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PREFACE 

The thesis deals with the fabrication and optimization of semiconducting copper nitride 

nanostructure for the applications of optoelectronic sensors and devices. Thin film 

semiconductor plays a crucial role in the field of optoelectronics now-a-days. There are 

several promising thin film compound semiconducting materials such as gallium arsenide 

(GaAs), cadmium telluride (CdTe), gallium nitride (GaN), cadmium sulphide (CdS) etc. have 

widely used in optoelectronic devices applications. Thin film devices require less material as 

well as occupy less space and thus making it less expensive. Thin film devices can be 

developed via several physical as well as chemical deposition techniques. The most common 

physical deposition techniques are like thermal deposition, sputtering, molecular beam 

epitaxy, pulsed laser deposition, etc., and chemical deposition methods are like chemical bath 

deposition, spray pyrolysis, SILAR, sol-gel, etc. The fabrication of thin film nanostructure 

plays an important role in device performance due to its high specific surface area, higher 

electrical conductivity as well as mobility, enhanced mechanical strength and improved 

stability as well as efficiency. In this present study nanostructure copper nitride thin film has 

been developed for LDR and solar cell applications. Copper nitride is a less thermally stable 

material, and thus it is very difficult to fabricate it with high-temperature synthetic methods. 

It has been observed that copper nitride had mostly been developed by physical deposition 

techniques, but the suitable chemical composition of the material is not always obtained for 

providing optimum optoelectronic properties for device applications. Thus, in this present 

work fabrication and optimization of the material has been performed by utilizing a simple 

and low-cost spray deposition process which requires a low temperature arrangement. The 

obtained optimized film has been performed satisfactory as a LDR application. The 

photoconductive study has been executed by tuning the thickness of the optimized film, and 

the optimum film thickness has been used for solar cell applications. The performance 

evaluation of the solar cell device has been accomplished by implementing copper nitride as 

absorber and window layers in combination with various inorganic semiconductors. The best 

photovoltaic combination has been explored from here to determine its feasibility as a solar 

cell application. The obtain results have compatible with the experimental results of other 

conventional thin film solar cell devices. The detailed study has been presented in the volume 

of seven chapters. The outline of the entire work has been organized into the following major 

parts: 

 Introduction, aims and objectives of the work 

 Literature survey, research gap and scope of the work 

 Comprehensive idea about various physical as well as chemical deposition processes 

and characterization techniques (structural, optical etc.) regarding thin film 

semiconductor.  

 Fabrication and optimization of nanostructure CuxN by a simple and low-cost spray 

deposition method for photoresistor or LDR application. 

 Investigation of optoelectronic response (photoconductive and photovoltaic) of the 

optimized CuxN film for solar cell applications. 

 Conclusion and future work 
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Abstract 
In the 21st century we come across electronic gadgets across every sphere of life. The word 

„electronics‟ originated from electron. Electronics is a branch of engineering dealing with the 

theory, working and use of devices operating on the basis of electrons travelling through gas 

or a semiconductor material. The electrical conductivity of semiconductors lies in between 

conductors and insulators. Semiconducting materials play a crucial role in the electronic 

industry for the development of many electronic devices. There are many semiconducting 

materials such as silicon, germanium, gallium arsenide, cadmium sulphide, etc., that are 

widely used today. On the other hand, thin film is a thin layer of material whose thickness 

varies from nanometer to several micrometer. Thin film semiconducting materials play an 

important role in the development of optoelectronic devices such as solar cells, LEDs, 

LASERs, sensors, etc. Thin-film semiconductors can be fabricated via various physical and 

chemical deposition techniques. The most common physical deposition methods are like 

thermal deposition, sputtering, molecular beam epitaxy, pulsed laser deposition, etc., and 

chemical deposition processes are like chemical bath deposition, spray pyrolysis, SILAR, sol-

gel, etc. The fabrication of nanostructure materials has explored various advantages over bulk 

materials. Nanomaterials have exhibited a high specific surface area, higher electrical 

conductivity as well as mobility, enhanced mechanical strength and improved stability as well 

as efficiency. There are several nanostructures, like nanocomposites, nanorods, nanowires, 

quantum dots, etc., in the field of nanofabrication. Therefore, nanofabrication is more suitable 

for the purpose of optoelectronic device fabrication for improved efficiency as well as 

reducing cost. 

There are lots of promising thin film semiconducting nanostructure materials like copper 

sulphide, gallium nitride, cadmium sulphide, gallium arsenide, titanium di-oxide, etc. used in 

optoelectronic device applications. Copper nitride is one of the promising semiconducting 

materials which can be used in optoelectronic sensors and device applications. There are 

some difficulties regarding the fabrication of thin film copper nitride semiconducting 

material. Copper nitride is a less thermally stable material, and thus it is very difficult to 

fabricate it with high-temperature synthetic methods. It has been observed that copper nitride 

had mainly been prepared by physical deposition techniques, but the suitable chemical 

composition of the material is not always consistent for maintaining optimum 

semiconducting properties to be used in optoelectronic device applications. Thus, the 

development of this material by a simple and low-cost method which requires a low 

temperature arrangement has been attempted in this present work. The fabrication of the thin 

film has been performed here by a chemical spray deposition process. The optimization of the 

film has been executed by varying doping of the material. Then the obtained optimized film 

has been tested for LDR application. The photoconductive study has been performed by 

varying the thickness of the optimally prepared film, and optimum film thickness has been 

used for solar cell applications. The modelling of the solar cell has been executed by 

implementing copper nitride as absorber and window layers in combination with various 

inorganic semiconductors. The best photovoltaic combination has been explored from here to 

determine its feasibility as a solar cell application. The details of the entire research work 
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have been conducted in the context of this thesis and coherently presented in several chapters 

to organize the total thesis. 

The aims and objectives of this present research work have been presented in Chapter 1. The 

detailed literature review has been performed here regarding properties and different 

nanofabrication methods of various promising semiconducting materials used in 

optoelectronic device applications. The effectiveness of nanofabrication techniques in 

optoelectronic devices has been discussed in this context. The objectives of the entire thesis 

have been inferred in this section. The formation of nanostructure copper nitride 

semiconducting thin film by utilizing a simple and low-cost deposition method for the 

application in light dependent resistor (LDR) and solar cell applications has been discussed in 

this chapter. 

Chapter 2 begins with a comprehensive review of earlier works related to properties and 

various nanofabrication methods of copper nitride (CuxN) material. The gap of the research 

and corresponding possible solutions has been discussed in this chapter. Copper nitride is 

very difficult to fabricate at high temperature synthetic methods due to low thermal stability 

of the material. In earlier this material mostly developed by physical deposition methods but 

the suitable compositional ratio of the material is not always obtained for providing optimum 

optoelectronic properties for device applications. Thus, fabrication of the CuxN nanostructure 

has been performed here by spray deposition process. The optimization of the film has been 

performed by varying doping of the material. The performance of the optimized sample has 

been tested for LDR application. The photoconductive and photovoltaic performances have 

been accomplished. At first, photoconductive performance has been executed by varying 

optimally developed film thickness, and optimum film thickness has been used for solar cell 

applications. The analysis of a solar cell device has been performed by using CuxN as 

absorber and window layers in combination with various inorganic semiconductors to 

evaluate photovoltaic performances. Finally, conclusion has made regarding the suitability of 

copper nitride material as an LDR and solar cell application. 

Various physical and chemical deposition processes and different characterization techniques 

like structural and optical, regarding the thin film semiconductor have been presented in 

Chapter 3. The detailed operating principle of fabrication and characterization techniques, 

has contributed a comprehensive idea about the convenient possibility regarding this being 

used in this present work. 

Chapter 4 presents the fabrication and optimization of semiconducting copper nitride (CuxN) 

nanostructure for photoresistor or LDR application. Here CuxN nanowires have been 

fabricated by a simple and low-cost spray deposition process. The optimization of the 

chemical composition of the material has been performed by varying the doping of the film. 

The doping has varied by varying the molarity of the precursor solution. The CuxN film has 

been optimized by fabricating it with varying molarities such as 0.2(M), 0.4(M), 0.6(M), 

0.8(M) and 1.0(M) respectively. The structural, optical analysis has been performed to 

cultivate crystallinity, surface morphology, compositional ratio, and band gap of both the as-

prepared and annealed samples. It has been observed that annealing has improved overall 
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structural as well as optical parameters. The electrical analysis of the optimized 0.6(M) CuxN 

annealed sample has been executed to determine its acceptability for light-dependent resistor 

(LDR) applications. LDR gain has been determined to evaluate the performance of the 

photoresistor, and it is found that the copper nitride sample has provided satisfactory 

performance as a photoresistor.  

A modern computational analysis has been performed to investigate the optoelectronic 

responses of the fabricated optimized 0.6(M) CuxN annealed sample, which has been studied 

in Chapter 5. The experimental data of the optical spectroscopy has been provided as input 

to Oghma-Nano software (8.1.020) for carrying out numerical simulations. It is assumed that 

this technique can produce the outputs which are compatible with real-time data. Here the 

photoconductive and photovoltaic performance analyses of the fabricated optimized 

0.6(M)CuxN annealed sample have been studied. At first photoconductive performances have 

been analyzed by variation of film thickness, and then optimized thickness has been used for 

solar cell applications. The photovoltaic performances have been observed by considering 

CuxN as absorber and window layers, respectively. Here CuxN as an absorber layer and CdS 

and ZnO as window layers have been simulated, and photovoltaic performance has been 

obtained. Then CuxN as a window layer and PbSe and InAs as absorber layers have been 

simulated, and photovoltaic performance has been observed. The best photovoltaic 

characteristics and parameters have been observed for CuxN as an absorber layer and CdS as 

a window layer. The obtained results are compatible with the experimental results of other 

conventional CdS-based solar cells like CdS-Cu2S, CdS-PbS, CdS-CdTe etc. This process can 

be adopted in places lagging suitable infrastructure for solar cell fabrication. 

The summary and concluding remarks of the entire work have been presented in Chapter 6. 

It has been started from the aims and objectives of the work to the optoelectronic 

performance analysis of the copper nitride (CuxN) thin film semiconducting material.   

Although significant research work related to the fabrication and optimization of copper 

nitride-based optoelectronic sensors and devices has been presented in this present thesis, still 

many aspects are not covered due to specific period of time. Thus, all of the unsolved and 

uncovered parts of this work are presented in Chapter 7. Therefore, it is expected that future 

researchers will provide possible solutions regarding these unsolved issues for successful 

exploration regarding this research topic. 

 

 

 

 

 

 



 
 

   

 

 

 

 

 

 

 

 

Chapter 1 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

1.1 Introduction 

     Semiconductors have changed the world drastically in ways that could not have been 

imagined before them. The term “semiconducting” was used for the first time by Alessandro 

Volta in 1782. Semiconductor materials are the building blocks of the entire electronics and 

computer industry. Small, lightweight, high-speed, and low-power consumption devices 

would not be possible without integrated circuits, which consist of semiconductor materials. 

Modern electronic components like diodes, transistors, various processors, solar cells, light-

emitting diodes (LEDs), etc., are developed using semiconductor materials. Silicon is the 

most important and abundant semiconductor material in the earth's crust. Thin film 

semiconductors allow easy incorporation by changing the properties of materials and 

reducing the size. The study on semiconducting thin films is rapidly growing due to their 

constructive applications in wireless communication, solar cells, semiconductor devices, 

integrated circuits, magneto-optic memories, light-emitting diodes, multifunctional protective 

coatings, liquid crystal displays, and so on. Nowadays, semiconductor nanoparticles have 

shown unique properties due to their large surface area or quantum size effect. Thus, 

nanoparticle semiconductors play a major role in several new technologies [1, 2, 3]. The 

properties and fabrication methods of various promising nanostructured based 

semiconductors have been studied for application in optoelectronic devices.  

1.2 Thin Film Semiconducting Materials and it’s applications 

The term thin film refers to a thin layer of material whose thickness varies from a fraction of 

a nanometre to several micrometres. There are various thin film materials, such as silicon, 

gallium arsenide, germanium, cadmium sulphide, cadmium telluride, titanium dioxide, etc., 

which are widely used today. Thin films find a wide range of applications, such as magnetic 

recording media, electronic semiconductor devices, LEDs, optical coatings, hard coatings for 

tribological purposes, and for both energy generation (e.g., thin-film solar cells) and storage 

(thin-film batteries) [4]. Fabrication of thin films can be achieved via two routes: physical 

deposition method and chemical deposition method. Thermal deposition, molecular beam 

epitaxy, pulsed laser deposition (i.e., laser beam evaporation), electron beam evaporation, arc 

evaporation, sputtering, etc., are some commonly used physical methods. Electrochemical 

deposition (ECD), chemical bath deposition (CBD), spray pyrolysis technique, sol-gel 

technique, the Successive Ionic Layer Adsorption Reaction (SILAR) method, etc., are some 

commonly used chemical methods. The nanostructured thin film devices have shown 

optimum efficiency compared to bulk due to their improved stability. Thin film technology 

has directly or indirectly introduced many new areas of research in solid state physics and 

chemistry which are based on phenomena uniquely characteristic of the thickness, geometry, 

and structure of the film [5]. 
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1.3 Background of Nanotechnology 

The particles having size in the range of 1 to 100 nm are called nanoparticles, and the 

applications regarding these nanosized particles are termed as nanotechnology. 

Nanotechnology is used in various fields like chemistry, biology, physics, materials science, 

and engineering. The concept of nanotechnology was first discussed by Richard Feynman in 

1959, and Norio Taniguchi used the term nanotechnology in 1974 for the first time. By using 

nanotechnology, unique products that are stronger, lighter, cheaper, durable, and precise can 

be created. Apart from these, nanomaterials have made computers smaller and much faster. 

Nanomaterials can be classified into four categories according to their confinements: zero-

dimensional (0D), one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D). 

Zero-dimensional (0D) materials are sized at the nanoscale level in all three dimensions, and 

in this system, all electrons are fully confined, for example, quantum dots. On the other hand, 

one-dimensional (1D) structured materials are nanoscale, having two dimensions, and here 

electrons are confined within two dimensions, indicating electrons cannot move freely. Two-

dimensional (2D) materials are sized in the nanoscale in one dimension, and here electrons 

are confined within one dimension, indicating electrons cannot move freely within the 

associated dimension. Three-dimensional (3D) nanomaterials are also known as bulk 

nanomaterials, and these materials are not confined to the nanoscale level in all dimensions. 

Nanomaterials have several advantages as compared to bulk materials. Nanomaterials have a 

high specific surface area, and thus they can store more energy in comparison to bulk 

materials. It has also been observed that the electrical conductivity of nanotubes is very high 

due to electron confinement in a particular direction, resulting in an increase in mobility with 

a corresponding decrease in scattering. Mechanical strength and toughness of nanostructures 

are higher than that of bulk structures [6]. On the other hand, nanostructures exhibit excellent 

magnetic properties and are suitable for application in magnetic storage devices. The 

influence of nanotechnology has been introduced in the field of optoelectronic device 

application, considering its various advantages. Nanostructure-based devices will provide 

better stability as well as higher efficiency as compared to bulk-structured ones. There are 

four types of nanostructures, like: (i) Nanocomposites (ii) Quantum wells (iii) Nanowires and 

nanotubes (iv) Nanoparticles and quantum dots (QDs) are most popular in the field of 

nanofabrication. Nanowires and nanotubes especially have tremendous potential for 

applications in optoelectronic devices in the future. Semiconductor QDs are generally 

composed of atoms from groups II and VI or III and V of the periodic table. The nanoscale 

size of QDs leads to the quantum-confinement effect, which results in interesting optical and 

electronic properties. The first milestone application of QDs as luminescence labels in 

bioimaging. Quantum dots have become very renowned among the types mentioned above 

due to their tunable band gap over a wide range of energy levels by varying the nanoparticle 

dot‟s size, which acts as a photovoltaic absorber material. Nowadays, rapid advances in 

nanotechnology and nanoscience have provided a variety of nanoscale materials with highly 

controlled and unique optical, electrical, magnetic, or catalytic properties. The diversity in 

composition (inorganic or organic, metals or semiconductors), shape (particles, rods, wires, 

tubes, cubes, triangles), and the readiness for surface functionalisation (physical, chemical, or 

biological) have enabled the fabrication of various functional nanoscale devices [7, 8]. 
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Therefore, nanotechnology will be used more and more in the purpose of optoelectronic 

device fabrication in the future for increasing the efficiency as well as manufacturing cost. 

Fig.1.1 shows the formation of different types of nanostructures such as nanowires, nanorods, 

nanotubes, nanocomposites etc.  

 

1.4. Studies on different nanostructure semiconducting materials 
Presently, some of the promising materials generally used for the optoelectronic device 

applications and their nanofabrication process are considered for detailed study in the 

following text. 

1.4.1 Copper Sulphide (Cu2-xS) 

Cu2-xS (Copper Sulphide) is a promising p-type semiconducting material for solar cell 

applications. This material is cheap, abundant, and non-toxic in nature. It is best suited as an 

absorber layer in PV conversion structure. Several fabrication methodologies adopted by 

different researchers are discussed as follows: 

The work reported here is about Cu2-xS, which has been deposited by using a two-step 

hydrothermal method. In this process, in the first step, copper chloride, thiourea powder, and 

ethanol were used to form a slurry. The colour of the slurry was yellow-green. Thereafter, 

this slurry was placed in an autoclave maintained at a temperature of 160
0
C for 6 hrs. Then it 

was cooled to room temperature. After that, there were observed dark precipitates, which 

were washed with distilled water as well as ethanol, respectively. In the second step, the film 

was prepared by adding the obtained nanoparticle to the other slurry, which was made by the 

same chemical component as well as maintained the same reaction condition [17]. 

Cu1.75S nanocrystal was synthesised by a hot-injection chemical reaction process. Here Cu 

(copper) precursor solution was made by using copper chloride and DEG (diethylene glycol), 

and S (sulphur) precursor solution was prepared by introducing TAA 

(thioacetamide) and PVP (polyvinylpyrrolidone). The sulphur precursor was kept in a three-

necked flask that maintained a nitrogen stream. Then EDA (ethylenediamine) was added into 

the flask where a temperature of 120° was maintained. Thereafter, Cu (copper) precursor 

solution and hydrazine hydrate were added into hot sulphur solution, and then it was cooled 

using a water bath. At last, the final product was achieved by using high-speed centrifugation 

[18]. 

Copper sulphide has been deposited here by the alternating current electrodeposition method. 

The two brass meshes are used as electrodes here. The electrolyte solution contained copper 

sulphate, ethylenediaminetetraacetic acid disodium salt, and thioacetamide. Finally, after 

getting super hydrophilic surfaces, brass meshes were annealed at 300°C temperature [19]. 

Cu2S nanoparticles were fabricated here via the wet chemical method. Here, at first, a 

chemical mixture was prepared by using copper chloride and thioglycerol. Thereafter, sodium 

sulphide was added dropwise into the solution, and it was kept at room temperature by 

maintaining continuous stirring for 4 hours. The precipitate was spread in water after 24 

hours and stirred for 2 hours [20]. 

Cu2S nanoparticle was deposited here by a facile solvothermal process. In this method, at 

first, a copper nitrate trihydrate-based solution was prepared, and after ammonia solution was 
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added dropwise to the mixture, it was stirred for 10 mins until a clear and indigo-blue 

cuprammonium solution was obtained. Then DDT (1-dodecanethiol) was added into it and 

placed in an autoclave where 200°C temperature was maintained. Finally, it was cooled down 

to room temperature [21]. 

Cu2S and Cu2O composites have been deposited here by a facile chemical bath deposition 

method. Then an aqueous solution was prepared by using copper sulphate and sodium 

thiosulphate, where the bath pH was maintained at about 5. Then the substrate was placed 

into the solution, which was maintained at a temperature of 50
0
C, and waited for 30 min after 

precipitation began. Finally, the substrate was dipped into PDMS (dihydroxy 

polydimethylsiloxane ) solution for 2 hours [22]. 

Here copper sulphide was deposited by the CBD (chemical bath deposition) process. The 

precursor solution was prepared by mixing copper salt and triethanolamine using a magnetic 

stirrer for 3 min. Then NH4Cl buffer solution was added into it, and here pH was maintained 

at10.4. At last, thiourea was added into the solution, and the substrate was placed into it and 

maintained at a temperature of 50
0
C for 7 hours [23]. 

CuxS was fabricated here by the modified spray pyrolysis technique. The aqueous solution 

was prepared by using copper acetate and thiourea. Then the substrate was kept on a hot plate 

maintained at a temperature of 285
0
C and the solution was sprayed over it using a sprayer. 

This is a very convenient as well as low-cost deposition process [24]. 

 Here copper sulphide has been deposited by the automatic spray pyrolysis method. The 

precursor solution was prepared by using copper chloride and thiourea, which were mixed in 

a solution of water, ethanol, and glycerol (water: ethanol: glycerol = 7:2:1). There was 

maintained temperature in the range of 275-325
0
C and kept air pressure at 1.2 bar [25]. 

Copper sulphide thin film has been fabricated here by a wet chemistry process. The precursor 

solution was prepared by using polyvinyl pyrrolidone (PVP), sodium sulphide nonahydrate, 

and copper nitrate hydrate. Then the solution was stirred (450-500 rpm) at room temperature. 

After obtaining the precipitate, it was centrifuged and washed with DI water as well as 

ethanol. Finally, it was annealed at 100°C for 2 to 3 hours [26]. 

CuxS was fabricated here by a one-step hydrothermal approach. Here, the first solution was 

prepared using copper nitrate trihydrate and ammonium fluoride. Then thiourea was added 

into the solution and stirred. The mixed solution was kept in an autoclave maintained at a 

temperature of 120
0
C for 6 hours. At last, the final product was collected after filtering [27]. 

CuxS nanotube was synthesised by using a facile solution reaction-based method. At first, 

rod-like copper tin hydroxide was achieved from an aqueous solution-based method and then 

converted it into CuS nanotubes by adding sodium sulphide-based aqueous solution at room 

temperature. At last, the obtained black product was washed and vacuum annealed at 40°C 

temperature [28]. 

In this work, copper sulphide was formed by the potentiostatic deposition method. Here Cu 

(copper) film was formed by the electrodeposition process. The electrolyte solution was 

prepared using copper sulphate and sulphuric acid. Here, solution pH of 1.35 was maintained. 

Thereafter, Cu2S counter electrodes were prepared by keeping as-prepared Cu film in a 

polysulphide solution for 60 s [29]. 
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Here, copper sulphide nanowall has been formed by a one-step anodization process. In this 

anodization system, sodium sulphide electrolyte solution is used as an anode and graphite as 

a cathode. Then clean Cu (copper) foil was immersed in it to form CuS nanowall. This 

method is very useful to form 3D copper sulphide nanowall [30]. 

CuxS was synthesised here using the microwave hydrothermal method. At first, a mixture 

solution was prepared using copper nitrate, polyvinylpyrrolidone (PVP), and thioacetamide. 

Then it was stirred for 30 mins and placed in an autoclave maintained at 100-200
0
C 

temperature. Then the precipitate was separated from the solution, and the soluble salt was 

removed. Finally, it was introduced in a microwave hydrothermal synthesis process 

maintained at 300 W of microwave power [31]. 

Copper sulphide nanoballs were fabricated in this work by the soft chemistry method. The 

bath was prepared by using cupric nitrate hydrate, barium hydroxide, triethanolamine, and 

thiourea. Here bath temperature was maintained at 54
0
C for 30 min. It was finally washed 

and dried [32]. 

Copper sulphide (CuS)-based thin film has been prepared here by the thermal co-evaporation 

method. The substrate was kept in an evaporation chamber. The chamber maintained a 

constant temperature of 450
0
C during deposition [33]. 

In this work, a facile chemical conversion method has been implemented to fabricate copper 

sulphide nanotubes. Here Cu (copper) nanowire was formed by electrodeposition using a 

galvanostat. Here, a platinum-coated titanium stripe has been utilized as a counter electrode 

whereas Ag/AgCl has been considered as a reference electrode. The electrolyte has been 

prepared using copper sulphate and sulphuric acid. Then the sulphur precursor solution was 

prepared using thiourea, and as-prepared Cu nanowire was kept in it by maintaining the 

temperature at 90°C to form CuxS nanostructures [34].   

Here copper sulphide nanomaterial was deposited by surfactant-free solvothermal technique. 

At first a green solution was prepared using copper nitrate trihydrate and ethylene glycol. 

Thereafter thiourea was added into it and stirred. Then the mixed solution was placed in an 

autoclave maintained at 150
0
C temperature. Finally, it was washed and dried in a vacuum 

environment [35]. 

Copper sulphide (CuS)-based film has been prepared by the chemical vapour deposition 

(aerosol-assisted) method. Here, at first, a copper (II) complex was prepared using copper 

nitrate trihydrate and potassium isobutylxanthate. The deposition was performed using a 

single-source precursor with toluene and carrier gas argon. Then the substrate was kept in the 

furnace, and deposition was performed [36]. 

Copper sulphide has been formed here by the metal-organic fabrication method. At first, a 

precursor solution was prepared using 3,5-dimethylpyridine (Lutidine) and toluene. After 

thioacetic acid and copper salt were added into it. Then a bluish-green compound was 

separated by filtration and dried in air. Then a saturated solution was achieved by dissolving 

it in methanol. Then a few drops of solution were taken on the substrate, and at last it was 

pyrolyzed at 350°C in a furnace under an argon atmosphere [37]. 

In this work, the physical vapour deposition (PVD) method has been used for the formation 

of nano-structured CuxS. At first, Cu (copper) was fabricated on a substrate by maintained 
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vacuum pressure. Then S (sulphur) was deposited using sulphur powder by evaporation using 

an electron beam gun. This method is useful to form stable nanostructure [38]. 

In this work, a copper sulphide-based film was formed using the PLD (pulsed laser 

deposition) method. The copper and sulphur were the main sources of material. Here, 

substrate temperature 250
0
C, pulse duration 10 ns, and frequency 3 Hz were maintained [39]. 

CuxS was deposited using atomic layer deposition (ALD) on bare silicon substrates. Here the 

reaction chamber contained high-purity argon gas. The precursor was kept at 60°C for about 

1 hour. The fabrication process was controlled by introducing bis(dimethylamino-2-methyl-2-

butoxy) copper (II) and hydrogen sulphide gas [40]. 

There is huge application potential for stable copper sulphide materials, and the stability can 

be ensured by forming nanostructures of the material. It is used as a suitable absorber 

material for solar PV applications. It also acts as a suitable candidate for cathode material in 

field emission applications. 

1.4.2 Tin Sulphide  

SnS (Tin Sulphide) is an earth abundant, non-toxic, and cheap material. It is an n-type 

semiconducting material with a high optical absorption coefficient (> 10
4
 cm

-1
) as well as 

high charge carrier mobility (18.3-230 cm
2
/V. s). 

Tin Sulphide (SnS) film has been deposited here by a two-step process like DC magnetron 

sputtering as well as sulphurisation using a vacuum tube furnace. At first tin (Sn) was 

deposited using DC magnetron sputtering. This deposition was carried out under argon 

atmosphere with maintained pressure of 5mTorr and power of 1500 watts. Then 

sulphurisation has been performed in a vacuum furnace by introducing a hydrogen sulphide 

and argon gas mixture and maintaining the temperature at 300-450°C for 2 hours [41]. 

SnS film was fabricated here using the CBD (chemical bath deposition) method. The 

precursor solution was prepared by using tin chloride and thioacetamide. Then it was kept in 

a temperature control system where deposition of SnS was proceeded with initially at 

temperature 17°C for 3 hours, and after it was maintained at temperature 8°C for 21 hours 

[42]. 

 Here SnS film was fabricated using the CSS (close-spaced vacuum sublimation) method. 

Here the distance of 17 mm was maintained in between the evaporator and substrate. The 

chamber pressure was maintained at 5x10
-3

Pa, and evaporator temperature was fixed at 948 

K. The deposition was carried out for 4 mins to form a suitable tin sulphide film [43]. 

Here, the SnS film was prepared by the CBD (chemical bath deposition) method. Here EDTA 

(Ethylenen diamine tetraacetic acid) is used as the complexing agent. Here the precursor 

solution was prepared using tin chloride dehydrate, acetone, EDTA, and sodium thiosulphate. 

The solution pH was maintained at 10.5 using NH3 solution. The bath temperature was 

maintained at 45
0
C for suitable deposition [44].  

Tin Sulphide was formed by the CBD (chemical bath deposition) technique. The bath 

solution was prepared using stannous chloride, thioacetamide, and tartaric acid. Here tartaric 
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acid is used as the complexing agent. The deposition was carried out under different 

concentrations of complexing agent. The constant bath temperature of 70
0
C for 50 mins was 

maintained during deposition of the SnS film [45]. 

Here copper-doped tin sulphide was developed by the spin-coating process. At first, a 

solution was prepared using tin chloride dihydride, thiourea, methanol, and 2-methoxy 

ethanol. Then the solution was sprayed on the substrate kept over a hot plate maintained at a 

temperature of 200
0
C. The speed of the spin coater was maintained at 3000 rpm to achieve a 

properly deposited film [46]. 

SnS film was developed here by a simple bath process. This bath process was performed by 

mechanochemically prepared precursor solution. The solution was prepared using 

triethanolamine, tin chloride metal salt, thioacetamide, and ammonia. The bath temperature 

of 40 to 50
0
C was maintained during the deposition of the tin sulphide film [47]. 

Tin sulphide was formed here by the wet chemical synthesis method. In this method, tin 

chloride and sodium sulphide were used as source materials of tin and sulphur, respectively. 

Here ethylene glycol was used as a solvent for this deposition. The deposition was performed 

to maintain temperature at 80
0
C. At last, to achieve film, it was washed as well as 

centrifuged, and dried it at room temperature [48]. 

Tin sulphide (SnS) thin film was formed here using the radio frequency sputtering technique. 

Here argon was used as an inert gas whose flow rate of 30 sccm was maintained. The 100-

watt RF power, considering working pressures of 6, 10, 30, and 50 mTorr, was set during 

deposition of the film [49]. 

SnS thin film was fabricated here by the SILAR method. The aqueous solutions were 

prepared here using TEA (triethanolamine), tin nitrate, and sodium sulphide. The reaction 

was conducted for 30 cycles considering different molar concentrations like 0.05, 0.10, 0.15, 

0.20, and 0.25 (M) of tin nitrate and sodium sulphide. The cycles were performed for all 

concentrations to get deposited films of tin sulphide [50].  

Tin sulphide was formed here using the chemical spray pyrolysis method. In this process, a 

solution was prepared here using tin chloride and thiourea. Thereafter, this as-prepared 

solution was sprayed on the substrate, which maintained temperature at 200
0
C. Then it was 

vacuum annealed at 450°C for 1 hour to achieve suitable deposition of the film [51]. 

SnS film was developed here by the thermal evaporation process. In this process, high-purity 

SnS powder was used as source material. The distance between the source and substrate was 

17 cm, and the temperature of the substrate, 250°C, was maintained here. The rate of 

evaporation was set at about 10A˚s
−1

 to form deposited film [52]. 

Tin sulphide can be used for the applications in PV solar cells, optoelectronic devices, etc. 

1.4.3 Copper Zinc Tin Sulphide (CZTS) 

CZTS (Copper Zinc Tin Sulphide) is a non-toxic and abundant element. It also has the 

highest absorption coefficient in the visible region. 
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Here CZTS (Copper Zinc Tin Sulphide) has been prepared on glass substrate by a dibenzyl 

dithiocarbamate-based solution process. The materials like carbon disulphide, dibenzylamine, 

benzene, tin chloride pentahydrate, zinc chloride, copper chloride, trichloromethane, 

methanol, and sodium hydroxide were required to form CZTS. In this method, at first 

NaDTC (Na dibenzyldithiocarbamate) was prepared, and it was synthesised 

using dibenzylamine, sodium hydroxide, carbon disulphide, and d-benzene. After it was 

reacted with metal salt like zinc chloride and washed as well as filtered, the product was 

dissolved in trichloromethane to remove contamination. Then the formed ZnDTC (Zn 

dibenzyldithiocarbamate) solution was dropped on a glass substrate. Then the coated 

substrate was annealed at a temperature of 350
0
C under nitrogen for 30 mins to achieve the 

desired deposited film [53]. 

In this method, CZTS has been developed using metal salts and dodecanethiol (DDT). This 

synthesis was carried out in a nitrogen atmosphere. The solution was prepared using copper 

acetate, zinc acetate, tin iodide, and oleylamine. Then the as-prepared solution was heated at 

a temperature of 150
0
C, and DDT was added into it. After the prepared solution was kept at a 

temperature of 250
0
C for 60 min to get the desired film [54]. 

CZTS film was synthesised on molybdenum substrate through a solvothermal route. Here at 

first a homogeneous mixture was prepared using copper acetate hydrate, zinc acetate, tin 

chloride, thiourea, and ethylene glycol. Then it was kept in an autoclave, including a substrate 

maintained at a temperature of 180
0
C for 12 hours. At last, the as-deposited film was 

annealed in a nitrogen environment at a maintained temperature of 300°C for 30 min [55]. 

CZTS film was formed here by a nebuliser-assisted spray pyrolysis technique. The solution 

was prepared with copper chloride, zinc chloride, tin chloride, and thiourea. Then the as-

prepared solution was mixed with a nebuliser to achieve fine aerosols. Thereafter it was 

sprayed on a substrate maintained in air (carrier gas) pressure of 0.2 Pa for the time of 20 

mins to get the desired deposited sample [56]. 

The formation of the CZTS film has been done by the spray technique. Here the solution was 

prepared using cuprous chloride, zinc chloride, stannous chloride, and thiourea. In this 

process, nitrogen was used as a carrier gas, and solution flow rate was maintained at 1 

ml/min. The deposition was performed at temperatures of 200
0
C to 450

0
C to achieve the 

desired film [57]. 

Here, CZTS film has formed using ball milling as well as thermal evaporation techniques. At 

first, copper, zinc, sulphur, and tin powders were taken as source materials. Here, a ball and 

powder ratio of 2:1 was maintained, and powders were milled by stainless steel balls having a 

speed of 2750 rpm. After the synthesis of CZTS, the thermal evaporation was performed at 

room temperature and at 673 K to deposit it on the substrate [58]. 

CZTS (Copper Zinc Tin Sulphide) was fabricated using the electron beam evaporation 

technique. Here CZTS powder was prepared using copper nitrate, zinc nitrate, tin sulphate 

hexahydrate, and sodium sulphide. The solution was prepared by mixing it with ethylene 

glycol at room temperature. After it was irradiated via microwave oven operated at 350 watts 

for 5 mins. Thereafter it was washed as well as centrifuged to get the final product. Then 

deposition was performed on clean glass substrate at the rate of 0.5 nm/s to achieve the 

desired film [59]. 
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CZTS film has been developed here using the pulsed laser deposition method. The fabrication 

was done at room temperature. In this process, pulsed laser energy density of 2.5 J/cm², a 

repetition rate of 10 Hz, and a time of deposition of 22 mins were maintained. The as-

prepared was annealed under nitrogen and hydrogen sulphide atmosphere at a temperature of 

575°C for 10 min to get a suitable deposited film [60].  

In this work, a light sintering technique has been used for CZTS fabrication. In this work, Cu 

(acac)₂ Zn(acetylacetonate), and Sn(acetylacetonate) were used as raw materials. The solution 

prepared by these materials was taken in a heating flask under nitrogen, maintaining a 

temperature at 230
0
C. Then oleylamine was added into it. The reaction was taken over for 1 

hour at 230
0
C.The final nanocrystal was prepared by dissolving it in butylamine and coating 

it on the substrate. At last, it was dried, and light sintering was introduced to achieve the 

desired film [61].  

CZTS has been formed here by the spray pyrolysis method. Here, using the method, cupric 

chloride, zinc acetate, stannic chloride, and thiourea were used as source materials for copper, 

zinc, tin, and sulphur, respectively. The solution was sprayed on the substrate by keeping it 

on a hot plate to get the deposited sample [62]. 

Here the SILAR method has been introduced to develop CZTS film. The cationic bath 

consists of copper sulphate, tin sulphate, and zinc sulphate, as well as an anionic bath 

containing sodium sulphide. Here in this reaction, 40 cycles were set, considering adsorption 

and reaction time of 30 s. Finally, the precursor film was kept under nitrogen and hydrogen 

sulphide atmosphere at 575°C temperature to get the desired deposited film [63]. 

It is used for the fabrication of low-cost solar cells. 

1.4.4 Copper Oxide (CuO) 

CuO (copper sulphide) is cheap and nontoxic. It is easy to fabricate and has better 

electrochemical stability. 

Here CuO (Copper Oxide) was fabricated by the wet-chemical method. The precursor 

solution was prepared using copper nitrate trihydrate, sodium hydroxide, and DI water. Then 

the as-prepared solution was kept in a Teflon flask maintained at a temperature of 770
0
C. 

After it was centrifuged (speed 6000 rpm) and washed to achieve deposited copper oxide film 

[64]. 

CuO was fabricated here by the pulsed laser deposition technique. At first, CuO target 

material was prepared using the solid-state reaction method. At the time of deposition, the 

target-to-substrate distance was 3.5 cm, the pulse repetition rate was 5 Hz, the laser fluence 

was 2–3 J cm⁻², and the deposition temperature was 200°C was maintained to get a CuO 

sample [65]. 

 Co:CuO (CuO-doped cobalt) has been fabricated here using the R.F. sputtering method. 

There was taken a pure metallic copper target partially filled with pure cobalt. Here, RF 

power is 150 watts, the target-to-substrate rate distance is 7 cm, and an inert gas argon 

(pressure 0.7 Pa) and oxygen (pressure 0.3 Pa) mixture were maintained to fabricate CuO-

doped cobalt film [66]. 
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Copper oxide film has been formed here by the direct current magnetron sputtering method. 

The DC power supply kept constant power of 100 watts during deposition. The argon gas 

flow rate was 2.5 sccm, and the oxygen gas flow rate of 5.5 sccm was maintained here. The 

time of deposition was about 60 min to get a suitable deposited film [67]. 

Here CuO thin film was developed using the spray pyrolysis process. The precursor solution 

was prepared using copper chloride dehydrate, potassium hydroxide, and DI water. After it 

was sprayed over where the substrate maintained a temperature of 300-450°C. The rate of 

spray was kept at 3 mL/min during deposition to achieve a suitable CuO film. This process is 

very easy and less expensive [68]. 

Copper oxide thin films can be used in solar cells, sensors, and optoelectronic devices. CuO-

based nanomaterials have also been used in electrochemical applications. 

1.4.5 Zinc Oxide (ZnO) 

ZnO is a nontoxic, wide band gap semiconductor. The main characteristics of ZnO are large 

electric field sustain capability as well as providing higher breakdown voltages. 

Here aluminium-doped ZnO was fabricated using the sol-gel method (modified). At first, two 

different solutions were prepared in different beakers. In beaker I, ethanol alcohol, zinc 

acetate dehydrated, and aluminium nitrate were added to get the various molar concentrations 

of aluminium. On the other hand, beaker II consists of sodium hydroxide, ethanol alcohol, 

and DI water. Thereafter, these two beakers were added in one by dropping the maintained 

temperature to 60
0
C for 60 mins to achieve the desired deposited film [69]. 

ZnO was synthesised here by the electrodeposition method. This fabrication system consists 

of three electrodes: graphite as anode, clean substrate as cathode, and saturated calomel as a 

reference electrode. The bath was prepared here using zinc chloride and potassium chloride. 

There was a maintained bath temperature of 333K to 363K, a deposition on time of 5 to 30 

min, and a current density of 0.25 to 1.5 mA cm
−2

 during the deposition of the ZnO film [70]. 

ZnO was formed here on FTO substrate by a hydrothermal process. At first, a precursor 

solution was prepared using zinc nitrate hexahydrate, hexamethylenetetramine, and DI water. 

Then hydrothermal treatment of the substrate has been performed using titanium tetrachloride 

by maintaining the temperature at 70
0
C for 30 min. Finally, it was annealed at 150

0
°C for 30 

min to achieve the desired sample [71]. 

Here ZnO nanowires were developed on a gallium- and aluminium-cooped ZnO (GAZO) thin 

film seed layer. The GAZO seed layer was formed by the RF magnetron sputtering method 

using high-purity gallium, aluminium, and zinc oxide targets. Here, RF power was 150 watts, 

working pressure was 1.2 x 10
-2

 mbar, and the flow rate of argon at 12 sccm was maintained 

during deposition. After this GAZO substrate was dissolved in an aqueous solution prepared 

using zinc nitrate hexahydrate and hexamethylenetetramine. Here deposition temperature 60
0
-

90
0
C was maintained for 2 to 8 hours to achieve the desired sample [72]. 

Here ZnO thin film was formed using the M-SILAR (modified successive ionic layer 

adsorption and reaction) method. The film has developed using zinc-ammonia as cationic and 

diluted hydrogen peroxide as an anionic source of precursor solution. There were maintained 

deposition cycles for 50, 100, 150, and 200 times repeatedly to achieve the desired [73]. 
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In this method, ZnO powder has been developed first using hydrothermal synthesis, and then 

it was sprayed on the FTO substrate to achieve the desired film. At first, an aqueous solution 

was prepared by taking zinc nitrate hexahydrate with diethylamine under maintained 

temperature at 80
0
C for 8 hours. Thereafter the precipitate of zinc oxide was sprayed over the 

substrate and annealed it at 450
0
C for 1 hour to get the desired film [74]. 

Here ZnO thin film was fabricated using the CBD (chemical bath deposition) method. The 

bath was prepared using zinc nitrate, ammonium hydroxide, and DI water. Here, bath 

temperature of 80°C for 10 hours was maintained during deposition [75]. 

ZnO film has been developed here by the spin coating method. Here the solution was 

prepared by hydrolysis synthesis of zinc acetate, methanol, and potassium hydroxide. At first, 

zinc acetate was mixed with methanol under suitable stirring by maintaining the temperature 

at 60
0
C. Then potassium hydroxide was added into it by maintaining the same temperature 

for 2 hours and finally coating it over the substrate [76]. 

ZnO was formed here by the MWAPPJ (microwave-excited atmospheric pressure plasma jet) 

method. The precursor solution was prepared using 2-methoxyethanol and acetylacetone. 

Then it was coated on a substrate using irradiation by MWAPPJ. In this method, He (helium) 

gas was used in a reactor where microwave frequency 2.45 GHz was maintained. Here, 

during plasma irradiation, input power of 50 watts for 60s was maintained to achieve the 

desired sample [77]. 

In this work, ZnO nanoparticle was developed using a low-temperature precipitation method. 

At first, the solution was prepared using zinc acetate, DI water, and aqueous NaOH under 

continuous stirring for 30 min. Then the as-prepared solution was kept at a temperature of 

80°C for 2 hours. Then there was added cobalt acetate dehydrate to developed cobalt-doped 

ZnO powder. Thereafter it was kept in isopropanol and stirred with a magnetic stirrer to form 

a solution for deposition. Then it was spin-coated on the substrate by maintaining a rotation 

speed of 3000 rpm for 30 s. Finally annealed it at 250
0
C for 30 min to get a suitable deposited 

sample [78]. 

ZnO has been formed here by the electrodeposition method. In this system, soda lime glass 

has been considered as a working electrode, whereas platinum wire was utilized as a counter 

electrode. Here saturated calomel has been considered for the application of the reference 

electrode. Here, an aqueous solution was prepared using zinc acetate dehydrate, magnesium 

acetate tetrahydrate, and hexamine. The bath temperature was maintained at 90
0
C during 

deposition of the ZnO film [79]. 

In this study, AZO (Aluminium Zinc Oxide) film has been deposited from the power target 

using the RF magnetron sputtering method. At first this mixture powder was prepared using 

aluminium oxide and zinc oxide, and after it was merged with acetone. Then it was sintered 

at 700
0
C, and target material was prepared for deposition. Here, RF power density 2.19 

watt/cm
2
, substrate temperature 400

0
C were maintained during deposition of the film [80]. 

Here aluminium-doped ZnO has been developed using the spin-coating technique. Here, at 

first, a precursor solution was prepared using isopropyl alcohol, zonyl surfactant, and DI 

water. Then polyvinyl alcohol was added into it to improve its mechanical adhesion. Finally, 

this solution was spin coated on the substrate by maintained roating speed 3000 rpm to 

achieve desired film [81]. 
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ZnO film has formed here by the SILAR (successive ionic layer adsorption and reaction) 

method. Here, zinc nitrate as the source of Zn
2+

 and hydrazine hydrate as OH
–
 ions were used 

for the deposition of the film. This two-precursor solution was prepared in different beakers 

by maintaining a temperature of 75
0
C. Thereafter, the substrate was dissolved successively in 

these solutions to achieve the desired deposited film [82]. 

ZnO is a suitable candidate for applications in photocatalysis, piezoelectric materials, gas 

sensing, etc.  

1.4.6 Titanium dioxide (TiO2) 

TiO₂ (titanium dioxide) semiconductor nanomaterial and functionalized carbon nanotubes 

were used for the preparation of solar cells. It is a wide bandgap semiconductor, and it has 

better photo corrosion resistance as well as good thermal stability. 

TiO₂ was developed here using a refluxing method. Here, at first, a titanium glycolate 

precursor has been produced using tetrabutoxytitanium and ethylene glycol using a magnetic 

stirrer maintained at a bath temperature of 60
0
C. Then it was added with acetone and DI 

water under continuous stirring for 1.5 hours to form titanium glycolate. Thereafter, this 

prepared titanium glycolate was added with water and sonicated for 5 mins. After it was kept 

in a water bath at a maintained temperature of 95
0
C for 1 hour under continuous stirring to 

get the desired deposited film [83]. 

TiO2(titanium dioxide) has been developed here by the solvothermal method. Here titanium 

isopropoxide was taken as a precursor and toluene as a solvent. Thereafter the mixture was 

kept in an autoclave maintained at a temperature of 180 to 240
0
C for 4 to 24 hours. Finally, 

the sample was taken and dried in a vacuum at 60°C for 3 hours [84]. 

 TiO2 was formed here using the hydrothermal method. Here at first, the solution was 

prepared using hydrochloric acid and DI water. Then the precursor solution was made by 

adding TBOT (tetrabutyltitanate) into it. After this mixture solution was kept in an autoclave 

for hydrothermal synthesis, it was maintained at a temperature of 150
0
C for 4 hours to 

achieve the desired film [85]. 

TiO₂ film has been deposited here by atomic layer deposition (ALD) technique. Here 

titanium dioxide film has been grown on Ti wire by using DI water with nitrogen as the 

carrier gas inside a reactor. This fabrication was performed by applying successive pulses of 

titanium tetrachloride (TDA) into the reactor by maintaining a temperature of 300
0
C [86]. 

Here, a zinc oxide (ZnO)-doped TiO₂ film was developed by the refluxing method. At first, a 

solution was prepared using titanium isopropoxide, isopropyl alcohol, and DI water and kept 

at 450
0
C for 2 hours for the formation of TiO2 nanoparticles. Then there was formed another 

solution using zinc acetate dihydrate and DI water. Then the film was dissolved into it and 

NaOH was added dropwise to it for the formation of ZnO-doped titanium dioxide. Finally, it 

was refluxed by maintaining the temperature at 97
0
C for 3 hours to get the desired sample 

[87]. 

TiO₂ has applied for the development of dye-sensitised solar cells. It can also be used for 

applications in photocatalysis, nano-paint, antibacterial agents, etc. 
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1.4.7 Cadmium Sulfide (CdS) 

CdS is very toxic material, and it degrades with time. The band gap of the semiconducting n-

type CdS material is 2.45 eV. 

CdS has been developed here by a chemical synthesis method. At first, an aqueous solution 

was prepared using ammonium hydroxide and cadmium sulphide, where the pH of the 

solution was maintained at 11. Thereafter thiourea was added into this as-prepared solution. 

Then the substrate was dissolved into this mixed solution by maintaining a temperature of 

90
0
C for 10 min to achieve the desired deposited film [88]. 

Cadmium sulphide has been formed here by the solvothermal microwave irradiation method. 

At first, a solution was prepared using cadmium acetate dihydrate, thiourea, and ethylene 

glycol. After it was taken under continuous stirring for 1 hour. It was maintained at a 

temperature of 50
0
C to form a homogeneous solution. Then this mixture was kept in a 

microwave oven where frequency was maintained at 2.45 GHz. There was performed 50% 

power cycle until precipitate was achieved. Finally, it was washed as well as centrifuged at 

60
0
C for 6 hours to get the deposited sample [89]. 

 

CdS-doped S has been formed here by the MA-CBD (microwave-assisted chemical bath 

deposition) method. Here the aqueous solution was prepared using cadmium nitrate, thiourea, 

and ammonium acetate. Here the as-prepared solution pH has been obtained as 10 by 

introducing ammonia into it. Then the substrate was dissolved into it and kept at a microwave 

oven by maintained temperature of 75
0
C for 45 mins. At last, it was washed to get the desired 

film [90].   

CdS has shown excellent properties for applications in optoelectronic devices like LDRs, 

solar cells, etc. 

1.4.8 Cadmium telluride (CdTe) 

CdTe is a semiconductor belonging to the II-VI group and exhibits a high melting point of 

1041
0
C as well as being insoluble in water. 

CdTe has formed here over Ni substrate using the electrochemical deposition technique. 

Here, Ni substrate, pure graphite plate, and silver/silver chloride/potassium chloride acted 

as the working electrode, counter electrode, and reference electrode, respectively. The bath 

was prepared using cadmium sulphate and sodium tellurite. The pH of the bath was 

maintained using H2SO4. Finally, the film was annealed at 300
0
C for half an hour under an N2 

environment to achieve the desired deposited sample [91]. 

CdTe was developed here using the spray pyrolysis method. At first, a, a solution was 

prepared using cadmium chloride monohydrate (with added triethanolamine) and tellurium 

dioxide (with added hydrazine hydrate). Then the solution was made up using deuterium-

depleted water and ammonia by maintaining a 4:1 ratio. The pH of the solution was 

maintained at 11.5 here. The substrate temperature of 300
0
C and solution flow rate of 5 

ml/min were maintained here during deposition [92]. 
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Here CdTe was formed using the sublimation method. This fabrication system consists of a 

rotating vapour source attached to a graphite container. Here CdTe power is used as a source 

material and kept in a container by maintaining a temperature of 700
0
C. The container rotated 

at a speed of 40 rpm to maintain uniform deposition of the material over the substrate [93]. 

CdTe has a large absorption coefficient and can be used for photovoltaic applications. It can 

be developed in a low-cost fabrication process. 

1.4.9 Copper indium diselenide (CIS) 

CISe is a ternary compound having a high absorption coefficient and better thermal stability. 

CISe was formed here using the electrochemical potentiostatic deposition technique. In this 

system, saturated calomel and platinum foil acted as the reference electrode and counter 

electrode, respectively. Here an aqueous solution was prepared using copper sulphate, indium 

sulphate, citric acid, and selenium selenide. The pH of the solution was maintained at 2.1 

here. The deposition was carried out under an applied potential of 600 mV for a saturated 

calomel electrode to get the desired deposited sample [94]. 

Here CISe was developed on the surface of CdS (cadmium sulphide) by the chemical ion 

exchange method at room temperature. At first, CdS was formed on ITO substrates by the 

CBD (chemical bath deposition) process. Cadmium chloride, thiourea, and triethanolamine 

were used for the formation of CdS by maintaining the temperature at 80°C. Thereafter, CISe 

precursor solution was prepared using copper sulphate, indium trichloride, and sodium 

seleno-sulphate. This solution was prepared by mixing each material with a fixed volumetric 

proportion. Then the as-prepared ITO/CdS substrate was immersed in it to achieve the 

CISe/CdS/CdS thin film device [95]. 

CISe can be used for the applications in low-cost solar cell devices, nonlinear optics, and 

light-emitting diodes. 

1.4.10 Gallium Nitride (GaN) 

Gallium nitride (GaN) is a group III-nitride semiconductor that has high electron mobility, 

high thermal conductivity, and a high optical absorption coefficient. It is a wide-band 

semiconductor with an optical band gap of 3.4 eV.  

Gallium Nitride (GaN) has been deposited here on patterned silicon (Si) substrate by using 

nano-imprinting as well as the pulse laser deposition (PLD) method. This imprint was created 

by using three basic steps. At first, imprinting was performed by utilizing a mould to produce 

a thickness diversity in the resin area of the silicon substrate. The next one was to pull out the 

mould and finally, the pattern was moved by utilizing anisotropic etching to take out the 

resin. Then the achieved patterned Si substrate was immersed in the solution of sulfuric acid 

and hydrogen peroxide at a ratio of 1:1, and thereafter, the hydrogen fluoride solution was 

continuously used to wash the resin on the substrate. Thereafter, initially, a thick aluminium 

nitride layer was developed to grow GaN on Si substrates. It was performed using the PLD 

method, where pressure of 5 x 10 
-10

 Torr and temperature of 750
0
 C were maintained. After 

GaN was deposited by maintained the temperature in between 650 to 800
0
 C. Here, a nitrogen 
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source was created by using an RF radical generator, which was operated at a power of 300 

watts under a 1x10
-5

 Torr nitrogen atmosphere [96]. 

Here, Indium Gallium Nitride (InGaN) and Gallium Nitride (GaN)-based multi-quantum 

wells (MQWs) were developed using the metal organic chemical vapour deposition 

(MOCVD) technique. At first, a GaN nanowire template was formed by using a two-step 

etching process. Here, Si-doped GaN on sapphire was utilized for the development of the 

template. The silicon nitride layer (200 nm) was formed by PECVD, or plasma-enhanced 

chemical vapour deposition method. Thereafter, a circular hole pattern (400 nm in diameter) 

was introduced here by using lithography and the lift-off process. Then, at first, ICP-RIE, or 

inductively coupled plasma reactive ion etching, was performed. Wet etching was done by 

utilizing a KOH solution. Thereafter, the MQW structure was formed by the MOCVD 

process, where an 1130
0
 C temperature for 840 s and 100 Torr pressure were maintained. 

Here, hydrogen was used as a carrier gas. On the other hand, trimethylgallium and ammonia 

were utilized as Gr III and Gr V precursors, respectively. The MQWs structure consists of a 

GaN buffer, an InGaN quantum well, and a GaN protection layer [97].  

In this present study, gallium nitride-based nanostructures have been grown on sapphire 

substrates by molecular beam epitaxy, or MBE. In the MBE method, 350-watt microwave 

power was used to generate nitrogen particles, and a 0.5 sccm flow rate was maintained. The 

surface of the template was cleaned by using organic solvent and a hydrogen fluoride solution 

for a duration of 6 minutes. Thereafter, it was further thermally cleaned in the chamber by 

maintaining a temperature of 800
0
 C for a duration of 5 minutes under a nitrogen atmosphere. 

The growth rate was maintained at 120 nm/h to achieve the desired sample [98]. 

Here, the GaN nanostructure was developed on a sapphire substrate by using electron beam 

lithography and the reactive ion etching technique. At first, the substrate was cleaned in 

acetone with an ultrasonic bath. After it was rinsed in methanol as well as isopropanol, Then 

the sample was annealed at 85
0
 C and dried in N2 gas atmosphere. Here, 

polymethylmethacrylate (PMMA) was used as an electron-sensitive resist layer. In the 

chamber, the electron beam was maintained at 50 kV. Here, the diameter of the beam was set 

at 16 nm. The NiCr alloy metal was deposited by a thermal evaporation process with a 

thickness of 30 nm for the purpose of etching a mask. The reactive ion etching method was 

used, where pressure of 15 mTorr, temperature of 50
0
 C, N2 variation (0 – 75%), flow rate of 

40 sccm were maintained for the purpose of deposition [99].  

In this study, Gallium Nitride (GaN) / Indium Gallium Nitride (InGaN)-based nano-pyramid 

photoanode was developed using selective area growth, or the SAG method. At first, a GaN 

layer was formed on the sapphire substrate by the Metal Organic Chemical Vapour 

Deposition, or MOCVD, technique. The undoped GaN buffer layer as well as the n-type 

doped GaN or Si-doped layer were developed at temperature of 1060
0
 C. The silicon di-oxide 

layer was developed on GaN by using Plasma-Enhanced Chemical Vapour Deposition or 

PECVD process. Then the membrane of anodized aluminium Oxide or AAO, was formed on 

SiO2 layer. This membrane was supported by a holder that was made of polymethyl 

methacrylate. The AAO was transferred to the SiO2 layer by dissolving the holder in acetone. 
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Finally, a GaN/InGaN-based photoanode was grown subsequently by the MOCVD process 

[100].  

The ultra-thin Gallium Nitride (GaN) nanostructure has been fabricated here on Si substrate 

by the plasma-assisted molecular beam epitaxy method. At first, gallium droplets were 

formed by using a nucleated gallium wet layer. Thereafter, it was exposed to the active 

species of nitrogen ions. The substrate temperature of 770
0
 C and the pressure of the gallium 

beam of 6.5 x 10
-7

 torr for 120 min were maintained here to achieve the GaN nanostructure 

film [101].  

In the present study, the GaN/pSi heterojunction nanostructure was formed by using pulse 

laser deposition, or the PLD method. At first, the pSi substrate was developed by utilizing the 

photo-electrochemical etching technique. This etching process was performed using a 100-

watt power laser assistant diode. The etching solution was made by utilizing hydrofluoric 

acid and ethanol. Then the GaN target material was prepared by using gallium nitride powder. 

Here, 1000mJ of laser energy and 7 ns of pulse duration were maintained during the 

deposition process. The vacuum pressure of the system 10
-2

 mbar was implemented to 

achieve the desired deposited film [102].  

Here, Gallium Nitride (GaN) nanobelt was prepared by an electrochemical lift-off process. 

The epitaxial growth of n or p GaN has been implemented using the Metal Organic CVD or 

MOCVD technique. At first, a GaN buffer layer with a thickness of 500 nm was formed. 

Here, n-GaN was developed by maintaining a silicon doping concentration of 5 x 10
18

 cm
-3

. 

Then the structure of the middle sacrificial layer (SL) (n
++

- GaN/n
+
-GaN/n

++
-GaN) was 

introduced here. Next, the patterned photoresist (PR) was developed by implementing UV 

lithography as well as spin coating methods. After drying, etching was performed by 

inductively coupled plasma, or ICP. A gas mixer of chlorine and boron chloride was used for 

this etching process. The uniform GaN strip was obtained here after the removal of PR with 

acetone. Then the conductive silver layer was formed on it and placed in an oxalic acid 

solution. Thereafter, it was placed in a two-electrode cell at room temperature, where GaN 

and platinum sheets acted as anodes and cathodes, respectively, for performing the 

electrochemical etching. Here, a 13-volt DC power supply was maintained. Finally, the GaN 

nanobelt was achieved by extracting the SL during the etching and transferring it onto a 

silicon substrate [103].  

In the present study, nano-porous (NP) and nano-column (NC)-based gallium nitride films 

were fabricated on sapphire substrates by using laser molecular beam epitaxy, or the LMBE 

method. The NC, or nanocolumn, was obtained by developing a low-temperature gallium 

nitride buffer layer on bare sapphire substrate. On the other hand, nanoporous was grown by 

developing a low-temperature gallium nitride buffer layer on a nitridated sapphire substrate. 

The growth of a low-temperature buffer layer was performed by maintaining a temperature of 

500
0
 C for a duration of 20 minutes. Here, the laser repetition rate and energy density were 

maintained at 5 Hz and 5 Jcm
-2

 respectively. The nitridation was performed using an R.F. 

nitrogen plasma cell, where R.F. power was 250 watts and N2 flow rate was 0.4 sccm during 

the fabrication process [104]. 
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Here, a tower-like gallium nitride (GaN) nanostructure film was fabricated by using chemical 

vapour deposition, or CVD method. Here, gallium oxide was taken as a source of gallium 

(Ga) and kept in a quartz boat. After that, it was transferred to a horizontal tube furnace under 

the CVD system. The aluminum oxide/Si substrate was coated with a thin Au layer and tilted 

in the chamber. Here, the argon flow rate was maintained at 100 sccm at a temperature of 

800
0 

C. Thereafter, argon was replaced by ammonia, and the flow rate was maintained at 300 

sccm at a temperature of 1080
0 

C. Then it was kept at 1050
0 

C for a duration of 60 minutes. 

Finally, the ammonia flow was stopped and cooled down to room temperature to achieve the 

desired sample [105].  

The formation of gallium nitride (GaN) nanowires as well as nanorods has been cultivated 

here by using catalyst-assisted chemical vapour deposition, or CVD. The film was grown on 

a silicon substrate where Au or gold acted as a catalyst. The substrate was washed using 

isopropyl alcohol as well as acetone before the start of deposition. After Au wire was 

deposited on the substrate by using the e-beam evaporation technique, the base pressure of 1 

x 10
-9

 Torr and beam current of 5 nA were maintained. Then it was placed in a horizontal tube 

furnace by maintaining a distance of 10 mm from gallium metal. The base pressure of the 

furnace was set at 10
-3

 mbar, and the deposition has been performed at 800
0
 C. The ammonia 

flow rate was maintained at 150 to 200 sccm during deposition for a duration of 120 min. 

Here, nitrogen was used as a carrier gas whose flow rate was kept at 500 sccm for the growth 

of the desired sample [106].  

It is a suitable candidate for applications in opto-electronic devices such as light-emitting 

diodes, or LEDs, UV detectors etc. 

1.5 Usefulness of Nanomaterials in Optoelectronic devices  

Nanomaterials have created a promising path in future optoelectronic device applications. 

There are several advantages of nanomaterials in improving device performances. 

Nanostructures like nanowires, nanorods, nanotubes, and quantum dots have been introduced 

for optoelectronic device applications since they provide low-cost as well as high-efficiency 

devices. Nanomaterials can act as good-quality absorber materials for optoelectronic 

applications as they usually maintain an optimum optical bandgap that lies between 1.1 and 

1.5 eV. Thus, more luminous intensity and corresponding charge carrier generation capacity, 

improving the photoelectric conversion efficiency of the device. Apart from this, fabrication 

of nanostructures has increased the mobility as well as decreased the scattering, and thus it 

can improve the overall conductivity of the device. Nanowire can provide a direct path for 

charge transport to the contacts as well as enhance light harvesting capacity. Apart from this, 

nanomaterial-based devices have shown excellent magnetic properties, which make them 

suitable candidates as magnetic storage device applications. The nano quantum dot 

technology can provide a tunable bandgap over a wide range of energy levels, which makes it 

possible to introduce quantum dot solar cells. On the other hand, mechanical strength and 

toughness have increased in nanostructure-based devices [107,108]. Thus, it can be said that 

nanostructure-based semiconductors have to increase the overall stability as well as the 

efficiency of the device. 
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Here some of the promising nanomaterials and their applications have been introduced. These 

thin film nanomaterials have shown promising results for the fabrication of optoelectronic 

devices. Copper Sulphide (Cu2-xS) is one of the promising nanomaterials that has shown 

suitable optical bandgap in the range of 1.65 eV to 1.85 eV, and its average particle size of 12 

to 100 nm was observed. Cu2-xS based nanostructures can also be obtained in a simple, low-

cost method.  Tin Sulphide (SnS) is another promising nanomaterial whose bandgap was 

varied from 1.1 to 1.88 eV, and an average crystalline size of 8 to 100 nm was obtained. The 

obtained result of Copper Zinc Tin Sulphide (CZTS) indicated that closely packed granular 

crystallites have been uniformly arranged on the surface of the substrate with an average 

grain size of 25–100 nm. It exhibited an optical band gap in the range of 1.3 to 1.74 eV. 

Copper oxide (CuO) can be produced as nanorods with a breadth in the range of 5-8 nm, and 

a bandgap was obtained in the range of 1.48 to 1.68 eV. The obtained result indicated that 

zinc oxide (ZnO) nanorods having diameters in the range of 100–120 nm showed 

hydrophobic nature, and it also exhibited flower-like morphology having crystalline size 33 

nm. It is a wide bandgap semiconductor, and the highest optical transparency (92%) was 

obtained. Titanium dioxide (TiO2) based nanorods exhibited good thermal stability and 

photo corrosion resistance. It has a wide optical bandgap, and nanoparticle size lies within the 

100 nm range. Cadmium sulphide (CdS) exhibited a cauliflower-like nanostructure that was 

constructed by numerous nanopetals, and the edge thickness of the nanopetal was about 70 

nm. CdS has shown an optical bandgap of 2.42 eV at room temperature. Cadmium telluride 

(CdTe) exhibited a band gap of 1.5 eV, and it formed a cubic crystal structure having a grain 

size of about 12 nm. Copper indium diselenide (CISe) has formed tetragonal crystal geometry 

with average crystalline size varying to 32 nm, and the optical bandgap of 1.25 eV was 

obtained. It can be used for high-efficiency, low-cost solar cells [17-95]. Therefore, the 

different nanomaterials mentioned here have exhibited excellent nanostructure as well as 

have shown suitable characteristics for application in optoelectronic devices. 

1.6 Aims and Objectives of the present work 

    The aim of the present work is to develop semiconducting copper nitride (CuxN) 

nanostructures by using a simple and low-cost fabrication method for photo-sensors or photo-

resistors as well as optoelectronic devices such as solar cell applications. A photodetector is a 

kind of light sensor that can convert incident light to electrical signals. Photodetectors can 

operate in photoconductive as well as photovoltaic mode. In photovoltaic mode, incident 

photons are converted into electrical energy, and solar cells can operate based on this 

principle. On the other hand, the resistivity of the semiconductor devices has decreased when 

photons are incident on them, which is known as the photoconductive mode, and light-

dependent resistors (LDRs), can operate based on this principle. Photodetectors have been 

used in various applications, like in optoelectronic circuits, radiation detectors, space 

communication, military surveillance, etc. Nanostructures have an important role in the field 

of light sensors or photodetectors, transistors, diodes, and solar cells due to their high specific 

surface area as well as high electron conductivity. Here in this study, nanostructure-based 

semiconducting thin films have been introduced for application in optoelectronic sensors and 

devices. 
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Light Dependent Resistor (LDR), is a kind of photoresistor that is basically made of a 

cadmium sulphide (CdS)-based semiconductor, and it is sensitive to the visible spectrum of 

light. CdS is very toxic and degrades with time. On the other hand, copper is widely available 

as well as non-toxic, and nitride-based semiconductors such as GaN (gallium nitride), AlN 

(aluminium nitride), InN (indium nitride) and their alloys have shown potential applications 

in optoelectronic devices, but these are expensive compared to other traditional materials. So, 

one such promising material combining the attributes of nitride and copper-based materials is 

copper nitride (CuxN). Thus, the present research work has been trying to focus on 

developing semiconducting copper nitride (CuxN) material for the photoresistor or LDR and 

optoelectronic device such as solar cell applications. Here in this present work, at first, 

semiconducting-grade copper nitride nanostructures have been developed by introducing a 

simple and low-cost chemical deposition method to investigate its capability as a 

photoresistor or LDR application. Thereafter, the feasibility of the nanostructure CuxN film 

has been tested for solar cell applications. The modelling of a solar cell devices by using 

CuxN as an absorber as well as window layers in combination with various inorganic 

semiconductors has been cultivated in this present study. 

Thus, here at first, author trying to focus on the development of a semiconducting copper 

nitride nanostructure by a simple as well as low-cost chemical deposition technique, and then 

the analysis of photoresistor performances has been explored by determining LDR gain. 

Thereafter, photoconductive and photovoltaic studies of the fabricated as-prepared film have 

been executed to establish it as an application in solar cell devices. Finally, the conclusion has 

made the suitability of CuxN film as photoresistor or LDR and solar cell applications. 

To develop the low-cost semiconducting grade copper nitride (CuxN) film for the application 

in optoelectronic sensors or photoresistors and devices, the objectives of the thesis are as 

follows: 

  The detailed literature review of various properties, different nanofabrication 

methods and applications regarding CuxN based thin films. 

 

 The development of nanostructured CuxN semiconducting film by introducing a 

simple and low-cost chemical deposition method. 

 

 To find the applicability of semiconducting copper nitride material as a light- 

dependent resistor (LDR) applications. 

 

 The photoconductive and photovoltaic study of the as-prepared copper nitride (CuxN) 

film has been executed. 

 

 The photoconductive study of the CuxN film has been performed by variations of film 

thickness and determining optimum thickness for solar cell device applications.  
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 The modelling of a solar cell by using CuxN as absorber and window layers in 

combination with various inorganic semiconductors has been investigated in 

photovoltaic studies.  

 

 Finally, the conclusion has been drawn based on the feasibility of CuxN based film as 

light dependent resistor (LDR) and solar cell applications. 

 

 

1.7  Conclusion 

Thin film nanostructure semiconducting material plays a very crucial role in the 

performances of optoelectronic devices. In this present context, a detailed study regarding 

properties and nanofabrication methods of various promising semiconducting materials used 

in optoelectronic applications has been explored. It was found that copper nitride is a 

propitious semiconducting material that can be used in optoelectronic devices. Thus, the 

objective of this present research work is to develop a semiconducting-grade copper nitride 

nanostructure by utilizing a simple as well as low-cost fabrication technique and establishing 

its applicability as a photoresistor and solar cell application. The detailed literature review of 

semiconducting copper nitride material to find the gap of the knowledge and also the scope of 

the present research work has been discussed in Chapter 2 in this context.  
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2.1. Introduction 

      Transition metal nitrides constitute an attractive class of materials with several 

technological applications. Copper nitride is one such compound in this class. Accordingly, it 

has potential applications in the catalytic, electrochemical, optical data storage, and 

electronics industries [1,2]. Copper nitride (Cu3N) has attracted attention due to its interesting 

crystal structure, i.e., a simple cubic compound with an anti-ReO3 type structure. It is non-

toxic and band gap of the semiconducting Cu3N, experimental values lie within the range of 

1.2–1.9 eV which is suitable for the application in optoelectronic devices [3, 4]. This 

encourages further research on copper nitrides in the field of electronics. Here an attempt has 

been made to fabricate copper nitride nano semiconducting material as an application in 

optoelectronic devices.  

2.2 Properties of copper nitride (CuxN) material 

Copper nitride appears as a simple cubic compound which has anti-ReO3 type structure. Here 

copper ions are placed at the centre of the cubic edges whereas nitrogen ions are located at 

the corners of the primary unit cell.  This pattern of open as well as low density crystal 

structure of copper nitride make it suitable candidate for intercalation and the structure is 

appropriate for the placing of metal atoms into the interstitial body under certain conditions. 

Thus, the modification of the chemical interaction occurred between nitrogen and copper 

atoms, and it influenced the electronic structure of the material [5]. The Cubic, anti-ReO3 

type crystal structure of copper nitride is shown in figure 2.1. 

 

Fig. 2.1: Crystal structure of copper nitride, Cu3N 

CuxN has been easily thermally decomposed (i.e., its decomposition temperature is 350°C) 

and converted into pure metal as well as nitrogen.  But copper nitride exhibits excellent 

properties such as nontoxicity, low cost and greater stability at room temperature. CuxN based 

thin films have notable attention as a semiconducting material due to its unique structure as 

well as physicochemical characteristics. It has outstanding electron emission features make it 

comparable to the field emission materials. Thus, researchers have special attention for their 

optical as well as thermal properties. CuxN becoming an exploration as a hotspot regarding 

the area of semiconducting as well as energy material. Copper nitride based semiconducting 

material has suitable applications in the field of optical data storage, magnetic tunnel 
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junctions, opto-electronic devices, high-speed integrated circuits and microscopic metal links 

etc. [6]. 

 

2.3 Different nano-fabrication methods regarding copper nitride based 

semi-conductor 

Nanomaterials play a very important role in the performances regarding optoelectronic 

devices. On the other hand, semiconducting copper nitride is one of the promising materials 

for the application in devices. Here various nanofabrication techniques of copper nitride thin 

films are considered for detailed study in the following text. 

Copper nitride has been deposited here by the ALD (atomic layer deposition) process. It was 

formed using bis(1-dimethylamino-2-methyl-2-butoxy) copper (II) and the reactant kept in a 

hot-wall tube reactor. Here ammonia was used as the reactant, and argon was used as a 

purging gas. The precursor and reactant were controlled by pulse time at fixed pulse pressures 

[7]. 

Here, a radio-frequency plasma source was used for the formation of copper nitride film. This 

deposition was performed by using an ion-pumped ultra-high vacuum chamber. It consists of 

a scanning tunnelling microscope and low-energy electron diffraction (LEED) optics. Here 

copper was taken as a substrate, and nitride formation was performed using atomic nitrogen 

obtained from an RF plasma source where applied power was maintained at 60 watts [8]. 

Copper nitride film was deposited here by the R.F. reactive sputtering method. Here high-

purity nitrogen gas was used as inert gas, which was controlled by a mass flow controller. A 

copper film was fixed with cathode-maintained power using an R.F generator of frequency 

13.56 MHz. The 100-watt power was provided to the cathode, and the target-to-substrate 

distance of 50 mm was maintained [9]. 

Copper nitride was developed on Si (silicon) substrate by the reactive magnetron sputtering 

method. Here, copper film was used as a substrate, and a gas mixer of argon and nitrogen was 

introduced as an inert gas. The substrate temperature was 60°C, and the R.F power of 150 

watts was maintained here. The sputtering was performed for 30 mins to achieve a suitable 

deposition [10]. 

Copper nitride film was deposited here by the reactive radio frequency magnetron sputtering 

method. Here, a pure copper disc was used as a substrate. The mixer of argon and nitrogen 

was used as working gas for this fabrication. The substrate temperature was maintained from 

room temperature to 573 K, and discharge power from 50 to 300 watts was maintained here. 

Finally, the deposited sample was annealed in an argon environment for 40 mins, maintaining 

a temperature range from 473 to 573 K [11]. 

CuxN film has been formed by the high-power impulse magnetron sputtering method. Here, a 

high-purity copper target (6 mm thickness) was used for fabrication. The reactive gas has 

been produced by a mixture of nitrogen and argon. There was a maintained total gas flow rate 



34 
 

of 30 sccm and a working pressure of 3.33 Pa into the chamber to form semiconducting 

copper nitride [12]. 

CuxN was fabricated here using the magnetron pulse sputtering method. A 50m diameter 

copper target has been chosen for the purpose of fabrication. The silicon film was used as a 

substrate, and a target-to-substrate distance of 100 mm has been maintained. The deposition 

process was carried out under nitrogen environments maintained at a constant pressure of 1 

Pa for 60 mins [13]. 

Copper nitride (CuxN) and silver-doped copper nitride (Ag-CuxN) has been formed here by 

the reactive magnetron co-sputtering method. It consists of two magnetron systems 

maintained at a distance of 120 mm. There was 0.3amp constant current to the copper target 

and 0.1 amp to the silver target. Here, an argon flow rate of 40 sccm as well as a nitrogen 

flow rate of 30 sccm was maintained during deposition. The deposition has been performed at 

50°C for 20 mins [14]. 

Copper nitride has been formed here by the DC triode sputtering method. Here copper is used 

as target material. CuxN was fabricated under an Ar+N2 (argon + nitrogen) atmosphere at 

room temperature and maintained a cathode voltage of –1 kV. The total working pressure 

(Ar+N2) was set at 8 x 10
−1

 Pa, and a ratio of 0.9 was maintained. Finally, the sample was 

annealed at a temperature in between 100 to 300°C for 30 min and cooled down for 90 min 

before exposing them to environmental conditions [15]. 

Here Cu3N has been fabricated by the direct nitriding synthesis method. The conversion of 

transition metal copper to semiconducting copper nitride has been formed using the catalytic 

NH3 (ammonia) oxidation reaction method. At first, Cu (copper) has been deposited on glass 

substrate by the electron beam evaporation process. Then the as-prepared film was kept in a 

furnace consisting of a silicon carbide susceptor under an NH3and NH3/O₂ environment. The 

film was annealed in the furnace at a maintained temperature of 200–800
0
C for 30 min [16]. 

Copper nitride was produced here through the low-energy intense pulsed light irradiation 

method. Here, at first, a solution was prepared using copper acetate monohydrate and urea. 

The solution was kept in a three-neck flask under a nitrogen atmosphere. Thereafter it was 

heated at a temperature of 90
0
C for 60 min by microwave irradiation. At last, copper nitride 

has been achieved after the suspension was washed as well as centrifuged [17]. 

CuxN film was synthesised by using a three-step process. Here at first, copper hydroxide has 

been developed on copper foil. The copper hydroxide solution was prepared using sodium 

hydroxide and ammonium persulfate at room temperature. Then the film was kept at the 

centre of the furnace, and urea was introduced into it. At last, the furnace was heated at a 

temperature of 350
0
C for 2 hours under an argon atmosphere to get a copper nitride film [18]. 

CuxN was prepared here by gas–solid (ammonolysis) technique. Here Copper trifluoroacetate 

was used for the preparation of copper nitride, and ammonolysis was done in a furnace. Here 

NH3 gas is used as the nitriding agent. There was a maintained temperature of 300
0
C for 240 

min. At last, to get CuxN film, a post-ammonolysis technique was used to remove adsorbed 

ammonia [19]. 
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The different nanofabrication methods regarding the copper nitride-based thin film provide a 

cumulative idea about the development of nanostructure semiconducting CuxN film, which 

can be used for applications in optoelectronic devices. 

2.4 Problem identification and gap of the knowledge  

After investigating all the relevant studies of properties, applications, and various 

nanofabrication techniques regarding semiconducting copper nitride (CuxN) thin film, the gap 

of the research work is identified and addressed, as stated in this section. 

Many semiconductor devices like solar PV cells, LDR (Light Dependent Resistor), and gas 

sensors have been fabricated using silicon (Si), cadmium sulphide (CdS), and copper sulphide 

(CuS), respectively. CdS can provide LDR with high gain because the dark resistance of this 

semiconducting material is very high at about several mega-ohms and falls to about certain 

ohms when fully illuminated. But cadmium and its compounds are highly toxic and 

carcinogenic in nature. Apart from this, CdS has been degraded with time. Thus, there should 

be chosen such alternative material as an application in LDR, which will be non-toxic, stable 

in nature, and can provide a low cost as well as an easy fabrication process. On the other 

hand, copper is a material that is widely available, non-toxic and an essential nutrient for the 

human body. It has already been proved that generally nitride-based materials like GaN 

(gallium nitride), AlN (aluminium nitride), InN (indium nitride) and their alloys have been 

found to be useful in various optoelectronic applications, but these are expensive material 

compared to other traditional compound semiconductors. Thus, combining the attributes of 

both copper and nitride, a propitious material such as CuxN (copper nitride) has been 

considered here to establish its applicability in optoelectronic applications. In the present 

research work, copper nitride (CuxN) has been introduced as a light dependent resistor (LDR) 

and solar cell applications.   

 CuxN is a transition metal nitride that is less thermally stable. It has been easily decomposed 

at higher temperature. Copper nitride had previously been prepared mainly by physical 

deposition methods such as sputtering, molecular beam epitaxy, ALD, pulse laser deposition, 

etc., while fabricating the same by high-temperature synthetic methods, it was very difficult 

due to the low thermal stability of the material. It was also proved that films prepared by the 

physical methods are not always consistent with suitable compositional ratio of the material 

(i.e, it may be either copper-rich or nitrogen-rich or stoichiometric in nature) for providing 

optimum semiconducting properties in optoelectronic sensor and device applications. It can 

say that electronic properties vary with the chemical composition of the material, and it may 

change the material characteristics, which affect the optoelectronic device performances [20, 

21, 22]. 

For successful optoelectronic applications, thrust is required to be given on the fabrication 

techniques of the compound for having it in appropriate compositional ratio. Therefore, the 

possible solutions and scope of the present work are discussed in the next section of this 

chapter.  
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2.5 Possible Solutions 

In the present work, an attempt will be made to develop semiconducting copper nitride 

(CuxN) nanostructures for photoresistor and solar cell device applications. It can be inferred 

from the previous study that the fabrication of copper nitride-based film by high-temperature 

synthetic techniques is a very tedious job, and it has also been observed that sometimes the 

electronic properties of CuxN have been changed with varying chemical compositions while 

the fabrication of the material has been performed by the physical methods. Thus, it may be 

difficult to achieve optimum optoelectronic properties for device application. In the present 

volume some works have been carried out on the fabrication of nano-structured CuxN film 

using a simple and low-cost chemical deposition technique to explore their possible 

applications.   

Thus, the author proposed the following solutions to mitigate the identified problems 

regarding semiconducting grade copper nitride (CuxN) thin film: 

 Here, a semiconducting CuxN nanostructure can be developed by introducing a simple 

and low-cost spray deposition method that maintains a low-temperature arrangement. 

The optimization of the compositional ratio of the material can be performed by 

varying the doping of the film. Then the obtained optimized film can be used as a 

LDR and in solar cell applications. The photoresistor performances have to be 

analyzed by determining LDR gain. Thereafter, photoconductive studies of the 

optimally prepared film can be accomplished by variation of film thickness, and 

optimum film thickness can be achieved for use in solar cell applications. Finally, the 

modelling of a solar cell device by using CuxN as an absorber and window layers in 

combination with various inorganic semiconductors have executed and concluded the 

acceptability of the CuxN as a photoresistor and solar cell device application. 

 

   Another approach may be taken for the formation of semiconducting CuxN 

nanostructures by utilizing modern computational techniques in combination with 

physical deposition processes. At first, optimization of the chemical composition of 

the material in which the film has exhibited suitable optoelectronic properties for 

device application can be performed by using a comprehensive simulation process. 

Thereafter, the obtained optimized composition of the material can be deposited on 

the substrate by utilizing one of the physical methods, such as molecular beam 

epitaxy. Then determine LDR gain to obtain the performance of the film as a 

photoresistor. The photoconductive studies of the optimally prepared film can be 

executed by varying the thickness of the film. Then the obtained optimized film 

thickness can be used in solar cell applications. The performance evaluation of a solar 

cell device can be executed by using CuxN as absorber and window layers in 

combination with various inorganic semiconductors and finally conclude the 

suitability of copper nitride as a photoresistor as well as solar cell applications.  

 

2.6 Scope of the work 



37 
 

The present research work deals with the fabrication and optimization of semiconducting-

grade copper nitride (CuxN) for optoelectronic sensor and device applications. A detailed 

literature survey has been performed on the properties and nanofabrication methods of 

various promising semiconducting materials, including copper nitride used in optoelectronic 

device applications. The problems and gap of the knowledge have been identified. The scope 

of this research work has been accomplished by solving the identified problems using 

rigorous simulation as well as experimental work. The work lies in overcoming the problem 

regarding the fabrication of copper nitride semiconducting nanostructures with suitable 

compositions by which it can be applicable for use in optoelectronic sensor and device 

applications. All the research work has been organised coherently in the form of a thesis from 

chapters 1-7. 

The motivation for the present research work, along with the concept of nanotechnology, a 

detailed literature review regarding properties and nanofabrication methods of various 

promising semiconducting materials used in optoelectronic applications, the usefulness of 

nanomaterials in optoelectronic devices, and the aim and objectives of the present research 

work, have been presented in Chapter 1. 

Chapter 2 describes a review regarding properties and various nanofabrication methods of 

copper nitride (CuxN) semiconducting material. According to the review, problem 

identification as well as the gap of the knowledge has been illustrated here. After there have 

been inferred possible solutions regarding the identified problems. Finally, the scope of the 

research work is presented here. 

The working principle of various physical as well as chemical deposition methods and 

different characterisation techniques, such as structural and optical, regarding thin film 

semiconductors has been illustrated in Chapter 3. The accumulative details of the fabrication 

and characterization process provide a comprehensive idea to determine the suitable 

possibility to be applicable in the present research work.   

Chapter 4 represents the work on the fabrication and optimization of semiconducting grade 

copper nitride (CuxN) in the application of photoresistor.  The fabrication of a 

semiconducting copper nitride nanostructure has been performed by using a simple and low-

cost spray deposition method. The optimization of the compositional ratio of CuxN has been 

carried out by varying the doping of the film. The structural and optical analyses have been 

executed to determine crystallinity, surface morphology, structural parameters, compositional 

ratio, and optical band gap of the as-prepared as well as annealed samples. Thereafter, 

electrical analysis has been performed to establish the suitability of the optimized CuxN film 

as a semiconductor and use it as a light-dependent resistor (LDR)application. The 

photoresistor performance has been evaluated by determining LDR gain. Thus, the 

fabrication of the CuxN nanostructure with a suitable compositional ratio by which it can be 

applicable as a photoresistor or LDR has been established in this chapter. 

Chapter 5 initiates with the optoelectronic performance analysis of the optimized CuxN film 

as a solar cell device. A modern computational technique has been implemented here to 
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determine the optoelectronic response of copper nitride (CuxN) semiconducting material as a 

photovoltaic device. In this study, the experimental data of optical spectroscopy of the 

fabricated optimized CuxN film has been provided as input to the Oghma-Nano software 

(8.1.020) for carrying out numerical simulations. The photoconductive analysis of the 

optimized CuxN film by the variations of film thickness at different light intensities has been 

evaluated here. Thereafter, optimum film thickness has been achieved for use in solar cell 

applications. The feasibility of the CuxN film in photovoltaic applications was probed by 

modelling a solar cell device by using it as an absorber and window layers in combination 

with various inorganic semiconductors that have been studied. The best photovoltaic 

characteristics and parameters have been evaluated for the CuxN based solar cell, and the 

results have been compared with the experimental results of other conventional inorganic thin 

film solar cell materials. Here, providing experimental data as input to the simulation 

software should produce output as compatible with the practical one. This technique can be 

adopted in places lagging necessary laboratory infrastructure for device fabrication.  

Analyzing the comprehensive literature review, the unsolved issues regarding copper nitride-

based semiconducting material have been determined. The aspects of the identified problem 

and corresponding possible solutions have been accomplished in the subsequent chapters in 

this thesis. Chapter 6 summarizes the above issues as well as provides an overall conclusion 

of this entire research work. 

Chapter 7 describes the avenues of the future work. There are alternative ways that have been 

explored for solving the mentioned problems regarding the development of copper nitride 

grade semiconducting thin film for optoelectronic applications. Apart from this, the extension 

of this present research work by further optimizing thin film deposition parameters for more 

precise results, have also been described in the future work section of this present thesis. 

2.7 Conclusion 

This thesis is organized on the basis of present research work, which has been started with the 

aim and objective, gap of the knowledge, scope, and significance of the work. The gap of the 

knowledge is produced by surveying the preceding research work. It is found out that copper 

nitride cannot be formed by high temperature synthetic methods, and during the development 

of physical methods, it always does not maintain a suitable compositional ratio of the 

material for the applications in optoelectronic devices. This mentioned issue has been 

accomplished here by adopting a suitable chemical deposition process that can optimize the 

compositional ratio of the semiconducting copper nitride material. In this present study, the 

author has endorsed a simple and low-cost spray deposition method for the formation of 

semiconducting-grade copper nitride thin film and optimize it for applications in 

optoelectronic photoresistor and solar cell devices. The entire research work has been carried 

out by implementing both experimental and simulation-based work. Thus, the familiarization 

of various deposition processes and different characterization techniques, like structural, 

optical, etc., is necessary for carrying out the entire research work, and it has been studied in 

Chapter 3 in the present thesis.  



39 
 

 

 

 

References: 

1. S.T. Oyama, The Chemistry of Transition Metal Carbides and Nitrides (1996), Springer, 

pp. 1–27, DOI: 10.1007/978-94-009-1565-7_1. 

 

2. T. Maruyama, T. Morishita, Copper nitride and tin nitride thin films for write‐once optical 

recording media, Applied Physics Letter 69 (1996) pp.890-891. 

 

3.  R. Cremer, M. Witthaut, D. Neuschutz, C. Trappe, M. Laurenzis, O. Winkler, H. Kurz, 

Deposition and Characterization of Metastable Cu3N Layers for Applications in Optical Data 

Storage, Mikrochim. Acta 133 (2000) pp.299-302. 

 

4. S. Terada, H. Tanaka, K. Kubota, Heteroepitaxial growth of Cu3N thin films, Journal of 

Crystal Growth 94 (1989) pp.567-568. 

 

5. A. Scigała, E. Szłyk, L. Dobrzanska, D. H. Gregory, R. Szczesny, From binary to 

multinary copper-based nitrides – Unlocking the potential of new applications, Coordination 

Chemistry Reviews 436 (2021) 213791. 

 

6. A. Jiang, M. Qi, J. Xiao, Preparation, structure, properties, and application of copper 

nitride (Cu3N) thin films: A review, Journal of Materials Science and Technology 34(9) 

(2018) pp.1467-1473. 

 

7. J. M. Park, K. Jin, B. Han, M. J. Kim, J. Jung, J. J. Kim, W. J. Lee, Atomic layer 

deposition of copper nitride film and its application to copper seed layer for 

electrodeposition, Thin Solid Films 556 (2014) pp.434–439.  

8. D. Écija, J. M. Gallego, R. Miranda, The adsorption of atomic N and the growth of copper 

nitrides on Cu (1 0 0), Surface Science 603 (2009) pp.2283–2289.  

9. S. Ghosh, F. Singh, D. Choudhary, D.K. Avasthi, V. Ganesan, P. Shah, A. Gupta, Effect of 

substrate temperature on the physical properties of copper nitride films by r.f reactive 

sputtering, Surface and Coatings Technology (142-144) (2001) pp.1034-1039. 

10. Y. Du, A.L. Ji, L.B. Ma, Y.Q. Wang, Z.X. Cao, Electrical conductivity and photo 

reflectance of nanocrystalline copper nitride thin films deposited at low temperature, Journal 

of Crystal Growth 280 (2005) pp.490–494.  

11. J. Xiao, Y. Li, A. Jiang, Structure, Optical Property and Thermal Stability of Copper 

Nitride Films Prepared by Reactive Radio Frequency Magnetron Sputtering, J. Mater. Sci. 

Technol. 27(5) (2011) pp.403-407. 



40 
 

12. S. Sakalleya, A. Saravanan, W. C. Cheng, S. C. Chen, H. Sun, C. L. Hsu, B. R. Huang, 

High power impulse magnetron sputtering growth processes for copper nitride thin film and 

its highly enhanced UV - visible photodetection properties, Journal of Alloys and 

Compounds 896 (2022) 162924. 

13. K. Nowakowska - Langier, L. Skowronski, R. Chodun, S. Okrasa, G. W. Strzelecki, M. 

Wilczopolska, B. Wicher, R. Mirowski, K. Zdunek, Influence of generation control of the 

magnetron plasma on structure and properties of copper nitride layers, Thin Solid Films 694 

(2020) 137731. 

14. J.F. Pierson, D. Horwat, Addition of silver in copper nitride films deposited by reactive 

magnetron sputtering, Scripta Materialia 58 (2008) pp.568–570.  

15. R. Gonzalez-Arrabal, N. Gordillo, M. S. Martin-Gonzalez, R. Ruiz-Bustos, F. Agulló-

López, Thermal stability of copper nitride thin films: The role of nitrogen migration, Journal 

of Applied Physics 107 (2010) 103513. 

16. K. Matsuzaki, K. Harada, Y. Kumagai, S. Koshiya, K. Kimoto, S. Ueda, M. Sasase, A. 

Maeda, T. Susaki, M. Kitano, F. Oba, H. Hosono, High-Mobility p-Type and n-Type Copper 

Nitride Semiconductors by Direct Nitriding Synthesis and In Silico Doping Design, Advance 

Materials 30(31) (2018) 1801968.  

17. T. Nakamura, H. J. Cheong, M. Takamura, M. Yoshida, S. Uemura, Suitability of Copper 

Nitride as a Wiring Ink Sintered by Low-Energy Intense Pulsed Light Irradiation, 

Nanomaterials 8(8) (2018) 617. 

18. S. Q. Liu, M. R. Gao, S. Liu, J. L. Luo, Hierarchically assembling cobalt/nickel carbonate 

hydroxide on copper nitride nanowires for highly efficient water splitting, Applied Catalysis 

B: Environmental 292 (2021) 120148. 

19. R. Szczesny, E. Szłyk, M. A. Wisniewski, T. K. A. Hoang, D. H. Gregory, Facile 

preparation of copper nitride powders and nanostructured films, J. Mater. Chem. C 4 (2016) 

pp.5031-5037.   

20. J. Choi, E.G. Gillan, Solvothermal Synthesis of Nanocrystalline Copper Nitride from an 

Energetically Unstable Copper Azide Precursor, Inorg. Chem. 44 (21) (2005) pp.7385–7393.  

21. C.M. Caskey, R.M. Richards, D.S. Ginley, A. Zakutayev, Thin film synthesis and 

properties of copper nitride, a metastable semiconductor, Mater. Horizons.1 (4) (2014) 

pp.424–430.  

22. X. Xu, N. Yuan, J. Qiu, J. Ding, Formation of conductive copper lines by femtosecond 

laser irradiation of copper nitride film on plastic substrates, Mater. Res. Bull. 65 (2015) 

pp.68–72. 

  

 



41 
 

 

 

 

 

 

 

 

 

 

Chapter 3 

Fabrication and Characterization Methodologies of thin 

film Semiconductor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



42 
 

3.1 Introduction 

     Thin film is a thin layer of material which extends infinitely along any two directions but 

is restricted along the third direction and its thickness varies from a fraction of a nanometer to 

few micrometers. A thin film is said to be formed when a material is grown on a solid 

substrate by controlled condensation of atomic, molecular or ionic species by physical 

deposition techniques or by ultra-chemical reactions. Physical deposition methods cover the 

techniques of thermal growth of solid films involving vaporization or sputtering of materials 

from a source while the chemical deposition methods result in formation of thin films on 

solid substrate by reaction of chemical constituents. Bulk materials (i.e. materials having 

thickness of several microns or more) have fixed physical and chemical properties. Hence 

their applications are also limited. However, when material thickness reduces beyond a 

certain limit mechanical, electrical and optical properties begin to change quite drastically 

attributing unique properties to thin films rendering them useful for designing of devices for a 

wide range of applications. Thin film devices occupy less space and require less material thus 

making them less expensive [1]. Mechanical properties of thin films are highly dependent 

upon particle size. Thin films during fabrication develop stresses which give rise to 

dislocations which in turn significantly affect their mechanical properties such as hardness 

and yield strength. These parameters increase with more dislocations and smaller particle 

size. Thin film strengthening occurs with movement of dislocations as a function of applied 

stress. These dislocations may interact with other microstructural defects like point defects, 

extended defects, voids etc. which may further abet in film strengthening [2]. The reduction 

in particle size of films increases mean free path of charge carriers as they undergo less 

scattering as compared to bulk structures [3]. However thin film microstructures contain 

several structural defects such as voids, dangling bonds and grain boundaries which act as 

potential energy barrier for charge carriers, thus trapping them and reducing carrier 

conductivity [4]. The optical response of a thin film material with different refractive index 

deposited on a glass substrate is different from that of a bulk structure. When a beam of 

visible light is incident on such a thin film-glass interface more reflections and transmissions 

occur at specific angles compared to that of a bulk structure-glass interface. As a result, 

extinction coefficient of absorbing thin film layer also increases which in turn modifies the 

optical coefficients [5]. During thin film deposition several chemical reactions occur 

depending upon deposition parameters like substrate temperature, rate of deposition, pressure 

etc. The deposition may lead to formation of amorphous, polycrystalline or epitaxial thin 

films. Amorphous thin films are structures formed due to deviation of bond length and bond 

angle from a perfect crystal lattice [6]. Growth of amorphous films mainly occur at low 

substrate temperatures when adsorbed atoms reach thermal equilibrium with the substrate and 

their mobility remaining low. High deposition rate also induces amorphous growth as it 

prevents adsorbed atoms to diffuse into more energetic sites. Amorphous films may also be 

formed due to incorporation of gases like oxygen, nitrogen etc. [7]. Polycrystalline thin films 

consist of several micro/nano crystallites oriented in different directions separated by grain 

boundaries. Polycrystalline film formation depends upon mainly two parameters- deposition 

rate and deposition temperature. At a temperature higher than that inducing amorphous 

growth, adsorbed atoms are not in thermal equilibrium with substrate and they undergo 
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diffusion to form crystallites which finally coalesce to give rise to a polycrystalline layer. 

Epitaxial thin films are nearly perfect crystalline lattice structures deposited on a solid 

substrate having crystal orientation perfectly aligned with that of surface of substrate. 

Epitaxial film growth occurs at high substrate temperatures i.e. above a certain temperature 

called „epitaxial temperature‟ for promoting nucleation of crystallites formed by adsorbed 

atom diffusion resulting in formation of solid thin films with a preferential orientation [8]. 

Thin films are used in several fields in optical applications like reflective/ anti-reflective 

coatings, optical waveguides, optical memory discs etc.; magnetic applications like  magnetic 

memory discs etc.; electrical applications like conductors, insulators, semiconductors, 

piezoelectric devices etc.; thermal applications like heat sinks, barrier layers etc.; chemical 

applications like diffusion resistant coating, corrosion resistant coating, liquid/gas sensor etc.; 

mechanical applications like tribological (wear resistant) coating, microelectromechanical 

sensors (MEMS) etc. Thin films can also be explored for development of various Opto-

electronic sensors and devices. The working principle of various fabrication and 

characterization techniques regarding thin film semiconductors have been explored in this 

context. 

3.2 Fabrication Methodologies of thin film semiconductor 

Thin film fabrication or deposition plays an important role in the semiconductor 

manufacturing industry. It is a critical process in the development of optoelectronic-based 

devices at the nanoscale level due to the requirement of precise control of material during 

deposition. There are various physical and chemical deposition techniques available for the 

development of thin-film semiconducting optoelectronic devices. 

3.2.1 Physical Deposition Techniques 

The physical deposition technique is a coating method to produce a thin film solid that 

involves a physical process such as high-temperature vacuum evaporation or plasma sputter 

bombardment rather than involving a chemical reaction at the surface of the sample. The 

details of the different process are given in the text below. 

3.2.1.1 Vacuum Evaporation 

Vacuum evaporation is a technique in which the desired materials are heated in a high 

vacuum space until they transform into a vapour form and are coated over the thin film 

substrate. The vacuum coating unit basically consists of two parts, where in the first part the 

chamber is vacuumed and in the second part the evaporation of the material is executed. In 

this unit the substrate is placed on the upper side of the chamber, whereas source material is 

placed below the substrate position by maintaining a distance in the range of 40 to 50 cm. 

The chamber is evacuated up to 10
-6

 mbar by using two pumps, such as a rotary and diffusion 

pump. If liquid nitrogen is used, then the chamber can be evacuated up to 10
-11

 mbar. There 

are two evaporation technologies, like electron-beam and resistive evaporation, that have 

been used to evaporate the materials on the substrate. This method consists of vaporising a 

solid material by heating it at high temperature and then recondensing it on the substrate for 
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the formation of a thin film. The pictorial image of a typical vacuum evaporation unit is 

shown in Fig. 3.1[Image has been taken from the laboratory of solar photovoltaic division 

under School of Energy Studies, Jadavpur University]. Here the heating is performed by 

maintaining a large current through a filament that has a finite resistance. Here the evaporated 

material produces a vapour that collides with the gas molecules inside the chamber, and the 

fraction of scattered vapour transfers through the ambient gas by maintaining a specified 

distance to provide a contamination-free deposition of the thin film [9,10]. 

 

Fig. 3.1: Pictorial Image of Vacuum Coating Unit 

Vacuum evaporation units are used in the semiconductor and microelectronic industries for 

the purpose of thin film deposition to produce various electronic or optoelectronic-based 

devices. Apart from this, it can also be used in wastewater treatment and the food processing 

industry. This is very useful deposition technique for the development of thin film 

semiconducting device.  

 3.2.1.2 Radio Frequency (R.F) Sputtering 

The Radio Frequency Sputtering (R.F.) method is used to develop thin films for the 

semiconductor industry. In this technique, the substrate, target material, and R.F. electrode is 

kept in a vacuum chamber. Here material is released from the source at a lower temperature 

compared to the evaporation process. The pictorial image of a typical R.F Sputtering unit is 

shown in Fig. 3.2. [Image has been taken from the laboratory of the solar photovoltaic 

division under the School of Energy Studies, Jadavpur University]. 
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Fig. 3.2: Pictorial Image of R.F Sputtering Unit 

Here, at first, source or target material and an inert gas such as argon have been introduced 

inside the vacuum chamber in the range of less than 15 mTorr. The gas plasma has been 

struck by the R.F. source, and thus gas becomes ionized. Now the ions have been accelerated 

in the direction of the surface of the target to break the atoms in the form of vapor and it has 

been condensing on total surfaces of the substrate. This coating technology has been used in 

solar cells, lasers, LEDs, optical filters, medical devices, etc. for application purposes [11,12]. 

3.2.2 Chemical Deposition Techniques 

Chemical deposition is one of the fabrication techniques in which materials are allowed to 

react with various chemicals by maintaining different conditions to perform specific reactions 

in a way that coatings form successfully on a suitable substrate. The details of the different 

process are given in the text below. 

3.2.2.1 Chemical Bath Deposition (CBD) 

Chemical Bath Deposition (CBD) is a simple technique for the deposition of thin films by 

using an aqueous precursor solution. This process of forming thin film by deposition of 

aqueous ions on a solid substrate is called heterogeneous nucleation. On the other hand, here 

also form homogeneous thin film metal chalcogenides (basically oxides, sulphides, and 

selenides) and some ionic compounds. The pictorial image of a typical Chemical Bath 

Deposition (CBD) unit is shown in Fig. 3.3 [Image has been taken from the laboratory of the 

solar photovoltaic division under the School of Energy Studies, Jadavpur University].  
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                  Fig. 3.3: Pictorial Image of Chemical Bath Deposition (CBD) Unit 

This deposition process is affected by some factors, such as the nature and concentration of 

reactant, concentration of complexing agents, reaction temperature, pH of solution, duration 

of reaction, and nature of substrate. This technique of thin film deposition is very much 

suitable for industrial applications because it is a very simple, cheap, and reliable process 

compared to other methods of deposition [13,14].  

3.2.2.2 Spray Pyrolysis 

Spray pyrolysis is a simple and low-cost technique in material science for thin film 

deposition. The term pyro means heat, and lysis means breaking, and thus pyrolysis signifies 

breaking the chemical molecules into simple units by applying heat. This method of 

fabricating thin film is performed by spraying a precursor solution on a heated surface. The 

temperature and pressure of this method depend on the specific application. The substrate 

temperature and compressed air pressure of 300-500
0
C and 0.5 atm. have generally been 

maintained here. This process introduces a chemical reaction between a clutch of liquid or 

vapour atoms with the influence of the heating effect. Here, each of the sprayed droplets 

generates an endothermic decomposition by reaching the hot substrate and provides a single 

or polycrystalline thin film. The excess solvent and undesired product should be volatile due 

to the effect of deposition temperature. The properties of film depend on several parameters, 

such as spray rate, substrate temperature, droplet size, solution concentration, distance 

between spraying nozzle and substrate, etc., during the time of deposition [15,16]. 

This process provides a very easy path to dope a high-quality and adherent thin film of 

uniform thickness. This deposition technique can be used in various fields such as sensors, 

solar cells, and solid oxide fuel cell development purposes.  

3.2.2.3 Spin Coating 

The spin coating technique is used to develop thin films on flat substrates. In this process, a 

fluid resin has been deposited on the surface of a substrate by spinning the substrate using a 

spin coater while maintaining a high speed of around 3000 rpm. The resin flows rapidly 
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throughout the surface of the substrate by introducing a centrifugal force. The pictorial image 

of a typical spin coating unit is shown in Fig. 3.4 [17]. The properties and thickness of the 

film depend on different resin parameters such as viscosity, surface tension, drying rate, 

percent solids, etc. On the other hand, the properties of coated film also depend on parameters 

like rotational speed, acceleration, concentration of solution, etc. The suitable change in these 

parameters can provide drastic variation in the property of coated film. This process can 

provide a faster rate of deposition and easy control of chemicals as well as the substrate.  

 

Fig. 3.4: Pictorial Image of Spin Coating Unit 

In the microelectronics industry, it is mostly used for the development of photosensitive 

materials, which have generally thickness in the micron range. This technique is often used 

for the fabrication of TiO2 on glass or quartz substrates [18, 19]. 

3.2.2.4 Successive Ionic Layer Adsorption and Reaction (SILAR) 

Successive Ionic Layer Adsorption and Reaction (SILAR) is a chemical deposition technique 

for the formation of thin films by developing ionic layers on the surface of a substrate. In this 

method, the substrate is immersed in two different solutions containing anions and cations, 

respectively. Here, an electrostatic force develops to attract ions within the solution to the 

opposite charge ions that belong to the surface layer. Thus, an in situ chemical reaction takes 

place on the substrate for the development of the desired materials. Here a layer-by-layer 

deposition has been implemented to achieve a solid thin film material. The sub-monolayer of 

the film has been obtained by maintaining the proper ratio of cations and anions during each 

step of SILAR deposition and thus achieving an ultrathin layer of the desired sample. This 

method introduces simple equipment, low operating temperature, atmospheric pressure, and 

large-area deposition, making it low cost compared to other in situ deposition technology 

[20]. 

SILAR technology has been used for the development of different inorganic-semiconductor-

modified electrodes, and it can also be used for the formation of PbSe and CdSe-based thin 

films on mesoporous TiO2. This process is suitable for the development of well-defined 

quantum dot (QD) layers on mesoporous metal oxides [21].   
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3.2.2.5 Electroless Deposition 

Electroless deposition of metals is a spontaneous electrochemical deposition process. This 

process is an autocatalytic process which involves deposition of metal on a conductive or a 

non-conductive substrate by chemical reduction of a metallic salt by a suitable reducing 

agent. The reaction of prime interest is the cathodic reaction which involves reduction of 

metallic ions followed by simultaneous anodic oxidation of hydrogen ions [22]. The 

advantage of electroless deposition is that this process can be applied to deposit metals on the 

surface of non-conductive substrate as well as irregularly shaped objects. One disadvantage is 

that the chemical bath needs often replenishment with electron transfer. Electroless deposition 

finds several applications in the field of microelectronics, aerospace industries, oil and natural 

gas sector etc. [23].  

Electroless deposition comprises of mainly four basic steps [24]: 

(a) Substrate Pre-treatment: The substrate is cleaned thoroughly for removing any grease, 

contaminants etc. 

(b) Substrate Sensitization: The sensitizer is an ionic layer which serves as initial catalytic 

site for active metal deposition. Generally, a thin layer of tin (Sn) is grown on the surface of 

the substrate which acts as a sensitizer layer. 

(c) Substrate Activation: The activator is another ionic layer which accelerates the final metal 

deposition by acting as catalytic seed over surface of the substrate. Generally, a thin layer of 

palladium (Pd) is grown on the Sn layer which acts as an activator layer. 

(d) Electroless Deposition: The activated solution is washed in distilled water and then 

electroless deposition is performed. Electroless deposition is the process by which metallic 

ions in the salt solution are reduced by a powerful reducing agent and the metallic layer is 

deposited on the surface of the substrate. 

Flowchart of electroless deposition: 

 

   

  

 

 

 

The philosophy behind electroless deposition is not exact but tentative such that an electrical 

potential is built up along the substrate periphery in the solution which sets up two ionic 
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currents in the potential zone (one cathodic and other anionic) resulting in a couple of ionic 

reactions. These ions neutralize their charges on the surface of the substrate and thus initiate 

deposition. To set up the build-in potential, the surface of the substrate requires pre-

conditioning (i.e. sensitization and activation) for autocatalytic conversion. The reducing 

agent induces the ionic currents by releasing a large number of ions in the solution. Under 

equilibrium conditions the cathodic current (ic) becomes equal to the anionic current (ia) when 

the deposition process begins through charge transfer mechanism. The rate of metal 

deposition is a function of ionic current flow. The ionic current flow depends upon various 

parameters such as solution temperature, pH and various additives added to the solution. 

These parameters control the ionization rate and also influence the built-in potential along the 

substrate surface.  

3.2.2.6 Electroplating or Electrochemical Deposition 

Electroplating, or electrochemical deposition, is a technique to form a metal coating on the 

surface of a solid substrate. Electroplating consists of two terms, i.e., electro and plating, 

where electro signifies electric current (D.C.), and plating means coating the surface area of 

some solid substrate with implementing another material. This process is conducted by the 

application of an electrolytic cell, which consists of an anode (positive electrode), a cathode 

(negative electrode), and electrolytic solutions. The metal in which electroplating is carried 

out is connected to the cathode, and the metal that should be deposited is connected to the 

anode. The D.C. current is provided here by implementing an external power source. The 

pictorial image of a typical electroplating unit is shown in Fig. 3.5 [Image has been taken 

from the laboratory of the solar photovoltaic division under the School of Energy Studies, 

Jadavpur University].  

 

 

Fig. 3.5: Pictorial Image of Electroplating Unit  

If, for example, copper is deposited to some other metal, then copper (Cu) sulphate should be 

taken as an electrolyte, which splits up Cu
2+

 cations andSO4
2−

 anions in the solution. Finally, 
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Cu²⁺ cations reduce metallic copper (Cu) at the cathode material. This technique is used to 

improve the surface behaviours of any object, such as resistance to corrosion, minimize 

friction, uniformity, reflectivity, electrical conductivity, lubricity, etc., in industry [25]. 

3.2.2.7 Hydro thermal Synthesis 

Hydrothermal synthesis is a method in which the growth of materials occurs from aqueous 

solutions at higher temperature and pressure. Here, a heterogeneous reaction takes place by 

introducing aqueous solvents and complexing agents under elevated temperature (130-250
0
C) 

and pressure (0.3-4 MPa) to dissolve and recrystallise the materials. This technique is a single 

crystal deposition process, and it depends on the solubility of raw materials in warm water 

under higher pressure. Here the formation of crystal occurs in a teflon- or steel-based 

pressure vessel named an autoclave. The substance is placed in an autoclave by introducing 

water supply during the time of fabrication. The temperature gradient is conserved at the 

opposite side of the deposition chamber. The solute has been dissolved in the hotter end while 

crystal growth occurred at the cooler end [26]. 

This method provides a stable crystalline phase at melting point and can grow materials that 

conserve higher vapour pressure at their melting point. It is very much suitable for the 

development of inorganic compounds, nanomaterials, as well as zeolites [27]. 

3.3 Characterization Techniques of thin film semiconductor 

There are various characterization techniques to analyze thin-film semiconductors for 

performing as optoelectronic devices. The structural analysis by using different methods like 

XRD, SEM, EDX, etc. is used to observe the structure and surface morphology of the film, 

whereas optical analysis by using various methods like UV-VIS-NIR spectrophotometry, 

photoluminescence, etc. is used to determine different optical parameters like band gap, 

refractive index, absorption coefficient, optical constant, etc. of the semiconducting film. The 

details of the different structural and optical characterization techniques are mentioned in the 

text below. 

3.3.1 Structural Analysis 

The structural analysis of thin film samples by using various techniques such as XRD (X-ray 

Diffraction), SEM (Scanning Electron Microscopy), EDX (Energy-dispersive X-ray), 

FESEM (Field Emission Scanning Electron Microscopy), TEM (Transmission Electron 

Microscopy), and HRTEM (High-resolution Transmission Electron Microscopy) has been 

discussed in the present text. 

3.3.1.1 X-ray Diffraction (XRD) 

XRD, or X-ray diffraction, is a technique to determine atomic as well as molecular structure 

regarding the crystal of a certain material. This method introduces constructive interference 

between monochromatic X-ray and sample. These incident monochromatic rays are produced 

from a cathode ray tube and incident towards the sample. Thus, constructive interference 

between a sample and incident ray has occurred when it satisfies the principle of Bragg‟s 
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Law, i.e., nλ = 2d sinθ, where n is diffraction order, λ is wavelength of incident radiation, d is 

grating constant, and θ is glancing angle. Here every possible diffraction direction of the 

crystalline lattice should be obtained due to the arbitrary orientation of the sample by 

maintaining the scanning range of 2θ angles. The angle between incident and diffracted rays 

is a key factor in all diffraction. Finally, the diffracted rays have been detected and finally 

processed as well as counted [28]. The pictorial image of a typical XRD unit is shown in Fig. 

3.6 [29]. 

 

 

Fig. 3.6: Pictorial Image of XRD Unit 

The following microstructural parameters obtain from XRD analysis were calculated below 

to analyze the crystalline nature of the prepared samples using Scherrer method [30] as 

shown from eqn. (1) to eqn. (3).  

Crystallite Size, 𝐷 = 𝐾𝜆/ß𝐶𝑜𝑠Ɵ …………….(1) 

where, λ= wavelength, ß is the full-width-at-half maximum (FWHM) of the peaks, Ɵ is the 

Bragg angle (in radian) 

Dislocation Density,𝜌 = 1/𝐷2…………….(2) 

Microstrain,𝜖 = ß𝑐𝑜𝑡Ɵ/4…………………(3) 

This method is used to determine the phase of crystalline materials, and it can also be 

implemented to gather information about unit cell dimensions. 
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3.3.1.2 Scanning Electron Microscope (SEM) and Energy Dispersive X-ray 

(EDX) 

Scanning Electron Microscopy (SEM) technique can produce high-resolution and magnified 

images of a material by releasing a focused electron beam on the surface of a sample. This 

incident beam can interact with the molecular composition of the materials. Thus, this 

interaction can provide a measurable electron energy, which should be analyzed by a 

scanning microscope to produce a three-dimensional image. Here the secondary electrons, 

which are emitted from the atoms and excited by the beam of electrons, are detected by the 

instrument named energy dispersive x-ray (EDX), and the detected rays are converted 

properly to gather some valuable information about the materials. EDX is used to determine 

the elements as well as their composition within the materials. EDX generally shows peaks of 

the spectrums that correspond to the different energy levels. These peaks are unique for 

individual elements, and a higher peak corresponds to a higher concentration of a particular 

element of the material. The SEM and EDX systems are generally associated within the same 

instrument [31]. The pictorial image of a typical SEM & EDX unit is shown in Fig. 3.7 [32]. 

 

Fig. 3.7: Pictorial Image of SEM & EDX Unit 

The SEM micrographs can produce the magnifying images, which are useful for better 

understanding of the surface morphology of the materials. On the other hand, EDX can 

provide elemental analysis, which is very much useful for chemical characterisation of the 

sample material. 

 3.3.1.3 Field Emission Scanning Electron Microscope (FESEM) 

Field Emission Scanning Electron Microscope (FESEM) is an upgraded microscopic system 

that can provide improved magnification and the ability to determine very minute features 

regarding the surface of the sample in comparison to the SEM unit. FESEM produces higher-

resolution images at low accelerating voltage than SEM images. The operating principle of 

this method is similar to the conventional SEM microscopic system, which is described in the 

present text. The main difference between SEM and FESEM systems is their electron 
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generation source, in which FESEM uses a field emission gun (FEG) and SEM uses 

thermionic emission, respectively. This technique is suitable to determine fine surface 

morphology with higher magnification, structural uniformity, advanced coating thickness, 

corrosion features, minute contamination feature geometry, etc. [33,34]. 

3.3.1.4 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is a very powerful microscopic tool that can be 

used in the areas of high-resolution imaging, diffraction, and spectroscopy. This technique 

provides much greater magnification regarding the surface morphology of any material 

compared to the FESEM system. It has the ability to produce detailed surface structure with 

1-2 angstrom resolutions of any sample. The pictorial image of a typical TEM unit is shown 

in Fig. 3.8 [35].  

 

Fig. 3.8: Pictorial Image of TEM Unit 

In this method, a highly focused electron beam is transmitted through a very thin sample 

specimen whose thickness is less than 100 nm to obtain an image. The interaction between 

the electron beam and sample material provides a formation of an image. Some electrons are 

transmitted while some are diffracted or scattered during the transmission through the sample 

depending on the thickness and properties of the material. Now these transmitted electrons 

are directed through projector lenses to achieve magnified images. Finally, the image is 

focused on a fluorescent screen to observe the image for the users. This method has the 

ability to analyse nanostructures, crystallography, defect analysis, etc., in the field of material 

science [36].  

3.3.1.5 High Resolution Transmission Electron Microscopy (HRTEM)  

High-Resolution Transmission Electron Microscopy (HRTEM) is a portrayal mode of TEM 

that permits direct imaging at the atomic level of a material structure. HRTEM provides 

higher magnification as well as resolution (around 0.5 angstrom) in comparison to TEM. The 

working principles of HRTEM and TEM are almost identical, based on the interaction of the 
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electron beam with the sample material as discussed in the present text. The image formation 

occurred by only transmitted electrons in the case of TEM, while the image can be created by 

utilising both transmitted as well as scattered electrons in the case of HRTEM. 

 This system requires a brighter electron source and a more stable goniometer in comparison 

to the TEM. This technique is used to study the morphology as well as the composition of 

nanomaterials. It is also used to determine the atomic-level defects in metals, semiconductors, 

etc [37]. 

3.3.2 Optical Analysis 

The optical analysis of thin film samples by using various techniques such as UV-VIS-NIR 

spectrophotometry and photoluminescence has been discussed in the present text. 

3.3.2.1 UV-VIS-NIR Spectrophotometer 

UV-VIS-NIR spectrophotometer is an analytical instrument that can be used to determine the 

number of distinct wavelengths of UV or visible (VIS) or near-infrared (NIR) light when it is 

transmitted or absorbed or reflected through a sample material with reference to a blank 

sample. The wavelength ranges of UV, visible, and NIR light belong in between 100 nm-400 

nm, 400 nm-700 nm, and above 700 nm, respectively. The shorter wavelength bears more 

energy, whereas longer wavelengths bear less energy. This instrument consists of a light 

source section, a wavelength selection system, and a detection unit. Here generally xenon 

lamps, tungsten lamps, halogen lamps, etc., are used as sources of light. The light is passed 

through a wavelength selection system where some wavelengths are directed, which is suited 

for the specific sample. This system consists of a monochromator, an absorption filter, an 

interference filter, a cutoff filter, a bandpass filter, etc. The absorption filter is used to absorb 

specific wavelengths of light, whereas the interference filter is used to eliminate unwanted 

wavelengths that occur due to destructive interference. The cutoff or bandpass filter is used to 

pass certain wavelengths, and it is generally implemented as an interference filter. Finally, a 

detector unit is used to convert the light wave, which is passed through the sample, into the 

electrical signal, and the output data is taken from the computer system. The pictorial image 

of a typical UV-VIS-NIR spectrophotometer unit is shown in Fig. 3.9 [Image has been taken 

from the laboratory of the solar photovoltaic division under the School of Energy Studies, 

Jadavpur University]. 

 

Fig. 3.9: Pictorial Image of UV-VIS-NIR spectrophotometer Unit 
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This unit has been used for the analysis of optical parameters of a semiconductor, such as 

transmittance, absorption, reflectance, band gap, etc. On the other hand, it is also used for 

sunscreen evaluation, DNA as well as RNA analysis, glass analysis, etc. purposes [38].  

3.3.2.2 Photoluminescence 

Photoluminescence is a technique in which the emission of light from any material has been 

measured by absorption of photons of the sample material. The electron can move from the 

valence band to the conduction band of a semiconducting material when it absorbs photon 

energy greater than its bandgap energy. This electron loses its excess energy after a certain 

period of time during the photoexcitation process and comes back to the valence band. The 

luminescent photon has been emitted from the material when the energy of the electron 

eventually falls back down. Thus, the energy of the emitted photon is a measure of the 

bandgap energy of the material. The optical absorption has occurred by atoms and molecules 

as a function of wavelength in UV-VIS-NIR spectrophotometers, whereas in 

photoluminescence, optical fluorescence of atoms and molecules as a function of wavelength 

has been performed. The pictorial image of a typical photoluminescence unit is shown in Fig. 

3.10 [39].  

 

Fig. 3.10: Pictorial Image of Photoluminescence Unit 

A light wave having energy matching with material band gap energy directed towards sample 

material through the excitation monochromator, and it has been absorbed by the material. 

Then the wave is transmitted to the input of emission monochromator where emitted light has 

been selected for further processing. After it is directed towards the input of detector where 

this wave is converted into electrical signal. Finally, it is amplified and observed the output in 

the recorder. The output of the photoluminescence can give the information about optical 

band gap, impurity, exciton energy, excitation lifetime etc. of the semiconducting material 

[40]. 

3.4 Conclusion 

Thin-film semiconductors play an important role in the development of optoelectronic 

devices and sensors in the industry. In the present chapter, various physical and chemical 
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deposition techniques regarding thin film semiconductor fabrication and their different 

characterization methods, such as structural as well as optical, have been discussed 

elaborately. Physical deposition methods involved higher capital equipment, whereas 

chemical deposition processes require minimum laboratory setup. In this present work, a 

copper nitride-based semiconducting film has been developed by a low-cost chemical 

deposition process, and the feasibility of the film in optoelectronic sensors and devices 

applications has been detailed described in chapters 4 and 5, respectively. 
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Chapter 4 

A Novel method for fabricating semiconducting 

monocrystalline Copper Nitride Nanowires for 

Optoelectronic Applications 
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4.1 Introduction  

      Exploration on the use of II-VI and III-V group compound semiconductors in device 

fabrication gained attention since 1954 due to their several advantages over the elemental 

semiconductors like Si and Ge.  Transition metal nitrides are also attractive class of 

semiconducting materials for their several technological applications [1]. Copper nitride 

(Cu3N) is one such compound semiconductor in this class because of its tremendous potential 

in applications such as recording and electronics sectors [2, 3]. Copper nitride exhibits cubic 

anti- ReO3 type crystal structure (a = 3.807À) having several interstitial sites. If appropriate 

atoms are made to occupy these interstitial sites, then optical and electrical properties of 

Cu3N could be enhanced [4]. Copper nitrides have relatively low thermal stability allowing 

these compounds to decompose into copper [5]. This encourages further research on copper 

nitrides in the field of electronics.  

 In earlier works the Cu3N films had been deposited by atomic layer deposition (ALD) 

technique on Ru and SiO2 substrates. The film was reduced to metallic Cu after annealing at 

200°C. The ALD Cu3N as well as reduced Cu films were found to exhibit smooth surface and 

outstanding step coverage. The resistivity of the 4.2 nm thick film was obtained to be 30 μΩ-

cm [6]. Previously Cu3N films were developed by depositing copper from an electron gun in 

ambience of atomic nitrogen obtained from a RF plasma source up to thickness of 10 μm. It 

was observed that the N2 adsorption on the Cu <100> surface at room temperature and also at 

100°C altered the Cu surface morphology drastically, probably due to presence of 

dislocations for relieving the stress caused due to difference in lattice parameters between Cu 

and Cu3N [7].  The copper nitride films had been deposited in the past by pulsed laser 

ablation process by ablating a copper target at various pressures of nitrogen. The [N]/ [Cu] 

ratio i.e. x varied between 0 and 0.33 for a corresponding variation of N2 pressure in the 

range of 9x10
-2

 to 1.3x10
-1

 torr. It was feasible to obtain sub, over as well as stoichiometric 

films by simply controlling N2 pressure. The lattice constants were 3.85 À for x=0.25 and 

found to vary between 3.81 À to 3.83 À for x=0.33. The electrical resistivity of the film with 

x=0.25 was found to be lower than that of x=0.33 [8]. In the past Cu3N films were developed 

by DC magnetron sputtering of Cu target in ambience of nitrogen. Cu3N crystallites with 

anti-ReO3 structure were observed. The preferential direction of growth of films was along 

the <111> plane at low flow rate of N2 gas while it was along the <100> plane for higher flow 
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rates respectively. The flow rate of N2 gas also influenced the rate of deposition, resistivity as 

well as micro-hardness [9]. Cu3N films had been prepared previously by reactive RF 

magnetron sputtering at different N2 partial pressures. The films were found to possess cubic 

anti-ReO3 structure with lattice constant being 0.3855 nm. When N2 flow increased the films 

exhibited stronger texture along the crystal direction <100> with subsequent increase in 

lattice constant. The optical band-gap of the deposited films was 1.75 eV which increased 

with increase in N2 flow rate. The films were found to be thermodynamically stable at 473K 

with decomposition temperature ranging from 516 K to 547 K [10]. Cu3N thin films were 

developed on by reactive High-Power Impulse Magnetron Sputtering (HiPIMS). The films 

displayed anti-ReO3 type uniform structures with low defects. Significant absorbance was 

recorded in UV and visible range. The improved surface properties and development of 

exquisite ITO-Cu3N-ITO heterostructures exhibited formation of excellent p-n junction with 

high performance and ultrafast electron-hole recombination making Cu3N a perfect candidate 

for photodetector applications [11]. Metastable copper nitride layers were synthesized using 

the plasma magnetron sputtering method. Layers with different chemical composition could 

be obtained by altering the process parameters viz. power and modulation frequency with the 

most stable ones being formed at lower power. A single phase Cu3N structure was achieved 

for each individual frequency. It was evident from obtained results that electronic properties 

of the layers formed were in good agreement with their chemical composition [12]. N-rich 

copper nitride films were prepared using dc triode sputtering. It was observed that N2 started 

migrating from bulk to film surface leading to two different chemical phases with dissimilar 

atomic N2 composition, lattice constants and crystallographic orientation without any change 

in crystal structure. It was also confirmed that the excess nitrogen accommodated in 

interstitial locations within the lattice structure [13]. The feasibility study of Cu3N thin films 

obtained by reactive sputtering for optical recording media application was conducted. 

Thermal decomposition of Cu3N films into Cu detected at 470°C. The copper film hence 

obtained exhibited a huge difference in reflectance [14]. Cu3N was obtained by a novel direct 

nitridation of Cu films. A highly undoped Cu3N was found to be n-type semiconductor 

whereas interstitial fluorine doping resulted in the formation of p type semiconductor. The 

bipolar doping thus observed in the prepared films making it promising in PV applications as 

an alternate absorber layer [15]. Cu3N films were fabricated by both Plasma Immersion Ion 

Implantation (PIII) and Reactive Magnetron Sputtering (RMS) methods respectively. A 

metal-rich conductive phase of Cu4N was formed along with Cu3N in the film developed by 

PIII method. The resistive switching properties were examined by growing Ni as top 
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electrode. The PIII deposited Ni/CuxN/Cu memory devices exhibited excellent DC and AC 

endurance performance surpassing that of RMS deposited device which was unstable in 

nature [16]. Copper nitride nanoparticles were prepared by microwave irradiation process. 

Copper nitride powder thus obtained was milled and converted to ink by adding ethylene 

glycol to it followed by annealing. Comparing the Cu3N ink with the similarly prepared Cu2O 

and CuO inks the copper conversion rate was found to be highest and sheet resistance the 

lowest for Cu3N, making copper nitride an aspiring candidate for pulsed light sintering-based 

printed circuit board production processes [17]. Cu3N films were prepared by spin coating a 

solution of copper nitride formed by ammonolysis of copper (II) trifluoroacetate at 300–

310°C on a silicon substrate. The formation of Cu3N microstructures was confirmed. The 

films were found to be stoichiometric narrow band gap semiconductors in nature [18]. Cu3N 

nanowires were conformally transferred onto Li metal foil by a one-step roll-press process. In 

the process Li3N was formed by reaction of Li and Cu3N. The Li3N@Cu nanowire layers thus 

obtained assisted homogeneous 3D channel structured Li-ion flux exhibiting high Li-ion 

conductivity of Li3N. The nanowires could guide lithium to grow into a dense, planar 

structure without dendrite growth thus exhibiting excellent cycling properties even at high 

current density making it a suitable candidate for metal ion batteries and fuel cells [19]. 

It was inferred from previous works that most methods for fabrication of copper nitride 

involve sputtering, atomic layer deposition and other physical deposition methods. But in the 

current work copper nitride thin films have been fabricated by a relatively simple and 

inexpensive spray deposition method. The present deposition process involves meager capital 

equipment and low recurring input. In this work copper nitride formed by spraying an anionic 

precursor solution on the surface of copper foil placed over a hot-plate has been reported. The 

variation of structural properties of the samples with different molar concentration of the 

precursor solution has been studied. Optical and electrical analysis of the best optimized 

sample obtained so far has been performed to analyze its potential as a photoresistor or light 

dependent resistor (LDR).  

4.2 Fabrication Methodology 

The development of the CuxN thin film has been performed here by utilizing a simple and 

low-cost spray deposition method. The details of the fabrication process have been described 

in the text below. 
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4.2.1 Introduction to the present deposition method 

The current technique of semiconductor fabrication is a convenient one for conversion of 

metals into semiconductors. Transition metals are suitable for this purpose as they have the 

ability to absorb chemical reagents at their surfaces. In this method a precursor solution 

containing a suitable anion (it can be a group 15 element or a group 16 element) was 

discretely sprayed on to the surface of a cleaned metallic film placed over a hot-plate. The 

rate of deposition is dependent upon the rate of chemical sprayed on the film as well as the 

temperature of the hot plate. Both these factors influence oxidation state and stoichiometry of 

the elements as well as chemical kinetics of the reaction.  

 

4.2.2 Experimental Details 

A. Cleaning of the substrate 

A 5cm x 2cm copper strip (film) was cut from a 99.9999% pure copper foil by a pair of large 

scissors. The strip was washed in concentrated hydrochloric acid (HCl) in a beaker for about 

3 minutes for removal of grease and oxides on its surface. Then the strip was washed in 

distilled water to remove the traces of acid followed by an acetone wash when it was finally 

ready for deposition. 

B. Preparation of the anionic precursor solution 

At first thiourea powder was weighed on a cleaned and dried borosilicate glass as per the 

molarity of the aqueous solution. Then 25 ml of distilled water was poured in a cleaned and 

dried 500ml beaker to which the thiourea was added for preparation of the aqueous solution. 

After 5ml of ammonium hydroxide solution was added to the solution. The molarity of the 

thiourea solution was varied as 0.2(M), 0.4(M), 0.6(M), 0.8(M) and 1.0(M) respectively. 

 

C. Deposition Process 

The cleaned copper strip was placed on the hot plate, maintaining it at a temperature range of 

50°C to 60°C. Next, the syringe was immersed into the anionic precursor solution, and a very 

small amount of the solution almost about one-fourth of the total volume of the syringe, was 

sucked into the syringe. The liquid sucked into the syringe was then carefully sprayed onto 

the copper strip. The painter‟s brush was used to spread the liquid evenly over the entire mass 

of the copper strip. Care was taken to ensure that the liquid was not sprayed anywhere else on 
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the hotplate except the copper strip. This process of spraying of the liquid on the metallic 

copper strip was carried out for precursor solutions of varied molarities i.e. 0.2(M), 0.4(M), 

0.6(M), 0.8(M) and 1(M) respectively. 

D. Post deposition heat treatment 

The set of five CuxN samples prepared by the above-mentioned technique for variable 

molarities i.e. 0.2(M), 0.4(M), 0.6(M), 0.8(M) and 1(M) respectively were placed inside a 

vacuum annealing furnace at a constant temperature of 90°C for 3 hrs. for the purpose of post 

deposition annealing.     

E. Chemical Reaction of the Deposition Process  

The entire deposition process involved the following chemical reactions described in eqn. (1-

5). 

Step I: Ammonium hydroxide (NH4OH) when added to thiourea solution ammonium sulfide 

and urea are formed as shown in eqn. (1) 

CS(NH2)2 + 2NH4OH → (NH4)2S (ammonium sulfide) +CO(NH2)2(urea) + H2O ...…..(1)                                  

Step II: When the above-mentioned solution was sprayed on metallic copper film placed on 

hot-plate, urea formed in step I tautomerized to ammonium isocyanate (NH4NCO) which 

decomposes into ammonia and cyanic acid (HNCO) at high temperature as shown in eqn. (2). 

CO(NH2)2  NH4NCO (ammonium isocyanate)  NH3+HNCO (isocyanic acid) ......(2) 

Step III: The ammonium sulfide formed in step I and ammonium isocyanate (NH4NCO) 

formed in step II underwent chemical reaction with the hot metallic copper film to form 

amorphous copper sulfide as shown in eqn. (3) and copper isocyanate (CuNCO) in eqn. (4) 

respectively. 

2Cu + (NH4)2S → Cu2S (amorphous) + 2NH3 + H2 …. (3) 

2Cu + 2NH4NCO →2CuNCO + 2NH3+ H2 …. (4) 

Step 4: Copper isocyanate being unstable thermally decomposes into crystalline copper 

nitride, amorphous copper carbide and copper oxide respectively as shown in eqn. (5).  

CuNCO  Cu3N (crystalline) + Cu2C2 (amorphous) + Cu2O (amorphous).….(5) 
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 The formation of as-prepared as well as annealed CuxN samples has been accomplished with 

varied molarities by a low-cost spray deposition technique. The deposition technique has 

been described pictorially in Fig 4.1.  

 

Fig. 4.1: Pictorial Description of Copper Nitride fabrication process by low-cost spray deposition 

technique 

For performing electrical analysis, metallic silver (Ag) was used as contact material on the 

fabricated samples. Here dot contacts of Ag paste were painted on the sample followed by 

heat treatment at 90°C for 30 mins. The images of the as-prepared and annealed samples with 

varied molarities, i.e., 0.2(M), 0.4(M), 0.6(M), 0.8(M) and 1(M), respectively, have been 

shown in fig. 4.2 given below. 
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Fig. 4.2: Pictorial Images of As-prepared and Annealed Copper Nitride (CuxN) Films of different 

molarities 
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4.3.  Results & Discussion 

The structural, optical and electrical performance analysis regarding copper nitride thin film 

sample have been studied elaborately in the following text.  

4.3.1 Structural Analysis: 

A. Structural analysis from XRD spectroscopy  

X-ray diffraction (XRD) system is a technique which is used to determine crystalline phases 

as well as microstructural parameters of a material. Here constructive interference has 

occurred between the mono chromatic X-ray and sample. The monochromatic rays are 

produced from a cathode ray tube and incident towards the sample. The constructive 

interference between a sample and incident ray has occurred when it satisfies the principle of 

Bragg‟s Law, i.e., nλ = 2d sinθ, where n is diffraction order, λ is wavelength of incident 

radiation, d is grating constant, and θ is glancing angle. The angle between incident and 

diffracted rays is a key factor in all diffraction. Here every possible diffraction direction of 

the crystalline lattice has been obtained due to the arbitrary orientation of the sample by 

maintaining the scanning range of 2θ angles. At last, diffracted rays have been detected and 

processed to obtain the desired information [20]. In this present study copper nitride (CuxN) 

based thin film has been fabricated by utilizing a simple and low-cost spray deposition 

process. The CuxN samples have been prepared with varied molarities, i.e., 0.2(M), 0.4(M), 

0.6(M), 0.8(M) and 1(M), respectively. Here both as-prepared as well as annealed samples 

have been produced to observe the effect of annealing on the optoelectronic performances of 

the fabricated CuxN samples. The XRD patterns have been determined here with varied 

molarities for both as-prepared and annealed samples. The various microstructural 

parameters, such as crystallite size, FWHM, dislocation density, microstrain etc., have also 

been cultivated by considering both as-prepared and annealed samples in this present study. 

The structural analysis accomplished from the XRD technique is very useful to determine 

optimum CuxN film to be used in optoelectronic applications. 

In this present work, XRD patterns of both as-prepared and annealed samples, when 

compared with standard crystallographic data, the best fit was obtained from the reference 

XRD pattern of cubic Cu3N crystal phase [chemical formula Cu3N, lattice constant (a) = 

3.815] corresponding to JCPDS Card no. 02:1156.  The XRD patterns of the as-prepared and 

annealed samples of all molarities displayed a single modest peak at 2Ɵ = 50.5° along the 

crystalline plane (0 0 2) indicating formation of excellent copper nitride (Cu3N) mono-

crystalline samples along that plane. The XRD pattern of Copper Nitride as-prepared and 

annealed samples of different molarities is shown in Fig. 4.3(a,b). XRD Patterns for 0.6 (M) 
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CuxN as-prepared and annealed samples together are shown separately in Fig. 4.4 to observe 

the effect of annealing regarding the fabricated samples. 
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 (a): XRD patterns of CuxN As-prepared samples of different molarities  
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(b): XRD Pattern of CuxN Annealed samples of different molarities 
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Fig. 4.3(a, b):  XRD Patterns for As-prepared and Annealed copper nitride (CuxN) samples of 

respective molarities 
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Fig. 4.4: XRD Patterns for 0.6 (M) CuxN As-prepared and Annealed samples respectively 

It has been inferred from the Fig. 4.3(a,b) that copper nitride samples of all molarities have 

been shown to be monocrystalline in nature. The same trend has also been observed in 

annealed samples. Here annealing has improved the peak height and the increment of 

maximum peak height is observed in Fig. 4.4 for 0.6 (M) CuxN sample among all. This 

increment of peak height indicates that the crystallinity of the CuxN sample has improved by 

the effect of annealing, and the same trend has also occurred for other samples.   

The following microstructural parameters for both as-prepared and annealed samples were 

calculated below to analyze the crystalline nature of the prepared samples using Scherrer 

method [21] as shown from eqn. (6) to eqn. (8).  

Crystallite Size, 𝐷 = 𝐾𝜆/ß𝐶𝑜𝑠Ɵ…………….(6) 

where, K=0.9, λ=CuKα wavelength=1.5406Å, ß is the full-width-at-half maximum (FWHM) 

of the peaks, Ɵ is the Bragg angle (in radian) 

Dislocation Density,𝜌 = 1/𝐷2…………….(7) 

Microstrain,𝜖 = ß𝑐𝑜𝑡Ɵ/4…………………(8) 
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XRD microstructural parameters for both as-prepared and annealed CuxN samples have 

shown in Tables 4.1&4.2 respectively.  

 

Table 4.1: XRD microstructural parameters analysis of the CuxN as-prepared samples 

Molarity 2Ɵ(deg.) FWHM 

ß(deg.) 

Peak 

height 

(a.u) 

 

Crystallite 

Size 

D(nm.) 

Dislocation 

Density 

ρ (m
-2

) 

Micro-strain 

         (ε) 

0.2(M) 50.5 0.291 5215 30.2513 1.0927x10
-3

 0.002680497 

0.4(M) 50.5 0.2285 8864 38.5063 0.6744x 10
-3

 0.002112841 

0.6(M) 50.5 0.2179 45704 40.3481 0.6143 x 10
-3

 0.002016514 

0.8(M) 50.5 0.2147 32287 40.9737 0.5956x 10
-3

 0.001986488 

1.0(M) 50.5 0.2328 12539 37.743 0.702x 10
-3

 0.002156867 

 

Table 4.2: XRD microstructural parameters analysis of the CuxN annealed samples 

Molarity 2Ɵ(deg.) FWHM 

ß(deg.) 

Peak 

height 

(a.u) 

Crystallite 

Size  

D (nm.) 

Dislocation 

Density 

ρ (m
-2

) 

Micro-strain 

         (ε) 

0.2(M) 50.5 0.0788 435674 111.4323 8.0533x10
-5

 0.730299 x 10
-3

 

0.4(M) 50.5 0.1169 581980 75.1253 1.7718x10
-4

 1.063123 x 10
-3

 

0.6(M) 50.5 0.0933 2560881 94.1167 1.1289x10
-4

 0.864972 x 10
-3

 

0.8(M) 50.5 0.0781 2230699 112.443 7.9092x10
-5

 0.723345 x 10
-3

 

1.0(M) 50.5 0.116 651815 75.707 1.7447x10
-4

 1.075565 x 10
-3

 

 

It can be observed from Tables 4.1& 4.2 that particle size of both as-prepared and annealed 

CuxN samples was in nanometer range i.e. it can be said that copper nitride nanostructures 

had been formed. For the as-prepared samples, 0.6(M) sample exhibited highest peak height 

i.e., it was the most crystalline in nature, whereas the dislocation density and microstrain 

were minimum for 0.8(M) sample i.e. it was the least strained. The same trend had been 

observed for the annealed samples. The post-deposition heat treatment resulted in a 

significant increase of peak height and decrease in FWHM values. In other words, post 

deposition annealing rapidly improved crystallinity of samples of all molarities. It can also be 

observed that post deposition annealing led to a significant increase in particle size along with 

an equivalent decrease in other parameters such as dislocation density and micro-strain thus 

resulting in formation of less strained structures for samples of all molarities. The highest 

peak height has obtained for 0.6(M) annealed sample among all and least strain has observed 

for 0.8(M) annealed sample among all. XRD patterns of 0.6(M) as-prepared and annealed 
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samples together are shown separately in Fig 4.4 to observe the improvement of peak height 

as well as sample crystallinity by annealing more clearly. The same trend will be observed for 

other samples too.   

 

B. Structural analysis from SEM-EDX  

Scanning Electron Microscopy (SEM) system is a technique which is used to produce high-

resolution and magnified images of a thin film material. On the other hand, Energy 

Dispersive X-ray (EDX) is used to determine the elements as well as their composition within 

the materials. In SEM, incident electron beam can interact with the molecular composition of 

the materials. This interaction can provide a measurable electron energy, which has analyzed 

by a scanning microscope to produce a three-dimensional image. This image can provide 

surface morphology of the material. In this method the secondary electrons, which are 

emitted from the atoms and excited by the beam of electrons are detected and the detected 

rays are converted properly to provide some valuable information about the materials. The 

compositional ratio of the material has been obtained from here. EDX generally shows peaks 

of the spectrums that correspond to the different energy levels, and these peaks are unique for 

individual elements. The higher peak indicates the higher concentration of a particular 

element of the material. The SEM and EDX are generally associated within the same 

instrument [22]. Here copper nitride (CuxN) film has been fabricated with varying molarities, 

i.e., 0.2(M), 0.4(M), 0.6(M), 0.8(M) and 1(M), by spray deposition technique. It has been 

observed from XRD analysis that all molarity samples have exhibited crystalline nature, and 

post-deposition annealing has improved the crystallinity of all samples. Here it was also 

observed that the 0.6(M) CuxN sample exhibited the highest peak height, i.e., it was the most 

crystalline in nature, and on the other hand, the dislocation density and microstrain were 

minimum for the 0.8(M) CuxN sample, i.e., it was the least strained. It has also been observed 

that annealing has improved the overall structural parameters of the fabricated samples. Thus, 

0.6(M) and 0.8(M) CuxN samples have shown to be the most optimum among all. Therefore, 

in this present study, SEM and EDX analysis have been performed for 0.6(M) and 0.8(M) 

CuxN fabricated samples. The SEM micrographs have been taken for both as-prepared and 

annealed samples. The SEM images have been produced along three different orientations for 

each sample. These images indicate the parameters, such as particle size, surface morphology, 

cracks or any dislocation, etc., about the fabricated films. On the other hand, EDX can 

provide the compositional ratio (Cu:N) of the material. The compositional ratio of the 

material has influenced the electronic properties of the semiconducting materials. In this 

present work, the optimum compositional ratio of CuxN has been determined to be used for 

optoelectronic applications. 

SEM images of 0.6 (M) CuxN as-prepared samples along different orientation as represent in 

Fig. 4.5 [I(a), II(a), III(a)]. SEM images of 0.6 (M) CuxN annealed samples along different 

orientation as represent in Fig. 4.6 [I(b), II(b), III(b)]. SEM images of 0.8 (M) CuxN as-

prepared samples along different orientation as represent in Fig. 4.7 [ I(c), II(c), III(c)].  SEM 
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images of 0.8 (M) CuxN annealed samples along different orientation as represent in Fig. 4.8 

[I(d), II(d), III(d)].   

 

 

 

 I(a): 0.6(M) CuxN as-prepared sample 

 

II (a): 0.6(M) CuxN as-prepared sample 
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 III (a): 0.6(M) CuxN as-prepared sample 

Fig. 4.5[I(a), II(a), III(a)]: SEM Images of 0.6(M) CuxN As-prepared Sample along different 

orientations.  

 

 I(b): 0.6(M) CuxN annealed sample 

        

 II(b): 0.6(M) CuxN annealed sample 
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III(b): 0.6(M) CuxN annealed sample 

Fig. 4.6 [I(b), II(b), III(b)]: SEM Images of 0.6(M) CuxN Annealed Sample along different 

orientations  

 

 

 

 

 

 

         

I(c): 0.8(M) CuxN as-prepared sample 
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II(c):0.8(M) CuxN as-prepared sample 

 

III(c): 0.8(M) CuxN as-prepared sample 

Fig. 4.7 [I(c), II(c), III(c)]: SEM Images of 0.8(M) CuxN As-prepared Sample along different 

orientations  

 

I(d): 0.8(M) CuxN annealed sample 

 



76 
 

II(d): 0.8(M) CuxN annealed sample 

 

III(d): 0.8(M) CuxN annealed sample 

Fig. 4.8 [I(d), II(d), III(d)]: SEM Images of 0.8(M) CuxN Annealed Sample along different 

orientations 

The SEM micrographs of 0.6(M) and 0.8(M) CuxN as-prepared and annealed samples as 

taken from various orientations are shown in Fig. 4.5 [I(a), II(a), III(a)] to 4.8[I(d), II(d), 

III(d)]. The crystals were compact, well distributed and found to be of uniform size. The 

crystallite size was found to vary from 72.73 nm to 217.6 nm. Any crack or pinhole were not 

found in SEM images.  The SEM images in Figs. 4.5[I(a), II(a), III(a)],4.7[I(c),II(c),III(c)]and 

4.8[I(d), II(d), III(d)] clearly indicate formation of copper nitride nanowires, thus in 

accordance with XRD results. However, SEM image for 0.6(M) annealed sample i.e. Fig. 4.6 

[I(b), II(b), III(b)] indicates that nanowires were about to grow. The uniform growth of 

nanowires is discernible from the SEM images. The formation of these nanowires indicates 

improved semiconducting properties as well as structural stability of the samples.    

The percentage analysis of the elements of the 0.6(M) and 0.8(M) CuxN as-prepared as well as 

annealed samples from EDX studies have shown in a tabular form below (Table 4.3).   

  Table 4.3: Percentage analysis of the elements of the CuxN samples from EDX studies 
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Energy Dispersive X-Ray (EDX) Analysis had been performed here to determine the 

compositional ratio of the elements in the fabricated nanostructured copper nitride samples, 

as shown in Table 4.3. It had been previously reported that deposited CuxN films were not 

always consistent in their optimum stoichiometry to be used for optoelectronic devices. Films 

thus apparently existed as stoichiometric (Cu3N) or either in non-stoichiometric nitrogen-rich 

or copper-rich forms [23, 24, 25]. Present EDX studies revealed the samples to be mostly 

non-stoichiometric in nature. The average Cu:N ratio of the samples was found to vary 

between 0.8 and 1.35. Here it is perceived that non-stoichiometric crystallographic defects 

(specifically metal deficiency defects) are present which have altered the overall Cu:N atomic 

ratio in the crystalline sample. Therefore, surface morphology and compositional ratio of the 

0.6(M) and 0.8(M) CuxN as-prepared and annealed samples have been determined from the 

SEM and EDX studies.  

 

 

4.3.2 Optical Analysis  

 UV-VIS-NIR (Ultraviolet-Visible-NearInfrared) spectrophotometer system is a technique 

which is used to determine various optical parameters such as transmittance, absorption, 

reflectance, band gap, etc., of a thin film semiconducting material. The wavelength ranges of 

UV, visible, and NIR light belong in between 100 nm-400 nm, 400 nm-700 nm, and above 

700 nm respectively. The shorter wavelength has more energy, whereas longer wavelengths 

bear less energy. This system consists of three sections such as light source section, 

wavelength selection section and a detection section. The light is passed through a 

wavelength selection system where some wavelengths are directed, which is suited for the 

specific sample. Here absorption filter is used to absorb specific wavelengths of light, 

whereas the interference filter is used to eliminate unwanted wavelengths. The cutoff or 

bandpass filter is used to pass certain wavelengths, and it is generally implemented as an 

interference filter. Finally, a detector unit is used to convert the light wave, which is passed 

through the sample, into the electrical signal, and the output data is taken from the computer 

system [26]. In this present work, at first the absorption spectrum within the wavelength 

range of 200 to 1200 nm of the highest crystalline 0.6(M) CuxN as-prepared and annealed 

Sample 

Number 

CuxN 

Sample  

Type 

Copper 

(Cu) 

Atomic 

% 

Nitrogen 

(N) 

Atomic 

% 

Carbon 

(C) 

Atomic 

% 

Sulfur  

(S) 

Atomic 

% 

Oxygen  

(O) 

Atomic 

% 

Cu: N 

Atomic 

Ratio 

1 0.6(M) 

Asprepared 

34.44 34.1 18.74 3.66 6.81 1.008 

2 0.6(M) 

Annealed 

36.56 27.1 19.27 6.76 7.58 1.349 

3 0.8(M) 

Asprepared 

31.27 30.31 19.78 9.31 7.04 1.032 

4 0.8(M) 

Annealed 

28.74 35.49 20.43 6.99 6.36 0.809 
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samples has been determined to observe its performance in the visible range spectrum. The 

absorption spectrum curve of 0.6(M) CuxN as-prepared and annealed samples is shown in 

Fig. 4.9.  
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Fig. 4.9: Absorption curves of 0.6(M) CuxN As-prepared and Annealed samples 

 

The samples exhibited very low values of transmittance since they were formed by spraying 

nitride anionic precursor solution directly on the metallic copper substrate. The UV-Vis-NIR 

absorption spectra of both 0.6(M) CuxN as-prepared and annealed samples were observed 

respectively. From the absorption spectra as shown in Fig. 4.9, the absorption in the UV range 

i.e. 200nm-280nm was found to be very low (around zero) meaning that the reflectance of 

UV radiation from the surface of the films was very high. Noise signal was recorded in the 

wavelength range of 280nm-380nm because of instrumental error. The absorbance values of 

both samples were exceptionally high in the visible range i.e. 400nm-700nm as well as in the 

NIR range i.e. 700nm-1200nm.  

The optical bandgap of a semiconductor is defined as that minimum energy difference 

between the highest energy in the valence band and the lowest energy in the conduction band. 

On the other hand, the highest energy in the valence band and the lowest energy in the 

conduction band lie in the same momentum value for direct bandgap semiconductors, 
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whereas a different momentum value is for indirect bandgap semiconductors. The light is 

absorbed by the semiconducting material when the incident photon energy is greater than or 

equal to the band gap energy of a material. Thus, the bandgap of a semiconducting material is 

a very important parameter for optoelectronic applications. The value of direct and indirect 

bandgaps has been obtained by the following equations [27,28]. 

Bandgaps were evaluated from the absorption spectra using the following relation as per eqn. 

(9): 

𝑎ℎ𝑣 = 𝐴𝑐(ℎ𝑣 − 𝐸𝑔)𝑛 ……………..(9) 

where Ac is a constant, hv is photon energy, Eg is bandgap, 𝑎 is absorption coefficient and n = 

1/2 for direct bandgap semiconductors and n = 2 for indirect bandgap semiconductors 

The absorption coefficient can be calculated from the relation as per eqn. (10):  

𝑎 = (
1

𝑡
) . ln⁡(

100

𝑇
)………………(10) 

where t is the thickness of the films and T is the percentage transmitted. 

 

Direct and Indirect band gap curves of 0.6(M) CuxN as-prepared and annealed samples are 

shown in Figs. 4.10(a,b) and 4.11(a,b) respectively.  
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                    (a): Direct band gap curve of 0.6(M) CuxN As-prepared sample 
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             (b): Indirect band gap curve of 0.6(M) CuxN As-prepared sample 
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                   Fig. 4.10 (a,b): Direct and Indirect Bandgap Curves of 0.6(M) CuxN As-prepared Sample  
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                       (a): Direct band gap of 0.6(M) CuxN Annealed sample 
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              (b): Indirect band gap of 0.6(M) CuxN Annealed sample 

                        Fig. 4.11 (a,b): Direct and Indirect Bandgap Curves of 0.6(M) CuxN Annealed Sample 

Copper nitride exhibits both direct as well as indirect optical band-gaps [27, 28]. The direct 

and indirect band-gaps were obtained for both 0.6(M) CuxN as-prepared and annealed 

samples respectively from Tauc‟s plot as shown in Fig. 4.10(a,b) and Fig.4.11(a,b) 

respectively. The values of direct and indirect band-gaps of 0.6(M) asprepared sample were 

found to be 1.79 eV and 1.54 eV while those of 0.6(M) annealed sample were 1.75 eV and 

1.5 eV respectively. The experimental values of optical bandgap of copper nitride were found 

to vary within the range of 1.2–1.9 eV [29, 30, 31]. The band-gap values obtained in the 

present work were in good agreement with previously obtained results. The lower value of 

indirect band-gap of both as-prepared and annealed samples was indicative of the fact that an 

indirect transition from valence band to conduction band occurs due to absorption of a photon 

and a phonon at lower energy regime whereas a direct transition from valence band to 

conduction band occurs due to absorption of a photon at higher energy regime [32]. However, 

it was observed that annealing improved both direct and indirect bandgaps of the samples. 

Thus, it is a promising material in the application as an optical sensor.     

4.3.3 Electrical Analysis  

Copper nitride compounds have very high values of work function of around 4eV [33]. When 

a metal having low work function is brought in contact with large work function materials 

such as copper nitride, a space charge carrier accumulation at the metal semiconductor barrier 
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is induced which is called bound charge polarization effect. This polarization effect hinders 

carrier conduction. However, when a metal with high work function is used as a contact on 

copper nitride, the bound charge polarization effect is minimum and thus carrier conduction 

will be increased. It is known that silver (Ag) has high work function ranging between 

4.26eV-4.73eV [34]. Hence silver having work function value close to that of CuxN could 

form a low barrier Schottky contact or even an Ohmic contact in this metal-semiconductor 

junction [35]. Therefore, silver can be a good contact material to be fabricated on copper 

nitride compounds. Accordingly, the same was done in the present work for performing the 

electrical analysis. The thermal and photoconductive responses of the 0.6(M) CuxN annealed 

sample were observed in Figures 4.12(a,b) and 4.13 (a,b) respectively.  

\ 

(a): Curve of Sample Resistance vs Sample temperature 

 

(b): Curve of Sample Resistance vs Temperature difference 
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                     Fig. 4.12 (a,b): Thermal response curves of the 0.6 (M) CuxN Annealed sample  

From the thermal response curve in Fig.4.12.(a), it was revealed that sample resistance 

exponentially decreased with increasing temperature. We know that R = R0 + αR0(ΔT), where 

α is the temperature coefficient of resistance of the sample material, R is the sample 

resistance at temperature T2, R0 is the sample resistance at room temperature T1 = 27˚C i.e. 2 

MΩ and temperature difference is ΔT = T2 – T1. In Fig.4.12.(b) the linear curve fitting of the 

sample resistance (R) vs temperature difference (ΔT) curve was obtained. The value of α of 

the sample material was obtained from the slope of the fitted linear plot in Fig. 4.12.(b). The 

value of α obtained was -0.004/˚C. The negative temperature coefficient of resistance of the 

formed material indicated semiconductor formation.   

 

(a): Curve of Sample Resistance vs Intensity of light 
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(b): Curve of LDR gain vs Intensity of light 

 Fig. 4.13(a,b): Photoconductive response curves of the 0.6(M) CuxN Annealed sample  

From the photoconductive response curve of the 0.6(M) CuxN annealed sample as in Fig. 

4.13.(a), it was revealed that the value of the sample resistance decreased exponentially with 

increasing luminous intensity, which is a typical characteristic of a photoconductive sensor 

like a light dependent resistor (LDR). The % gain of the LDR material was calculated by the 

formula viz. LDR Gain (%) = [1– (Rlight/ Rdark)] *100, where Rdark is dark resistance at room 

temperature i.e. 2MΩ and Rlight is the material resistance at room temperature exposed to 

various light intensities (from 100 watt/sq.m to1000 watt/sq.m). The LDR Gain (%) was 

plotted against intensity of light in Fig. 4.13.(b) and it was revealed that the gain (%) was 

maximum i.e. 51% at 1000 watt/sq.m. light intensity. The graph reveals highly precise results, 

with measurements closely aligned with each other and the fitted line. The error margin of a 

linear curve signifies the uncertainty associated with the measurement and the line of the best 

fit. The error bars represent the uncertainty in the individual measurement that is plotted on 

the graph. The length of the bar signifies the dispersion of the data, or it quantifies how much 

the experimental results might differ from the actual or true, and it can be represented by the 

formula for standard deviation. This study reveals that the results closely align with both the 

true value and the fitted line. All the data are clustering around the regression line drawn with 

optimum standard deviation. Therefore, it can be concluded that the error margin lies within 

experimental range.    
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4.4 Conclusion  

Detailed fabrication process of device grade CuxN nanowire mentioned in the text of the 

present work is simple and a low cost one. The XRD structural analysis indicated about the 

formation of monocrystalline cubic Cu3N and post deposition annealing resulted in the 

significant improvement in crystallinity and structural parameters. The sample formed by 

spraying 0.6(M) anionic precursor solution exhibited the best crystallinity whereas the other 

structural parameters were best for that prepared using 0.8(M) solution. The same trend was 

observed post annealing. The SEM micrographs indicated formation of copper nitride 

nanowires. The EDX analysis revealed ratio of Cu and N to vary from 0.8 to 1.35. The 

absorption spectra of 0.6(M) as-prepared and annealed samples revealed excellent absorption 

in the visible and NIR range respectively and low absorption in the UV range, indicating that 

the prepared samples could find applications as propitious optical and NIR sensors. The 

direct and indirect bandgaps of 0.6(M) CuxN as-prepared sample were 1.79 eV and 1.54 eV 

while those for 0.6(M) CuxN annealed samples were 1.75 eV and 1.5 eV respectively. It has 

been revealed that annealing can improved overall structural as well as optical parameters.  

The resistance temperature curve of 0.6(M) CuxN annealed sample exhibited negative 

temperature coefficient of resistance of -0.004/˚C, thus revealing its semiconducting 

characteristics. Therefore, the suitable compositional ratio (Cu: N) of the optimally fabricated 

0.6(M) CuxN annealed sample is 1.35, for which it has been used for optoelectronic 

applications. The photo response curve of the same sample revealed its resistivity to be 

decreasing exponentially with increasing input luminous intensity. This property is an 

essential parameter in using this material in fabricating opto-electronic devices and sensors. 

Here CuxN based photoresistor or light dependent resistor (LDR) performances have been 

studied, and maximum LDR gain of 51% at 1000 watt/sq.m light intensity has been achieved.     

Now the optoelectronic performance, i.e., photoconductive and photovoltaic analysis of the 

fabricated optimized 0.6(M) CuxN annealed film, has been performed to observe its 

feasibility for solar cell application. It has been executed by utilizing numerical simulations 

using Oghma-Nano software (8.1.020) and here providing experimental data of UV-Vis-NIR 

spectroscopy as input to the simulation software. The detailed study has been accomplished 

in Chapter 5 of this present thesis. 
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5.1 Introduction 

     In the present era, commercial electronics and the solar photovoltaic industry are 

dominated by silicon. Silicon is plentiful, chemically stable, non-toxic and exhibits an 

indirect optical bandgap, making it ideal for application in optoelectronic industries [1] in 

general and as a solar cell absorber layer in the photovoltaic market with more than 93% 

share until now [2]. Despite these advantages the cost of fabrication of silicon solar cells 

remains very high. The lion‟s share of the silicon solar cell cost remains embedded in the 

silicon wafer [3] and wafers also account for 46% of the module costs [4]. However, 

fabrication of highly efficient silicon solar cells remains difficult because of the presence of 

high impurity content in polycrystalline silicon [5]. On the other hand, inadequate light 

absorption takes place at longer wavelengths, leading to a requirement of thick c-Si substrate 

for the fabrication of highly efficient solar cells, thus increasing fabrication costs [6]. Several 

low-cost inorganic optoelectronic materials have gained prominence for substituting silicon 

for PV cell development and a lot of research has been conducted in this domain [7]. 

The crystalline structures of various inorganic materials can be modeled by using modern 

software simulation techniques. A high-temperature superconductor compound yttrium 

barium cobalt oxide (YBCO) i.e. YBa2Cu3O7-x was modeled by performing numerical 

simulations using Gaussian Process Regression in MATLAB software and the superconductor 

transition temperature i.e. critical temperature was predicted based upon lattice parameters. A 

high critical temperature is an important aspect of a superconductor for practical applications 

and hence predicting the same by software simulations is an area of key interest. The 

simulated results were similar to the experimentally obtained values of superconductor 

critical temperature thus explaining the accuracy and stability of the numerical simulation 

technique [8]. Lattice misfit between two crystalline phases of Ni-based single crystal 

superalloys (Ni-SXs) (i.e. γ and γ‟ phases) was predicted by developing a computational 

Gaussian process regression model based upon alloy chemical composition, deposition 

temperature and morphological factors. Ni-SXs exhibit very high mechanical strength, but 

their mechanical behavior is dependent upon the crystalline phases and the lattice mismatch 

between these phases must be determined for predicting their deformation mechanism. The 

developed regression model was very accurate and stable, required low computation time and 

the prediction output was comparable with practical results [9]. Modern simulation 

techniques are accurate and can be used to predict the response of conventional materials. 

Optoelectronic devices based on inorganic materials have been simulated before and such 

works have been comprehensively reviewed. CdTe-based solar cells with a ZnO window 

layer and various buffer layers such as CdS, ZnO, ZnS and ZnSe were modeled using the 

Silvaco-Atlas semiconductor device simulator with the ZnS-based cell being the most 

efficient [10]. A solar cell configuration consisting of Ag/ZnO: Al/intrinsic ZnO/ 

CdS/Sb2Se3/Mo was modeled using SCAPS-1D software with Ag as front contact and Mo as 

back contact respectively. It was found that several parameters like Sb2Se3 layer thickness, 

carrier concentration and work function of the back contact metal influenced solar cell 

performance [11]. A solar cell with Cu2Te absorber layer, WS2 window layer, Al top contact 

and Ni back contact was simulated using SCAPS-1D software. The WS2 buffer layer 
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displayed better performance than the CdS buffer layer [12]. A CuSbS2-CdS solar cell was 

simulated using SCAPS-1D software. Cell output was found to be dependent upon numerous 

material/heterojunction properties and cell parameters were also dependent upon the optical 

bandgap and electron affinity of buffer and absorber layers [13]. A solar cell with 

Al/ZrS2/CuInS2/Au configuration with ZrS2 as buffer and CuInS2 as absorber layers and Al as 

front and Au as back contacts was simulated using SCAPS-1D software. Cell output was 

found to be dependent upon parameters like buffer and absorber layer thickness, optical 

bandgap, defect density, acceptor density, shunt and series resistance [14]. Two solar cells, the 

first one with CuInS2 as the absorber layer and CdS as the buffer layer and a second one with 

an additional ZnO window layer were simulated using SCAPS-1D software. The addition of 

a ZnO layer led to an improvement in cell performance [15]. A solar cell with glass/ 

CuGa(S,Te2):Fe/In2S3/(Al-Zn-O) (AZO) configuration was simulated by SCAPS-1D 

software. The iron doping resulted in an improvement of cell efficiency with iron doping due 

to an intermediate band formation with iron incorporation [16]. A solar cell with 

configuration Al/AZO/CdTe/NiO/Ni was simulated using SCAPS-1D software. It was found 

that cell performance was dependent upon thickness and carrier concentration of window and 

absorber layers, series and shunt resistances and cell operating temperature [17]. A 

monoclinic Cu2SnS3-based solar cell was simulated using AMPS-1D software. Essential 

parameters like absorber and buffer layer thickness and carrier concentration, back contact 

metal work function and operating temperature were optimized for maximizing cell 

performance [18]. A Cu2BaSn(S,Se)4 (CBTS) - CdS based solar cell was simulated using 

SCAPS-1D software. The presence of a MoS2 interlayer was vital for the performance of the 

solar cell. The solar cell performance was boosted due to the presence of p-type MoS2, but it 

dwindled due to the presence of n-type MoS2 [19]. A copper manganese tin sulfide (CMTS)-

based solar cell with various buffer layers like CdS, Zn(O,S) and SnS2 was simulated using 

SCAPS-1D software. Various parameters of the CMTS-SnS2 solar cell like buffer and 

absorber layer thickness, CMTS layer acceptor density, SnS2 layer donor density and defect 

density were optimized for better cell performance [20]. Copper gallium diselenide (CGS) 

and copper indium gallium diselenide (CIGS)-based single junction and double junction (or 

tandem) solar cells were simulated using Silvaco-Atlas software. Tandem cells showed better 

performance [21]. CdS-CdTe heterojunction solar cells were simulated by SCAPS-1D 

software. It was found that a film of low thickness was mandatory for proper functioning of 

the cell [22]. A solar cell with the configuration Cu2SnS3/ZnO1-xSx/ZnO/Al was modeled and 

simulated using SCAPS-1D software. It was observed that use of ZnO1-xSx as buffer layer 

and ZnO as window layer improved cell performance [23]. Modelling and simulation of a 

ZnO/CdS/ CuInGaSe2 (CIGS) was performed using wxAMPS software. Several parameters, 

such as ZnO i.e. window layer, CdS i.e. buffer layer and CIGS i.e. absorber layer thicknesses 

and carrier concentrations of the CdS layer, were optimized for proper functioning of the 

solar cell [24]. A ZnO/CdS/CIGS solar cell was simulated using SCAPS software with 

ZnO:Al i.e. TCO (transparent conductive oxide) and Mo were used as front and back contacts 

respectively. Several parameters such as optical bandgap, mismatch between buffer and 

absorber layers and CIGS and TCO layer thicknesses were optimized for proper functioning 

of the cell [25]. A solar cell with Mo/CuSnS3 (CTS) /CdS/ZnO/TCO/Al configuration was 

simulated using AMPS-1D software. Absorber layer i.e. CTS layer thickness and work 
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function of the back contact metal was optimized for proper cell functioning [26]. Solar cells 

with Sb2Se3 and Sb2S3 absorber layers and CdS, ZnO, ZnS, ZnSe and In2Se3 as buffer layers 

were simulated using SCAPS-1D software. The absorber and window layer thicknesses were 

varied and it was found that solar cells with ZnS as a buffer layer were most efficient with 

both antimony chalcogenide absorber layers [27]. 

Thin film materials have become popular in recent times for a wide range of applications 

including semiconductors, integrated circuits, telecommunications, optoelectronics etc. Thin 

film refers to a very thin layer of material with thickness varying from a fraction of a 

nanometer to a few micrometers. Nanomaterials are thin film materials with particle sizes 

between 1nm and 100nm. Nanomaterials have several advantages over conventional bulk 

materials. Nanomaterials possess lightweight, high durability, high specific surface area, high 

mechanical strength, high energy storage capacity, high electrical conductivity and excellent 

magnetic properties [28]. Nanomaterials can be used for accurate and timely detection of 

pathogenic microbes. Pathogenic Acinetobacter baumannii (A. baumannii) phages p53 and 

pB3074 bacteria were accurately identified in one tube by the collection of contaminated 

wastewater samples, followed by the preparation of phage solution nanoparticles and phage 

buffer phage solutions and then bacteria content estimation by three different experimentation 

techniques. This process was rapid, sensitive, specific, inexpensive and capable of 

distinguishing between dead and live bacteria [29]. PL-Dy2Ce2O7 nanoplates were 

synthesized by a fast and simple chemical technique using orange juice as a capping agent 

and then a screen-printed modified electrode based upon the synthesized nanocomposites 

(PL-Dy2Ce2O7/SPE) was developed for electrochemical sensing of mesalazine (MEZ) 

displaying electrocatalytic oxidation of MEZ. The process exhibited exemplary repeatability 

and reproducibility [30]. Nanomaterials also display photocatalytic activity. Nd2Sn2O7 and 

Nd2Sn2O7-Nd2O3 nanoparticles were prepared by a novel eco-friendly calcination technique 

employing grape extract for photocatalytic destruction of contaminant erythrosine under 

ultraviolet illumination with 96% efficiency [31]. Nanostructured ZrO2 prepared using 

zirconyl nitrate and ethylenediamine exhibited photocatalytic degradation of water 

contaminant eriochrome black T dye under UV light [32]. Pure hexagonal Nd2O3 

nanostructures prepared by thermal conversion of hydrothermally synthesized nanostructured 

Nd(OH)3 using Schiff base ligand also exhibited photocatalytic degradation of water 

contaminant eriochrome black T dye [33]. Dy2Sn2O7 nanomaterials prepared by an 

environmentally friendly route using Ficus carica extract for photocatalytic degradation of 

crystal violet and Acid Violet 7 contaminants under the presence of visible light [34]. 

Nanomaterials also find several applications in medical and healthcare sectors. 

Nanostructured CeO2 fabricated by a facile, eco-friendly sonochemical technique using 

cerium (III) hexahydrate as a cationic precursor and mentha extract as a capping agent 

displayed enhanced cytotoxicity against cancerous cell lines, thus explaining its potential for 

developing new medicines and drugs for treating cancer cell lines [35]. Several 

nanomaterials, such as CZTS (Cu2ZnSnS4), ZnO, TiO2, CdTe, CISe (CuInSe2) etc. have been 

found to be very promising for optoelectronic applications too. These nanomaterials can be 

fabricated by a plethora of physical and chemical deposition techniques. CZTS nanomaterials 

display a very high absorption coefficient in the visible range [36, 37] and are an earth 
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abundant, low-cost absorber layer material for thin-film solar cells [38]. CZTS (Cu2ZnSnS4) 

nanocrystals with particle sizes below 3nm are found to exhibit a quantum confinement 

effect, thus making them suitable for tunable bandgap solar cell applications [39]. ZnO 

nanomaterials are eco-friendly wide bandgap semiconductors that can act as electron 

transport layers in organic [40] and dye sensitized solar cells [41] respectively. They can also 

function as a photocatalyst [42], gas-sensor [43] and photodetector [44] respectively. TiO2 

nanomaterials exhibit high photo corrosion resistance, excellent thermal stability and a wide 

optical bandgap [45]. TiO2 nanoparticles can be used as photosensitizers in dye sensitized 

solar cells [46] and as self-cleaning anti-reflection coatings in photovoltaic cells [47]. CdTe 

nanoparticles exhibit a large absorption coefficient [48] and can be used in thin-film solar 

cells, lenses, optical windows etc. [49]. CISe (CuInSe2) nanoparticles exhibit a high optical 

absorption coefficient, direct optical bandgap, fine thermal stability and stability towards 

photodegradation [50] thus making it a suitable candidate for low-cost, highly efficient solar 

cells [51]. 

It was inferred from the previous chapter of this present thesis that CuxN nanostructure has 

been developed by a low-cost spray deposition method, and 0.6(M) CuxN annealed sample 

provides the best semiconducting properties as well as structural stability among all. Thus, 

0.6(M) CuxN film has been considered for the analysis of photoconductive and photovoltaic 

studies in this present context.  The optical spectroscopy data of the fabricated 0.6 (M) CuxN 

optimized film has been provided as input to Oghma-Nano software (8.1.020) for carrying 

out numerical simulations for solar cell modelling. This process of providing practical data as 

input to simulation software has been believed to produce accurate computational output 

compatible with real-time data. First software-simulated photoconductive response of the 

CuxN semiconductor with varying thicknesses (50μm, 50nm, 50Å) has been obtained. The 

detailed photoconductive analysis involving variation of thin film thickness is highly tedious 

while performing practical experimentation. However, performing the same analysis using 

the current technique has been assumed to produce results compatible with practical ones. 

Then the photovoltaic response of the CuxN film with optimized thickness has been noted for 

testing its feasibility for solar cell applications. The photovoltaic application was probed by 

modelling a device by using CuxN film as absorber and window layers in combination with 

various inorganic semiconductors that have been executed in the present work. Photovoltaic 

performance analysis by practical experimentation requires expensive infrastructure. 

However, performing the same using the current technique has been assumed to produce 

results compatible with practical ones and be adopted in places with lagging necessary 

infrastructure. The present study has been performed to observe the potential of CuxN 

material in solar cell applications. 

5.2 Optical Analysis   

Here a detailed optical analysis of the optimized 0.6(M) CuxN annealed sample obtained from 

previous study mentioned in Chapter 4 has been performed. The UV-Vis-NIR optical 

spectrum of the fabricated optimized 0.6(M) CuxN annealed film was obtained from a UV-

Vis-NIR spectrophotometer in the wavelength range of 200–1200 nm. Various optical 

parameters such as transmittance, reflectance and absorbance were obtained from the optical 
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spectra. Due to instrumental error, noise has been recorded in the 280-380 nm wavelength 

range. 

 

The transmittance of optical radiation through the fabricated film was negligible as illustrated 

by the transmittance curve as shown in Fig. 5.1, since the deposition was performed directly 

on a metallic copper substrate. 

 

Fig. 5.1: Transmittance vs Wavelength curve of fabricated 0.6 (M) CuxN annealed sample (within 

100nm-1200nm range) 

The optical radiation would therefore either be reflected or absorbed. The value of reflectance 

as obtained from the reflectance curve as shown in Fig. 5.2, was found to be high in the UV 

range (200nm – 300nm) and low in both the visible (400nm – 700nm) and NIR (700-1200) 

ranges respectively. On the other hand, absorption was found to be extremely high in the 

visible and NIR ranges respectively as shown in Fig. 5.3. 
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Fig. 5.2: Reflectance vs Wavelength curve of fabricated 0.6 (M) CuxN annealed sample (within 

100nm-1200nm range) 

 

Fig. 5.3: Absorbance vs Wavelength Curve of fabricated 0.6 (M) CuxN annealed sample (within 

100nm-1200nm range) 

From the reflectance and absorbance data, the real refractive index (n), extinction coefficient 

(k) and absorption coefficient (a) were calculated using the following formulae [52, 53, 54].  

Complex Refractive Index N = n(λ) + j⁡k(λ)(4)  

where n(λ) is real refractive index, k(λ) is imaginary refractive index and λ is wavelength of 

radiation 
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Real Refractive Index n(λ) =
1+⁡√𝑟

1−⁡√𝑟
……..(1) 

Extinction Coefficient k(λ) = ⁡
aλ

4π
………..(2) 

Absorption Coefficient a(λ) = ⁡
2.303𝐴

t
 ……(3) 

where r, A and t are the reflectance, absorbance and thickness of the thin film respectively.  

Therefore, the values of the real refractive index, extinction coefficient and absorption 

coefficient have been obtained from here, and the plotting of these parameters with the 

variation of wavelength has been shown in Fig. 5.4, Fig. 5.5, and Fig. 5.6, respectively.  

 

 

 

Fig. 5.4: Variation of Real refractive index with incident wavelength of fabricated 0.6 (M) CuxN 

annealed sample (within 100nm-1200nm range) 
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Fig. 5.5: Variation of Extinction coefficient with incident wavelength of fabricated 0.6 (M) CuxN 

annealed sample (within 100nm-1200nm range) 

 

Fig. 5.6: Variation of Absorption coefficient with incident wavelength of fabricated 0.6 (M) CuxN 

annealed sample (within 100nm-1200nm range) 

The variation of real refractive index (n), extinction coefficient (k) and absorption coefficient 

(α) with respect to incident radiation wavelength (λ) is plotted in Figs. 5.4, 5.5 and 5.6 

respectively. From the curves, very high values of absorption coefficient and optimum values 

of real refractive index and extinction coefficient were observed. 
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5.3 Optoelectronic Performance Analysis     

The optoelectronic (photoconductive and photovoltaic) performance of the fabricated copper 

nitride sample was analyzed by performing numerical simulations using Oghma-Nano 

software (8.1.020) and providing UV-Vis-NIR spectroscopy data (band gap, refractive index, 

extinction coefficient and absorption coefficient data) of the optimized 0.6 (M) CuxN 

annealed sample as input to the simulation software. The variation in photoconductive 

response by tuning film thickness from 50μm to 50nm and 50Å at different light intensities 

has been observed. Then the optimized film thickness of CuxN material has been considered 

to accomplish photovoltaic performances.  The feasibility of solar cells has been examined by 

using CuxN both as absorber and window layers respectively. First two solar cells with CuxN 

as an absorber layer and CdS and ZnO as window layers have been simulated and 

photovoltaic performance has been noted. Then two solar cells with CuxN as a window layer 

and PbSe and InAs as absorber layers have been simulated and photovoltaic performance has 

been cultivated. Thereafter, the simulated results have been compared with the experimental 

results of other conventional CdS-based solar cells like CdS-Cu2S, CdS-PbS, CdS-CdTe etc. 

It is assumed that obtained results should be comparable with real time data. Optoelectronic 

performance analysis for solar cell device applications using present techniques is simple and 

can be adopted in places lagging high-grade fabrication and characterization infrastructure. 

 

5.3.1   Device Simulation Technique         

Oghma-Nano stands for Organic and Hybrid Material Nano simulation software. Oghma-

Nano is a general-purpose model used for the simulation of photovoltaic devices such as 

inorganic, organic and perovskite solar cells, organic field effect transistors (OFET), organic 

light-emitting diodes (OLED), photonic crystals, optical filters, etc. [55]. In the present work, 

Oghma-Nano software (8.1.020) was used for simulating the photoconductive characteristics 

of the fabricated copper nitride semiconductor and the photovoltaic characteristics of 

corresponding optical devices have been studied using the band gap, refractive index, 

extinction coefficient and absorption coefficient data of the fabricated film. The 

optoelectronic properties could be simulated using Oghma-Nano software (8.1.020). 

Poisson‟s equation, electron-hole drift equation and electron-hole continuity equation were 

employed by the software for carrying out the simulations by solving the following equations 

(4)-(8): 

d

dx
∈0∈r

d∅

dx
= q(n − p)  ………………(4) 

∂Jn

∂x
= q(Rn − G +

∂n

∂t
)   ………………(5) 

∂J 

∂x
= q(R − G +

∂ 

∂t
)  ……………….(6) 

 

 n = q n
∂  

∂x
+ ⁡q n

∂n

∂x
  ………………(7) 
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  = q  
∂  

∂x
+ ⁡q  

∂ 

∂x
 ………………(8) 

 

where∈0 is permittivity of free space, ∈r is relative permittivity, n is total electron density, p 

is total hole density, q is elementary charge on an electron, G is generation rate per unit 

volume, Jn,p is electron and hole current flux density, Dn,p is electron and hole diffusion 

coefficients, Rn,p is net recombination rate for electrons and holes, μn is electron mobility and 

μh is hole mobility.  

Table 5.1: Materials parameters used in the simulation [ 56, 57, 58, 59, 60] 

Material Properties CuxN CdS ZnO PbSe InAs 

Electron Mobility (m
2
.V

-1
.s

-1
) 1.63x10

-4
 2.65x10

-4 
3.5x10

-4 
1.7x10

-4 
1.4x10

-4 

Hole Mobility (m
2
.V

-1
.s

-1
) 0.1x10

-4 
1.5x10

-4 
1.66x10

-4 
0.65x10

-4 
0.5x10

-4 

Effective Concentration of 

Free Electrons (at 300K) (m
-

3) 

1.62x10
23 

7.8x10
23 

3.7x10
23 

3.6x10
23 

2.0x10
23 

Effective Concentration of 

Holes (at 300K) (m
-3) 

5.56x10
23 

3.9x10
23

 1.8x10
23 

2x10
23 

0.8x10
23 

Electron Affinity (eV) 4 4.2 4.5 4.5 4.93 

Optical Bandgap (eV) 1.75 2.42 3.3 0.27 0.36 

Relative Permittivity 15 5.7 10.4 23 14.6 

 

The above parameters, namely electron mobility, hole mobility, effective free electron 

concentration, effective hole concentration, electron affinity, optical bandgap and relative 

permittivity, as mentioned in Table 5.1 are accumulated from previous research works and 

used for carrying out numerical simulations for obtaining photoconductive and photovoltaic 

analysis using Oghma-Nano software (8.1.020). 

5.3.2 Study of Photoconductive Characteristics 

The photoconductive characteristics of the fabricated optimized 0.6 (M) CuxN annealed film 

were obtained by performing computer simulations using Oghma-Nano software. Silver (Ag) 

metal (10nm thick) was used as contact to the copper nitride semiconductor while performing 

the simulation. The thickness of the semiconductor layer was varied as 50μm, 50nm and 50Å 

respectively, to observe the variation of photoconductive characteristics of CuxN based 

photoconductors. The variation of film thickness in the micro, nano and angstrom ranges is 

very tedious while performing the chemical deposition method. Therefore, in this present 

study, variation of film thickness has been performed by providing experimental data as input 

to the simulation software to observe the photoconductive performances of the fabricated 

film. The schematic representation of copper nitride semiconductor under 1Sun intensity is 

shown in Fig. 5.7.  
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Fig.5.7 Image of CuxN based photoconductor under 1 Sun light intensity 

The photoconductive characteristics of CuxN semiconductor with varying film thickness are 

described in the present work. The total charge density vs applied voltage, current vs applied 

voltage, recombination prefactor vs excess carrier density, and charge carrier generation rate 

vs Y-position characteristics have been studied for the films with thicknesses of 50μm, 50nm 

and 50Å under dark conditions and 0.1 W.cm
-2

, 1 W.cm
-2

 and 10 W.cm
-2

 light intensities, 

respectively.     

Total Charge Density (Y-axis) vs Applied Voltage (X-axis) Curves at different light 

intensities for 50μm, 50nm and 50Å films have shown in Fig.5.8 (A) 

[(I.a),(II.a),(III.a),(IV.a)], Fig.5.8 (B) [(I.b),(II.b),(III.b),(IV.b)] and Fig.5.8 (C) [(I.c), 

(II.c),(III.c),(IV.c)] respectively.  

Total Charge Density (Y-axis) vs Applied Voltage (X-axis) Curves at different light 

intensities with variation of film thickness 

For 50µm film thickness: 
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                         (I.a): At light intensity 0 W.cm
-2

 (Dark Condition) 

 

                            (II.a): At light intensity 0.1 W.cm
-2
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                          (III.a): At light intensity 1 W.cm
-2  

 

                         (IV.a): At light intensity 10 W.cm
-2 

 

Fig.5.8 (A) [(I.a),(II.a),(III.a),(IV.a)]: Curves of Total charge density (Y-axis) vs Applied voltage (X-axis) 

for film thickness 50µm of CuxN sample for different input light intensities i.e.0W.cm-2,0.1W.cm-2,1W.cm-

2, and 10W.cm-2 as represent (I.a),(II.a),(III.a),and (IV.a)respectively. 
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For 50 nm film thickness: 

 

                        (I.b): At light intensity 0 W.cm
-2

 (Dark Condition) 

 

                      (II.b): At light intensity 0.1 W.cm
-2
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                         (III.b): At light intensity 1 W.cm
-2 

                                                                     (IV.b): At light intensity 10 W.cm
-2    

 

Fig.5.8 (B) [(I.b),(II.b),(III.b),(IV.b)]: Curves of Total charge density (Y-axis) vs Applied voltage (X-

axis) for film thickness 50 nm of CuxN sample for different input light intensities i.e. 0W.cm-2, 

0.1W.cm-2, 1W.cm-2 and 10W.cm-2 as represent (I.b),(II.b),(III.b), and (IV.b) respectively. 
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For 50Å film thickness: 

 

                               (I.c): At light intensity 0 W.cm
-2

 (Dark Condition) 

 

                            (II.c): At light intensity 0.1 W.cm
-2
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                           (III.c): At light intensity 1 W.cm
-2 

                                                                 (IV.c): At light intensity 10 W.cm
-2 

 

Fig. 5.8 (C) [(I.c), (II.c),(III.c),(IV.c)]: Curves of Total charge density (Y-axis) vs Applied voltage (X-

axis) for film thickness 50Å of CuxN sample for different input light intensities i.e. 0W.cm-2, 0.1W.cm-

2, 1W.cm-2 and  10W.cm-2 as represent (I.c), (II.c),(III.c),and (IV.c) respectively. 
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The total charge density refers to the volume charge density, i.e. charge induced in the copper 

nitride semiconductor per unit volume with the application of an external voltage. In metal-

semiconductor junctions, charge carriers have transferred either metal to semiconductor or 

vice versa. The charge has transferred from metal to semiconductor in the case of n-type 

semiconductors and vice versa in the case of p-type semiconductors. A potential barrier is 

created at the metal-semiconductor junction known as a Schottky barrier, and here exists a 

bound charge polarization effect which opposes current flow at the junction. The built-in 

potential plays a major role for the conduction of current in metal-semiconductor junctions. 

The barrier height is dependent on the work function difference between metal and 

semiconductor. This barrier affects the current flow as well as the overall characteristics of 

the junction. The total charge density vs applied voltage characteristics have been studied 

regarding CuxN film thicknesses 50µm, 50nm and 50Å in present context.   When the 

thickness of the film was 50µm, the charge density-applied voltage curve was found to be 

rectifying in nature, i.e. the charge began to be induced after a certain voltage (or cut-in 

voltage), which was at around 1.4V for all light intensities. The charge density vs applied 

voltage curves for the 50μm thin film similar in nature due to similar bound charge 

polarization with a maximum induced charge density of 2x10
23

C.m
-3

 at dark conditions as 

seen from Fig.5.8(A) (I.a.), at 0.1W.cm
-2

 light intensity as seen from Fig.5.8(A) (II.a), at 

1W.cm
-2

 light intensity as seen from Fig.5.8(A) (III.a) and at 10W.cm
-2

 light intensity as seen 

from Fig. 5.8(A) (IV.a) respectively. This bound charge polarization occurred at the metal-

semiconductor junction that opposed the charge flow, and it has been the same with varying 

light intensities in micrometer range thickness. In the case of microstructure at a metal-

semiconductor junction, high density interface states are present, and these states can act as a 

scattering and trapping centres for the charge carriers [61]. Thus, the greater number of 

charge carriers is lost, and the total number of charge density, which is responsible for 

conduction, does not overcome the bound charge polarization at the junction. Therefore, the 

value of charge density in the case of 50µm thickness is the same instead of different light 

intensities. However, once the applied voltage exceeded the cut-in voltage, the bound charge 

polarization could be overcome, and the charge density started varying linearly with the 

applied voltage. The cut-in voltage is a threshold voltage value that the applied voltage must 

exceed for the conduction process to begin, i.e. material resistivity to fall significantly, 

whereas bound charge polarization is the space charge accumulation per unit volume at the 

metal-semiconductor junction. The charge density-applied voltage curve for the 50µm was 

found to remain unaltered with varying light intensity intensity as clear from Fig. 5.8(A) (I.a), 

Fig. 5.8(A) (II.a), Fig. 5.8(A) (III.a), and Fig. 5.8(A) (IV.a) respectively. The dark 

characteristics of the 50nm film displayed initial near linear variation and saturation after 

applied voltage of 1.4V as evident from Fig. 5.8(B) (I.b) whereas the charge density-applied 

voltage curve became almost linear under various luminous irradiation. The maximum 

induced charge density increasing from 10x10
23

C.m
-3

 to 4.5x10
24

C.m
-3

 and finally to 

3x10
25

C.m
-3

 for light intensities of 0.1W.cm
-2

, 1W.cm
-2

 and 10W.cm
-2

 as obtained from Fig. 

5.8(B)(II.b), Fig.5.8(B)(III.b), and Fig. 5.8(B)(IV.b), respectively and finally it displayed 

saturation at positive applied voltage. This is happened in 50 nm film due to negligible bound 

charge polarization at this thickness.  
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The presence of cut-in voltage in the 50μm and its absence in the 50nm thin film could be 

observed which was indicative of the fact that the bound charge polarization at the metal-

semiconductor junction which opposed charge flow fell when the film thickness decreased 

from 50μm to 50nm from Fig.5.8(A)(I.a) and Fig. 5.8(B) (I.b) respectively. This was also 

possibly because the dielectric constant for 50nm film is generally higher for 50µm film 

resulting in greater charge polarization. In nano level thickness, the surface-to-volume ratio is 

high, and thus surface is more controlled and passivated. Therefore, it leads to improved 

impact on surface charge polarization at the metal-semiconductor interface [61]. A further 

reduction in film thickness to 50Å resulted in the same characteristics with a maximum 

charge density of 3x10
23

C.m
-3

 at dark conditions as seen from Fig.5.8(C) (I.c), at 0.1W.cm
-2

 

light intensity as seen from Fig. 5.8(C) (II.c), at 1W.cm
-2

 light intensity as seen from 

Fig.5.8(C) (III.c) and at 10W.cm
-2

 light intensity as seen from Fig.5.8(C) (IV.c) respectively. 

The charge conduction was almost linear at first and then reached saturation after 1.5V at 

dark conditions as seen from Fig.5.8(C) (I.c), at 0.1W.cm
-2

 light intensity as seen from 

Fig.5.8(C) (II.c) and 1W.m
-2

 light intensity as seen from Fig.5.8(C)(III.c) respectively 

whereas saturation was reached much earlier after 1V at 10W.cm
-2

 light intensity as seen 

from Fig.5.8(C)(IV.c) respectively. When film thickness decreased from 50nm to 50Å, the 

energy band spectrum became discrete instead of being continuous. The optical bandgap 

remained at the original level during the continuous energy state, but when the band spectrum 

became discrete, the bandgap became size-dependent. As a result, when film thickness was 

reduced to 50Å then proximity between the free electron and its corresponding hole became 

greater [62] and so more energy was required to separate them, i.e. the more energy required 

for charge induction increased. The increased defects and trap states are present at this 

thickness due to the discrete energy band spectrum, and a greater number of carriers are lost 

here. Therefore, the value of charge density in the case of 50 Å thickness is the same instead 

of different light intensities. So, in a comparison among three different range thicknesses, 

maximum charge density is obtained in 50 nm and minimum in 50µm thickness-based film. 

After studying total charge density vs applied voltage characteristics, the corresponding 

current vs applied voltage characteristics have been cultivated here. The current vs applied 

voltage characteristics at different light intensities (dark condition, 0.1W.cm
-2

, 1W.cm
-2

, and 

10W.cm
-2

) with variation of three different thicknesses, i.e. 50μm, 50 nm and 50 Å have been 

studied in this present context.   

Current (Y-axis) vs Applied Voltage (X-axis) Curves at different light intensities for 50μm, 

50nm and 50Å films have  shown in Fig.5.9(A)[(I.a),(II.a),(III.a),(IV.a)], Fig.5.9(B) 

[(I.b),(II.b), (III.b),(IV.b)], and Fig.5.9(C) [(I.c), (II.c), (III.c), (IV.c)] respectively.   
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Current (Y-axis) vs Applied Voltage (X-axis) Curves at different light intensities with 

variation of film thickness 

For 50µm film thickness: 

  

                              (I.a): At light intensity 0 W.cm
-2

 (Dark Condition) 
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                           (II.a): At light intensity 0.1 W.cm
-2 

 

                             (III.a): At light intensity 1 W.cm
-2 
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                                                                          (IV.a): At light intensity 10 W.cm
-2 

 

For 50 nm film thickness: 

Fig. 5.9(A) [(I.a),(II.a),(III.a),(IV.a)] : Curves of Current (Y-axis) vs Applied voltage (X-axis) for film 

thickness 50µm of CuxN sample for different input light intensities i.e. 0W.cm-2, 0.1W.cm-2, 1W.cm-2 

and 10W.cm-2 as represent  (I.a),(II.a),(III.a), and (IV.a) respectively. 
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                            (I.b): At light intensity 0 W.cm
-2

 (Dark Condition) 

 

                                                           (II.b): At light intensity 0.1 W.cm
-2 



114 
 

                                  (III.b): At light intensity 1 W.cm
-2       

 

                                (IV.b): At light intensity 10 W.cm
-2                                                  
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For 50Å film thickness: 

 

                           (I.c): At light intensity 0 W.cm
-2

 (Dark Condition) 

 

                            (II.c): At light intensity 0.1 W.cm
-2
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                                                               (III.c): At light intensity 1 W.cm
-2 

                                                                       (IV.c): At light intensity 10 W.cm
-2 

 

Fig. 5.9(C) [(I.c),(II.c),(III.c),(IV.c)]: Curves of Current (Y-axis) vs Applied voltage (X-axis) for film 

thickness 50Å of CuxN sample for different input light intensity i.e. 0W.cm-2, 0.1W.cm-2, 1W.cm-2 and 

10W.cm-2 as represent  (I.c),(II.c),(III.c), and (IV.c) respectively. 
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Current-applied voltage (I-V) characteristics of an electronic component are generally used to 

define its operation in an electrical circuit. I-V characteristic curves are used as tools for the 

determination of basic parameters of the component and mathematically model its behaviour 

in a circuit. The I-V characteristics of the 50µm thin film are rectifying and similar in nature 

with the same cut-in voltage of 1.4V due to similar bound charge polarization as seen under 

dark conditions from Fig.5.9(A)(I.a), at 0.1W.cm
-2

 light intensity as seen from 

Fig.5.9(A)(II.a), at 1W.cm
-2

 light intensity as seen from Fig.5.9(A)(III.a) and at 10W.cm
-2

 

light intensity as seen from Fig.5.9(A)(IV.a) respectively. It is also clear that the value of cut-

in voltage as well as corresponding bound charge polarization effect for the 50μm film 

remained the same for varying light intensities because, in the case of micro structure, more 

carriers are lost due to the higher number of trapping centres present at high density interface 

states at the metal-semiconductor junction [61] and thus net charge carriers, which are 

responsible for conduction, do not overcome the bound charge polarization effect. However, 

when the applied voltage exceeded the cut-in voltage then the charge carriers gained 

sufficient energy to overcome the bound charge polarization effect and then current 

conduction has started. These facts about the 50μm film can be observed from Fig.5.9(A) 

(I.a), Fig.5.9(A)(II.a), Fig.5.9(A)(III.a) and Fig.5.9(A)(IV.a) respectively. The I-V 

characteristic of the 50nm thin film at dark conditions was rectifying in nature with a cut-in 

voltage of 1.25V as seen from Fig.5.9(B)(I.b). However, the I-V characteristics became linear 

at 0.1W.cm
-2

 light intensity as seen from Fig.5.9(B)(II.b), at 1W.cm
-2

 light intensity as seen 

from Fig.5.9(B)(III.b) and at 10W.cm
-2

 light intensity as seen from Fig.5.9(B)(IV.b) 

respectively, thus negating the effect of bound charge polarization for all cases. This bound 

charge polarization has been reduced in nano level thickness due to a higher surface-to-

volume ratio, i.e., the surface is more controlled and passivated, and thus greater charges are 

induced in the metal-semiconductor junction. On the other hand, dielectric constant is also 

higher in nanostructure, which induces greater charge polarization at the metal-semiconductor 

interface [61]. In the case of  50 Å thickness, it was evident that the cut-in voltage remained 

the same i.e. 1.25V for dark, 0.1W.cm
-2

 and 1W.cm
-2

 light intensities but decreased to 0.75V 

with an increase in light intensity to 10W.cm
-2

 as observed from Fig.5.9(C)(I.c), 

Fig.5.9(C)(II.c), Fig.5.9(C)(III.c) and Fig.5.9(C)(IV.c) respectively.  The value of cut-in 

voltage has reduced to 0.75V at 10W.cm
-2

 light intensity as observed from Fig.5.9(C)(IV.c), 

implying the charge carriers requiring lesser energy to overcome the electron-hole pair 

binding energy. However, when the film thickness was further reduced to 50Å, the electronic 

band structure became discrete in nature and proximity between electron-hole pair increased 

resulting in requirement of more energy for separation of free charges [62]. Here also a 

greater number of carriers is lost in the trap state due to the discrete energy band spectrum 

which is present at this thickness, and thus the effect of bound charge polarization is also 

present here. Thus, free charge availability remained low, which impeded overall current 

conduction. However, when the applied voltage exceeded the cut-in voltage then the charge 

carriers gained sufficient energy to overcome the electron-hole pair binding energy as well as 

the bound charge polarization effect and then the I-V curve became linear.  

 Recombination pre-factor (Y-axis) vs Excess carrier density (X-axis) Curves at different 

light intensities for 50μm, 50nm and 50Å films have shown in Fig.5.10(A)[(I.a),(II.a), 
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(III.a),(IV.a)], Fig.5.10(B)[(I.b),(II.b),(III.b),(IV.b)], and Fig.5.10(C) [(I.c),(II.c),(III.c),(IV.c)] 

respectively.  

Recombination pre-factor (Y-axis) vs Excess carrier density (X-axis) Curves at different 

light with variation of film thickness 

For 50µm film thickness: 

 

                        (I.a): At light intensity 0 W.cm
-2

 (Dark Condition) 
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                        (II.a): At light intensity 0.1 W.cm
-2

 

 

                         (III.a): At light intensity 1 W.cm
-2 
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                              (IV.a): At light intensity 10 W.cm
-2 

 

For 50 nm film thickness: 

 

Fig. 5.10(A) [(I.a),(II.a),(III.a),(IV.a)]: Curves of Recombination prefactor (Y-axis) vs Excess carrier 

density (X-axis) for film thickness 50µm of CuxN sample for different input light intensities i.e. 

0W.cm-2, 0.1W.cm-2, 1W.cm-2 and 10W.cm-2 as represent (I.a),(II.a),(III.a), and (IV.a) respectively. 
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                                  (I.b): At light intensity 0 W.cm
-2

 (Dark Condition) 

 

                                                             (II.b): At light intensity 0.1 W.cm
-2

 

 

                       (III.b): At light intensity 1 W.cm
-2 
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                                 (IV.b): At light intensity 10 W.cm
-2 

 

For 50Å film thickness: 

 

Fig. 5.10(B) [(I.b),(II.b),(III.b),(IV.b)]: Curves of Recombination prefactor (Y-axis) vs Excess carrier 

density (X-axis) for film thickness 50 nm of CuxN sample for different input light intensities i.e. 

0W.cm-2, 0.1W.cm-2, 1W.cm-2 and 10W.cm-2 as represent (I.b),(II.b),(III.b),and (IV.b)  respectively. 
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                            (I.c): At light intensity 0 W.cm
-2

 (Dark Condition) 

 

                           (II.c): At light intensity 0.1 W.cm
-2

 

 

                              (III.c): At light intensity 1 W.cm
-2 
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                                                                          (IV.c): At light intensity 10 W.cm
-2 

 

Recombination prefactor is an important parameter of an optoelectronic material. The 

recombination prefactor can be recognized as recombination current density at thermal 

equilibrium. However, under external illumination the recombination prefactor can be used to 

express charge carrier recombination. The process of reaction of free electrons and holes is 

known as charge carrier recombination. The rate of recombination can be expressed in two 

alternate forms. First, an empirical expression was developed to express minority carrier 

lifetime as a mathematical function of excess carrier density. and the rate of recombination 

(Rrate) was defined as 

𝑅𝑟𝑎𝑡𝑒 =
𝑊

𝜏
𝛥𝑛 …………………………(9) 

where the W is film thickness, τ is effective minority carrier lifetime and Δn is excessive 

carrier concentration [63] 

The rate of recombination can be expressed as a function of the recombination prefactor as 

[64] 

𝑅𝑟𝑎𝑡𝑒 = 𝑅𝑝
𝑛𝑝

𝑛𝑖
2…………………………(10) 

where np is the product of free electron and hole concentrations and ni
2
 is its normalized 

value  

Fig. 5.10(C) [(I.c),(II.c),(III.c),(IV.c)] : Curves of Recombination prefactor (Y-axis) vs Excess carrier 

density (X-axis) for film thickness 50Å of CuxN sample for different input light intensities i.e. 0W.cm-

2, 0.1W.cm-2, 1W.cm-2 and 10W.cm-2 as represent (I.c),(II.c),(III.c),and (IV.c) respectively. 
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From the two above equations the recombination prefactor can thus be expressed in terms of 

excess carrier concentration as 

𝑅𝑝 = (
𝑛𝑖
2

𝑛𝑝
)(
𝑊

𝜏
)𝛥𝑛 ……………………… (11) 

In case of microstructure when optical radiation was incident upon the CuxN semiconductor, 

then an overwhelming part of the incident radiation was attenuated. Attenuation resulted in 

the radiation being either effectively absorbed or being scattered [65]. The value of 

recombination prefactor was found to be same i.e. 3.5x10
-19

m
-6

.s
-1

for the 50µm thin film at 

dark conditions as seen from Fig.5.10(A) (I.a), at 0.1W.cm
-2

 light intensity as seen from Fig. 

5.10(A)(II.a), at 1W.cm
-2

 light intensity as seen from Fig.5.10(A)(III.a) and at 10W.cm
-2

 light 

intensity as seen from Fig. 5.10(A)(IV.a) respectively. Here maximum excess carrier 

concentration remained 2x10
23

m
-3

 for all light intensities. In the case of microstructure 

recombination takes place due to the presence of more defects and trapping centres at high 

density interface states of metal-semiconductor junctions. The recombination prefactor is 

same for 50µm film in the absence of excess carrier concentration for an increase in light 

intensity from 0.1W.cm
-2

 to 1W.cm
-2

 and 10W.cm
-2

 respectively because here net absorption 

is less, i.e., carrier generation is also less resulted in smaller increase in average carrier 

lifetime [65] as seen from Fig. 5.10(A)(II.a), Fig. 5.10(A)(III.a) and Fig.5.10(A)(IV.a) 

respectively. The recombination prefactor for the 50nm film under dark conditions remained 

zero as seen from Fig.5.10(B)(I.b). While the recombination prefactor for the 50nm film 

gradually increased to 2.8x10
-22

m
-6

.s
-1

 up to an excess carrier concentration value of 

3.5x10
23

m
-3

 and then started gradually decreasing to 1.8x10
-22

m
-6

.s
-1

 for excess carrier 

concentration of 9x10
23

m
-3

 at 0.1W.cm
-2

 light intensity as evident from Fig.5.10(B)(II.b). At 

first, an increase in excess carrier concentration resulted in more recombination and hence a 

higher recombination prefactor, but after excess carrier concentration of 3.5x10
23

m
-3

, the 

increase in charge carriers was so rapid that it resulted in a higher average carrier lifetime and 

reduced recombination, hence a low recombination prefactor for the 50nm film at 0.1W.cm
-2

 

light intensity. The recombination prefactor decreased exponentially from 1.4x10
-22

m
-6

.s
-1

 to 

0.6x10
-22

m
-6

.s
-1 

with an increase in excess carrier density from 1.0x10
24

m
-3

 to 4.5x10
24

m
-3

 at a 

light intensity of 1W.cm
-2

 as seen from Fig.5.10(B)(III.b). The recombination prefactor 

decreased exponentially from 2.0x10
-23

m
-6

.s
-1

 to 1.2x10
-23

m
-6

.s
-1

 with an increase in excess 

carrier density from 1.4x10
25

m
-3

 to 2.8x10
25

m
-3

 at a light intensity of 10W.cm
-2

 light intensity 

as seen from Fig. 5.10(B)(IV.b). This trend of exponential decrease of recombination 

prefactor at 1W.cm
-2

 and 10W.cm
-2

 light intensities is due to increased average carrier 

lifetime and hence reduced recombination at higher light intensities. The value of 

recombination prefactor was overall lower for the 50nm thin film than the 50µm film because 

of more optical absorption and lesser optical scattering for the former and vice versa for the 

latter. On the other hand, lesser defects and trap states are present in nanometer range 

thicknesses because the surface is more controlled and passivated. This has happened due to a 

higher surface-to- volume ratio occurring in the case of nanostructures. Therefore defects, 

grain boundaries and interface recombination have reduced in the case of nanostructure-based 

film [65]. Thus, carrier lifetime has increased as well as reduced recombination. When the 

film thickness was reduced to 50Å, then the value of recombination prefactor was 1.2x10
-
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16
m

-6
.s

-1
 at dark condition as seen from Fig.5.10(C) (I.c),  , 1.2x10

-16
m

-6
.s

-1
 at 0.1W.m

-2
 light 

intensity as seen from Fig.5.10(C)(II.c), 1.2x10
-17

m
-6

.s
-1

 at 1W.m
-2

  light intensity as seen 

from Fig. 5.10(C)(III.c), and 1.2x10
-18

m
-6

.s
-1

 at 10W.m
-2

 light intensity as seen from 

Fig.5.10(C)(IV.c), respectively. When the film thickness was reduced to 50Å, then the 

maximum excess carrier concentration remained 3x10
23

m
-3

 for all light intensities, however 

the recombination prefactor decreased from 1.2x10
-16

m
-6

.s
-1

 to 1.2x10
-17

m
-6

.s
-1

 and 1.2x10
-

18
m

-6
.s

-1
 in the absence of excess carrier concentration for an increase in light intensity from 

0.1W.cm
-2

 to 1W.cm
-2

 and 10W.cm
-2

 respectively because an increase in light intensity 

resulted in increased average carrier lifetime [66] as seen from Fig. 5.10(C)(II.c), 

Fig.5.10(C)(III.c) and Fig.5.10(C)(IV.c) respectively. The recombination prefactor was least 

for the 50nm film and maximum for the 50Å one, while that of the 50μm remained in 

between the two. The recombination prefactor was maximum for the 50Å film because at this 

thickness presence of higher defects and trap states due to discrete energy band structure and 

thus reduces carrier life time as well as increases recombination. On the other hand, in the 

nano range thickness, recombination was least due to lesser defects and trap states. In 

nanometer range thicknesses surface is more controlled and passivated, and thus, lesser 

defects as well as trap states are present here. Therefore, 50nm thickness-based film is the 

optimum in comparison with the other two thickness-based films, such as 50µm and 50Å.  

 Charge carrier generation rate (Y-axis) vs Y-position (X-axis) Curves at different light 

intensities for 50μm, 50nm and 50Å films have shown in Fig.5.11(A)[(I.a),(II.a), 

(III.a),(IV.a)], Fig.5.11(B)[(I.b),(II.b),(III.b),(IV.b)] and Fig.5.11(C)[(I.c),(II.c),(III.c),(IV.c)] 

respectively.   

 

 

 

Charge carrier generation rate (Y-axis) vs Y-position (X-axis) Curves at different light 

intensities with variation of film thickness 

For 50µm film thickness: 



127 
 

 

                                                    (I.a): At light intensity 0 W.cm
-2

 (Dark Condition) 

 

                    (II.a): At light intensity 0.1 W.cm
-2

 



128 
 

 

                         (III.a): At light intensity 1 W.cm
-2 

                                                                     (IV.a): At light intensity 10 W.cm
-2 

 

Fig. 5.11(A) [(I.a),(II.a),(III.a),(IV.a)]: Curves of Charge carrier generation rate (Y axis) vs Y-position  

(X axis) for film thickness 50µm of CuxN sample for different input light intensities i.e.0W.cm-

2,0.1W.cm-2,1W.cm-2 and 10W.cm-2 as represent (I.a),(II.a),(III.a), and (IV.a) respectively. 
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For 50 nm film thickness: 

 

                            (I.b): At light intensity 0 W.cm
-2

 (Dark Condition) 

 

              (II.b): At light intensity 0.1 W.cm
-2

 



130 
 

 

                            (III.b): At light intensity 1 W.cm
-2 

                                                                       (IV.b): At light intensity 10 W.cm
-2 
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For 50Å film thickness: 

 

                              (I.c): At light intensity 0 W.cm
-2

 (Dark Condition) 

 

         (II.c): At light intensity 0.1 W.cm
-2
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         (III.c): At light intensity 1 W.cm
-2 

 

                                                                     (IV.c): At light intensity 10 W.cm
-2
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Generation of a free electron in the conduction band of a semiconductor results in the 

formation of a corresponding electron vacancy i.e. an equivalent positive charge or hole in its 

valence band. It was clear from the above characteristic curves that the generation rate of free 

electrons and holes (i.e. charge carriers) generated increased with an increase in light 

intensity for CuxN films of all thickness. The charge carrier generation rate is defined as the 

rate of electron-hole pair formation in a semiconducting material per unit volume and time. 

For the 50µm film, the maximum charge carrier generation rate was 4x10
28

m
-3

s
-1

 at 0.1W.cm
-

2
 light intensity as seen from Fig.5.11(A)(II.a). The maximum carrier generation rate 

increased to 4x10
29

m
-3

s
-1

 and then finally to 4x10
30

m
-3

s
-1

 with an increase in light intensity 

from 1W.cm
-2

 as seen from Fig.5.11(A)(III.a) to 10W.cm
-2

 as seen from Fig. 5.11(A)(IV.a) 

respectively. For the 50µm film, carriers were found to be generated at the y=0µm plane for 

all light intensities as evident from Fig.5.11(A)(II.a), Fig. 5.11(A) (III.a) and 

Fig.5.11(A)(IV.a) respectively. The maximum charge carrier generation rate for the 50nm 

film was 2.5x10
34

m
-3

s
-1

 at y=50nm position at 0.1W.cm
-2

 light intensity as seen from 

Fig.5.11(B)(II.b), 2.5x10
35

m
-3

s
-1

 at y=50nm position at 1W.cm
-2

 light intensity as seen from 

Fig.5.11(B)(III.b) and 2.5x10
36

m
-3

s
-1

 at y=50nm position at 10W.cm
-2

 light intensity as seen 

from Fig.5.11(B)(IV.b) respectively. The charge generation rate remained zero up to the 

y=30nm position and then started increasing exponentially with a maximum value at y=50nm 

position i.e. at the surface of the film at all light intensities. The maximum charge carrier 

generation rate for the 50Å film was 3.5x10
29

m
-3

s
-1

 at 0.1W.cm
-2

 light intensity as seen from 

Fig.5.11(C)(II.c), 3.5x10
30

m
-3

s
-1

 at 1W.cm
-2

 light intensity as seen from Fig.5.11(C)(III.c) and 

3.5x10
31

m
-3

s
-1

 
 
at 10W.cm

-2
 light intensity as seen from Fig.5.11(C)(IV.c) respectively. The 

carrier generation rate increased parabolically from y=0Å position to y=50Å position and was 

maximum at the surface of the semiconductor for all light intensities. At a particular light 

intensity, the maximum carrier generation rate was observed for the 50nm thin film, while the 

least was observed for the 50µm thin film. The carrier generation rate was lowest for the 

50μm film because the light incident upon that film got scattered and net light absorption was 

low in this case. The carrier generation was lower in the 50Å film as compared to the 50nm 

one because of higher electron-hole binding energy in the former as compared to the latter. 

The carrier generation is maximum in 50nm film because higher absorption of light since 

greater surface-to-volume ratio compare to others.  

Various photoconductive parameters obtained by software simulation for 0.6(M) CuxN thin 

films of different thicknesses are mentioned in Table 5.2 given below. 

Table 5.2: Simulation Results of CuxN film of Photoconductive Analysis 

     Parameters     

 

 

 

Sample 

Thickness 

Charge Density 

(C.m
-3

) 

Cut-in Voltage 

(V) 

Recombination 

Prefactor 

(m
-6

.s
-1

) 

Carrier 

Generation 

Rate 

(m
-3

.s
-1

) 

50µm 2x10
23

 1.4 3.5x10
-19

 4x10
30

 

50nm 3x10
25

 1.25 1.2x10
-23

 2.5x10
36
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50Å 3x10
23

 1.25 1.2x10
-18

 3.5x10
31

 

The photoconductive parameters (i.e. charge density, cut-in voltage, recombination prefactor 

and carrier generation rate) of the simulated CuxN semiconductor of varying thickness i.e. 

50µm, 50nm and 50Å are mentioned in Table 5.2. The values of charge density, cut-in 

voltage, recombination prefactor and carrier generation rate of the 50µm thin film were 

2x10
23

C.m
-3

, 1.4V, 3.5x10
-19

m
-6

.s
-1

 and 4x10
30

m
-3

.s
-1

 respectively. The values of charge 

density, cut-in voltage, recombination prefactor and carrier generation rate of the 50nm thin 

film were 3x10
25

C.m
-3

, 1.25V, 1.2x10
-23

m
-6

.s
-1

 and 2.5x10
36

m
-3

.s
-1

 respectively. The values of 

charge density, cut-in voltage, recombination prefactor and carrier generation rate of the 50Å 

thin film were 3x10
23

C.m
-3

, 1.25V, 1.2x10
-18

m
-6

.s
-1

 and 3.5x10
31

m
-3

.s
-1

 respectively. The 

highest charge density, carrier generation rate and lowest recombination prefactor were 

observed for the 50nm thin film indicating maximum available free charge carriers and hence 

the best photoconductive performance compared to others. Thus 50 nm thickness is the 

optimum thickness and it has been considered to be used in photovoltaic applications in this 

present work.  

5.3.3 Comparative Study of Photoconductive parameters of simulated 

CuxN film with conventional thin film semiconducting materials 

The photoconductive parameters of the simulated 50nm CuxN thin film are compared with 

the experimental results of conventional semiconducting materials, as shown in Table 5.3. 

Table 5.3: Photoconductive Parameters of Simulated 0.6(M) CuxN (50nm thickness) film: 

Comparison with Conventional Semiconducting Material 

     Parameters    

 

 

Semi- 

conducting 

Materials 

Charge Density 

(C.m
-3

) 

Cut-in Voltage 

(V) 

Recombination 

Prefactor 

(m
-6

.s
-1

) 

Carrier 

Generation 

Rate 

(m
-3

.s
-1

) 

CuxN(50nm) 

(Simulated) 

3x10
25

 1.25 1.2x10
-23

 2.5x10
36

 

Si 1x10
16

 [67] 0.6 [68] 2x10
-22

 [69] 2.86x10
27

[70] 

CdTe 5x10
14

 [71] 0.8 [72] 1.1x10
-21

 [73] 7x10
30

 [74] 

GaAs 2.1x10
15

 [75] 1.2 [76] 7.2x10
-19

 [77] 1.2x10
28

 [70] 

 

Silicon is the most abundant optoelectronic material currently used, while CdTe is a very 

efficient II-VI semiconductor and GaAs is a prominent III-V semiconductor. The values of 

charge density, cut-in voltage, recombination prefactor and carrier generation rate of the 

50nm thin film were 3x10
25

C.m
-3

, 1.25V, 1.2x10
-23

m
-6

.s
-1

 and 2.5x10
36

m
-3

.s
-1

 respectively. 

The experimental values of charge density, cut-in voltage, recombination prefactor and carrier 

generation rate of Si were 1x10
16

C.m
-3

, 0.6V, 2x10
-22

m
-6

.s
-1

 and 2.86x10
27

m
-3

.s
-1

 respectively. 

The experimental values of charge density, cut-in voltage, recombination prefactor and carrier 
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generation rate of CdTe were 5x10
14

C.m
-3

, 0.8V, 1.1x10
-21

m
-6

.s
-1

 and 7x10
30

m
-3

.s
-1

 

respectively. The experimental values of charge density, cut-in voltage, recombination 

prefactor and carrier generation rate of GaAs were 2.1x10
15

C.m
-3

, 1.2V, 7.2x10
-19

m
-6

.s
-1

 and 

1.2x10
28

m
-3

.s
-1

 respectively. It can be observed from Table 5.3 that the charge density and 

carrier generation rate of the simulated CuxN thin film of 50nm thickness were significantly 

higher while its recombination prefactor was lower than those of other conventional 

semiconductors thereby making CuxN a promising semiconducting material for 

photoconductive applications. The detailed photoconductive analysis involving variation of 

thin film thickness in different units (i.e. 50 µm, 50 nm and 50 Å) is complicated while 

performing practical experimentation. However, performing the same analysis using the 

current technique produces accurate results compatible with practical ones and can be 

adopted instead of practical photoconductive performance analysis. 

5.3.4 Study of Photovoltaic Characteristics  

The optoelectronics characteristics of a photovoltaic cell formed by using the fabricated 0.6 

(M) CuxN optimized annealed film first as an absorber layer (50nm thickness) and then as a 

window layer (20nm) have been obtained by performing computer simulations using Oghma 

Nano software. 

The theory of the photovoltaic effect is used to predict the characteristics of a semiconductor 

which would operate with an optimum efficiency as a photovoltaic solar energy converter. 

The existence of such an optimum material results from the interaction between the optical 

properties of the semiconductor which determine what fraction of the solar spectrum is 

utilized and its electrical properties which determine the maximum efficiency of conversion 

into electricity. Considerable attention is devoted to the effect of the forbidden energy gap 

(Eg) of the semiconductor. It is shown that atmospheric absorption causes a shift in the solar 

spectrum which changes the value of the optimum forbidden energy gap between the limits 

1.2 eV< Eg< 1.6 eV. The light is absorbed by the semiconducting material when the incident 

photon energy is greater than or equal to the band gap energy of a material. Thus, the 

bandgap of a semiconducting material is a very important parameter for photovoltaic 

applications. The high optical band gap of a material signifies only high-energy photons can 

be absorbed to excite electrons and lower-energy photons with less energy than the band gap 

pass straight through the material, leading to less of the solar spectrum being utilized as well 

as reduced efficiency. On the other hand, low band gap materials allow for the absorption of a 

wider range of photons, including lower-energy ones. However, if the photon energy is much 

higher than the band gap, the excess energy is quickly lost as heat energy. This phenomenon 

significantly reduces the energy that can be converted into electricity. Thus, the optimum 

band gap should be chosen such that it can absorb a significant portion of the solar spectrum 

while minimizing energy loss from high-energy photons. The optimum band gap for 

crystalline Si solar cells lies between 1.1 to 1.5 eV. The generation of photo-voltage depends 

on the fermi energy difference of the n-type and p-type sides of the junction. If considered, 

the values of the electron affinity of the n-type and p-type sides are almost the same, then the 

fermi energy difference (as well as the photo-voltage) of the p-n junction depends on the band 

gaps of the pair of the heterojunction. It has been observed that the increased band gaps (up to 
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an optimum limit) of a pair of heterojunctions increase the efficiency. However, photon 

energy with a value lower than the band gap cannot produce photo-voltage. The rate of 

change of drift velocity of the carriers with respect to. the rate of change of the electric field 

is called mobility. This electric field is produced due to built-in potential generated at the 

space charge region of the p-n junction of the cell. When photon energy is absorbed by the 

cell, then excess electron-hole pairs are generated, and these excess carriers produce current. 

The generated excess carriers separate and produce current through the circuit by the 

influence of the electric field at the space charge region. The recombination of the carriers 

may occur due to defects and impurities in the material. The recombination can reduce short-

circuit current density as well as overall efficiency of the photovoltaic cell.  If the mobility of 

the carriers is high, then charge carriers reach the electrodes faster, which reduces 

recombination and increases power output as well as efficiency.  On the other hand, low 

carrier mobility results in lower current, reduced power output, and lower efficiency due to 

increased recombination losses [77.(1)]. 

When CuxN was used as the absorber layer of a photovoltaic cell, then a semiconductor 

having an optical bandgap greater than that of CuxN i.e. 1.75eV [78] was employed as its 

window layer. In the present work, CdS having a bandgap 2.42eV [79] and ZnO having a 

bandgap of 3.3eV [80] were used as window layers respectively for allowing electromagnetic 

radiation up to visible range to be transmitted into the absorber layer. The schematic 

representation of solar cells with CuxN as absorber layer with CdS and ZnO window layers 

under 1 Sun light intensity are shown in Fig. 5.12.a and Fig. 5.12.b respectively. 

   

 

 

 

 

When CuxN was used as the window layer of a photovoltaic cell, then a semiconductor 

having an optical bandgap less than that of CuxN i.e. 1.75eV was employed as the cell‟s 

absorber layer. Here PbSe having a bandgap of 0.27eV [81] and InAs having a bandgap of 

Fig. 5.12.b: ZnO (window layer)-CuxN 

(absorber layer) based solar cell under 

1Sun light intensity 

Fig. 5.12.a: CdS (window layer)-CuxN 

(absorber layer) based solar cell under 

1Sun light intensity 
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0.36eV [82] were used as absorber layers respectively for effectively producing charge 

carriers. The schematic representation of solar cells with CuxN as window layer with PbSe 

and InAs absorber layers under 1Sun
 
light intensity are shown in Fig. 5.13.a and Fig. 5.13.b 

respectively. 

  

 

 

 

Indium tin oxide (ITO) and silver (Ag) were used as front contact and back contact of the 

solar cells respectively. The thickness of the window layer, absorber layer and contact layers 

were maintained at 20nm, 50nm and 10nm respectively. The detailed photovoltaic 

characteristics have been studied here by considering CuxN as an absorber layer in which 

CdS and ZnO act as a window layer, whereas CuxN acts as a window layer in which PbSe 

and InAs act as absorber layers. Finally, the optimum performance of CuxN, either as an 

absorber or window layer, has been determined in this present study. 

The photovoltaic performances of the fabricated optimized CuxN film are described here. The 

total charge density vs applied voltage, current vs applied voltage, recombination prefactor vs 

excess carrier density, and charge carrier generation rate vs Y-position characteristics have 

been studied of CuxN based solar cells with various inorganic semiconductors at 1Sun light 

intensity. 

The Total charge density (Y-axis) vs Applied voltage (X-axis) characteristics are shown in 

Figs. 5.14 [(a), (b), (c), (d)].  

 

 

 

 

Fig. 5.13.a: CuxN (window layer) -PbSe 

(absorber layer) based solar cell under 

1Sun light intensity 

Fig. 5.13.b: CuxN (window layer) -

InAs (absorber layer) based solar cell 

under1Sun light intensity 
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Total charge density (Y-axis) vs Applied voltage (X-axis) characteristics of CuxN based 

solar cells with various inorganic semiconductors  

 

                          (a): CdS(window)-CuxN(absorber) Solar Cell 

 

                               (b): ZnO(window)-CuxN(absorber) Solar Cell 
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                            (c): CuxN(window)-PbSe (absorber) Solar Cell 

 

                              (d): CuxN(window)-InAs(absorber) Solar Cell 

 

Fig. 5.14 [(a),(b),(c),(d)]: Total charge density (Y-axis) vs Applied voltage (X-axis) characteristics of 

CuxN based solar cells with various inorganic semiconductors at 1 Sun light intensity as represent (a), 

(b), (c) and (d) respectively. 
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The total charge density refers to the density of charges consisting of free electrons in the n-

type semiconductor and holes in the p-type semiconductor of a solar cell. The total charge 

density is the charge accumulated per unit volume of a solar cell. The total charge density in a 

PV cell is dependent upon several factors like incident light intensity, absorber layer 

thickness, surface properties, mobility of charge carriers, carrier lifetime etc. The total charge 

density in a solar cell arises due to the presence of capacitance. Solar cell capacitance is 

contributed by mainly three factors: chemical capacitance arising from the response of charge 

carriers to an external optical or electrical perturbation, geometrical capacitance dependent 

upon the type and thickness of electrodes and solar cell architecture and capacitance 

contribution due to window and absorber layers [83, 84]. The nature of the total charge 

density vs applied voltage characteristics for the CdS-CuxN, CuxN-PbSe, CuxN-InAs solar 

cells is found to be similar. The total charge density vs applied voltage curve of the CdS-

CuxN solar cell is described in Fig.5.14. (a). The charge density first increases linearly at a 

slower rate to 0.6x10
24

C.m
-3

 with an increase in applied voltage from 0V to 0.5V. Then 

another linear increment in total charge density at a faster rate was observed from 

0.6x10
24

C.m
-3

 to 1.2x10
24

C.m
-3

 with a corresponding increase in applied voltage from 0.5V 

to 1.0V followed by saturation at beyond applied voltage of 1.0V and finally reached at 

1.4x10
24

C.m
-3

.The total charge density vs applied voltage curve of the ZnO-CuxN solar cell is 

described in Fig.5.14.(b). The charge density first decreased linearly from 0.7x10
24

C.m
-3

 to 

0.6x10
24

C.m
-3

 with an increase in applied voltage from 0V to 0.7V. Then a linear increase in 

charge density from 0.6x10
24

C.m
-3

 to 0.7x10
24

C.m
-3

 at a slower rate was observed with an 

increase in applied voltage from 1.0V to 1.5V. Then another linear increase in charge density 

but at a faster rate from 0.7x10
24

C.m
-3

 to 1.2x10
24

C.m
-3

 was observed with a corresponding 

increase in applied voltage from 1.5V to 2.0V beyond which saturation was reached. The 

total charge density vs applied voltage curve of the CuxN-PbSe solar cell is described in 

Fig.5.14.(c). The charge density first increased linearly at a slower rate from 0 C.m
-3

 to 

3x10
23

C.m
-3

 with a corresponding increase in applied voltage from 0V to 0.5V, followed by 

another linear increase in total charge density at a fast rate from 3x10
23

C.m
-3

 to 6x10
23

C.m
-3

 

with a rise in applied voltage from 0.5V to 1.0V and then finally saturation beyond 1.0V and 

finally reached at 7x10
23

C.m
-3

. The total charge density vs applied voltage curve of the CuxN-

InAs solar cell is described in Fig.5.14.(d). The charge density first increased linearly at a 

slower rate from 3x10
23

C.m
-3

 to 4x10
23

C.m
-3

 with an increase in applied voltage from 0V to 

0.5V, followed by a further linear increase of total charge density at a faster rate from 

4x10
23

C.m
-3

 to 7x10
23

C.m
-3

 with an increase in applied voltage from 0.5V to 1.0V and then 

finally saturation beyond the applied voltage of 1.0V and finally reached at 8x10
23

C.m
-3

. The 

maximum charge density was highest for the CdS-CuxN solar cell, i.e., 1.4x10
24

C.m
-3

 

followed by the ZnO-CuxN solar cell, i.e., 1.2x10
24

C.m
-3

, the CuxN-InAs solar cell, i.e., 

8x10
23

C.m
-3

, and the CuxN-PbSe solar cell, i.e., 7x10
23

C.m
-3

. The charge accumulation was 

thus higher in solar cells with CuxN as an absorber layer than in the cells with CuxN as a 

window layer. Current (Y-axis) vs Applied voltage (X-axis) characteristics are shown in 

Figs.5.15 [(a), (b), (c), (d)]. 

Current (Y-axis) vs Applied voltage (X-axis) characteristics of CuxN based solar cells 

with various inorganic semiconductors  



141 
 

 

                             (a): CdS(window)-CuxN(absorber) Solar Cell 

 

 

                              (b): ZnO(window)-CuxN(absorber) Solar Cell 
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                            (c): CuxN(window)-PbSe(absorber) Solar Cell 

 

                                (d): CuxN(window)-InAs(absorber) Solar Cell 

 

Fig. 5.15 [(a), (b), (c), (d)]: Current (Y-axis) vs Applied voltage (X-axis) characteristics of CuxN based 

solar cells with various inorganic semiconductors at 1Sun light intensity as represent (a), (b), (c) and 

(d) respectively. 
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The current-voltage (I-V) characteristic of a PV cell is basically a plot of all plausible 

working points within any suitable range. The I-V curve of a solar cell is basically a graphical 

representation of a solar cell operation. The I-V characteristics generally define the 

functionality of a solar cell at existing conditions of the environment and material 

characteristics in which the cell operates i.e. irradiance, temperature, material properties, cell 

design etc. The current-voltage characteristics in solar cells are generally rectifying in nature 

[85, 86]. The current-voltage (I-V) characteristics have been studied by considering CuxN as 

an absorber as well as window layers with various inorganic semiconductors in this present 

text. The I-V characteristics of the CdS-CuxN solar cell are mentioned in Fig.5.15.(a) from 

which it can be identified that after a cut-in voltage of 0.8V, the characteristics became linear 

in nature. From the I-V characteristics of the ZnO-CuxN solar cell in Fig.5.15.(b) it was clear 

that after a cut-in voltage of 1V, the characteristics became linear in nature. The I-V 

characteristics of the CuxN-PbSe solar cell are mentioned in Fig.5.15.(c) from which it was 

clear that the characteristics became linear after a cut-in voltage of 1.6V. The I-V 

characteristics of the CuxN-InAs solar cell are mentioned in Fig.5.15.(d) from which it was 

clear that the characteristics became linear after a cut-in voltage of 1.6V. The obtained I-V 

characteristics of the simulated solar cells were also found to be rectifying in nature. The 

current increases linearly with applied voltage after a certain threshold voltage known as cut-

in voltage. The I-V characteristics specify the performance of a solar cell and the cell is 

turned on in the conduction mode after overcoming its cut-in voltage. The cut-in voltages of 

the cells with CuxN as the absorber layer were found to be much lower than the ones with 

CuxN as the window layers. The cut-in voltage of the CdS-CuxN cell was the lowest i.e. 0.8V 

as obtained from Fig. 5.15.(a) while that of the ZnO-CuxN cell was slightly higher i.e. 1V as 

obtained from Fig. 5.15.(b). The cut-in voltages of the two cells with the CuxN window layer 

were 1.6V as obtained from Fig.5.15.(c) and Fig.5.15.(d). The lowest cut-in voltage for the 

CdS-CuxN cell means that charge carriers in the cell required the least energy for achieving 

linear current conduction followed by the ZnO-CuxN cell and the maximum cut-in voltage for 

CuxN-PbSe and CuxN-InAs cells. The cut-in voltage was lower for the simulated solar cells 

with CuxN as an absorber layer than the ones with CuxN as a window layer. The cut-in 

voltage was minimum for the CdS-CuxN solar cell. The I-V characteristics of the simulated 

solar cells with CuxN as a window layer where PbSe and InAs act as absorber layers were 

similar in nature, with the same values of cut-in voltages, i.e., 1.6V. Thus, it can be concluded 

from the analysis of I-V characteristics that CuxN is more suitable for functioning as an 

absorber layer than the window layer of a solar cell.  

 Recombination prefactor vs Excess carrier density characteristics are shown in Figs.5.16 

[(a), (b), (c), (d)]. 

 

  

Recombination prefactor vs Excess carrier density characteristics of CuxN based solar 

cells with various inorganic semiconductors  
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                            (a): CdS(window)-CuxN(absorber) Solar Cell 

 

                             (b): ZnO(window)-CuxN(absorber) Solar Cell 
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                         (c): CuxN(window)-PbSe(absorber) Solar Cell 

 

                        (d): CuxN(window)-InAs(absorber) Solar Cell 

 

Fig.5.16[(a),(b),(c),(d)]: Recombination pre-factor (Y-axis) vs Excess carrier density (X-axis) 

characteristics of CuxN based solar cells with various inorganic semiconductors at 1Sun light intensity 

as represent (a), (b), (c) and (d) respectively.  
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Recombination in a solar cell result in the restoration of the non-equilibrium photogenerated 

free electron-hole pair population to its thermal equilibrium magnitude. Recombination in 

solar cells may be radiative or non-radiative in nature. Radiative recombination involves 

recombination of a free electron from the conduction band, and a hole in the valence band 

resulting in a decrease in electron energy level and a consequent photon emission. Non-

radiative recombination involves dissipation of photogenerated carrier energy not by photon 

emission but by increasing the vibrational energy level of another charge carrier [87]. 

Recombination in solar cells results in increased voltage loss. Recombination prefactor is a 

measure of carrier recombination (both radiative and non-radiative) and hence a parameter of 

voltage loss analysis providing critical insights into energy conversion in solar cells [88]. 

Lower recombination prefactor results in enhancement of optical response by suppression of 

surface recombination velocity [89]. The recombination prefactor vs excess carrier density 

characteristics have been studied by considering CuxN as an absorber as well as window 

layers with various inorganic semiconductors in this present text. The recombination 

prefactor vs excess carrier density characteristics of the CdS-CuxN solar cell are mentioned in 

Fig.5.16.(a) with a recombination prefactor of 8x10
-16

m
-6

.s
-1

. The recombination prefactor vs 

excess carrier density characteristics of the ZnO-CuxN solar cell are mentioned in 

Fig.5.16.(b) with a recombination prefactor of 1.75x10
-16

m
-6

.s
-1

. The recombination prefactor 

vs excess carrier density characteristics of the CuxN-PbSe solar cell are mentioned in 

Fig.5.16.(c) with a recombination prefactor of 1x10
-14

m
-6

.s
-1

. The recombination prefactor vs 

excess carrier density characteristics of the CuxN-InAs solar cell are mentioned in Fig.5.16. 

(d) with a recombination prefactor of 9x10
-15

m
-6

.s
-1

. When charge carriers flow from their 

point of generation to a site of high recombination in a solar cell, then the recombination 

prefactor increases resulting in a decrease in carrier lifetime and photocurrent density 

respectively which alters solar cell operation from equilibrium. Recombination prefactor was 

lowest for the CdS-CuxN solar cell, i.e., 8x10
-16

m
-3

.s
-1

, as obtained from Fig.5.16.(a) whereas 

slightly higher in ZnO-CuxN, i.e., 1.75x10
-16

m
-3

.s
-1

 as obtained from Fig.5.16.(b) followed by 

CuxN-InAs, i.e., 9x10
-15

m
-3

.s
-1

 as obtained from Fig.5.16.(d) and highest for CuxN-PbSe, 

i.e.,1.0x10
-14

 m
-3

.s
-1

 as obtained from Fig.5.16.(c). The recombination prefactor for all four 

simulated solar cells was recorded when excess carrier density was zero. However, in the 

presence of excess carrier density, the recombination prefactor of all four simulated solar 

cells was reduced to zero i.e. indicating increased carrier lifetime and hence sustained 

conduction. The recombination prefactor was lowest for the CdS-CuxN solar cell and highest 

for the CuxN-PbSe cell. It was also evident that recombination prefactors of the simulated 

solar cells with CuxN as the absorber layer were much less than the ones with CuxN as the 

window layer respectively. Thus, it can be concluded that solar cells with CuxN as an 

absorber layer must exhibit low recombination with better short-circuit current density and 

power conversion efficiency. 

Charge carrier generation rate vs Y-position characteristics are shown in Figure 5.17 [(a), (b), 

(c), (d)].  
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Charge carrier generation rate vs Y-position characteristics of CuxN based solar cells 

with various inorganic semiconductors  

 

                            (a): CdS(window)-CuxN(absorber) Solar Cell 

 

                  (b): ZnO(window)-CuxN(absorber) Solar Cell 
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                  (c): CuxN(window)-PbSe(absorber) Solar Cell 

                                                               (d): CuxN(window)-InAs(absorber) Solar Cell 

 

Fig.5.17[(a),(b),(c),(d)]: Charge carrier generation rate (Y-axis) vs Y-position (X-axis) characteristics 

of CuxN based solar cells with various inorganic semiconductors at 1Sun light intensity as represent 

(a), (b), (c) and (d) respectively.  



149 
 

Charge carrier (free electron and hole) generation occurs due to the absorption of the visible 

spectrum of light incident upon solar cells. The charge carrier generation rate in a solar cell is 

defined as the concentration of charge carriers per unit volume of the solar cell per unit time. 

The charge carrier generation rate of a PV cell depends on several factors, such as incident 

photon energy, thickness and absorption coefficient of the material, band gap of the window 

as well as absorber layers etc. The charge carrier generation vs Y-position characteristics 

have been studied by considering CuxN as an absorber as well as window layers with various 

inorganic semiconductors in this present text. The charge carrier generation rate vs Y-position 

of the simulated CdS-CuxN solar cell was found to be different from those of the remaining 

three simulated cells. The carrier generation rate of the CdS-CuxN cell first increased to  

1.75x10
28

m
-3

s
-1

at y=15nm, declined exponentially to zero at y=30nm, then increased to a 

maximum i.e. 3.5x10
28

m
-3

s
-1

and finally decreased to zero exponentially as obtained from 

Fig.5.17.(a). The carrier generation rate of the ZnO-CuxN solar cell reached a maximum 

value i.e. 2.0x10
28

m
-3

s
-1

at y=30nm and then decreased exponentially to zero as obtained from 

Fig.5.17.(b). The characteristics of the CuxN-PbSe and CuxN-InAs cells were found to be 

exactly identical i.e. they reached a maximum value of 2.0x10
27

m
-3

s
-1

at y=10nm and then 

decreased exponentially to zero as obtained from Fig.5.17.(c) and Fig.5.17.(d) respectively. 

The maximum carrier generation rate was thus highest for the CdS-CuxN solar cell, i.e., 

3.5x10
28

m
-3

s
-1

, followed by that of the ZnO-CuxN cell, i.e., 2.0x10
28

m
-3

s
-1

, and least for the 

CuxN-PbSe and CuxN-InAs cells, i.e.,2.0x10
27

m
-3

s
-1

. 

Absorption of photons in solar cells results in electrons gaining sufficient energy to transit 

from the valence band to the conduction band, thus leaving behind a hole in the valence band 

and giving rise to charge carriers. The generation of this excess electron-hole pair creates 

current and work done by the charge carriers creates voltage. The simultaneous presence of 

voltage and current gives rise to electric power in the solar cell. The charge carrier generation 

rate was maximum for the CdS-CuxN solar cell, followed by the ZnO-CuxN solar cell and 

minimum for both the CuxN-PbSe and CuxN-InAs solar cells respectively. The charge carrier 

generation rate was higher for the solar cells with CuxN as the absorber layer than for the 

ones with CuxN as the window layer. 

The open circuit voltage (VOC), short circuit current density (JSC), voltage (Vm) and current 

density (Jm) at maximum power, maximum cell power (Pm), fill factor (FF) and power 

conversion efficiency (η) of two solar cells with CuxN as the absorber layer and CdS, ZnO as 

window layers and the other two with CuxN as the window layer and PbSe, InAs as absorber 

layers respectively are mentioned in Table 5.4 given below. 
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Table 5.4: Simulation Results of Photovoltaic Analysis 

Sl. 

no. 

Role  

of CuxN 

Solar 

Cell 

Type 

VOC 

(V) 

   JSC 

(mA/cm
2
)  

Vm 

(V) 

   Jm 

(mA/cm
2
) 

    Pm 

(mW/cm
2
) 

FF η  

(%) 

 

1 Absorber 

Layer 

CdS-

CuxN  

0.592 17.748 0.567 15.753 8.932 0.85 8.93 

2 ZnO-

CuxN 

0.578 9.846 0.549 9.123 5.009 0.88 5.01 

3 Window 

Layer 

CuxN-

PbSe 

0.562 7.547 0.528 6.589 3.479 0.82 3.48 

4 CuxN-

InAs 

0.567 7.849 0.537 6.88 3.695 0.83 3.69 

 

The role of CuxN semiconducting material in photovoltaic applications and the performance 

parameters of CuxN-based solar cells have been summarized in Table 5.4. Here simulations 

were performed considering CuxN as absorber and window layers respectively. When CuxN 

was considered the absorber layer then CdS and ZnO were chosen as window layers whereas 

PbSe and InAs were chosen as absorber layers when CuxN was considered the window layer 

respectively. It is clear from Table 5.4 that all electrical parameters except fill factor were 

highest for the CdS-CuxN solar cell. This can be explained by the fact that the best current-

voltage characteristics with the lowest cut-in voltage (i.e. 0.8Volt) were obtained for the CdS-

CuxN solar cell i.e. the CdS-CuxN solar cell switched on to the conduction mode faster than 

the other solar cells considered. Additionally, it can be said that the CdS-CuxN solar cell has 

exhibited the lowest recombination prefactor (i.e. 8x10
-16

m
-6

.s
-1

) and highest charge carrier 

generation rate (i.e. 3.5x10
28

m
-3

.s
-1

) with a higher carrier lifetime leading to the highest 

maximum current density (i.e.15.753 mA/cm
2
) and hence the highest photoconversion 

efficiency (i.e. 8.93%). The ZnO-CuxN solar cell showed the second-best photoconversion 

efficiency (i.e. η=5.01%) but was significantly lower than that of the CdS-CuxN solar cell 

(i.e. η=8.93%) because of the higher cut-in voltage (i.e.1Volt) as well as recombination 

prefactor (i.e. 1.75x10
-16

m
-6

.s
-1

) and lower carrier generation rate (i.e. 2.0x10
28

m
-3

) than the 

CdS-CuxN solar cell. However, the fill factor was highest for the ZnO-CuxN solar cell (i.e. 

FF=0.88) i.e. this cell was found to operate closest to ideality. The solar cells with CuxN as 

window layer were underperforming compared to those with CuxN as an absorber layer. The 

maximum current density (i.e. 6.88 mA/cm
2
) and efficiency of the CuxN-InAs solar cell (i.e. 

η=3.69%) were slightly higher than the short-circuit current density (i.e. 6.589 mA/cm
2
) and 

efficiency (i.e. η=3.48%) of the CuxN-PbSe cell because of the slightly lower recombination 

prefactor in the former (i.e. 9x10
-15

m
-6

.s
-1

) than the latter (i.e. 1x10
-14

m
-6

.s
-1

). The total charge 

density in the CuxN-InAs cell (i.e.8x10
23

C.m
-3

) was also slightly higher than that in the 

CuxN-PbSe cell (i.e.7x10
23

C.m
-3

) further contributing to slightly higher maximum current 

density and solar cell efficiency in the former as compared to the later. However, the power 

conversion efficiency of the solar cells with CuxN as the window layer was much lower than 

that of the cells with CuxN as the absorber layer. Hence it can be inferred that CuxN is more 

suitable as an absorber layer than the window layer of a solar cell, and the performance of the 



151 
 

solar cell with CuxN as the absorber layer and CdS as the window layer was found to be the 

best among all the four simulated solar cells. 

5.3.5 Comparative Study of photovoltaic parameters of simulated CuxN 

based cell with conventional thin film solar cell materials   

The parameters of the simulated CdS-CuxN solar cell are compared with the experimental 

results of conventional solar cells with CdS as a window layer, as shown in Table 5.5. 

Table 5.5: Solar Cell Parameters of Simulated CdS-CuxN based Cell: Comparison with 

Conventional CdS based Solar Cells  

       Solar  

        Cell     

        Para-   

          meters   

 

Solar 

Cell 

Type 

 

 

VOC 

(V) 

 

   JSC 

(mA/cm
2
) 

 

Vm 

   (V) 

 

Jm 

(mA/cm
2
) 

 

    Pm 

(mW/cm
2
) 

 

   FF 

 

    η  

   (%) 

CdS-CuxN 

(Simulated) 

 

0.592 17.748 0.567 15.753 8.932 0.85 8.93 

CdS-Cu2S  

[90] 

 

0.516 19.3 0.39 18.2 7.098 0.71 7.09 

CdS-PbS  

[91] 

 

0.29 14 0.16 9.2 1.472 0.36 1.47 

CdS-CdTe 

[92] 

 

0.82 25.6 0.6 23 13.85 0.66 13.8 

CdS-SnS 

[93] 

 

0.346 20.53 0.296 14.42 4.26 0.60 4.2 

CdS-ZnO 

[94] 

 

0.77 4.65 0.55 2.22 1.21 0.34 1.2 

 

The solar cell parameters of the simulated CdS-CuxN thin film were compared to those of 

conventional CdS-based solar cells (CdS-Cu2S, CdS-PbS, CdS-CdTe, CdS-SnS, and CdS-

ZnO solar cells) as shown in Table5.5. The values of maximum voltage, maximum current 

density, maximum power density, fill factor and efficiency of the simulated CdS-CuxN solar 

cell were 0.567V, 15.753mA/cm
2
, 8.932 mW/cm

2
, 0.85 and 8.93% respectively. The 

experimental values of maximum voltage, maximum current density, maximum power 

density, fill factor and efficiency of the CdS-Cu2S solar cell were 0.39V, 18.2mA/cm
2
, 

7.098mW/cm
2
, 0.71 and 7.09% respectively. The experimental values of maximum voltage, 

maximum current density, maximum power density, fill factor and efficiency of the CdS-PbS 
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solar cell were 0.16V, 9.2 mA/cm
2
, 1.472 mW/cm

2
, 0.36 and 1.47% respectively. The 

experimental values of maximum voltage, maximum current density, maximum power 

density, fill factor and efficiency of CdS-CdTe solar cells were 0.6V, 23 mA/cm
2
, 13.85 

mW/cm
2
, 0.66 and 13.8% respectively. The experimental values of maximum voltage, 

maximum current density, maximum power density, fill factor and efficiency of CdS-SnS 

solar cells were 0.296V, 14.42mA/cm
2
, 4.26mW/cm

2
, 0.6 and 4.2% respectively. The 

experimental values of maximum voltage, maximum current density, maximum power 

density, fill factor and efficiency of CdS-ZnO solar cells were 0.55V, 2.22 mA/cm
2
, 

1.21mW/cm
2
, 0.34 and 1.2% respectively. The fill factor of the simulated CdS-CuxN solar 

cell were highest among all the conventional solar cells mentioned while the maximum 

power density and efficiency of the simulated cell were lower than those of the CdS-CdTe 

solar cell but higher than those of CdS-Cu2S, CdS-PbS, CdS-SnS, and CdS-ZnO solar cells 

respectively, thus making the CdS-CuxN solar cell a suitable candidate for photovoltaic 

applications. Photovoltaic performance analysis by practical experimentation requires 

expensive infrastructure. However, performing the same using the current technique produces 

accurate results compatible with practical ones and can be adopted in places lagging behind 

necessary infrastructure. 

5.4 Conclusion  

In this present study a modern computational analysis of the optoelectronic response of 

crystalline, nanostructured copper nitride (CuxN) semiconducting material fabricated by a 

simple, low-cost spray deposition technique has been performed. The optical data (band gap, 

refractive index, extinction coefficient and absorption coefficient data) of the semiconductor 

as obtained from UV-Vis-NIR spectroscopy was provided as input to Oghma-Nano software 

(8.1.020) for carrying out numerical simulations for obtaining photoconductive and 

photovoltaic responses of the fabricated 0.6(M) CuxN optimized annealed film. The 

photoconductive response was observed for the optimized film of varying thickness i.e. 

50μm, 50nm and 50Å under different light intensities of 0W.cm
-2

, 0.1W.cm
-2

, 1W.cm
-2

 and 

10W.cm
-2

. The total charge density vs applied voltage, current vs applied voltage, 

recombination prefactor vs excess carrier concentration and charge carrier generation rate vs 

Y-position photoconductive characteristics were found to be best for the 50nm film with 

values of total charge density of 3x10
25 

C.m
-3

, cut-in voltage of 1.25V, recombination 

prefactor of 1.2x10
-23 

m
-6

.s
-1

 and carrier generation rate of 2.5x10
36

m
-3

.s
-1

 respectively. These 

results were compatible with those of conventional semiconducting materials such as Si, 

GaAs and CdTe respectively. The photoconductive performance analysis by variation of film 

thickness while performing practical experimentation is complicated; however, performing 

the same analysis using the current technique can be adopted to significantly reduce the 

complexity. The photovoltaic characteristics were obtained by simulating solar cells with 

fabricated 0.6 (M) CuxN optimized film as the absorber layer of thickness 50nm with CdS 

and ZnO of thickness 20nm as window layers and the CuxN film as the window layer of 

thickness 20nm with PbSe and InAs of thickness 50nm as absorber layers respectively. The 

photovoltaic characteristics were observed for all the simulated solar cells at 1Sun light 

intensity and solar cell parameters were obtained. The best photovoltaic characteristics and 
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parameters were obtained for the solar cell with CdS as the window layer and CuxN as the 

absorber layer, i.e., maximum current density of 15.753 mA/cm
2
, maximum power density of 

8.932 mW/cm
2
, fill factor of 0.85, photoconversion efficiency of 8.93% etc. These results are 

compatible with the experimental results of the conventional CdS-based solar cells such as 

CdS-Cu2S, CdS-PbS and CdS-CdTe cells. The photovoltaic performance analysis of solar 

cells requires high-grade laboratory infrastructure. The analysis performed by the present 

computational technique provides outcomes similar to experimental results and hence can be 

adopted in places lagging proper infrastructure. This technique is simple, convenient and 

comparable to modern computational methods and can be used in optoelectronic device 

modelling applications. It can be thus concluded that the CuxN semiconductor of thickness in 

the nanometer range is most suitable for functioning as the absorber layer of solar cell and its 

photovoltaic performance is best with CdS as its window layer. However, the optimization of 

0.6(M) CuxN semiconductor layer thickness in the nanometer range and the photovoltaic 

performance analysis of this optimized semiconductor layer remains a topic of future studies. 
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6.1 Summary and Discussion 

   The main goal of this present research work is to develop semiconducting-grade copper 

nitride (CuxN) nanostructure thin film for optoelectronics sensor and device applications. To 

achieve this goal, the author has adopted a simple and low-cost spray deposition technique 

for the fabrication and optimization of the CuxN film. It is perceivable from the discussions 

that are presented from Chapters 1-5 that copper nitride is a very promising semiconducting 

material for use in light-dependent resistor (LDR) and solar cell applications. This section 

provides a summary of the entire research work for this thesis, which is presented in Chapters 

1-5, and the avenue of future research work in the context of this present work will also be 

presented in the next chapter of this thesis. 

The aims and objectives of this research work have been presented in Chapter 1. Here a 

detailed literature review has been accomplished to cultivate various properties and different 

nanofabrication methods regarding various promising semiconducting materials used in 

optoelectronic sensors and devices applications. The usefulness of nanofabrication methods 

in optoelectronic devices has also been discussed in this section. The objectives of the entire 

thesis are presented here. The development of a nanostructured CuxN film by using a simple 

and low-cost fabrication technique to establish its applicability as a light-dependent resistor 

(LDR) as well as in solar cell applications has been discussed here.  

Chapter 2 begins with a comprehensive review regarding properties and various 

nanofabrication methods of copper nitride (CuxN) semiconducting material. In this chapter, 

discussions are made about the entire work which is embedded in this thesis. The research 

gap and corresponding possible solutions have been illustrated here. It has been observed that 

copper nitride is a less thermally stable material, and it is very difficult to fabricate by high-

temperature synthetic methods. CuxN film had mostly fabricated by physical deposition 

methods, but the suitable compositional ratio of the material is not always consistent for 

providing optimum semiconducting properties in optoelectronic applications. Thus, CuxN 

nanostructure has been developed by utilizing a simple and low-cost spray deposition 

technique, and optimization of the compositional ratio of the material has been performed 

here by varying the doping of the film. The photoresistor performances have been executed 

by determining LDR gain. The photoconductive studies of the optimally developed CuxN 

film have been accomplished by variation of film thickness, and optimum film thickness has 

been used for solar cell applications. Finally, the development of the solar cell device by 

using CuxN as absorber and window layers in combination with various inorganic 

semiconductors to investigate photovoltaic performances has been executed in this work. The 

best photovoltaic parameters and characteristics have been observed from here, and finally, a 

conclusion has been accomplished regarding the suitability of copper nitride material as an 

LDR and solar cell application. 

The working principle of various physical as well as chemical deposition methods and 

different characterization processes, such as structural and optical, regarding thin film 

semiconductors has been discussed in Chapter 3. The collective details regarding fabrication 
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and characterization techniques provide a comprehensive idea to determine the appropriate 

possibility regarding this being applicable in the present research work. 

The fabrication and optimization of semiconducting-grade copper nitride (CuxN) 

nanostructure for the application of photoresistor or LDR is presented in Chapter 4. In this 

chapter, the author has adopted a simple and low-cost spray deposition method that maintains 

a low-temperature arrangement to develop optimum CuxN film for use in optoelectronic 

applications. In the present method the CuxN nanowires have been fabricated using chemical 

spray deposition of thiourea and ammonium hydroxide over hot copper (Cu) foil substrate 

surface. The present process involves meager capital equipment and low recurring input. The 

optimization of the compositional ratio of the material has been performed by varying the 

molarity of the precursor solution. The molarity of the solution was varied as 0.2(M), 0.4(M), 

0.6(M), 0.8(M) and 1.0(M) respectively. The structural and optical analyses have been 

performed to determine crystallinity, surface morphology, optical band gap, and 

compositional ratio of the as-prepared as well as annealed samples. The electrical analysis of 

the optimized CuxN film has been performed to establish its acceptability for light-dependent 

resistor (LDR) applications. 

The structural analysis of the fabricated copper nitride film indicated the formation of 

monocrystalline cubic Cu3N and post-deposition annealing has improved the crystallinity and 

structural parameters of the samples. Here, the 0.6(M) CuxN sample has shown the best 

crystallinity among all, and the best structural parameters have been observed for the 0.8(M) 

CuxN sample. The same trend has been observed also for the annealed samples. The SEM and 

EDX have been performed for both 0.6(M) and 0.8(M) CuxN as-prepared and annealed 

samples.  The formation of CuxN nanowires has been confirmed from SEM micrographs. It 

has been inferred from the EDX analysis that the ratio of Cu and N varies from 0.8 to 1.35. 

The UV-VIS-NIR spectra of highest crystalline 0.6 (M) as-prepared and annealed samples 

have revealed that it has excellent absorption in the visible and NIR range and low absorption 

in the UV range. Thus, it is a promising material in the application as an optical sensor. The 

direct and indirect bandgaps of the 0.6(M) CuxN as-prepared sample were found to be 1.79 eV 

and 1.54 eV, respectively, whereas the 0.6(M) CuxN annealed samples were 1.75 eV and 1.5 

eV, respectively. It has been observed that annealing has improved overall structural and 

optical parameters of the film. The electrical analysis of the optimized 0.6 (M) CuxN annealed 

sample revealed that it exhibited a negative temperature coefficient of resistance of -0.004/˚C 

and thus inferred semiconducting behaviour. The suitable compositional ratio (Cu:N) of the 

optimally fabricated 0.6(M) CuxN annealed sample is 1.35, for which it has been used for 

optoelectronic applications. It was observed from the photo response curve of the same 

sample that its resistivity is decreasing exponentially with increasing input luminous 

intensity. This property is an essential parameter in using this material in fabricating opto-

electronic devices and sensors. The light-dependent resistor (LDR) gain of 51% at 1000 

watt/sq.m light intensity has been achieved in this work.       

Chapter 5 represents a modern computational analysis to investigate the optoelectronic 

response of crystalline, nanostructured copper nitride (CuxN) semiconducting material 

fabricated by a simple, low-cost spray deposition technique. The optical spectroscopy data of 



164 
 

the fabricated thin film was provided as input to Oghma-Nano software (8.1.020) for carrying 

out numerical simulations. This technique of providing experimental data as input to 

simulation software has been believed to produce accurate computational output compatible 

with real-time data. The photoconductive and photovoltaic responses of the fabricated 

optimized 0.6(M) CuxN annealed film have been studied here. The variation in 

photoconductive response by tuning film thickness from 50μm to 50nm and 50Å at different 

light intensities was observed. Then the photovoltaic response of the CuxN film with 

optimized thickness has been noted for testing its feasibility for solar cell applications. Here 

photovoltaic performances have been studied by considering CuxN as absorber and window 

layers, respectively. At first, CuxN as an absorber layer and CdS and ZnO as window layers 

have been simulated, and photovoltaic performance has been noted. Then CuxN as a window 

layer and PbSe and InAs as absorber layers have been simulated, and photovoltaic 

performance has been cultivated. The best photovoltaic parameters have been evaluated from 

here for CuxN based solar cells. This technique can be adopted in places lagging adequate 

infrastructure for solar cell fabrication. 

The photoconductive and photovoltaic responses have been studied by considering the 

characteristics such as total charge density vs. applied voltage, current vs. applied voltage, 

recombination prefactor vs. excess carrier concentration and charge carrier generation rate vs. 

Y-position. The best photoconductive performance was observed for the 50 nm film 

thickness with a total charge density of 3x10
25

C.m
-3

, cut-in voltage of 1.25V, recombination 

prefactor of 1.2x10
-23

m
-6

.s
-1

 and carrier generation rate of 2.5x10
36

m
-3

.s
-1

 respectively. These 

values were compatible with those of conventional semiconductors like Si, GaAs and CdTe 

respectively. Then photovoltaic performances have been observed for the fabricated 0.6 (M) 

CuxN film with optimized thickness. At first, considering CuxN as an absorber layer of 

thickness 50 nm and CdS and ZnO of thickness 20 nm as window layers have been evaluated. 

Then CuxN as a window layer of thickness 20 nm and PbSe and InAs of thickness 50 nm as 

absorber layers have been studied. The best photovoltaic parameters have been obtained for 

the solar cell with CdS as the window layer and CuxN as the absorber layer. This CdS-CuxN 

solar cell exhibited a maximum current density of 15.753mA/cm
2
, a maximum power density 

of 8.932mW/cm
2
, a fill factor of 0.85, a photo-conversion efficiency of 8.93% etc. which are 

compatible with experimental results of other conventional CdS-based solar cells like CdS-

Cu2S, CdS-PbS, CdS-CdTe etc. It can be concluded from the study that CuxN absorber layer 

thickness in the nanometer range (50 nm) with CdS as its window layer is most suitable for 

functioning as a solar cell.  

 6.2 Concluding Remarks 

 This study investigates the fabrication of copper nitride (CuxN) nanostructure-based thin film 

for the application in optoelectronic sensors and devices. It aims to develop optimized CuxN 

film with a suitable compositional ratio by a simple and low-cost spray deposition process for 

optoelectronic applications. The optimization of the film has been achieved by tuning the 

doping of the film. The structural and optical analysis of the film has been performed to 

determine surface morphology, crystallinity, compositional ratio, and band gap. The electrical 

analysis of the optimally produced film has been executed to test its acceptability as a light-



165 
 

dependent resistor (LDR) application. Then photoconductive and photovoltaic performances 

of the optimized film have been performed by a modern computational technique where 

experimental data of the optical spectroscopy has been given as input to the simulation 

software. The photoconductive study has been accomplished by tuning the film thickness, 

and an optimized film thickness has been used for solar cell applications. The photovoltaic 

performances of the film considering optimized thickness have been cultivated here by using 

CuxN as absorber and window layers in combination with various inorganic semiconductors. 

The best photovoltaic combination has been obtained from here, and results have been 

compared with the conventional solar cell materials. Therefore, given the above-mentioned 

contribution, the methods and results reported in this research work, that the fabricated 

optimized copper nitride material as a light-dependent resistor (LDR) and solar cell 

application, are satisfactory. The author hopes that this research work provides a direction and 

contribution in the field of optoelectronic sensors and devices applications. 

The summary of the entire research work has been presented in Chapter 6. The summary has 

started from the aim and objectives of the work to the investigation on optoelectronic 

response of crystalline nanostructure copper nitride (CuxN) thin film semiconducting 

material.  

Although significant work related to the fabrication and optimization of copper nitride 

semiconducting material for optoelectronic sensor and device applications is presented in the 

present thesis, still some aspects are not covered due to the stipulated time span of my PhD 

work. Thus, all these unsolved and uncovered parts of this present research work are 

presented in Chapter 7. It is expected that future researchers will look into these uncovered 

aspects and will deliver possible solutions for the successful exploration regarding this topic. 
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7.1 Future Scope 

   The application of nanostructure thin film material for the development of optoelectronic 

devices plays an important role due to its higher conductivity, mobility, mechanical strength 

and stability. Therefore, nanostructure material can increase device efficiency and thus 

reduce cost. In this present study, nanostructured copper nitride thin film has been developed 

for the application in optoelectronic sensors and devices. The copper nitride film had mainly 

been developed by the physical deposition methods, but the suitable chemical composition of 

the material is not always obtained for providing optimum optoelectronic properties for 

device applications. Therefore, in this present context, fabrication and optimization of the 

CuxN film have been performed by a simple and low-cost spray deposition method for the 

application in LDR and solar cell. There are several aspects regarding the fabrication and 

optimization of the film which are mentioned in this dissertation. There is a substantial 

portion of the work that is unfinished due to the measurable time span. It is discussed in the 

following section of this chapter. Future researchers can fill these gaps by introducing several 

deposition and optimization techniques of copper nitride based thin film for the suitable 

application in optoelectronic devices. 

The development of the film has been executed by utilizing the spray deposition process, and 

optimization of the material has been performed here by varying the doping of the film. There 

is another alternative way by which the fabrication and optimization of the film can be 

performed. The combination of computational simulation and one of the physical deposition 

techniques, such as molecular beam epitaxy, can be implemented to conduct this work. At 

first, optimization of the compositional ratio of the material can be performed by 

computational simulation technique, and then the film can be deposited by molecular beam 

epitaxy process, considering the optimum chemical composition of the material. Then the 

photoresistor and solar cell performance can be evaluated by considering this optimally 

prepared film. The photoconductive and photovoltaic performances will be observed by 

simulation technique to determine its acceptability as a solar cell application. On the other 

hand, photovoltaic performances can also be cultivated by experimental processes 

considering optimum parameters of the material. Then a comparative study will be executed 

between simulation and practical outputs. In this present study, the experimental data was 

provided as input to Oghma-Nano software (8.1.020) for carrying out numerical simulations 

for obtaining photoconductive and photovoltaic responses of the fabricated 0.6(M) CuxN 

optimized annealed film. Oghma-nano can be used alongside machine learning tools for 

research in optoelectronics. An ML model can be trained on experimental data to predict 

more accurate initial parameters for Oghma Nano's fitting tool. In this present work, 

optimization of film thickness has been performed for a particular value in micrometer, 

nanometer and angstroms range. Here nanometer range thickness provides the best results 

among the all. Thus, optimization of thickness in the nanometer range for more precise 

results as an optoelectronic device application will be a future work. The optimization of 

material thickness in the nanometer range should improve photovoltaic performance, and it 

will give more precise results in device applications. This optimization can be applicable for 

both the window and absorber layers. At first, the variation in absorber layer thickness will be 



168 
 

performed by keeping the window layer's thickness constant. This variation of thickness will 

be cultivated by tuning the doping of the film. The doping can vary depending on the ratio of 

reactants, temperature, and rate of spraying during fabrication.  Thus, the optimum thickness 

of the absorber layer will be determined. Thereafter the variation of window layer thickness 

will be performed by keeping the optimum thickness of the absorber layer, and it will be 

accomplished the same way mentioned for the absorber layer. These two sets of data can be 

provided as input in a machine learning model, and it will give optimum results in device 

application. Optimization of the thickness of the window as well as the absorber layer and 

good control of absorber layer thickness for optimum absorption can be accomplished using a 

machine learning model in great detail and will be future work. It has also been observed that 

post-deposition annealing of the as-prepared film has improved crystallinity as well as other 

structural parameters and thus enhanced stability as well as efficiency of the device. 

Therefore, optimization of post-deposition annealing temperature for more convenient 

outputs can be accomplished in further studies. It has been observed from the optical analysis 

that absorption of the fabricated copper nitride sample was found to be extremely high in the 

visible and NIR ranges, respectively. The absorption of light in the NIR range can provide 

information about various properties, such as chemical composition, moisture content, etc., of 

the sample. Thus, this as-deposited film can be used as an optical sensor in the NIR spectrum 

range for applications in the fields of medical imaging, industrial process monitoring, food 

and pharmaceuticals, etc., and future research work would be needed to fulfill these 

uncovered issues. 

However, this thesis is required to be completed in a specific period of time. Therefore, a 

measurable amount of work could not be completed within this stipulated time span. It is 

expected that many researchers will have completed the remaining part of this research work.  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

  



 
 

 

 

 

 



 

 

 



 

 

 

 

 



 

 

 

 



 

 

 

 



 
 

 

 



 
 

 

 



 
 

 

 

 



 

  

 

 

 

 

 

 

 


