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PREFACE 

 
Graphene, a two-dimensional material composed of a single layer of carbon atoms arranged 

in a hexagonal lattice, has attracted significant research attention owing to its extraordinary 

electrical, mechanical, and optical properties. Despite these exceptional features, certain 

inherent limitations, such as the absence of a bandgap and challenges in tuning its electronic 

properties, restrict its direct application in devices like supercapacitors and photovoltaics. The 

present research focuses on addressing these challenges by developing graphene-based 

materials with controlled doping, and exploring their potential for device applications, 

specifically in supercapacitors and graphene-silicon heterojunction solar cells. 

One effective approach employed in this study involves the synthesis of graphene oxide (GO) 

from graphite, followed by its reduction to reduced graphene oxide (rGO), which exhibits 

properties comparable to pristine graphene. To further enhance its electronic properties, 

stable p-type and n-type doping has been achieved through heteroatom substitution in GO 

and rGO. This method allows modulation of the bandgap and control over carrier 

concentrations, which significantly improves the electrical conductivity and enables the 

material's application in energy devices. Particularly, boron doping in graphene-based 

materials has demonstrated improved charge-discharge characteristics for supercapacitor 

applications. Systematic studies on the structural, electrical, electrochemical, and thermal 

properties of these graphene-based materials have been undertaken to evaluate their 

suitability for various applications. 

Chapter 1 presents an extensive literature review aligned with the objectives of this research. 

It covers the synthesis of graphene-based materials, including GO, rGO, and their boron 

doping via chemical methods for supercapacitor applications. It also reviews graphene 

growth techniques using Hot Wire Chemical Vapor Deposition (HWCVD) and Plasma 

Enhanced Chemical Vapor Deposition (PECVD) on nickel and silicon substrates, 

emphasizing the critical role of metal catalysts and the challenges in direct graphene growth 

on silicon for semiconductor devices. Furthermore, advancements in graphene-silicon 

heterojunction solar cells are discussed, identifying the research gaps addressed in this thesis. 

Chapter 2 describes the experimental methodologies adopted in this research. It details the 

chemical routes for synthesizing graphene-based materials and the CVD systems used for 

graphene growth on various substrates. Additionally, this chapter outlines the characterization 

techniques utilized to study the structural, morphological, and electrical properties of thin 

films and fabricated solar cells. Chapter 3 focuses on the synthesis and characterization of 
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doped and undoped graphene-based materials via chemical routes. Comparative analyses of 

rGO produced by chemical and thermal reduction methods are presented. The bulk synthesis 

of boron-doped reduced graphene oxide (B-rGO) using boric acid as a doping source is also 

discussed. The chapter highlights the enhancement in specific capacitance and structural 

modifications induced by doping, supported by XRD, Raman, FETEM, FTIR, and EDAX 

analyses. Additionally, nitrogen-doped rGO samples were prepared, and their structural and 

electrical properties were evaluated. Thermal kinetics studies were conducted to understand 

the degradation mechanisms and stability of the prepared materials. Chapter 4 describes the 

growth of single and multilayer graphene films on nickel substrates by HWCVD. The 

influence of deposition parameters such as temperature, gas flow ratios, and deposition time 

on the number of graphene layers and film uniformity is systematically studied using AFM 

and Raman spectroscopy. The optimized films were then transferred to silicon substrates 

using a chemical etching process for further device fabrication. Chapter 5 reports the direct 

deposition of large-area, high-quality graphene on silicon substrates without metal catalysts 

using PECVD and HWCVD techniques. The chapter discusses the tuning of the graphene 

work function by controlling the number of layers through deposition parameter variation. 

The quality and uniformity of the films were verified using Raman, XPS, FESEM, AFM, and 

KPFM analyses. Fabricated graphene-silicon heterojunction solar cells exhibited an 

efficiency of 1%, validating the feasibility of the approach. Chapter 6 presents simulation 

studies of graphene-silicon heterojunction solar cells using the AFORS-HET software. The 

impact of varying the thickness of the intrinsic a-Si:H layer, the n-type doping concentration 

of graphene, and the number of graphene layers on the device performance was 

systematically analyzed. The optimized structure achieved a theoretical power conversion 

efficiency of 18.59%, with significant improvements in Voc, Jsc, and fill factor. Chapter 7 

concludes the thesis by summarizing the key findings of each chapter and outlining potential 

directions for future research based on the outcomes of this work. 
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1.1. The Growing Need for Renewable Energy 

The global surge in energy consumption has created an urgent need for sustainable and reliable 

energy sources. Rapid population growth, urbanization, and industrial expansion are pushing 

the limits of the current fossil fuel-based energy infrastructure.[1, 2] According to the 

International Energy Agency (IEA), worldwide energy demand is projected to rise by more 

than 25% by 2040, driven primarily by emerging economies.[3] Traditionally, this demand has 

been met by coal, oil, and natural gas, which still dominate the global energy mix. However, 

these finite resources are associated with environmental degradation, rising greenhouse gas 

(GHG) emissions, and climate change.[4] The continued reliance on fossil fuels is contributing 

to global warming, melting polar ice caps, and triggering extreme weather events, threatening 

ecosystems and human livelihoods.[3, 5, 6] 

Beyond environmental concerns, fossil fuel dependence also leads to economic volatility, with 

price fluctuations and geopolitical tensions over energy reserves creating instability.[6-9] These 
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challenges highlight the need to transition toward renewable energy sources that are both 

sustainable and environmentally friendly. Solar, wind, hydro, geothermal, and biomass offer 

cleaner alternatives that can significantly reduce carbon footprints. Among these, solar energy 

is particularly promising due to its abundance, accessibility, and scalability.[10, 11] 

The Sun delivers approximately 173,000 terawatts (TW) of solar power to the Earth’s surface 

at any given moment, more than 10,000 times the planet’s total energy consumption.[3] With 

photovoltaic (PV) technology, a portion of this vast energy can be harnessed and converted into 

electricity. As the cost of solar panels continues to decline and their efficiency improves, solar 

power is becoming an increasingly viable solution for both grid-scale and off-grid energy 

generation.[12-14] However, the intermittency of solar energy (only generating power during 

daylight hours) creates a pressing need for efficient energy storage systems that can store excess 

energy and release it when solar power generation is not possible.[11, 15, 16] 

1.2. Importance of Carbon and Its Allotropes in Energy Applications 

Carbon, as the fourth most abundant element on Earth by mass, exhibits exceptional versatility 

due to its ability to form a wide range of allotropes with distinct physical, chemical, and 

electronic properties.[17-19] This adaptability arises from carbon’s capacity to form strong 

carbon-carbon (C-C) bonds in three different hybridization states: sp, sp², and sp³. The resulting 

diversity in bonding configurations enables carbon to exist in various dimensional forms, 

ranging from 0-dimensional (0D) fullerenes, 1-dimensional (1D) carbon nanotubes (CNTs), 

and 2-dimensional (2D) graphene to 3-dimensional (3D) graphite and diamond structures.[20-

24]  

The ability of carbon to adopt different hybridization states and structural geometries results in 

a remarkable array of physical, chemical, and electronic properties. For example, carbon 

materials can exhibit characteristics ranging from insulating (diamond) to conducting 
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(graphite), from rigid and hard (diamond) to soft and lubricating (graphite), and from 

transparent (diamond) to opaque (graphite).[25, 26] This remarkable versatility makes carbon-

based materials highly attractive for diverse energy-related applications, including 

supercapacitors, batteries, and solar cells. 

Carbon exists in several allotropic forms, each possessing distinct properties that make them 

suitable for specific applications, particularly in energy storage and conversion. Diamond (3D) 

is composed of sp³-hybridized carbon atoms arranged in a tetrahedral lattice, diamond is 

renowned for being the hardest natural material. It also exhibits exceptional thermal 

conductivity, making it valuable for heat management applications. However, due to the 

absence of free electrons, diamond is an electrical insulator and hence unsuitable for electronic 

energy applications.[27-32] Graphite (3D), in contrast consists of sp²-hybridized carbon atoms 

arranged in stacked hexagonal layers. The weak van der Waals forces between the layers allow 

them to slide easily, giving graphite it’s lubricating properties. Graphite also offers high in-

plane electrical conductivity due to the free π-electrons, making it widely used in electrodes for 

batteries and supercapacitors. It’s chemical stability and low cost further enhance its appeal in 

energy storage systems.[33, 34] Fullerenes (0D) are cage-like carbon structures, such as C₆₀ 

(buckminsterfullerene), consist of hexagonal and pentagonal carbon rings arranged in spherical 

or ellipsoidal shapes. Fullerenes display unique electronic and optical properties, making them 

suitable for organic solar cells and molecular electronics. Their small size and electron affinity 

also make them promising for nanoscale energy storage applications.[35, 36] Carbon 

Nanotubes (1D) are cylindrical nanostructures formed by rolling graphene sheets into single-

walled (SWCNTs) or multi-walled (MWCNTs) tubes. They exhibit exceptional tensile 

strength, electrical conductivity, and thermal stability, making them ideal for high-performance 

energy devices. CNTs are widely employed in supercapacitor electrodes and as additives in 

battery electrodes to enhance conductivity and mechanical stability.[37-43] Among the carbon 
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allotropes, graphene has attracted the most attention due to its extraordinary electronic, 

mechanical, and thermal properties. It consists of a single layer of sp²-hybridized carbon atoms 

arranged in a honeycomb lattice. It’s high electrical conductivity, large surface area, flexibility, 

and chemical stability make it a highly promising material for next-generation energy storage 

and conversion technologies, including supercapacitors and solar cells.[44-46]  

1.3. Graphene as a Promising Material 

Graphene stands out due to its exceptional properties and extensive application potential. It is 

a strictly two-dimensional (2D) material composed of a single atomic layer of sp²-hybridized 

carbon atoms arranged in a honeycomb lattice. This unique structure gives graphene a zero-

bandgap semi metallic nature, characterized by a slight overlap between its conduction band 

(CB) and valence band (VB) [47, 48].  

 

Fig. 1.1: (a) Hexagonal arrangement of carbon lattice (b) E-K diagram of single layered Graphene (c)Dirac 

cones depicting fermi level displacement after doping [49] 

As a result, electrons in graphene behave like massless Dirac fermions, enabling ultra-fast 

charge transport with minimal scattering.[50-54] These remarkable electronic properties, 

combined with its high electrical conductivity, superior thermal conductivity, exceptional 

mechanical strength, optical transparency, and flexibility, make graphene highly attractive for 

advanced energy storage, optoelectronics, and next-generation technologies.[55-57] 
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Graphene’s extraordinary characteristics stem from its 2D atomic structure and sp²-hybridized 

bonding, which result in a remarkably high surface-to-volume ratio.[58-61] This makes it 

particularly suitable for applications requiring extensive surface interactions, such as 

supercapacitors and batteries. One of its most notable features is its exceptional electrical 

conductivity, with electron mobility reaching up to 200,000 cm²/V·s, far surpassing that of 

copper or silicon.[62-66] This outstanding conductivity makes graphene highly effective for 

rapid charge transport in supercapacitors and solar cells, enhancing their overall efficiency and 

performance. 

In addition to its conductivity, graphene offers a large theoretical surface area (~2630 m²/g), 

which provides abundant active sites for charge accumulation.[67-70] This makes it 

particularly valuable for energy storage applications, where higher surface area translates into 

greater capacitance and energy density. Graphene’s mechanical strength is equally impressive, 

with a tensile strength of approximately 130 GPa, making it significantly stronger than steel 

while retaining exceptional flexibility.[71, 72] This combination of strength and pliability 

makes it an ideal candidate for flexible and wearable energy devices. [73-76] Its transparency, 

coupled with high conductivity and flexibility, offers a superior alternative to traditional indium 

tin oxide (ITO) electrodes, particularly in flexible and stretchable photovoltaic applications. 

These remarkable properties position graphene as a transformative material for future energy 

storage and conversion technologies, with the potential to significantly enhance both 

performance and efficiency. 

Graphene’s unique properties make it highly suitable for energy storage and solar energy 

conversion applications. Graphene offers distinct advantages over conventional materials used 

in energy applications. The large surface area and high conductivity of graphene make it an 

ideal electrode material for supercapacitors, which store energy through electrostatic charge 
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separation. Graphene electrodes offer higher capacitance and faster charge-discharge cycles 

compared to conventional carbon-based materials, significantly improving the device's power 

and energy density.[77-79] Additionally, its chemical stability ensures long-term performance 

without degradation, making graphene-based supercapacitors highly durable and efficient.[80-

82]. Compared to carbon black electrodes, graphene exhibits lower internal resistance, 

enhancing the device’s overall efficiency.[83, 84] 

In solar cells, graphene-based heterojunctions with semiconductors, such as silicon, enhance 

charge separation and carrier mobility, improving the overall power conversion efficiency.[85] 

[86]. Additionally, graphene serves as an alternative to indium tin oxide (ITO), which is 

traditionally used as the transparent conductive electrode (TCE).[87, 88] Graphene’s flexibility, 

transparency, and conductivity make it particularly advantageous for flexible and wearable 

photovoltaic devices.[89, 90]  Additionally, while silicon-based solar cells dominate the 

market, they face efficiency limitations.[91] Incorporating graphene layers into solar cells 

enhances charge transport efficiency, reduces recombination losses, and boosts overall 

performance.[92]  As research advances, the use of graphene-based materials in energy 

applications is expected to enhance efficiency, reduce costs, and improve the performance of 

renewable energy systems, paving the way for more sustainable and efficient energy 

solutions.[93, 94] 

Graphene can be synthesized through various techniques, including mechanical exfoliation, 

chemical synthesis, epitaxial growth on silicon carbide (SiC), and chemical vapor deposition 

(CVD).[95, 96] Other approaches, such as unzipping carbon nanotubes and pyrolysis of sodium 

ethoxide, have also been explored for graphene synthesis.[97] However, these methods often 

require complex procedures and may not be feasible for large-scale production.[98]  Among 

all the synthesis methods, CVD is regarded as one of the most promising techniques due to its 

ability to produce high-quality graphene on a large scale.[99, 100] CVD involves the deposition 
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of carbon atoms from a gaseous precursor onto a substrate, resulting in uniform and crystalline 

graphene layers. However, the bulk synthesis of graphene using CVD remains costly, 

prompting significant research interest in alternative, cost-effective methods for graphene-

based material synthesis.[100, 101] One effective alternative involves the synthesis of graphene 

oxide (GO) from graphite, followed by its reduction to reduced graphene oxide (r-GO). This 

approach offers a practical route to graphene-like materials, as r-GO exhibits electronic and 

structural characteristics similar to pristine graphene.[102, 103] Furthermore, chemically 

synthesized r-GO can be produced at a lower cost and in larger quantities, broadening its 

applicability in commercial and research domains. 

To harness graphene’s properties for specific applications, it is crucial to control its electronic 

structure and tailor its characteristics. This can be achieved by modulating the carrier 

concentration through Fermi level (EF) tuning and doping. By adjusting the doping type (n-

type or p-type), graphene's properties can be engineered to suit various applications, including 

photodetectors, photovoltaic devices, sensors, light-emitting diodes (LEDs), and 

supercapacitors [104] 

 

Fig. 1.2: (a) P or n-type doping in Graphene (b) doping by heteroatom substitution into Graphene [105] 

Heteroatom substitution is a stable and effective method for achieving p-type and n-type doping 

in graphene.[106, 107] Through this approach, the electron and hole concentrations can be 

precisely controlled, enabling targeted bandgap tuning and enhanced electronic performance. 
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Introducing boron atoms into the graphene lattice increases hole concentration, imparting p-

type characteristics. Boron-doped graphene exhibits improved electrical conductivity and 

facilitates a fast charge-discharge process, making it highly suitable for supercapacitors, battery 

technologies, and organic pollutant removal applications.[6] 

N-type doping can be achieved by incorporating nitrogen atoms into the graphene lattice. 

Various nitrogen-containing precursors, including ammonia (NH₃), urea, melamine, and 

dimethylformamide (DMF), are commonly used for nitrogen doping due to their non-toxicity, 

low cost, and availability. Nitrogen-doped graphene offers enhanced electron mobility and 

stability, which is advantageous for electronic devices, catalysts, and energy storage 

systems.[108] 

1.4. General Applications 

Due to extra ordinary and wide range of properties, graphene-based materials are expected to 

have varieties of applications, as shown in fig. 1.3. 

Graphene based materials could be potentially applied to various optoelectronic devices, 

ranging from solar cells to touch screens due to their unique optical, electronic and structural 

properties.[10] The high carrier mobility, excellent bendability, good transparency, and high 

electrical transport behavior makes it an extraordinary candidate for transparent electrodes and 

carrier transporting layers for PV solar cells.[11] Also, graphene coated glass hold good 

promise for thermochromic windows that benefit from the light interference effect of the 

changing layer thickness.[12] A large-area graphene film with high electrical quality grown on 

a copper substrate by chemical vapor deposition (CVD), is used to fabricate dual-gated field 

effect transistors, with Al2O3 as the gate dielectric. Quartz wafers, spin-coated by graphene 

oxide (GO) and annealed at a high-temperature (e.g. 1000°C), exhibited a high-transparency, 

and showed great potential as heating, defrosting and antifogging devices.[13] 
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Fig. 1.3: Different applications of Graphene-based materials [3] 

 The construction of ultrathin PV devices is a promising way to decrease the material 

consumption and growth time if the high efficiency of the device can be maintained. The 

ultrathin devices present the advantages of being light-weight, flexible, and provide efficient 

transport and collection of photo-generated carriers. 

Due to large surface area and high electrical conductivity, chemically modified graphene shows 

good performance in double layer capacitors.[14] By optimization of the structure (i.e. 

interlayer spacing, thickness and morphology of graphene nanosheets) and by incorporation of 

carbon nanotubes or C60 molecules, the lithium storage capacity of graphene nanosheets could 

be increased up to above 700mAh/g, making them suitable for use in rechargeable lithium-ion 

batteries.[15] 

Beyond these, graphene based materials exhibit potential applications in a) catalysis, owing to 

their high specific surface area and accessibility to the surface; b) gas sensors, owing to the 

sensitivity and selectivity of graphene towards various gas molecules; c) waste energy 
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harvesting, because of their unique shape and characteristics such as high conductivity, light 

weight, high-stiffness and axial strength; d) protective coatings owing to the high intrinsic 

mechanical strength and anti-corrosion ability; e) antibacterial packing etc.[16,17] 

1.5. Energy generation and storage applications 

1.5.1. Graphene on silicon for PV applications 

Two-dimensional graphene, which is one atom thick, is a versatile material with ultra-wideband 

applications such as optoelectronics and photonics [60]. Graphene's remarkable properties such 

as its tunable work function, flexibility, exceptional conductivity, optical transparency, and 

high stability are primarily responsible for its widespread application [109]. The first 

graphene/n-Si PV solar cell was demonstrated by Li et al. in 2011, with the Schottky Barrier 

Height (SBH) of ~0.78eV, an ideality factor of ~1.5 and an open-circuit voltage of 0.42–0.48V 

[110]. The depletion width of the device was estimated to be 0.5-0.7µm, which can be further 

enlarged to improve the IPCE (Incident Photon-to-Current Efficiency). The solar energy 

conversion efficiency was 1.65% for the solar cell (active area of 0.1cm2), indicating that the 

interface quality, uniformity, and balancing between the transparency and conductivity should 

be carefully considered for further performance improvement. [110] Single layer graphene/n-

Si Schottky junction solar cells that under AM1.5 illumination exhibit a power conversion 

efficiency (PCE) of 8.6%. This performance, achieved by doping the graphene with bis-

(trifluoromethanesulfonyl)amide. A significant improvement in the power conversion 

efficiency (PCE) and the environmental stability of n-Graphene/p-Si solar cells is indicated 

through effective n-doping of graphene, using low work function oxide capping layers, AlOx 

deposited through atomic layer deposition, is particularly effective for such doping and in 

addition serves as an antireflection coating and a cell encapsulating layer [111]. In recent years, 

high-efficiency solar cells fabricated by transferring graphene onto silicon were reported, but 

the device active area was very small and polymer residues were unavoidable in the transfer 
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process [112]. Its scalable process for industrial application is limited due to the unreliability 

of the graphene transfer. Moreover, the traditional chemical vapor deposition (CVD) process 

for the growth of superior graphene also requires an additional cost for a sacrificial Cu layer as 

metal catalyst [113]. The industrial mass production of graphene-based solar cells can be 

available with the direct growth plasma-enhanced chemical vapor deposition (PECVD) 

technique [112]. Another challenge for graphene-silicon junction solar cell is to have high 

transparency to pass more photons while keeping low sheet resistance. In order to overcome a 

trade-off relationship between the transmittance and conductivity another form of directly 

grown graphene has been considered in this study. A vertical graphene nano hills (VGNH) or 

graphene nanowalls can be grown by the PECVD process directly on silicon substrates. Since 

the work function of the graphene is dependent upon a number of layers, it should be controlled 

to achieve a large carrier density, open-circuit voltage, and built-in potential [112]. However, 

precisely controlling the number of layers of VGNH is another challenge. The graphene-based 

solar cell by using ambient pressure chemical vapor deposition (APCVD) was also attempted 

by Bi et al., but it required a very high temperature of 1200°C to achieve few layers of graphene. 

Such high temperatures are undesirable to make it cost-effective, and many substrates including 

glass cannot sustain this high temperature [114]. Liu et al. [115] demonstrated that a network 

of VGNH facilitates rapid collection of charge carriers with a reduction in joules heating. 

However, the maximum efficiency of these solar cells was 5.1% after doping, with a small 

active area of 0.09 cm2. Similarly, Jiao et al. [116]  used VGNH on textured substrates and 

achieved 6.6% efficiency after introducing silver nanowires. On the other hand, photodetectors 

were fabricated using VGNH, and high responsivity of 0.52 A/W ultralow current noise was 

demonstrated confirming the excellent junction quality. 
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1.5.2. Graphene-based materials for electrochemical applications 

Graphene-based materials have found widespread application in energy conversion and storage 

because of its excellent and tuneable electrical, mechanical, and electrochemical properties. 

Large specific surface area, high power density, and rapid charge-discharge rates makes 

graphene-based materials suitable for EDLC’s (Electrochemical double-layer capacitors) [102, 

103, 106, 117, 118]. Graphene can be synthesized by a variety of methods, such as chemical 

vapor deposition, chemical exfoliation, and reduction of Graphene oxide by thermal or 

chemical routes. The electrical characteristics of graphene can be modified by different 

heteroatom doping such as boron, nitrogen, phosphorus, and sulphur. Doping graphene-based 

materials enhances their electrochemical characteristics by altering the charge distribution, 

which facilitates the transfer of charge between neighboring carbon atoms [119-124]. Because 

of their identical atomic radii and valency, nitrogen and boron atoms can readily substitute 

carbon atoms. There are two types of current heteroatom doping techniques for graphene: post-

treatment techniques and in-situ synthesis techniques. Thermal annealing of graphene oxide 

with heteroatom precursors, plasma treatments, ultrasound-assisted doping, and arc-discharge 

are few examples [125-129]. Boron doping of 5.93% in graphene framework is reported via 

hydrogen induced thermal reduction method [130]. An increment from 53 F/g to 113 F/g is 

observed by boron-doping of Graphene Oxide by hydrothermal method [117]. Jing et al. [131] 

used in-situ alternating voltage electrochemical exfoliation to create nitrogen-doped graphene 

with a nitrogen content of 4.5 at%. When applied to lithium-ion batteries, the B-doped 

graphene's specific capacitance was 1.7 times more than the pristine graphene. By the 

hydrothermal technique, Das et al. [132] reported N-doped reduced GO (N-rGO) electrodes 

with an N-doping level of 7 at.%. Heteroatom-doped graphene has been produced in the last 

few years using plasma-assisted techniques [125-129]. An excellent specific capacitance value 

of 448F/g is obtained in boron-doped graphene oxide by chemical route doping and further 
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thermal reduction [106]. Wu et al. reported rf-plasma treated B-doped r-GO and N-doped r-GO 

with specific capacitance of 345 F/g and 365 F/g at respectively [133]. Co-doping of boron and 

nitrogen heteroatom by dielectric barrier discharge plasma treatment method have shown high 

specific capacitance value of 350 F/g [134]. Similarly, N and S co-doped GO by radio-

frequency plasma treatment has shown specific capacitance value of 307.4 F/g at 1A/g having 

83% retention after 10,000 cycles [125]. With the help of an H2 plasma treatment, Seo et al. 

[135] synthesized vertically aligned graphene nanosheets on porous nickel foam, resulting in a 

three-electrode cell arrangement with a high specific capacitance of 230 F g-1 at a scan rate of 

10 mV s-1. A few more straightforward and cost-effective doping methods are hydrothermal 

and high-temperature thermal. 

1.6. Motivation and objective of the present thesis: 

➢ Synthesis of Graphene oxide from Graphite and then reducing it to Reduced Graphene 

Oxide (r-GO), can be an effective approach as r-GO have similar signature as that of 

Graphene. Further, substitution with heteroatom in Graphene oxide or reduced Graphene 

oxide is a stable approach for making p and n type doping in the Graphene lattice. From 

this method, the electron and hole concentration can be controlled. Here, basically band 

gap tuning is done to modulate electronic properties which gave excellent electrical 

conductivity. The boron doping into Graphene materials provide fast charge-discharge 

process in supercapacitors. Studies on structural, electrical, electrochemical and thermal 

properties of these Graphene-based materials is also very important for its further 

applications.  

➢ The most popular and promising way to synthesize graphene is CVD because it can 

produce high-quality graphene on a large scale. Among different CVD systems, HWCVD 

(Hot Wire Chemical Vapor Deposition) is an effective approach for deposition of large-

area uniform Graphene film on metal substrates such as Nickel and Copper which can be 
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further transferred to silicon for various opto-electronic applications. Deposition and 

structural, optical and electrical studies of multi-layer graphene on Nickel substrates and 

further optimization of its transfer mechanism to silicon substrate is important. 

➢ Large-area, high-quality graphene directly on silicon substrate without metallic catalyst for 

its application in various semiconductor devices is an emerging field. For the deposition 

of Graphene film by CVD, we generally need metal catalyst, that’s why we generally 

deposit it to Ni/Cu substrate and then transfer it. But the transfer process involves wear and 

tear which damages the Graphene film. So, direct growth of Graphene on Silicon substrates 

is important. Graphene films are deposited by PECVD (Plasma Enhanced Chemical Vapor 

Deposition) and HWCVD (Hot wire Chemical Vapor Deposition). The work function 

tunning of Graphene film by varying the number of layers of Graphene through variation 

in the deposition parameters and further fabrication Graphene-Silicon heterojunction solar 

cells is our approach. 

➢ To better understand the mechanism of charge carrier transport and band diagram formed 

across the interface, simulation studies for the Graphene-Silicon heterojunction solar cells 

have also been conducted, AFORS-HET software is used for the simulation studies. It 

assists in directing us towards the best strategy for achieving better device performance 

and also gives us a clearer understanding of the various factors to be considered while 

fabricating the devices.  
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Thesis Outline 

Chapter 1: Introduction 

Our work is focused on usage of Graphene based materials for energy applications, so firstly 

literature survey is about synthesis of Graphene based materials such as Graphene Oxide, 

reduced Graphene Oxide, and its doping with boron source by chemical routes for 

supercapacitor application. Afterwards, we have deposited Graphene by HWCVD and PECVD 

on Nickel and Silicon substrate so we have discussed the literature about role of metal catalyst 

in the growth of Graphene and direct growth on silicon substrates for semiconductor 

application. Literature regarding fabrication of Graphene silicon heterojunction solar cells is 

also discussed.    

Chapter 2: Experimental Details 

 This chapter presents brief description of chemical routes followed for the synthesis of 

Graphene-based materials; CVD systems used for graphene growth on different substrates such 

as hot wire/filament chemical vapor deposition (HWCVD), plasma-enhanced chemical vapor 

deposition (PECVD) and description of rf-sputtering used for ITO deposition for fabrication of 

solar cells. This chapter also contains a brief description of characterization techniques (XRD, 

FESEM, FETEM, AFM, KPFM, XPS etc.) used for the study of different properties of thin 

films and solar cells. 

Chapter 3: Synthesis and Characterization of doped and undoped Graphene-based 

materials by chemical route 

The synthesis of Graphene Oxide by Modified Hummer’s method and its further conversion to 

reduced Graphene Oxide is discussed here. We have followed two routes for the reduction 
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process, one is chemical reduction and another one is thermal reduction. The comparative 

analysis of the r-GO samples produced by two techniques based on specific surface area, 

electrical conductivity and other structural properties are also discussed. Further, bulk synthesis 

of boron-doped reduced graphene oxide (B-rGO) as an electrode material for supercapacitors 

by using Boric acid (H3BO3) as boron source is also discussed. The structural properties of B-

rGO, in comparison with Graphene Oxide (GO), Graphite and reduced Graphene Oxide(r-GO) 

has been studied by XRD, Raman and FETEM analysis. The boron doping of ~9% has been 

confirmed by EDAX analysis. An increase in inter-layer spacing from 0.23nm to 0.28nm has 

been observed in BrGO due to intercalation of boron atom in the lattice. FTIR studies also 

confirmed the doping due to presence of B-C and B-O bond. We have reported an increased 

specific capacitance of 326.56 F/g for B-rGO compared to GO (137.88 F/g) and r-GO (108.85 

F/g). Nitrogen doped r-GO samples (melamine as nitrogen source) have also been prepared for 

which doping has been confirmed by FTIR and EDX. The corresponding structural properties 

have also been studied by XRD and Raman and electrical conductivity is also calculated. For 

all the chemically prepared samples i.e. GO, r-GO, B-rGO and r-BGO, thermal kinetics study 

is done to know the activation energies and entropy change at various stages of degradation 

with temperature. 

Chapter 4: Growth of multi-layer Graphene by HWCVD on Ni substrate 

This chapter describes the growth of single and multi-layer Graphene by HWCVD (Hot wire 

Chemical Vapor Deposition) on Nickel substrate. We have briefly discussed the growth 

mechanism and its transfer process from Nickel substrate to Silicon. The variation on the 

number of layers of Graphene and uniformity of the films with respect to deposition parameters 

such as substrate temperature, process pressure, CH4/H2 gas flow rates, deposition time and 

filament to substrate distance is studied by AFM and Raman analysis. Here the number of layers 

is varied from 2-10. It is observed that by increasing the hydrogen concentration the number of 
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layers of Graphene decreased this could be due to better dissociation of CH4 with hydrogen. 

The optimization is also done by increasing the deposition temperature and further annealing 

the film. Afterwards, Grapheme films were transferred on silicon substrates using chemical 

etching process.   

Chapter 5: Work function tunning of directly grown multi-layer Graphene on Silicon 

Substrate by PECVD and HWCVD and Solar cell fabrication 

This chapter reports the production of large-area, high-quality graphene directly on silicon 

substrate without a metallic catalyst for application in semiconductor devices. Graphene 

films are deposited by PECVD (Plasma Enhanced Chemical Vapor Deposition) and 

HWCVD (Hot Wire Chemical Vapor Deposition) with tunable work function based on the 

number of graphene layers. This is achieved by varying deposition parameters such as 

process pressure, temperature, and time. Graphene quality is confirmed by Raman and XPS 

studies. Film uniformity is verified by FESEM, and surface roughness by AFM. EDAX is 

used to study the C/Si ratio. Work function is measured by surface potential mapping via 

KPFM. A variation from 4.15 eV to 4.54 eV is observed by altering RF power and gas flow 

rates of methane and hydrogen. A solar cell is fabricated with structure Ag/ITO/Gr/n-Si/Ag, 

achieving 1% efficiency, 25.52 mA/cm² current density, 0.13 V open circuit voltage (Voc), 

and 0.29 FF 

Chapter 6: Simulation studies on graphene/a-Si:H(i)/c-Si(H) solar cells: role of doping 

concentration, thickness of intrinsic layer and number of layers of Graphene 

This chapter presents the simulation studies of Graphene/ silicon heterojunction solar cells 

using a user-friendly software AFORS-HET (Automat FOR Simulation of HETero 

structures) v-2.5 under AM1.5 illumination and power density of 100mW/cm2. Firstly, we 

have simulated n-graphene/Silicon hetero-structure Ag/ITO/n-Graphene/c-Si(p)/Ag. 

Ag/ITO/n-Graphene/a-Si:H/c-Si(p)/Ag Here, the thickness of a-Si:H i-layer from 0 to 20nm, 
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the n-type doping concentration of Graphene from 1 × 1010cm-3 to 1 × 1020cm-3 to get the 

optimized results. Corresponding to that, we studied the band diagram and hence barrier 

height, quantum efficiency etc. The best power conversion efficiency (PCE) obtained is 

18.59% where the open circuit voltage (Voc) is 611.8 mV, short circuit current (Jsc) is 37.04 

mA/cm2 and fill factor (FF) is 82.03% corresponding to i-layer thickness 5nm, single layer 

graphene and n-type doping concentration of 1 × 1020cm-3. 

Chapter 7: Conclusion and future scope 

This chapter summarizes the contents of each chapter and gives the conclusion based on the 

work reported in this thesis. The thesis work is concluded with the scope for future work from 

the present investigation. 
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This chapter presents brief description of chemical routes followed for the synthesis of 

Graphene-based materials; CVD systems used for graphene growth on different substrates such 

as hot wire/filament chemical vapor deposition (HWCVD), plasma-enhanced chemical vapor 

deposition (PECVD) and description of rf-sputtering used for ITO deposition for fabrication of 

solar cells. This chapter also contains a brief description of characterization techniques (XRD, 

FESEM, FETEM, AFM, KPFM, XPS etc.) used for the study of different properties of thin 

films and solar cells. 

2.1 Chemical synthesis routes for Graphene based materials 

2.1.1 Preparation of Graphene Oxide by Modified Hummer's method 

Graphene oxide (GO) was synthesized using Modified Hummers method where sulfuric acid 

(H2SO4) was used as exfoliating agent and potassium permanganate (KMnO4) was used as 

oxidizing agent.[1-5] The detailed process is mentioned in chapter 3 (section 3.1.1).  
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2.1.2 Preparation of Reduced Graphene Oxide (r-GO) 

Reduced Graphene Oxide was prepared by two ways, namely thermal reduction, and chemical 

reduction. In thermal reduction, GO is thermally treated at 450°C to remove oxygen-containing 

functional groups and obtain r-GO(T).[6-10] For chemical reduction, hydrazine hydrate acted 

as reducing agent to obtain r-GO(C).[11, 12] The detailed process is mentioned in section 3.1.2, 

chapter 3 

2.1.3. Preparation of Boron doped Reduced Graphene Oxide 

To synthesize boron doped r-GO samples, boric acid is used as boron source,. Boron doped 

reduced Graphene oxide are prepared by two different routes, by i) treating GO with boric acid 

and then reducing it and ii)  by treating r-GO with boric acid. The detailed process can be found 

in section 3.1.3 of chapter 3.  

2.2 Film preparation and Device Fabrication Techniques 

Single and multi-layer Graphene can be prepared by various techniques such as Hot-wire 

Chemical Vapor Deposition (HWCVD), dual zone CVD, Plasma-enhanced Chemical Vapor 

Deposition (PECVD)` and by chemical routes. In our work, we have used Hot-wire CVD, and 

rf-PECVD for depositing Graphene film on Nickel and silicon substrates.  

2.2.1 Hot wire chemical vapor deposition (HWCVD) 

HWCVD is a widely used thin film fabrication technique. In this method, precursor gases are 

thermally and catalytically dissociated into reactive radicals as they pass through a high-

temperature filament, typically heated to 2000-2200°C. Filament materials, including tungsten, 

tantalum, and molybdenum, are commonly used in HWCVD. This technique offers several 

advantages over conventional CVD methods, such as the ability to grow films at lower 

substrate temperatures, high gas decomposition efficiency, large-area deposition capability, and 
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the absence of ion bombardment on the growing film surface. Additionally, by adjusting 

deposition parameters, the microstructure of the film can be controlled, ranging from 

amorphous to nano- or micro-crystalline phases. For the synthesis of various carbon allotropes, 

precursor gases such as CH₄, C₂H₂, CF₄, and C₂F₆ can be employed in the HWCVD process. In 

this study, methane (CH₄) is used as the carbon source for graphene growth. Due to methane's 

relatively low decomposition efficiency, a high filament temperature is necessary to achieve 

sufficient dissociation for film formation. Hydrogen (H₂) is used as both a carrier gas and a 

diluent, aiding the formation of crystalline phases by reducing dangling carbon bonds. 

Figure 2.2 shows a schematic of a general HWCVD system, while Figure 2.3 depicts the 

specific system used in this work. The HWCVD setup consists of two cylindrical stainless-

steel chambers (304 grade), separated by a gate valve. One chamber function as the deposition 

chamber, and the other serves as the load-lock chamber. The system includes a high-

temperature, water-cooled substrate heater capable of reaching up to 950°C. 

The system is designed with flexibility, allowing the vertical adjustment of the substrate heater 

to control the distance between the filament and the substrate. In addition, the filament and gas 

inlets are enclosed by a stainless-steel gas confinement assembly, which enhances the 

dissociation efficiency of the precursor gases. 

 

Fig. 2.1: Schematic of HWCVD system 
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To achieve the growth of single and multi-layer graphene by HWCVD, several deposition 

parameters, such as process pressure (PP), substrate temperature (Tₛ), CH₄/H₂ gas flow rates, 

and substrate choices (c-Si and Ni foil), were systematically varied. [13, 14] Detailed 

conditions for these parameters are described in Chapters 4 and 5. For the preparation of 

graphene thin films, high-purity methane (CH₄) and hydrogen (H₂) gases (99.99% purity) were 

used. To minimize contamination and maintain consistency, a new tantalum filament was used 

for each deposition. The filament, with a diameter of 0.5 mm, was arranged in a parallel 

configuration with three 7 cm-long wires, enabling the filament temperature to be maintained 

in the range of 2000-2200°C. The substrates were heated by a radiative heater positioned 0.5 

mm above the substrate holder. Before deposition, the chamber was evacuated to a pressure 

below 10⁻⁶ mbar using a turbo molecular pump, which ran for 5-6 hours to ensure a clean 

environment. 

 

Fig. 2.2: HWCVD system in our lab 

2.2.2 rf-Sputtering 

In this thesis, indium-tin-oxide (ITO) and silver (Ag) have been selected as materials for the 

transparent conducting layer and electrical contacts, respectively, in the device fabrication 

process. These layers were deposited using radio frequency (RF) sputtering, a physical vapor 

deposition (PVD) technique based on the physical ejection of atoms from a solid target due to 

bombardment by energetic gas ions.[15-22] Before the sputtering process, the chamber is 

TH-3970_176151006



Experimental Details and Characterization techniques 

31 

evacuated to a base pressure of approximately 10-7 mbar. Once this vacuum level is achieved, 

a controlled flow of inert argon (Ar) gas is introduced into the chamber. A high voltage is 

applied between the electrodes, the target (cathode) and the substrate (anode) causing the Ar 

gas to ionize. The resulting Ar ions are accelerated toward the cathode, where they strike the 

target surface, causing the ejection of target atoms. 

The sputtered atoms travel toward the grounded anode and adhere to the substrate, forming a 

thin film. This process allows for the controlled deposition of uniform and high-quality 

conductive layers, which are essential for the device's performance 

2.2.3. rf-PECVD 

The rf-PECVD technique is most commonly used deposition method to produce device quality 

hydrogenated amorphous silicon (a-Si:H) thin films but recently it is being used for the direct 

growth of graphene on silicon substrates.[23-29] The role of the plasma in this technique is to 

provide a source of energy to dissociate methane (CH4) molecules. CH4 is dissociated into CHn 

(n ≤ 3) as well as H2 and H [30]. Hydrogen molecules are also decomposed into atomic 

hydrogen. Excitation of the ground state electron to the vacuum state gives rise to ionization 

events, generating new electrons and ions to maintain the plasma. The plasma is confined 

between two parallel plates, one of which holds the substrate.  

The radicals formed in secondary gas phase reactions and then get deposited on the substrate, 

yielding the film. Radio frequency plasma enhanced chemical vapour deposition (RF-PECVD) 

(13.56 MHz) multi-chamber system (EXCEL instruments, Mumbai, India) has been used for 

the deposition of thin films and fabrication of solar cells. Figure 2.4 (a) shows the schematic 

diagram of the RF-PECVD multi-chamber system and Figure 2.4 (b) show the real image of 

RF-PECVD multi-chamber. The system consists of four cylindrical chambers made of stainless 

steel (SS304 grade), three (PECVD) chambers and a central load lock cum hot wire chemical 
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vapour deposition (HWCVD) chamber. All the three PECVD chambers are separated from load 

lock chamber (i.e. HWCVD) using CF100 gate valve. The substrate can be transferred from 

one PECVD chamber to other PECVD chamber through load-lock without breaking the 

vacuum. This prevents contamination of other chambers. All the process chambers are 

individually connected to a turbo-molecular pump (TMP) (Pfieffer, HIPAC 300) with a gate 

valve between them. The TMP is backed by a two-stage rotary pump (Pfieffer, PASCAL 

2020SD). Exhaust line of each rotary pump is connected to the burn box. During deposition, 

burn box temperature is kept at 700 oC and these burnt gases were dissolved in the soap water 

before going to atmosphere.  Cold water is supplied to the TMP and burn box and one fan was 

attached to each TMP to keep it cool. Pirani and penning gauges are used to monitor the 

pressure inside the chambers. Separate gas lines are used to feed the reactant gases in these 

chambers.  

   

Fig. 2.3: (a) Schematic diagram of RF- PECVD multi-chamber system (b) real image of RF-PECVD multi-

chamber 

2.2.4. Thermal evaporation Deposition 

Thermal evaporation is a widely used Physical Vapor Deposition (PVD) technique for thin film 

fabrication. It is a simple yet effective method that relies on a resistively heated filament or 

boat made from refractory materials such as tungsten (W), molybdenum (Mo), or tantalum 

(Ta). The solid evaporant is heated in a high-vacuum chamber until it transforms into vapor, 
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which then condenses onto a substrate to form a thin film. The system primarily consists of a 

vacuum chamber, vacuum pumps, a heating filament or boat, and a substrate holder, which may 

include a heating element.[31]The deposition process involves the sublimation of the solid 

evaporant, the transfer of vapor to the substrate, condensation upon arrival, and subsequent 

structural modifications on the substrate surface. This technique is commonly employed for 

depositing metallic electrical contacts such as gold, silver, and aluminium in thin-film devices, 

including solar cells, LEDs, and thin-film transistors (TFTs). It also enables co-evaporation of 

multiple materials, where precise temperature control ensures the desired film stoichiometry. 

The evaporation rate and condensation behaviour vary depending on the source material and 

deposition conditions.[32, 33] 

In this thesis, we used thermal evaporation deposition system for the deposition of silver and 

aluminium as contacts in solar cells. The quality of the deposited films is influenced by factors 

such as evaporation rate, deposition pressure, film thickness, evaporation angle, substrate 

temperature, and residual gas composition. These parameters can be precisely controlled in the 

thermal evaporation process, ensuring uniform and high-quality film deposition. A key 

advantage of this method is its ability to achieve large-area thin films with consistent thickness, 

making it a reliable choice for applications in electronics and materials science. 

2.3 Characterization Techniques 

The powder and thin films prepared using above-mentioned methods were characterized for 

studying its structural, optical and electrical properties using different experimental techniques 

described below. 

2.3.1 Raman Spectroscopy 

Raman spectroscopy is one of the non-destructive and very powerful tools to study vibrational 

modes of a material for understanding the crystal structure and many other fundamental 
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properties. Raman scattering is an inelastic scattering phenomenon of photons by the 

fluctuations such as atomic vibrations, charge density and spin density and so on in the material. 

Positions of the peaks are related to the inter-atomic forces and distances, to their masses and 

chemical environments.[34-38] Raman studies reported in this thesis were performed using 

HORIBA Jobin-Yvon LabRam HR Raman spectroscopy equipped with Ar-ion laser at a 

wavelength of 488 nm. The spot size of the laser beam was 1 μm in diameter and the incident 

laser power on the sample was less than 1 mW. These studies were carried out at room 

temperature (RT) in the backscattering geometry.  

2.3.2 X-ray Diffraction 

X-ray diffractometer, Rigaku TTRAX III, 18 kW with CuKa radiation of 1.54 Å, was used for 

microstructure investigations. The measurements were performed in 2θ thin film mode at a 

grazing angle of incidence of 3o. The samples were scanned in the range of 10-70o with a step 

of 0.05o. The crystallite size in the film was calculated using Scherrer’s formula[39] (Equation 

2.1) as follows     

𝑑𝑋𝑅𝐷 =
0.9𝜆

𝐵1𝐶𝑜𝑠𝜃ℎ𝑘𝑙
                                                               (2.1) 

where dXRD is the crystallite size, l is the wavelength of X-ray, B1 is the broadening due to 

crystallite size and θhkl is the peak position corresponding to the (hkl) plane.  

2.3.3 Field emission transmission electron microscopy 

To analyse the structure of graphene, transmission electron microscopy (FETEM) studies were 

performed. The JEOL-2100 was used to capture FETEM selective area electron refraction 

SAED patterns and high-resolution pictures and crystalline were determined using t e m in dark 

field mode with a 200KW accelerating voltage and lab 6 filament for measurements the 
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graphene were grown directly on nickel mesh great using imageJ software the HRTEM pictures 

are utilise to quantify that is facing the spacing of distinct atoms. 

2.3.4 Field emission scanning electron microscopy 

Surface morphology of the films and cross-sectional image of solar cells were recorded by field 

emission scanning electron microscopy (FESEM, model: SIGMA ZEISS). In this technique, a 

field emission cathode provides narrow electron beam of high energy which is focused on the 

sample and result in improvement of resolution of the image. FESEM was operated with an 

accelerating voltage of 2 to 4 KeV and films were coated with a very thin gold layer with the 

plasma to avoid charging effect during measurement.  

2.3.5 Atomic Force Microscopy 

Atomic force microscopy (AFM) is one of the useful tools to observe surface topography of 

the films. AFM consists of a microscale cantilever with a sharp tip at its end that is used to scan 

the surface of the film. Cantilever is generally made with Silicon or silicon nitride. When the 

tip is brought close to the film surface, the force between film and tip leads to a deflection of 

the cantilever. The deflection is measured using a laser spot reflected from the top surface of 

the cantilever into an array of photodiodes.[40-42] In this thesis, the measurements were 

performed with AFM (model Agilent, 5500 series) in tapping mode using silicon nitride 

cantilever with force constant 33 N/m and a resonance frequency of 304 KHz. The root mean 

square (RMS) roughness of films is calculated using “WSxM’’ software for the selected areas. 

2.3.6 Fourier transform infrared spectroscopy 

Fourier transform infrared (FTIR) spectroscopy is a non-destructive technique which can 

identify the bond configuration in the material. This instrument works based on the fact that 

each molecular bond has its own distinct quantized vibrational levels whose frequency lie 

usually in the mid-infrared region of 200 - 4000 cm-1. Once the frequency of an incident 
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infrared radiation matches with the frequency of molecular vibration modes, radiation is 

absorbed by the molecules.[43-45] A single beam ‘Perkin Elmer BX’ FTIR spectrometer is 

used to record the IR transmission spectra for all prepared samples. The films are deposited on 

IR transparent substrate such as both sides polished undoped monocrystalline Si (100) wafer. 

The spectrometer is operated using normal incidence with step size of 1 cm-1 and resolution of 

4 cm-1 with average of sixty-four scans for each sample.  

2.3.7 Energy dispersive X-ray spectroscopy 

Energy Dispersive X-ray Spectroscopy (EDS) is a widely used analytical technique in materials 

science to determine the elemental composition of a sample. The technique is based on the 

detection of characteristic X-rays emitted by elements when their atoms interact with a high-

energy electron beam. When an electron beam strikes a sample, it displaces electrons from the 

inner shells of atoms, creating vacancies. These vacancies are filled by electrons from higher 

energy levels, and in the process, characteristic X-rays are emitted. The energy of these emitted 

X-rays is unique to each element, allowing for precise elemental identification. The transitions 

of electrons between different energy levels are classified into K-series, L-series, and M-series, 

depending on the shell involved. For effective EDS analysis, the energy supplied must exceed 

the ionization energy of the element being analysed. The accelerating voltage of the electron 

beam plays a crucial role in this process.[46-51] In our study, an accelerating voltage of 20 kV 

in SE2 mode was used for EDS analysis to determine the atomic and weight percentages of 

silicon, carbon, and oxygen in graphene films. Additionally, it was employed to analyse carbon, 

boron, and oxygen in graphene oxide, reduced graphene oxide, and boron-doped reduced 

graphene oxide samples. This technique provides valuable insights into the composition of 

materials, aiding in the characterization and optimization of various thin-film and nanomaterial 

applications. 
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2.3.8 X-ray photoelectron Spectroscopy  

X-ray Photoelectron Spectroscopy (XPS) is a powerful analytical technique used to determine 

the elemental composition, chemical states, and electronic structure of elements present on the 

surface of a material. It is highly surface-sensitive, typically analysing depths up to 10 nm. 

However, depth profiling can be performed by sputtering the surface layer, allowing for an 

understanding of compositional variations from the surface to the bulk of the material.  In XPS, 

an X-ray beam excites atoms on the material’s surface, causing the emission of photoelectrons. 

By analysing the energy of these emitted electrons, valuable insights into the elemental 

composition and chemical bonding states can be obtained. XPS operates with photon energies 

ranging from 200 to 2000 eV, making it suitable for studying both conducting and non-

conducting materials. Additionally, the technique maintains a stable charge state on the sample 

surface, enabling precise surface characterization.[52, 53]  

This method is widely used in materials science for investigating thin films, coatings, and 

nanomaterials, providing crucial information about surface chemistry and electronic properties. 

We have used this for our graphene films deposited on silicon substrates to get the information 

about Carbon-silicon and carbon-carbon bonds.  

2.3.9 Kelvin Probe Force Microscopy 

Kelvin Probe Force Microscopy (KPFM) is a powerful technique used to measure the local 

work function of thin films, including graphene-based materials. The term "local work 

function" is used because measurements are performed in ambient conditions, where surface 

adsorbates can influence the results.[54] KPFM operates by measuring the contact potential 

difference (CPD) between a conducting tip and the sample surface. This CPD value is then 

used to determine the sample’s work function. The technique is based on the principle that 

when a conductive tip is brought close to a sample, electron tunnelling occurs, causing a shift 
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in the Fermi levels of both the tip and the sample until they reach equilibrium. This alignment 

of energy levels generates a contact potential difference, which induces an electrical force. To 

nullify this force, an external DC voltage is applied, equal and opposite to the CPD, restoring 

the Fermi levels to their original state. The applied voltage corresponds to the difference in 

work functions between the sample and the tip. The work function of the sample is calculated 

using a reference material, often Highly Oriented Pyrolytic Graphite (HOPG), due to its 

stability against contamination and minimal dipole formation.[55-58] 

In this study, KPFM measurements were carried out using an Oxford Instruments Cypher S 

microscope to analyse the work function of as-deposited graphene films on silicon substrates. 

The ability of KPFM to provide high-resolution surface potential mapping makes it an essential 

tool for studying electronic properties of thin films and nanomaterials. 

2.3.10 Conductivity measurements 

Conductivity of thin films were measured using two probe method in coplanar geometry. Silver 

paint was used as electrodes for conductivity measurements. In coplanar geometry, if l is the 

length of electrodes, d is the separation between them, t is the thickness of the film, V is the 

applied voltage and I is the measured current then the conductivity is given by the following 

Equation 2.2 

 𝜎 =
𝐼×𝑑

𝑉×𝑙×𝑡
                                                          (2.2)                                                                                                                           

A Solar Simulator (model: Sciencetech) was used for to illuminate the films during 

photoconductivity measurements.  

2.3.11 Surface Profilometer 

A Surface profilometer is used to measure the thickness of deposited films. It is capable to scan 

area of tens of millimeters with a vertical range starting from hundreds of microns to a few 
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nanometers. In the present thesis, measurements were carried out using Veeco-Dektak 150 

stylus profilometer. Thickness measurement was performed for each film at three different 

mask locations and those values were averaged to determine the thickness.  

2.4 Solar cell characterization 

2.4.1 Current density (J) – Voltage (V) measurement 

Electrical performance of a solar cell was determined from the current density-voltage (J-V) 

curve obtained by illuminating the solar cell with solar simulator (model: ScienceTech) under 

AM1.5. Intensity of light beam falling on the sample was about 100 mW/cm2. A Keithley 2450 

Source meter controlled by a computer is used to provide voltage sweeps and record the 

corresponding current. An example of current density-voltage characteristic of solar cell is 

illustrated in Fig. 2.4. 

 

Fig. 2.4: Current density (J) - voltage (V) characteristics of solar cell 

From the J-V curve, short-circuit current density (Jsc), open-circuit voltage (Voc) and fill factor 

(FF) are obtained. The solar cell efficiency (η) is defined as the ratio of maximum electrical 

energy output to the incident solar energy on the cell. The η (%) is determined by the following 

Equation 2.3 [59]. 

𝜂(%) =
𝐽𝑠𝑐×𝑉𝑜𝑐×𝐹𝐹

𝑃𝑖𝑛
× 100                                       (2.3) 
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max maxwhere
sc oc

J V
FF

J V


=


 

where Jsc, Voc, FF and Pin are short-circuit current density, open-circuit voltage, fill factor and 

input power. The Voc is the voltage at which no current flows through the external circuit; that 

is at J = 0. On the other hand, Jsc is current density at which voltage drop is zero across the 

solar cell. The FF is the ratio of the maximum power that can be obtained from the cell to the 

product of Jsc and Voc. It is a measure of ‘squareness’ of the J-V curve and describes the 

operating point at which the solar cell gives maximum power to the attached load.  

2.5 Simulation studies of Graphene-Silicon heterojunction Solar cells 

The simulation studies of Graphene/ silicon heterojunction solar cells is performed using a 

user-friendly software AFORS-HET (Automat FOR Simulation of HETero structures) v-2.5 

under AM1.5 illumination and power density of 100mW/cm2.  
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Synthesis and Characterization of doped and undoped 

Graphene-based materials by chemical route 

 

 

 

 

 

 

The synthesis of Graphene Oxide by Modified Hummer’s method[1-5] and its further 

conversion to reduced Graphene Oxide is discussed here. We have followed two routes for 

the reduction process, one is chemical reduction and another one is thermal reduction. The 

comparative analysis of the chemically and thermally reduced r-GO samples based on their 

specific surface area, electrical conductivity and other structural properties are also discussed. 

Further, bulk synthesis of boron-doped reduced graphene oxide (B-rGO) as an electrode 

material for supercapacitors [6-11] by using Boric acid (H3BO3) as boron source is also 

discussed. The structural properties of B-rGO, in comparison with Graphene Oxide (GO), 

Graphite and reduced Graphene Oxide(r-GO) has been studied by XRD, Raman and FETEM 

analysis. The boron doping of ~9% has been confirmed by EDAX analysis. An increase in 
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inter-layer spacing from 0.23nm to 0.28nm has been observed in B-rGO due to intercalation 

of boron atom in the lattice. FTIR studies also confirmed the doping due to presence of B-C 

and B-O bond. We have reported an increased specific capacitance of 326.56 F/g for B-rGO 

compared to GO (137.88 F/g) and r-GO (108.85 F/g). The corresponding structural properties 

have also been studied by XRD and Raman and electrical conductivity is also calculated. For 

all the chemically prepared samples i.e. GO, r-GO, B-rGO and r-BGO, thermal kinetics study 

is done to estimate the activation energies and entropy changes at various stages of 

degradation with temperature. 

3.1 Experimental details 

3.1.1 Preparation of Graphene Oxide by Modified Hummer's method 

Graphene oxide (GO) was synthesized using Modified Hummers method. In this method, 250 

mg graphite and 9ml sulfuric acid (H2SO4) were mixed and stirred for 3 hours at room 

temperature at 550rpm. Now, 750mg potassium permanganate (KMnO4) was grind and 

gradually added into the solution with constant stirring. An ice bath is provided while adding 

KMnO4 as this reaction is exothermic in nature. The mixture was kept on stirrer at 45°C until 

the color of the solution became reddish. Now the solution was diluted by adding 25 ml DI 

water and the mixture was heated at 90°C for half an hour. The solution was further diluted 

by adding another 75ml DI water and 30% H2O2 solution (5ml) into it. The solution became 

greenish yellow in color. The mixture is washed with 5% HCl (1.42ml HCl of 30% +8.58ml 

water) followed by DI water until the pH became neutral. Then, the solution is centrifuged 

twice at 4000 rpm for 30 minutes. The resulting solution obtained is brownish in color. The 

solution is filtered and dried into the Vacuum Oven. Finally, GO powder was obtained.  

For making thin films of Graphene Oxide, GO powder is dissolved in NMP (N-Methyl-2-

Pyrrolidone) (15mg/ml) and the resulting solution is sonicated for 5hrs. GO films are 
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deposited on 1cm X 1cm quartz, undoped silicon and FTO substrate by drop casting using 

30µl of the obtained solution. The thickness of the film could be controlled by the optimized 

concentration of the solution.  Film Thickness was measured by using stylus Profilometer.      

3.1.2 Preparation of Reduced Graphene Oxide (r-GO) 

1. Thermal reduction: GO powder (50mg) is placed in a crucible and kept in a muffle 

furnace at 450°C for 1h for thermal reduction. After 1hour of thermal reduction, the sample 

was cooled to room temperature and black coloured Reduced Graphene Oxide (r-GO(T)) 

powder is obtained. The oxygen-containing functional groups from graphene oxide were 

removed by this process. 

2. Chemical reduction: In this process, 50mg of Graphene Oxide is mixed with 50mL of DI 

water and sonicated in ultrabath sonicator for 3hrs. After this, 3mL of hydrazine hydrate is 

added to the solution which acts as a reducing agent and the solution is kept on the magnetic 

stirrer at 500rpm for 12hrs. Finally, the solution is washed with DI water and black powder 

(r-GO(C)) is obtained. 

For preparing a thin film of r-GO, 15mL r-GO is dissolved in 1mL of NMP (N-methyl-2-

pyrrolidone). The resulting solution is sonicated for 5hrs. Thin films of r-GO are obtained by 

drop-casting 30µl of the solution onto 1cm X 1cm quartz, undoped silicon, and FTO 

substrates.  

3.1.3 Preparation of Boron doped Reduced Graphene Oxide 

To synthesize boron doped r-GO samples, boric acid is used as boron source, two types of 

Boron doped Reduced Graphene Oxides were obtained: 

1. The prepared Graphene Oxide (750mg) was doped with boron by mixing 1.5g of 

Boric Acid (H3BO3) and 20ml of DI water. The solution was then sonicated for 
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30minutes. Further, the solution is placed in autoclave and kept in a muffle furnace at 

500°C for 12 hours. The sample was cooled to room temperature. r-BGO powder was 

collected and it was dried in an oven at 60°C for overnight. 

2. The prepared Reduced Graphene Oxide (2.1mg) and 6.3mg Boric Acid (H3BO3) were 

mixed with 30mL propanol for boron doping. This solution was sonicated for half an 

hour and then placed into autoclave and kept in a muffle furnace at 150°C for 10 

hours. The sample was cool down to the room temperature and B-rGO black powder 

was obtained. 

3.2 Results and Discussion 

3.2.1 Comparative study of chemically and thermally reduced graphene oxide based 

on their specific surface area, structural and electrical properties  

To confirm the synthesis of Graphene Oxide and it’s further reduction to reduced Graphene 

Oxide, XRD studies were done. It has been observed that due to presence of oxygen 

functionalities, the peak appeared at 2θ=10.61° for GO where the d spacing is 0.832nm due to 

intercalation of oxide functional group such as epoxy, hydroxyl, carbonyl, and carboxyl 

groups at the carbon basal plane. Further, when Graphene Oxide is reduced (r-GO), 

functional groups are removed and the interlayer spacing is decreased in r-GO for both 

thermally and chemically reduced samples. This indicates that the π-conjugated structure of 

graphene has been restored considerably at the produced r-GO. A peak shift is observed for r-

GO at 2θ =24.5° in case of r-GO(C) and at 25.420 in case of r-GO(T). In case of r-GO(T), the 

peak is more intense which may imply that crystal plane (002) are more periodically arranged 

in r-GO(T) compared to r-GO(C). In addition, the d-spacing of r-GO was reduced from 

0.832nm for GO to 0.36nm for r-GO(C) and 0.38 for r-GO(T) which proved that oxygen-

containing functional groups were removed efficiently in both the cases. Another less intense 
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peak could be seen at 2θ=42.60° for r-GO samples with (001) orientation which is attributed 

to the turbostratic band of disordered carbon materials. 

 

Fig.3.1: XRD Spectra of GO, r-GO (C) and r-GO (T) 

Table 3.1: XRD data analysis for d-spacing(d) for GO, r-GO (C) and r-GO (T) 

Sample Name 2-theta (°) d-spacing (nm) 

Graphene Oxide 10.61 0.832 

r-GO(C) 24.50 0.363 

r-GO(T) 25.42 0.380 

 

      

a)                                                     b)  

Fig.3.2: EDX analysis of a) r-GO(C) and b) r-GO(T) 

EDX analysis was carried out to find the ratio of atomic concentration of Carbon and Oxygen 

atoms for r-GO films. The ratio is 90:10 in case of r-GO(C) and 95:5 in case of r-GO(T). Less 

oxygen content in case of r-GO(T), indicates that thermal reduction is more efficient than 

chemical reduction to obtain r-GO samples.  
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The surface areas and pore size distribution of all materials were determined by the BET 

method from N2 isotherm using a Quantachrome Autosorb Automated instrument.The 

estimated values of specific Surface area, average pore size and total pore volume are listed 

in the table 3.2.  

Table 3.2: Specific Surface area, Average pore diameter and Pore Volume of r-GO(C), and b) r-GO(T) 

 

Sample 

Name 

Specific Surface 

Area (m2/g) 

Average pore 

diameter (nm) 

Pore Volume 

(cc/g) 

r-GO(C) 17.35 1.716 0.074 

r-GO(T) 74.78 1.806 0.338 

 

According to the average pore size, both the samples are microporus because their pore sizes 

are between 1 to 2nm. Also, we observe that in case of r-GO(C), the BET surface area 

is17.35m2/g and 74.78m2/g in case of r-GO(T). Greater BET surface area indicates that the 

adsorption capacity is expected to increase with the surface area. 

       

Fig. 3.3: (a) Absorption isotherm of r-GO(C), and r-GO(T) (b) I-V characteristics of r-GO(C), and  

r-GO(T) 

 

For I-V measurement, thin film of GO and r-GO samples were prepared by drop-casting 

method. The thickness of the drop-casted GO film used for both chemical and thermal 

reduction was approximately 300nm, measured using stylus profilometry. Electrodes were 

made from silver paint. From fig. 3.3, we can observe that the conductivity of r-GO(C)) is 

0.049S/cm and r-GO(T) is 2.28S/cm. The I-V characteristics of the thermally and chemically 
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reduced GO films indicate the presence of impurities and incomplete reduction in the 

chemically reduced samples. The chemically reduced r-GO exhibits a more resistive and non-

linear I-V response, suggesting that residual oxygen-containing functional groups and 

structural defects continue to hinder charge transport. These unreduced groups act as trapping 

sites and disrupt the sp² network, preventing full restoration of electrical conductivity.[12-14] 

In contrast, the thermally reduced GO shows a comparatively more linear and conductive I-V 

behavior, confirming a higher degree of deoxygenation and better graphitic 

reconstruction.[13-15] The difference in electrical characteristics corroborates that the 

chemical reduction route did not achieve complete removal of oxygen functionalities, leading 

to heterogeneous film quality and limited electronic performance. For all the synthesis and 

analysis process further, thermally reduced graphene oxide is used.  

3.2.2 Thermal Kinetics study of Graphite, Graphene Oxide and Reduced Graphene 

Oxide 

Thermal kinetics or thermal stabilities studies are carried out for Graphite, Graphene Oxide, 

and Reduced Graphene Oxide by Thermogravimetric Analysis (TGA). To measure the mass 

change of samples as a function of temperature and time, the samples were subjected to 

thermal decomposition from room temperature to 900°C under inert atmosphere with the 

heating rate of 10°C/min. With this technique, we can measure the decomposition, 

sublimation, reduction, desorption, adsorption and vaporization in terms of mass change.  

We can see the TGA graphs and their corresponding first derivative thermogravimetry DTG 

graphs with their respective Tmax values are presented in fig. 3.4 (a) and (b).  DTG graphs 

generated from TGA curves demonstrated three distinguished DTG peaks corresponding to 

three mass loss events in GO whereas for r-GO and Graphite only one single DTG peak that 

can be related to only a single mass loss step occurred during the thermal degradation for 

both Graphite and r-GO. 
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The key mass loss events of GO can be explained based on various decomposition 

temperatures: mass loss at <100°C is due to water elimination, 100-360°C due to the removal 

of oxygen functional groups and 360-900°C can be linked to the oxidative pyrolysis of 

carbon framework. The only DTG peak found graphite and reduced graphene oxide samples 

can be ascribed to the combustion of carbon. As depicted in the DTG, their carbon 

combustion temperature was distinctly marked in terms of the temperature of maximum mass 

change rate (Tmax) with GO at (Tmax = 515-660°C), r-GO at (Tmax = 456-606°C) and graphite 

at (Tmax = 675-801). 

  

 

 

Fig. 3.4: (a)TGA curve of Graphite, GO, r-GO (b)DTA curve of Graphite, GO, rGO. Coats Redfern plot of 

thermal decomposition of (c)Graphite (d) Graphene Oxide (e) reduced Graphene Oxide 

The distinguished Tmax can be attributed to the maximum of the external heat energy required 

to overcome the strong bonding within their carbon lattice structure. Graphite has higher 

Tmax because it needs larger amount of heat energy to break down the sp2 hybridized carbon 
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atoms ordered by covalent bonds in a hexagonal carbon framework. Graphite, the most 

thermodynamically stable carbon materials studied in this work, demands even more heat 

energy due to its strongest 3D carbon network, consisting of a large number of graphene 

stacked layers held by additional van der Waals forces. From these studies, it is obvious that 

Tmax can be regarded as a key parameter that can be used for their identification and 

specifically for detection of presence of GO and graphite impurities in graphene materials.  

There are different models used to study the kinetic parameters, such as Ozawa method, 

Kissinger method, Coats-Redfern model, Freeman-Carrol method etc. Among these, Coats-

Redfern model is simple and require only one heating rate whereas others require 

measurements for at least 3 different heating rates.  For our study, Coats-Redfern model is 

used to calculate thermodynamic parameters like activation energy, Arrhenius parameter, 

entropy change, enthalpy change and Gibbs free energy.  

In thermal decomposition, the rate of disappearance of the original substance is described by 

the reaction kinetics equation,  

                                                 dα/dt = Ae-(E/RT)(1-α) n                                                                            (3.1) 

where α is the fraction of the original substance decomposed at time t, n is the order reaction, 

A is the preexponential factor and E is the activation energy of the reaction. In non-isothermal 

mode, for a linear heating rate β= dT/dt, the following Coats-Redfern equation can be 

obtained by integrating and rearranging the above reaction kinetics equation. 

                                  ln[g(α)/T2] = ln[(AR/βE) (1-2RT/E)] – E/RT                                  (3.2) 

where g(α) is the kinetic model function. 

The slope of the plot of ln[g(α)/T2] against 1/T is a straight line, from which the activation 

energy (E) is calculated. The pre-exponential factor, Arrhenius parameter (A) is also 
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calculated from the intercept of curve on y-axis which is equal to ln (AR/βE). The kinetic 

parameter, entropy of activation (ΔS) is calculated using the following equation.  

                                 ΔS(J/Kmol) = 2.303R(log (Ah/kBTP))                                               (3.3) 

where h is the Planck’s constants and TP is the peak temperature of DTG. 

Table 3.3: Thermodynamic parameters in thermal decomposition of Graphite, GO, r-GO 

Sample Decomposition Activation 

Energy, Ea 

(KJ/mol) 

Arrhenius 

Parameter 

(s-1)  

DTG Peak 

temperature 

TP (°C) 

Entropy 

change 

(KJ/mol) 

Graphite Step 1 17.11 2.95×107 804 -112.59 

Graphene Oxide Step 1 36.19 2.09×105 226.96 -147.38 

Step 2 18.52 4.16×105 696.07 -147.16 

Reduced 

Graphene Oxide 

Step 1 13.21 9.4×106 595.76 -120.28 

 

From the table 3.3, it can be seen that the activation energy is more is case of Graphene 

Oxide compared to Graphite and reduced Graphene Oxide. This is because large amount of 

energy is required for removal of oxygen containing functional in GO compared to r-GO and 

Graphite. For similar reasons, we can see the increased value of entropy change for Graphene 

Oxide. 

3.2.3 Facile synthesis of Boron doped reduced Graphene Oxide as electrode material 

for Supercapacitor Applications 

To understand the impact of boron doping in GO and thermally reduced rGO on structural 

and electrochemical properties and its further application in supercapacitors as electrodes, 

boron doped reduced graphene oxides are prepared by two different ways i.e. doping 

graphene oxide with boron and then reducing it (r-BGO) and doping thermally reduced 

graphene oxide with boron (B-rGO). X-Ray Diffraction (XRD) pattern for the Graphite, 

Graphene Oxide (GO), Reduced Graphene Oxide (r-GO) and boron doped reduced graphene 

oxide using Cu Kα radiation (λ=1.54Å) are shown in the Figure 3.5 (a). r-BGO gives a sharp 
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peak at 2θ=27.76° corresponding to the (002) plane and graphitic interlayer spacing of 0.32 

nm.  

B-rGO gives a broad peak at 2θ=25.37° corresponding to the (002) plane and graphitic 

interlayer spacing of 0.351nm. The small difference in 2θ values for boron doped samples 

from r-GO suggests that boron doping is successful into the hexagonal crystalline structure. 

In r-BGO, reduction and doping occur simultaneously so interlayer spacing is reduced and 

become lesser than Graphite. Also, the sample is highly crystalline in nature. In B-rGO 

(Boron-doped in Reduced Graphene Oxide), it seems doping did not influence the interlayer 

spacing since reduction was done before doping. It is concluded that most of the boron 

doping occurred on the sp2 carbon plane.  

 

Fig. 3.5: (a) XRD Pattern of Graphite, GO, r-GO, r-BGO, B-rGO (b) Raman Spectra of Graphite, GO, 

r-GO, r-BGO, B-rGO 

 

Table 3.4 :  XRD data analysis for d-spacing(d) for Graphite, GO, r -GO, r-BGO and B-rGO 

 

Sample Graphite GO r-GO r-BGO B-rGO 

d(nm) 0.336 0.810 0.350 0.320 0.351 
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From Raman spectra (fig. 3.5 (b)), graphitic nature of the precursor powder was observed by 

a sharp band occurring near 1580cm−1 from sp2 carbon atoms. In case of GO, sharp bands 

appeared at 1356, 1595 and 2720 cm−1. In GO, the prominent Raman signal at 1356 cm−1 is 

attributed to the sp3 defects in the sp2 lattice, which is designated by the D-band and is related 

to the defects in graphene structure. Another peak at ~2720 cm−1 denoted by 2D-band is 

attributed to the development of graphene structure. Subsequent reduction by thermal 

exfoliation resulted in Raman bands appearing at 1334 cm−1 (D-band), 1586 cm−1 (G-band) 

and 2658cm−1 (2D-band), respectively. The specific Raman bands and their intensity ratios 

may provide useful information about the structure of graphene such as D/G band intensity 

ratio, which represents defects (edges, vacancies, ripples, etc.) while 2D/G represents the 

number of layers in graphene.[16-19] 

Table 3.5: ID /IG ratio and Cluster size for Graphite, GO, r -GO, r-BGO and B-r-GO 

Sample ID /IG Cluster size 

Graphite 0.017 2266 nm 

GO 0.983 39.19 nm 

r-GO 1.149 33.53 nm 

r-BGO 1.664 23.15 nm 

B-rGO 0.233 165.37nm 

 

In r-BGO, the intensity of defect peak is increased (table 3.5). When Boric acid is added with 

GO then boron atoms react with the functional groups which are present in GO and carbon 

plane both.[20-22] So, the defects are increased. Therefore, the ID/IG is increased in r-BGO 

compares to GO. The intensity of defect peak is decreased in B-rGO which implies that the 

doping mainly, occurred in the plane existing in r-GO structure. The defects in r-GO plane is 

occupied by boron atoms, which results in minimal structural defects as observed in Raman. 

Therefore, the ID/IG is decreased in B-rGO. 
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Fig 3.6: FTIR Spectra of GO, r-GO, r-BGO and B-rGO 

The FTIR spectra in fig. 3.6 is also in well agreement with XRD and Raman spectra. As 

shown in fig. 3.6, the major peaks are observed for GO at 3350, 2354, 1889, 1539, 1369 and 

1100cm-1 corresponding to hydroxyl (-OH), alkaline (C≡C), carbonyl (C=O), aromatic 

(C=C), alkyl (C-H), and (-C-O) functional groups respectively. This shows successful 

oxidation of graphene oxide from graphite.  

Table 3.6: The comparative ratio of intensities corresponds to (C=C) and (O -H) bonds 

 

 

 

The reduction from graphene oxide to reduced graphene oxide is shown by loss in the 

prominence of oxygen containing functional groups in r-GO. Further the presence of boron 

containing functional groups i.e., (B-O), and (B-C) peaks in r-BGO as well as B-rGO confirm 

the successful boron doping in both the samples. 

Bonds Ir-GO/IGO Ir-BGO/IGO IB-rGO/IGO Ir-BGO/Ir-GO IB-rGO/Ir-GO 

C=C 0.9623 0.8454 0.8948 0.8785 0.9298 

O-H 0.2739 0.3517 0.3516 1.2839 1.2837 
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Fig 3.7: FESEM image and EDX of (a) Graphene Oxide (GO), (b) r-BGO and (c) B-rGO 

From table 3.6, it is shown that for C=C and O-H bonds, Ir-BGO/IGO is less than IB-rGO/IGO. So, 

it is easier to functionalize GO than r-GO as bonds in r-GO are more stable. These ratios (r-

BGO and B-rGO) are also in agreement with EDX results discussed further. The elemental 

composition of carbon, oxygen and boron in GO, r-GO, r-BGO and B-rGO are shown in fig. 

3.7. The at% of Carbon and Oxygen in Graphene Oxide are 41.5% and 58.5%. This confirms 

the presence of oxygen containing groups and hence the formation of Graphene Oxide. We 

have performed EDX analysis at different places in the sample and observed that at an 

average, we have successfully been able to dope r-BGO by ~7.6% and B-rGO by ~1%. The 

doping of Boron in r-BGO is more effective than B-rGO. GO has functional groups so, when 

boric acid reacted with GO, boron was successfully doped. But in r-GO functional groups 

were already removed so when boric acid is added with r-GO, boron doping was less 

compared to r-BGO. 
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Fig 3.8: FETEM image of (a) GO, (b) r-BGO (c) B-rGO, SAED pattern of (d) GO (e) r-BGO, (f) B-rGO and 

HRTEM image of (g) GO and (h) B-rGO 

From FETEM in fig. 3.8, we can see some attachments at the surface of B-rGO as compared 

to GO. This could be due to presence of boron atoms at the surface. The SAED image also 

shows that GO is crystalline in nature whereas B-rGO is polycrystalline. This also confirms 

the distortion in the structure of GO due to intercalation of boron atoms in the middle. From 

the HRTEM analysis, we have observed an increase in the interlayer spacing from 0.23nm in 

GO to 0.286nm in B-rGO. This could result in the increase of surface area of B-rGO 

implying increase in the charge storage capacity.  

The electrochemical behavior of the samples was evaluated using 3 electrode system with 

Ag/AgCl as reference electrode, Pt as counter electrode and 3M H2SO4 as electrolyte 

solution. Table 3.7 compares our findings with those published in the literature. Our findings 

are consistent with previous reports for all the samples.  
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Fig 3.9: CV Curve of (a) GO, (b) r-GO, (c) r-BGO, and (d) B-rGO at different scan rates and (e) Specific 

Capacitance Vs Scan rates for GO, r-GO, r-BGO, B-rGO 
 

As shown in fig 3.9, the Specific capacitances of GO, r-GO, r-BGO and B-rGO were 

investigated with scan rates from 0.01V/s to 0.1V/s. We observed that the specific 

capacitance has decreased for all the samples when scan rate is increased from 0.01V/s to 

0.1V/s. The dependency of specific capacitance on scan rate is possibly due to ion diffusion 

in the carbon material. The ions can penetrate higher at lower scan rates as they have 

sufficient time to enter and exit from the pores whereas at high scan rates, only surface 

interaction takes place. 
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Table 3.7: Specific capacitance comparison of doped Graphene oxides reported in the 

Literatures 

Sample Specific Capacitance (F/g) Reference 

Graphene Oxide GO 137.88 Our work 

GO 16.9  

(without plasma treatment) 

85.6  

(after plasma treatment) 

[23] 

Reduced graphene 

oxide 

r-GO 108.85 Our work 

r-GO 148 [22] 

r-GO 135 [24] 

T-GNS 53 [11] 

Boron doping in 

reduced graphene oxide 

B-rGO 170.46 Our work 

HB-GNS 113 [11] 

Boron doping in 

graphene oxide 

r-BGO 326.56 Our work 

BT-rGO 448 [24] 

B-rGO 

(boron doping of GO) 

173.7  

(without plasma treatment) 

345  

(after plasma treatment) 

[23] 

B-rGO  

(boron doping of GO) 

240 [22] 

B-rGO 

(boron doping of GO) 

237  

(without plasma treatment) 

446.24  

(after plasma treatment) 

[25] 

 

Fig. 3.9 (e) shows the variation in specific capacitance value at higher scan rates is observed 

for r-BGO samples. The specific capacitance for boron doped samples is higher than GO and 

r-GO at each corresponding scan rates from 0.1V/s to 0.01V/s. The CV curves show 

rectangular shapes, indicating the typical feature of an electrochemical double-layer capacitor 

(EDLC). The specific capacitance values for r-BGO and B-rGO are 326.56 ± 3.1F/g and 

170.46F/g respectively, which are 2.36 and 1.24 times higher than that of GO (fig 3.9 (e)).  

3.3 Conclusion: 

Here, we prepared Graphene Oxide by Modified Hummers method and then reduced it to r-

GO by two different ways. One by thermal annealing at high temperature secondly by using 

hydrazine hydrate as chemical reducing agent. We have compared the properties of both the 

samples. We found that the specific surface area in r-GO(C) is 17.35m2/g, pore diameter is 
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1.716nm and total pore volume is 0.074cm3/g. In r-GO(T), the specific surface area is 

74.78m2/g, pore diameter is 1.806nm and total pore volume is 0.338cm3/g. Electrical 

properties of both the samples shows that the electrical conductivity of r-GO(C) is 0.049S/cm 

and r-GO(T) is 2.28S/cm. This shows that although reduction takes place in both the process, 

the quality is better in case of thermal reduction. However, the drawback of thermal reduction 

is the requirement of high temperature. Further bulk synthesis of boron-doped reduced 

graphene oxide (B-rGO & r-BGO) as an electrode material for supercapacitors is reported 

here by using Boric acid (H3BO3) as boron source. The structural properties of B-rGO and r-

BGO have been studied by XRD, Raman, EDAX and FETEM analysis. The r-BGO samples 

are highly crystalline in nature whereas B-rGO is amorphous. The intercalation of boron atom 

in the lattice is also confirmed by increase in inter-layer spacing from 0.23nm to 0.28nm from 

HRTEM analysis. Presence of dip corresponding to B-C and B-O bond in FTIR transmission 

spectra further confirms efficient boron doping for both B-rGO and r-BGO samples. We have 

reported an increased capacitance of 326.56 ± 3.1 F/g for r-BGO and 170.46± 2 F/g for B-

rGO compared to GO (137.88 ± 1.8 F/g) and r-GO (108.85 ± 1.6 F/g). This signifies that 

boron doping in Graphene Oxide before reduction (r-BGO) is efficient compared to reduced 

graphene oxide (B-rGO). These values are comparable to those reported so far. The doping is 

also confirmed by XRD, Raman, FTIR and EDX Analysis. This nitrogen doping has also 

increased the conductivity as compared to Graphene Oxide.  
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Growth of multi-layer Graphene by HWCVD on Nickel 

substrate 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, we present a comprehensive investigation into the controlled synthesis and 

transfer of high-quality graphene films via hot-wire chemical vapor deposition (HWCVD) on 

nickel substrates. Here, methane (CH₄) and hydrogen (H₂) precursors are activated at a heated 

filament to generate reactive carbon species that dissolve into nickel at elevated substrate 

temperatures. By systematically varying the CH₄/H₂ gas flow rates, total deposition time, and 

post-growth annealing temperature, we achieve precise control over both the uniformity and 

thickness of graphene, producing films that range from bilayer to 10 layers. We then detail a 

robust wet-chemical etching protocol employing a PMMA support coating and FeCl₃-based 

nickel dissolution for the clean transfer of as-grown graphene onto silicon wafers. Finally, we 

employ Raman spectroscopy and tapping-mode atomic force microscopy (AFM) to quantify 
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surface morphology and number of layers of graphene. Correlating our measurements with the 

deposition conditions reveals how process parameters define graphene’s structure and 

performance, supporting the scalable production of custom films for silicon devices.  

4.1. Experimental Details 

4.1.1. Deposition Parameters 

Graphene films are deposited on Ni foil (125 μm thick, 99.9% purity) by HWCVD method 

using CH4, and H2 precursor gases. Films are deposited by varying the deposition time, CH4/H2 

gas flow rates, and annealing temperature after the deposition. Deposition parameters for the 

growth of graphene films are divided into three series a) influence of deposition time at 

deposition and annealing temperature of 700°C, b) influence of CH4/H2 ratio deposition and 

annealing temperature of 700°C, and c) Influence of annealing temperature variation from 700 

°C to 780°C for films deposited on a fixed deposition temperature of 700°C. Deposition 

parameters such as filament temperature and filament to substrate distance were kept at 

2050±50 °C and 1.5 cm respectively for all the films. Filament temperature was measured using 

pyrometer by focusing at the center of tungsten filament.  

4.1.2. Transfer process of Graphene Films from Nickel foil to Silicon Substrates 

Graphene films, initially deposited on nickel (Ni) foil, are transferred onto silicon (Si) 

substrates through a chemical etching process, following the method outlined in previous 

literature[1-5]. This transfer process consisted of several critical steps to ensure the successful 

transfer of graphene films onto the desired substrates. The process began with the preparation 

of a poly(methyl methacrylate) (PMMA) solution, where PMMA was dissolved in 

tetrahydrofuran (THF) solvent at a concentration of 5 mg/ml. A small drop of this solution was 

spin coated to the surface of the graphene films, forming a protective layer that would aid in 

the subsequent handling and transfer of the delicate graphene structure. This PMMA coating 
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served as a mechanical support to maintain the integrity of the graphene film during the etching 

and transfer process. 

Following the application of PMMA, the nickel substrate was selectively etched away using a 

1M ferric chloride (FeCl₃) solution. The etching process was gradual, allowing complete 

dissolution of the Ni foil over approximately 12 hours. As the etching progressed, the graphene 

film, supported by the PMMA layer, began to separate from the Ni substrate and floated freely 

within the FeCl₃ solution. The floating graphene films were then carefully extracted and 

transferred onto Silicon substrates  

Once the graphene films were successfully placed onto the target substrates, the next step 

involved the removal of the PMMA support layer. This was achieved by immersing the samples 

in acetone, which effectively dissolved the PMMA, leaving behind graphene film. To eliminate 

any residual contaminants and ensure a pristine surface, the graphene-coated substrates were 

subsequently rinsed thoroughly with deionized water. This final washing step helped remove 

impurities from the transfer process. The overall transfer process of graphene films onto silicon 

substrates is illustrated in Figure 4.1.  

 

Fig. 4.1: Schematic of transfer process of Graphene onto silicon substrates 

In metal-catalyzed CVD systems such as Cu and Ni, graphene growth is primarily governed 

by the balance between precursor activation, surface reactions, nucleation density, and the 
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evolution of defects during and after deposition. For device-oriented applications, it is therefore 

essential to minimise both intrinsic structural defects and extrinsic defects arising from gas-

phase reactions or handling steps during processing. [6] For Ni-based growth, the nucleation 

density plays a decisive role in determining grain size and the likelihood of multilayer 

formation, while parameters such as methane partial pressure, growth temperature, and 

hydrogen chemistry provide practical control over surface coverage and suppression of 

unwanted carbon species. [7] Consequently, the final layer number, film continuity, and transfer 

compatibility are governed by the selected process window, establishing a direct link between 

growth optimisation and achievable device performance. [8] 

4.2. Effect of deposition parameters on graphene film quality 

4.2.1. Influence of deposition time on Graphene film (series 1) 

The deposition parameters of series 1 where deposition time is varied while keeping other 

parameters constant and shown in table 4.1. 

Table 4.1: Deposition parameters by deposition time variation (series 1) 

Sample 

Name 

Deposition time(td) 

(min) 

Other parameters 

HW323 20 Substrate temperature (Ts): 7000C 

Annealing Temperature Ta): 7000C 

Filament temperature (Tf): 2050±500C 

Process Pressure (P.P.): 1mbar 

Annealing time: 45min 

CH4 flow rate: 5 sccm 

H2 flow rate 20 sccm 

HW336 15 

HW338 10 

HW339 5 

 

All the graphene film transferred on silicon substrates show the characteristic peaks in Raman 

spectra (Fig. 4.2), ensuring the successful transfer of the films deposited on Ni substrate to 

Silicon substrate.  
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Fig. 4.2: Raman spectra of Graphene films with deposition time variation (series 1) 

The Raman spectra corresponding to D peak, G peak and 2D peak and corresponding variation 

in ID/IG and I2D/IG ratios with different deposition times are reported offering key insights into 

the defect density and layer thickness of the deposited graphene. As the deposition time 

decreases from 20 minutes to 5 minutes, the ID/IG ratio rises from 0.32 to 0.88, and the I2D/IG 

ratio increases from 0.41 to 0.78, as shown in Fig. 4.2 and Table 4.2. The increase in ID/IG with 

reduced deposition time suggests a higher defect density in the graphene structure. In HWCVD, 

a longer deposition time allows a more uniform carbon diffusion onto the nickel substrate, 

leading to improved graphene quality during the cooling and segregation process. However, 

with a shorter deposition time, the carbon atoms have less time to nucleate and form a 

continuous, defect-free graphene network. 

Table 4.2: ID/IG and I2D/IG values obtained from Raman spectra for Graphene films with deposition time 

variation (series 1) 

Sample ID/IG I2D/IG 

HW323 (20min) 0.32 0.41 

HW336 (15min) 0.68 0.46 

HW338 (10min) 0.71 0.64 

HW339 (5min) 0.88 0.78 
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This results in a higher concentration of grain boundaries, edge defects, and vacancies, all of 

which contribute to the increased D-band intensity in Raman spectra.[9, 10] These observations 

align with prior studies indicating that smaller graphene domain sizes and incomplete growth 

result in increase in ID/IG ratio.[11] Moreover, the observed increase in the I2D/IG ratio indicates 

a reduction in graphene layer thickness as the deposition time decreases. A higher I2D/IG ratio 

generally signifies fewer graphene layers, with monolayer graphene (thickness ~0.335 nm) 

exhibiting the highest values. Shorter deposition times result in less carbon available for 

diffusion and segregation from the Ni substrate, thereby forming thinner graphene layers during 

the transfer process. For instance, at a deposition time of 20 minutes, prolonged carbon supply 

and diffusion lead to thicker graphene films, reflected by a lower I2D/IG ratio. Conversely, 

reducing the deposition time to 5 minutes yields thinner graphene layers, which enhances the 

relative intensity of the 2D peak compared to the G peak. These observations align with 

previous studies that have established a direct correlation between the I2D/IG ratio and graphene 

layer thickness.[12, 13] 

  

        

Fig. 4.3: AFM images of Graphene films with deposition time (a) 20min (b) 15min (c) 10min (d) 5min 
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The increase in ID/IG and I2D/IG with decreasing deposition time indicates a higher defect 

density and reduced graphene layer thickness. By optimizing the deposition time, it is possible 

to control defect concentration and layer uniformity, which are critical for graphene-based 

electronic and optoelectronic applications. AFM analysis (figure 4.3 and table 4.4) further 

confirms this trend, showing a decrease in root mean square (rms) roughness from 0.84 nm for 

the 20-minute sample to 0.38 nm for the 5-minute sample. Similarly, the average height reduced 

from 5.68 nm (10-15 layers) to 2.34 nm (8-10 layers), indicating thinner and smoother graphene 

films at shorter deposition times. The reduction in roughness suggests that longer deposition 

times lead to multilayer graphene growth with increased surface fluctuations, while shorter 

deposition times produce more uniform and continuous films. Similar trends have been 

reported in studies where reduced deposition time led to lower graphene surface roughness due 

to more controlled nucleation and limited layer stacking.[14, 15] The decrease in average 

height further supports the conclusion that the shorter deposition time results in thinner 

graphene films, which is in agreement with Raman spectroscopy results showing an increase 

in the I2D/IG ratio. 

Table 4.3: RMS roughness and average height of Graphene films obtained from AFM analysis with deposition 

time variation 

Sample Name RMS 

Roughness 

Average 

height 

HW 323 (20 min) 0.84nm 5.68nm 

HW 336 (15 min) 0.67nm 4.89nm 

HW 338 (10min) 0.51nm 3.47nm 

HW 339 (5 min) 0.38nm 2.34nm 

 

These findings are consistent with AFM-based graphene studies, where surface topography 

analysis has been used to confirm the influence of growth time on thickness and uniformity.[16] 
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4.2.2. Influence of hydrogen dilution of methane on Graphene film (series 2) 

Hydrogen plays a crucial role in graphene growth by facilitating the dissociation of methane 

into active carbon species while simultaneously etching amorphous and defective carbon, 

thereby influencing both defect density and film quality.[17-24],  In order to understand the 

role of hydrogen flow rate on film quality, uniformity and number of graphene layers, the 

hydrogen flow rate is systematically varied from 10 sccm to 20 sccm, while maintaining a 

constant methane flow rate of 5 sccm and a deposition time of 5 minutes. This deposition time 

was specifically chosen to keep the number of graphene layers on the lower side while ensuring 

that hydrogen dilution enhances uniformity. 

Table 4.4: Deposition parameters for hydrogen dilution of methane on Graphene film (series 2) 

Sample 

Name 

H2 flow rate (sccm) Other parameters 

HW348 10 Substrate temperature (Ts): 7000C 

Annealing Temperature Ta): 7000C 

Filament temperature (Tf): 2050±500C 

Process Pressure (P.P.): 1mbar 

Deposition time(td): 5 min 

Annealing time: 45min 

CH4 flow rate: 5 sccm 

HW349 15 

HW358 20 

 

Figure 4.2 presents the Raman spectra, while table 4.2 summarizes the corresponding variation 

in ID/IG and I2D/IG ratios with different deposition times, offering key insights into the defect 

density and layer thickness of the deposited graphene. As the deposition time decreases from 

20 minutes to 5 minutes, the ID/IG ratio rises from 0.32 to 0.88, and the I2D/IG ratio increases 

from 0.41 to 0.78, as shown in Figure 4.2 and Table 4.2. As the hydrogen flow rate increased 

from 10 sccm to 20 sccm, significant changes were observed in the Raman spectral 

characteristics of the deposited graphene films (fig. 4.4). 
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Fig. 4.4: Raman spectra of Graphene films with variation in hydrogen dilution of methane (series 2) 

The ID/IG ratio, an indicator of defect density and structural disorder, increased from 0.19 to 

0.85. This suggests that higher hydrogen concentrations lead to increased etching effects, 

introducing more defects such as vacancies and edge terminations.[21, 23, 25-27]  

Table 4.5: ID/IG and I2D/IG values obtained from Raman spectra for Graphene films with hydrogen dilution of 

methane (series 2) 

Sample ID/IG I2D/IG 

HW348 (H2: 10sccm) 0.19 0.28 

HW349 (H2: 15sccm) 0.66 0.32 

HW358 (H2:20sccm) 0.85 0.53 

 

Simultaneously, the I2D/IG ratio, which provides insights into the number of graphene layers 

and their stacking order, increased from 0.28 to 0.53. This trend indicates that hydrogen dilution 

influences the balance between precursor dissociation and etching, potentially improving film 

uniformity while modifying layer structure.[28, 29]  
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Fig. 4.5: AFM images of Graphene films with variation in hydrogen dilution of methane (a) 10sccm (b) 15sccm 

(c) 20sccm 

From AFM analysis (figure 4.5, table 4.6) we observe that the rms roughness decreased from 

2.32nm to 0.59nm and average height decreased from 9.82nm to 3.73nm when the hydrogen 

flow rates increased from 10sccm to 20 sccm.  

Table 4.6: RMS roughness and average height of Graphene films obtained from AFM analysis with variation in 

hydrogen dilution of methane 

Sample Name RMS Roughness Average height 

HW348 (H2:10sccm) 2.32nm 9.82nm 

HW349 (H2: 15sccm) 1.57nm 7.97nm 

HW358 (H2: 20sccm) 0.59nm 3.72nm 

 

This is in line with raman studies and these findings highlight the importance of hydrogen 

dilution in tailoring the structural properties of graphene films grown via HWCVD. While 

lower hydrogen flow rates favour more ordered graphene with fewer defects, higher hydrogen 

concentrations enhance etching effects, affecting both uniformity and layer thickness. 
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Optimizing hydrogen-to-methane ratios is therefore critical for achieving graphene films with 

desirable properties for applications in nanoelectronics, flexible devices, and energy storage.  

4.2.3. Influence of annealing temperature on Graphene film (series 3) 

Graphene properties are significantly influenced by growth conditions and post-deposition 

treatments, such as annealing, which can modify its defect density, crystallinity, and layer 

stacking. For series 3, hydrogen flow rate of 20 sccm was chosen from series 2 to ensure 

efficient methane dissociation leading to improved uniformity and crystallinity. While it 

increases defect density, controlled defect engineering can be beneficial for tuneable electronic 

properties. Keeping this flow rate allows us to study how annealing temperature (700-780°C) 

influences defect healing, crystallinity, and layer rearrangement, optimizing graphene quality. 

The deposition parameters for series 3 are mentioned in table 4.7.  

Table 4.7: Deposition parameters for annealing temperature of Graphene film (series 3) 

Sample Name Annealing Temperature (0C) Other parameters 

HW360 780 Substrate temperature (Ts): 7000C 

Filament temperature (Tf): 2050±500C 

Process Pressure (P.P.): 1mbar 

Deposition time(td): 5 min 

Annealing time: 45min 

CH4 flow rate: 5 sccm 

H2 flow rate: 20 sccm 

HW361 750 

HW362 700 

 

To further investigate the graphene films were subjected to varying annealing temperatures.  

At higher annealing temperatures, the mobility of carbon atoms increases, which may lead to 

defect migration and grain boundary modifications, affecting the overall film quality.[11, 30-

35] Simultaneously, the I2D/IG ratio increased from 0.42 to 1.10, suggesting an improvement in 

graphitic ordering and possible decoupling of graphene layers. This trend can be attributed to 

the rearrangement of carbon atoms and relaxation of strain within the graphene lattice, leading 

to enhanced 2D band intensity.[12, 36]  
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Fig. 4.6: Raman spectra of Graphene films with variation in annealing temperature (series 2) 

However, the concurrent rise in the ID/IG ratio suggests that while structural ordering improves, 

additional defect sites are introduced, possibly due to thermal stress or incomplete healing of 

vacancies (missing carbon atoms in the hexagonal lattice structure). Additionally, the Raman 

peaks appear sharper and the overall spectra exhibit less noise. This improvement in peak 

sharpness and signal clarity can be attributed to enhanced crystalline quality in localized 

regions. Sharper peaks also suggest more uniform stress distribution within the graphene 

lattice, despite the increase in disorder indicated by the ID/IG ratio.  

Table 4.8: ID/IG and I2D/IG values obtained from Raman spectra for Graphene films with annealing temperature 

variation (series 3) 

Sample ID/IG I2D/IG 

HW 360 (7800C) 1.07 1.10 

HW361 (7500C) 0.94 0.67 

HW362 (7000C) 0.86 0.42 
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Fig. 4.7: AFM images of Graphene films with variation in annealing temperature (a) 780℃ (b) 750℃ (c) 700℃ 

AFM images (Fig. 4.7) and their analysis (Table 4.9) show a progressive decrease in RMS 

roughness and average height with increasing annealing temperature, indicating a reduction in 

the thickness and number of graphene layers. This thinning effect is attributed to enhanced 

carbon desorption and improved surface uniformity at higher temperatures. At the same time, 

Raman spectral analysis reveals changes in the ID/IG ratio, reflecting variations in defect 

density. 

Table 4.9: RMS roughness and average height of Graphene films obtained from AFM analysis with variation in 

annealing temperature 

Sample Name RMS Roughness Average height 

HW 360 (7800C) 0.22nm 0.97nm 

HW361 (7500C) 0.43nm 3.54nm 

HW362 (7000C) 0.78nm 5.32nm 

 

Interestingly, while AFM results suggest smoother and thinner graphene films, the increase in 

ID/IG ratio indicates the formation of defects such as vacancies or edge disorders. This 

apparent contradiction highlights the interlinked nature of morphological and structural 
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changes: as annealing promotes better atomic ordering and layer uniformity (observed in 

AFM), it can also induce localized defects due to thermal stress, strain relaxation, or incomplete 

healing (detected in Raman spectra). Therefore, the combined AFM and Raman analyses 

emphasize the complex interplay between defect generation and crystallinity enhancement 

during post-deposition annealing, where improvements in surface morphology coincide with 

the introduction of atomic-scale defects. 

4.3. Conclusion 

We have successfully deposited bi-layer to multi-layer graphene films on nickel substrates 

using Hot Wire Chemical Vapor Deposition (HWCVD). The high deposition rate of HWCVD 

resulted in a minimum number of graphene layers (bi-layer graphene) after just 5 minutes of 

deposition. As the deposition time increased, the number of layers grew, which was further 

confirmed by Raman and AFM analysis. The study also revealed that the number of graphene 

layers and the uniformity of the films decreased with an increase in hydrogen dilution of 

methane, as hydrogen enhanced methane dissociation and etching, leading to thinner graphene 

layers with more defects. Additionally, post-deposition annealing treatments showed a decrease 

in the number of graphene layers with increasing annealing temperature. This trend suggests 

that higher temperatures may promote the decoupling or reduction of graphene layers, possibly 

due to thermal stress or rearrangement of carbon atoms.  
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Work function tunning of directly grown multi-layer 

Graphene on Silicon substrate by PECVD and HWCVD 

and Solar cell fabrication 

 

 

 

 

 

 

 This chapter reports production of large-area, high-quality graphene directly on silicon 

substrate without metallic catalyst for its application in various semiconductor devices. 

Graphene films are deposited by PECVD (Plasma Enhanced Chemical Vapor Deposition) and 

HWCVD (Hot wire Chemical Vapor Deposition) with tunable variable work function based on 

number of layers of Graphene. This has been performed by varying deposition parameters such 

as process pressure, deposition temperature, deposition time, etc. To confirm the quality of 

Graphene, Raman, and XPS studies have been performed. The uniformity of the films has been 

confirmed by FESEM and surface roughness analysis is done by AFM. EDAX has been 

performed to study the C/Si ratio in the films. The work function has been measured through 

surface potential mapping by KPFM. The work function of samples deposited by HWCVD 
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exhibited a variation from 4.38 to 4.92 eV, while samples deposited by PECVD showed a work 

function range from 4.25 to 4.54 eV, achieved by adjusting the methane and hydrogen gas flow 

rates. The Solar cell has been fabricated using optimal graphene deposition condition with 

device structure Ag/ITO/Gr/n-Si/Ag having efficiency of 1%, current density of 25.52mA/cm2, 

Voc of 0.13V and FF of 0.29.  

5.1 Experimental Details 

5.1.1 Deposition of Graphene on Silicon substrate by HWCVD 

Graphene is deposited directly on n-type silicon wafer (~250 µm thick, (100), with 1-10 ohm-

cm resistivity). Firstly, silicon substrate is cleaned with HF (hydrofluoric Acid) followed by 

ultra-sonication in DI water, Propanol and then nitrogen drying to remove the naturally grown 

SiO2 layer and other impurities. After this, the substrate is loaded to the vacuum chamber of 

HWCVD (Hot Wire Chemical Vapor Deposition) System. The silicon surface was then heated 

and stabilized at 450°C under high vacuum (~10-6 mbar) and afterwards, film is deposited. 

Further, the deposited film is annealed for 1 hour to reduce defects and contamination and to 

improve crystallinity and graphene-silicon interface. Two series of samples are deposited at 

450°C and 1 mbar of process pressure for this study. In the first series, the deposition time is 

varied from 2-10min and in the second series, H2 flow rate is varied from 30-80 sccm keeping 

other parameters same. The deposition parameters are mentioned in Table 5.1. 

5.1.2 Deposition of Graphene on Silicon substrate by PECVD 

Graphene is deposited directly on n-type silicon wafer (~250 µm thick, (100), with 1-10 ohm-

cm resistivity). Firstly, silicon substrate is cleaned with HF (hydrofluoric Acid) followed by 

ultra-sonication in DI (Deionized) water, Propanol and then nitrogen drying to remove the 

naturally grown SiO2 layer and other impurities. After this, the substrate is loaded to the 

vacuum chamber of PECVD (Plasma Enhanced Chemical Vapor Deposition) System. The 
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silicon surface is then heated and stabilized at (450°C) under high vacuum (~10-6 mbar) and 

afterwards, film is deposited. We have deposited two series of samples at 450°C and 1 mbar of 

process pressure for this study by varying the H2 and CH4 flow rate. After the deposition, the 

film is annealed for 40 min to enhance graphene's crystallinity, reduce defects, remove residual 

contaminants, relax thermal stresses, improve the graphene-silicon interface, and boost 

electrical properties, [1-3] The deposition parameters are mentioned in Table 5.2. 

Table 5.1: Deposition parameters for Graphene film by HWCVD 

Sample H2 flow 

rate (sccm) 

CH4 flow 

rate (sccm) 

Deposition 

time (min) 

Other Parameters 

Series 1 Substrate temperature: 450°C 

Filament temperature: 2050±50°C 

Annealing Temperature: 450°C 

Process Pressure: 1mbar 

Annealing time: 60min 

HW363 10 20 2 

HW362 10 20 5 

HW361 10 20 10 

Series 2 

HW373 30 20 10 

HW372 50 20 10 

HW370 80 20 10 

 
Table 5.2: Deposition parameters for Graphene film by PECVD 

Sample H2 flow rate 

(sccm) 

CH4 flow 

rate (sccm) 

Other Parameters 

Series 1  

Deposition temperature: 450°C 

Rf Power: 60W 

Process Pressure: 1mbar 

Deposition time: 40min 

MP260 80 10 

MP261 60 10 

MP262 40 10 

Series 2 

MP263 80 7 

MP264 60 7 

MP265 40 7 

 

The different methane and hydrogen flow rates in graphene deposition via HWCVD and 

PECVD are due to their distinct dissociation mechanisms. In HWCVD, high filament 

temperatures thermally decompose methane into reactive carbon species, necessitating a higher 

methane flow to supply sufficient carbon for graphene growth, while a lower hydrogen flow 

prevents over-etching of carbon species. Conversely, PECVD employs plasma to dissociate 
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methane at lower temperatures, generating hydrogen radicals that etch amorphous carbon and 

enhance graphene quality, thus requiring a higher hydrogen flow to produce adequate radicals 

for surface cleaning and defect passivation, with a lower methane flow providing the necessary 

carbon source. [2-6] 

5.1.3 Solar cell fabrication and measurements 

The Graphene/silicon heterojunction solar cell is fabricated with device structure Ag/ITO/Gr/n-

Si/Ag. Further for better charge collection, ITO (Indium Tin Oxide (In2O3:SnO2=90:10))  is 

introduced as TCO (Transparent Conducting Oxide) layer to improve the efficiency of the 

device and device with structure Ag/ITO/Gr/n-Si/Ag is fabricated. For this, Graphene film 

(MP265) is deposited by PECVD based on the optimized deposition conditions. Here, silver is 

used as contacts. The fabricated device is of circular shape with 4mm diameter with device 

area of 11.31mm2(10% area reduced due to electrode formation). The deposition parameters 

for ITO deposited by rf sputtering are mentioned in table 5.3. 

Table 5.3: Deposition Parameters for ITO deposited by rf sputtering 

Rf-power 

(W) 

Deposition 

time (min) 

Deposition 

temperature (℃) 

Process Pressure 

(mbar) 

Argon Flow 

rate (sccm) 

80 8 150 0.06 7 

 

The schematic structure for the fabricated solar cell is as shown in Fig. 5.1. For the fabricated 

device, current vs. voltage (J-V) measurements were performed under dark and standard AM 

1.5 illumination conditions using ScienceTech solar simulator with a Keithley 2400 source 

meter. Device photovoltaic characteristic parameters, open circuit voltage (Voc) and short 

circuit current (Jsc), fill factor (FF), and PCE were calculated from the measured J- V curves 

under illumination.  
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Fig. 5.1: Schematic device structure of fabricated solar cell 

5.1.4 KPFM for surface potential mapping of Graphene films 

Kelvin Probe Scanning Force Microscopy (KPFM) measurements were performed on the 

deposited Graphene thin films for surface potential mapping to determine the work function. 

In this, the contact potential difference (CPD) in between the conducting tip of the instrument 

and sample is measured, which is further used to determine the work function of samples. 

(equation 1)[7, 8].  

𝑒𝐶𝑃𝐷𝑠𝑎𝑚𝑝𝑙𝑒 = 𝛷𝑡𝑖𝑝 − 𝛷𝑠𝑎𝑚𝑝𝑙𝑒                                                           (5.1) 

Here e is the charge of electron, 𝛷𝑡𝑖𝑝 is the work function of the tip and 𝛷𝑠𝑎𝑚𝑝𝑙𝑒   is the work 

function value of sample.  

To determine the value of 𝛷𝑡𝑖𝑝 , we used film of Highly oriented pyro-electric graphite 

(HOPG) (Φ = 4.6eV) as reference due to its non-sensitivity towards contamination and no 

dipole formation. From HOPG, work function of tip (𝛷𝑡𝑖𝑝 ) is calculated. (Equation 2) 

𝛷𝑡𝑖𝑝 =  𝛷𝐻𝑂𝑃𝐺 +  𝑒𝐶𝑃𝐷𝐻𝑂𝑃𝐺                                                            (5.2) 

Finally, from equation 5.1 and 5.2, the work function of sample is calculated as shown in 

equation 3. [9, 10] 

𝛷𝑠𝑎𝑚𝑝𝑙𝑒 =  4.6 𝑒𝑉 + 𝑒[𝐶𝑃𝐷𝐻𝑂𝑃𝐺 −  𝐶𝑃𝐷𝑠𝑎𝑚𝑝𝑙𝑒]                              (5.3) 
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Graphene's work function is primarily influenced by the number of graphene layers and the 

uniformity of the film during deposition. In monolayer graphene, the Fermi level is located at 

the Dirac point. However, as additional layers are introduced, interlayer interactions modify 

the electronic band structure, leading to shifts in the Fermi level. These modifications directly 

affect the work function of graphene, emphasizing the significance of controlling layer 

thickness and deposition uniformity to tailor its electronic properties for specific 

applications.[11-13] 

Upon biasing the graphene film, Kelvin Probe Force Microscopy (KPFM) allows us to 

accurately measure graphene/metal contact resistances by mapping the surface potential of a 

device. Fig. 5.2 shows the schematic of fermi level shift when the work function changes.  

 

Fig. 5.2: Schematic diagram of energy band of (a) pristine graphene (c) increasing the WF of graphene, (b) 

decreasing the WF of graphene. 

5.2 Results and Discussion 

5.2.1 Growth of multi-layer Graphene on silicon substrate by HWCVD 

In the first series (HW361 to HW363), the deposition time is varied by keeping other 

parameters constant.  
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Fig. 5.3: CPD mapping, and AFM images of as-grown graphene film by HWCVD (a) HW361 (10min), (b) 

HW362 (5min), (c) HW363 (2min) 

Atomic Force Microscopy (AFM) measurements were performed in tapping mode to analyze 

the surface morphology and layer thickness of graphene films deposited for different time 

durations. Figure 5.3 presents the AFM images, while the corresponding roughness parameters 

are summarized in Table 5.4. The surface roughness values provide insights into the uniformity 

and thickness variations of the deposited graphene layers. For a deposition time of 10 minutes 

(HW361), AFM analysis reveals the formation of multilayer graphene with relatively high 

surface roughness. The increased roughness can be attributed to the variation in the number of 

graphene layers across the substrate, leading to non-uniform stacking. The presence of multiple 
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graphene layers suggests that the growth rate is substantial over this duration, likely due to 

sustained carbon accumulation on the substrate. By reducing the deposition time to 5 minutes 

(sample HW362), an increase in the film deposition area is observed (Fig. 5.3(b)); however, 

the surface coverage remains incomplete. Due to the non-uniform nature of the film, the 

average height serves as an indicator of the number of graphene layers. The measured average 

height of 0.9 nm (Fig. 5.3(b) and Table 5.4) suggests that the deposited graphene film consists 

of 2 to 4 layers. This result demonstrates that reducing the exposure time to the carbon 

precursor effectively limits excessive layer growth. However, thickness variations across the 

substrate persist, indicating that further optimization is necessary to achieve improved 

uniformity and consistent layer distribution.[14, 15] 

Kelvin Probe Force Microscopy (KPFM) was employed to map the contact potential difference 

(CPD) and determine the work function of the graphene films. As shown in Figure 5.3, the 

work function decreases from 4.67eV(2min) to 4.38eV(10min) with increasing deposition 

time. This trend is attributed to the progressive reduction in film thickness and the 

corresponding decrease in the number of layers. In multilayer graphene, interlayer interactions 

promote charge redistribution, lowering the effective work function due to enhanced screening 

effects. As the thickness decreases, reduced interlayer coupling modifies the electronic 

structure, leading to an increase in the measured work function. 

Furthermore, the work function of graphene is influenced by substrate interactions, doping 

effects, and intrinsic defects. Thinner graphene films exhibit stronger substrate interactions, 

which can alter their electronic properties. Variations in surface roughness, defects, or local 

doping concentrations may also contribute to observed work function differences. 

The deposition parameters along with average CPD, calculated work function, rms roughness 

and average height are summarized in table 5.4.  
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To achieve more uniform coverage while maintaining the minimum number of graphene layers, 

optimization of deposition parameters is necessary. One potential approach is to adjust the 

hydrogen dilution ratio of methane during the deposition process. Hydrogen plays a crucial 

role in regulating graphene growth by etching excess carbon and promoting layer-by-layer 

formation.[16, 17] Increasing hydrogen dilution could help in enhancing surface diffusion, 

thereby improving uniformity while controlling the thickness of the deposited graphene. 

Moreover, a dynamic adjustment of hydrogen concentration over time might ensure a gradual 

and controlled growth process, reduce abrupt layer variations and enhance the lateral continuity 

of the graphene film. 

Table 5.4: AFM and KPFM parameters of series 1 graphene film by HWCVD 

Sample H2 

flow 

rate 

(sccm) 

CH4 

flow 

rate 

(sccm) 

Deposition 

time 

Avg. 

CPD 

(mV) 

Work 

function 

(eV) 

Rms 

roughness 

(nm) 

Average 

height 

(nm) 

𝑪𝑯𝟒

𝑪𝑯𝟒 + 𝑯𝟐
 

HW363 10 20 2 70.02 4.67 0.27nm 0.58nm 0.67 

HW362 10 20 5 193.83 4.55 0.28nm 0.9nm 0.67 

HW361 10 20 10 357.49 4.38 8.20nm 14.56nm 0.67 

 

In series 2, the methane-to-hydrogen gas ratio was systematically varied, as detailed in Tables 

5.2 and 5.5. The primary objective was to enhance hydrogen dilution to facilitate the 

dissociation of CH₄, thereby promoting the formation of uniform graphene films with 

controlled thickness. Hydrogen plays a critical role in regulating graphene growth by 

influencing precursor decomposition, etching excess carbon, and modifying surface diffusion 

dynamics. Despite obtaining multi-layered graphene at 10 minutes in series 1, we maintained 

this deposition time to balance thickness control and uniformity. Shorter durations reduce 

layers but risk non-uniform growth. Increasing hydrogen dilution enhanced CH₄ dissociation 

and etching, promoting sp² carbon formation while preventing excessive deposition.[18, 19] 

As shown in Figure 5.4 and Table 5.5, films deposited with 30 sccm hydrogen dilution exhibit 
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uniform coverage, but their average thickness of approximately 26 nm indicates graphitic 

nature of the film. This suggests that while hydrogen helps regulate carbon deposition, the 

chosen methane-to-hydrogen ratio still promotes excessive layer growth.  

     

      

       

Fig. 5.4: CPD mapping, AFM images, and FESEM images of as-grown graphene film of series 2 by HWCVD 

(a) H2=30sccm, CH4=20sccm, (b) MP261 H2=50sccm, CH4=20sccm, (c) H2=80sccm, CH4=20sccm 

AFM and FESEM images (Figure 5.4) reveal that increasing hydrogen dilution from 30 sccm 

to 80 sccm significantly reduces film uniformity and surface coverage. This can be attributed 

to hydrogen’s enhanced etching effect, which prevents excessive layer accumulation but also 

limits nucleation density, disrupting film continuity. At higher hydrogen dilution, a significant 

reduction in deposition area coverage is observed due to intensified etching and reduced 
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availability of active carbon species essential for graphene nucleation. Additionally, increased 

hydrogen flow may induce a sweeping effect, where methane is displaced more rapidly, 

limiting its dissociation and subsequent graphene growth. These findings highlight the 

importance of optimizing the methane-to-hydrogen ratio to achieve uniform graphene 

deposition while minimizing excessive etching and ensuring sufficient carbon availability. The 

AFM and KPFM results of series 2 are summarized in table 5.5. 

Table 5.5: AFM and KPFM parameters of series 2 graphene film by HWCVD 

Sample H2 

flow 

rate 

(sccm) 

CH4 

flow 

rate 

(sccm) 

Deposition 

time 

Avg. 

CPD 

(mV) 

Work 

function 

(eV) 

Rms 

roughness 

(nm) 

Average 

height 

(nm) 

𝑪𝑯𝟒

𝑪𝑯𝟒 + 𝑯𝟐
 

HW373 30 20 10 70.83 4.67 15.55nm 26.65nm 0.40 

HW372 50 20 10 26.43 4.71 0.34nm 2.66nm 0.28 

HW370 80 20 10 -

78.52 

4.92 0.17nm 1.9nm 0.20 

 

For the film with H2 flow rate of 30 sccm and CH4 flow rate of 20 sccm, Further EDX, Raman 

and Spectroscopic ellipsometry measurements are performed. This film is used as it has 

maximum uniformity. Energy Dispersive X-ray Spectroscopy (EDX) analysis was performed 

to confirm the growth of carbon films on the silicon substrate, as illustrated in Figure 5.5. The 

elemental mapping results indicate the presence of approximately 23 atomic% carbon and 77 

atomic% silicon in the sample, suggesting that carbonaceous material has been successfully 

deposited onto the substrate. Detection of carbon in the EDX spectra confirms the presence of 

a graphene-based film. However, the high silicon content observed in the spectra is attributed 

to the ultrathin nature of the deposited carbon layers. Unlike bulk carbon films, few-layer 

graphene exhibits extremely low thickness (typically a few nanometers), which allows the 

incident electron beam to penetrate through the graphene and interact with the underlying 
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silicon substrate. As a result, the detected X-ray emissions contain a substantial contribution 

from the substrate, leading to a strong silicon signal in the EDX spectra.[20, 21] 

   

Fig. 5.5: EDX Analysis of Graphene film (H2: 30sccm; CH4: 20sccm) on Silicon  

Raman measurements (Figure 5.6) were performed using a 633 nm excitation wavelength to 

analyze the structural characteristics of the deposited graphene films. The spectra exhibit 

distinct peaks corresponding to the D band at 1342 cm⁻¹, the G band at 1604 cm⁻¹, and the 2D 

band at 2687 cm⁻¹ for sample HW361, confirming the successful deposition of graphene. The 

presence of the D band suggests some degree of disorder, likely due to structural defects or 

edges, while the G band corresponds to the in-plane vibration of sp² carbon atoms. The 2D 

band, which is a signature of graphene, provides insights into the layer number and stacking 

order. The observed spectral irregularities, such as broadening or noise in the Raman signal, 

may be attributed to the low film thickness, which results in weaker Raman scattering due to 

reduced interaction volume.  

 

Fig. 5.6: Raman spectra of Graphene film (H2: 30sccm; CH4: 20sccm) at 633nm excitation wavelength 
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Fig. 5.7: Ellipsometic spectra of Tan (Psi) and Cos (Delta) values for Graphene film (H2: 30sccm; CH4: 20sccm) 

by varying angle of incidence from 60˚ to 75˚ 

Spectroscopic ellipsometry (Figure 5.7) was performed by varying the angle of incidence from 

60º to 75º to analyze the optical properties of the deposited graphene films. The obtained 

Tan(Ψ) plot reveals distinct peaks at 3.4 eV and 4.6 eV. The peak at 3.4 eV corresponds to 

electronic transitions in the silicon substrate, while the peak at 4.6 eV is attributed to the 

characteristic optical response of graphene. 

The 4.6 eV peak is associated with the π → π* electronic transitions in graphene, which arise 

due to interband absorption. This feature is a well-known signature in ellipsometry studies of 

graphene and provides insight into its electronic structure and thickness. The presence of a 

strong silicon-related peak suggests that the graphene layer is relatively thin, allowing 

significant optical contributions from the underlying substrate. Further analysis, including 

fitting ellipsometric data with an appropriate optical model, can help determine the precise 

thickness and optical constants (n, k) of the graphene films.  

We have successfully achieved the direct growth of single, bi-, and multilayer graphene on a 

silicon substrate. However, the uniformity of the deposited films was limited, with significant 

variations in coverage and thickness. To address this issue, Plasma-Enhanced Chemical Vapor 

Deposition (PECVD) was employed as an alternative growth technique. Compared to Hot-

Wire Chemical Vapor Deposition (HWCVD), PECVD offers a lower growth rate, which 

allows for better control over film thickness and layer uniformity. The plasma-assisted 
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decomposition of precursors in PECVD enables more controlled nucleation and growth, 

reducing random variations in graphene coverage. This approach is expected to enhance film 

consistency while maintaining the desired layer characteristics. 

5.2.2 Growth of multi-layer Graphene on Silicon substrate by PECVD 

For our samples in series 1, Fig. 5.8 shows the CPD mapping, AFM and FESEM images of the 

films. Nearly uniform CPD is obtained for all the films, indicating that the films are 

compositionally uniform. When the H₂ flow rate is reduced from 80 sccm to 40 sccm, the 

average contact potential difference (CPD) decreases, leading to an increase in the work 

function from 4.25 eV to 4.42 eV. In plasma-enhanced chemical vapor deposition (PECVD), 

hydrogen (H₂) plays a pivotal role in facilitating graphene growth by managing defect density, 

eliminating surplus carbon, and influencing doping characteristics. When the H₂ flow rate is 

high (80 sccm), excess hydrogen increases n-type doping and defect formation, leading to a 

lower work function of 4.25 eV and a higher contact potential difference (CPD). In contrast, 

reducing the H₂ flow rate to 40 sccm minimizes defects and weakens n-type doping, bringing 

the Fermi level closer to the Dirac point. This adjustment enhances the work function to 4.42 

eV while reducing the CPD, aligning with research findings that limited hydrogen exposure 

enhances graphene's crystallinity and optimizes its intrinsic electronic properties.[13, 22-24] 

The average rms roughness and average height for these films were also calculated using AFM 

image. It is observed that the average height of the films changes with deposition condition, no 

significant difference in rms roughness is observed. The observed average CPD, work function, 

RMS roughness and average height for these films are listed in Table 5.6. The FESEM images 

(Fig. 3) reveal that the surface of the deposited films on the silicon substrate is highly uniform, 

with no evidence of pinholes or cracks. Such a smooth and uniform surface morphology is 

crucial for achieving optimal performance in solar cell applications. 
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Fig. 5.8: CPD mapping, AFM images, and FESEM images of as-grown graphene film by PECVD (a) 

MP260 (H2=80sccm, CH4=10sccm), (b) MP261 (H2=60sccm, CH4=10sccm), (c) MP262 (H2=40sccm, 

CH4=10sccm) 

Table 5.6: AFM and KPFM parameters of series 1 graphene film by PECVD  

Sample H2 flow 

rate 

(sccm) 

CH4 flow 

rate 

(sccm) 

Avg. 

CPD 

(mV) 

Work 

function 

(eV) 

Rms 

roughness 

(nm) 

Average 

height 

(nm) 

𝑪𝑯𝟒

𝑪𝑯𝟒 + 𝑯𝟐
 

MP260 80 10 794.93 4.25 0.23 0.366 0.11 

MP261 60 10 704.34 4.37 0.25 0.71 0.143 

MP262 40 10 625.68 4.42 0.22 0.67 0.2 

 

Fig. 5.8 shows the FESEM images and rms roughness profile obtained from AFM images. 

These images shows uniformity in all the films. It is also evident from table 5.5 that all the 

films are uniform in nature with rms roughness values ranging from 0.22-0.25 nm.  
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Fig. 5.9: CPD mapping, AFM images, and FESEM images of as-grown graphene film by PECVD (a) 

MP263 (H2=80sccm, CH4=7sccm), (b) MP264 (H2=60sccm, CH4=7sccm), (c) MP265 (H2=40sccm, 

CH4=7sccm) 

Table 5.7: AFM and KPFM parameters of series 2 graphene film by PECVD  

Sample H2 

flow 

rate 

(sccm) 

CH4 

flow 

rate 

(sccm) 

Avg. 

CPD 

(mV) 

Work 

function 

(eV) 

Rms 

roughness 

(nm) 

Average 

height 

(nm) 

𝑪𝑯𝟒

𝑪𝑯𝟒 + 𝑯𝟐
 

MP263 80 7 600.10 4.44 0.43 1.05 0.09 

MP264 60 7 577.22 4.46 0.14 0.35 0.10 

MP265 40 7 514.68 4.52 0.19 0.337 0.15 

 

Further in series 2, the methane flow rate was reduced from 10 sccm to 7 sccm.  To analyze 

the effect of the CH₄/H₂ ratio, the H₂ flow rate was systematically varied from 80 sccm to 60 

sccm and then to 40 sccm, allowing a detailed investigation of its influence on work function 

modulation (Table 5.7 and Fig. 5.9). Since the dissociation mechanism of methane in PECVD 
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is highly sensitive to the hydrogen flow rate or the flux of hydrogen radicals/ions, variations in 

these parameters play a crucial role in influencing the growth process. 

When the hydrogen flow rate is decreased from 80sccm to 60sccm, the work function 

simultaneously increases from 4.44eV to 4.52eV. It is also observed that when we compare the 

results of both the series from table 5.6 and 5.7, at each value of hydrogen flow rate, the work 

function of the films has increased when the methane flow rates are decreased from 10sccm to 

7sccm. FESEM images (Fig. 5.9) shows uniform and crack free deposition in all the films. 

 

Fig 5.10: Variation in work function with respect to CH4/(CH4+H2) for (a) series 1 (b) series 2 

Fig. 5.10 (a,b) demonstrates the impact of the CH₄/(CH₄+H₂) ratio on graphene’s work 

function, showing that a higher CH₄ fraction correlates with an increased work function. At 

lower CH₄ concentrations (i.e., higher H₂ flow), hydrogen plays a pivotal role in etching 

amorphous carbon, reducing defects, and passivating dangling bonds, which collectively result 

in lower work function values. Conversely, as the CH₄ fraction increases, the carbon supply 

becomes dominant, promoting higher sp² carbon content and diminishing hydrogen-induced 

doping, thereby enhancing the intrinsic work function. Furthermore, reduced hydrogen 

concentration mitigates p-type doping effects (from hydrogen or oxygen species), enabling the 

work function of graphene to approach its pristine value 

 As high work function is desired for our requirement, structural characterizations for MP265 

film with work function of 4.52eV was performed. Fig 5.11 (a) shows signature of distorted 

(a) (b) 
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single layered Graphene in the raman spectra. Here the ratio of 2D/G peak is more than 2 

symbolizing single layered graphene but with lots of distortions as the G peak is almost equal 

to D peak.  

 

               

Fig. 5.11: (a) Raman spectra, (b) XPS Spectra, (c) FETEM image, and (d) SAED pattern of MP 265 

XPS measurements were performed for graphene films (Fig. 5.11(b)). The first peak is assigned 

to the sp2 hybridized C atoms in the graphene positioned at ~284.7 eV, the peaks located at 

~286.2 eV and 288.2eV are associated with oxygen content in the sample. The C 1s XPS 

spectrum represents graphene or graphene-like layers on the sample surface, with the presence 

of oxygen primarily attributed to contamination of the graphene layer. The C 1s spectrum of 

graphene grown on a silicon substrate features multiple peaks corresponding to distinct 

chemical states. The primary assigned to sp² C–C peak (284.7 eV) signifies graphitic carbon 

and serves as a reference for charge correction. The C–Si peak (~284.6–285.0 eV) indicates 

interfacial bonding between graphene and silicon. A minor SiC formation is also observed at 

approximately 283.05 eV. Oxygen-related peaks, including C–O (~286.0–286.5 eV), C=O 
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(~288.2 eV).[25, 26] From Fig. 5.11 (c,d), we can see that the graphene film is multi-layered 

and the SAED pattern shows the hexagonal pattern of different planes conforming the 

formation of crystalline pristine quality graphene. 

The observed work function variations from 4.38 to 4.92 eV for HWCVD samples and 4.25 to 

4.54 eV for PECVD samples, achieved by varying methane and hydrogen flow rates, can be 

attributed to the distinct deposition mechanisms inherent to each technique. In HWCVD, high-

temperature thermal dissociation leads to a broader distribution of carbon species, resulting in 

varied graphene quality and doping levels, which contribute to the wider work function range. 

The relatively lower hydrogen flow in HWCVD influences surface states and defect densities, 

further impacting the work function. Conversely, PECVD offers enhanced process control 

through plasma-assisted dissociation, where higher hydrogen flow facilitates the generation of 

active radicals for controlled etching and defect minimization, leading to a more consistent and 

narrower work function range. These findings underscore the greater sensitivity of HWCVD 

to gas flow variations and the superior stability of PECVD in achieving reproducible work 

function values. [6, 27] 

As per our requirements for the solar cells, higher work function with uniform film and less 

defects is required. For this, MP265 with 4.52 eV work function is favorable MP265 thin film 

is used for the device fabrication. 

5.3. Device results 

The fabricated device structure is Ag/Gr/n-Si/Ag and Ag/ITO/Gr/n-Si/Ag. The Schematic 

diagram for the device is mentioned in fig. 5.1. The corresponding band diagram is shown in 

fig. 5.12. 
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Fig. 5.12: Energy band schematics of graphene/n-silicon Schottky junction solar cell under light conditions. The 

arrow indicates direction of holes and electrons. [28] 

An energy band diagram of electron-hole pair generation and the Schottky barrier connection 

under light is displayed in Fig. 5.12. The formation of Schottky barrier and depletion zone at 

the interface is a result of the difference between the Fermi levels of graphene and n-type 

silicon. A built-in potential creates and separates electron-hole pairs when light is present 

While holes migrate to the p-type graphene side, electrons move towards the back contact at 

the n-type silicon. Consequently, a photocurrent is produced.  

The device were made with and without ITO layer on top of Graphene layer (Fig. 5.13(a,b)). 

Fig 7(a) shows the J-V curve of the device without ITO. The device displayed Jsc values of 0.63 

mA/cm2 with Voc of 0.3 V. The Voc of ~0.3 V is quite promising when compared to values 

reported for directly grown graphene/silicon (Gr/Si) solar cells, where plasma exposure, 

interface disorder, and native oxide often limit Voc to 0.1-0.4 V.[29-31] In this work, the 

presence of a thin native SiO₂ layer on the silicon substrate prior to graphene growth also 

introduces an additional tunneling barrier, which can impede carrier transport.[32] Although 

graphene coverage in our samples is uniform, the native oxide layer combined with plasma-

induced surface modifications can lead to imperfect band alignment and reduce effective 

barrier height, contributing to the observed S-shaped J-V curve. [28] [31, 33]The poor Jsc value 

can be the result of poor minority charge carrier collection. To address this issue, an ITO layer 

was introduced on top of graphene layer to enhance the minority carrier collection probability. 
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This layer is deposited using RF sputtering technique. The influence of ITO has a very positive 

impact on the performance parameters of the device. As a result, the Jsc and efficiency values 

improved significantly to 25.52 mA/cm2 and 1 %. However, the drop in Voc from 0.3V to 0.13V 

is because of the damage sustained by the graphene layer during the sputtering of the ITO film 

on top of graphene layer. Sputtering damage of graphene layer may occur when high energy 

particles or plasma bombard the surface of graphene layer. These bombardment of high energy 

particles can also lead erosion or complete removal of graphene layer. This removal or erosion 

of the graphene layer can lead to decrease in shunt resistance values and hence finally 

negatively affecting the Voc (open circuit voltage) of the device.[31, 32] However, ITO serves 

a dual purpose in the device. It must be sufficiently transparent to allow maximum light 

penetration to the absorber layer (silicon) while also being conductive enough to facilitate 

efficient minority charge carrier collection at the graphene/ITO interface. Additionally, ITO 

also acts as an antireflection coating, minimizing reflection losses and further enhancing light 

absorption. [34-36]These contributes to the observed increase in Jsc of the device. 

 

Fig. 5.13: J-V characteristics of fabricated solar cells 

To summarize, without ITO we have got the Voc of 0.3V but our Jsc value is low, so to improve 

it we have fabricated our device with ITO as TCO at the top and observed a significant increase 

in the Jsc value from 0.63 to 25.52mA/cm2 with the Voc of 0.13V and efficiency of 1%. 
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5.4. Conclusion 

In this work, we report synthesis of large area Graphene sheets by HWCVD (Hot Wire 

Chemical Vapor Deposition) and PECVD (Plasma Enhanced Chemical Vapor Deposition) 

with tunable work function based on number of layers of Graphene. The work function has 

been measured through surface potential mapping by KPFM. We have observed the work 

function variation from 4.38 to 4.92eV for samples deposited by HWCVD and 4.25 eV to 4.54 

eV by varying the gas flow rates of methane and hydrogen for samples deposited by PECVD. 

The Solar cell has been fabricated with device structure Ag/ITO/Gr/n-Si/Ag having efficiency 

of 1 %, current density of 25.52 mA/cm2, Voc of 0.13V and[30] FF of 0.29.  
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Role of doping concentration, thickness of intrinsic layer 

in Graphene-Silicon heterojunction Solar Cells 

 

 

 

 

 

  

 

 

 

 

Graphene possesses the unique characteristic of a zero band-gap, allowing its electrical 

properties to be widely tuned by varying the number of layers or through p- or n-type doping 

with different materials. Due to its high electrical conductivity, excellent optical 

transmittance, and zero band-gap, graphene can function as both an electron and hole 

extraction layer. Inspired by these properties, this study simulates the Ag/ITO/n-Graphene/a-

Si:H/c-Si(p)/Ag heterojunction solar cell using the AFORS-HET (Automat FOR Simulation 

of HETero-structures) software under AM1.5 illumination with a power density of 100 

mW/cm². AFORS-HET employs one-dimensional semiconductor equations, incorporating 

Shockley-Reed-Hall statistics and the Lambert–Beer law for optical modelling. 

The research focuses on optimizing the doping level of graphene and the thickness of 

intrinsic amorphous silicon (a-Si:H) to enhance cell efficiency. The thickness of the a-Si:H 
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layer is varied from 0 to 20 nm, while the n-type doping concentration of graphene is adjusted 

from 1×10¹⁰ cm⁻³ to 1×10²⁰ cm⁻³. The study systematically explores the independent effects 

of these parameters on overall device performance. Key performance indicators such as the 

band diagram and quantum efficiency variations are analyzed to identify the optimal 

configuration. The highest power conversion efficiency achieved is 18.59%, with an open-

circuit voltage (Voc) of 611.8 mV, short-circuit current density (Jsc) of 37.04 mA/cm², and a 

fill factor (FF) of 82.03%, corresponding to an a-Si:H layer thickness of 5 nm, a single-layer 

graphene structure, and an n-type doping concentration of 1×10²⁰ cm⁻³. This study 

underscores the potential of graphene-silicon heterojunction solar cells and highlights the 

importance of fine-tuning graphene doping levels and a-Si:H thickness for optimal 

efficiency. 

6.1 Simulation details 

In AFROS-HET, the drift-diffusion model solver and Metal-Schottky junction is utilized to 

describe an equivalent model for Gr/Si (2D/3D structure) heterojunction solar cell. The basic 

structure of graphene/silicon heterojunction solar cell considered in AFORS-HET is: 

Ag/ITO/n-Graphene/a-Si:H/c-Si(p)/Ag as shown in fig. 6.1. 

 

Fig 6.1: Schematic device structure of Graphene Silicon heterostructure solar cell 
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In the proposed device structure, firstly device structure Ag/ITO/n-Graphene/c-Si(p)/Ag is 

simulated. Afterwards, an intrinsic a-Si:H layer is used for surface defect passivation at 

graphene silicon interface. Here, Indium Tin Oxide (ITO) is used as an transparent conducting 

oxide front contact, while Silver is used as back contact for the device. Parameters used for 

different layers in the device structure are summarized in table 6.1. The C-Si(p) wafer used for 

simulation is considered to be of high quality with single donor type defect density in the order 

of 1E10 cm−3 at the mid of the bandgap with an electronic capture cross section of 1E−14 cm2 

for both electrons and holes.[1]  

Table 6.1: Simulation Parameters 

 

Input Parameters n-Graphene a-Si:H(i) c-Si(p) 

Dielectric constant 6.9 11.9 11.9 

Electron affinity (eV) 4.2 3.9 4.05 

Bandgap (eV) 0 1.72 1.17 

Optical bandgap (eV) 0 1.72 1.17 

Effective conduction band 

density (cm-3) 

1×1022 1×1022 2.8×1019 

Effective valence band 

density (cm-3) 

1×1022 1×1022 2.8×1019 

Effective electron mobility 

(cm2/Vs) 

1×105 20 1107 

Effective hole mobility 

(cm2/Vs) 

10 5 424.6 

Doping Concentration 

Acceptors (cm-3) 

0 0 2×1015 

Doping Concentration 

Donors (cm-3) 

1×1015 to 

1×1020  

1000 0 

Thickness (cm) 3.35×10-8 5×10-7 to 2×10-6  0.015 

Mobility of electron, µn 

(cm2V-1s-1) 

200,000 20 1450 

Mobility of hole, µp  

(cm2V-1s-1) 

50 5 450 

 

The localized defects state distribution of a-Si:H(i) were assumed to be an acceptor-like state 

and donor-like state ,modeled by Urbach tail and gaussian mid-gap state[2] and the parameters 

are tabulated in table 6.2. 
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Table 6.2: Localized defects state distribution of a-Si:H(i) 

 

Defects a-Si:H(i) 

Defect density at conduction (valence) band 

edge (cm−3 eV−1) 

1020 (1020) 

Urbach energy for conduction (valence) 

bandtail (eV) 

0.03 (0.045) 

σe (σh) for conduction bandtail (cm2) 10−17(10−15) 

σe (σh) for valence bandtail (cm2) 10−15(10−17) 

Gaussian density of states (cm−3 eV−1) 1016 

Gaussian peak energy for donor/acceptor (eV) 0.8 (1.0) 

Standard deviation of Gaussian for 

donor/acceptor (eV) 

0.15 (0.15) 

Position of defect for donor/acceptor EC-0.75 eV 

EV + 0.75 eV 

σe (σh) for donor-like Gaussian states (cm2) 10−14 (10−15) 

σe (σh) for acceptor-like Gaussian states (cm2) 10−15 (10−14) 

Interface defect density Gr/ p-Si(c) 

defect density 1E12 (continuous 

distribution) 

 

6.2 Working principle 

In our device structure, the n-Gr/c-Si(p) interface forms a Schottky junction as shown 

in Fig 6.2, where a built-in potential develops within the depletion region at the p-Si side.[3] 

Under illumination, incident photons generate electron-hole (e-h) pairs within the silicon 

substrate. The built-in electric field at the Schottky junction facilitates the separation of these 

photogenerated carriers: electrons are swept towards the n-type graphene, while holes drift 

towards the bulk p-type c-Si region. This carrier separation contributes to the photovoltaic 

effect, enabling current generation in the device.[4-8] [9-12] If the graphene and semiconductor 

interface barrier is ideally Schottky in nature, then a Schottky barrier  developed at the depletion 

region of silicon wafer. This Schottky barrier or barrier height (Φbi) is given by: 

Φbi= ΦG-ΦSi = ΦG - χSi – kT ln(NA/NV)                       6.1[13] 

where ΦG is the graphene work function, ΦSi is the silicon work function, and χSi is the electron 
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affinity of silicon. Here, NA is the acceptor doping concentration, and NV is the effective 

valence band density of p-cSi. 

 

Fig 6.2: Schematic band diagram of (a) Graphene- Silicon heterojunction and (b) Graphene/a-Si(i) /p-Si(c) 

heterojunction 

 

As carrier density increases in their respective regions, a photovoltage (Voc) is generated under 

open-circuit conditions. When the device is short-circuited, these excess carriers are collected 

at the respective electrodes, producing a short-circuit current (Jsc) in the external circuit. Doping 

graphene with nitrogen (N) or phosphorus (P) has been reported to reduce its work function 

(ΦG) from 3.8 eV to 3.6 eV[14]. The increasing donor concentration (ND) decreases the Fermi 

level of graphene as well as enhances the carrier density and improves the conductivity.[5, 15] 

However, doping does not introduce band gap in the graphene layer. 

6.3 Results and Discussion 

6.3.1 Influence of amorphous silicon layer for surface passivation 

In graphene/silicon heterostructures, an a-Si:H layer is crucial for passivating interface defects 

and minimizing recombination losses. The significant lattice mismatch and structural 

differences between graphene and p-Si(c) necessitate this layer. To ensure efficient carrier 

transport, the a-Si:H layer must be thin enough to allow minority carriers to tunnel through it. 

But excess thickness may absorb some photons resulting in degradation of the device 

performance.[16-18] To optimize the thickness of i-layer, simulation studies were performed 

by varying the i-layer thickness from 5-20nm. For comparison, simulations were also done for 
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no a-Si:H layer. The doping for graphene layer was kept 1020 cm-3 for this series.  

 

Fig 6.3: (a) J-V characteristics of graphene/silicon heterojunction solar cell with intrinsic layer thickness 

variation (b) Band diagram for graphene/silicon hetero-structure with intrinsic layer (c) Variation in device 

parameters with i-layer thickness 

 

From the table 6.3 and J-V characteristics (fig. 6.3(a)) shown below, without intrinsic layer, 

the Voc is 419.6 mV, Jsc is 36.27 mA/cm2, FF is 76.30% and efficiency 18%. But after 

introducing i-layer, the open circuit voltage increased by ~200mV (fig. 6.3(c)). The i-layer has 

passivated interface defects resulting in lowering the recombination of photo-generated carriers 

and hence drastically improving the open circuit voltage. Further, when i-layer thickness is 

varied from 5-20nm, slight decrease in Jsc, Voc, FF and hence in efficiency is observed. (fig. 

6.3(c)).  This is due to absorption of incident photons in a-Si:H layer resulting in degradation 

of the device performance. The best efficiency is obtained when absorber layer thickness is 

kept 5nm. For 5nm, Voc is 611.8 mV, Jsc is 37.04 mA/cm2, FF is 82.03% and efficiency 18.59%.  

 The J-V Characteristics of device structure, with intrinsic layer thickness variation is shown 

in Fig 6.3 (a). 
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Table 6.3: Summary of device performance by varying i-layer thickness 

 

i-layer 

thickness 

(nm) 

Jsc   

(mA/cm2) 

Voc 

 (mV) 

FF 

(%) 

Efficiency 

(%) 

0 36.27 419.6 76.30 11.61 

5 37.04 611.8 82.03 18.59 

10 36.44 611.3 81.8 18.22 

15 36.04 610.7 81.51 17.94 

20 35.76 610.7 81.18 17.73 

 

6.3.2 Influence of n-type doping concentration of Graphene on device performance 

Since graphene is a zero band-gap material, it can be doped by n as well as p-type to vary the 

work function.[19-23] Here we have simulated the device structure Ag/ITO/n-Graphene/a-

Si:H/c-Si(p)/Ag by doping graphene with n-type and using p-type silicon layer. The thickness 

of a-Si:H is 5nm for this series. We varied the doping concentration of Graphene from 1 × 1010 

cm-3 to 1 × 1020 cm-3.  

 

Fig 6.4: a) J-V characteristics of graphene/silicon heterojunction with graphene layer (n-type) doping variation 

(b) Quantum efficiency of best cell (c) Variation of device parameters with doping concentration 

 

Fig 6.4(a) shows the J-V characteristic of n-graphene/a-Si:H/c-Si(p) structure for different 
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doping concentration of graphene layer A slight change in Jsc, Voc, and FF is observed when 

doping concentration of graphene is increased. This increase in the performance parameters 

with increasing doping is because of the enhancement in n type conductivity of graphene 

layer.[24, 25] The External Quantum Efficiency (EQE) is shown in figure 6.4 (b). The EQE 

usually depends on factors such as graphene quality, doping, interface engineering, and device 

structure. The peak EQE falls between 95% to 85% in the visible range (400-800 nm), In the 

near-infrared region (800-1100 nm), EQE drops abruptly due to silicon’s absorption 

characteristics. The best power conversion efficiency is obtained when the doping 

concentration is 1 × 1020 cm-3. For this, Voc is 611.8 mV, Jsc is 37.04 mA/cm2, FF is 82.03%  

and efficiency 18.59% (table 6.4). 

Table 6.4: n-type doping variation for graphene in the device structure 

 

Doping 

Concentration (cm-3) 

Jsc 

(mA/cm2) 

Voc 

(mV) 

FF 

(%) 

Efficiency 

(%) 

1 × 1010 35.94 602 80.59 17.44 

1 × 1015 36.39 606.7 81.43 17.97 

1 × 1020 37.04 611.8 82.03 18.59 

 

6.4. Conclusion 

The basic structure of graphene/silicon heterojunction solar cell considered here is: 

Ag/ITO/n-Graphene/a-Si:H/c-Si(p)/Ag. we varied the thickness of a-Si:H i-layer from 0 to 

20nm, the n-type doping concentration of Graphene from 1 × 1010cm-3 to 1 × 1020cm-3 to get 

the optimized results. Corresponding to that, we studied the band diagram and Quantum 

efficiency etc. The best power conversion efficiency obtained is 18.59% where the Voc is 

611.8 mV, Jsc is 37.04 mA/cm2 and FF is 82.03% corresponding to i-layer thickness 5nm, 

single layer graphene and n-type doping concentration of 1 × 1020cm-3. The values are 

significantly high compared to reported simulation results so far. [9, 12, 14] 
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Chapter 7 

Conclusion and future scope 

 

 

 

 

 

This chapter summarizes the work presented in the present thesis providing a detailed and 

technical exploration of the synthesis, characterization, and application of graphene-based 

materials, focusing on their potential for energy storage and optoelectronic applications. The 

study starts with the synthesis of graphene oxide (GO) through the Modified Hummers method, 

followed by its reduction to reduced graphene oxide (r-GO) using thermal annealing and 

chemical reduction techniques. The chapter compares the effects of these reduction methods 

on the materials' properties. Further boron doping is done in GO and r-GO using boric acid as 

boron source. The electrochemical performance is evaluated through cyclic voltammetry (CV) 

to determine the materials' suitability for supercapacitor applications. Afterwards, the growth 

of high-quality graphene films on nickel substrate using Hot wire Chemical Vapor Deposition 

(HWCVD) is discussed in detail, particularly the optimization of deposition parameters and its 

impact on number of layers of graphene. The transfer process of graphene film from nickel foil 

to silicon substrate is also discussed. Later, the challenges of direct graphene growth on silicon 
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substrates using Hot Wire CVD (HWCVD) and Plasma Enhanced CVD (PECVD) without 

metal catalysts are addressed. Here the work function variation of directly grown graphene 

films based on deposition parameters are studied. Graphene-silicon heterojunction solar cells 

are fabricated for optimised graphene film. Later, the photovoltaic performance of Graphene- 

silicon heterojunction solar cells is studied using AFORS-HET software. 

7.1. Conclusion 

• The synthesis of graphene oxide (GO) from graphite was successfully achieved using the 

Modified Hummers method, providing a reliable base material for subsequent reduction 

and modification processes. 

• Two reduction methods were explored for converting GO into reduced graphene oxide (r-

GO) - thermal annealing and chemical reduction using hydrazine hydrate. 

• Thermal reduction (T-rGO) exhibited superior properties compared to chemical reduction 

(C-rGO), particularly in terms of specific surface area and electrical conductivity. T-rGO 

had a surface area of 74.78 m²/g and conductivity of 2.28 S/cm, while C-rGO had a surface 

area of 17.35 m²/g and conductivity of 0.049 S/cm. Despite the enhanced properties, the 

high temperature required for thermal reduction remains a significant challenge for large-

scale and cost-effective production. 

• Bulk synthesis of boron-doped reduced graphene oxide (B-rGO and r-BGO) was achieved 

using boric acid (H₃BO₃) as a boron source. The doping was confirmed using XRD, Raman 

spectroscopy, EDAX, and FETEM techniques. 

• Electrochemical studies revealed that r-BGO exhibited the highest capacitance (326.56 ± 

3.1 F/g), outperforming B-rGO (170.46 ± 2 F/g), GO (137.88 ± 1.8 F/g), and r-GO (108.85 
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± 1.6 F/g). This demonstrated the effectiveness of boron doping before reduction in 

enhancing charge storage properties. 

• High-quality graphene was successfully grown on nickel substrates using Hot Wire CVD 

(HWCVD) which varied from bi-layer to multi-layer graphene. However, further transfer 

of graphene film from nickel to silicon substrate introduced breaking of graphene film and 

introduction of impurities in it. Since the deposition rate of HWCVD is high, the number 

layers increased with deposition time and decreased with increase in hydrogen dilution of 

methane due to better dissociation of methane with increase in hydrogen. A decrease in the 

number of graphene layers with increasing annealing temperature is observed, which may 

be attributed to the diffusion of carbon atoms into the nickel substrate. 

• The direct growth of graphene on silicon substrates without metal catalysts using PECVD 

and HWCVD was explored. This approach solves challenges associated with the transfer 

process of graphene film from metal substrate to silicon, offering new opportunities for 

semiconductor applications. 

• The work function of graphene films was tuned by adjusting the number of layers and 

deposition parameters. This optimization is crucial for integrating graphene into various 

electronic devices, including solar cells. 

• The work function has been measured through surface potential mapping by KPFM. We 

have observed the work function variation from 4.38 to 4.92eV for samples deposited by 

HWCVD and 4.25 eV to 4.54 eV by varying the rf power and gas flow rates of methane 

and hydrogen for samples deposited by PECVD.  

• The Solar cell has been fabricated with device structures Ag/Gr/n-Si/Ag and Ag/ITO/Gr/n-

Si/Ag. Without ITO we have got the Voc of 0.3V but our Jsc value is low, so to improve it 

we have fabricated our device with ITO as TCO at the top and observed a significant 
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increase in the Jsc value from 0.63 to 25.52mA/cm2 with the Voc of 0.13V and efficiency of 

1% demonstrating the potential for integrating graphene in solar energy applications. 

• Simulations using AFORS-HET software indicated a simulated efficiency of 18.59% under 

optimized conditions, providing insights into the potential for improving graphene-based 

solar cell efficiency. 

• The difference between the simulated (~18%) and experimental (~1%) efficiencies mainly 

reflects the idealised assumptions in AFORS-HET. The simulator treats graphene using a 

simplified flat-band model and cannot capture its Dirac dispersion, or Fermi-level shifts, 

nor the interfacial defects and oxide-mediated barriers present in the real device. As a result, 

the simulations represent a nearly “perfect” interface, whereas the fabricated cell operates 

with non-ideal band alignment and carrier transport, explaining the observed performance 

gap. Reducing native-oxide effects, improving surface passivation and using tools that 

better describe graphene should narrow this discrepancy. 

7.2. Scope and future work 

• Optimizing Doping Strategies: Future research should focus on refining doping 

concentrations and techniques to enhance graphene’s performance. This includes 

incorporating additional heteroatoms such as nitrogen and phosphorus to improve 

electronic and electrochemical properties. 

• Improving Graphene Transfer Methods: While this study employed polymer-assisted 

transfer techniques, challenges like polymer residue contamination and film breakage were 

encountered. To address these issues, future work can explore electrochemical 

delamination for cleaner transfers with minimal residue or dry PDMS-assisted stamping to 

reduce mechanical damage and improve graphene integrity. 
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• Flexible Substrate Integration: Developing reliable processes for transferring directly 

grown graphene onto flexible substrates such as PET or polyimide to enable applications 

in wearable electronics, foldable displays, and stretchable sensors. 

• Growth Process Optimization: Fine-tuning critical growth parameters including 

temperature, precursor gas composition, pressure, and rf power to achieve uniform, high-

quality graphene films with controlled thickness and minimal defects. Additionally, 

exploring in-situ doping of graphene (p- and n-type) during growth can help tailor its 

electronic, optical, and electrochemical properties for specific applications. 

• Enhancing Graphene-Silicon Solar Cell Efficiency: Continued research in interface 

engineering, surface passivation, and optimized doping strategies is essential to improving 

the efficiency and stability of graphene-silicon heterojunction solar cells. 

• Optimizing ITO Deposition: Implementing thermal evaporation for Indium Tin Oxide 

(ITO) deposition can help prevent damage to graphene films, by rf-sputtering for improved 

structural integrity and performance in graphene-silicon heterojunction solar cells. 

• Future work should explore the diverse uses of graphene-based materials for applications 

such as in flexible electronics, sensors, and biomedical devices.  
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