
  
 

 

 UNIDAD ZACATENCO 

DEPARTAMENTO DE INGENERÍA ELÉCTRICA  

SECCIÓN ELECTRÓNICA DEL ESTADO SÓLIDO  

 

 

“Síntesis Mecanoquímica de Cu(In,Ga)Se2: 

Depósito, Selenización y Caracterización de 

Películas” 

 

Tesis 

 

Que presenta 

 

ROHINI NEENDOOR MOHAN 

 

Para obtener el grado de 

  

DOCTORA EN CIENCIAS 

 

Director de la Tesis: Dr. Velumani Subramaniam 

 

 

 

Ciudad de México    Deciembre, 2016

CENTRO DE INVESTIGACIÓN Y DE 

ESTUDIOS AVANZADOS DEL INSTITUTO 

POLITÉCNICO NACIONAL 



  
 

 

 



i 
 

RESUMEN 

 

La calcopirita Cu(In,Ga)Se2 (CIGSe) es un material fotovoltaico de película delgada 

favorable, y que ha ganado considerable atención debido a sus apropiadas 

propiedades opto-electrónicas y su alta eficiencia de conversión. Últimamente, ha 

alcanzado una eficiencia del 22,3%, que es la más alta entre las películas delgadas 

fotovoltaicas. A pesar de este logro, los procesos basados en vacío empleados para 

depositar la película de CIGSe en estos dispositivos, crean dificultades tecnológicas 

para la producción de módulos fotovoltaicos rentables. Como método de 

procesamiento económico, el método de deposición de película basado en partículas 

ganó aceptación en los últimos años. Esta estrategia incluye la síntesis de partículas 

de CIGSe, formulación de tinta con estas partículas, deposición de película por 

impresión, recubrimiento en pasta o recubrimiento por centrifugación y tratamientos 

térmicos posteriores a la deposición. Los diferentes enfoques desarrollados para la 

síntesis de partículas de CIGSe en los años anteriores se han basado principalmente 

en la síntesis química y solvotérmica. La aplicabilidad de estos métodos a escala 

industrial está limitada por el alto consumo de tiempo, el requerimiento de sofisticadas 

etapas de procesamiento y la dificultad para controlar la composición química de las 

partículas finales de CIGSe. Por el contrario, la síntesis mecanoquímica es una 

técnica rápida, barata, fácil de escalar que puede sintetizar partículas de aleación con 

una composición flexible a escala industrial. Por lo tanto, esta tesis presenta un 

estudio sobre la optimización de la síntesis mecanoquímica para obtener partículas 

de fase simple de CIGSe, deposición de la película y tratamientos térmicos 

posteriores a la deposición para lograr la recristalización y el crecimiento del grano. 

La primera parte de esta tesis se dedica a: (i) optimizar las variables del proceso 

mecanoquímico, tales como tiempo de molienda, relación bola a polvillo y velocidad 

de molienda para sintetizar partículas de fase simple de calcopirita,  Cu(In,Ga)Se2 en 

tiempo de síntesis corto, (ii) formulación de la tinta a base de partículas de 

Cu(In,Ga)Se2, (iii) deposición de película por la técnica de “Doctor Blade”, (iv) recocido 

en aire, y (v) recocido a alta temperatura en atmósfera de Se (selenización). 
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La optimización del proceso mecanoquímico se realizó para sintetizar partículas de 

Cu(In0.5,Ga0.5)Se2. Se demostró que a un mayor tiempo de molienda, la relación de 

bolas a polvo y la velocidad de molienda eran favorables para la formación de 

partículas de fase simple de Cu(In0,5,Ga0,5)Se2. Sin embargo, una relación más alta 

de bola a polvo ayudó a reducir el tiempo de molienda para formar partículas de fase 

simple de Cu(In0,5,Ga0,5)Se2. El tamaño de cristal de las partículas sintetizadas varió 

linealmente con el tiempo de molienda, mientras que mostró una variación no lineal 

con respecto a la relación de bola a polvo y velocidad de molienda. Se encontró que 

la morfología de las partículas cambiaba con el tiempo de molienda, la relación de 

bola a polvo y la velocidad de molienda. Se determinó que los parámetros óptimos 

para sintetizar partículas de de Cu(In0,5,Ga0,5)Se2 son: una relación de bola a polvo 

de 25:1, velocidad de molienda de 400 rpm y tiempo de molienda de 2 h. Además, las 

partículas de Cu(In0.7,Ga0.3)Se2 se sintetizaron usando los parámetros optimizados de 

síntesis mecanoquímica, ya que la relación Ga/(In + Ga) = 0.3 fue la relación óptima 

utilizada en dispositivos fotovoltaicos de alta eficiencia basados en CIGSe. 

La tinta a base de partículas Cu(In0.7,Ga0.3)Se2 se formuló usando etanol como 

disolvente y una mezcla de Celulosa de Etilo y mezcla de Terpineol como aditivos 

orgánicos. Se estudió el papel de la Celulosa de Etilo y del Terpineol en la formulación 

de tinta y se entendió que la Celulosa de Etilo actuaba como aglutinante mientras que 

el Terpineol servía como agente dispersante. La película de Cu(In0.7,Ga0.3)Se2 se 

depositó sobre el substrato de vidrio por medio de la técnica de Doctor Blade. Se 

encontró que, aunque la película de Cu(In0.7,Ga0.3)Se2 depositada tenía una cantidad 

enorme de aditivos orgánicos, conservaba las propiedades estructurales de las 

partículas mecanicamente sintetizadas. A continuación, las películas se recocieron a 

300 y 400 ˚C en aire durante 1 h para eliminar el contenido de Carbono y se 

selenizaron a 550 ˚C durante 15 minutos para mejorar las propiedades estructurales 

y morfológicas. El proceso de recocido y selenización mejoró la calidad cristalina y 

redujo los aditivos orgánicos en la película depositada. Las películas no mostraron 

crecimiento de grano incluso después de la selenización presumiblemente debido a 

la fuerte naturaleza covalente del compuesto CIGSe. La película recocida a 300 ˚C 

seguida de tratamiento de selenización mostró propiedades estructurales, 

compositivas y morfológicas superiores y reveló una concentración de portador de 
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1017 cm- 3, una movilidad de vacancias de 0.0368 cm2/Vs y una resistividad de 

3.06x102 Ωcm. También exhibió fotoconductividad. 

La segunda parte de esta tesis aborda una posible solución para superar la dificultad 

de obtener el crecimiento del grano durante la selenización de películas basadas en 

partículas mecánoquimicamente sintetizadas y así mejorar la movilidad y reducir la 

resistividad de las películas de CIGSe. Aquí presentamos la aparición de la 

recristalización y el crecimiento de grano en las películas CIGSe depositadas usando 

tinta basada en partículas sintetizadas de Cu(In0.7,Ga0.3)Sey,(y = 1,5,1 y 0,5). Hasta 

donde sabemos, esta es la primera evidencia de recristalización y crecimiento de 

grano exhibido por las películas de CIGSe al reducir el contenido de Se en las 

partículas de Cu(In0.7,Ga0.3)Sey sintetizadas mecanoquímicamente. Aunque la 

película de CIGSe obtenida a partir de las partículas Cu(In0.7,Ga0.3)Se0.5 mostró un 

pronunciado crecimiento de grano, también mostro presencia de una fase adicional 

de Cu-Se. Además, al reducir el contenido de Cu en las partículas de 

Cu(In0.7,Ga0.3)SeO.5 sintetizadas mecanoquímicamente a 0.85, se obtuvieron películas 

de calcopirita de fase simple de Cu0.85(In0.7,Ga0.3)Se2 con crecimiento de grano 

mejorado, mayor movilidad, menor resistividad y fotoconductividad. 

Finalmente, se exploraron películas CIGSe obtenidas por selenización de película 

Cu0.85(In0.7,Ga0.3)Se0.5 para aplicaciones fotovoltaicas. Se formó una heterojunción 

Mo/CIGSe/CdS/Au y exhibió características de diodo bajo la oscuridad. Sin embargo, 

la estructura de heterojunción no mostró ninguna corriente fotogenerada bajo 

iluminación, posiblemente debido a la alta resistencia en serie resultante de (i) falta 

de contacto frontal en capa i-ZnO/Al:ZnO, (ii) interfaces Mo/CIGSe y CIGSe/CdS, y 

(iv) calidad en la unión deficiente. Sin embargo, al completar la estructura del 

dispositivo Mo/CIGSe/CdS/i-ZnO/Al:ZnO y con investigaciones adicionales, se podría 

mejorar el rendimiento del dispositivo. 

Palabras clave: sintesis mecanoquímica, peliculas de 

Cu(In,Ga)Se2,recristalizacíon,crecimiento de grano. 
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ABSTRACT 

 

Chalcopyrite  Cu(In,Ga)Se2 (CIGSe) is a favourable thin film photovoltaic material, and 

has attained considerable attention due to its appropriate opto-electronic properties 

and high conversion efficiency. Lately, it achieves efficiency of 22.3 % which is the 

highest among thin film photovoltaics. Despite this achievement, the vacuum-based 

processes employed for depositing CIGSe film in these devices creates technological 

difficulties for the production of cost-effective photovoltaic modules. As an economical 

processing approach, particle-based film deposition method gained acceptance in the 

past years. This strategy includes synthesis of CIGSe particles, particulate ink 

formulation, film deposition by printing, paste coating or spin coating and post-

deposition heat treatments. Different approaches developed for synthesize of CIGSe 

particles in the previous years are mainly based on chemical and solvothermal 

synthesis. Applicability of these methods in industrial scale is limited by long time 

consumption,requirement of sophisticated processing steps and difficulty in controlling 

composition of final CIGSe particles. On the contrary, mechanochemical synthesis is 

a quick, inexpensive, easy-up scalable technique that can synthesize alloy particles 

with a flexible composition at an industrial scale. Hence this thesis presents a study 

on the optimization of mechanochemical synthesize to obtain single phase CIGSe 

particles, film deposition and post-deposition heat treatments to achieve 

recrystallization and grain growth. 

The first part of this thesis is dedicated to (i) optimization of mechanochemical process 

variables such as milling time, ball to powder ratio and milling speed to synthesize 

single chalcopyrite phase Cu(In,Ga)Se2 particles in short synthesis time, (ii) 

formulation of Cu(In,Ga)Se2 particle-based ink, (iii) film deposition by doctor blade 

coating, (iv) air annealing, and (v) annealing at high temperature in Se atmosphere 

(selenization).  

The optimization of the mechanochemical process was carried out to synthesize 

Cu(In0.5,Ga0.5)Se2 particles. It showed that higher milling time, ball to powder ratio and 

milling speed were favourable for the formation of single phase Cu(In0.5,Ga0.5)Se2 

particles. However, higher ball to powder ratio assisted to reduce the milling time to 

form single phase Cu(In0.5,Ga0.5)Se2 particles. The crystallite size of synthesized 
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particles varied linearly with milling time while it showed non -linear variation with 

respect to the ball to powder ratio and milling speed. Morphology of particles was found 

to change with milling time, ball to powder ratio and milling speed. The optimum 

parameter to synthesize Cu(In0.5,Ga0.5)Se2 particles was determined to be a ball to 

powder ratio of 25:1, milling speed of 400 rpm and milling time of   2 h. Further, 

Cu(In0.7,Ga0.3)Se2 particles were synthesized using the optimized mechanochemical 

synthesis parameters since Ga/(In+Ga) =0.3 was the optimum ratio used in high- 

efficiency CIGSe-based photovoltaic devices.  

Cu(In0.7,Ga0.3)Se2 particle-based ink was formulated using ethanol as solvent and 

Ethyl cellulose and Terpineol mixture as organic additives. The role of Ethyl cellulose 

and Terpineol in ink formulation was studied and understood that Ethyl cellulose acted 

as binder while Terpineol served as dispersing agent. Cu(In0.7,Ga0.3)Se2 film was 

deposited on glass substrate by doctor blade coating of ink. It was found that even 

though as-deposited Cu(In0.7,Ga0.3)Se2 film had a huge amount of organic additives, it 

preserved the structural properties of mechanochemically synthesized particles. 

Followingly, the films were annealed at 300 and 400 ˚C in air for 1 h to eliminate 

Carbon content and selenized at 550 ˚C for 15 minutes to improve the structural and 

morphological properties. Annealing and selenization process improved the crystalline 

quality and reduced the organic additives in the as-deposited film. Films did not exhibit 

grain growth even after selenization presumably due to strong covalent nature of 

CIGSe compound. The film annealed at 300 ˚C succeeded by selenization treatment 

showed superior structural, compositional and morphological properties and revealed 

carrier concentration of 1017 cm-3, hole mobility of 0.0368 cm2/Vs and resistivity of 

3.06×102 Ωcm. Also, it exhibited photoconductivity.  

The second part of this thesis addresses a possible solution to overcome the difficulty 

in obtaining grain growth during selenization of mechanochemically synthesized 

particle-based films and thus to improve the mobility and reduce the resistivity of 

CIGSe films. Here we presented the occurance of  recrystallization and grain growth 

in CIGSe films deposited using mechanochemically synthesized Cu(In0.7,Ga0.3)Sey 

particles (y=1.5,1 and 0.5)- based ink. To the best of our knowledge, this is the first 

evidence of recrystallization and grain growth exhibited by CIGSe films  upon reducing 

Se content in the mechanochemically synthesized Cu(In0.7,Ga0.3)Sey particles. Even 
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though the CIGSe film obtained from Cu(In0.7,Ga0.3)Se0.5 particle exhibited 

pronounced grain growth, it showed presence of additional Cu-Se phase. Further, by 

reducing Cu content in the mechanochemically synthesized  Cu(In0.7,Ga0.3)Se0.5 

particles to 0.85, single chalcopyrite phase Cu0.85(In0.7,Ga0.3)Se2 films with enhanced 

grain growth, higher mobility, less resistivity and photoconductivity was obtained.  

Eventually, CIGSe films obtained by selenization of Cu0.85(In0.7,Ga0.3)Se0.5 film was 

explored for photovoltaic application. Mo/CIGSe/CdS/Au heterojunction was formed 

and it exhibited diode characteristics under dark. However, the heterojunction 

structure showed no photogenerated current under illumination possibly due to high 

series resistance arising from (i) lack of proper front contact made of i- ZnO/Al:ZnO 

window layer, (ii) Mo/CIGSe and CIGSe/CdS interfaces, and (iv) reduced junction 

quality. Nevertheless, by the completion of Mo/CIGSe/ CdS/ i-ZnO/Al:ZnO device 

structure and with further investigations, the device performance could be improved. 

 

Keywords: Mechanochemical synthesis, Cu(In,Ga)Se2 films, recrystallization and 

grain growth. 
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CHAPTER - 1 

INTRODUCTION 

 

1.1.  Importance of Renewable Energy 

 

Energy is an integral part of economic and social development in all countries.  The 

art of the efficient use of available energy enabled humans to enhance the quality of 

life. The history of the development of energy resources and evolution of energy 

conversion technologies have contributed towards the cultural advancement of human 

society. From the era of the industrial revolution (1760-1840), energy from fossil fuels 

is playing a profound role in nurturing human development.  

The important fossil fuels used today by the most industrialized and developing nations 

are oil, coal and natural gas. This is because of the reasonably low price for converting 

fossil fuel to energy. Nevertheless, severe environmental issues are arising out of the 

use of fossil fuels in the current scenario. The main issue is that fossil fuel, a natural 

resource of energy, is limited and non-renewable. It underlines the impracticability of 

use of fossil fuel energy as if there is an unlimited amount for much longer time to meet 

the increasing energy demand. The outlook for energy published in 2015, describes 

significant variation in the energy demand trend across the world from 2010 to 2040, 

in relation to change in population and economic growth measured as GDP (the gross 

domestic product) of developed economies (as defined by the membership in the 

Organization for Economic Co-operation and Development, OECD), developing 

economies and rest of the world which is shown in figure 1.1. According to that, global 

population is projected to hike from 7 billion in 2010 to 9 billion by 2040 in which 40 % 

of rising is expected to come from India and the 10 key growth countries comprise of 

Brazil, Mexico, South Africa, Nigeria, Egypt, Turkey, Saudi Arabia, Iran, Thailand, and 

Indonesia. The increase in population in these countries can lead to its economic 

growth as the number of the working-age citizen to the total population increases. With 

an increase in population, the global GDP is expected to rise by 140% as result of 

economic growth in these countries. Per capita GDP of China, India, and other key 

growth countries is expected to be higher than 4 times, 3 times and 1-2 times 
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respectively, by 2040 than it is in 2010. It emphasizes on expected increase in 

standard of living of billions of people by 2040, which drive increased energy use in 

improved infrastructure, transportation, electrification, and urbanization. So, a huge 

increase in demand for energy from 400 to 700 quadrillion British thermal unit (QBTU) 

(1 QBTU/h= 293.071 ×103 GW) from 2010 to 2040, is estimated in which fifty 

percentage of the rise in global energy demand is expected to be together from two 

developing economies, India and China and rest of share is presumed from the key 

growth countries [1.1]. 

 

 

Fig.1.1. Expected increase in population, economy, and energy demand by 2040 [1.1]. 

 

The second most important issue is climate change due to global warming, one of the 

difficult challenges faced by the world in the 21st century [1.2]. Burning of fossil fuels 

causes emission of long-lived green - house gases (LLGHG) such as CO2, SO2 and 

NOx, which act to trap heat, radiated from earth’s surface and cause an increase in 

surface temperature of the earth. Observation of the World Meteorological 

Organization- Global Atmosphere Watch programme on LLGHG is given in table 1.1. 

It illustrates the atmospheric abundance (2013) and rate of change of most important 

LLGHG from the pre-industrialization era (1750) to 2012. It shows that CO2 is the 

primary LLGHG that contributes 65% to radiative forcing (RF- it expresses a change 

of energy in the atmosphere due to GHG emissions). In 2013, the global average CO2 

level was 396 ppm, which is 142 % of the pre-industrial level. Besides, there is 2.07 

ppm/yr of mean absolute increase in atmospheric CO2 from 2003 to 2013. The lion’s 

share of this is contributed by the combustion of fossil fuels for energy purposes [1.3]. 
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Hence, the dependence on fossil fuels to meet the increased energy demand could 

have adverse effects on global climatic changes. In this context, promotion of 

alternative, environmentally friendly and renewable energy sources, which generate 

less or no carbon to the environment pay much attention as decarbonising energy is 

the quickest way to decarbonise the world.  

 

Table 1.1. Global annual mean abundance and trends of key green-house gases [1.3]. 

LLGHG 

Global 

abundance 

in 2013 

Pre- 

industrial 

mole 

fraction 

Present 

abundance 

relative to 

the year 

1750 

2012-

2013 

absolute 

increase 

Mean 

absolute 

increase 

during 

last 10 

years 

RF 

CO2 396 ppm 278 ppm 142% 2.9 ppm 2.07 ppm/yr 65% 

CH4 1824 ppb 722 ppb 253% 6 ppb 3.8 ppb/yr 17% 

N2O 325.9 ppb 270 ppb 121% 0.8 ppb 0.82 ppb/yr 6% 

 

 

1.2.  Renewable energy sources 

Renewable energy resources have pivotal importance in the world’s future energy 

sector. It includes some forms of biomass, hydropower, geothermal, solar, wind, wave 

and tidal energy [1.4]. These energy sources exist virtually everywhere, in contrast to 

other energy sources, which are concentrated in a limited number of countries. Based 

on the report of Renewable Energy Policy Network for the 21st century, renewable 

resources provided 19 % to global energy consumption and 22 % to electricity 

generation in 2012 and 2013, respectively. Among these energy consumptions, 9 % 

comes from traditional biomass, 4.2% as heat energy (non-biomass), 3.8% hydro-

electricity and 2% is electricity from the wind, solar, geothermal, and biomass [1.5]. 

The contribution of renewable energy is expected to increase significantly in the 

upcoming years.  Rapid implementation of renewable energy resources can result in 

remarkable energy security, climate change mitigation, and economic benefits. 



4 
 

Besides, renewable energy technology has the potential to lift rural and remote areas, 

developing countries and under developed to new levels of prosperity [1.6]. 

 

1.3. The Solar Energy- World’s future energy resource 

Considering all the renewable energy sources, solar energy is the most abundant and 

widely distributed energy source. The sun radiates energy at the rate of 3.8 × 1023 kW, 

of which 1.8 ×1014 kW is intercepted by the earth.  It indicates that in one second, the 

sun gives off more energy than people have used since the beginning of the time [1.7]. 

Furthermore, solar energy is one of the cleanest sources of energy, creating no harm 

towards natural resources such as water, air, and soil. It positively addresses the 

global warming issue (no emission of green- house gases) and does not produce solid 

or liquid waste materials [1.8].  Other advantages of solar energy that make it the 

backbone of serious sustainable development programs include restoration of 

degraded land, reduction of transmission lines from electricity grids, enhancing the 

quality of water resources, progress of national energy independence, diversification 

and security of energy supply and steady growth of rural electrification in developing 

countries [1.9]. Hence, it is often referred as “alternative energy” to conventional fossil 

fuel energy sources. 

 

1.4. Photovoltaic technology 

The human race has developed infinite technologies to harvest solar energy, radiant 

light and heat from the sun since ancient times. Current practises for utilization of solar 

energy falls into three categories: (1) thermal applications such as cooking, water 

heating, crop drying etc, (2) solar thermal electricity power system which generates 

electricity out of solar radiation through solar thermal conversion and (3) solar 

photovoltaic system that converts sunlight directly into electrical energy [1.10].     

Solar photovoltaic power generation technology is an appealing method to produce 

electrical energy without any moving parts or emission of toxic substances to the 

environment during its operation. This elegant technology works under the principle of 

photovoltaic effect, which was discovered in 1954 when scientists at Bell Laboratories 
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noticed creation of electric charge in Silicon upon exposure to sunlight. A photovoltaic 

cell is the primary part of photovoltaic power generation system where the photovoltaic 

conversion process takes place. The photovoltaic cell is a p-n junction semiconductor 

device. The photovoltaic conversion process consists of three steps: (1) absorption of 

solar radiation (photons) by the absorber material in the solar cell, (2) generation of 

electron-hole pairs and (3) separation of electron-hole pairs to generate electricity. A 

photovoltaic cell absorbs solar radiation with energy equal to or greater than the 

bandgap of the absorber material used in it. Upon absorption of solar energy, the 

electrons in the valance band move to conduction band leaving hole behind it. The 

separation of generated electron–hole pair is executed by the electric field generated 

at the p-n junction. Figure 1.2 illustrates isolated p and n-type materials and its band 

diagram. Electrons are the majority carriers in n-type material, and negative charge of 

electrons are compensated by positively charged ionized donor atoms. While, a larger 

concentration of holes in the p-type material is compensated by the negatively charged 

ionized acceptor atoms. 

 

 

 

Fig.1.2. Schematic of isolated n-type and p-type semiconductor and their band diagram 

[1.11]. 

 

Figure 1.3 depicts the working principle of a solar cell. Formation of p-n junction by 

bringing p-and n-type material closer to each other results in the diffusion current of 

electrons from n-type material into p-type and holes from p-type to n-type material 
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across the junction due to the large difference in electron concentration existing 

between n and p-type material. Thus, the region close to p-n junction becomes 

completely depleted of mobile charge carriers and gives rise to a space charge created 

by charge of the ionised donor and acceptor atoms. The region of space charge is 

called as space charge region/ depleted region and constitutes ionised donor and 

acceptor atoms that are not balanced by the mobile charge carriers. While, the region 

outside the space charge region is called as quasi-neutral regions in which, the charge 

neutrality is maintained. The space charge region results in the formation of an internal 

electric field, which forces the charge carriers to move in a direction opposite to the 

concentration gradient thereby opposing the diffusion current flow. No net diffusion 

current flows across the p-n junction when the force by the concentration gradient and 

the internal electric fields compensate each other. This internal electric field drives the 

separation of generated electron-hole pair by favouring movement of the 

photogenerated electron from p- type to n- type and by preventing its movement from 

n-type to p-type material. The resulting movement of minority carriers across the 

junction creates a potential difference between the two end of p-n diode and current 

will flow through the solar cell [1.11]. 

 

 

 

Fig.1.3. Schematic of working principle of a solar cell [1.12]. 
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1.5. Status of photovoltaic (PV) market in the world 

PV has made magnificent growth in the past decades. It can play a vital role in global 

electricity production in the future. Figure 1.4 shows global solar PV capacity from the 

year 2004 to 2014. It shows that global PV capacity has increased from 138 GW in 

2013 to 177 GW in 2014. Thus 2014 is marked as a record year for growth of PV 

capacity [1.5]. This installed capacity is projected to be beyond 500 GW by 2020 and 

is foreseen as world’s largest source of electricity by 2050 [1.13].  

 

 

Fig.1.4. Global cumulative PV installed capacity from 2006 to 2014 [1.5]. 

 

Presently the top ten PV markets are China, Japan, United States, United Kingdom, 

Germany, France, Australia, South Korea, South Africa and India. Solar PV capacity 

and additions by these countries is given in figure 1.5. According to that, China added 

10.6 GW in 2014 and increased its PV cumulative capacity to 28 GW. Japan expands 

PV capacity by adding 9.7 GW and raising total capacity to 23.3 GW. The other large 

PV markets in Asia are South Korea, India, and Thailand. The PV capacity of India 

reached 3.2 GW by the end of 2014. While United States installed 6.2 GW and raised 
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PV capacity to 18.3 GW.  The Europe has total regional PV capacity of 87 GW. Within 

Europe, Germany and United Kingdom are the main PV installers. The United 

Kingdom installed 2.4 GW for a total of 5.2 GW whilst Germany installed 1.9 GW to 

achieve 38.2 GW. Australia installed 0.9 GW in 2014 for a total of 4.1 GW. PV market 

in Latin America has shown a rapid growth. However, growth rate differs from country 

to country. Among Latin America, Chile is regarded as the country of the clear majority 

of the region’s installations. Chile added 395 MW to its existing 12 MW. Following 

Chile, Mexico showed considerable growth by increasing PV capacity to 64 MW. In 

late 2014, Brazil permitted for large- scale solar PV projects to produce 1 GW [1.5]. 

 

 

Fig.1.5.  Solar PV capacity of top 10 countries based on addition in 2014 [1.5]. 

 

1.6. Photovoltaic materials 

The centre of a solar cell is the light absorbing semiconductor material. There are 

certain requirements for a material to be used as an absorbing material in a solar cell. 

They are  
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(i) band gap between 1.1 and 1.7 eV 

(ii) consisting of readily available, non- toxic materials  

(iii) easy, reproducible deposition technique, suitable for large area production 

(iv) Good photovoltaic conversion efficiency 

(v) long-term stability 

(vi) control of conduction type and resistivity and  

(vii) high carrier lifetime  

There are few materials used as the absorber material in solar cells. They are 

crystalline Si, amorphous Si, CuInSe2 (CISe), Cu(In,Ga)Se2 (CIGSe), CdTe, GaAs, 

GaInP, InP, organic semiconductors, Cu2ZnSnS4 (CZTS), perovskites, TiO2 etc. [1.14-

1.16]  

 

1.7. Different Photovoltaic technologies 

There are different PV technologies depending on the type of absorber material as 

mentioned in section 1.6. Amongst them c-Si-based solar cells has been the dominant 

part of PV market for the past two decades and this dominance is expected to continue 

[1.17]. Si becomes the most desirable photovoltaic material due to its attributes such 

as material abundance, high conversion efficiency (24%), a near-optimum energy gap 

(1.12 eV), excellent stability, low material cost and environmentally benign [1.18]. 

Though Si has a near optimum energy band gap to provide good conversion efficiency, 

it is an indirect bandgap material. Hence it has a low absorption coefficient (100 cm-1) 

which is detrimental in a material point of view [1.19]. Around 100 μm thick Si is 

required to absorb 90% of the incident light. Diffusion length of the photogenerated 

electrons /holes should be twice the thickness of Si for them to be available at the 

heterostructure. This will be possible by ensuring a high crystalline quality of Si that 

demands complicated manufacturing process and increasing the cost of the 

photovoltaics [1.20].  Decrease in cost of Si solar cell can be possible by reducing the 

thickness of Si wafer and by developing a simpler and cheaper production process. 

Another solution to eliminate the cost issue of Si solar cell is to develop thin film solar 

cells in which the consumption of semiconducting material is reduced. The ability to 

fabricate solar cells on low-cost, large area, rigid or flexible substrate, the capability to 
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monolithically interconnect the solar cells, fewer processing steps and a higher degree 

of automation makes thin film photovoltaics favourable [1.21-1.22]. Another promising 

advantage of thin film solar cells is that only one side of the solar cell needs to be 

encapsulated as the substrate where the solar cell stack is deposited onto will serve 

as the other half of the encapsulation [1.23]. This paves a way to second generation 

solar cells called as “thin film photovoltaics” which is mainly classified into two groups: 

one based on thin films of amorphous, nanocrystalline and polycrystalline phases of 

Si and, the other based on polycrystalline chalcogenide semiconducting compounds 

including Cadmium Telluride (CdTe) and Copper Indium Gallium diselenide 

(Cu(In,Ga)Se2 or CIGSe). The third generation of solar cells including dye-sensitized 

nanocrystalline or Gratzel solar cells, organic polymer-based photovoltaics, multi-

junction solar cells, hot carrier solar cells, multi-band and thermophotovoltaic solar 

cells have been emerged with the aim of providing higher efficiency while maintaining 

the low cost offered by second generation solar cells [1.24].  

Table 1.2 gives an overview and comparison of properties of current PV technologies. 

It shows that multi-junction solar cells with five junctions ((Al)GaInP/ 

AlGa(In)As/Ga(In)As/GaInPAs/GaIn(P)As) and three junctions (InGaP/GaAs/InGaAs) 

are currently showing highest efficiencies, 38.8 and 37.9 % respectively. Presently, 

these cells find application in space for satellites. The high production cost of this 

complex technology limits its extensive usage for terrestrial applications. While, 

considering cost effective thin film technology, CIGSe and CdTe based solar cells has 

attained 21.7 and 21.4 % efficiency in laboratory scale [1.25-1.26], which is equal to 

the efficiency of polycrystalline Si solar cells. Both, CIGSe and CdTe have temperature 

resistance higher than Si-based solar cells and have better performance in shades. 

However, thin film CIGSe solar cells have a few advantages over CdTe. Primarily, 

CIGSe is slightly more efficient than CdTe in converting sunlight into usable energy. 

Secondly, they use less amount of toxic heavy metal Cadmium. CIGSe is suitable for 

building integrated photovoltaic markets other than ground and rooftop applications 

[1.28]. Besides, CIGSe has longest range in solar absorption spectrum (Figure 1.6) 

and high absorption coefficient (105/cm) among other thin film solar cells [1.29-1.30]. 
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Table 1.2. Efficiency and solar cell parameters of current PV technologies [1.27] 

Classification Efficiency 

(%) 

Area 

(cm2) 

Voc 

(V) 

Jsc 

(mA/cm2) 

Fill 

factor 

(%) 

Description 

Silicon       

Crystalline Si 25.6±0.5 143.7  0.740 41.8 82.7 Panasonic HIT 

Multicrystalline Si 21.25±0.4 242.7 0.667 39.8 80.0 Trina Solar 

Thin film minimodule Si 10.5±0.3 94 0.492 29.7 72.1 CSG solar 

III-V cells       

GaAs thin film 28.8±0.9 0.9927 1.122 29.68 86.5 Alta devices 

GaAs multicrystalline 18.4±0.5 4.011 0.994 23.2 79.7 RTI 

InP crystalline 22.1±0.7 4.02 0.878 29.5 85.4 Spire 

Thin film Chalcogenide       

CIGSe (cell) 21.0±0.6 0.9927 0.757 35.70 77.6 Solibro 

CIGSe (minimodule) 18.7±0.6 15.892 0.701 35.29 75.6 Solibro 

CdTe (cell) 21.0±0.4 1.0623 0.8759 30.25 79.4 First solar 

Amorphous/microcrystalline 

Si 

      

Si (amorphous) 10.2±0.3 1.001 0.896 16.36 69.8 AIST 

Si (microcrystalline) 11.8±0.3 1.044 0.548 29.39 73.1 AIST 

Dye sensitised       

Dye 11.9±0.4 1.005 0.744 22.47 71.2 Sharp 

Dye minimodule 10.7±0.4 26.55 0.754 20.19 69.9 Sharp 

Organic       

Organic thin-film 11.0±0.3 0.993 0.793 19.40 71.4 Toshiba 

Organic minimodule 9.7±0.3 26.14 0.806 16.47 73.2 Toshiba 

Perovskite       

Perovskite thin film 15.6±0.6 1.020 1.074 19.29 75.1 NIMS 

Multijunction       

Five junction cell (bonded) 38.8±1.2 1.021 4.767 9.56 85.2 Spectrolab 

InGaP/GaAs/InGaAs 37.9±1.2 1.047 3.065 14.27 86.7 Sharp 

GaInP/Si (mech.stack) 29.8±1.5 1.006 1.46 14.1 87.9 NREL 

a-Si/nc-Si/nc-Si (thin-film) 13.6±0.4 1.043 1.901 9.92 72.1 AIST 

a-Si/nc-Si (thin-film cell) 12.7±0.4 1.000 1.342 13.45 70.2 AIST 
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Fig.1.6. Spectral response of different thin film solar cell materials [1.29]. 

 

Even though the above-mentioned advantages of CIGSe solar cells do exist, the use 

of expensive high vacuum technologies such as co-evaporation or sputtering to 

deposit CIGSe absorber layer in high-efficiency solar cells put a limit on the extraction 

of the complete low-cost potential of CIGSe.  The massive capital investments, 

difficulties in scaling to high volume production, poor material utilization efficiency and 

high manufacturing cost limits the commercialization of these approaches [1.31-1.32]. 

Research is trying to overcome this cost barrier through various approaches such as, 

i) replacing indium with lower-cost materials [1.33-1.34], ii) using novel materials such 

as kesterites [1.35] and wide bandgap materials for tandem cells [1.36], iii) material 

bandgap engineering [1.37], iv) non-vacuum deposition techniques such as 

electrodeposition, nanoparticle printing [1.38-1.39], and v) use of low cost substrates 

[1.40-1.41]. 

 

1.8.  Goals and Objectives 

The goals of this thesis are 

(i) Synthesis of CIGSe particle by mechanochemical synthesis. 
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(ii)  Study the effect of post-deposition heat treatments on the properties of 

CIGSe film. 

(iii)  Study the factors influencing grain growth and recrystallization of CIGSe film. 

(iv)  Exploration of potential of CIGSe film for photovoltaic application 

To achieve these goals, this work is carried out focussing on the following objectives 

(i) Optimization of mechanochemical synthesis to obtain single phase quaternary 

CIGSe particles. 

(ii)  Deposition of CIGSe film and study of the influence of post-deposition heat 

treatments on the film properties. 

(iii)  Effect of composition of CIGSe on grain growth and recrystallization during 

heat treatments. 

(iv)   Study of CIGSe absorber film in the Mo/CIGSe/CdS/Au heterojunction 

structure. 

 

1.9. Structure of thesis 

This present thesis is organised into six chapters. Chapter 1 presents the importance 

of renewable energy, in general, the importance of photovoltaic technology, its status, 

different photovoltaic materials and technologies, the importance of CIGSe as solar 

cell and current research to develop CIGSe solar cell at low cost. Chapter 2 describes 

the materials properties, deposition methods of CIGSe film and the importance of 

present work. The description of experimental procedures and equipment used for the 

deposition and characterization of CIGSe absorber is shown in chapter 3. The various 

techniques used for structural, morphological, compositional and electrical properties 

of particles and films are explained in detail in this chapter. The important results on 

the optimization of mechanical synthesis of Cu(In,Ga)Se2 particles, ink formulation, 

annealing and selenization conditions are discussed in chapter 4. The results and 

discussion of properties of CIGSe film obtained from Cu(In,Ga)Sey particles with 

different Se content are presented in chapter 5. In both the chapter 4 and 5, X-Ray 

diffraction, EDAX, and FESEM results were given for determining crystal phase, 

composition and morphology. In addition, electrical properties of selected samples 

obtained using Hall-effect and I-V measurements are also given. Priliminary results of 
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Mo/CIGSe/CdS/Au heterojunction is given in chapter 6.  Chapter 7 presents 

conclusion on important results of this study. 
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CHAPTER - 2 

MATERIAL PROPERTIES AND DEPOSITION METHODS OF 

Cu(In,Ga)Se2 THIN FILM 

 

2.1. History of Copper Indium Gallium Diselenide solar cells 

 

Historically, CuxS/CdS thin film solar cells may be the origin for the development of 

Copper Indium Gallium Diselenide (Cu(In,Ga)Se2 or CIGSe) solar cells [2.1]. As CuxS 

is an unstable compound and suffers degradation over time due to diffusion of Copper 

(Cu), Indium (In) is incorporated within it to improve the stability by forming strong 

covalent bonded compound CuInS2.The bandgap of CuInS2 is around 1.5 eV which is 

optimal to absorb maximum solar spectrum [2.2]. However, photovoltaic performance 

of CuInS2 was inferior to its symmetrical compound CuInSe2 (CISe), a compound 

semiconductor with lower bandgap (1.1 eV).  Later, the bandgap of (CISe) was 

increased by adding Ga leading to the beginning of CIGSe semiconductor, which 

currently occupies mainstream market as next generation thin film solar cell. 

 

2.2. Material properties of Copper Indium Gallium Diselenide  

2.2.1. Structural properties 

 

CIGSe is a quaternary semiconductor material. It belongs to group I-III-VI2 of 

chalcopyrite family [2.3]. It is a solid solution of CISe and CGSe which crystallises in 

tetragonal chalcopyrite crystal system coming under I42d space group [2.4]. The 

chalcopyrite structure of CIGSe crystal is shown in figure 2.1.a. It can be obtained by 

stacking two unit cells of cubic zinc blend structure along c-axis (figure 2.1.b). In the 

chalcopyrite structure, each atom of group I (Cu) and group III (In/Ga) coordinate 

tetrahedrally to four atoms of group VI (Se). While, each atom of group VI is 

tetrahedrally coordinated to 2 atoms of group I and III in an ordered manner. From 

group I and III metallic atoms are denoted as cations while group VI atoms are denoted 

as anions [2.5]. Due to the difference in bond strength between group I-VI and group 

III-VI atoms, the ratio of lattice constants ‘c’ and ‘a’ (c/a) is not equal to 2, where 2 is 
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c/a of undisturbed crystal structure [2.6]. There is a distortion in the lattice structure 

which is known as tetragonal distortion (Δ) and is defined as Δ =2-c/a.  Δ present linear 

dependence on the Ga content, x, in the Cu(In(1-x),Gax)Se2. Δ is negative for x < 0.23 

and positive for x > 0.23. It could be due to change in electronegativities of In and Ga 

[2.7]. 

 

 

Fig.2.1. Comparison of (A) CIGSe chalcopyrite structure and (B)  Zinc blend structure [2.8]. 

 

2.2.1.1 The phase diagram of CIGSe 

 

The phase diagram is a graphical representation of all the equilibrium phases as a 

function of parameters of a system such as temperature, pressure and composition. 

Phase diagram of a multinary chalcopyrite system is complex. A phase diagram gives 

information on the phases that are present, transformations of phases and fractions of 

phases with the system parameters. Figure 2.2 shows ternary elemental composition 

diagram of Cu, In and Se [2.9]. It shows that chalcopyrite CISe phase lies on or near 

the Cu2Se-In2Se3 tie line. The ordered defect compound (ODC) phases such as 

CuIn3Se5, Cu2In4Se7, Cu3In5Se9    lie on the same tie line. ODC phases are formed due 

to the regular arrangement of point defects in the chalcopyrite crystal structure.  
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Fig.2.2. Ternary elemental composition diagram of CISe [2.9] 

 

 

Pseudo binary phase diagram of CISe as a function of temperature and composition 

along Cu2Se - In2Se3 tie line is shown in figure 2.3 [2.4]. According to the phase 

diagram, there exist α, β, andphases of CISe. The α-phase of CISe has chalcopyrite 

crystal structure, and it exists in a very narrow range of Cu content (24 to 24.5%) at 

room temperature and at higher temperature up to 740 ⁰C. On the Cu-rich side, α-

CISe phase exist with CuSe phase. On the Cu-poor side, CISe exists with β-CuIn3Se5 

ODC phases. This ODC phase is formed by the ordered arrangement of Cu vacancies 

(Vcu) and In on Copper anti sites (InCu) defect pair. This defect pair has low formation 

energy. The delta phase of CISe, which has sphalarite crystal structure exists at high 

temperature and is unstable at room temperature (figure 2.3). 
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Fig.2.3. Pseudo binary phase diagram of CISe [2.4]. 

 

 

A congruent solid-solid phase transition occurs at 810
 
˚C between the disordered δ-

phase and the ordered chalcopyrite α-phase. The sphalarite phase differs from the 

chalcopyrite phase in the random distribution of Cu and In atoms. The introduction of 

Ga into CISe system widens the chalcopyrite region towards the lower concentration 

of Cu content (20.7%) [2.10]. This is believed to be due to the higher formation energy 

of Vcu+GaCu defect pair than Vcu+InCu pair [2.11]. 

 

 2.2.2. Optical properties 

 

CIGSe is a direct band gap material. The bandgap of Cu(In1-x,Gax)Se2 film can vary 

from 1.04 (x=0) to 1.67 eV (x=1) with increasing Ga content [2.12]. The variation in 

bandgap with respect to x, Ga/(In+Ga), is given by 

 

𝐸𝑔 = (1 − 𝑥)𝐸𝑔 (𝐶𝐼𝑆𝑒) + 𝑥𝐸𝑔 (𝐶𝐺𝑆𝑒) + 𝑏. 𝑥(𝑥 − 1)       (Eq : 2.1) 

 

 

Where, b is optical bowing coefficient. It is reported that the value of b can vary from 

0.11- 0.24 [2.13].  Optical bowing coefficient results from the difference of volume 

deformation potential of the constituent elements and coupling of folded states through 



23 
 

the perturbation potential, the difference between the potential of CIGSe alloy and the 

average potential of the constituents, ΔV. Perturbation potential is affected by the 

chemical difference between In and Ga atoms and by the mismatch in the size of In 

and Ga atoms. The theoretical studies carried out by S.H.Wei [2.13] has shown that 

the increase in bandgap upon addition of Ga is due to the upward movement of 

conduction band minimum resulting from the ΔV induced interband coupling within the 

conduction band and valance band. 

 

According to theoretical calculations, the bandgap of CIGSe for achieving highest 

efficiency should be 1.4 eV as spectral energy distribution of solar light is maximum at 

this value [2.14]. CIGSe attains this bandgap when Ga/(In+Ga) =0.6 [2.15]. However, 

the maximum experimental efficiency of CIGSe solar cell reported so far uses 

Ga/(In+Ga) =0.3 corresponding to the bandgap of 1.1 eV. The efficiency of CIGSe 

solar cells reduces when Ga/(In+Ga) > 0.3 [2.16]. The discrepancy between 

theoretical and experimental Ga/(In+Ga) values is not completely explained so far.  

 

2.2.3. Electrical Properties 

 

Electrical properties of CIGSe film plays a major role in controlling efficiency of solar 

cells. CIGSe film with p-type conductivity is needed for CIGSe solar cell application. 

Electrical properties of CIGSe film strongly depends on its composition and crystalline 

quality. The conductivity (ρ) of CISe can be either p-type or n-type depending on the 

concentration of Cu/In and Se/(Cu+In) ratio.  Cu-poor and Se- rich CISe shows p-type 

conductivity as Cu vacancy (Vcu) act as acceptors. While Cu- rich and Se- poor films 

shows N-type conductivity as Se vacancies act as donor [2.17]. Wei et al [2.11] 

theoretically shown that addition of Ga to CISe improves the p-type nature since GaCu 

antisite donor level is deeper than InCu donor level thus reducing the n-type nature. 

Carrier type, carrier concentration(p), resistivity and mobility (μ) of CIGSe film 

deposited by vacuum and non-vacuum methods are given in table 2.1.  
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Table 2.1 Effect of deposition methods on electrical properties of CIGSe film. 

No 
Composition of 

CIGSe film 

Deposition 

method 

Carrier 

type 

p 

(cm-3) 

ρ 

(Ωcm) 

µ 

(cm2/Vs) 
Ref. 

1 Cu(In0.7,Ga0.3)Se2 
3-stage 

evaporation 
P 11×1017 0.66 130 [2.18] 

2 Cu0.94(In0.7,Ga0.3)Se2 
3-stage 

evaporation 
P 2.1×1015 29.3 - [2.19] 

3 Cu0.85(In0.7,Ga0.3)Se2 
3-stage 

evaporation 
P 7.2×1014 29.3 - [2.19] 

4 Cu(In0.7,Ga0.3)Se2 

Pulsed laser 

deposition (at 

room 

temperature) 

P 1016 100 20 [2.20] 

5 Cu(In0.7,Ga0.3)Se2 

Pulsed laser 

deposition (at 

500 ˚C) 

P 1018 0.1 9 [2.20] 

6 Cu(In0.7,Ga0.3)Se2 

Selenization 

of 

In/(CuGa+In) 

layer 

P 2.5×1021 0.0005 27.29 [2.21] 

7 Cu(In0.7,Ga0.3)Se2 

Selenization 

of CuGa/In 

layer 

P 2.4×1020 0.0006 41.96 [2.21] 

8 CuInSe2 
Nanoplate-

ink coating 
P 1.4×1019 0.9055 0.479 [2.22] 

9 Cu(In0.7,Ga0.3)Se2 

CIGSe 

particle -ink 

coating 

P 7.4×1014 1000 1.9 [2.23] 

 

 

The resistivity of films is 0.66 Ωcm and carrier density is in the order of 1017 cm-3 for 

the films deposited by co-evaporation technique [2.18]. However, lower value of carrier 

concentration in the order of 1014 cm-3 and higher value of resistivity in the order of 1 

kΩ cm is reported for films deposited by particle-based techniques [2.23]. It is mainly 

attributed to the poor crystalline quality of films and high density of grain boundaries 
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[2.23]. The high carrier concentration of 2.5×1021 cm-3 reported by is assigned to the 

presence of metal like Cu2-x Se phase present in the Cu-rich CIGSe film [2.21]. It has 

been reported that optimum hole concentration and mobility for the photovoltaic 

application is in the range of 1015-1017 cm-3 and 20-200 cm2/VS respectively [2.24]. 

Minority carrier diffusion length in good quality CIGSe film is reported to be vary from 

0.5 to 1µm [2.25]. Whereas majority carrier diffusion length of 110 nm is reported by 

Nichterwitz et.al [2.26]. 

 

2.3. Methods for deposition of CIGSe film 

CIGSe thin film deposition process is the most critical process in the fabrication of 

CIGSe thin film solar cell. Film deposition parameters have a profound influence in 

determining the overall production cost and device performance. Many methods are 

developed for CIGSe thin film deposition. Among different deposition approaches, 

selection of thin film deposition technique should be implemented with utmost care 

due to an interplay between the power conversion efficiency, cost, and reliability [2.27]. 

In general, deposition methods for commercial manufacture of modules can be 

classified into two approaches. The first approach is vacuum co-evaporation process, 

in which CIGSe film formation takes place in a single growth process. The second 

approach is a two-step process, in which CIGSe film is deposited first using 

vacuum/non-vacuum method followed by annealing in Se atmosphere (selenization). 

2.3.1. Co-evaporation process 

Vacuum co-evaporation is the most successful process to deposit CIGSe absorber 

layers for high-efficiency cells [2.28]. It involves simultaneous evaporation of 

constituent elements Cu, In, Ga, and Se from multiple sources (either Knudsen type 

effusion cells or open boat sources) onto substrates, which are heated to 400-600 ⁰C. 

As the sticking coefficient of elements Cu, In and Ga are unity and of Se is less than 

1, surplus Se is supplied throughout the deposition process. Film composition and 

growth rate of the process are controlled by the flux distribution and effusion rate from 

each source [2.28]. Depending on the variation in elemental fluxes, four types of co-

evaporation sequences have been investigated which results in high-efficiency cells. 

They are, (i) stationary process in which the flux rate and deposition temperatures are 

constant throughout the process [2.29], (ii) Boeing process or bilayer process which 
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involves Cu-rich stage during the growth and end up with In- rich overall composition 

[2.30], (iii) three-stage process including deposition of (InGa)2Se3 at lower temperature 

followed by deposition of Cu and Se at elevated temperature and (iv) in-line process 

where, substrate is moving sequentially over the Cu, In and Ga sources to achieve 

flux distribution [2.31]. The bilayer process provides films with larger grain size than 

with stationary process whereas 3-stage process yields smoother film morphology 

than bilayer process. The highest efficiency of 21.7% is obtained by the film deposited 

using 3-stage co-evaporation process [2.32]. It can be due to high quality of co-

evaporated CIGSe films such as smooth surface, high absorption efficiency and better 

carrier collection [2.33]. However, this technique adapts complicated procedure and 

requires precise temperature control to regulate the individual elemental fluxes during 

deposition, which demands complex equipment [2.27]. Another disadvantage is the 

material wastage during deposition. Additionally, this method has difficulties in 

scaling–up for a large manufacturing system such as roll-to-roll industrial process 

owing to its poor scaling uniformity, hurdles in continuous processing and low 

throughput [2.34].  

2.3.2. Sequential Approach- Selenization of precursor material 

The sequential approach is an attractive way for the deposition of CIGSe films. This 

method is suitable for large area deposition with good control over composition and 

thickness. Furthermore, it is a simple method with good control over material 

utilization, which was one of the drawbacks of co-evaporation approach. This is a two-

step process where the first step is deposition of precursor material in metallic or alloy 

form and the second step is thermal annealing in an inert atmosphere to form CIGSe 

compound through chalcogenization reaction.Precursor layers can be deposited either 

by vacuum (evaporation, sputtering) or non-vacuum methods. 

2.3.2.1. Vacuum approaches 

Sputtering is an alternative industrially compatible method, which has developed 

rapidly over last decades. CIGSe film deposition by sputtering typically involves 

deposition of Cu-In-Ga precursor stack layers from pure metal or alloy targets and post 

deposition selenization. Solar Frontier has reported 20.9 % efficient CIGSe solar cells 

using this approach [2.35]. Previous reports have shown studies on CIGSe film 

formation from various multiple stack layers such as In/CuGa, In/CuGa/In/CuGa, 
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CuGa/In/CuGa and In/CuGa/In using co-sputtering or sequential sputtering from 

multiple targets [2.36-2.38]. However, the selenization process, which carries out at 

450-550 ⁰C, involves many complicated phase formations and transformations. The 

main difficulty arises from the selenization process is loss of Indium from the precursor 

layer for its low melting point (140 ˚C) which in turn results in the rough surface 

morphology of films. Further, it leads to accumulation of Ga at the back side of films 

causing Ga deficiency on the surface of CIGSe film which is detrimental to open circuit 

voltage and thus to efficiency [2.39-2.41]. To overcome these issues, many are 

working on new strategies such as, (i) sputtering using single quaternary target, (ii) 

optimization of stacking sequence and (iii) making use of planetary rotation during the 

deposition of Cu-In-Ga precursor layer [2.42-2.45]. A conversion efficiency of 11.04 % 

is reported recently by optimizing the stacking sequence while an efficiency of 14.4% 

is reported availing planetary rotation during the precursor layer deposition [2.44, 

2.45]. Still, the relatively lower efficiency is assumed to be due to inefficient diffusion 

of elements in the CIGSe during selenization owing to the multilayer structure. 

Evaporation is another vacuum approach mainly used for the formation of Cu-In-Ga 

precursor layer [2.46, 2.47].  

 

2.3.2.2. Non-vacuum approaches 

Non-vacuum film deposition processes are highly recommended and appealing 

alternative to vacuum-based processes. Non-vacuum processes utilize simple and 

inexpensive equipment such as screen printer, dip coater, spray deposition unit, spin 

coater, etc. for film deposition [2.48, 2.49]. It expedites development of industrial-scale, 

fast, continuous roll-to-roll production methods of CIGSe film. One major advantage 

of the non-vacuum process lies in the efficient usage of scarce, costly and highly 

demandable elements In and Ga. Thus, it could reduce the material cost [2.27, 2.50]. 

Furthermore, in many cases, non-vacuum processes can reach up to the coating 

quality of vacuum based process while providing significant benefits in capital costs, 

operating costs, functional complexity and competitive scale. The combination of low 

capital cost, low competitive scale and effective material usage helps to reduce the 

financial risk of thin-film PV manufacturing and thus to prevail the obstacles for 

commercialization. However, the lack of high purity vacuum environment during the 

film deposition should be compensated with careful choice of precursor material and 
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additives to reduce contamination [2.48,2.49]. There are two different approaches in 

the non-vacuum based deposition of CIGSe films: Electrodeposition and solution/ink 

based approaches. 

2.3.2.2.1. Electrodeposition 

Electrodeposition is a superior technology for the deposition of complex metallic 

layers. It is scalable at low cost as compared to technologies requiring high vacuum 

hence become apparent in the photovoltaics field where cost effective production is 

an important consideration [ 2.51]. Electrodeposition for CIGSe films has to take care 

of electrochemical behaviour of the four elements Cu, In, Ga and Se. Each of these 

elements presents distinct electrochemical properties causing the overall system very 

complex. (Electrodeposition potentials of Cu, Se, In, and Ga are 0.75, 0.34, -0.34 and 

-0.53 V, respectively, with respect to NHE (Normal Hydrogen Electrode)) [2.52]. There 

exist different routes for the electrodepositing CISe layer. One route involves 

deposition of a single elemental layer from single elemental bath solution and 

elemental stack layer is prepared by changing the bath solution. Kapur et.al [2.53] 

used this approach to prepare CISe films by selenising electrodeposited Cu/In bilayer. 

Another approach is to use a solution of two elements such as Cu and In 

simultaneously. Herrero et al. [2.54] first reported the electrodeposition of CISe film 

using this approach. Third and the simplest approach is deposition of CISe film from 

single bath solution containing three elements. This method is known as one-step 

electrodeposition and is initiated by Battacharya [2.55]. One-step electrodeposition of 

CISe film led to record photovoltaic conversion efficiency of 11.3%. However, one-

step electrodeposition of CIGSe is found to be difficult due to the difficulty in insertion 

of Ga in the standard electrochemical potential domain resulting from the negative 

shift in the redox potential of Ga compared to In [2.52]. Though a record efficiency of 

15.9% [2.56] is reported recently from electrodeposited CIGSe films, the hurdles 

concerned with the incorporation of Ga is yet to be overcome [2.57]. In addition to this, 

the stability of the chemical solution, large area, uniformity and high deposition rates 

are challenges to overcome [2.49]. 
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2.3.2.2.2. Solution/ Ink- based Approaches 

In ink-based approaches, films are deposited from solvent dispersions. The first step 

in this approach is the preparation of ink with suitable viscosity and precursor 

concentration. The thin film can be deposited by paste coating, printing, spraying, spin 

coating, etc. The viscosity of ink varies with mode of film deposition. A following drying 

step is necessary to burn out the organic content, which came from solvents and 

additives. The choice of solvent is crucial to obtain crack free films [2.58]. 

The ink-based approaches are mainly classified into molecular/ionic precursor and 

particle-based approaches. These two methods mainly differ in the mode of ink 

preparation. The molecular and ionic precursor ink is prepared by mixing metal salts 

in organic solvents or binders. On the other hand, particle- based ink is formulated by 

dispersing synthesized chalcopyrite CIGSe or binary selenide particles in organic 

solvents. Metal salt-based precursors and hydrazine-based precursors are the most 

widely used molecular-based precursor ink.  

CIGSe film deposition by chemical spray pyrolysis of metal salt based precursor is one 

of the best investigated non-vacuum techniques. The process uses metal chlorides 

and chalcogenide such as N, N-dimethyl selenourea as precursor materials. This 

process involves decomposition and reaction of premixed precursor solution on a 

heated substrate [2.59, 2.60]. Though this technique is well investigated, the efficiency 

obtained is 5% for a small area cell [2.61]. The main drawbacks of this technique 

involve the presence of impurity phases, reaction by-products, and small grain size. 

Krunks et.al [2.62] and Marsillac et.al [2.63] reported that annealing in a controlled 

atmosphere can improve the crystalline quality and reduce the impurity concentration.  

The hydrazine-based approach is a simple and high-throughput solution process for 

the preparation of high-efficiency PV devices [2.64].  The development of hydrazine-

based methods for preparation of CIGSe thin film photovoltaic device with 

photoconversion efficiency of 10.3 % was reported by Mitzi et.al in 2008 [2.65]. Since 

then hydrazine-based process is considered as the most victorious solution based 

route to obtain high quality CIGSe films. Hydrazine is an organic solvent containing 

two amine groups (N2H4). It is highly volatile so that it can be easily removed from the 

films under heat treatment [2.27]. In addition, contrary to the conventional organic 

solvents, metal chalcogenides have preferable solubility in hydrazine. The hydrazine-
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based deposition route involves three steps, (i) dissolution of metal chalcogenides in 

a hydrazine-based solution at room temperature such that solution consists of metal 

chalcogenide anions separated by hydrazinium (N2H5
+) cations, (ii) deposition of 

precursor solution into thin film form, and (iii) heat treatment of films in an inert 

atmosphere to yield CIGSe films. The prime characteristic of this route is that it 

excludes the post-annealing of film in selenium atmosphere. It provides films without 

impurities as hydrazine does not include extra elements such as oxygen and carbon 

[2.60]. Moreover, hydrazine–based process can easily incorporate Ga and other 

favourable impurities such as Na [2.64].  Even so, hydrazine is a highly reactive and 

toxic solvent. Therefore, use of hydrazine raise many environmental and safety 

concerns. The precursor preparation and film deposition processes must be carried 

out in an inert atmosphere and large-scale industrial production of CIGSe solar cells 

using this method requires strict operational regulations and safety precautions 

[2.64,2.27, 2.67]. 

Particle-based approach is considered as highly efficient method for CIGSe 

deposition. The possibility to have good control over film composition by synthesising 

particle with desired composition and crystal phase makes this approach distinct. 

Moreover, it enables free substrate choice, large area and high- throughput 

manufacturing.   Figure 2.4 shows schematic of particle-based approach [2.27]. This 

approach involves synthesis of particles, formulation of ink and coating of substrate 

with particle ink or slurry. Generally, a drying process follows deposition to immobilize 

the particles on the substrate. This soft annealing is followed by high temperature 

annealing (selenization) to achieve dense, non- porous and continuous device quality 

films. 

 

 

Fig.2.4. Schematic of particle-based approach for CIGSe film deposition [2.27]. 
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There is plenty of chemical methods to synthesize CIGSe particles. One of the method 

includes synthesis of CIGSe particle by open-air solvothermal reaction of metal salts 

and Se in organic solvents. But the synthetic cycle is long and involves the use of 

organic solvents which are harmful to the environment [2.68,2.69]. Synthesis of CIGSe 

particles with uniform size distribution in the range of 5-20 nm by the colloidal process 

starting from metal halides and organic solvents such as Pyridine, Ethylenediamine, 

and Olylamine as solvents has reported by many. In addition to the long synthetic 

duration and use of organic solvent, colloidal process employs the use of highly toxic 

Na2Se as Se source [2.70-2.72]. Mechanochemical synthesis of CIGSe particle is 

simple and time-saving route as compared to conventional particle synthesis methods. 

It is an environmental friendly process as the use of solvent is not essential for the 

particle synthesis. Mechanical alloying of CIGSe particles was first reported in 1998 

by Suryanarayana et.al [2.73]. They synthesized CIGSe particles from elemental 

powders of Cu and Se and fine granules of Ga and In by milling at the ball to powder 

ratio (BPR) of 20:1 at 300 rpm for 20 minutes [2.73]. Eventually, many researchers 

have studied the importance of milling parameters such as milling speed and milling 

time on the formation of CIGSe particles [2.5,2.74,2.75]. Ying et.al [2.70] mechanically 

alloyed CIGSe particles from metal selenides and film were deposited by spin coating. 

A solar cell with photoconversion efficiency of 2.7% was fabricated by Wada et.al 

[2.77] using screen printing of mechanically alloyed CIGSe particles.  

As mentioned in the second paragraph of this section, the particle-based ink 

formulation requires the use of organic additives such as Ethyl cellulose, Terpineol, 

Polyethylene glycol, etc. to improve its dispersibility [2.78,2.79]. These additives are 

long aliphatic hydrocarbonate chains. Since these organic additives have electrical 

insulating character, it may deteriorate the electronic properties of CIGSe films and 

thereby affect the solar cell performance [2.80]. A heat treatment at a moderate 

temperature (250-300 ⁰C) is commonlly provided to films for removing the organic 

additives. Another issue related to film deposition using particle-based ink is smaller 

grain size and porosity. The smaller grains and the resulting high amount of grain 

boundaries lower the efficiency of a solar cell since grain boundaries act as non-

radiative centers where the charge carriers recombine without releasing photons. This 

process lowers the light generation efficiency of the film and enhances heat loss. For 

this reason, conversion of smaller grains to larger grain is essential to improve the 
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solar cell efficiency by suppressing the above-mentioned effect. The densification of 

the porous film, recrystallization and grain growth can be achieved by selenizing at 

high temperature (500-600 ⁰C) for 15- 30 min in a controlled atmosphere. The supply 

of selenium is to compensate the loss of Se from the film during annealing at 500-600 

⁰C as Se evaporates at 350 ⁰C.  

However, many have reported little densification and grain growth from selenization of 

films deposited using stoichiometric CIGSe particles [2.81, 2.82, 2.79, 2.83]. It could 

be due to the dependence of grain growth and recrystallization on the chemical 

composition and structural properties of precursor films as chalcopyrite CIGSe 

compound has high covalent bonding character that results in high a melting point 

(1000 ⁰C) and low atomic diffusions [2.84,2.85]. Researchers have investigated 

different approaches for promoting grain growth and densification of CIGSe 

precursors. Chalcogen exchange during sintering [2.86], doping of impurities such as 

Na and Sb [2.87-2.91], the addition of CuSe as fluxing agent during sintering [2.92] 

are common among them. Even though CuSe assisted sintering is a successful 

method to enhance recrystallization and grain growth, the extra CuSe will remain as 

secondary phase in the final film even after selenization. CuSe has high electrical 

conductivity and creates shunt path in the absorber thereby deteriorate solar cell 

performance. Hence, CuSe should be removed from the film by etching using KCN 

which is highly poisonous. Instead of adding CuSe to CISe film, A.E. Zaghi et.al [2.93] 

has recently reported enhancement in grain growth and recrystallization in films 

deposited by mechanically alloyed CISe particles by reducing the Se content in the 

initial CISe powder.  

In this study, we investigate the properties of CIGSe films obtained by doctor blade 

deposition of mechanochemically synthesised Cu(In,Ga)Se2 particle. To address the 

issue of difficulty in the conversion of smaller grains to larger grains, we extended the 

work carried out by Zaghi et. al [2.87] to CIGSe system and the effect of Se content in 

the initial Cu(In,Ga)Se2 particle to enhance the recrystallization and grain growth of 

mechanochemically synthesized CIGSe particle-based precursor films is investigated.  
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CHAPTER - 3 

EXPERIMENTAL AND CHARACTERIZATION TECHNIQUES 

 

This chapter describes the detailed explanation of experimental methods and 

characterizations used in the execution of the present research work. The chapter 

content starts with preparation of CIGSe powder, ink formulation, film deposition, post 

deposition heat treatment of the film and formation of CIGSe-based 

Mo/CIGSe/CdS/Au heterojunction structure. Later, the physical principle behind the 

basic characterization techniques used in this study is described. Theory of 

photovoltaic device including efficiency calculations is mentioned at the end. 

 

As referred to in section 2.3.2.2.3, CIGSe film preparation using particle-based method 

involves four steps: (i) Synthesize of CIGSe particles, (ii) formulation of ink using 

CIGSe particle, (iii) deposition of CIGSe film, and (iv) post-deposition heat treatment 

of the film.  

 

3.1 Synthesis of CIGSe powder 

 

As mentioned in the section 2.3.2.2.3, in this work, CIGSe particles are synthesized 

by the mechanochemical process. A brief description about the mechanochemical 

process and important process variables are discussed below. 

3.1.1 Mechanochemical Synthesis 

Mechanical alloying is a solid-state powder processing technique developed by John 

Benjamin and his colleagues at the Paul D.Merica Research Laboratory of the 

International Nickel Company (INCO) during 1966 [3.1]. It is a high-energy ball milling 

technique that involves repeated welding, fracturing, and rewelding of powder particles 

[3.2]. Plenty of scientifically relevant materials has been produced using this method. 

The formation of an amorphous phase in Y-Co intermetallic compound by metallic 

grinding and in the Ni-Nb system by ball milling of powder mixture gave mechanical 

alloying the recognition of ‘potential non-equilibrium processing technique’ [3.2, 3.3]. 

The recognition of the possibility of mechanically induced chemical reaction in powder 
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mixture made this process more interesting. Mechanochemical synthesis is a general 

term given to the mechanical alloying process in which chemical reaction takes place 

during milling of metal powders.  The important attributes of mechanochemical 

synthesis process are: 

1) Production of fine dispersion of second phase (usually oxide) particles 

2) Extension of solid solubility limits 

3) Refinement of grain sizes down to nanometer range 

4) Synthesis of novel crystalline and quasicrystalline phases 

5) Combustion reactions 

6) Refining of metals 

7) Possibility of alloying of difficult to alloy elements 

8) Inducement of chemical (displacement) reactions at low temperatures 

9) Scalable process [3.2] 

 

3.1.1.1 The process of Mechanochemical synthesis 

 

 Mechanochemical synthesis initiates with the loading of powder mix of constituent 

elements in the required proportion into the milling vial along with the grinding medium. 

Then the mix is milled until a steady state is reached. The steady state here refers to 

when the composition of every powder particle is the same as the proportion of the 

elements in the initial powder mix. Hence the principal components of the 

mechanochemical process are raw materials, type of mill and process variables. It 

includes milling speed, milling time, ball to powder ratio, milling container, type of mill, 

the size of the grinding medium, the extent of milling, milling atmosphere, temperature 

of milling and process control agent. Raw materials used for this process could be 

pure metals, alloys, pre- alloyed powders and refractory compounds. The particle size 

of the precursors is not very important unless it is smaller than the size of grinding 

media (grinding balls) as the raw material powder size will decrease exponentially with 

milling time and reaches a few microns within a few minutes of milling. The material 

used for milling container is significant because the powder may get contaminated with 

the material driven out from the inner walls of the container due to the collision of 

milling media during the milling process. Commonly used materials for grinding 

vessels are hardened steel, hardened chromium steel, tempered steel, stainless steel, 
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WC-Co, WC-lined steel and bearing steel. The material used for grinding medium is 

also important. The typical material used for grinding medium are hardened steel, tool 

steel, hardened chromium steel, tempered steel, stainless steel, WC-Co, and bearing 

steel. There are different types of milling equipment with differing in capacity, the 

efficiency of milling and arrangements for cooling and heating. A few of different milling 

models for the mechanochemical process are SPEX shaker mills, planetary ball mills, 

attritor mills, etc [3.2]. Type of Mill has to be chosen carefully according to the 

application. The mechanism of a planetary ball mill is given in detail below. 

 

Planetary ball mill is one among the popular mill to carry out mechanochemical 

process. The name planetary ball mill comes due to planet like a movement of its vials. 

It consists of jars arranged on a rotating support disk (figure 3.1 (A)). During milling, 

the rotating disk will rotate around its axis due to unique driving mechanism. The 

centrifugal force produced by both the rotational motion of vials around its own axis 

and the rotational motion of support disk act on the vial content (i.e. loaded material to 

be grounded and the grinding balls).  The direction of centrifugal force changes 

alternatively as the vials and supporting disc rotate in the opposite direction. This 

makes the grinding balls run down inside the wall of the vial (friction effect) followed 

by the material being ground and grinding balls lifting off and travelling freely through 

the inner chamber of the vial and colliding against the opposing inside wall (the impact 

effect) [3.2]. The schematic of ball motion inside the ball mill is shown in figure 3.1(B). 

 

 

Fig.3.1. (A) Fritsch pulversite planetary mill (B) schematic representation of ball motion 

inside the ball mill [3.2]. 
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3.1.1.2 The mechanism of mechanochemical synthesis 

 

The particles loaded to the vial are repeatedly flattened, cold welded, fractured and 

rewelded during high-energy milling. When two balls collide each other, it traps some 

amount of powder in between them as shown in figure 3.2. As force of impact 

plastically deforms the powder particle, eventually it gets works hardened and 

fractured. The newly formed surfaces facilitate the particles to weld together which in 

turn leads to increase in particle size. At this stage, the milled particles have a broad 

range of particle size with a layered structure consisting of different combinations of 

the starting materials.  

 

 

Fig.3.2. Ball- powder-ball collision during mechanochemical process [3.2]. 

 

As the milling proceeds, the deformation process continues. Thus, the particles get 

work hardened and fractured due to fatigue failure mechanism or by fragmentation of 

flakes. The formed fragments may continue to decrease in size in the lack of 

agglomerating forces. At this stage, the tendency to fracture prevails over cold 

welding. The structure of particles is steadily refined because of a continued impact of 

grinding balls, even though there is no significant reduction in particle size. Therefore, 

it results in a decrease in the interlayer spacing and increase in the number of layers. 

As the milling time progresses, a steady–state equilibrium is reached where as a 

balance is obtained between the rate of welding and the rate of fracturing. At this stage, 

each particle consists of the constituent elements in the starting proportion. The 
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particles attained saturation hardness owing to the accumulation of strain energy. The 

particle size distribution gets narrower as particles larger than average size reduces 

their size at the same rate as the smaller fragments grow by agglomeration. 

 

During the mechanochemical process, deformation is introduced into the particles 

through crystal defects such as dislocations, vacancies, stacking faults and increased 

number of grain boundaries. This defect structure aids for proper alloying by 

enhancing the diffusivity of the elements into the matrix. Also, the properties of refined 

microstructure particles are such that it decreases the diffusion distance. Moreover, a 

small increase in temperature of the vial during milling assists the diffusion behaviour. 

Thus, constituent elements alloy properly [3.2, 3.4, 3.5].  

 

3.1.2 Experimental details of the mechanochemical synthesis of 

CIGSe powder 

 

In our case, the CIGSe powder was synthesized by a Retsch PM 400 planetary ball 

milling equipment shown in figure 3.1 (a). Elemental Copper (> 99.90 pure, Aldrich), 

Indium (>99.99 pure, Aldrich), Gallium (>99.99 pure, Aldrich) and Selenium (>99.99 

pure, Aldrich) were used as precursor materials. Tungsten Carbide vial is used as the 

container and 10 mm diameter Tungsten Carbide balls weighing 7.738 g are used as 

milling media. 

 

At first, Cu(In0.5,Ga0.5)Se2 powder is synthesized and milling parameters (ball to 

powder ratio (BPR), milling speed and milling time) are optimized to obtain a single 

phase Cu(In0.5,Ga0.5)Se2 powder. The reaction underwent in mechanochemical 

process to form Cu(In0.5,Ga0.5)Se2 is as follows: 

 

 

𝐶𝑢 + 0.5 𝐼𝑛 + 0.5 𝐺𝑎 + 2 𝑆𝑒
𝐵𝑃𝑅,𝑀𝑖𝑙𝑙𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑,𝑀𝑖𝑙𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒
→                         𝐶𝑢(𝐼𝑛0.5, 𝐺𝑎0.5)𝑆𝑒2 (Eq. : 3.1) 

 

Milling parameters are varied systematically to optimize the milling conditions and are 

given in table 3.1. To start with, a BPR of 15:1 and milling speed of 400 rpm 

(revolutions per minute) are selected while milling time is varied from 0.5 to 6 h. 
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Eventually, BPR is increased to 20:1 and further to 25:1 to find out BPR for 

synthesizing single phase Cu(In0.5,Ga0.5)Se2 in minimum milling duration. 

Subsequently, the effect of milling speed on structural, morphological and 

compositional properties is studied by varying the speed from 200 to 400 rpm with an 

interval of 50 rpm. 

 

Table 3.1. Experimental design to optimize ball milling parameters. 

Trial Ball to powder 

ratio 

(BPR) 

Milling time 

(h) 

Milling speed 

(rpm) 

1 15:1 0.5 400 

2 15:1 1 400 

3 15:1 1.5 400 

4 15:1 2 400 

5 15:1 4 400 

6 15:1 6 400 

7 20:1 1 400 

8 25:1 1 400 

9 20:1 2 400 

10 25:1 2 400 

11 25:1 2 350 

12 25:1 2 300 

13 25:1 2 250 

14 25:1 2             200 

 

 

Later, the optimum milling condition is used to synthesize Cu(In0.5,Ga0.5)Se2 powder 

as Ga/(In+Ga) ≤ 0.3 is experimentally proved as optimum for good photovoltaic 

conversion efficiency [3.6]. Then, to study the effect of Se content in the CIGSe powder 

on the morphological properties of the film, Cu(In,Ga)Se1.5, Cu(In,Ga)Se1 and 

Cu(In,Ga)Se0.5, powders are also synthesized using the optimum ball milling 

parameters. 
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3.2. CIGSe particle-based ink formulation 

 

Particle-based ink is formulated using mechanochemically synthesized CIGSe 

particles to deposit the films over the substrate. Ink formulation process involves 

dispersion of particles in a solvent with the aid of suitable organic binders and 

dispersing agents. In this work, CIGSe ink is formulated by dispersing the particles in 

Ethanol (anhydrous, Aldrich) with the addition of Ethyl Cellulose (Ethoxy content 48 

%, Aldrich) and Terpineol (anhydrous, Aldrich). Ethyl cellulose and Terpineol are 

chosen as the binder and dispersing agent. The different steps followed to formulate 

CIGSe ink are 

 

1. Dispersing 1.5 g of CIGSe particle in 45 ml of ethanol by ultrasonication for 1h 

(Solution 1). 

2. Dissolving ethyl cellulose and terpineol in 11 ml of ethanol at 190 rpm and 160 

˚C (Solution 2). 

3. Mix solution 1 and 2 and ultrasonicated for 1h. 

 

The content of Ethyl Cellulose and Terpineol in ink are varied from 0 to 4 wt% and 0 

to 40 wt% for the better understanding of their role on the stability of ink. 

 

3.3. CIGSe film deposition 

 

3.3.1.  Substrate 

The important properties of a substrate material include chemical stability, temperature 

stability, and thermal expansion coefficient. Chemical stability of substrate is important 

to prevent interdiffusion of material between film and substrate. Temperature stability 

is necessary to carry out deposition process at high temperature. A small mismatch in 

thermal expansion coefficient between substrate and film is needed to the thermal 

stress of deposited films. Soda- lime glass (SLG) is the standard substrate used in 

high-efficiency CIGSe solar cells. Soda lime glass is chemically stable, relatively 

economical, and relatively hard and exhibits smooth surface. It has sufficient glass 

transition temperature (Tg) of 563 ˚C and thermal expansion coefficient of 9.5 ppm/K. 
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Another advantage of using SLG as the substrate is that Na from SLG diffuse to CIGSe 

during the deposition process and improves the electrical properties [3.7]. 

 

3.3.2. Cleaning of substrate 

 

The condition of the substrate before film deposition is very necessary for proper film 

adhesion. Also, substrate cleaning has significant role on film growth characteristics 

[3.8]. 

 

The substrate cleaning process involves several steps which are as follows. 

 

1. Initially, substrates are cleaned ultrasonically with soap solution for 5 min. 

2. Ultrasonically agitated in distilled water for 10 min. Shock waves created in the 

solvent rendered the possible removal of residues. 

3. Thoroughly rinsed with Ethyl alcohol in an ultrasonic bath for 10 min, which is 

followed by ultrasonic agitation in distilled water for 5 min. 

4. Subjected to ultrasonic agitation in acetone for 10 min to remove any other dirt 

followed by ultrasonic agitation in distilled water for 5 min. 

5. Surface treatment of the cleaned substrates is carried out in a solution of H2SO4 

(> 95%, Aldrich) and H2O2 (50%, Botica Moderna) (2:1) for 2 to 3 min.  

6. Finally, the substrates are dried using nitrogen gas. 

 

3.3.3. CIGSe film deposition by “doctor blade” technique 

 

Before the coating of ink, the viscosity of the ink is adjusted by evaporating ethanol to 

make it suitable for doctor blade deposition. Before the deposition of ink onto the 

substrate, the substrate is covered with a stainless-steel mask of 3 µm thick. The mask 

acts as a spacer and film is deposited by dripping a single drop of ink on the free space 

of substrate and whipping the ink over the substrate by a knife (figure 3.3). Besides, 

the mask acts as a thickness controller. Films are dried at 90 ˚C on a hot plate soon 

after deposition previous to post-deposition annealing treatments. 
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Fig.3.3. Schematic of CIGSe film deposition by doctor- blade technique. 

 

 

3.4. Annealing of CIGSe film 

 

As-deposited films are subjected to post-deposition heat treatments in two steps. (i)  

Annealing at low temperature and (ii) annealing at high temperature in Se atmosphere 

(selenizaiton). Low-temperature annealing of the films are carried out in an ambient 

atmosphere at different temperatures 300 and 400 ˚C for 1 h. The furnace used for air 

annealing is shown in figure 3.4. The furnace consists of a quartz tube to place the 

sample, a resistive heater and a temperature controller. 

 

 

Fig.3.4. Home-made furnace used for air annealing. 

 

High-temperature annealing process was carried out in selenium atmosphere using 

partially closed graphite box. The Se powder (50 mg) was introduced into the graphite 

box along with sample and loaded into the furnace. Figure 3.5 shows the photograph 

of furnace (3.5 (A)) and graphite box (3.5 (B)). A two- step selenization process was 

carried out in Ar atmosphere. The process includes annealing the sample to 400 ⁰C 

for 30 minutes at 1.6 torr and then to 550 ˚C for 15 minutes at 760 torr. The first step 

facilitates incorporation of Se to the CIGSe layer at 400 ˚C whereas the second step 
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involves selenization and recrystallization process. The ramp of temperature was 20 

˚C/min.  

 

 

Fig.3.5. Photograph of (A) furnace (B) graphite box and (c) temperature profile of 

selenization. 

 

 

3.5.  Fabrication of SLG/Mo/CIGSe/CdS/Au Heterojunction structure 

(2×2 cm2) 

 

A CIGSe-based solar cell is a heterojunction system consisting of Molybdenum (Mo) 

back contact, p-type CIGSe absorber layer, CdS buffer layer, an intrinsic ZnO layer 

(iZnO), and Al: ZnO transparent front contact. A typical CIGSe thin film solar cell 

structure in substrate configuration is given in figure 3.6. A heterojunction is formed 

between CIGSe and CdS/iZnO/Al: ZnO layers. Metalic Ni/Al contact grids are used to 

complete the cell [3.9]. 
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Fig.3.6. Schematic of typical CIGSe-based solar cell structure deposited over Mo coated 

SLG glass substrate [3.9]. 

 

The band diagram of CIGSe-based solar cell is shown in figure 3.7. ZnO and CdS has 

wider bandgap and allows photons to be absorbed in the narrow bandgap CIGSe 

layer. Photogenerated electron-hole pairs generated in CIGSe layer are separated by 

the built-in potential developed in the heterojunction and contribute to the 

photocurrent. A discontinuity in conduction band ΔEc is developed at the CIGSe/CdS 

heterojunction interface due to the difference in electron affinity between CIGSe and 

CdS [3.10]. 

 

 

Fig.3.7. Schematic of band diagram of CIGSe-based thin film solar cell [3.10]. 
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However, in the present work, SLG/Mo/CIGSe/CdS/Au structure is fabricated (figure 

3.8) to explore the photovoltaic application of the prepared CIGSe films. This structure 

is used in this study following the work of Jagadeesh [3.11].  

 

 

Fig.3.8. Schematic of fabricated SLG/Mo/CIGSe/CdS/Au heterojunction structure [3.11]. 

 

The details of deposition methods used for deposition of CdS thin film, Mo, and Au 

contacts are described below. 

a) Deposition of Mo layer 

In this work, we use SLG/Mo substrate obtained from CINVESTAV, Merida. The 

Molybdenum back contact layer is deposited on the soda-lime glass substrate using 

d.c. sputtering technique. The Mo deposition is performed in CINVESTAV-Merida. Mo 

layer acts as the back contact and reflects most of the unabsorbed light back to the 

CIGSe absorber layer [3.12]. The thickness of Mo layer is 777 nm which in the range 

(500-900 nm) used in high-efficiency solar cells [3.13]. The sheet resistance of Mo film 

is 0.35 Ω/square which is higher than the required sheet resistance (< 0.24 Ω/square) 

as reported by Repins et .al [3.14]. 

b) Deposition of CIGSe film 

CIGSe film is deposited over SLG/ Mo layer by doctor blade coating of ink as explained 

in section 3.1 to 3.4. 

c) Deposition of CdS film 

CdS has n-type conductivity. It serves as the buffer layer in CIGSe solar cells [3.14]. 

CdS film of approximately 50 nm thick was deposited using chemical bath deposition 

(CBD) method. The experimental process of CdS deposition is carried out in ESFM -

IPN using the reagents and deposition conditions reported by Fabian [3.15]. 
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Cadmium Chloride and Thiourea were used as sources of Cd and S respectively. 

Ammonium Chloride is used as a buffer, and Ammonium Hydroxide is used as the 

complexing agent. Deionized water is used as the solvent.  

 

 

Fig.3.9. Photograph of chemical bath deposition of CdS thin film. 

 

Figure 3.9 shows experimental set up of CBD. It consists of two beakers. The larger 

beaker contains tap water, and smaller beaker contains chemical bath. Large beaker 

is placed on the stirrer and heated at 94 ˚C. 5 ml of 0.12 M CdSO4, 10 ml of 0.2 M 

NH4Cl,20 ml of 28% NH4OH solutions are added to 45 ml of deionized water taken in 

the smaller beaker. Later, the small beaker is kept in the water bath, and CIGSe film 

is immersed in the chemical bath. Chemical bath solution is stirred throughout the 

experiment for homogenizing the mixture. Later, 10 ml 0.3 M Thiourea solution is 

added to the small beaker. Then, Cd2+ and S2- ions will release slowly from the solution 

and condenses on an ion-ion basis on the substrate.  

National Renewable Energy Laboratory (NREL) performed a study on thickness of 

CdS layer versus CIGSe solar cell performance. It shows that solar cell efficiency 
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increases with increasing CdS thickness upto 40-50 nm and then decreases as 

absorption in CdS increases [3.16]. Hence we optimised the thickness of CdS layer 

on glass substrate by varying deposition time from 5 min to 12.5 min. The thickness 

of CdS layer as a function of deposition time is shown in figure 3.10. 68 nm thick CdS 

film is obtained with deposition time of 5 min. It should be noted that, thickness of CdS 

film will be reducing while depositing on CIGSe by10-15 nm. Hence, duration of 

chemical bath deposition is fixed as 7.5 min for deposition of CdS over CIGSe film. 

 

 

Fig.3.10. Variation in thickness of CdS film as a function of deposition time. 

 

UV-Visible transmittance spectrum of CdS film deposited for 7.5 min is shown in figure 

3.11 (A). It shows 50% transmittance for wavelength more than 450 nm and more than 

75% of transmittance for wavelength above 550 nm. Tauc method is used to determine 

the optical bandgap of CdS film. The extrapolation of linear portion of the curve in figure 

3.8 (B) to (αhν)2=0 gives estimated value of bandgap as 2.42 eV. This is in match with 

the previously reported bandgap values [ 3.17,3.18]. 
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Fig.3.11. (A) Transmittance spectrum and (B) bandgap of CdS thin film deposited for 7.5 

minutes. 

d) Deposition of Au contact 

Finger shaped Gold (Au) contact of area 0.105 cm2 and thickness of 500 nm is 

deposited on SLG/Mo/CIGSe/CdS structure of 0.5 cm2 by evaporation process.  

 

3.6. Characterization techniques: 

 

3.6.1. X-Ray Diffraction Analysis (XRD) 

 

XRD is a powerful rapid non-destructive analytical technique primarily for 

characterizing crystalline materials. XRD of sample is obtained using X-ray 

diffractometer. Schematic of X-ray measurement system is shown in figure 3.12(a).  

X-ray diffractometer primarily consists of three parts namely X-ray tube, sample holder 

and X-ray detector. X-rays are generated in a cathode ray tube due to the impact of 

accelerated electrons produced by heating filaments on the target (generally Mo 

target). These X- rays are filtered by foils or crystal monochromators to produce 

monochromatic X rays required for diffraction. The monochromatic X-rays are then 

collimated and directed towards the sample. When the interaction of incident X-ray 

with the sample satisfies Braggs law, 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (where n, λ, d and θ are order of 

diffraction, wavelength of incident X ray, interplanar distance and angle of incidence 

respectively) constructive interference occurs. The diffracted X-rays are recorded, 

processed and converted into count rate by detector which is then given to computer 

monitor. XRD pattern consist of diffraction peaks based on constructive interference 

of a monochromatic beam of x-rays scattered from specific angles from each set of 
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lattice planes in a sample. So, XRD pattern is the finger print of atomic arrangements 

in a given crystal material [3.19]. 

Crysallite size of CIGSe powder is calculated from X-ray diffraction spectra using 

Scherrer formula 

𝐷 =
0.94𝜆

𝛽 cos𝜃
         (Eq. : 3.2) 

Where, β is the full width at half maximum (FWHM) of intensity of diffracted peak at 

the Bragg’s angle θ and λ is the wavelength of X-ray.  

 

In present work, CIGSe powder and films are analysed using Xpert-Pro Pananalytical 

X-ray Diffractometer from SEES which is shown in figure 3.12(b). XRD analysis is 

performed with CuKα (λ=1.54 Å) in the θ-2θ mode with step size of 0.039. 

 

 

Fig.3.12. (a) Schematic of XRD measurement system [3.11] and (b) photograph of Xpert- 

Pro Pananalytical X-ray diffractometer. 

 

3.6.2. Raman Scattering 

 

Raman scattering is a powerful, convenient and non-destructive tool to characterize 

crystalline, polycrystalline and amorphous materials which applies Raman Effect. It is 

a second order inelastic scattering process. A laser source is used as light source. 

The monochromatic light from the laser is focused on to the sample through a confocal 

microscope. The laser beam interacts with sample and originates a scattered light. 

Much of the scattered light has frequency equal to incident laser beam and known as 

Reyleigh scattering. A small fraction of scattered radiation has frequency different from 
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the incident laser beam and constitutes Raman scattering. The scattered light is 

collected and directed to the spectrograph to generate Raman spectrum. When 

frequency of incident radiation is higher than the frequency of scattered light stockes 

lines appear in the Raman spectrum. Whereas, if the frequency of incident laser beam 

is lower than the frequency of scattered light anti-stockes lines appear in Raman 

spectrum.   Raman spectrum of the material is presented as a plot of scattering light 

intensity versus shift of frequency of incident light. Raman spectrum is strongly 

dependent on the material to be analysed and its crystalline phases and it is 

independent of frequency of incident radiation. Hence it gives information on 

crystalline phases and composition of the material [3.20]. 

 

Tetragonal chalcopyrite structure of CuInSe2 has 3 acoustic and 21 optical phonon 

modes. The phonon modes are represented by Γ𝑎𝑐 = 1𝐵2 + 1𝐸 for acoustic modes 

and Γ𝑜𝑝𝑡 = 1𝐴1 + 2𝐴2 + 3𝐵1 + 3𝐵2 + 6𝐸 for optical modes. Among optical modes, A1, 

B1, B2 and E modes are Raman active. B2 and E modes are infrared active if the 

incident radiation is polarised parallel and perpendicular to the tetragonal C-axis of the 

crystal. A2 phonon modes are inactive. Different modes of CuInSe2 (CISe) and 

CuGaSe2 (CGSe) are tabulated in table 3.2.  Optical modes of CIGSe lies between 

that of CISe and CGSe depending on Ga/(In+Ga). 

 

Table 3.2.  Different optical phonon modes of CISe and CGSe. 

Modes CISe [3.21] CGSe [3.22] 

A1 169 180 

B1
3 81 90 

B1
2 149 108 

B1
1 206 128 

B2
3 67/68 81/102 

B2
2 173/182 200/202 

B2
1 197/210 259/261 

E6 60/60 62.5/73 

E5 69/69 80.5/83.5 

E4 132/132 117/121 

E3 171/174 141/142 

E2 193/197 183/193 

E1 199/211 252/277 
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In the present work, Raman dispersion studies were made in Horiba–Jobin Yvon-

LabRAM HR800 equipment from SEES as shown in figure 3.13, with He-Ne laser 

operated at 632 nm of 20 mW. To avoid heating of the sample and to filter plasma 

frequencies a D0.6 filter was employed which reduces power to 5 mW. 

 

 

Fig.3.13. Horiba Jobin-Yuvan Raman spectrometer. 

 

3.6.3. Field Emission Scanning Electron microscopy  

 

Field Emission Scanning Electron Microscopy (FESEM) is the most versatile 

instrument available for the examination of microstructural characteristics of solid 

objects. The basic components of FESEM are the lens system, electron gun, electron 

collector, visual and recording cathode ray tubes and the electronics associated with 

them. Electron gun in FESEM is a field emission gun. Field emission gun consists of 

emitter (cathode) and anode. Cathode is several kilovolts negative with respect to 

anode. The high potential gradient at the emitter surface cause for field electron 

emission. The emitted electron beam is focussed by the electromagnetic lens system 

and apertures to a small spot on the object. The interaction of electron beam with the 

specimen can result in liberation of secondary electrons, backscattered electrons, 

auger electrons, X-rays and cathodoluminescence. Among this, energy of secondary 

electron is around 5 eV. Hence, secondary electrons from the surface of specimen 

can only be detected. The angle and velocity of emitted secondary electron depends 

on the surface of the specimen. These secondary electrons are detected by a detector 

and produces electronic signal which can be amplified and transformed to scan the 

image [3.23]. 
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In this study, Carl Zeiss HRSEM-AURIGA microscope (figure 3.14) from LANE is used 

for analysing morphology of CIGSe powder and films. 

 

 

Fig.3.14. Carl Zeiss Auriga FESEM microscope. 

 

3.6.4. Energy dispersive analysis of X -Rays 

 

Energy dispersive X-Ray spectroscopy is a powerful chemical analysis technique. It 

normally uses in conjunction with FESEM. When beam of electron bombard with the 

sample, x-rays will be emitted from the sample whose energy is characteristic of the 

material from which it is emitted. EDAX X-ray detector measures the relative 

abundance of X-rays versus its energy. Detector is normally a Li-drifted Si, solid state 

device. The Detector creates charge pulse proportional to the energy of emitted X-

rays which is then converts to voltage signal by a charge sensitive preamplifier. Later, 

it is sent to multichannel analyser where it is sorted by voltage. EDAX spectrum of X-

ray energy versus counts is quantitatively evaluated to determine the elemental 

composition of the sample. In principle, EDAX can identify all elements from atomic 

number 4 to 92. 

 

In this study, the composition of CIGSe powder and films are obtained using Bruker 

Ser 5010 X flash EDAX detector used with Carls Zeiss HRSEM Auriga microscope 

from LANE. The EDAX analysis of CIGSe powder and films are carried out at operating 

voltage of 20 kV. 
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3.6.5. Atomic Force Microscopy 

 

Atomic force microscope (AFM) is a useful tool to analyse the surface topography of 

metals, semiconductors and insulating materials in real space on an atomic scale. A 

typical AFM system consists of a sharp probing tip, cantilever probe, piezoelectric 

(PZT) actuator and a photodetector. Cantilever and probe are mounted to PZT 

actuator. Photodetector receives laser beam reflected off the end -point of the beam 

and provides cantilever deflection feedback.  

When the probing tip scans the surface of sample, it moves up and down in 

accordance with the sample surface and laser beam deflecting from the cantilever 

delivers the difference in light intensities between the upper and lower photodetectors. 

Feedback from the photodetector signal permits the tip to maintain either a constant 

force or constant height from the sample. 

AFM normally operates in either of three modes (1) contact mode, (2) non-contact 

mode and (3) tapping mode. In the contact mode, cantilever tip remains in contact with 

sample surface and topographical properties of sample is obtained by monitoring the 

interaction forces between tip and sample surface. While in non-contact mode, 

cantilever is slightly away from the sample surface and oscillates at or near its resonant 

frequency. Natural resonant frequency of cantilever changes due to   the attractive 

interaction with sample surfaces. PZT element attached to the cantilever monitors shift 

and topographical information about the sample is extracted. The tapping mode of 

operation combines the features of both contact and non-contact mode. In tapping 

mode, cantilever tip oscillates at or near its natural frequency while tip is allowed to 

contact the sample surface for a short time [3.24]. 

In this work, a JSPM 5200 environmental scanning probe microscope from LANE as 

shown in figure 3.15, in tapping mode is used to analyse the dispersion of particles in 

ink with change in Terpineol content. 
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Fig.3.15. JSPM 5200 Scanning Probe Microscope. 

 

3.6.6. U-V visible/NIR spectroscopy analysis 

 

UV-Vis/NIR spectroscopy analysis is a non- destructive and fast optical 

characterization technique. This technique investigates the material property through 

its interaction with light (100-2500 nm) by measuring the intensity of light transmitted, 

reflected or absorbed by the material using spectrophotometer. A UV-Vis/NIR 

spectrophotometer consists of couple of light sources, diffraction grating based 

monochromator, sample chamber and one or two detectors. Light from the source first 

passes through the diffraction grating where it gets separated into component 

wavelength. Now, the monochromatic beam passes through the slit to the sample and 

get reflected by the mirror and reaches the detector. Detector converts the light into 

current signal that is readable by a computer [3.25]. 

 

UV-Visible/NIR spectrum of a sample gives a plot of wavelength of incident light versus 

intensity of transmitted, reflected or absorbed light. UV-Vis/NIR transmittance 

spectrum is useful to obtain absorption coefficient, extinction coefficient, thickness, 

refractive index and bandgap of material. 

 

From the transmittance spectrum of a film, absorbance coefficient is calculated using 

the following expression, 
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Absorption coefficient α = 1/t ln 1/T      (Eq. : 3.3) 

 

Where, t is the thickness of the film and T is the transmittance. 

 

The type of bandgap of material is determined from the transition probability given by 

 

𝛼ℎ𝜗𝑝 = 𝐴 (ℎ𝜗 − 𝐸𝑔)        (Eq. : 3.4) 

 

Where A is a constant and p is a variable 

 

If, p=2, the transition between the bands are allowed direct band gap transitions. 

 If p =2/3, the transition is prohibited direct band gap. 

 If p=1/2, the transition is allowed indirect band gap. 

 If p=1/3, the transition is prohibited indirect band gap. 

 

To find bandgap of a direct bandgap semiconductor material, a graph of hυ over (αhυ)2 

has to be plotted and then a straight line to this is fitted. The constant of this equation 

is Eg. But in the case of indirect bandgap material a graph of hυ over (αhυ)1/2 has to 

be plotted and do the same to get Eg. 

 

In the present work, UV-visible absorption spectra of CIGSe powder is analysed as a 

function of wavelength 400-1800 nm and UV-visible transmittance spectra of CdS film 

is analysed as a function of wavelength from 200-1100 nm using JASCO V-670 UV-

Vis- NIR spectrophotometer from SEES as shown in figure 3.16. Spectral distributions 

of transmittance are determined at room temperature. Substrate absorption was 

corrected by introducing an uncoated clean glass in the reference beam. 
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Fig.3.16. JASCO V-670 UV-VIS-NIR Spectrophotometer. 

 

3.6.7.  Van der Pauw Method and Hall studies 

 

Van der Pauw method is employed to measure the resistivity of samples. It is one of 

the most widely used technique to determine average resistivity of thin films. It can be 

used to measure samples of arbitrary shape if thickness of sample is uniform, point 

contacts are placed on the edges of the sample and sample is homogenous 

[3.26,3.27]. A schematic of sample with contacts 1, 2, 3 and 4 in Van der Pauw 

configuration is shown in figure 3.17. Van der Pauw showed a relation to find sheet 

resistance of the sample using two characteristic resistances RA and RB. 

 

𝑒
(
−𝜋𝑅𝐴
𝑅𝑠

)
 +  𝑒

(
−𝜋𝑅𝐵
𝑅𝑠

)
 = 1      (Eq. :3.5) 

 

Where, Rs denotes the sheet resistance. 

To determine RA, a current I is forced through the sample between two neighbouring 

contacts, 1 and 2 as in figure 3.17 and the voltage is measured between the other two 

contacts 3 and 4. Then the measurement is repeated for other pairs of contacts to find 

RB. 

𝑅𝐴 =
𝑉43

𝐼12
    and  𝑅𝐴 =

𝑉14

𝐼23
         (Eq. : 3.6) 

Resistivity (ρ) is obtained from the sheet resistance and thickness (t) of the sample 

using the relation, 
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𝜌 = 𝑅𝑠𝑡          (Eq. : 3.7) 

 

 

Fig.3.17. Schematic diagram of a Van der Pauw configuration used in the determination of 

the two characteristic resistances RA and RB [3.28]. 

 

Hall effect is used to find out the carrier concentration, carrier mobility and type of 

conductivity of a semiconductor material. 

According to Hall effect, if the current density jx passes through two non-neighbouring 

contacts 1 and 3 in presence of magnetic induction Bz, and an electric field Ey, the Hall 

coefficient RH is defined by the equation 

𝑅𝐻 =
𝐸𝑦

𝑗𝑥𝐵𝑧
𝑗𝑥𝐵𝑧        (Eq. : 3.8) 

The sign of RH depends on the type of conductivity of material. If RH is negative, it 

indicates that Ey is along -y direction and electric current carriers are electrons. If RH 

is positive, it indicates that Ey is along +y direction and electric current carriers are 

holes. 

According to Drude model, RH can be expressed as  

𝑅𝐻 = 
1

𝑛𝑒
         (Eq. : 3.9) 

Where, e is the electric charge and n is the concentration of charge carriers. 
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Mobility of charge carriers can determine if n and resistivity values are known [3.27]. 

𝜇 =
1

𝑒𝑛𝜌
               (Eq. : 3.10) 

Hall measurement system Lakeshore 8407 from SEES with an applied magnetic field 

of 15 KG at room temperature has been used to analyse conductivity type, carrier 

concentration, mobility of carrier and resistivity of selenized films (figure 3.18). To 

measure Hall effect, 100 nm thick circular gold contacts are deposited on the CIGSe 

film by evaporation method. 

 

 

Fig.3.18. Lakeshore 8407 Hall measurement system. 

 

3.6.8. Current-voltage (I-V) characteristics 

 

I-V characteristics of CIGSe films under dark and illumination are obtained using 

Keithley 4200-SCS semiconductor characterization system (figure 3.19) from SEES 

by applying voltage from -10 to 10V. To perform I-V measurement, 100 nm thick Au 

contacts are made on the film by evaporation technique. The sample is placed on the 

sample holder and contacts were made to connect to two probes. Photocurrent is 

measured by illuminating the films using a light source of 300 W. 
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Fig.3.19. Keithley 4200-SCS semiconductor characterization system. 

 

3.7. Characterization of Solar cell [3.30-3.33] 

 

Electrically, an ideal solar cell is modelled by a current source in parallel with a diode.  

The relation between current and voltage in an ideal solar cell must be studied under 

dark and under illumination to evaluate its functionality.  

 

3.7.1. Ideal solar cell conditions under dark 

 

The dark I-V characteristic of an ideal solar cell is expressed in terms of diode law. 

 

𝐼 = 𝐼0 [exp (
𝑞𝑉

𝑚𝑘𝑇
) − 1]      (Eq. : 3.11) 

 

Where, I is the current flowing through the junction when a voltage V is applied. I0 is 

the saturation current density. K is the Boltzman constant, T is the temperature of the 

diode, q is the charge of electron and m is the diode ideality factor. In terms of current 

density (current /unit area), J, J-V diode equation can be expressed as 

 

𝐽 = 𝐽0 [exp (
𝑞𝑉

𝑚𝑘𝑇
) − 1]      (Eq. : 3.12) 

 

The ideality factor m can be obtained from the equation given below. 
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1

𝑚
=
𝑘𝑇

𝑞

𝑑 ln 𝐽𝑑𝑎𝑟𝑘

𝑑𝑉
        (Eq. : 3.13) 

 

For an ideal diode, m=1 since it is assumed that all the recombination is taking place 

via band to band in the device and no recombination of charge carriers occurs at the 

junction. But, in the case of a non-ideal solar cell, m can have different values [3.30].  

 

3.7.1.1.  Conditions under dark for a heterojunction solar cell 

 

In this work, the fabricated structure is a heterojunction system. Considering diffusion 

current and depletion layer recombination-generation component of reverse saturation 

current density, the equation 3.12 becomes, 

 

𝐽 = 𝐽0  [𝑒𝑥𝑝 (
𝑞𝑉

𝑘𝑇
) − 1] + 𝐽1  [𝑒𝑥𝑝 (

𝑞𝑉

2𝑘𝑇
) − 1]      (Eq. : 3.14) 

 

Where J0 is the diffusion component and J1 is the depletion layer recombination -

generation component of the reverse saturation current density. The diode ideality 

factor m =2 for the depletion layer recombination-generation component of reverse 

saturation current density. The J0 and J1 are defined by 

 

𝐽0 = 𝑞 (
𝑁𝐷𝐷𝑛𝑒𝑥𝑝[−𝑞

(𝑉𝐷−Δ𝐸𝑒)

𝑘𝑇
]

𝐿𝑛 tanℎ(
𝑑

𝐿𝑛
)

+ (
𝑁𝐴𝐷𝑝 exp[

−𝑞(𝑉𝐷+△𝐸𝑣)

𝑘𝑇
]

𝐿𝑝 cotℎ(
𝑡1
𝐿𝑝
+𝜙)

)   (Eq.: 3.15) 

 

𝐽1 = 𝑞(
𝑛1𝑙1

2𝐾1𝜏1
+

𝑛2𝑙2

2𝐾2𝜏2
)

1

𝑞 [𝑉𝐷(𝑉𝐷−𝑉)]
1
2

𝑘𝑇

       (Eq.: 3.16) 

 

Here,  

ND is the concentration of donors in the n-type semiconductor 

NA is the concentration of acceptors in the p-type semiconductor 

VD is the built-in potential of the diode 

Δ Ec is the discontinuity in the conduction band in volts  

Δ Ep is the discontinuity in the valance band in volts 

Ln is the diffusion length of electron in the p-type semiconductor 
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Lp is the diffusion length of hole in the n-type semiconductor 

t1 is the thickness of the n-type semiconductor (surface layer) 

d is the thickness of the p-type semiconductor 

𝜏1  and  𝜏2 are the life time of minority carriers in the depletion region on both sides of 

the junction 

n1 and n2 are the concentration of intrinsic carriers in the p- and n- type semiconductors 

l1 and l2 are the width of the depletion layer in both the p- and n-type semiconductors 

at zero bias 

𝐾1 = (1 +
𝑁1𝜀1

𝑁2𝜀2
)
−1

 and 𝐾2 = 1 − 𝐾1, where, N1 and N2 are the concentration of 

impurities, and ε1 and ε2 are the dielectric constants of the p- and n-type 

semiconductors 

𝜙 =
𝑆𝐿𝑝

𝐷𝑝
 , where, S is the surface recombination velocity in the n-type semiconductor 

and Dp is the diffusion constant of hole. 

 

It is important to note that, according to equation 3.16, the current due to recombination 

at the depletion region (J1) is depending on the applied voltage, V. Because, width of 

the depletion region and strength of electric field in this region is depend on the applied 

voltage [3.31]. 

 

In addition to the diffusion current and depletion layer recombination-generation 

current, the mechanism of charge carrier transport in a heterojunction system includes 

emission, emission -recombination, tunnelling and tunnelling-recombination models. 

The expressions for as-mentioned mechanisms are given below. 

 

1. Emission mechanism 

 

According to emission model, the analytical expression of the I-V characteristics for a 

p-n heterjunction (neglecting the generation-recombination within the space charge 

region) is given by 

𝐼 =
𝐼𝑠[exp(

𝑞𝑉

𝐾𝑇
)−1]

(1+
𝐼𝑠
𝐼𝑑
)

        (Eq. : 3.17) 

Where, Is is the electron saturation current and Id is the emission limited current. 
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𝐼𝑑 =
1

2
𝑎𝑞𝑋𝑚𝑁𝐷2𝜈𝑥𝑒2 exp [−

𝑞

𝑘𝑇
(𝑉𝐹 + 𝑉)]      (Eq. : 3.18) 

 

Where, a is the junction area, ND1 and ND2 are the equilibrium donor concentration in 

p- and n-type semiconductor. 𝜈𝑥𝑒2 is the x component of average speed of the electron 

in n-type material,  𝜈𝑥𝑒2 = (
2𝑘𝑇

𝜋𝑚𝑛
∗ )

1

2
 , with mn

* is the effective mass of electron in the n-

type material. VF is the forward barrier, Dn1 and 𝜏𝑛1 are the diffusion constant and life 

time of electrons in the p-type material and Xm is the transmission coefficient. 

 

2. Emission-recombination mechanism 

 

The I-V characteristic of p-n heterojunction exhibiting emission-recombination 

mechanism can expressed as  

 

𝐼 = 𝐼𝑠 [𝑒𝑥𝑝 (
𝑞𝑉

𝛽𝑘𝑇
) − 1]       (Eq. : 3.19) 

with 𝐼𝑠 = 𝐵𝑒𝑥𝑝 (−
𝑞𝑉𝐷

𝛽𝑘𝑇
) 

 

where B is weakly temperature-dependent. Value of β depends on the ratio of 

densities of imperfections in the p- and n-type semiconductors. VD is the total built-in 

voltage due to the difference in work function of p- and n-type semiconductors. 

 

3. Tunneling mechanism 

 

Using WKB approximation, probability for tunnelling of an electron at the bottom of the 

band under forward bias, T, is given by 

 

𝑇 = exp [−2∫
[2𝑚𝑛

∗ {𝐸𝑏(𝑥)−𝑞∝𝑉}]
1
2

ℏ

𝑥2

𝑥1
 𝑑𝑥]      (Eq.  : 3.20) 

 

Where, Eb(x) is the barrier height at any point x above the bottom of the conduction 

band, αV is the fraction of the applied voltage V. 

The product of tunnelling probability and the incident electron flux gives tunnelling 

current. The I-V characteristics under forward bias for a heterostructure in which 
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tunnelling through the barrier exceeds thermal emission over the barrier can be 

expressed as 

 

𝐼 = 𝐼𝑠(𝑇) exp (
𝑉

𝑉0
)         (Eq. : 3.21) 

 

Where V0 is a constant and Is(T) is a weakly increasing function of temperature. 

 

4. Tunnelling -recombination mechanism 

 

Band-to-band tunnelling coupled with recombination process is one possible 

mechanism to occur in p-n heterojunction. In this, either electrons tunnel from the n-

type material to empty interband in the p-type material and then recombine with holes, 

or holes tunnel from p-type material to the occupied states in the n-type material and 

recombine with the electrons. Forward current due to the tunnelling from the bottom 

of the conduction or top of the valance band can expressed as 

 

𝐼 = 𝐵 exp[−𝛼(𝑉𝐷 − 𝑉)]       (Eq. : 3.22) 

 

Where, B is a weak function of voltage and temperature and VD is the diffusion voltage.  

𝛼 =
4

3ℏ
 (
𝑚𝑛
∗ 𝜖2

𝑁𝐷2
)

1

2
 , where ε2 is the dielectric constant of the n-type semiconductor. 

 

To include these mechanisms, current density due to the above mentioned 

mechanisms must be added to equation 3.14, assuming that the distinct mechanisms 

are independent. 

 

3.7.2. Solar cell under illumination 

 

The I-V characteristic of solar cell under illumination is given by 

 

𝐼 = 𝐼0 (𝑒
𝑞𝑉

𝑚𝑘𝑇 − 1) − 𝐼𝐿  or 

 𝐽 = 𝐽0 (𝑒
𝑞𝑉

𝑚𝑘𝑇 − 1) − 𝐽𝐿       (Eq. : 3.23) 
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Where, IL is the light generated current. IL has the value 

 

𝐼𝐿 = 𝑞𝐴𝐺 (𝐿𝑒 +𝑊 + 𝐿ℎ) 

𝐽𝐿 = 𝑞𝐺 (𝐿𝑒 +𝑊 + 𝐿ℎ)       (Eq. : 3.24) 

 

Where, G is the net current generation rate due to illumination, Le and Lh are the 

diffusion length of electrons and holes and W is the width of depletion region. This 

expression implies that light generated current density, JL, constitutes the total photo 

generated current due to the carriers in the depletion region of the diode and within 

the minority carrier diffusion length on both P and N side of the diode. Hence, the 

depletion region and the region lying within the diffusion length of P and N side of the 

diode is called as “active” collection region of a solar cell. 

 

The J-V characteristic of p-n diode in dark and under illumination is shown in figure 

3.20.  The illuminated I-V characteristics of p-n diode are the dark characteristics 

shifted down by the current JL. This downward shift of the I-V characteristics gives a 

region in the fourth quadrant of the plot signifying that power can be extracted from 

the diode. 

 

 

Fig.3.20. I-V characteristics of p-n diode under dark and illumination [3.30]. 
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3.7.3. Performance characteristics of a solar cell 

 

Short circuit current density (Jsc): Short circuit current density is the current density 

through the solar cell when the voltage across the solar cell is zero. For an ideal solar 

cell Jsc is equal to JL. 

 

Open circuit voltage (Voc): Open circuit voltage is the maximum voltage available 

from the solar cell when no current flows through it. 

 

𝑽𝒐𝒄 =
𝒌𝑻

𝒒
𝐥𝐧 (

𝑱𝒔𝒄

𝑱𝟎
+ 𝟏)       (Eq. : 3.25) 

 

Fill factor (FF): Fill factor is defined as the ratio between the product of current density 

(Jm) and voltage(Vm) values corresponding to maximum power point of solar cell to the 

product of Jsc and Voc. 

 

𝑭𝑭 =
𝑱𝒎𝑽𝒎

𝑱𝒔𝒄𝑽𝒐𝒄
         (Eq. : 3.26) 

 

Efficiency (η): Efficiency of a solar cell is defined as the ratio of power delivered at 

operating point to the power of incident light (Ps). 

 

𝜼 = 
𝑱𝒎𝑽𝒎

𝑷𝒔
         (Eq. : 3.27) 

 

Effect of parasitic resistances: 

 

In the practical solar cells, power is dissipated through the contact resistance and 

through leakage current. These effects are equivalent to two resistances, one in series 

(series resistance, Rs) and other in parallel (shunt resistance, Rsh) with the solar cell. 

The series resistance (Rs) can arise from (i) the bulk resistance of the semiconductor 

material in the solar cell, (ii) the bulk resistance of metallic contact with the 

interconnections and (iii) the contact resistance between the metallic contact and the 

semiconductor. The shunt resistance (Rsh) is mainly because of the leakage current at 

the junction due to crystal defects and presence of foreign impurities. Both Rs and Rsh 
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are known as parasitic resistances [3.30,3.33]. The equivalent circuit of a solar cell is 

shown in figure 3.21. 

 

 

Fig.3.21. The equivalent circuit of a solar cell [3.33]. 

 

Considering parasitic resistances, the diode equation under illumination changes to 

 

𝐽 = 𝐽𝑠𝑐 − 𝐽0 (𝑒
𝑞(
𝑉+𝐽𝐴𝑅𝑠
𝑘𝑇

) − 1) −
𝑉+𝐽𝐴𝑅𝑠

𝑅𝑠ℎ
    (Eq. : 3.28) 

 

Figure 3.22 shows the variation in I-V curve of solar cell with changes in Rs and Rsh. 

 

 

Fig.3.22. Illustration of variation in I-V curve of solar cell with change in (a) series resistance 

and (b) shunt resistance [3.34]. 

 

In this study, I–V characteristics of fabricated heterostructures were recorded at room 

temperature using Newport 91160 solar simulator from ESFM-IPN s shown in figure 
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3.23. This simulator has output equivalent to 1.96 sun (AM 1 global irradiation) and a 

filter is used to obtain intensity of light equivalent to one sun (100 mW/cm2- AM 1.5 

global irradiation).  

 

 

Fig.3.23. Newport 91160 solar simulator. 
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CHAPTER - 4 

DEPOSITION OF Cu(In,Ga)Se2 FILM USING 

MECHANOCHEMICALLY SYNTHESIZED Cu(In,Ga)Se2 POWDER 

 

In this chapter, we discuss the mechanochemical synthesis of Cu(In,Ga)Se2 (CIGSe) 

powder, where we study the effect of milling parameters such as milling time, ball to 

powder ratio and milling speed. CIGSe powder prepared by optimised condition is 

used for film deposition. Then the structural, compositional and morphological studies 

of deposited films have been carried out. Electrical properties of selected sample are 

also studied. 

 

4.1. Mechanochemical synthesis of Cu(In0.5,Ga0.5)Se2 powder 

Cu(In0.5,Ga0.5)Se2 powder has been synthesized mechanochemically by optimising 

the most important milling parameters such as milling time, BPR and milling speed. 

The prime objective of the optimization process is to synthesize single-phase 

Cu(In0.5,Ga0.5)Se2 powder with the shortest possible time to reduce the synthesis time 

and thus the energy of the process. It was achieved by varying milling parameters as 

given in Chapter 3, table 3.1.  

 

4.1.1. Effect of milling time 

Milling time is the first milling parameter to be investigated and for that milling time is 

varied from 0.5 h to 6 h keeping BPR as 15:1 and milling speed at 400 rpm. Figure 4.1 

shows XRD patterns of Cu(In0.5,Ga0.5)Se2 powder milled from 30 min to 6 h and many 

diffraction peaks corresponding to various compounds can be identified. In the case 

of 30 min milled powder, according to the Joint Committee of Powder Diffraction 

Standard (JCPDS), binary compounds such as In6Se7 (JCPDS # 00-025-0385), β 

CuSe (JCPDS # 27-0184), Ga2Se3 (JCPDS # 33-0568), β In2Se3 (JCPDS # 20-0494), 

α Cu2Se (JCPDS # 27-1131) and InSe (JCPDS # 42-0919) are detected at 2θ values 

23.46⁰, 29.68⁰, 32.96⁰, 36.28⁰, 39.18⁰, 43.34⁰, 50.42⁰ and 54.48⁰ respectively. Also, 3 

peaks related to (112), (220)/(204) and (312)/(116) chalcopyrite phase of 
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Cu(In0.5,Ga0.5)Se2   (JCPDS # 40-1488) is detected at 2θ values of 27.14⁰, 45.18⁰ and 

53.4⁰ respectively. The diffraction peak of In6Se7 and β In2Se3 diminishes significantly 

after 1 h of milling. Simultaneously, the peak intensity of three chalcopyrite 

CuIn0.5Ga0.5Se2   phase increases. The peak corresponding to β CuSe vanishes 

completely after 2 h of milling. The 4 h milled powder shows very small intense peaks 

of Ga2Se3, α Cu2Se and InSe with dominant peaks of Cu(In0.5,Ga0.5)Se2. The powder 

milled for 6 h presents peaks related to single chalcopyrite phase Cu(In0.5,Ga0.5)Se2. 

Additionally, a shift in peak position to lower 2θ value can be noticed with increasing 

milling time. Vidhya et.al [4.1] attributed this shift to the internal stress induced by 

milling. This induced stress alters the lattice parameter and thus results in a shift in 

XRD peak position. 

 

 

Fig.4.1. X-ray diffraction patterns of the Cu(In0.5,Ga0.5)Se2  powder prepared at different 

milling time: (a) 30 min; (b) 1 h; (c) 1 h 30 min; (d) 2 h; (e) 4 h and (f) 6 h. 

 

The possible formation mechanism of Cu(In0.5,Ga0.5)Se2   powder during mechanical 

milling can be explained based on previous literature study [4.2] and the secondary 

phases present in the powder prior to the formation of single phase Cu(In0.5,Ga0.5)Se2. 

The melting point of elemental Cu, In, Ga and Se used in this study are 1083, 160, 
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29.8 and 220⁰ C respectively. The three elements In, Ga and Se have low melting 

point whereas the element Cu has high melting point. Whereas, Zhang et.al [4.3] has 

reported that the maximum temperature attained during mechanical impacts is less 

than 350⁰ C. The nature of heat generation during ball to ball collision is explained by 

Kwon et.al [4.4]. According to Kwon et.al, the impact of ball to ball collision lasts for a 

very short time. Therefore, the powder trapped between the balls during ball to ball 

collision heat up very fast for a short time and cools down after the impact. In the case 

of milling Cu, In, Ga and Se; the low melting point elements In, Ga and Se melts locally 

in the powder as the kinetic energy of balls convert to heat after the collision. 

Subsequently the chemical reaction between elemental Cu with In, Ga and Se will take 

place. Contrary to the long hours of milling necessary for the formation of alloy in 

particular cases [4.5], here Cu(In0.5,Ga0.5)Se2 powder phase forms along with the 

metastable phases in 30 minutes of milling. Since in this case, elemental powders go 

through solid chemical reaction leading to the formation of metastable binary phases. 

Then, CuIn0.5Ga0.5Se2 alloy formation take place due to the shortened solid state 

diffusion distance and increased density of defects together with heating process 

occurred during milling process [4.5-4.7]. The metastable phase formed during ball 

milling depends on their standard Gibbs free energy. The Gibbs free energy of In2Se3, 

Ga2Se3, CuSe and Cu2Se are -318 [4.8], -376 [4.9], -39.5 [4.10] and -65 kJ/mol 

respectively [4.11]. The formation energy for CISe and CGSe are -262 and -313 kJ/mol 

respectively [4.11]. From this data, it can be deduced that In2Se3 and Ga2Se3 phases 

form easily than Cu2Se and CuSe phases. The possible reactions leading to the 

formation of Cu(In0.5,Ga0.5)Se2 powder during milling process are listed below. 

 

6 𝐼𝑛 + 7 𝑆𝑒 → 𝐼𝑛6𝑆𝑒7       (Eq. : 4.1 ) 

𝐶𝑢 + 𝑆𝑒 → 𝐶𝑢𝑆𝑒                                 (Eq. : 4.2 ) 

2 𝐺𝑎 + 3 𝑆𝑒 → 𝐺𝑎2𝑆𝑒3       (Eq. : 4.3 ) 

2 𝐼𝑛 + 3 𝑆𝑒 → 𝐼𝑛2𝑆𝑒3       (Eq. : 4.4 ) 

2 𝐶𝑢 + 𝑆𝑒 →  𝐶𝑢2𝑆𝑒        (Eq. : 4.5 ) 

𝐼𝑛 + 𝑆𝑒 → 𝐼𝑛𝑆𝑒        (Eq. : 4.6 ) 
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𝐶𝑢 + 𝑆𝑒 → 𝐶𝑢𝑆𝑒        (Eq. : 4.7 ) 

𝐼𝑛𝑆𝑒 + 𝐶𝑢𝑆𝑒 → 𝐶𝑢𝐼𝑛𝑆𝑒       (Eq. : 4.8 ) 

𝐶𝑢2𝑆𝑒 + 𝐼𝑛2𝑆𝑒3  → 2𝐶𝑢𝐼𝑛𝑆𝑒2      (Eq. : 4.9 ) 

𝐶𝑢2𝑆𝑒 + 𝐺𝑎2𝑆𝑒3  → 2𝐶𝑢𝐺𝑎𝑆𝑒2      (Eq. : 4.10 ) 

𝐶𝑢𝐼𝑛𝑆𝑒2 +  𝐶𝑢𝐺𝑎𝑆𝑒2  → 𝐶𝑢(𝐼𝑛, 𝐺𝑎)𝑆𝑒2     (Eq. : 4.11 ) 

 

The crystallite size of milled Cu(In0.5,Ga0.5)Se2 powders with respect to (112) peak are 

calculated using Scherrer-Debbey equation and plotted against milling time (figure 

4.2). Here, it is important to mention that crystallite sizes are measured taking in to 

account only one XRD pattern of the respected sample. It is found that crystallite size 

increases from 17 to 19.58 nm with increase in milling time from 30 min to 1 h. The 

XRD peak in the 30 min milled powder is wider and smaller to the peak in 1 h milled   

powder. This can be due to amorphous nature of the milled powder. Except the sample 

milled for 30 min, the other milled powders show a tendency of decreasing crystallite 

size with increasing milling time. This behaviour has reported by Zuhailawati et.al 

[4.12]. It is explained based on the crystallite refinement through introduction of defects 

such as dislocations within a grain during mechanical alloying process [4.13]. This 

indicates that mechanochemical process is greatly effective in reducing crystallite size 

by increasing milling time. 

 

 

Fig.4.2. The crystallite size of Cu(In0.5,Ga0.5)Se2 powder versus milling time. 
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The morphology observed by FESEM of Cu(In0.5,Ga0.5)Se2 powder milled for 30 min, 1 

h, 1 h 30 min, 2 h, 4 h and 6 h are shown in figure 4.3. It indicates that morphology of 

CuIn0.5Ga0.5Se2 alloy changes with milling time. As mentioned in section 3.1.1, 

mechanical milling is a process of repeated flattening, cold welding, fracturing and 

rewelding of precursor powder particles [4.14]. In the case of mechanical milling of Cu, 

In, Ga and Se; Cu, In and Ga are ductile elements while Se is brittle. Hence it can be 

taken as milling of a ductile-brittle system.  

 

 

Fig.4.3. FESEM images of Cu(In0.5,Ga0.5)Se2 powder milled for (a) 30 min; (b) 1 h; (c) 1 h 30 

min; (d) 2 h; (e) 4 h and (f) 6 h. 

 

Fogagnolo et.al [4.15] has presented a model to explain mechanical milling of a ductile-

brittle system. According to that, ductile particles undergo deformation whilst brittle 
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particle undergoes fragmentation during the initial stage of milling. Subsequently, 

ductile particles start to weld, and brittle particle come between two or more ductile 

particles at the time of ball-ball collision. As a result, the brittle Se particles will be placed 

in the interfacial boundaries of welded Cu, In and Ga particles. One important fact to 

note in mechanical milling process is that, it is statistical in nature. Each particle 

experiences a unique processing history [4.16]. Different morphology of particles 

observed in the FESEM images can be related to statistical nature of the process.  The 

30 min and 1 h milled powder show similar FESEM images. The powder milled for 1 h 

30 min shows rod-like structures. A thin flat-plate like structures are present in the 

powder milled for 2 h.  Powder milled for 4 h exhibits broken pieces of flat plate-like 

structures which is taken into the bulk of the powder. Powder milled for 6 h observes 

as fractured pieces of powder milled for 4 h. Also, the synthesized Cu(In0.5,Ga0.5)Se2 

powder particles are heavily agglomerated. Agglomeration is an inherent property of 

mechanically milled particles. The tendency to agglomerate increases as fractured 

particles have gained high surface energy. High surface energy and cohesion among 

particles with decreasing particle size account for agglomeration. The fracturing and 

cold welding mechanisms continue as milling time prolongs [4.12]. 

 

Table 4.1: EDAX data of Cu(In0.5,Ga0.5)Se2 powder milled for different milling time. 

Sample 

Atomic percentage of elements 

(at.%) Cu/(In+Ga) Ga/(In+Ga) 

Cu In Ga Se 

30 min 22.12 14.31 14.77 48.80 0.76 0.51 

1 h 20.86 7.19 14.72 57.24 0.95 0.67 

1 h 30 min 21.08 8.49 10.32 60.12 1.12 0.55 

2 h 24.01 10.08 13.42 52.49 1.02 0.57 

4 h 25.73 12.40 12.86 49.02 1.02 0.51 

6 h 25.97 12.31 12.78 48.95 1.03 0.51 

 

The EDAX analysis of Cu(In0.5,Ga0.5)Se2 powder milled for 30 min, 1 h, 1 h 30 min, 2 

h, 4 h and 6 h is measured at operating voltage of 20 kV and is given in table 4.1. It 

shows uneven variation in the atomic percentage of elements (table 4.1). Since milling 
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time is short, the distribution of elements in the powder is not homogenous. But as the 

milling time progress, the elements alloys well homogenously. The powder milled for 

4 and 6 h present similar EDAX composition data. The composition of the 

Cu(In0.5,Ga0.5)Se2 powder milled for 4 and 6 h are Cu1.03(In0.49,Ga0.51)Se1.96 and 

Cu1.04(In0.49,Ga0.51)Se1.96 respectively. Hence it is clear that milling time has an 

influence on the homogeneity of milled powder. 

 

4.1.2. Effect of Ball to Powder Ratio 

Using BPR of 15:1 and milling speed of 400 rpm, single-phase Cu(In0.5,Ga0.5)Se2 

formation takes place after milling for 6 h. The next milling parameter to be investigated 

is BPR as a means to reduce milling time. 

 

 

Fig.4.4. X-ray diffraction patterns of the Cu(In0.5,Ga0.5)Se2 powder synthesized at (a) 15:1-1 

h; (b) 20:1-1 h; (c) 25:1-1 h; (d) 15:1-2 h; (e) 20:1-2 h and (f) 25:1-2 h. 
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Figure 4.4 represents XRD pattern of Cu(In0.5,Ga0.5)Se2 powder milled with BPR of 

15:1, 20:1 and 25:1 for 1 h and 2 h with a milling speed of 400 rpm. In the case of 

powder milled for 2 h, it exhibits that as BPR increase from 15:1 to 20:1, the binary 

metastable phases except Cu2Se disappear and subsequent increase of BPR to 25:1 

results in the formation of single chalcopyrite phase of Cu(In0.5,Ga0.5)Se2. In the case 

of powder milled for 1 h with BPR of 15:1, 20:1 and 25:1, the powder with BPR of 25:1 

shows a very small intensity peak related to Cu2Se. However, it is very clear that higher 

BPR helps to reduce the time required to form single-phase Cu(In0.5,Ga0.5)Se2. BPR 

is the ratio of the total mass of balls to the total mass of reactants. In the case of balls 

of equal mass, higher BPR indicates higher number of balls. When the number of balls 

increased, the collision frequency increased i.e. there will be an increased number of 

contacts between the balls and the powder. Moreover, the total energy input to the 

powder increases with increase in the number of collision [4.17]. Hence 

Cu(In0.5,Ga0.5)Se2 powder forms in shorter milling time. Also, it is evident that milling 

time is dependent on BPR. Suryanarayana et al [4.5] have reported similar 

dependency of BPR on milling time. 

 

 

Fig.4.5. The crystallite size of Cu(In0.5,Ga0.5)Se2 powder versus BPR. 

 

Variation in the crystallite size of Cu(In0.5,Ga0.5)Se2 powder milled for 1 h and 2 h with 

BPR calculated from XRD pattern given in figure 4.4 are shown in figure 4.5.  In the 

case of powder milled for 1 h with BPR of 15:1, 20:1 and 25:1, the crystallite size is 

calculated as 19.58, 18.05 and 19.81 nm respectively. The 2 h milled powder with BPR 



87 
 

of 15:1,20:1 and 25:1showed crystallite size 18.51,17.49 and 17.51 nm respectively. 

i.e crystallite size changes randomly with the ball to powder ratio. At the same time, it 

is worth to note that powder milled for 2 h have lower crystallite size to powder milled 

for 1 h. 

 

 

Fig.4.6. FESEM images of the Cu(In0.5,Ga0.5)Se2   powder synthesized at different BPR for 1 

and 2 h: (a) 15:1-1 h; (b) 20:1-1 h; (c) 25:1-1 h; (d) 15:1-2 h; (e) 20:1-2 h and (f) 25:1-2 h. 

 

FESEM images of CuIn0.5Ga0.5Se2 powder milled with BPR of 15:1, 20:1 and 25:1 for 

1 and 2 h are shown in figure 4.6. It can be observed that CuIn0.5Ga0.5Se2 powder 

milled at BPR of 15:1 for 1 and 2 h consists of highly cold welded structures. Individual 

agglomerated spherical structures over the cold-welded powder can be seen in the 
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powder milled at BPR of 15:1 for 2 h. while, powder milled with BPR of 20:1 shows 

cold welded structures which are smaller as compared to powder milled with BPR of 

15:1. The subsequent increase of BPR to 25:1 resulted in structures which are smaller 

in size as compared to powder milled with lower BPR. The similar tendency of changes 

in morphology can be observed for powder milled at higher BPR with milling time of 2 

h. The decrease in size of particles with an increase in BPR can be explained as 

fracturing process take over cold welding process. With increasing BPR, the frequency 

of collisions rises and mean free path between two collisions declines [4.17]. From the 

morphology of powders, it can be deduced that higher BPR favours fracturing process 

over welding process. The Cu(In0.5,Ga0.5)Se2 powder synthesized with BPR of 25:1, 

milling speed of 400 rpm and milling time of 2 h showed less agglomerations compared 

to remaining milling conditions. 

 

Table 4.2. EDAX composition analysis of Cu(In0.5,Ga0.5)Se2  powder synthesized at different 

BPR for 1 and 2 h of milling time. 

Sample 

Atomic percentage of elements 

(%) Cu/(In+Ga) Ga/(In+Ga) 

Cu In Ga Se 

15:1-1h 20.86 7.19 14.72 57.24 0.95 0.67 

20:1-1h 26.73 10.85 13.90 48.51 1.07 0.56 

25:1-1h 25.26 12.61 11.86 50.25 1.03 0.48 

15:1-2h 24.01 10.08 13.42 52.49 1.02 0.57 

20:1-2h 27.77 10.14 13.50 48.66 1.18 0.57 

25:1-2h 27.55 11.40 12.65 48.40 1.14 0.52 

 

EDAX composition analysis of Cu(In0.5,Ga0.5)Se2 powder synthesized with BPR of 

15:1, 20:1 and 25:1 for 1 and 2 h are measured at operating voltage of 20 kV and is 

given in table 4.2. Results show the influence of BPR on determining the composition 

of final product. The atomic percentage of Cu is found to rise from 20.86 to 26. 73 and 

24.01 to 27.32 with increasing BPR from 15:1 to 20:1 for 1 and 2 h milled powder. 

While Se atomic percentage decreases from 57.24 to 50.25 and 52.49 to 48.89 for 1 

and 2 h milled samples as a function of BPR. Whereas an increase in the atomic 
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percentage of In is observed with changing BPR from 20:1 to 25:1. The results indicate 

that higher BPR favours incorporation of Cu and In, while it would lead to loss of Se 

due to higher heat energy developed with high BPR. The sample milled with 25:1 

showed Ga/(In+Ga) closely matching to the initial precursor stoichiometry 

Cu(In0.5,Ga0.5)Se2. As single-phase and less agglomerated Cu(In0.5,Ga0.5)Se2 particles 

were obtained with BPR of 25:1, we fixed 25:1 as optimum BPR for further 

experiments. 

 

4.1.3. Effect of milling speed 

Figure 4.7 shows the XRD pattern of Cu(In0.5,Ga0.5)Se2 powder prepared at different 

milling speed. XRD pattern of powder milled at 200 rpm shows a small intense peak 

at 29.68⁰, in addition to the peak corresponding to Cu(In0.5,Ga0.5)Se2 phase, which is 

assigned to In6Se7 binary phase according to JCPDS 00-025-0385. The powder milled 

at 250,300,350 and 400 rpm shows peaks related to single chalcopyrite phase of 

Cu(In0.5,Ga0.5)Se2. 

 

 

Fig.4.7. X-ray diffraction patterns of the Cu(In0.5,Ga0.5)Se2  powder prepared at different 

milling speed: (a) 200 rpm; (b) 250 rpm; (c) 300 rpm; (d) 350 rpm and (e) 400 rpm. 
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As the milling speed increases, the energy input to the milling increases. Based on the 

model developed by Abdellaoui and Gaffet [4.18], the collision and kinetic energy of 

balls in the milling are obtained by 

‖𝑉𝑐‖
2  = (𝑅Ω)2 + (𝑟 − 𝑟𝑏)

2𝜔2(1 +
2𝜔

Ω
)     (Eq. : 4.12) 

𝐸𝑘 = 
1

2
𝑚‖𝑉𝑐‖

2        (Eq. : 4.13) 

 

Where R is the distance between disc center and the vial center, r is the vial radius, rb 

is the ball radius, Ω is the disc rotation speed, 𝜔 is the vial rotation speed and m is the 

ball mass. From this as the milling speed increases, the energy input into the powder 

increases. Since the energy input increases with increasing milling speed from 200 to 

250 rpm, pure single phase of chalcopyrite Cu(In0.5,Ga0.5)Se2 formation take place. 

 

 

Fig.4.8.  The crystallite size of Cu(In0.5,Ga0.5)Se2 powder versus milling speed. 

 

The crystallite size of the milled powder with respect to (112) plane is calculated from 

the XRD pattern given in figure 4.8 and is found to decrease from 19.8 to 17.03 nm by 

increasing milling speed from 200 to 250 rpm. Then, the crystallite size increases to 

18.49 nm and subsequently decrease to 17.49 and 17.03 nm upon increasing milling 

speed to 300, 350 and 400 rpm. A similar change in crystallite size with milling speed 

has reported by Gheisari et.al. [4.19]. 
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FESEM images of Cu(In0.5,Ga0.5)Se2 particles obtained after milling for 2 h with BPR 

of 25:1 at 200, 250, 300, 350 and 400 rpm are shown in figure 4.9. The sample 

obtained with 200 rpm reveals spherical and plate-like structures. The plate-like 

structures could be due to flattening of materials during milling. The structures are 

strongly welded. CuIn0.5Ga0.5Se2 particles milled with 250, 300 and 350 rpm show 

similar morphology. Relative to figure 4.9(c), the size of cold welded grains is found to 

be larger in figure 4.9(d). The disappearance of plate-like structures is observed with 

increasing milling speed. Sample milled with 400 rpm shows more defined spherical 

particles along with bigger aggregates of cold welded grains. 

 

 

Fig.4.9. FESEM images of the Cu(In0.5,Ga0.5)Se2  powder synthesized at different milling 

speed: (a) 200 rpm; (b) 250 rpm; (c) 300 rpm; (d) 350 rpm and (e) 400 rpm. 
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Table 4.3. EDAX composition analysis of Cu(In0.5,Ga0.5)Se2   powder synthesized at different 

milling speed. 

Sample 

Atomic percentage of elements 

(at.%) Cu/(In+Ga) Ga/(In+Ga) 

Cu In Ga Se 

200 rpm 27.23 10.42 13.99 48.36 1.11 0.57 

250 rpm 27.94 9.90 13.15 49.01 1.21 0.57 

300 rpm 27.47 10.84 12.93 48.76 1.15 0.54 

350 rpm 28.04 11.54 12.71 47.71 1.16 0.52 

400 rpm 27.55 11.40 12.65 48.40 1.14 0.52 

 

The EDAX composition analysis (table 4.3) of the milled powders are analysed at 

operating voltage of 20 kV, and shows a difference in the value of Ga/(In+Ga) and 

Cu/(In+Ga) with changing milling speed. A non-linear variation in the atomic 

percentage of In with milling speed varying from 200 to 300 rpm could be due to the 

non-homogenous distribution of elements in the sample. Increasing milling speed 

seems to have no effect on controlling atomic percentage of the Cu and Se as 

compared to milling time and BPR while an increase in atomic percentage of In and 

decreasing atomic percentages of Ga are observed with increasing milling speed. 

Hence by considering the structural, morphological and compositional properties, BPR 

of 25:1, milling time of 2 h and milling speed of 400 rpm is confirmed as the optimum 

conditions to synthesize Cu(In0.5,Ga0.5)Se2 powder. 

 

4.2. Mechanochemical Synthesis of Cu(In0.7,Ga0.3)Se2 powder 

 

It is reported that high efficiency CIGSe-based solar cell consists of Ga/(In+Ga) =0.3 

[4.20,4.21]. Therefore, Cu(In0.7,Ga0.3)Se2 alloy powder is prepared using the optimized 

milling condition i.e. BPR-25:1, milling speed- 400 rpm and milling time- 2 h. 

Figure 4.10 represents the XRD pattern of Cu(In0.7,Ga0.3)Se2  and Cu(In0.5,Ga0.5)Se2 

powder. The peak position of (112), (220)/(204) and (312)/(116) planes are shifted to 
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lower 2θ value with decreasing Ga/(In+Ga) to 0.3 from 0.5. In other words, it can be 

said as XRD peak position shift towards higher 2θ with increasing Ga content. It is 

explained based on the ionic radius of In and Ga. The ionic radius of In and Ga are 

0.81 and 0.62 Å respectively. Hence the substitution of larger In atoms by smaller Ga 

atoms cause a decrease in lattice spacing [4.22]. It can be seen clearly from the figure 

4.10 (B). 

 

 

Fig.4.10. (A) XRD pattern of Cu(In0.7,Ga0.3)Se2 and Cu(In0.5,Ga0.5)Se2 powder and (B) 

magnified (112) peak of Cu(In0.7,Ga0.3)Se2 and Cu(In0.5,Ga0.5)Se2 powder. 

 

The stoichiometry of Ga/(In+Ga) can be deduced using Vagard’s law. Vagard’s law is 

an empirical rule to determine unit cell parameters of a solid solution series in an alloy. 

According to Vagard’s law, unit cell parameters decrease linearly as more Ga replaces 

In [4.23]. The plot of variation in lattice parameter with Ga/(In+Ga) is shown in figure 

4.11. The unit cell parameter a and c for Cu(In0.7,Ga0.3)Se2 and Cu(In0.5,Ga0.5)Se2 are 

calculated as a= 5.74; c= 11.589 Å and a= 5.69 c= 11.305 Å respectively.  
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Fig.4.11. Lattice parameters “a” and “c” as a function of Ga/(In+Ga) in CIGSe powder. 

 

 

Fig.4.12. Raman spectra of (a) Cu(In0.5,Ga0.5)Se2 and (b) Cu(In0.7,Ga0.3)Se2 powder. 

 

Raman spectra (figure 4.12) exhibit intense line at 170 and 168 cm-1 for the powders 

Cu(In0.5,Ga0.5)Se2 and Cu(In0.7,Ga0.3)Se2 respectively.  It is evidently due to A1 phonon 

vibrational mode as it is the strongest vibrational mode observed in CIGSe- 

chalcopyrite compounds. As discussed earlier, this vibrational mode results from the 

motion of Se atom with Cu and In/Ga atoms remaining at rest [4.24]. This shift 
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observed in Raman peak position to higher wavenumber with an increase in Ga 

content is in good agreement with Papadimitriou et.al [4.25]. 

FESEM image of Cu(In0.7,Ga0.3)Se2 powder is presented in figure 4.13, and it shows 

agglomerated spherical particles and non-spherical structures. Particles have 

inhomogeneous size distribution. EDAX analysis shows the composition of Cu, In, Ga 

and Se as 26.02, 16.7, 9.2 and 47.6 at % respectively resulting in the formation of 

Cu1(In0.67,Ga0.33)Se1.9 which is close to Cu(In0.7,Ga0.3)Se2. The band gap of 

Cu(In0.7,Ga0.3)Se2 powder was determined from the measured absorbance (A) using 

the formula. 

 

𝛼 = 𝐴 (ℎ𝜗 − 𝐸𝑔)1/2        (Eq. : 4.14) 

 

Where α is the absorption coefficient, A is a constant, Eg is the energy band gap and 

hν is the incident photon energy. Figure 4.13 (B) shows the plot of (αhν)2 as a function 

of incident photon energy for Cu(In0.7,Ga0.3)Se2 powder. The estimated direct optical 

band gap is obtained by extrapolation of the (αhν)2 versus hv plot at α=0. The 

estimated optical band gap of Cu(In0.7,Ga0.3)Se2 powder is consistent with the reported 

values in the literature 1.1-1.2 eV [ 4.26]. However, the curve obtained by plotting 

(αhν)2 versus hv indicates the existence of defect states in the synthesized 

Cu(In0.7,Ga0.3)Se2 powder. 

 

 

Fig.4.13. (A) FESEM image and (B) UV-Visible absorption spectrum of Cu(In0.7,Ga0.3)Se2 

powder. 
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4.3. Formulation of Cu(In0.7,Ga0.3)Se2 particle- based ink 

 

As-synthesized Cu(In0.7,Ga0.3)Se2 particles are ultrasonicated in Ethanol for 1 h to 

break the agglomerates. The Cu(In0.7,Ga0.3)Se2 particles in Ethanol settles down fast 

as the dispersion is unstable. The instability of dispersion mainly comes from the 

strongly agglomerate nature of mechanically synthesized particles. There are different 

methods such as electrostatic, steric and electro-steric stabilization mechanisms to 

form stable dispersions [4.27]. A long-term stability of dispersion is necessary for the 

industrial feasibility of methods. Steric stabilization method is availed in this work to 

improve the stability of Cu(In0.7,Ga0.3)Se2 particle dispersions and ink is prepared as 

described in section 3.2. A Terpineol-Ethyl cellulose mixture is used as dispersing 

agent and binder respectively. The ink stability is analyzed with varying Ethyl Cellulose 

and Terpineol content which is shown in Figure.4.14. 

 

 

Fig.4.14. The variation in stability of Cu(In0.7,Ga0.3)Se2 ink formulated with EC and Terpineol, 

a,b,c,d,e: 40 wt% of Terpineol with EC wt %-0,1,2,3 and 4  respectively; f,g,h,i,j: 2 wt % of 

EC with Terpineol wt% -0,10,20,30 and 40 respectively. 
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It is observed that dispersion stability increased with Ethyl Cellulose content. Ink 

formulated without Ethyl Cellulose shows poor stability and particles settle down within 

a few hours. While, ink formulated using 2, 3 and 4 wt% of EC with 40 wt % of Terpineol 

is stable. So that 2 wt% of EC is used for further ink formulation. Also, it is observed 

that viscosity of the ink increases with Ethyl Cellulose content. Here Ethyl Cellulose 

acts as a binder, which provides improved wetting, delay in sedimentation and 

increase in viscosity [4.28]. On the other hand, the stability of ink suspension is found 

to be unaffected with the amount of Terpineol added. But the viscosity of ink is 

observed to be decreasing with increasing terpineol from 0 to 40 wt %. We assume 

that it can be due to breakage of large EC lattice by terpineol thus reducing viscosity 

of the ink. The role of Terpineol as a dispersing agent can be understood clearly from 

the AFM images of thin films from ink formulated with different Terpineol content 

(Fig.4.15). The dispersion of Cu(In0.7,Ga0.3)Se2 particles is improved with increasing 

Terpineol content. The thin film deposited using ink with 40 wt% of Terpineol shows 

well-dispersed particles. Hence for further experiments, Cu(In0.7,Ga0.3)Se2 ink is 

formulated using 2wt% EC and 40 wt % of Terpineol. 

 

 

Fig.4.15. AFM topographic image of Cu(In0.7,Ga0.3)Se2 thin film with Terpineol varying from 

a) 0 wt%, b) 10 wt%, c) 20 wt%, d) 30 wt% and e) 40 wt%. 
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4.4. Properties of Cu(In0.7,Ga0.3)Se2 films 

Cu(In0.7,Ga0.3)Se2 films are deposited on a glass substrate using the ink formulated by 

adding 2 wt% of Ethyl Cellulose and 40 wt % of Terpineol to 1.5 g of Cu(In0.7,Ga0.3)Se2 

powder. The properties of as-deposited, air-annealed and selenized films are 

described in this section. 

 

4.4.1.  As- deposited Cu(In0.7,Ga0.3)Se2 films 

Cu(In0.7,Ga0.3)Se2 film is deposited on glass substrate by doctor blade deposition as 

described in section 3.3.3.  Film is dried at 80 0C for 30 minutes to evaporate Ethanol. 

These films are named as “as-deposited film”.  

 

 

Fig.4.16. (A) XRD pattern and (B) Raman spectrum of as-deposited Cu(In0.7,Ga0.3)Se2 film. 

 

XRD pattern of as-deposited Cu(In0.7,Ga0.3)Se2 film is shown in figure 4.16 (A). It 

reflects (112), (220)/(204) and (312)/(116) planes of chalcopyrite phase of 

Cu(In0.7,Ga0.3)Se2  as observed in the synthesized powder. It indicates that crystalline 

properties of Cu(In0.7,Ga0.3)Se2 powder are transferred to the film successfully. The 

absence of additional diffraction peaks or shift in peak position compared to precursor 

material also give light to the fact that the composition of precursor material is 
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preserved in the film too. This is one of the advantages of using particles based non-

vacuum deposition of Cu(In0.7,Ga0.3)Se2 films [4.29]. Raman analysis of 

Cu(In0.7,Ga0.3)Se2 film is shown in Figure 4 .16 (B). It shows peaks at 168 and 230 cm-

1 which correspond to A1 and E/B2 phonon vibrational mode of chalcopyrite phase of 

Cu(In0.7,Ga0.3)Se2.  

Figure 4.17 shows the cross-sectional morphology of as-deposited Cu(In0.7,Ga0.3)Se2 

film. It shows how the mechanochemically synthesized Cu(In0.7,Ga0.3)Se2 powder are 

covered with the organic additives while forming film. Through the cross-section 

FESEM analysis shown in figure 4.17, film consists of smaller and bigger particles. 

Also, the as-deposited film contains a greater amount of organic additives as marked 

by the red circles. These organic additives must be removed as it hinders the grain 

growth during annealing and affects the performance of photovoltaic device [4.30]. 

The thickness of as-deposited film is found to be 15 µm. The composition of this 

sample was not measured due to charging up of the film during EDAX analysis 

because of organic additives present in the film. 

 

 

Fig.4.17. Cross-sectional FESEM image of as-deposited Cu(In0.7,Ga0.3)Se2 film. 
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4.4.2. Annealing of Cu(In0.7,Ga0.3)Se2 films  

 

The as-deposited Cu(In0.7,Ga0.3)Se2 films are annealed in ambient atmosphere to 

remove the organic additives added during ink preparation. Annealing temperatures 

are chosen as 300 and 400 ⁰C for 1 h. EDAX composition analysis is carried out at 

operating voltage of 20 kV and is used to identify the amount of Carbon content in the 

annealed Cu(In0.7,Ga0.3)Se2 films (table 4.4). 

 

Table 4.4. EDAX composition data of Cu(In0.7,Ga0.3)Se2 films annealed at 300 and 400˚C. 

Film 

annealed 

at 

Atomic percentage of elements 

(at.%) 
Ga/ 

(In+Ga) 

Cu/ 

(In+Ga) 
Cu/Se 

C Cu In Ga Se 

300˚C 40 25.17 20.14 7.41 47.28 0.27 0.91 0.53 

400˚C 32 33.25 29.11 9.13 28.51 0.24 0.86 1.16 

 

From table 4.4, it is found that annealing at 400 ˚C is beneficial for removing C content 

from the as-deposited Cu(In0.7,Ga0.3)Se2 films. However, atomic percentage of Se is 

reduced from 47.6 at.% in the mechanochemically synthesized powder to 28.51 at % 

after annealing at 400 ˚C. While film annealed at 300 ˚C retains the Se content as 

47.28 at %. It indicates the occurrence of loss of Se during annealing at 400 ˚C. Also, 

film annealed at 400 ˚C is Cu-rich with Cu/Se ratio of 1.16. It is well known that CIGSe 

film with Cu-rich composition has poor photovoltaic performance due to the presence 

of residual Cu2-xSe phase [4.31]. 

XRD pattern of films annealed at 300 and 400 ˚C are shown in figure 4.18 (A). Film 

annealed at 300 ˚C exhibits crystalline structure similar to the as-deposited 

CuIn0.7Ga0.3Se2 film, whose diffraction peak appeared at (112), (220)/(204), 

(312)/(116) planes of chalcopyrite Cu(In0.7,Ga0.3)Se2.These peaks are narrower with 

FWHM of (112) plane as 0.53 and sharp for the as- deposited Cu(In0.7,Ga0.3)Se2 films. 

However, the film annealed at 400 ˚C presents peaks related to binary phases 

Cu2Se,Ga2Se3,InSe,CuSe,CuSe2 and CISe in addition to (112) plane of CIGSe. The 

occurence of binary phases is due to decomposition of Cu(In0.7,Ga0.3)Se2 arising from 
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the loss of selenium which is evidenced from EDAX data. The FWHM of (112) plane 

is calculated to be 0.31 which is narrower than the film annealed at 300 ˚C.  

 

Fig.4.18. (A) XRD pattern and (B) Raman spectra of Cu(In0.7,Ga0.3)Se2  film annealed at (a) 

300 and (b) 400 ˚C.  

 

The figure 4.18.(B) shows Raman spectra of annealed Cu(In0.7,Ga0.3)Se2 films. Film 

annealed at 300 ˚C shows Raman shift at 168 cm-1 which is at the same position as 

observed in the as-deposited film. While the film annealed at 400 ˚C shows a peak at 

259 cm-1 indicating presence of Cu-Se phase in the sample. Also, Raman spectra do 

not exhibit peak related to Cu(In0.7,Ga0.3)Se2 phase, which is in contrast to the 

Cu(In0.7,Ga0.3)Se2 peaks observed in the XRD. It could be inferred that during 

annealing, Se loss occurs primarily from the film surface so that Cu(In0.7,Ga0.3)Se2  in 

the upper part of the film was decomposed and became Copper-rich. As Raman 

analysis is a surface characterization technique,peak related to Cu-Se phase was only 

detected. 

The planar and cross-sectional FESEM image of the sample annealed at 300 and 400 

˚C are presented in figure 4.19. Both the films show similar surface morphology in the 

planar view. The thickness of films is 7.7 and 7µm for films annealed at 300 and 400 

˚C respectively which are half of the thickness of the as-deposited film.The reduction 

in thickness is due to the removal of organic additives from the film during annealing. 
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Film annealed at 300 ˚C is found to be compact and dense with bigger grains relative 

to film annealed at 400 ˚C. It is important here to note that, the cross-sectional image 

of annealed film is quite different from the as-deposited film. The organic additives 

observed in the as-deposited film is lessend/unable to view after the annealing 

treatment. 

 

 

Fig.4.19. Planar (left) and cross-sectional (right) FESEM images of Cu(In0.7,Ga0.3)Se2 films 

annealed at  300 ˚C (a and c)  and  400 ˚C (b and d). 

 

4.4.3. Selenization of Cu(In0.7,Ga0.3)Se2 film 

 

Films annealed at 300 and 400 ˚C are heat treated at 550 ˚C in Se atmosphere. The 

experimental conditions are same as discussed in section 3.4.Selenized films are 

named as Film 300-Se and Film 400-Se respectively. XRD pattern of Film 300-Se and 

Film 400-Se are given in figure 4.20 (A). The Film 300-Se exhibits reflections from 

(112), (220)/(204), (312)/(116) planes of chalcopyrite Cu(In0.7,Ga0.3)Se2  as observed 

in the annealed films (Figure .4.18) in addition to the small peaks corresponding to 

(103), (211), (213)/(105) and (301) planes of Cu(In0.7,Ga0.3)Se2. 
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Fig.4.20.  (A) XRD pattern and (B) Raman spectra of (a) Film 300-Se and (b) Film 

400-Se. 

 

These planes were absent in the powder, as-deposited film and annealed film. 

However, the peak position of (112),(220)/(204) and (312)/(116) planes are shifted 

from 26.92˚, 44.68˚ and 52.87˚ to 26.8˚, 44.4˚ and 52.64˚. The XRD peaks become 

narrow and sharp after selenization.FWHM of (112) plane in the selenized film is found 

to be 0.24 which is half that of annealed films (0.53).This indicates improvement in the 

crystalline quality of films after selenization [4.32]. While XRD pattern of Film 400-Se 

exhibits diffraction peaks related to (112), (220)/(204) and (312)/(116) planes of 

Cu(In0.7,Ga0.3)Se2 and planes related to Cu-Se phases. The other secondary phases 

appeared due to air annealing at 400 ˚C is disappeared. It notifies that reaction occurs 

among In-Se, Ga-Se, Cu-Se and CISe compounds and leads to the formation of 

Cu(In0.7,Ga0.3)Se2 during selenization. The peaks are narrower and sharp with FWHM 

of (112) plane equal to 0.17 which is smaller than that for Film 300-Se. The peaks for 

(112), (220)/(204) and (312)/(116) planes are found as splitted. Kaigawa et.al [4.33] 

has explained the observed XRD peak splitting in CuIn0.7Ga0.3Se2  films on the basis 

of Ga gradient present throughout the film with the evidence from SIMS studies. 

Raman spectroscopy shown in figure .4.20 (B) indicates chalcopyrite phase of 

Cu(In0.7,Ga0.3)Se2  film by giving a peak at 168 and 171 cm-1  for Film 300-Se and Film 
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400-Se respectively. The A1 phonon mode peak is narrower in the Film 400-Se 

compared to Film 300-Se. This again indicates that annealing at 400 ˚C helps to 

improve the crystalline quality of selenized films [4.34]. However, an intense peak at 

259 cm-1 is also present in the Film 400-Se. This peak is assigned to Cu-Se phases 

[4.35]. 

 

Table 4.5. EDAX composition data of Film 300-Se and Film 400-Se. 

Film 

Atomic percentage of elements 

(at.%) 
Ga/ 

(In+Ga) 

Cu/ 

(In+Ga) 
Cu/Se 

C Cu In Ga Se 

300-Se 30.73 24.40 17.82 8.35 49.43 0.31 0.93 0.49 

400-Se 27.81 35.15 25.84 11.62 27.39 0.31 0.93 1.28 

 

 

The EDAX analysis of selenized films are carried out at operating voltage of 20 kV, 

and the obtained data is given in table 4.5. It is worth to note that the Carbon content 

in the annealed films are reduced to 30.7 and 27.8 at.% from 40 and 32 at.% after 

selenization.The difference in Carbon content between Film 300-Se and Film 400-Se 

are negligible. Se content in the Film 300-Se is increased to 49.43 from 47.28 at % 

making Cu/Se equal to 0.5. The Ga/(In+Ga) is found as 0.31 which is exactly same as 

in the mechanochemically synthesized Cu(In0.7,Ga0.3)Se2 powder. In the case of Film 

400-Se, selenization didn’t help to compensate the Se loss occurred during annealing 

at 400 ˚C. The atomic percentage of Se remained as 27 % making the selenized film 

Cu-rich with Cu/Se=1.28. The Cu-rich composition lead to the formation of Cu-Se 

phases which is confirmed by XRD and Raman analyses. The Ga/(In+Ga) and 

Cu/(In+Ga) are 0.31 and 0.93 respectively which are as same as the selenized film 

annealed at 300 ˚C. From this, we can elucidate that, Ga or In is not evaporated from 

the sample during annealing at 400 ˚C. However, as Cu(In0.7,Ga0.3)Se2  was 

decomposed to binary selenides during annealing at 400  ˚C and an inhomogeneity in 

Ga distribution was developed which leads to the development of Ga gradient during 

selenization.  
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The planar and cross-sectional FESEM images of Film 300-Se and Film 400-Se are 

shown in figure 4.21. The Film 300-Se shows dense surface morphology with small 

cracks. Whilst, Film 400-Se shows porous and irregular surface morphology. Also, it 

shows poor adherence to the substrate. Both Film 300-Se and Film 400-Se shows 

thickness of 10 µm. Cross-sectional images of Film 300-Se and Film 400-Se shows 

particles resembling the mechanochemically synthesized particles without showing 

grain growth. The poor grain growth shown by Cu(In0.7,Ga0.3)Se2 particle-based film 

has been reported by many [4.36,4.37]. It can be attributed to the high covalent nature 

of CIGSe alloy. 

 

 

 
Fig.4.21.Planar (right) and cross-sectional (left) FESEM images of Film 300-Se (a 

and c) and (b and d) Film 400-Se. 

 

Since Film 300-Se shows superior structural and compositional properties with good 

adhesion to the substrate, it is chosen for further characterizations. 
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4.4.4. The electrical properties of Cu(In0.7,Ga0.3)Se2 film 

 

The conductivity type, carrier concentration, mobility and resistivity of Film 300-Se is 

given in table 4.6. It shows that Cu(In0.7,Ga0.3)Se2 film has p-type conductivity with 

carrier concentration (holes) of 5.5 X 1017 cm-3, mobility of 0.0368 cm2/Vs, and 

resistivity of 3.066X102 Ωcm. As discussed in chapter 2, section 2.2.3, the electrical 

properties of CIGSe films are very much dependent on the deposition process and the 

composition.The reported values for carrier concentration, mobility, and resistivity of 

CIGSe films are given in table 2.1. It is important to mention here that there are very 

few reports available on the electrical properties of CIGSe film deposited by the non-

vacuum process, especially by particle-based ink coating method. B.Vidhya [4.38] 

deposited CIGSe film by screen printing of mechanochemically synthesized CIGSe 

particle-based ink and reported the electrical properties based on Hall studies (table 

2.1). Compared to the result of B.Vidhya [4.38], the films in this study exhibited an 

enhancement in carrier concentration ( 1017 cm-3)  and reduction in film resistivity. 

However, the film studied in this work has low mobility. Jo et.al [4.39] studied the effect 

of substrate temperature on the electrical properties and found that carrier 

concentration increases while mobility and resistivity decrease with increasing 

temperature from 30 to 500 ˚C. Similarly, the increased carrier concentration, lower 

mobility, and resistivity compared to the values reported by B. Vidhya [4.38] can be 

attributed to the effect of selenization process carried out at 550 ˚C in this work. 

Selenization process helps to attain enhanced crystallization which results in improved 

carrier concentration and lowers the resistivity. Compared to the values reported for 

CIGSe films deposited by vacuum methods (table 2.1), the Film 300-Se shows inferior 

electrical properties. It has to be noted that, films deposited by vacuum process are 

dense and non-porous with large grains. As a result, the height of the potential barrier 

for the charge carriers during electrical transport is very low, and the charge carriers 

have to cross a minimum number of grain boundaries [4.40]. Hence, the resistivity of 

the films is less. From the cross-sectional FESEM images shown in figure 4.21, it can 

be seen that Film 300-Se consists of smaller grains which contribute higher density of 

grain boundaries that act as a barrier to the flow of charge carriers. This leads to higher 

resistivity and lower mobility of charge carriers [4.41]. 
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Table 4.6. Conductivity type, carrier concentration,mobility and resistivity of 

Cu(In0.7,Ga0.3)Se2  film (Film 300-Se). 

Film Type of 

conductivity 

Carrier 

concentration 

(cm-3) 

Mobility 

(cm2/Vs) 

Resistivity   

(Ωcm) 

300-Se p 5.505 X10 17 0.0368 3.066X102 

 

The type of conductivity and resistivity can also be explained on the basis of the 

composition of CIGSe. The composition of constituent elements in the CIGSe has a 

crucial role in determining the conductivity type and resistivity of the film. Deviation 

from the stoichiometric composition can result in the formation of native defects such 

as vacancies and interstitials. A defect type of cation vacancies or anion interstitials is 

responsible for p-type conductivity. The general way of controlling carrier type and 

concentration in CIGSe is by adjusting the Cu concentration since Cu vacancies have 

a vital role in determining the p-type conductivity of CIGSe.Cu-vacancy act as an 

acceptor.Excess of Cu can lead to an n-type conductivity of CIGSe, since excess Cu 

either goes to interstitial positions or could promote Se vacancies. Cu at interstitial 

position and vacancy of Se act as donors. A systematic investigation was carried out 

by R.Noufi et.al [4.42] to correlate stoichiometry of CISe to the electrical properties 

with respect to the carrier concentration and reported that Cu vacancy is most 

responsible for the p-type conductivity of CISe. According to their results,  If Se/(Cu+In) 

is lesser than 1 and Cu/In is smaller than 1, the CISe film exhibits p-type conductivity 

with high resistivity.Also,it has to be taken into account that introduction of Ga to the 

CISe makes it more p-type, since CGSe has more holes and less compensating 

electrons than CISe. From the EDAX data for the Film 300-Se given in table 4.5, 

Se/(Cu+In+Ga) is 0.97 and Cu/(In+Ga) is 0.93. Comparing with the observation of 

Noufi et.al, Film 300-Se should have p-type conductivity and high resistivity which is 

in good agreement with the results obtained from the Hall measurements. 

The photoresponse behaviour of CIGSe Film 300-Se is studied to examine it’s 

potential as an absorber layer for photovoltaic applications. I-V characteristic of Film 

300-Se is measured under dark as well as under illumination as described in section 

3.6.8. Au contacts in the circular shape of 0.1 cm diameter is deposited on the film. 

The I-V measurements were carried out between two contacts separated by 0.2 cm. 
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The average thickness of Film 300-Se is 10 µm. A voltage of 10 V is applied across 

the two Au contacts as shown in figure 4.22. The resulting current flowing across the 

film between two contacts are measured. Followingly, the experiment is repeated 

under a light source of 300 W. The obtained I-V characteristic of Film 300-Se under 

dark and illumination is presented in Figure 4.23.   

 

 

Fig.4.22. Schematic of I-V characterization measurement. 

 

The Film 300-Se exhibits nearly linear current-voltage curve that is symmetric about 

the origin. The increase in current with voltage shows the ohmic behaviour of the 

contact. Upon illumination, current increases 1.11 times that of current under dark 

which is similar to the value reported for other semiconductor particle-based films 

[4.43,4.44]. This indicates the applicability of Film 300-Se for photovoltaic application. 

The resistivity of the film is calculated  from the I-V measurements and it is found to 

be 1.63× 102 and 1.38 × 102  Ωcm under dark and illumination, respectively which are 

in the same order with the value obtained from the Hall measurements. The two probe 

I-V measurement gives an approximate value of resistivity. Since the resistance of the 

film is high, the resistivity of the film obtained from two-probe I-V measurement can 

have variation from the value obtained from the Hall measurement. Upon illumination, 

the electrons in the valance band receive energy and excite to conduction band. The 

excitation of electrons increases the holes in the Cu(In0.7,Ga0.3)Se2  film and thus 

enhances the conductivity (or reduces the resistivity).  
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Fig.4.23. I-V characterisitc of Film 300-Se under dark and under illumination. 

 

4.5. Summary 

 

 Cu(In0.5,Ga0.5)Se2 powder have been prepared mechanochemically using 

elemental Cu,In,Ga and Se as precursor materials. The effect of milling 

parameters such as milling time, ball to powder ratio and milling speed on the 

formation of single phase chalcopyrite Cu(In0.5,Ga0.5)Se2 powder have been 

studied. 

 Firstly, Cu(In0.5,Ga0.5)Se2 powder have been prepared by keeping BPR as 15:1, 

milling speed as 400 rpm and milling time varies as 30 min, 1h, 1.5 h , 2 h, 4 h 

and 6 h. It is found that milling time of 6 h is required to form single-phase 

Cu(In0.5,Ga0.5)Se2 powder. A shift in XRD peak position to lower 2 θ angles has 

been observed possibly due to stress induced during the milling process. The 

crystallite size of the particle is found to be decreased with increasing milling 

time. FESEM analysis shows changes in morphology of milled powder with 

milling time. The synthesized Cu(In0.5,Ga0.5)Se2 powder particle are heavily 

agglomerated. EDAX analysis shows that higher milling time favours 

homogeneity in composition. The Cu(In0.5,Ga0.5)Se2 powder obtained after 6 h 

of milling has a composition of Cu1.04(In0.49,Ga0.51)Se1.96. 

 Further to reduce milling time, BPR has been increased to 20:1 and 25:1 and 

milling process is carried out for 2 and 1 h keeping milling speed as 400 rpm. It 
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is found that increasing BPR reduces the time required to form single-phase 

Cu(In0.5,Ga0.5)Se2 as the energy input to the milling increases with increasing 

BPR. Single-phase Cu(In0.5,Ga0.5)Se2 powder is mechanochemically 

synthesized in 2 h with BPR of 25:1 and milling speed of 400 rpm. The crystallite 

size varies non-linearly with BPR. Morphology of powder changes with milling 

time and shows that higher BPR favours fracturing process over welding 

process. From the EDAX results, it has been observed that with higher BPR, 

the atomic percentage of Cu and In increases while Se decreases slightly. 

 Milling speed is the next process parameter to be taken for study. For this, 

Cu(In0.5,Ga0.5)Se2 powder has been prepared by keeping BPR as 25:1, milling 

time as 2 h with milling speed vary as 200,250,300,350 and 400 rpm. Single 

phase chalcopyrite is found to form with milling speed of 250 rpm. The crystallite 

size varies nonlinearly with milling speed. However, Cu(In0.5,Ga0.5)Se2 powder 

milled at 400 rpm showed less agglomerated morphology. Hence, the optimum 

parameter for mechanochemical synthesize of Cu(In0.5,Ga0.5)Se2 is fixed as 

BPR of 25:1, milling speed of 400 rpm and milling time of 2 h. 

 Further, Cu(In0.7,Ga0.3)Se2 powder has been prepared using the optimum 

milling parameters. Increase in lattice constant a and c has been observed with 

reducing Ga content. Raman spectra show a shift in A1 vibrational mode to 

lower wavenumber with respect to reducing Ga. The composition of 

Cu(In0.7,Ga0.3)Se2 powder is confirmed from the EDAX analysis. The 

synthesized Cu(In0.7,Ga0.3)Se2  powder shows a bandgap of 1.2 eV. 

 Later, mechanochemically synthesized Cu(In0.7,Ga0.3)Se2 powder has been 

used for film preparation. Therefore, Cu(In0.7,Ga0.3)Se2 particle-based ink has 

been formulated using Ethyl Cellulose and Terpineol as organic additives and 

Ethanol as solvent. The influence of the concentration of additives on the ink 

properties has been studied. It is found that Ethyl Cellulose serves as binder 

while Terpineol acts as dispersing agent. Cu(In0.7,Ga0.3)Se2 ink with 2 wt % of 

EC and 40 wt% of Terpineol has been found as optimum for dispersing particles 

well with the minimum amount of organic additives. 

 The properties of as-deposited films have been studied using XRD, RAMAN 

and FESEM analyses and found that as-deposited film preserves the structural 

properties of synthesized Cu(In0.7,Ga0.3)Se2 powder. FESEM image shows that 
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as-deposited film consists of huge amount of organic additives which is 

detrimental to the performance of a photovoltaic device. 

 The as-deposited films have been annealed at 300 and 400 ˚C in air for 1 h to 

eliminate the Carbon content, and structural, morphological and compositional 

properties of annealed films have been studied. It is found that annealing at 400 

˚C is beneficial for removal of Carbon. However, annealing at 400 ˚C causes 

loss of selenium which in turn results in decomposition of Cu(In0.7,Ga0.3)Se2 

phase into binary compounds. The film annealed at 300 ˚C has not shown Se 

deficiency, and it maintains the single chalcopyrite phase of Cu(In0.7,Ga0.3)Se2. 

 The films annealed at 300 and 400 ˚C are further heat treated under Se 

atmosphere at 550 ˚C. Selenized films showed improved crystalline properties 

compared to annealed films. Comparing selenized films which were previously 

annealed at 300 and 400 ˚C, film annealed at 300 ˚C showed superior 

structural, compositional, and morphological properties. Even though both films 

do not exhibit any grain growth due to the strong covalent bond character of 

Cu(In0.7,Ga0.3)Se2 compound. 

 The Hall effect study of Cu(In0.7,Ga0.3)Se2 film (annealed at 300 ˚C after 

selenization) reveals carrier concentration of 1017 cm-3, hole mobility of 0.0368 

cm2/Vs and resistivity of 3.06 ×102 Ωcm. Lower mobility and higher resistivity of 

Cu(In0.7,Ga0.3)Se2 film is attributed to higher density of grain boundaries which 

act as a barrier for the flow of charge carriers. Also, it exhibits photoconductivity 

which make it suitable for photovoltaic application. 
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CHAPTER - 5 

PREPARATION OF Cu(In,Ga)Se2 FILM USING 

MECHANOCHEMICALLY SYNTHESIZED Cu(In,Ga)Sey POWDER 

 

We have seen in chapter 4 that Cu(In0.7,Ga0.3)Se2 film deposited using 

Cu(In0.7,Ga0.3)Se2 particles do not show grain growth even after annealing at 550 ˚C. 

In this chapter, we study the influence of Se content in the mechanochemically 

synthesized Cu(In0.7,Ga0.3)Sey powder on recrystallization and grain growth upon 

selenization of Cu(In0.7,Ga0.3)Sey films. Here, we present the change in structural, 

morphological and compositional properties of Cu(In0.7,Ga0.3)Sey   powder with respect 

to Se content and its reflectance on the structural, morphological and compositional 

properties of selenized films. Also, with respect to optimum Se content in the 

mechanochemically synthesized powder, Cu content has been varied and its influence 

on the properties of selenized films are explained. 

 

5.1.  Mechanochemical synthesis of Cu(In0.7,Ga0.3)Sey powder 

Cu(In0.7,Ga0.3)Sey particles with y =2,1.5,1 and 0.5 are mechanochemically 

synthesized using BPR of 25:1, milling speed of 400 rpm and milling time of 2 h and 

XRD pattern of Cu(In0.7,Ga0.3)Sey powders are shown in figure 5.1. It demonstrates 

that Cu(In0.7,Ga0.3)Se2 powder consists only of single chalcopyrite phases of CIGSe. 

Intensity of peaks related to (112), (220)/(204) and (312)/(116) planes of 

Cu(In0.7,Ga0.3)Se2 decrease with decreasing Se content. Also, decreasing Se content 

leads to the formation of binary phases. Cu(In0.7,Ga0.3)Se1.5 powder contains peak 

corresponding to In6Se7. Further reduction of Se content to Cu(In0.7,Ga0.3)Se1 leads to 

the formation of binary compound Cu16In9 in addition to In6Se7 phase. While, 

Cu(In0.7,Ga0.3)Se0.5 powder consists of binary phases such as In4Se3, Cu11In9, Cu2Se 

and Cu2-xSe besides Cu16In9 and In6Se7 phases. 
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Fig.5.1.  X-ray diffraction patterns of mechanochemically synthesized Cu(In0.7,Ga0.3)Sey   

powder: (a) Cu(In0.7,Ga0.3)Se0.5; (b) Cu(In0.7,Ga0.3)Se1; (c) Cu(In0.7,Ga0.3)Se1.5 and (d) 

Cu(In0.7,Ga0.3)Se2. 

 

The phase diagram is a useful tool to explain the binary phase formation with the 

reduction in Se content. Figure 5.2 represents binary phase diagram of Cu-Se, In-Se, 

Ga-Se and Cu-In. From figure 5.2, the most probable phases to form with a decrement 

in Se atomic percentages are Cu2-xSe, In4Se3, InSe, In6Se7, GaSe and Ga2Se3. 

However, the reaction of available Se with Cu, In and Ga to form the above- mentioned 

compounds depends on their enthalpy of formation. Hence, it is not accurate to 

assume that the available Se distribute evenly for reaction with Cu, In and Ga. 

Enthalpy of formation of compounds Cu2-xSe, In4Se3, InSe, In6Se7, GaSe and Ga2Se3 

are -59.3, -332.24, -117, -688.63, -159.09 and -316 KJ/ mol respectively. [5.1-5.3]. 

Hence In6Se7 is the most probable binary selenide to form first than In4Se3 and InSe. 

Considering GaSe and Ga2Se3, Ga2Se3 forms before GaSe. Also, In 

Cu(In0.7,Ga0.3)Se2, reducing Se content without changing the atomic content of Cu 
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makes the Cu(In0.7,Ga0.3)Sey alloy Copper- rich. Hence a higher amount of Cu is 

available to react with In and Ga. So, from the Cu-In phase diagram shown in figure 

5.2 (d), the most probable phases to form with higher Cu content are Cu11In9 and 

Cu16In9. Thus, In4Se3, Cu11In9, Cu2Se, Cu2-xSe, Cu16In9 and In6Se7 phases are 

observed in the Cu(In0.7,Ga0.3)Se0.5 powder. 
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Fig.5.2. Binary phase diagram of (a) In-Se, (b) Ga-Se, (c) Cu-Se and (d) Cu-In systems [5.4-

5.7]. 

 

Compositional data obtained from EDAX analysis (operating voltage 20 kV) is given 

in table 5.1. EDAX data shows that with reducing Se content in the ball milling powder 

mixture, the Cu/Se ratio increases as 0.55, 0.71, 1.1 and 1.6 for Cu(In0.7,Ga0.3)Se2, 

Cu(In0.7,Ga0.3)Se1.5, Cu(In0.7,Ga0.3)Se1 and Cu(In0.7,Ga0.3)Se0.5 respectively. Also, an 

uneven variation in Cu/(In+Ga) can be noticed with reducing Se content in the powder. 

 

Table 5.1. EDAX compositional analysis for mechanochemically synthesized 

Cu(In0.7,Ga0.3)Sey powders. 

Sample 

Atomic percentage of 

elements (at.%) 
Cu/ 

(In+Ga) 

Ga/ 

(In+Ga) 
Cu/Se 

Cu In Ga Se 

Cu(In0.7,Ga0.3)Se2 26.2 16.7 9.2 47.6 1.00 0.35 0.55 

Cu(In0.7,Ga0.3)Se1.5 30.3 25.6 8.5 42.4 0.88 0.25 0.71 

Cu(In0.7,Ga0.3)Se1 33.3 27.1 9.3 30.1 0.91 0.25 1.1 

Cu(In0.7,Ga0.3)Se0.5 35.7 31.8 11.0 21.8 0.84 0.26 1.6 
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Fig.5.3. FESEM images of mechanochemically synthesized (a) Cu(In0.7,Ga0.3)Se0.5, (b) 

Cu(In0.7,Ga0.3)Se1, (c) Cu(In0.7,Ga0.3)Se1.5, and (d) Cu(In0.7,Ga0.3)Se2 powder. 

 

Morphology and microstructure of Cu(In0.7,Ga0.3)Sey powder with different Se content 

are shown in figure 5.3. The Cu(In0.7,Ga0.3)Se2 powder (figure 5.3 (d)) consists of 

smaller particles with well-refined microstructure and equiaxed morphology. The 

interfacial boundaries are no longer visible in Cu(In0.7,Ga0.3)Se2 powder. Upon 

decreasing Se atomic proportion to 1.5, a mixture of cold welded and fragmented 

particles is observed (figure 5.3 (c)). A predominance of bigger fragmented structures 

of flattened -cold welded particles can be seen in Cu(In0.7,Ga0.3)Se1 powder (figure 5.3 

(b)). Subsequent decrease of Se atomic proportion to 0.5, particles formed of welded 

and flattened laminar structures are observed (figure 5.3 (a)). Also, interfacial 

boundaries are visible in Cu(In0.7,Ga0.3)Se0.5 and Cu(In0.7,Ga0.3)Se1 powder. This 

observed change in morphology elucidates the importance of properties of precursor 

material on the milling process. As discussed in section 4.1.1, mechanochemical 

synthesis of Cu(In0.7,Ga0.3)Se2 using elemental Cu, In, Ga and Se is coming under 

alloying of ductile-brittle system. Copper, Indium and Gallium are ductile elements 

whereas Se is brittle. Figure 5.4 shows the process involved in mechanical alloying of 

a ductile-brittle system schematized by Fogagnolo and Aikin [5.8]. According to that, 

at the first stage of milling, ductile particles undergo deformation while brittle particle 

undergoes fragmentation. During deformation process, ductile particle flattens. When 



123 
 

the ductile particle starts to weld during ball–particle-ball collision, fragments of brittle 

particle come between two or more ductile particles. The phenomena of deformation 

and welding, harden the material and accelerate fracture process. This leads to 

equiaxed morphology. At an equilibrium condition of welding and fracturing process, 

the alloy particle form with randomly oriented interfacial boundaries. Upon continuous 

milling, the alloy particle undergoes a refinement such that interfacial boundaries are 

no longer visible as in the SEM image of Cu(In0.7,Ga0.3)Se2 powder. Upon decreasing 

Se content in the precursor material, the brittle content in the system decreases and 

the mechanism of alloying process turns out to be more as a ductile-ductile system. 

Alloying of a ductile-ductile system is explained as follows: the first stage of particle 

deformation is followed by the welding stage in which particles took lamellar form. 

Subsequently, the welded particle became more equiaxed with an oriented 

morphology and later with random welding, particle took a random arrangement of 

several lamellar granules within a given particle (figure 5.5) [5.9]. Hence random 

arrangement of several lamellar granules can be observed within an agglomerated 

grain in the Cu(In0.7,Ga0.3)Se0.5 powder. 

 

 

Fig. 5.4. Schematic of mechanochemical alloying of ductile-brittile system [5.8]. 
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Fig.5.5. Schematic of mechanochemical alloying of ductile-ductile system [5.9]. 

 

Further, Cu(In0.7,Ga0.3)Sey particle-based ink is formulated as described in section 3.2 

and Cu(In0.7,Ga0.3)Sey films are deposited on glass substrate by doctor blade method 

as described in section 3.3.3. The Cu(In0.7,Ga0.3)Sey films are annealed at 300 ˚C for 

1 h in air to remove Carbon and then selenized at 550 ˚C as described in section 3.4.  

Properties of selenized films are explained in the following section. 

 

5.2. Selenization of Cu(In0.7,Ga0.3)Sey Films 

XRD pattern of Cu(In0.7,Ga0.3)Se2 films obtained after selenization of films (a) 

Cu(In0.7,Ga0.3)Se0.5, (b) Cu(In0.7,Ga0.3)Se1, (c) Cu(In0.7,Ga0.3)Se1.5 and (d) 

Cu(In0.7,Ga0.3)Se2 are shown in figure 5.6. It exhibits the fact that, regardless of Se 

content in the initial Cu(In0.7,Ga0.3)Sey precursor, all films exhibit (112), (220)/(204), 

(312)/(116) planes of chalcopyrite phase of Cu(In0.7,Ga0.3)Se2. In addition to these 

three characteristic peaks, selenized films show (103), (211) and (213)/(105) planes 

of chalcopyrite phase of Cu(In0.7,Ga0.3)Se2. However, a peak appears at 2θ=30.01˚in 

the films (a), (b) and (c) is assigned to Cu2-xSe phase (JCPDS # 06-0680).  
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Fig.5.6. (A) XRD pattern of Cu(In0.7,Ga0.3)Se2 films obtained after selenization of films (a) 

Cu(In0.7,Ga0.3)Se0.5, (b) Cu(In0.7,Ga0.3)Se1, (c) Cu(In0.7,Ga0.3)Se1.5 and (d) Cu(In0.7,Ga0.3)Se2 

and (B) A Zoom- in look of (112) peaks from figure 5.6.(A). 

 

it is found from figure 5.6 (B) that, as the Se content in the precursor film decreases, 

the peak position in the selenized films shift to lower 2θ values. Also, asymmetry in 

the peak shape increases. A gradient in Ga/(In+Ga) over the depth of film in the case 

of films obtained by selenization of metallic precursors has reported previously [5.10-

5.12]. In our experiments, reducing Se content turns the Cu(In0.7,Ga0.3)Sey alloy 

metallic. Hence selenization of Cu(In0.7,Ga0.3)Sey film with lesser Se content could be 

considered similar to the selenization of metallic precursors. Metallic nature of 

precursor increases with decreasing Se content. Hence the observed increase in 

asymmetry of the peak shape could be due to increasing variation in the Ga/(In+Ga) 

throughout the film. Kaigawa et.al [5.13] has reported split in (112) peak as an 

indication of higher Ga content at the back and the front surface of the film with 

minimum Ga in the centre, and an asymmetry in peak shape without peak splitting as 

an indication of monotonous decrease in Ga content. Hence we could assume that Ga 

gradient in these samples varies monotonously. FWHM of XRD peak is calculated to 

be 0.24,0.24,0.24 and 0.19 for CIGSe films obtained from selenization of 

Cu(In0.7,Ga0.3)Se2, Cu(In0.7,Ga0.3)Se1.5, Cu(In0.7,Ga0.3)Se1 and Cu(In0.7,Ga0.3)Se0.5 

films respectively. The reduction in FWHM of XRD peak indicates improved 
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crystallinity and or grain growth [5.15]. FESEM images given in figure 5.8 exhibits 

traces of recrystallization starting from Cu(In0.7,Ga0.3)Se2 films obtained from 

Cu(In0.7,Ga0.3)Se1.5 films. Grain growth can be observed from Cu(In0.7,Ga0.3)Se2 films 

obtained from selenization of Cu(In0.7,Ga0.3)Se1 films. Even though these two films do 

not show change in FWHM with respect to CIGSe films obtained from 

Cu(In0.7,Ga0.3)Se2 film. It can be due to the inaccuracy in the FWHM value arises from 

asymmetric shape of the peak. 

Raman spectra of Cu(In0.7,Ga0.3)Se2 films obtained after selenization of films with 

different Se content, (a) Cu(In0.7,Ga0.3)Se0.5, (b) Cu(In0.7,Ga0.3)Se1, (c) 

Cu(In0.7,Ga0.3)Se1.5 and (d) Cu(In0.7,Ga0.3)Se2 is presented in figure 5.7. Only A1 

vibrational mode of Cu(In0.7,Ga0.3)Se2 is present in figure 5.7 (d). While a small intense 

peak corresponding to Cu2-xSe appears in figure 5.7 (c). The intensity of peak related 

to Cu2-xSe is found to be increasing gradually in figure 5.7 (b) and (a). FWHM of A1 

vibrational mode is a demonstration of the crystalline quality of chalcopyrite phase. 

Smaller FWHM signs better crystalline quality [5.15]. FWHM of A1 mode for 

Cu(In0.7,Ga0.3)Se2 films obtained after selenization of films with different Se content (a) 

Cu(In0.7,Ga0.3)Se0.5, (b) Cu(In0.7,Ga0.3)Se1, (c) Cu(In0.7,Ga0.3)Se1.5 and (d) 

Cu(In0.7,Ga0.3)Se2 is calculated to be 11.63, 9.88, 6.19 and 4.94 respectively. This 

decrement in FWHM indicates improvement in crystalline quality of Cu(In0.7,Ga0.3)Se2 

films. It also underlines that the crystalline quality of Cu(In0.7,Ga0.3)Se2 film obtained 

by mechanochemically synthesized powder can be improved by using 

Cu(In0.7,Ga0.3)Se0.5 as precursor powder. The intensity of peak related to Cu2-xSe is 

found to be increasing gradually in figure 5.7 (c), (b) and (a). Moreover, a shift in 

position of A1 mode vibrational peak to higher wavenumber is observed from figure 

5.7 (d) to (a). This can be related to increase in Cu/(In+Ga), which is evident from the 

EDAX analysis given in table 5.2 [5.14]. 
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Fig.5.7. Raman spectra of Cu(In0.7,Ga0.3)Se2 films obtained after selenization of films; (a) 

Cu(In0.7,Ga0.3)Se0.5, (b) Cu(In0.7,Ga0.3)Se1, (c) Cu(In0.7,Ga0.3)Se1.5 and (d) Cu(In0.7,Ga0.3)Se2. 

 

EDAX data obtained from area analysis of selenized films at operating voltage of 20 

kV is given in table 5.2. An increase in Se content subsequent to selenization of films 

can be easily seen from table 5.2. However, the increment in Se content in 

Cu(In0.7,Ga0.3)Se1.5 was minimal. It could be due to change in reactivity of precursor 

material with Se content. It is assumed that reactivity of Cu(In0.7,Ga0.3)Se1.5 during 

selenization is less compared to the metallic precursor material in Cu(In0.7,Ga0.3)Se1 

and Cu(In0.7,Ga0.3)Se0.5. The Cu/(In+Ga) in selenized Cu(In0.7,Ga0.3)Se1.5, 

Cu(In0.7,Ga0.3)Se1 and Cu(In0.7,Ga0.3)Se0.5 films are close to and greater than 1 making 

the samples Cu- rich. It is reported that Cu-Se binary phases will appear in the sample 

with Cu/(In+Ga) greater than 1. The small peak corresponding to Cu2-xSe phase 

appeared in XRD pattern and Raman spectra of Cu(In0.7,Ga0.3)Se2 films obtained by 

selenization of Cu(In0.7,Ga0.3)Se1.5, Cu(In0.7,Ga0.3)Se1 and Cu(In0.7,Ga0.3)Se0.5 films is 

due to Cu-rich composition. The Ga/(In+Ga) in all the samples shows that there is no 

loss of Ga and In from the samples during selenization. Hence, the shift in XRD peak 
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position to lower 2θ values along with asymmetry in the peak shape observed in the 

selenized samples is confirmed to be due to the development of Ga gradient in the 

sample [5.13].  

 

Table 5.2. EDAX data from area analysis of Cu(In0.7,Ga0.3)Se2 films obtained after 

selenization of Cu(In0.7,Ga0.3)Sey films. 

Cu(In0.7,Ga0.3)Se2 

films obtained from 

Atomic percentage of 

elements (at. %) 
Cu/ 

(In+Ga) 

Ga/ 

(In+Ga) 
Cu/Se 

Cu In Ga Se 

Cu(In0.7,Ga0.3)Se2 24.40 17.82 8.35 49.43 0.93 0.32 0.49 

Cu(In0.7,Ga0.3)Se1.5 29.41 22.45 7.68 40.46 0.97 0.25 0.73 

Cu(In0.7,Ga0.3)Se1 28.36 16.56 8.80 46.27 1.12 0.35 0.61 

Cu(In0.7,Ga0.3)Se0.5 29.40 17.24 6.68 46.69 1.22 0.28 0.63 

 

 

FESEM images of Cu(In0.7,Ga0.3)Se2 films obtained by selenization of 

Cu(In0.7,Ga0.3)Sey precursor materials are given in figure 5.8. It shows that 

microstructure of the selenized film is strongly dependent on the initial Se content in 

the precursor material and associated homogeneity of the precursor Cu(In0.7,Ga0.3)Sey 

alloy powder. Cu(In0.7,Ga0.3)Se2 precursor film does not show recrystallization and 

grain growth during selenization (figure 5.8 (d)). However, a tendency of 

recrystallization can be seen from selenized Cu(In0.7,Ga0.3)Se1.5 precursor film (figure 

5.8 (c)). Nevertheless, Cu(In0.7,Ga0.3)Se1 precursor film showed clear recrystallization 

and grain growth during selenization (figure 5.8 (b)). However, Cu(In0.7,Ga0.3)Se0.5 

precursor film is found as most prone to recrystallization and grain growth during 

selenization (figure 5.8 (a)). The increase in grain growth observed in 

Cu(In0.7,Ga0.3)Se2 films with reducing Se content in the precursor can be seen more 

vividly from the cross-sectional images given in figure 5.8. However, it should be noted 

that the occurred grain growth is in a non-uniform fashion such that it leads to the 

presence of bigger grains along with smaller grains in the selenized films. 



129 
 

 

Fig.5.8. Planar (left) and cross- sectional (right) FESEM images of Cu(In0.7,Ga0.3)Se2 films 

obtained after selenization of films with different Se content; (a and e) Cu(In0.7,Ga0.3)Se0.5, (b 

and f) Cu(In0.7,Ga0.3)Se1, (c and g) Cu(In0.7,Ga0.3)Se1.5 and (d and h) Cu(In0.7,Ga0.3)Se2. 

 

Zhaghi et. al [5.16] explained the observed grain growth in CISe system with reducing 

Se content as “CuSe liquid phase assisted process”. A eutectic phase at 52 at % of 

Se with a melting point of 523 ˚C can be identified in the Cu-Se binary phase diagram 

(figure 5.2 (c)). From that it could be deduced that CuSe acting as a fluxing agent for 



130 
 

the grain growth of Cu(In0.7,Ga0.3)Se2 at a temperature near and above the melting 

point of the binary. The CuSe phase initiates liquid phase sintering and densification 

through particle rearrangement due to capillary forces and fast grain growth due to 

solution-reprecipitation [5.16-5.18]. It is thought that amount of intermediate CuSe 

formed during selenization increases with decreasing Se content in the precursor film. 

It is considered as the reason for enhanced grain growth observed in 

Cu(In0.7,Ga0.3)Se0.5 precursor film during selenization [5.16]. 

 

5.2.1. Influence of Copper Content 

However, Cu(In0.7,Ga0.3)Se2 film obtained from Cu(In0.7,Ga0.3)Se0.5 powder consists of   

Cu2-xSe phase which is evident from XRD and Raman analysis as shown in figure 5.6 

and 5.7. Cu2-xSe phases present Cu(In0.7,Ga0.3)Se2 film can be removed using KCN 

etching [5.19]. But, great care and security measures must be assured before using 

KCN as it is highly poisonous. From the phase diagram shown in Chapter 2, figure 

2.3, co-existence of Cu2-xSe phase results from the Cu-rich composition of 

Cu(In0.7,Ga0.3)Se2. Hence, the Cu2-xSe formation and thereby KCN etching can be 

avoided by aiming to the formation of Cu-poor Cu(In0.7,Ga0.3)Se2. Thereupon 

Cu(In0.7,Ga0.3)Se2 powder with composition Cu0.85(In0.7,Ga0.3)Se0.5 has been 

synthesized and deposited film has been heat treated at 300 ˚C for 1 h in air and 

selenized. The figure 5.9 shows comparison of XRD pattern of CIGSe films obtained 

from selenization of Cu(In0.7,Ga0.3)Se0.5 and Cu0.85(In0.7,Ga0.3)Se0.5 powder. 

It can clearly notice that upon reducing Cu content in the initial Cu(In0.7,Ga0.3)Se0.5 

powder from 1 to 0.85, the peak at 30.8˚ related to Cu2-xSe appeared in figure 5.9 (a) 

is not observed in figure 5.9 (b). Moreover, the position of all the peaks has shifted 

slightly to higher 2θ values with reducing atomic proportion of Cu from 1 to 0.85. 

FWHM of (112) peaks is 0.19 and 0.229 respectively for CIGSe films obtained by 

selenization of Cu(In0.7,Ga0.3)Se0.5  and Cu0.85(In0.7,Ga0.3)Se0.5  films. It indicates 

smaller grain size for CIGSe films obtained by selenization of Cu0.85(In0.7,Ga0.3)Se0.5  

films which are in good agreement with the FESEM images given in figure 5.11.  



131 
 

 

Fig.5.9. XRD pattern of CIGSe films obtained by selenization of (a) CuIn0.7Ga0.3Se0.5 and (b) 

Cu0.85In0.7Ga0.3Se0.5 films. 

 

Figure 5.10 shows Raman spectra of CIGSe films obtained from (a) 

Cu(In0.7,Ga0.3)Se0.5  and (b) Cu0.85(In0.7,Ga0.3)Se0.5  precursor films.  Figure 5.10 (a) 

shows two peaks, one at 176 cm-1 corresponding to A1 mode of Cu(In0.7,Ga0.3)Se2  and 

other at 262 cm-1 indicating presence of Cu2-xSe phase. Figure 5.10 (b) shows a single 

peak around 172 cm-1 with FWHM of 5.52 which is slightly broader than A1 mode 

(FWHM=4.94) observed in figure 5.10(a). The shift in A1 mode vibration to lower 

wavenumber with decreasing Cu content is reported by Xu et.al [5.20, 5.21].  It is since 

as Cu content decreases, Copper vacancies (Vcu) increases and Vcu causes to relax 

the Se-cation bond stretching forces which induce redshift to the A1 phonon 

frequencies. 
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Fig.5.10. Raman spectra of CIGSe films obtained after selenization of (a) 

Cu(In0.7,Ga0.3)Se0.5, and (b) Cu0.85(In0.7,Ga0.3)Se0.5  films. 

 

Planar FESEM images of films with different Cu content are shown in figure 5.11. 

CIGSe films obtained by selenization of Cu(In0.7,Ga0.3)Se0.5, and 

Cu0.85(In0.7,Ga0.3)Se0.5 films showed grain growth and recrystallization. Nevertheless, 

both films exhibit different surface morphology. The identified Cauliflower-shaped 

structure on the surface of CIGSe film (figure 5.11 (a)) is a Cu2-XSe phase, whereas 

they are absent in the Cu- poor CIGSe (Cu0.85(In0.7,Ga0.3)Se2) film (figure 5.11 (b)). 

Moreover, the surface of CIGSe film contains pores which are less in the Cu-poor film. 

The cross-sectional image exhibits well crystallised and dense film. It is important to 

note here that the pores observed on the surface of the film are not extended into the 

bulk (figure 5.11 (c)). While Cu-poor CIGSe film exhibits big and small grains. It 

indicates the role of Cu-Se in densification of CIGSe film. The film with Cu/(In+Ga)~ 

0.85 has less Cu content so that less amount of CuSe is available to assist 

densification process during selenization. 
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Fig.5.11. Planar (top) and cross- sectional (bottom) FESEM images of CIGSe films obtained 

after selenization of (a and c) Cu(In0.7,Ga0.3)Se0.5 and (b and d) Cu0.85(In0.7,Ga0.3)Se0.5 films. 

 

EDAX composition analysis of CIGSe films obtained after selenization of 

Cu(In0.7,Ga0.3)Se0.5 and Cu0.85(In0.7,Ga0.3)Se0.5 films are given in table 5.3. EDAX 

analysis confirms that composition of Cu, In, Ga and Se in Copper-poor CIGSe film is 

in match to the targeted composition i.e Cu0.85(In0.7,Ga0.3)Se2.  

 

Table 5.3. EDAX data of area analysis of CIGSe films obtained after selenization of 

Cu(In0.7,Ga0.3)Se0.5 and Cu0.85(In0.7,Ga0.3)Se0.5 films. 

 

 

 

CIGSe  film obtained 

by selenization of 

Atomic percentage of 

elements (at.%) 
Cu/ 

(In+Ga) 

Ga/ 

(In+Ga) 
Cu/Se 

Cu In Ga Se 

Cu(In0.7,Ga0.3)Se0.5 29.40 17.24 6.68 46.69 1.22 0.28 0.63 

Cu0.85(In0.7,Ga0.3)Se0.5 22.92 17.51 9.13 50.44 0.86 0.34 0.45 
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5.2.1.1 The electrical properties of Cu(In0.7,Ga0.3)Se0.5 and 

Cu0.85(In0.7,Ga0.3)Se0.5 – based  CIGSe films  

The electrical properties of CIGSe films obtained by selenization of Cu(In0.7,Ga0.3)Se0.5  

and Cu0.85(In0.7,Ga0.3)Se0.5 films are investigated by Hall effect measurement. The 

carrier type, carrier concentration (p), mobility (µ) and resistivity (ρ) values obtained 

from Hall measurement are given in table 5.4. 

 

Table 5.4. Carrier type, carrier concentration, mobility and resistivity of CIGSe films obtained 

by selenization of Cu(In0.7,Ga0.3)Se0.5  and Cu0.85(In0.7,Ga0.3)Se0.5 films. 

CIGSe film obtained 

by selenization of 

Carrier 

Type 

Carrier 

concentration 

(p) 

(cm-3) 

Mobility 

(µ) 

(cm2/Vs) 

Resistivity 

(ρ) 

(Ωcm) 

Cu(In0.7,Ga0.3)Se0.5 P 1.99×1021 0.0235 0.1327 

Cu0.85(In0.7,Ga0.3)Se0.5 P 1.36× 1019 0.4267 1.0692 

 

Both the CIGSe films show p-type conductivity. It is found that carrier concentration 

decreases 2 order of magnitude while resistivity of film increases 1 order of magnitude 

with decreasing Cu/(In+Ga) from 1 to 0.85. As discussed in Chapter 4, section 4.4.3, 

the composition of CIGSe has a major role in deciding the electrical properties of the 

film. From the EDAX data given in table 5.3, the film obtained from Cu(In0.7,Ga0.3)Se0.5  

particle has Se/(Cu+In+Ga) = 0.87 and Cu/(In+Ga) =1.22 Similarly, CIGSe film 

obtained from Cu0.85(In0.7,Ga0.3)Se0.5 particle has   Se/(Cu+In+Ga) = 1.02 and 

Cu/(In+Ga) =0.86. According to the observation made by Noufi et.al, if Se/(Cu+In) is 

lesser than 1 and Cu/In is greater than 1, the film exhibits p-type conductivity with low 

resistivity, and if Se/(Cu+In) is greater than 1 and Cu/In is lesser than 1, the film 

exhibits p-type conductivity with intermediate resistivity [5.22].  Hence, 

Cu(In0.7,Ga0.3)Se0.5 particles -based film can have p-type conductivity with low 

resistivity and Cu0.85(In0.7,Ga0.3)Se0.5 particle-based film has p-type conductivity with 

intermediate resistivity.  The observed increase in carrier concentration and decrease 

in resistivity can also be attributed to the presence of Cu2-xSe phase in the Cu-rich 
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CIGSe film which is evident from the XRD and Raman analyses. Cu2-xSe is a highly 

conductive p- type material. It can produce large number of holes and thus decreases 

the resistivity of film. It should be noted that Cu- rich films with high carrier 

concentration cannot be used for device application [5.23].  

Comparing the CIGSe films obtained from Cu(In0.7,Ga0.3)Se2 particles, the hole 

concentration and mobility is increased while resistivity is decreased for the film 

obtained from Cu0.85(In0.7,Ga0.3)Se0.5 particles. The increase in carrier concentration 

can be due to the enhancement in grain size as observed from the FESEM images 

[5.24]. However, the carrier concentration of 1019 is little higher than the optimum value 

needed for good photovoltaic performance. It indicates the presence of defects, 

probably due to excess of Se (Se/(Cu+In+Ga)>1) and vacancy of Cu (Cu/(In+Ga)<1) 

that add to the carrier concentration of the CIGSe film [5.22,5.24]. The observed 

increase in mobility could be due to increasing crystallite size as observed from XRD, 

RAMAN and FESEM analyses. The increase in crystallite size reduces the grain 

boundary density and thus the grain boundary barrier. Hence the mobility of charge 

carrier increases [5.24, 5.25]. However, as mentioned in Chapter 2, table 2.1, the 

mobility is lesser than the reported values. The inhomogeneous size distribution of 

grains and voids in the film can be the reason for lower value of mobility. 

Photoresponse behavior of CIGSe films obtained by selenization of 

Cu(In0.7,Ga0.3)Se0.5 and Cu0.85(In0.7,Ga0.3)Se0.5  precursor films is studied by depositing 

Au contact over the films as noted in Chapter 3 and Chapter 4, and the I-V 

characteristics are shown in the figure 5.12. The average thickness of the CIGSe films 

obtained by selenization of Cu(In0.7,Ga0.3)Se0.5  and Cu0.85(In0.7,Ga0.3)Se0.5 films are 

9.4 µm and 7.1 µm respectively. 

 

 



136 
 

 

Fig.5.12. Dark and light I-V characteristics of CIGSe films obtained after selenization of (a) 

Cu(In0.7,Ga0.3)Se0.5  and (b) Cu0.85(In0.7,Ga0.3)Se0.5  films. 

 

Both the films exhibited nearly linear current-voltage curve that is symmetric about the 

origin. Current increases with voltage indicating ohmic nature of the contacts. CIGSe 

films obtained by selenization of Cu(In0.7,Ga0.3)Se0.5  precursor film does not show 

enhancement in conductivity under illumination. While, an enhancement in 

conductivity under illumination is observed from CIGSe films obtained by selenization 

of Cu0.85(In0.7,Ga0.3)Se0.5 precursor film. Lack of enhancement of photoconductivity 

shown by CIGSe films obtained by selenization of Cu(In0.7,Ga0.3)Se0.5  precursor film  

is related to its high carrier density. Since the hole density is high (close to metallic), 

the generation of carriers under illumination is not significant to provide an increment 

in the photoconductivity of the film. 

The resistivity of films is calculated from the I-V curve showed in the figure 5.12 (A) 

and (B). The films showed in figure 5.12 (A) has a resistivity of 0.550 Ωcm under dark 

and illumination which is in match with the value obtained from the Hall measurements. 

The resistivity of the film does not change under illumination due to its metallic nature 

arising from the high carrier concentration. The calculated values of resistivity for the 

film presented in figure 5.12 (B) are 3.29 and 3.01 Ωcm under dark and illumination, 

respectively. These values are in the order of resistivity obtained from the Hall 

measurements (table 5.4).  
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5.3. Summary 

 Cu(In0.7,Ga0.3)Sey powder with y=2,1.5,1 and 0.5 has been prepared by 

mechanochemical synthesis with BPR of 25:1 and milling speed of 400 rpm for 

a milling time of 2 h. From XRD analysis, it is found that decreasing Se content 

leads to the presence of secondary phases. The number of secondary phases 

increases with reducing Se content. Cu(In0.7,Ga0.3)Sey powder with the lowest 

selenium (y=0.5) consists of maximum secondary phases. EDAX analysis 

confirms the increase in Cu/Se ratio in proportion with reducing Se content. 

Morphology of Cu(In0.7,Ga0.3)Sey powder changes with reducing Se content. 

Cu(In0.7,Ga0.3)Sey powder with y=2 consists of smaller particles with well- 

refined microstructure and equiaxed morphology. While, Cu(In0.7,Ga0.3)Sey 

powder with y=0.5 exhibits welded, flattened lamellar structure. 

 Cu(In0.7,Ga0.3)Sey particle- based ink is formulated and Cu(In0.7,Ga0.3)Sey films 

are deposited on glass substrate. As-deposited films are annealed at 300 ˚C in 

the air and selenized in two steps. The structural properties of selenized films 

are studied using XRD and RAMAN analyses. Regardless of the secondary 

phases in the precursor films, the selenized film exhibits chalcopyrite 

Cu(In0.7,Ga0.3)Se2 phase. XRD peak position in the selenized Cu(In0.7,Ga0.3)Se2 

film shift to lower 2θ value with a decrease in Se content in the precursor film. 

As the Se content lowers, higher is the Ga gradient presented in the selenized 

film. It is confirmed by the gradual increase in asymmetry in peak shape for 

selenized CIGSe film. However, CIGSe films obtained from Cu(In0.7,Ga0.3)Se1.5, 

Cu(In0.7,Ga0.3)Se1 and Cu(In0.7,Ga0.3)Se0.5 films consist of Cu2-xSe phase, which 

is further confirmed by Raman analysis. Moreover, an increase in grain size 

and crystalline quality of the film with reducing Se content in the precursor 

particle is observed from the Raman analysis. The composition of selenized 

films are studied by EDAX analysis and confirms the incorporation of Se content 

to the Cu(In0.7,Ga0.3)Sey film during selenization. FESEM analysis of the 

selenized Cu(In0.7,Ga0.3)Sey films shows that microstructure of selenized film 

strongly depends on the Se content in the precursor material. CIGSe film 

obtained from Cu(In0.7,Ga0.3)Se0.5 particle exhibits pronounced recrystallization 

and grain growth, which is attributed to CuSe liquid phase assisted process. 
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 Further, Cu0.85(In0.7,Ga0.3)Se0.5 particles have been synthesized by 

mechanochemical process and Cu0.85(In0.7,Ga0.3)Se0.5 film is deposited on glass 

substrate. The as-deposited Cu0.85(In0.7,Ga0.3)Se0.5 film is annealed in air at 300 

˚C for 1 h and then selenized. The physical properties of CIGSe films obtained 

by selenization of Cu0.85(In0.7,Ga0.3)Se0.5 and Cu(In0.7,Ga0.3)Se0.5 films have 

been compared. XRD and Raman analysis shows that Cu2-xSe phase is absent 

in the Cu0.85(In0.7,Ga0.3)Se2 films. Also, the existence of Ga gradient is reduced. 

Both Cu0.85(In0.7,Ga0.3)Se2 and Cu(In0.7,Ga0.3)Se2 films exhibit recrystallization 

and grain growth with later exhibits better grain growth than former. 

Cu0.85(In0.7,Ga0.3)Se2 film consists of both larger grains and smaller grains. Both 

films show rough surface morphology with pores on the surface. EDAX analysis 

confirmed the copper- poor composition of Cu0.85(In0.7,Ga0.3)Se2 film. 

 Hall effect studies have been carried out for Cu0.85(In0.7,Ga0.3)Se2 and 

Cu(In0.7,Ga0.3)Se2 films and reveals the p- type conductivity of both films. The 

carrier concentration of Cu(In0.7,Ga0.3)Se2 film is in the order of 1021 due to the 

presence of Cu2-xSe phase. While carrier concentration of Cu0.85(In0.7,Ga0.3)Se2 

films found to be in the order of 1019. Also, Cu0.85(In0.7,Ga0.3)Se2 film shows 

improved electrical properties than the Cu(In0.7,Ga0.3)Se2 films obtained from 

Cu(In0.7,Ga0.3)Se2 particles which are attributed to the increased grain size and 

better crystallinity. 

 CIGSe films obtained from Cu(In0.7,Ga0.3)Se0.5 particles do not show 

photoconductivity due to high carrier concentration. Whilst Cu0.85(In0.7,Ga0.3)Se2 

films shows photoconductivity with current, IL=1.1 ID. It favors the use of 

Cu0.85(In0.7,Ga0.3)Se2 films for photovoltaic applications. 
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CHAPTER- 6 

PROPERTIES OF Cu(In,Ga)Se2/CdS HETEROJUNCTION 

 

Cu(In,Ga)Se2/CdS (CIGSe/CdS) heterojunction is fabricated as described in chapter 

3 to test its performance in the heterostructure. Typical CIGSe solar cells consists of 

ZnO/Al: ZnO film over the CdS layer. ZnO/Al: ZnO acts as a heterojunction partner 

and as a window layer. In this work, we limit the CIGSe solar cell structure to 

Mo/CIGSe/CdS/Au. The aim of this work is to test whether diode formation has taken 

place between CIGSe and CdS films. The preliminary results on the I-V characteristics 

and morphology of the heterostructure are presented here. 

 

6.1. Properties of Mo/CIGSe/CdS/Au heterojunction 

 

The I-V characteristics of CIGSe/ CdS heterojunction under dark and illumination is 

presented in figure 6.1 and shows rectified curve. It indicates the diode formation 

between CIGSe and CdS interface. However, the I-V curve under illumination passes 

through zero, denoting no current is extracted from this structure. It should be noted 

here that the fabricated heterostructure is not a complete solar cell to expect 

photocurrent.  

 

 

Fig.6.1. The I-V characteristics of CIGSe/CdS heterostructure under dark and illumination. 
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Considering the high voltage region in the I-V curve given in figure 6.1, the slope of 

the curve is found to be decreasing. It indicates high series resistance (Rs) present in 

the fabricated cell structure (Figure 3.22). Also, a small leakage current is observed 

showing low shunt resistance of the fabricated heterostructure (Figure 3.22). Series 

resistance is estimated to be 9.419 K Ω which is very high compared to Rs of high-

efficiency solar cells. According to Repins et.al [6.1], the series resistance of highly 

efficient CIGSe solar cell is in the order of 0.25-1 Ω. A good photovoltaic device should 

have series resistance as low as possible since high value of series resistance 

reduces the Isc. Photovoltaic device with high series resistance will act as a resistor 

[6.2]. 

 

 

Fig.6.2.  (A) The J-V and (B) semi ln J-V characteristics of CIGSe/CdS heterostructure under 

dark. 

 

The J-V and semi ln J-V characteristics with calculated ideality factor of the fabricated 

heterostructure under dark are given in figure 6.2 (A) and (B). As discussed in Chapter 

3, Ideality factor, m, defines how closely the diode follows ideal diode equation. 

Theoretically, m >2 indicates tunnelling mechanism occurring in the heterostructure 

and poor quality of the formed heterojunction [6.3].  
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Fig.6.3. (A) Cross-sectional FESEM image of CIGSe/CdS heterostructure and (B) 

Schematic representation of possible factors effecting the photovoltaic performance of 

CIGSe/CdS heterostructure. 

 

The cross-sectional FESEM image of the fabricated heterojunction in shown in figure 

6.3.(A). CIGSe film contains voids and has rough surface morphology. Hence, the 

band diagram of the CIGSe-CdS interface will not be flat as that of an ideal CIGSe-

based photovoltaic device (figure 3.7).  

The possible factors that lead to high series resistance, poor junction qualities and 

performance of Mo/CIGSe/CdS/Au heterostructure are described below based on the 
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FESEM image and the schematic diagram of the heterostructure. (figure 6.3 (A) and 

(B)).  

(i) The CIGSe layer consists of a large number of smaller particles. Each 

particle contains several grains. Hence the density of grain boundaries in 

the CIGSe is very high. Grain boundary may contain defects such as 

dislocations, interstitials, vacancies, distorted bond angles and bond 

distances. Also, the impurity atoms that contaminate the CIGSe film during 

deposition process will tend to concentrate on the grain boundaries. These 

defects may have energies within band gap thus, introduce extra electronic 

states (intra bandgap state) and tend to trap carriers depending on their 

energetic position relative to band position. Shallow defect close to 

conduction band tend to act as acceptors and trap electrons, and defect 

level close to valance band tend to act as donors and trap holes.  Defect 

levels with energy at the centre of the bandgap (deep level defect) may trap 

either electrons or holes. Deep level defects act as recombination centres. 

In the case of CIGSe, a p-type material, the shallow defect levels, close to 

the valance band traps the holes (majority carriers) and give rise to a fixed 

plane of positive charge at the interface. A negatively charged depletion 

region forms around the positively charged grain boundary. Because of this, 

a potential barrier develops which opposes further migration of majority 

carriers. During the charge transport, when current flows across the grain 

boundary, the mobility of majority carrier will be slowed down by the 

potential barrier. While the potential well lead the minority carriers to the 

recombination centres at the grain boundary and there by reduces minority 

carrier diffusion length and life-time. The influence of grain boundaries in 

decreasing the majority carrier mobility may increase the series resistance 

of the heterostructure [6.4,6.5]. 

 

(ii) The reduced minority carrier diffusion length due to smaller grain size 

increases the recombination of minority carriers at the grain boundaries. It 

increases dark current [6.4,6.5]. Thus, in the fabricated CIGSe/CdS 

heterostructure of the present study, there is a high probability for the 

recombination of photogenerated electrons at the grain boundaries. A 
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similar result is reported by Vidhya [6.6]. According to Seto [6.7], charge 

transport in this type of film is mainly due to thermionic emission over grain 

boundaries. Under illumination, excess carriers will be generating in the 

CIGSe film. The photo-generated electrons may get trapped in the positively 

charged grain boundaries and neutralize them resulting in the reduction of 

barrier height and increasing photoconductivity. In the present study, an 

increase in photoconductivity is not observed which could be either because 

the generated electrons are not enough to neutralize the grain boundary 

barrier or series resistance offered by the structure is such that 

photogenerated charge collection is not taking place at the junction.  

  

(iii) From the figure 6.3, it is seen that the CIGSe film has rough and irregular 

surface. The presence of structural defects at the top surface can act as a 

potential barrier thereby lead to a potential drop across this layer [6.8]. Also, 

the rough CIGSe top surface prevents the formation of a good 

heterojunction during the deposition of CdS by CBD process. It lowers the 

quality of CIGSe/CdS heterojunction thereby width of the space-charge 

region. 

 

 

(iv) Figure 6.3 shows voids present in the CIGSe film. The voids act as shunt 

paths and reduces the shunt resistance of the heterostructure as reported 

by Jagadheesh [6.9]. Shunt resistance of heterostructure can also get 

affected by the orientation of grains as suggested by Das et.al [6.10]. 

Panthani et al [6.10] assigned the low shunt resistance observed in the cell 

to cracks and voids in the CISe film and to the CdS penetrated to the CISe 

during chemical bath deposition which could also be expected for the 

CIGSe/CdS heterostructure in this study. 

 

(v) The difference in the electron affinity and bandgap of CIGSe and CdS 

materials results in a spike at the conduction band edge as mentioned in 

chapter 3. It opposes the collection of photogenerated carriers. This 

triangular barrier contributes to the recombination current by tunnelling of 

electrons to the interface defects in the CdS layer (figure 6.4). It results in 
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diode ideality factor greater than 2 in the dark J-V characteristics [6.4,6.12]. 

Hassant et.al [6.13] reported a CISe solar cell with weak output under 

illumination and a straight-line I-V characteristic which is assigned to a 

narrow space-charge region, thus a high band to band tunnelling probability. 

This could also be expected in the fabricated heterostructure in this study. 

 

 

Fig.6.4. Band profile of CIGSe/CdS heterojunction [6.4]. 

 

It should be noted here that the formed heterojunction is not a complete solar cell. As 

described in Chapter 3, a standard CIGSe solar cell uses i-ZnO/Al: ZnO films over 

CdS. i-ZnO/Al: ZnO layer acts as a front contact and has a significant role in the 

transport of photogenerated current to the external circuit without too much resistive 

loss. Also, narrow aligned Ni-Al metal grids are used on the top of i-ZnO/Al: ZnO to 

reduce resistive losses [6.14]. Since CdS is highly resistive and the fabricated 

heterojunction employed in this study lacks i-ZnO/Al: ZnO layer, it can be another 

reason for high series resistance. 

More studies should be carried out in the future to understand the role and type of 

defects present in the CIGSe films as well as the charge transport mechanism taking 

place in the CIGSe/CdS heterostructure. 

                 

6.2. Summary 

The fabricated CIGSe/CdS heterojunction structure using CIGSe film obtained after 

selenization of Cu0.85(In0.7,Ga0.3)Se0.5 films showed characteristics of a rectifier under 
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dark. The structure showed high series resistance (9.419 KΩ) which is attributed to 

the high density of grain boundaries and lack of conductive front contact in this 

structure. Low shunt resistance of the heterostructure is evidenced by the presence of 

small leakage current. The voids present in the film, orientation of grains and the CdS 

penetrated to CIGSe film could be the origin of low shunt resistance. 
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CHAPTER – 7 

CONCLUSIONS 

 

 This thesis is an effort towards optimization of mechanochemical synthesis 

process to synthesize single phase CIGSe particles for deposition of films using 

cost-effective deposition methods. The CIGSe film deposition is performed by 

doctor blade coating of Cu(In0.7,Ga0.3)Se2 particle-based ink. Post-deposition 

heat treatments are provided to improve the physical properties of as-deposited 

films. Cu(In0.7,Ga0.3)Se2 films exhibited unique chalcopyrite phase. CIGSe films 

are also deposited using mechanochemically synthesized  Cu(In0.7,Ga0.3)Sey 

(y=1.5,1 and 0.5) as well as Cu0.85(In0.7,Ga0.3)Se0.5 particles-based ink to study 

the possibility of improvement in structural, morphological and electrical 

properties. Cu(In0.7,Ga0.3)Se2 films obtained from heat treatment of 

Cu0.85(In0.7,Ga0.3)Se0.5 particle-based ink exhibited improved structural, 

morphological and electrical properties. Representative sample is tested for 

photovoltaic properties. 

 

 One of the prime objectives of this thesis is mechanochemical synthesis of 

single phase chalcopyrite CIGSe particles. It is successfully achieved by 

parametric optimization of mechanochemical process. The properties of 

synthesized samples are investigated by XRD, FESEM and EDAX analyses to 

probe variation in structural, morphological and compositional properties with 

respect to milling parameters. It is found that higher BPR and milling speed 

promote the formation of single phase CuIn0.5Ga0.5Se2 particles in shorter 

milling time and single phase CuIn0.5Ga0.5Se2 particle is synthesized within 2 h 

using BPR of 25:1 and milling speed of 400 rpm. It is also found that 

CuIn0.5Ga0.5Se2 particle obtained with higher milling speed and BPR are less 

agglomerated and possess composition close to targeted value. 

 

 The second objective of this thesis is dedicated towards deposition of 

Cu(In0.7,Ga0.3)Se2 film using mechanochemically synthesized 

Cu(In0.7,Ga0.3)Se2  particles which is achieved successfully and physical 
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properties of films are investigated. The as-deposited Cu(In0.7,Ga0.3)Se2 film 

retains the structural properties of mechanochemically synthesized 

Cu(In0.7,Ga0.3)Se2 powder. The as-deposited films are subjected to heat 

treatments at 300 and 400 ˚C in ambient atmosphere to remove organic 

additives and heat treated at 550 ˚C in Se atmosphere (selenization) to achieve 

grain growth and improve the physical properties. Even though, annealing at 

400 ˚C resulted in beneficial for removal of organic additives, it leads to loss of 

Se from the film and thus, decomposition of chalcopyrite CIGSe phase. While, 

film annealed at 300 ˚C retains the chalcopyrite phase of Cu(In0.7,Ga0.3)Se2, 

removes organic additives and improves the crystalline quality of as-deposited 

films. Further selenization of films improves structural and compositional 

properties. Also, after selenization process, carbon content in the films 

annealed at 300 and 400 ˚C is further reduced to 30.73 and 27.81 at % 

respectively. Even though selenized films do not show expected grain growth, 

the film which was annealed at 300 ˚C prior to selenization process exhibit 

superior structural, morphological and compositional properties and presents 

carrier concentration of 1017 cm-3, hole mobility of 0.0368 cm2/Vs and resisitivity 

of 3.06 ×102 Ωcm. Also, it shows photoconductivity. 

 

 The third objective of this present work is to obtain grain growth in the film 

deposited using mechanochemically synthesized particles, which is one of the 

challanging issues of particle- based film deposition methods . It is achieved by 

preparing CIGSe film using mechanochemically synthesized Cu(In0.7,Ga0.3)Sey  

particles as precursors. The CIGSe film obtained by selenization of 

Cu(In0.7,Ga0.3)Se0.5 film displayed enhanced recrystallization and grain growth. 

However, as a consequence of presence of Cu2-xSe binary phases, the 

obtained CIGSe film reveals carrier concentration of 1.99×1021/cm3 and does 

not show photoconductivity. This drawback is prevailed over by reducing atomic 

proportion of Cu in the precursor Cu(In0.7,Ga0.3)Se0.5 particle to 0.85. The 

CIGSe film obtained by selenization of Cu0.85(In0.7,Ga0.3)Se0.5  film showed 

single chalcopyrite phase along with enhanced recrystallization, grain growth, 

improved electrical properties and photoconductivity. Besides, it proclaimed 

increase in mobility of charge carriers and decrease in resistivity with respect 

to CIGSe film obtained by selenization of Cu(In0.7,Ga0.3)Se2 particle-based film. 
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 Subsequently,CIGSe films obtained by selenization of Cu0.85(In0.7,Ga0.3)Se0.5 

particle-based film is tested for the formation of heterostructure. The 

CIGSe/CdS heterojunction shows rectifying characteristics under dark and 

illumination. Further deposition of i-ZnO/Al: ZnO front contact and improvement 

of quality of CIGSe film is necessary to obtain  photovoltaic properties from the 

fabricated Mo/CIGSe/CdS/Au structure. 

 

 

Main Contributions: 

The present work satisfied all the prime goals of this thesis and contributed to the 

scientific research and technological field in the following: 

 

I. Scientific Contribution 

 

 The present work identified the role of milling parameters such as milling speed, 

milling time, and ball to powder ratio on the structural, morphological and 

compositional properties of mechanochemically synthesised CIGSe particles. 

The important results were discussed in “Parametric optimization of 

mechanochemical process for the synthesis of Cu(In,Ga)Se2 nanoparticles,  M. 

Rohini, P. Reyes, S. Velumani, M. Latha,Goldie Oza, I. Becerril Juarez, R. 

Azomosa, Material Science in semiconductor processing , 37(2015)151–158”. 

 The impact of air-annealing temperature on the the properties of selenized films 

is noted and must be taken into account for further future study.  

 The use of  mechanochemically synthesized quaternary Cu(In,Ga)Se2 particle-

based ink is the limiting constraint to facilitate grain growth in the CIGSe film. 

 The single -phase CIGSe film having improved grain growth,recrystallization 

and electrical properties is obtained by using Cu0.85(In,Ga)Se0.5 particle-based 

ink, which we believe to be applied for the fabrication of cost-effective CIGSe-

based solar cells. 

 

II. Technological Contribution 
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 The mechanochemical synthesis process was optimised to obtain single phase 

CIGSe particle within 2 h , for the first time in the SEES,CINVESTAV. 

 

 Influenze of selenization process on the properties of CIGSe film obtianed by 

particle-based ink was studied for the first time in our group through this work. 

 

 

Scope for future work 

The present work is mainly focused on the optimization of mechanochemical process 

to synthesize CIGSe particles, deposition of film and investigation of its physical 

properties with the aim of photovoltaic applications. On the basis of this study, the 

important issues such as  (i) non-uniform size distribution and agglomeration of the 

CIGSe particles, (ii) presence of pores, and (iii) surface roughness of the film, should 

be considered carefully in the preparation of CIGSe film for photovoltaic application. 

The following technical facts could favor the improvement of the film properties. 

1. Wet milling of mechanochemically synthesized Cu0.85(In0.7,Ga0.3)Se0.5 particles 

is adviced to obtain non-agglomerated CIGSe particles with uniform size 

distribution. 

2. Further optimization of selenization process for Cu0.85(In0.7,Ga0.3)Se0.5 particle-

based films to acquire CIGSe film with smooth surface morphology. 

3. Chemical treatments using Bromine solution, Pottassium permanganate 

solution etc are recommended  for film ethcing to enhance the surface 

properties. 

4. Detailed study of charge transport mechanism in the CIGSe film. 

5. Completion of CIGSe solar cell structure with deposition of  iZnO-Al: ZnO layer 

is potentially important to transmit maximum light to the CIGSe absorber layer 

and to reduce the series resistance of the device. 
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