrication 

The organic photovoltaic devices with geometry of glass/ITO/CuSCN/active 

layer/Al were fabricated on ITO coated glass substrates. Prior to use, the substrates 

were cleaned with soap solution followed by deionized water. Then the substrates 

were reflux in acetone followed by trichloroethane and isopropanol respectively. 

After drying the substrates and UV-ozone treatment of ITO substrate, thin film of 

CuSCN (30 nm) layer was spin coated at 3000 rpm for 60 seconds. The resulted thin 

films were annealed (at 90°C for 20 minutes and 120°C for 20 minutes) and then dry 

at room temperature for 1 hour at ambient condition. Three different active materials 

(P3HT:PC61BM, PCDTBT:PC71BM and PTB7:PC71BM) were used to investigate the 

efficiency of the HTL. Active materials were spin coated on top of CuSCN as an HTL 

using 1000 rpm for 90 seconds and resulted substrates were further annealed at 70°C 

for 10 minutes (for P3HT:PC61BM was baked for 120°C for 10 minutes). Finally the 

devices were completed by deposition of 120 nm aluminium layer at a pressure of 

5x10
-6

 mbar. 

3.3.6 Device Characterization 

All the devices measurements were performed in ambient condition without a 

protective atmosphere. The current-voltage (J-V) characteristics and PCE were 

measured with a computer controlled keithley 2400 source meter. To measure the 

current density under illumination, the devices were illuminated from the transparent 

ITO electrode side using solar simulator with an air mass 1.5G (AM 1.5G) (100 

mW/cm
2
). UV/Vis spectra were obtained on UV-1800, shimadzu spectrophotometer 

and AFM images were obtained on model number NT-MDT Solver Pro.SEM and 

TEM images of CuSCN films were measured at Zeiss EVO MA-10, variable pressure 

and EDS on Oxford INCA Energy 250 and Tecani, TF30 M/s FEI respectively. 
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3.4 Conclusion 

In summary, conventional BHJ solar cells based on the solution-processable 

CuSCN as HTL has been fabricated using simplest device geometry of 

ITO/CuSCN/active layer/Al. Three different combinations of most studied and 

successful used donor: acceptor materials (P3HT:PC61BM, PCDTBT:PC71BM and 

PTB7:PC71BM) were used and demonstrated that the solution-processable CuSCN as 

an HTL  leads to efficient hole extraction. The use of the CuSCN is improved light 

absorption within the active layer and thereby leads up to 5.94 % and 4.60 % PCEs 

for active layers of PCDTBT:PC71BM and PTB7:PC71BM respectively. These results 

are slightly better when compared to the cells fabricated using thermal deposition of 

MoO3 and solution processed deposition of PEDOT:PSS as HTLs under similar 

condition. Annealing temperature for HTLs in organic solar cells has significant effect 

on PCE specifically the FF and Jsc. We have provided further examples of solution-

processable CuSCN as an efficient HTL in organic solar cells, in general. This study 

clearly demonstrates that there is further opportunity to optimize the solution-

processable CuSCN as an HTL to improve the PCE and lifetime of the device with 

wide range of materials is under process in our laboratory. 

 

 

 

 

 

 

 

 



Chapter: 3 

97 

 

Chapter: 3; Part: B 

An Eco-friendly and Inexpensive Solvent for Solution Processable 

CuSCN as a Hole Transporting Layer in Organic Solar Cells  

 

3.5 Introduction 

Power conversion efficiency (PCE) with adequate stability in excitonic solar 

cells is the most difficult challenge for their possible commercial applications (40, 

41). Particularly, solution processable organic solar cells are most often referred due 

to their easy fabrication process, cost effectiveness and large area devices (42). 

Commonly, conventional bulk heterojunction (BHJ) solar cells have been fabricated 

based on five different components as active layer (donor/acceptor materials), hole 

transport layer (HTL), electron transport layer (ETL), indium tin oxide (ITO) as a 

positive electrode and metal as a negative electrode. Among them, active layer is 

widely studied to achieve the highest possible performance (3-5). With respect to 

effort on active layer, very scanty is known about solution processed HTL, while HTL 

in photovoltaic device plays an important role for device stability and PCE (43, 44). It 

is observed that water soluble poly(3,4-ethylenedioxythiophene):poly(styrene 

sulfonate) (PEDOT:PSS) is frequently used HTL in organic solar cells, although it 

influences the device stability and degradation (21,22,23,27,28). Transition metal 

compounds (14,15,17,18,20,45) are also well reported for efficient HTL in organic 

solar cells including copper(I)iodide (CuI) (46) and copper(I)thiocyanate (CuSCN) 

(21,22,23,27,28). Nowadays CuSCN has been successfully used as an efficient HTL 

in excitonic solar cells such as organic solar cells (PCE; 8.22%) (47), dye sensitized 

solar cells (DSSCs) and perovskite (30) solar cells (PCE; 15.6%). 
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In past few years, significant research on solution-processable deposition of 

CuSCN as an hole transporting layer for fabrication of efficient electronic devices 

namely field effect transistors (25, 26), organic light emitting diodes (24) and solar 

cells have been successfully reported. Recently, our group reported CuSCN as an 

efficient and solution-processable HTL in low band gap polymeric solar cells using 

diisopropyl sulfide solvent for thin film deposition (48). Anthopoulos and co-workers 

reported CuSCN as a solution-processable transparent anodic interface material as a 

replacement of PEDOT:PSS for highly efficient solution processable BHJ device 

using different combination of donor and acceptor materials (31). In 2015, another 

report on advantages of solution-processable CuSCN used as a hole 

collection/transport layer for polymer/fullerene based organic solar cells have been 

reported (32). Very recently, Mishra et al. reported solution-processable CuSCN as an 

interfacial hole transporting layer in organic solar cells using acceptor-donor-acceptor 

type oligomers and achieved PCE to 8.22%. However, it is shocking that all the cases, 

diisopropyl sulfide and diethyl sulfide were used as a solvent for thin film deposition 

of CuSCN as a HTL. It is also noticeable that diisopropyl sulfide is an irritant solvent 

having very foul smell. The use of these solvents for CuSCN thin film deposition is 

limited its application as a solution-processable HTL for cost effective, large area and 

flexible substrate applications. This is due to harmful, irritant, foul smell and 

expensive nature of these two solvents. Indeed, Ivlentina and co-workers reported 

electrodeposited CuSCN nano wires as hole transporting layer in conventional 

polymeric solar cells (29). 

Here we use CuSCN as solution-processable HTL for low band gap organic 

solar cells. Dimethyl sulfoxide (DMSO) was used for solution processed thin film 

deposition of CuSCN to examine the effectiveness of the solvents in solar cells. The 
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photovoltaic devices were fabricated using two different low band gap polymers 

Poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-

benzothiadiazole)](PCDTBT) (34) and Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-

b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-

b]thiophenediyl]] (PTB7) (35, 36) as donor materials blended with phenyl-C71-butyric 

acid methyl ester (PC71BM) as an acceptor material with device structure of 

ITO/CuSCN/active layer/Al (120 nm). The PCE based on CuSCN using DMSO as a 

HTL deposited solvent have been up to 4.20% and 3.64% respectively. In this present 

work, the resulted HTLs were achieved characterized by UV-vis-NIR spectroscopy, 

scanning electron microscope (SEM) and atomic force microscope (AFM) for better 

understanding to achieve the highest possible efficiency. 

3.6 Results and discussion 

CuSCN is well known p-type transparent conductor material. Due to wide 

band gap and excellent optical transparency, CuSCN is used as a semiconductor for 

optoelectronic devices (49). Previously reported, CuSCN has relatively good 

solublility in diisopropyl sulfide and diethyl sulfide for solution-processable opto 

electronic devices fabrication. Here in, we dissolved CuSCN in DMSO (10 mg in 1 

mL) using sonicator for 2 hrs and this solution was kept for 30 min. In contrast to 

previous report, in which CuSCN dissolve partially in diisopropyl sulfide solvent, 

while in this study CuSCN dissolved completely in DMSO for thin film deposition. 

Considering significant and even better performance of solution-processable CuSCN 

as a HTL over PEDOT:PSS and other traditional transition metal oxides, we decided 

to explore eco friendly and inexpensive DMSO solvent for CuSCN thin film 

deposition as an HTL in organic solar cells as a replacement of diethyl sulfide solvent 

and diisopropyl sulfide. To examine the effectiveness of the DMSO solvent for 
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CuSCN films deposition as HTL in photovoltaic devices, BHJ solar cells were 

fabricated using device geometry of ITO/CuSCN/active layer/Al as presented in 

Figure 3.16. It is worthy to mention here that PCDTBT and PTB7 are the most 

studied low band gap donor polymers in combination with PC71BM acceptor for 

PEDOT:PSS and other traditional HTL in efficient solar cells fabrication. The 

chemical structures and band diagram of the materials are shown in Figure 3.17 and 

3.18 respectively. 

 

 

Figure 3.16 Device geometry of organic solar cells in which CuSCN (HTL) thin film 

was deposited from DMSO solvent. 

 

 

Figure 3.17 Chemical structures of PTB7, PCDTBT and PC71BM. 
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Figure 3.18 Energy level diagram of materials. 

 

Figure 3.19 shows the optical spectra of CuSCN thin films to investigate the 

absorption and transmission across the range of the solar spectrum. CuSCN film 

shows very little absorption in the range vis-NIR. The transmission spectrum reveals 

that the CuSCN thin film is highly transparent in the vis-NIR region. Thus, CuSCN 

thin film exhibits good optical transparency compared to other efficient. To examine 

the crystalline nature of the CuSCN thin film, we performed X-ray diffraction (XRD) 

studies on thin films (on glass deposited from DMSO and diisopropyl sulfide) and 

powder (Figure 3.20). Even though both the thin films are significantly disordered, 

compared to powder samples (strong and sharp peaks observed at 2θ = 16, 20, 22, 24, 

25, 27, 29, 30, 33, 35, 37, 38, 43, 47, 49, 50, 51, 52, 53, 55, 58). A broad peak was 

observed for both thin films of CuSCN. While the thin film was deposited from 

DMSO (2θ = 16, 23, 27, 32, 34, 36, 47, 50) is more ordered compared to the thin film 

deposited from diisopropyl sulfide (2θ = 16, 27, 32).  
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Figure 3.19 Optical spectra of CuSCN thin films were deposited using DMSO 

solution on glass substrates, a) absorption and b) transmission. 

10 20 30 40 50 60

(c)

(b)

2-theta (deg)

(a)

 

Figure 3.20 XRD spectra of CuSCN (a) solid power, film on glass deposited from (b) 

DMSO and (c) diisopropyl sulfide. 

 

To study the performance of dimethyl sulfoxide (DMSO) as a deposited 

solvent for CuSCN thin film as HTL in solar cells, we have fabricated the device 

using PCDTBT as a donor polymer with PC71BM as an acceptor material with 

geometry of ITO/CuSCN/PCDTBT:PC71BM/Al. The CuSCN film was deposited 

from a solution of DMSO (10 mg/mL) followed by the active material 

PCDTBT:PC71BM (1.0:4.0 wt%)  deposition on the annealed HTL and finally 120 nm 
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aluminum layer was deposited by thermal evaporation. We have observed that the 

resulting devices show average PCE of 4.20% with open circuit voltage (Voc), short-

circuit current (Jsc) and fill factor (FF) are 0.72 V, 10.55 mA/cm
2
 and 54.98% 

respectively (Figure 3.20 a). In this work the device show excellent average 

photovoltaic parameters which are presented in Table 3.2. We observed small 

deviations of the results, which show that our devices are reliable and reproducible. 

Since the PCE of the device shows slightly lower performance than that of previously 

reported CuSCN thin film deposited from diisopropyl sulfide as HTL under identical 

conditions. The lower performance of the device is mainly due to the slightly lower Jsc 

of the device as compared to previously reported which may be related to the ohmic 

contact between the CuSCN and active layer.  
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Figure 3.21 Current density versus voltage (J-V) curves of photovoltaic device based 

PCDTBT:PC71BM as active layer. 

In order to further examine the DMSO as an efficient solvent for CuSCN thin 

film deposition as HTL, we have chosen PTB7 as a donor material blended with 

PC71BM as an acceptor. The HTL layer of CuSCN film using DMSO solution (10 

mg/mL) on ITO coated glass and annealed for device fabrication. Finally device 



Chapter: 3 

104 

 

structure ITO/CuSCN/PTB7:PC71BM/Al was completed by deposition of active layer 

and metal cathode as previously mentioned. The resulting device shows PCE of 3.64 

% with Voc, Jsc and FF are 0.61 V, 15.67 mA/cm
2
 and 36.41% respectively (Figure 

3.22 and Table 3.2). In contrast to PCDTBT, device based on the PTB7 show lower 

FF. While both the results with low band gap polymeric solar cells based on PCDTBT 

and PTB7 clearly demonstrate that DMSO as an alternative, efficient and inexpensive 

solvent for solution processable CuSCN as HTL for organic solar cells. 
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Figure 3.22 Current density versus voltage (J-V) curves of photovoltaic device based 

PTB7:PC71BM active layers. 
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Table 3.2 Solar cell parameters of the devices from the solution-processable CuSCN 

as an HTL and donor materials with PC71BM of active area 6.0 mm
2
 (average of 4 

devices). 

 

In parallel with the above work, investigations were also directed towards 

development of alternative and universal solvents for copper (I) thiocyanate for 

fabrication of low band gap polymeric solar cells to boost the utilization of CuSCN. 

In this connection, we used five different alternative solvents compactable 

with CuSCN for fabrication of organic solar cells: N,N-dimethylformamide, dioxane, 

acetonitrile, ethylene glycol, propylene carbonate. Solutions of the CuSCN in 

representative solvents for present study are shown in Figure 3.23. 

 

Figure 3.23 Photograph of CuSCN solution in representative solvents. 

Entry Active materials 
Jsc 

(mA/cm
2
) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

1 PCDTBT:PC71BM 10.55 

 (±0.32) 

0.72  

(±0.02) 

54.98  

(±2.03) 

4.20 

(±0.25) 

2 PTB7:PC71BM 16.7  

(±0.63) 

0.60  

(±0.03) 

36.41  

(±1.63) 

3.64 

(±0.20) 
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To demonstrate the performance of low band gap solar cells based on 

PCDTBT:PC71BM as active material in which PCDTBT a donor polymer with 

PC71BM as an acceptor material to follow the device geometry 

ITO/CuSCN/PCDTBT:PC71BM/Al.  

In this experiment, CuSCN dissolved in five solvents (each 10 mg/mL): N,N-

dimethylformamide, dioxane, acetonitrile, ethylene glycol, propylene carbonate. Each 

solutions of CuSCN were deposited as thin layer on ITO coated glass substrates by 

spin coating technique followed by annealing. Afterward active material 

PCDTBT:PC71BM (1:4 wt%) was spin coated on the top of each CuSCN layer 

followed by deposition of aluminum layer as cathode. The J-V curve under light of 

each device is illustrated in Figure 3.24. The active area of the device is 5.0 mm
2
 (2 

mm x 2.5 mm) and photovoltaic parameters of each device are presented in Table 3.3. 

It was observed that the resulting devices exhibit the PCE of 4.25%, 2.05%, 3.03%, 

1.74% and 2.54% using CuSCN dissolved in N,N-dimethylformamide, dioxane, 

acetonitrile, ethylene glycol and propylene carbonate respectively. The parameters 

like open circuit voltage (Voc), short-circuit current (Jsc) and fill factor (FF) are 

illustrated in Table 3.3.  
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Figure 3.24 J-V curves for OPV device performance for 

ITO/CuSCN/PCDTBT:PC71BM/Al in which CuSCN (HTL) dissolved in five different 

solvents. 

 

Table 3.3 Photovoltaic parameters of the OPV device using CuSCN as HTL dissolved 

in different solvents having ITO/CuSCN/ PCDTBT:PC71BM /Al architecture with 0.05 

mm
2
 of active area. 

S. 

No. 

Solvent used for HTL 

(CuSCN) 

Active Layer 

(Donor:Acceptor) 

Voc  

(V) 

Jsc 

(mA/cm²) 

FF  

(%) 

PCE  

(%) 

1 N,N-

Dimethylformamide 

PCDTBT: PC71BM 0.69 13.13 47.04 4.25 

2 Dioxane PCDTBT: PC71BM 0.45 11.76 38.83 2.05 

3 Acetonitrile PCDTBT: PC71BM 0.63 11.53 41.55 3.03 

4 Ethylene glycol PCDTBT: PC71BM 0.50 9.95 34.70 1.74 

5 Propylene carbonate PCDTBT: PC71BM 0.52 9.95 48.82 2.54 

 

In order to further examine the CuSCN as an efficient HTL for low band 

polymer, we have considered the most successful used PTB7 as a donor material 

blended with PC71BM as an acceptor to follow the device architecture 

ITO/CuSCN/PTB7:PC71BM/Al. CuSCN as an HTL dissolved in given five solvents 
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with same concentration was deposited on top of cleaned ITO coated glass substrates 

followed by annealing on hot plate. After that, blend solution of PTB7: PC71BM 

(1:1.5) was spin coated on the top of each layer inside glove box followed by 

deposition of aluminum layer under high vacuum. The J-V curve under light of each 

device is illustrated in Figure 3.25. The active area of the device is 5.0 mm
2
 and 

photovoltaic parameters of each device are presented in Table 3.3. It was observed 

that the resulting devices exhibit the PCE of 4.56%, 2.05%, 3.31%, 2.58% and 2.51% 

using CuSCN dissolved in N,N-dimethylformamide, dioxane, acetonitrile, ethylene 

glycol and propylene carbonate respectively. The parameters like open circuit voltage 

(Voc), short-circuit current (Jsc) and fill factor (FF) are illustrated in Table 3.4. 
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Figure 3.25 J-V curves for OPV device performance for 

ITO/CuSCN/PTB7:PC71BM/Al in which CuSCN (HTL) dissolved in five different 

solvents. 
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Table 3.4 Photovoltaic parameters of the OPV device using CuSCN as HTL dissolved 

in different solvents having ITO/CuSCN/ PTB7:PC71BM /Al architecture with 0.05 

mm
2
 of active area. 

S. 

No. 

Solvent used for HTL 

(CuSCN) 

Active Layer 

(Donor:Acceptor) 

Voc  

(V) 

Jsc 

(mA/cm²) 

FF  

(%) 

PCE  

(%) 

1 N,N-

Dimethylformamide 

PTB7:PC71BM 0.74 16.11 38.13 4.56 

2 Dioxane PTB7:PC71BM 0.41 14.58 34.06 2.05 

3 Acetonitrile PTB7:PC71BM 0.56 15.46 38.21 3.31 

4 Ethylene glycol PTB7:PC71BM 0.52 13.37 36.85 2.58 

5 Propylene carbonate PTB7:PC71BM 0.67 9.56 39.23 2.51 

 

For better insight of the comparative studies a bar diagram has been presented 

in Figure 3.26 (a) and (b) which clearly indicates that the device which has been 

fabricated using DMF and DMSO as a solvent in HTL gave better efficiency as 

compared to other solvents in both PTB7:PC71BM and PCDTBT:PC71BM blend.  

  
 

Figure 3.26 A bar diagram representation of device efficiency of polymer blend (a) 

PCDTBT:PC71BM and (b) PTB7:PC71BM in solvents used for the present studies. 
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To understand the surface morphology of the CuSCN thin film deposited from 

DMSO solvent, the films were characterized by scanning electron microscopy (SEM) 

(Figure 3.27) and atomic force microscope (AFM) (Figure 3.28). The film was 

prepared by spin coating on glass substrates. The SEM image of CuSCN exhibits 

discontinuous path like structure in contrast to previously reported smooth surface. 

The AFM image of CuSCN film is rough which supports the SEM image as shown in 

Figure 3.27 and 3.28. 

 

Figure 3.27 SEM images of CuSCN thin films deposited from DMSO solution on 

glass substrate. 

 

 

Figure 3.28 AFM images of CuSCN thin films deposited from DMSO solution on 

glass substrate. 
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3.7 Experimental Section 

3.7.1 Materials 

Active materials including low band gap polymer (PTB7 and PCDTBT) along 

with PC71BM were purchased from 1-material, Canada whereas different solvents 

were purchased from sigma-aldrich, and alfa-aesar and used as received without 

further purification. 

3.7.2 Preparation of CuSCN solutions 

10 mg of copper (I) thiocyanate (CuSCN) was dissolved in 1.0 mL dimethyl 

sulfoxide (DMSO), and the resulting suspension mixture was sonicated for 2 hours at 

room temperature. After sonication the mixture was kept for 30 min and the resulting 

clear solution was used for solution-processable HTL in organic solar cells. 

Similarly, we have prepared CuSCN solution in N,N-Dimethylformamide, 

Dioxane, Acetonitrile, Ethylene glycol and Propylene carbonate by using 10 mg of 

CuSCN in 1.0 mL respective solvents in same way as already mentioned in case of 

DMSO and diisopropyl sulfide solvents. Each solution was sonicated for 2 hours at 

room temperature. On completion of sonication, mixture kept standing for 30 min and 

a clear solution was used for fabrication of HTL. 

3.7.3 Preparation of Active Materials 

The standard weight ratio of PTB7:PC71BM is 1:1.5 to dissolved in a 

combination of chlorobenzene and 1,8-diiodoctane (97:3 vol%) in a concentration of 

25 mg/ml. while in case of PCDTBT:PC71BM, the weight ratio of PCDTBT:PC71BM 

is 1:4 to dissolved in a blend of chlorobenzene  and dichlorobenzene (1:3 ratio) in a 

concentration of 35 mg/mL. Both solutions were stirred overnight inside the glove 

box. 

3.7.4 Device Fabrication 
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All OPV devices were manufactured on ITO coated glass slide (80 nm 

thickness, 15 Ω/sq sheet resistance) which act as anode while low work function 

metal aluminum was used as cathode for the fabrication of organic solar cells with the 

device geometry ITO/CuSCN/active layer/Al. ITO was etched with 2.5 mm width by 

using laser scribing system. The etched ITO slides were cleaned with distilled water 

through ultrasonication to remove oil particles. These slides were further cleaned in 

hot acetone followed by trichloroethylene and isopropanol for 10 min each, further, 

these were dried in a vacuum oven at 100 °C and then exposed to UV ozone cleaner 

for 10 min to modify its surface into hydrophilic state for better adhesion. Thin film of 

prepared solution of CuSCN (act as HTL) dissolved in DMSO was deposited by spin-

coating process over it at 3500 rpm for 60 seconds, drying in oven at 100°C for 15 

min followed by drying at room temperature for 1 h. Afterward, the mixed solutions 

consisting of PCDTBT:PC71BM and PTB7:PC71BM were spin coated at 1000 rpm for 

90 seconds in a nitrogen-filled glove-box to form the active layer. Then the slides 

were directly dried for 10 min on a hot plate at 70°C. Finally, aluminum metal 

(cathode) of 120 nm thickness was deposited by thermal evaporation under high 

vacuum of 510
-6

 mbar with a rate of 0.3 nm/s.  

Correspondingly, we have also deposited thin film of CuSCN layer (dissolved 

in five different solvents: DMSO, DMF and diisopropyl sulfide using 10 mg of 

CuSCN in 1.0 mL respective solvents by spin coating technique at 3500 rpm for 60 

seconds. The resulting substrates were annealed at 100 °C for 15 minutes followed by 

dried at room temperature for 1 h. Each device follows the same device architecture: 

ITO/CuSCN/active layer/Al. Further fabrication process was same as above. 

 

3.7.5 Device Characterization 
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All the device measurements were performed under ambient atmosphere 

without encapsulation at room temperature. The current-voltage (J-V) characteristics 

and PCEs were measured with a computer programmed keithley 2400 source/meter. 

To measure the current density under illumination, the devices were illuminated from 

the transparent ITO electrode side using solar simulator with an air mass 1.5G (AM 

1.5G) (100 mW/cm
2
). UV/Vis spectra were obtained on UV-1800, shimadzu 

spectrophotometer in chlorobenzene, fluorescence spectra were recorded on a 

fluorolog fluorimeter in a 1 cm quartz cuvette, atomic force microscope (AFM) 

images were obtained on model number NT-MDT Solver Pro and SEM images were 

obtained on model number NT-MDT Solver Pro and Zeiss EVO MA-10, variable 

pressure. 

 

3.8 Conclusion 

We have demonstrated an eco-friendly solution-processable deposition of 

CuSCN using DMSO solvent as HTL in efficient organic solar cells. The CuSCN thin 

films were obtained by spin casting from DMSO solvent and found to be highly 

transparent. The photovoltaic devices were fabricated with the device structure of 

ITO/CuSCN/active layer/Al and PCE up to 4.20 % has been achieved with relatively 

higher FF as compared to literature. We have observed that the solvent DMSO 

provides compatible interface layers suitable for organic solar cells fabrication which 

are comparable to diisopropyl sulfide and diethyl sulfide which exhibit displeasing 

properties like unpleasant smell, detrimental and irritant nature. 

In parallel with the above work, investigations were also directed towards 

development of alternative and universal solvents for CuSCN for fabrication of low 

band gap polymeric solar cells. In this connection, we used five different alternative 
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solvents compactable with CuSCN for fabrication of organic solar cells: N,N-

Dimethylformamide, dioxane, acetonitrile, ethylene glycol and propylene carbonate to 

develop the OPV devices based on low band gap polymers. Hence these studies open 

up a new approach to improve device performances via proper choice of solvents in 

HTL in the field of solar cells. 
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Chapter: 4 

Cost Effective Low Band Gap Polymeric Solar cells using Solution-

Processable Copper Iodide (CuI) as Hole Transport Layer 

 

4.1 Introduction 

Polymeric solar cells have been gained a significant attention in the last two 

decades due to their potential advantages like mechanical flexibility, simple 

fabrication processes, cost effective, light weight and large area fabrication process, 

which are essential for bulk scale production (1, 2). Till date the power conversion 

efficiency (PCE) and lifetime of the photovoltaic devices are not adequate for possible 

commercial applications. Many attempts have been projected to optimization of 

photovoltaic device to reach the highest possible PCE and lifetime of the device. 

Among them, introduction of active materials (donor and acceptor materials) and their 

optimization are the most studied (3-6). In contrast, interfacial layer (hole transport 

layer; HTL and electron transport layer; ETL) have received scant attention for device 

fabrication, while interfacial materials are playing a vital role to improve the device 

performance. Especially, the HTL and their deposition method have significant 

importance for optimal device performance to reach the highest possible PCE. 

Water soluble poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) is the most successfully used HTL in organic solar cells because of its 

excellent transporting properties, high conductivity, optical transparency in the visible 

range and suitable work function. While several studies have been confirmed that due 

to its hygroscopic, protonation and acidic nature often corrode the ITO and affects the 

long-term stability of the photovoltaic devices (7-10). On the other hand PSS free 

organic materials like small molecules based (11), graphene-based materials (12,13) 
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and carbon nanotubes (CNTs) etc. are also used as HTL in organic solar cells, while 

the photovoltaic performances of these devices are not high as compared to 

PEDOT:PSS as an HTL. Transition metal oxides with a high work function, namely 

molybdenum oxide (MoOx), vanadium oxide (V2O5), nickel oxide (NiO) and tungsten 

oxide (WO3) so forth have been successfully used as HTL in organic solar cells to 

overcome the degradation issue of PEDOT:PSS (14-21). It is worth to mention that 

thermal deposition of few metal oxides such as MoO3 was worked even better as HTL 

compared to solution-processed deposition.  

Recently, solution-processable deposition of metal oxides with a cost-effective 

method has been attracted significant attention for solar cells applications in general. 

Despite the significant efforts, however, there remains a clear need for the 

development of new, robust, inexpensive and solution-processable HTL for cost 

effective photovoltaic devices and in plastic optoelectronics more generally. Copper 

thiocyanate (CuSCN) was reported as an efficient solution-processable HTL in BHJ 

solar cells (22-24).While, poor solubility of CuSCN has limits its applications as a 

solution-processable HTL for solar cells applications to the general public (22-24). 

Recently, few reports have been appeared in literature for solution processed CuI as 

an HTL for polymeric solar cells (25-27). Bian and coworkers demonstrated solution 

processable CuI as an HTL for poly(3-hexylthiophene):[6,6]-phenyl C61-butyric acid 

methyl ester (P3HT:PC61BM) (28) based polymeric solar cells and achieved to up to 

4.15% PCE (25). Alford and co-worker also reported P3HT:PC61BM based solar cells 

employing solution-processable CuI as an HTL and compared with PEDOT:PSS (26).  

Solution-processable CuI as an HTL that have replaced PEDOT:PSS for 

device fabrication based on P3HT:PC61BM has been already reported (25,26). 

Encouraged by the research of CuI over PEDOT:PSS as an HTL, we decided to 
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explore the solution-processable CuI as an HTL for organic solar cells based on low 

band gap polymers for photovoltaic performances. In order to examine we have used 

Poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-

benzothiadiazole)] (PCDTBT) (29) and Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-

b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl) carbonyl] thieno[3,4-

b]thiophenediyl]] (PTB7) (30) as two low band gap donor materials blend with 

phenyl-C71-butyric acid methyl ester (PC71BM) as an acceptor material based on 

ITO/CuI/active layer/Al device configuration as shown in Figure 4.1. The highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) of PCDTBT, PTB7, PC71BM and CuI together with the work function of 

ITO, PEDOT:PSS and Al are presented in Figure 4.2. The work function of CuI (-5.1 

eV) is slightly higher lying compared to PEDOT:PSS (-5.2 eV), which may be 

suggested CuI is a better hole extraction layer. Moreover, the LUMO level of CuI is 

about 2.0 eV, which was higher lying than the LUMO of active materials (PCDTBT, 

PTB7 and PC71BM) and as a result easily block the electron transport to anode 

electrode. Additionally, CuI is a hydrophobic in nature which may provide better 

compatibility with hydrophobic organic materials like PCDTBT and PTB7, which 

improve the ordering the organic materials and reduce the contact resistance between 

the active layer and interfacial layer. The chemical structures of the active materials of 

PCDTBT, PTB7 and PC71BM are presented in Figures 4.3. 
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Figure 4.1 Schematic diagram of the conventional polymeric solar cells in which the 

CuI layer and active layer are sandwiched between an ITO anode and aluminium 

cathode. 

 

 

Figure 4.2 Energy level diagram of the materials used in organic solar cells. 

 

 

Figure 4.3 Chemical structures of PCDTBT, PC71BM and PTB7. 
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Here, we demonstrate that CuI as an efficient and solution-processable HTL 

for low band gap polymeric solar cells. Two different combinations of low band gap 

polymers (PCDTBT and PTB7) blended with PC71BM were used as an active layer 

for photovoltaic device fabrication. Referential devices based on PEDOT:PSS layer as 

HTL have been fabricated for PCDTBT and PTB7 respectively. In this present work, 

the resulted HTLs were characterized by UV-vis-NIR spectroscopy, scanning electron 

microscope (SEM) and atomic force microscope (AFM) for better understanding to 

achieve the highest possible efficiency. 

4.2 Results and discussion 

Figure 4.4 displays the optical spectra of CuI thin films on quartz substrate to 

investigate the absorption and transmission across the range of solar spectrum (31). 

CuI film shows absorption in UV region (<450 nm) and very little absorption in the 

range vis-NIR region (450-1110 nm). In contrast, PEDOT:PSS films exhibit 

significant absorption in the range vis-NIR region. Accordingly, due to lower parasitic 

absorption of CuI makes it’s an efficient HTL in solar cells for further improvement 

of PCE compared to PEDOT:PSS. The transmission spectrum reveals that the CuI 

thin film is highly transparent in the vis-NIR region. Thus CuI thin film exhibits better 

transparency compared to PEDOT:PSS thin films.  
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Figure 4.4 Optical spectra of CuI thin films on quartz substrate, a) absorption and b) 

transmission. 
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The X-ray diffraction (XRD) pattern of CuI is shown in Figure 4.5. The CuI 

exhibits an intense peak at 25.47 (2θ) corresponds to the CuI (111) reflection, which 

was assigned to γ-phase with zinc blend structure (31). It is worth mentioned here that 

CuI has three crystalline phases of α, β and γ. Among them, γ-phase of CuI exhibits as 

p-type semiconductor. The CuI shows another weak peak at 52.35 (2θ) corresponding 

to CuI (222), which indicates the crystalline nature of the material. 
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Figure 4.5 XRD pattern of CuI 

 

To examine the performance of solution-processable CuI as a potential 

member of HTL for low band gap polymeric solar cells, we have fabricated the device 

based on ITO/CuI/PCDTBT:PC71BM/Al using PCDTBT as a donor polymer with 

PC71BM as an acceptor material. Thin layer of CuI as an HTL was deposited from a 

solution of acetonitrile (10 mg/mL). Higher and lower concentration of CuI yielded 

poor performances. Then the active material PCDTBT:PC71BM (1.0:4.0 wt%) was 

deposited on the annealed HTL followed by deposition of 120 nm aluminum layer. 

The J-V curve in dark and light are presented in Figure 4.6. The area of the active 
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device is 5.0 mm
2
 and average photovoltaic parameters of 8 devices are presented in 

Table 4.1. The dark curve shows a characteristic diode behavior. In light, we have 

found that the resulting devices show average PCE of 3.04% with open circuit voltage 

(Voc), short-circuit current (Jsc) and fill factor (FF) are 0.63 V, 11.93 mA/cm
2
 and 0.42 

respectively. For comparison purpose, we have fabricated the photovoltaic devices by 

using solution-processable PEDOT:PSS as HTL under similar conditions and found 

PCE 2.57% with Jsc, Voc and FF are 9.36 mA/cm
2
, 0.72V and 37.9% respectively. It 

has been prove that photovoltaic devices using solution-processable PEDOT:PSS as 

an HTL shows slightly lower performance than that of CuI as an HTL under identical 

conditions as shown in Figure 4.7. The lower performance of the device is mainly due 

to the lower in FF and Jsc of the device.  
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Figure 4.6 Current density versus voltage (J-V) curves of photovoltaic device based 

PCDTBT:PC71BM active layer.   
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Figure 4.7 J-V curves for the devices based on the structure of ITO/PEDOT:PSS/ 

PCDTBT:PC71BM /Al geometry. 

In order to further examine the CuI as an efficient HTL for low band gap 

polymer, we have considered PTB7 as a donor material blended with PC71BM as an 

acceptor. The CuI as an HTL was deposited from acetonitrile solution (10 mg/mL) on 

ITO coated glass and annealed. Then the active layer and metal cathode were 

deposited successively to complete the photovoltaic device with structure of 

ITO/CuI/PTB7:PC71BM/Al. The J-V curves of dark and light are shown in Figure 4.8. 

The resulting device exhibits PCE of 4.48% with Voc, Jsc and FF are 0.63 V, 17.55 

mA/cm
2
 and 0.40 respectively (Table 4.1). To compare the performance of CuI as an 

HTL in OPV cells, we have fabricated the reference device using PEDOT:PSS as an 

HTL under identical conditions. We have fabricated the reference photovoltaic 

devices based on the structure of ITO/PEDOT:PSS/PTB7:PC71BM/Al under similar 

conditions and found PCE 3.14% with Jsc, Voc and FF are 13.25 mA/cm
2
, 0.69 V and 

34.4% respectively. The poor performance of the device of about PCE 3.14 % based 

on PEDOT:PSS is due significant lower FF and Jsc (Figure 4.9). Both the results with 

low band gap polymeric solar cells based on PCDTBT and PTB7 clearly 
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demonstrated that solution-processable CuI is even better HTL for photovoltaic 

applications. 
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Figure 4.8 Current density versus voltage (J-V) curves of photovoltaic device based 

PTB7:PC71BM active layer. 
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Figure 4.9 J-V curves for the devices based on the structure of ITO/PEDOT:PSS/ 

PTB7:PC71BM /Al geometry. 
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Table 4.1 Solar cells parameters of the devices from the solution-processable CuI as 

an HTL and donor materials with PC71BM of active area 5.0 mm
2
 (average of 8 

devices). 

Donor 

Materials 
HTL 

Jsc 

(mA/cm
2
) 

Voc 

(V) 
FF PCE (%) 

 

PCDTBT 

 

CuI 

 

11.93 

(±0.41) 

 

0.63 

(±0.01) 

 

0.42 

(±0.03) 

 

3.04 

(±0.15) 

 

PTB7 

 

CuI 

 

17.55 

(±0.84) 

 

0.63 

(±0.02) 

 

0.40 

(±0.03) 

 

4.48 

(±0.21) 

 

Having successful in developing copper iodide (CuI) as an efficient and 

solution-processable hole transport layer (HTL) using acetonitrile as a deposited 

solvent in low band gap polymeric solar cells, we decided to explore the use of variety 

of solvents for deposition of CuI as HTL in low band gap polymeric solar cells in 

general. 

In order to enhance the utilization of CuI as efficient HTL, we used three 

different alternative solvents compactable with copper iodide for fabrication of 

organic solar cells. 

To demonstrate the performance of bulk heterojunction solar cells based on 

PCDTBT:PC71BM as active material in which PCDTBT a donor polymer with 

PC71BM as an acceptor material to follow the device geometry ITO/CuI/ 

PCDTBT:PC71BM/Al. In this experiment, CuI used as a solution-processable HTL 

dissolved in three solvents (each 10 mg/mL): dimethyl sulfoxide (DMSO), N,N-

dimethylformamide (DMF) and diisopropyl sulfide. Each solutions of CuI were 

deposited as thin layer on ITO coated glass substrates by spin coating technique 

followed by annealing. Afterward active material PCDTBT:PC71BM (1:4 wt%) was 

spin coated on the top of each CuI layer followed by deposition of aluminium layer as 
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cathode. The J-V curve under light of each device is illustrated in Figure 4.10. The 

active area of the device is 5.0 mm
2
 (2 mm  2.5 mm) and average photovoltaic 

parameters of 4 devices are presented in Table 4.2. It was observed that the resulting 

devices exhibit the PCE of 3.04 %, 2.46 % and 3.54 % using CuI dissolved in 

dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF) and diisopropyl sulfide 

respectively. The parameters like open circuit voltage (Voc), short-circuit current (Jsc) 

and fill factor (FF) are illustrated in Table 4.2. 

 

Figure 4.10 Current density versus voltage (J-V) curves for OPV device performance 

for ITO/CuI/PCDTBT:PC71BM/Al in which CuI (HTL) dissolved in three different 

solvents. 
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Table 4.2 Parameters of the OPV device using CuI as HTL dissolved in 3 different 

solvents having 5.0 mm
2
 active area using PCDTBT (donor) as low band gap 

polymeric solar cells. 

S. 

No. 

Solvent used for HTL 

(CuI) 

Active Layer 

(Donor:Acceptor) 

Voc  

(V) 

Jsc 

(mA/cm²) 

FF  

(%) 

PCE  

(%) 

1 Dimethyl sulfoxide  PCDTBT:PC71BM 0.63 12.33 39.00 3.04 

2 N,N-Dimethylformamide PCDTBT:PC71BM 0.63 10.25 37.18 2.46 

3 Diisopropyl sulfide PCDTBT:PC71BM 0.67 11.87 44.5 3.54 

 

In order to further examine the CuI with alternative solvents as an efficient 

HTL for other low band polymer, we have considered the most successful used PTB7 

as a donor material blended with PC71BM as an acceptor. CuI dissolved in three 

different solvents as already mentioned: dimethyl sulfoxide (DMSO), N,N-

dimethylformamide (DMF) and diisopropyl sulfide were deposited as thin layer on 

ITO coated glass substrates. After annealing the devices, PTB7:PC71BM (1:1.5 wt%) 

was spin coated on the top of each CuI layer followed by deposition of cathode layer. 

The J-V curves under light of each device are illustrated in Figure 4.11. It was 

observed that the resulting devices exhibit the PCE of 4.28%, 2.69% and 4.27% using 

CuI dissolved in dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF) and 

diisopropyl sulfide respectively. Other parameters are illustrated in Table 4.3. 
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Figure 4.11 Current density versus voltage (J-V) curves for OPV device performance 

for ITO/CuI/PTB7:PC71BM/Al in which CuI (HTL) dissolved in three different 

solvents. 

 

Table 4.3 Parameters of the OPV device using CuI as HTL dissolved in 3 different 

solvents having 5.0 mm
2
 active area using PTB7 (donor) as low band gap polymeric 

solar cells. 

S. 

No. 

Solvent used for HTL 

(CuI) 

Active Layer 

(Donor:Acceptor) 

Voc  

(V) 

Jsc 

(mA/cm²) 

FF  

(%) 

PCE  

(%) 

1 Dimethyl sulfoxide  PTB7:PC71BM 0.65 17.16 38.34 4.28 

2 N,N-Dimethylformamide PTB7:PC71BM 0.65 12.33 33.52 2.69 

3 Diisopropyl sulfide PTB7:PC71BM 0.65 16.94 38.71 4.27 

 

For better insight of the comparative studies a bar diagram has been presented 

in Figure 4.12 which clearly indicates the device performance which has been 

fabricated using acetronitrile, DMSO, DMF and diisopropyl sulfide as a solvent in 
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CuI (HTL). PCDTBT:PC71BM and PTB7:PC71BM blend were used as photoactive 

layer.  

 

(a)                                                            (b) 

Figure 4.12 A bar diagram representation of device efficiency of polymer blend (a) 

PCDTBT:PC71BM and (b) PTB7:PC71BM in solvents used for the present studies. 

 

To get a better understanding the effect of interface layer on device 

performance, the morphologies of the CuI layers were characterized by scanning 

electron microscopy (SEM) and atomic force microscope (AFM). CuI particles form a 

discontinuous path like CuI islands as shown in SEM image (Figure 4.13). In contrast, 

PEDOT:PSS film exhibits a smooth surface. The AFM image of CuI film is relatively 

rough due to growing of CuI particles in acetronitrile as shown in Figure 4.14. It is 

also noted here that PEDOT:PSS film has been reported as smoother surface. 
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Figure 4.13 SEM image of CuI thin films on glass substrate. 

 

 

Figure 4.14 AFM images of CuI films on glass substrate. 
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4.3 Experimental Section 

4.3.1 Materials 

All chemicals and materials were purchased from sigma-aldrich, and alfa-

aesar and used without further purification unless otherwise stated. PCDTBT, PTB7 

and PC71BM were purchased from 1-material, Canada. 

4.3.2 Preparation of CuI thin film as an HTL 

10 mg of copper(I) iodide (CuI) was dissolved in 1.0 mL of acetonitrile and 

the resulting suspension mixture was sonicated for 1hr at room temperature. After 

sonication the mixture was kept for 10 minutes and the resulting clear solution was 

used for solution-processable HTL in organic solar cells. 

Similarly, we have prepared CuI solution in DMSO, DMF and diisopropyl 

sulfide by using 10 mg of CuI in 1.0 mL respective solvents as described the 

procedure for CuI solution in acetonitrile. 

4.3.3 Preparation of PEDOT:PSS as an HTL 

Around 35 nm thickness PEDOT:PSS was deposited by spin casting. After 

that the resulting layer was annealed at 120°C for 15 minutes. Then the active layer 

was deposited. 

4.3.4 Preparation of Active Materials 

In this study, two different combinations of low band gap polymers (PTB7 and 

PCDTBT) along with fullerene derivative (PC71BM) were used as active layer. PTB7 

and PCDTBT acts as the p-type donor polymer whereas PC71BM as the n-type 

acceptor in the active layer.  

PCDTBT:PC71BM: The composition ratio of PCDTBT:PC71BM is 1:4 that 

dissolved in a mixture of chlorobenzene  and dichlorobenzene (1:3 ratio) in a 

concentration of 35 mg/mL. 
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PTB7:PC71BM: The compositions ratio of PTB7:PC71BM is 1:1.5 that 

dissolved in a mixture of chlorobenzene and 1,8-diiodoctane (97:3 vol%) in a 

concentration of 25 mg/ml. 

4.3.5 Device Fabrication 

The fabrication of polymeric solar cells was done on ITO coated glass slides 

based on ITO/HTL/active layer/Al. First, etching of ITO slides having a suitable 

pattern was done by using laser scribing system. Then the slides were cleaned using 

soap solution followed by several rinses with deionized water. The substrates were 

further cleaned in boiling acetone followed by trichloroethylene and isopropanol. 

After annealing the slides, a thin film of CuI (40 nm) layer was deposited by spin 

coating over it at 3500 rpm for 60 seconds (concentration used: 10 mg CuI in 1.0 mL 

acetronitrile). The resulting substrates were annealed at 100 °C for 15 minutes 

followed by dried at room temperature for 1 h. For reference devices 35 nm thickness 

of PEDOT:PSS as an HTL layer was used for solar cells fabrication. Active materials 

(PCDTBT:PC71BM and PTB7:PC71BM) were used and spin coated on top of CuI 

layer at 1000 rpm for 90 seconds. Then the substrates were baked using a hotplate at 

70 °C for 10 minutes in the glove box. Finally, the devices were completed via the 

deposition of the aluminum layer (120 nm) as cathode within a vacuum chamber at 

pressure 8  10
-6

 mbar. 

Correspondingly, we have also deposited thin film of CuI layer (dissolved in 

three different solvents: DMSO, DMF and diisopropyl sulfide using 10 mg of CuI in 

1.0 mL respective solvents) by spin coating technique at 3500 rpm for 60 seconds. 

The resulting substrates were annealed at 100 °C for 15 minutes followed by dried at 

room temperature for 1 h. Each cell follows the same device geometry: 

ITO/HTL/active layer/Al. Further fabrication process was same as above. 
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4.3.6 Device Characterization 

All the device measurements were performed in ambient conditions without a 

protective atmosphere. The current-voltage (J-V) characteristics and PCEs were 

measured with a computer controlled keithley 2400 source meter. To measure the 

current density under illumination, the devices were illuminated from the transparent 

ITO electrode side using solar simulator with an air mass 1.5G (AM 1.5G) (100 

mW/cm
2
). UV/Vis spectra were obtained on UV-1800, shimadzu spectrophotometer 

(spectral resolution 1.0 nm). AFM and SEM images of CuI films were obtained on 

model number NT-MDT Solver Pro and Zeiss EVO MA-10, variable pressure. XRD 

was performed using Cu Kα radiation with λ = 0.15405929 at RigakuMiniflex-II 

 

4.4 Conclusion 

In conclusion, we have demonstrated the efficient polymeric solar cells based 

on the inexpensive and solution-processable CuI as an HTL. The use of CuI improves 

light absorption within the active materials and achieved efficiency up to 3.04% and 

4.48% PCEs for active materials of PCDTBT: PC71BM and PTB7: PC71BM 

respectively. These results are relatively better when compared to the devices 

fabricated using solution processed PEDOT:PSS as HTLs under similar conditions 

and is due to the improvement of the Jsc and FF. In summary, we have provided 

further examples of solution-processable CuI as a good and inexpensive HTL over 

PEDOT:PSS for low band gap polymeric solar cells. This study clearly demonstrates 

that due to non-acidic nature of CuI there is further opportunity to optimize the 

solution-processable CuI as an HTL to improve the PCE and lifetime of the device. 
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In order to enhance the utilization of CuI as efficient HTL, we used three 

different alternative solvents compactable with copper iodide for fabrication of 

organic solar cells. CuI used as a solution-processable HTL dissolved in three 

solvents (each 10 mg/mL): dimethyl sulfoxide (DMSO), N,N-dimethylformamide 

(DMF) and diisopropyl sulfide. We have successfully fabricated organic solar cells 

based on low band gap polymers and achieve good performance. 
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Chapter: 5 

Effect of Composition Ratio of P3HT:PC61BM in Organic 

Solar Cells: Optical and Morphological Properties 

5.1 Introduction 

Organic solar cells research based on solution-processable bulk heterojunction 

(BHJ) (1) has attracted significant scientific and commercial interest in the last decade 

due to rapid increase in the power conversion efficiency (PCE) for renewable energy 

source. There are tremendous number of research have been reported in the area of 

organic solar cells (2-8).
 
Among them poly(3-hexylthiophene) (P3HT) and phenyl-

C61-butyric acid methyl ester (PC61BM) are most studied donor and acceptor materials 

respectively for solar cells and wide range of PCE (up to ~ 5%) and stability have 

been reported (9-13). Surprisingly, still lower PCE < 0.5%, as well as higher PCE > 

4% for P3HT:PC61BM active layer in BHJ geometry have been reported (9). The 

active layer is typically optimized by thickness (14), annealing temperature (15), 

morphology (16), additive (17-20), energy levels, miscibility, composition ratio (21-

22), and compatibly with innovative idea (23) to reach maximum possible PCE and 

stability for organic solar cells (24) to reach maximum possible PCE and stability for 

organic solar cells (21,22,24). As for example the composition ratio of polymer 

(donor material) and fullerene (acceptor material) are significantly differ for low band 

gap and high band gap polymers to reach the highest PCE. The composition ratio of 

donor and acceptor also depends on solvent, hole transport layer, device geometry and 

many others (9, 21, 22, 24).  
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Herein, we demonstrate the effect of composition ratio of most studied P3HT 

as a donor material and PC61BM as an acceptor material in conventional BHJ solar 

cell for highest possible PCE in ambient conditions. We have used different 

composition ratios of P3HT:PC61BM materials in active layer to fabricate the solar 

cells with simple geometry of ITO/PEDOT:PSS/P3HT:PC61BM/Al. We also present 

efficient characterization, optical properties and morphology of the active layers and 

made a correlation among them.  

5.2 Results and discussion 

5.2.1 Photovoltaic properties 

To examine the photovoltaic properties for different composition ratios of 

P3HT:PC61BM in active layer was investigated in BHJ solar cells to reach the highest 

possible PCE in ambient conditions. In this study ten different composition ratios of 

P3HT:PC61BM were used for device fabrication to optimize the composition ratio in 

active layer with device structure of ITO/PEDOT:PSS/P3HT:PC61BM/Al as presented 

in Figure 5.1. The energy level diagram is shown in Figure 5.2. The thickness of the 

hole transport layer, active layer and Al are 60 nm, 80 nm and 120 nm respectively. 

These thickness are optimized for highest PCE.  

 

Figure 5.1 Conventional structure of BHJ solar cells and chemical structures of 

P3HT and PC61BM. 
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Figure 5.2 Electronic energy levels of the materials used in organic solar cells. 

 

Photovoltaic results using these 10 different composition ratios of 

P3HT:PC61BM under AM 1.5 G illumination with 100 mW/cm
2
 are presented in 

Figure 5.3 and 5.4 (Table 5.1 and 5.2). The devices results are shown in both Tables 

(5.1 and 5.2) clearly indicated that 1.0:0.8 weight ratio of P3HT:PC61BM has 

achieved highest PCE of ~1.62% with open circuit voltage (Voc), short-circuit current 

(Jsc) and fill factor (FF) are 4.91 V, 7.46 mA/cm
2
 and 0.44 respectively (Table 5.1). 

P3HT:PC61BM composition ratios range from 1.0:0.4 to 1.0:1.2 in active layer show 

relatively good efficiency (Table 5.1 and 5.2). The total PCE difference is 0.72% has 

been observed between the two devices were fabricated using P3HT:PC61BM 

composition ratios of 1.0:0.8 and 1.0:0.4 respectively and PCE difference is 0.43% 

when P3HT:PC61BM composition ratios are 1.0:0.8 and 1.0:1.2 respectively. While 

further decrease or increase the composition ratio of P3HT:PC61BM in active layer the 

resulted devices show very poor PCE (Table 5.1 and 5.2). 
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Figure 5.3 Current density vs voltage (J-V) curves using P3HT:PC61BM having 

composition ratios (1.0:0.2; 1.0:0.4; 1.0:0.6; 1.0:0.8; 1.0:1.0) ) measured under 100 

mW cm
-1

 AM 1.5 G illumination with dark curve. 

 

Table 5.1 BHJ solar cells parameters using P3HT:PC61BM with different weight ratio 

((1.0:0.2; 1.0:0.4; 1.0:0.6; 1.0:0.8; 1.0:1.0) in chlorobenzene with devices structure 

ITO/PEDOT:PSS/P3HT:PC61BM/Al.  

S. No. P3HT:PC61BM 

Composition ratio 

Voc  

(V) 

Jsc 

(mA/cm²) 

FF  

(%) 

PCE* 

(%) 

1 1.0:0.2 0.57 1.21 0.25 0.17 

2 1.0:0.4 0.54 4.46 0.37 0.90 

3 1.0:0.6 0.48 6.00 0.40 1.16 

4 1.0:0.8 0.49 7.46 0.44 1.62 

5 1.0:1.0 0.54 6.13 0.43 1.43 

 

*All the devices measurements were performed in ambient condition without a 

protective atmosphere and active area is 6.0 mm
2
. 
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Figure 5.4 Current density vs voltage (J-V) curves using P3HT:PC61BM composition 

ratios (1.0:1.2; 1.0:1.4; 1.0:1.6; 1.0:1.8; 1.0:2.0) measured under 100 mW cm
-1

 AM 

1.5 G illumination. 

 

Table 5.2 BHJ solar cells parameters using P3HT:PC61BM with different weight ratio 

((1.0:1.2; 1.0:1.4; 1.0:1.6; 1.0:1.8; 1.0:2.0) in chlorobenzene with devices structure 

ITO/PEDOT:PSS/P3HT:PC61BM/Al.  

S. No. P3HT:PC61BM 

Composition ratio 

Voc  

(V) 

Jsc 

(mA/cm²) 

FF  

(%) 

PCE* 

(%) 

1 1.0:1.2 0.52 5.80 0.40 1.19 

2 1.0:1.4 0.44 2.61 0.37 0.43 

3 1.0:1.6 0.53 1.19 0.28 0.18 

4 1.0:1.8 0.32 0.55 0.20 0.034 

5 1.0:2.0 0.50 0.07 0.20 0.007 

 

*All the devices measurements were performed in ambient condition without a 

protective atmosphere and active area is 6.0 mm
2
. 
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The systematic studies of photovoltaic performances with different 

composition ratios of P3HT:PC61BM clearly demonstrated that composition ratio has 

significant effect on Jsc compared to Voc and FF (Figure 5.5). It is worth mentioned 

here that significant changes in Jsc has been observed for the devices having 

composition ratio from 1.0:0.4 to 1.0:1.2 (Table 5.1 and 5.2), while minor changes for 

FF and Voc were observed. The treads are more prominent, when devices were 

fabricated with further decrease or increase of PC61BM:P3HT ratio in active later 

(Table 5.1 and 5.2) 

 

 

 

Figure 5.5 Bar diagram showing OPV cell parameters, PCE, Jsc, FF, and Voc vs the 

PC61BM:P3HT composition ratio used for device fabrication. The Jsc has strong 

correlation with composition ratio resulting in higher PCE with 1.0:0.8 composition 

ratio of P3HT:PC61BM.   
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5.2.2 Absorption and emission spectra 

We have investigated the effect of Jsc from the perspectives of optical 

properties in different composition ratios. As shown in Figure 5.6 a, the measured 

optical absorption spectra for best five different composition ratios of P3HT:PC61BM 

in chlorobenzene are comparable. For comparison purpose absorption spectra for 

P3HT, PC61BM and other five different composition ratios in chlorobenzene are 

presented in Figures 5.6 b-c. Two major peaks at 330 and 455 nm originated from 

PC61BM and P3HT respectively, have been observed in absorption spectra of these 

composition ratios. There is no bathochromic shift among 10 different composition 

ratios of P3HT:PC61BM, while hyper chromic shifts have been observed. As a result 

intensity of the two peaks at 330 and 455 nm changes due to composition variation of 

P3HT and PC61BM. The solid state film absorption spectra of different composition 

ratios are presented in Figure 5.6 d. It is notable that significant red shift has been 

observed in solid state absorption spectra as compared to absorption spectra in 

solution. Thus the amount of photon absorption by active layer should be significantly 

different and 1.0:0.8 composition ratio of P3HT:PC61BM may be absorbed the highest 

possible photons among them. Therefore, significant variation of Jsc may be arising 

from amount of photon absorption by active layers and higher Jsc should be observed 

from strong absorption of 1.0:0.8 composition ratio of P3HT:PC61BM active layer 

used in this study. The comparative photoluminescence (PL) spectra of various 

composition ratio of P3HT:PC61BM were studied to investigate the quenching effect 

(Figure 5.7 a-b). The PL spectra of the best five composition ratios (P3HT:PC61BM= 

1.0:0.4; 1.0:0.6; 1.0:0.8; 1.0:1.0 and 1.0:1.2) (Figure 5.7 a) are similar to each other 

and no significant quenching difference among them have been found (Figure 5.7 a).  
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Figure 5.6 UV-vis absorption spectra of different composition ratio of P3HT:PC61BM 

mixture, P3HT and PCBM. (a-c) in chlorobenzene and (d) in film. 
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Figure 5.7 Emission spectra of different weight ratio P3HT:PC61BM mixture in 

chlorobenzene. 
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5.2.3 Morphology 

To elucidate the role of morphology of photoactive layer we have investigated 

surface morphology and roughness of P3HT:PC61BM layer using atomic force 

microscope (AFM). The blend film was spin-coated from the solution of 

P3HT:PC61BM (used composition ratio 1.0:0.8) in chlorobenzene. AFM image 

exhibits the smooth and a homogeneous surface of the film induces better contact 

with the cathode (Figure 5.8). No large phase separation, domain and aggregation in 

the film surface were observed, which is favorable for efficient exciton dissociation, 

leading to relatively high Jsc. The presence of nanoscale phase separation in the film 

morphology is leading to the highest Jsc, FF, and PCE. Morphology of the 

PEDOT:PSS film as HTL was also studied by AFM (Figure 5.9). Like the photoactive 

layer, the film shows relatively smooth surface and no large phase separation which 

improves the contact and hole collection. This characteristic for both photoactive and 

HTL could facilitate the diffusion, separation of excitons and charge transport, that 

improve Jsc, FF, and PCE. 
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Figure 5.8 2D AFM image of a spin coated of P3HT:PC61BM (composition 

ratio1.0:0.8) on glass. 

 

Figure 5.9 2D AFM image of a spin coated of PEDOT:PSS on glass.  
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5.3 Experimental 

All chemicals and materials were purchased from sigma-aldrich and used 

without further purification unless otherwise stated. P3HT (Mn ~ 54,000 and PDI < 

2.5) and PEDOT:PSS were purchased from sigma-aldrich and PC61BM was 

purchased from nano-C. 

5.3.1 Device Fabrication 

The organic photovoltaic devices with geometry of 

glass/ITO/PEDOT:PSS/P3HT:PC61BM/Al were fabricated on ITO coated glass 

substrates. Prior to use, the substrates were cleaned with soap solution followed by 

deionized water. Then the substrates were reflux in acetone followed by 

trichloroethane and isopropanol respectively. After drying the substrates, a thin film 

of PEDOT:PSS (60 nm) layer was spin coated at 2000 rpm for 2 minutes. The 

resulted thin films were annealed at 120°C for 10 minutes. Active materials P3HT and 

PC61BM were dissolved in chlorobenzene with a concentration of 20 mg/mL. Ten 

different composition ratios of P3HT and PC61BM (P3HT:PC61BM ratios are 1.0:0.2, 

1.0:0.4, 1.0:0.6, 1.0:0.8, 1.0:1.0, 1.0:1.2, 1.0:1.4, 1.0:1.6, 1.0:1.8, 1.0:2.0 by weight) 

were used for active layers deposition. The active layers were spin coated on top of 

the PEDOT:PSS layer using 2000 rpm for 2 minutes and resulting substrates were 

annealed at 110 °C for 20 minutes. Finally the devices were completed by deposition 

of 120 nm aluminium layer at a pressure of 8x10
-6

 mbar. 

5.3.2 Device Characterization 

All the device measurements were performed in ambient condition without a 

protective atmosphere. The current-voltage (J-V) characteristics and PCE were 

measured with a computer controlled keithley 2400 source meter. To measure the 
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current density under illumination, the devices were illuminated from the transparent 

ITO electrode side using solar simulator with an air mass 1.5G (AM 1.5G) (100 

mW/cm2). UV/Vis spectra were obtained on UV-1800, shimadzu spectrophotometer 

(spectral resolution 1.0 nm) in chlorobenzene, fluorescence spectra were recorded on 

a fluorolog fluorimeter in a 1 cm quartz cuvette and atomic force microscope (AFM) 

images were obtained on model number NT-MDT Solver Pro. 

5.4 Conclusions  

We have investigated the effect of composition ratio of P3HT:PC61BM as 

donor and acceptor materials for conventional BHJ solar cells in ambient conditions. 

We have observed that 1.0:0.8 composition ratio for P3HT:PC61BM has achieved 

highest PCE. The P3HT:PC61BM composition ratios range from 1.0:0.4 to 1.0:1.2 

show relatively good PCE while further decrease or increase in the composition ratio 

of P3HT:PC61BM resulted devices show very poor PCE. Thus composition ratio of 

P3HT:PC61BM has significant effect on Jsc, while a small on Voc and FF of the 

optimized devices. 
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Chapter: 6 

Conclusions and Scope of Future Work 

 

6.1 Conclusions 

 We have successfully demonstrated, solution-processable CuSCN 

(diisopropyl sulfide as a deposited solvent) as HTL in conventional BHJ 

solar cells. The active materials PCDTBT:PC71BM and PTB7:PC71BM 

were used for device fabrication and thereby leads up to 5.94 % and 4.60 % 

PCEs for these active layers respectively. The effect of annealing 

temperature was also optimized on device fabrication. Annealing 

temperature for the CuSCN as HTLs in organic solar cells has significant 

effect on PCE specifically the FF and Jsc.  

 Further, we have demonstrated an eco-friendly solution-processable 

deposition of CuSCN using DMSO solvent as HTL in efficient organic 

solar cells. The photovoltaic devices were fabricated with the device 

structure of ITO/CuSCN/active layer/Al and PCE up to 4.20 % has been 

achieved with relatively higher FF as compared to reported in previously 

published literature. 

 In parallel with the above work, investigations were also directed towards 

development of alternative and universal solvents for CuSCN for 

fabrication of low band gap polymeric solar cells. In this connection, we 

used five different alternative solvents compactable with CuSCN for 

fabrication of organic solar cells: N,N-dimethylformamide, dioxane, 

acetonitrile, ethylene glycol, propylene carbonate using same device 

structure as above. 
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 We have also successfully demonstrated inexpensive and solution-

processable CuI (acetonitrile as a deposited solvent) as an HTL in low band 

polymeric solar cells. The PCEs has been achieved up to 3.04% and 4.48% 

PCEs for active materials of PCDTBT:PC71BM and PTB7:PC71BM 

respectively. These results are relatively better when compared to the 

devices fabricated using solution processed PEDOT:PSS as HTLs under 

similar conditions. 

 In order to enhance the utilization of CuI as efficient HTL, we used three 

different alternative solvents compactable with copper iodide for 

fabrication of organic solar cells. CuI used as a solution-processable HTL 

dissolved in three solvents (each 10 mg/mL): dimethyl sulfoxide (DMSO), 

N,N-dimethylformamide (DMF) and diisopropyl sulfide. We have 

successfully fabricated      organic solar cells based on low band gap 

polymers and achieved good performance. 

  We have investigated the effect of composition ratio of P3HT:PC61BM as 

donor and acceptor materials for conventional BHJ solar cells in ambient 

condition and observed that 1.0:0.8 composition ratio for P3HT:PC61BM 

has achieved highest PCE. The P3HT:PC61BM composition ratios range 

from 1.0:0.4 to 1.0:1.2 show relatively good PCE while further decrease or 

increase the composition ratio of P3HT:PC61BM the resulted devices show 

very poor PCE.  
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6.2 Scope of Future Work 

 This study clearly demonstrates that due to non-acidic nature of CuI and 

CuSCN may be used as a potential candidate as HTLs to improve the PCE 

for low band gap polymeric solar cells.  

 Further study on lifetime of these devices could be perform for possible 

commercial applications in future. 

 Further study may be perform to examine the effectiveness of these CuSCN 

and CuI as HTM in device application such as perovskite solar cells etc.  

 Solution processable HTM such as CuSCN and CuI based study has a 

potential for efficient and inexpensive approach for the development of 

stable, large area and cost effective organic photovoltaic devices for off-

grid application. 
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