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Pengiraan Prinsip Pertama untuk Sifat-sifat Fotovolta dan Elektronik Optik bagi 

Grafin Asli dan Terdop 

ABSTRAK 

Kajian ini menggunakan pengiraan teori fungsi ketumpatan (DFT) dalam kod CASTEP 

untuk menyiasat kesan berubat bius boron (B) dan berilium (Be) ke atas sifat struktur dan 

optoelektronik grafen. Kaedah pengiraan melibatkan pengoptimuman geometri 

menggunakan algoritma (L-BFGS), fungsi penghampiran kecerunan umum (GGA) 

Perdew-Burke-Ernzerhof (PBE) dan fungsi pseudopotential ultrasoft. Analisis struktur 

mendedahkan populasi ikatan yang lebih tinggi dan kestabilan struktur yang 

dipertingkatkan dalam konfigurasi B-tela ubat bius berbanding sistem Be-ubat bius, 

dengan konfigurasi B-satu-ubat bius menunjukkan populasi bon tertinggi dan purata 

panjang bon terpendek. Sifat elektronik mendedahkan bahawa peningkatan kepekatan B-

berubat bius membawa kepada jurang jalur yang lebih tinggi: B-tunggal (0.191 eV), B-

dual (0.387 eV) dan B-tri (0.44 eV). Sebaliknya, konfigurasi Be-tela ubat bius 

mempamerkan jurang jalur yang lebih tinggi yang berkurangan dengan peningkatan 

berubat bius: Be-satu (0.60 eV), Be-dual (0.550 eV), dan Be-tiga-tela ubat bius (0.420 

eV), mencadangkan potensi untuk pembawa yang dipertingkatkan. mobiliti. Analisis 

optik mendedahkan puncak penyerapan anjakan merah untuk grafen berubat bius B-

tunggal, sesuai untuk optoelektronik inframerah, manakala kepekatan B-berubat bius 

yang lebih tinggi menyebabkan anjakan biru, membolehkan aplikasi kelihatan dan UV. 

Tela ubat bius Be-satu memaparkan puncak teranjak biru, manakala doped Be-dual 

mempamerkan penyerapan cahaya yang boleh dilihat dan Be-tiga-berubat bius telah 

memanjangkan puncak penyerapan di kawasan inframerah, menjadikannya sesuai untuk 

aplikasi UV dan penderia imej IR. Selain itu, grafen Be-tiga-tela ubat bius mempamerkan 

potensi tinggi untuk fotovoltaik, memaparkan berbilang puncak dalam julat yang boleh 

dilihat (1.6-2.4 eV), sekali gus memberikan sifat penyerapan yang lebih luas. Penemuan 

ini memberikan pandangan yang berharga untuk menyesuaikan sifat grafen melalui 

doping B dan Be terkawal untuk pelbagai aplikasi optoelektronik. Kajian menunjukkan 

bahawa berubat bius Be dan B boleh mendorong jurang jalur dalam grafen sehingga 0.60 

eV dan 0.44 eV, masing-masing, memenuhi keperluan untuk transistor buka/tutup 

berasaskan grafen. Penyelidikan masa depan boleh meneroka pemodelan heterostruktur 

berasaskan grafen untuk optoelektronik generasi akan datang, memanfaatkan mobiliti cas 

tinggi dan struktur jalur boleh tala. 
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First principles Calculations for Photovoltaic and Optoelectronic Properties of 

Graphene 

ABSTRACT 

This study employed density functional theory (DFT) calculations within the CASTEP 

code to investigate the effects of boron (B) and beryllium (Be) doping on the structural 

and optoelectronic properties of graphene. The computational method involved geometry 

optimization using the (L-BFGS) algorithm, the Perdew-Burke-Ernzerhof (PBE) 

generalized gradient approximation (GGA) exchange-correlation functional, and 

ultrasoft pseudopotential. Structural analysis revealed higher bond populations and 

enhanced structural stability in B-doped configurations compared to Be-doped systems, 

with B-single-doped configurations showing the highest bond population and shortest 

average bond length. The electronic properties revealed that increasing B-doping 

concentrations led to higher band gaps: B-single (0.191 eV), B-dual (0.387 eV) and B-tri 

(0.44 eV). In contrast, the Be-doped configuration exhibited higher band gaps that 

decreased with increasing doping: Be-single (0.60 eV), Be-dual (0.550 eV), and Be-tri-

doped (0.420 eV), suggesting potential for enhanced carrier mobility. The optical analysis 

revealed redshifted absorption peaks for B-single-doped graphene, suitable for infrared 

optoelectronics, while higher B-doping concentrations induced blueshifts, enabling 

visible and UV applications. The Be-single doped displayed blue shifted peaks, while the 

Be-dual doped exhibited visible light absorption and the Be-tri-doped had extended 

absorption peaks in the infrared region, making them suitable for UV applications, and 

IR image sensors. Additionally, Be-tri-doped graphene exhibited a high potential for 

photovoltaics, displaying multiple peaks in the visible range (1.6-2.4 eV), thus providing 

broader absorption properties. These findings provide valuable insight for tailoring the 

properties of graphene through controlled B and Be doping for diverse optoelectronic 

applications. The study demonstrates that Be and B doping can induce band gaps in 

graphene up to 0.60 eV and 0.44 eV, respectively, meeting the requirements for graphene 

based ON/OFF transistors. Future research can explore modelling graphene-based 

heterostructures for next-generation optoelectronics, leveraging their high charge 

mobilities and tuneable band structures.    
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CHAPTER 1 : INTRODUCTION 

1.1 Research Background  

Rapid economic and demographic growth has increased energy demand globally, 

and fossil fuels account for a significant portion of electricity generation. Therefore, a 

switch to renewables is imperative due to the rapid depletion of polluting energy sources 

(Ishaq et al., 2022). Moreover, the emissions of carbon dioxide from fossil fuels have 

contributed to the greenhouse effect, resulting in dire environmental consequences (Hu 

et al., 2022). Solar power stands out as the most reliable and appealing sustainable energy 

option for achieving energy security due to its abundance, environmental and 

socioeconomic benefits (Nashed et al., 2013; Mehmood et al., 2015; X. Chen et al., 2022). 

Moreover, graphene has continued to receive significant research interest as a 

valuable material for photovoltaic and optoelectronic applications due to its tremendous 

potential (Gulati et al., 2022). The applications range from bulk materials to molecular-

level structures because of the exceptional properties of graphene (Smarhak & Voves, 

2022). It is a one-atom-thick two-dimensional 𝑠𝑝2 hexagonal lattice with its two carbon 

atoms at non-equivalent positions forming two interpenetrating triangular sublattices 𝛸 

and 𝛹  (Mhamdi et al., 2022; Nandee et al., 2022). The two non-equivalent sites are 

identified by 𝜒 and 𝛹 where 𝜒⃗ and  𝜓⃗⃗ represent the fundamental unit vectors as indicated 

in Figure 1.1. Its exceptional properties have accelerated great research interest in 

optoelectronic devices due to its potential to replace silicon and indium tin oxide in 

flexible ultrathin solar cells (Kladkaew et al., 2022). 
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Furthermore, it is an excellent electron transport material that can enhance the 

mobility of carrier concentrations in composite structures. The high electron mobility in 

graphene helps to facilitate the isolation of the photoexcited electron-hole pairs. Thus, it 

has excellent electrical conductivities and optical properties, which are determined by the 

band structure and its atomic geometry, giving a theoretical explanation of the excellent 

performance of graphene in optoelectronics and sensing devices (Gong, Feng, et al., 

2022; Gong, Shen, et al., 2022). In addition, graphene has been widely used in dye-

synthesised solar cells (DSSCs), with promising results showing that they can improve 

light harvesting efficiency and charge transfer qualities. (Y. Li et al., 2019). 

 
 

Figure 1.1 The schematic illustration shows the two carbon atoms in the unit cells 

of graphene with its Bravais lattices, and the primitive vectors 

 
 

Meanwhile, a few of the approaches explored in the literature to study the 

properties of graphene include stacking configuration (Shu et al., 2022), mechanical 

strain (Movaghgharnezhad et al., 2023), chemical functionalisation (Carrasco et al., 

2023), and heteroatom doping(Olatomiwa et al., 2023). Among these approaches, 

heteroatom doping is the most promising for modifying graphene's electrical, transport, 
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and optical characteristics(Olaniyan & Pretoria, 2018). Moreover, several studies show 

that nitrogen (N) and boron (B) are extensively explored in the literature due to their 

proximity to carbon atoms(Srivastava et al., 2019; Yutomo et al., 2021). Despite being 

the natural alternatives for graphene carbon atoms, other atomic elements such as 

Beryllium (Be), iron (Fe), and sulphur are being studied to alter the properties of graphene 

(Gharib & Arab, 2023; Olaniyan et al., 2018). This is sufficiently discussed in Section 

2.6 of the next chapter. 

Therefore, this study employs the first principles framework to model the 

electronic and optical properties of pure and modelled B and Be-doped graphene systems 

for designing efficient, low-cost, and environmentally friendly solar cells with optimal 

absorption. Therefore, these findings will serve as a new benchmark for future theoretical 

studies. 

1.2 Problem Statement 

The switch to solar power has accelerated lately due to its potential to provide 

reliable, affordable, and sustainable energy for all. However, conventional photovoltaic 

materials such as Indium tin oxide (ITO) employed as electrode materials are hard and 

brittle with poor mechanical properties and are relatively expensive (S. Chen et al., 2022; 

Miao & Fan, 2023).  

Graphene has emerged as a promising alternative to ITO. It has lower sheet 

resistance due to its high electron mobility (S. Chen et al., 2022; Renuka et al., 2022). 

Moreover, graphene has exceptional mechanical strength, conductivity, and optical 
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transparency, surpassing other carbon-based materials such as Carbon nanotubes (CNTs). 

Specifically, graphene’s planar structure, remarkable carrier mobility ranging from 

~100,000 cm2V−1S−1 to  230,000 cm2V−1S−1  in suspended structures outperform the 

carrier mobility of up to ~ 80, 000 cm2 V−1S−1 in semiconducting single-walled CNTs. 

Additionally, graphene’s high optical transparency of approximately 97% further 

distinguishes it from CNTs making it a suitable material for transparent conductive films.  

Thus, the superior geometry, carrier mobility and optical properties of graphene 

highlights its potential for highly efficient graphene-based optoelectronics and wearable 

devices.  

Despite these superlatives, challenges persist in exploiting graphene’s potential, 

especially its behaviour at the atomic level, semi-metallic nature, and lack of intrinsic 

band gap. This lack of band gap is due to the maximum valence band and minimum 

conduction band meeting at the k point in the Brillouin zone, forming the Dirac point. 

Moreover, it is difficult to induce a band gap in graphene due to the three discrete 

symmetries protected by the degeneracy at the Dirac point: the time reversal, inversion, 

and rotation by 1200 (Bora et al., 2022; Prabhakar & Melnik, 2022; Yari et al., 2022). 

Thus, breaking these symmetries is essential for opening a band gap, but challenging to 

achieve without greatly altering graphene’s electronic properties. This behaviour 

highlights the key difference between conventional semiconducting materials such as 

silicon that rely on band gaps to control the electron flow, an attribute absent in graphene  

(Bora et al., 2022; Kolář et al., 2022; Smith et al., 2019). This limitation poses a great 

challenge to its integration into semiconducting devices. 
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Additionally, there is an insufficient understanding of the underlying principles 

that govern the doping of graphene, as well as how dopant atoms affect the optical 

properties of graphene for photovoltaic and optoelectronics in the electromagnetic 

spectrum (Abdullah et al., 2020; Dobrota et al., 2022; Lv & Terrones, 2012). Moreover, 

the obtained results of substitutional doping of graphene are plagued with discrepancies 

due to the choice of the exchange-correlation (XC) functional, the basis set, and the wrong 

input parameters (Olatomiwa et al., 2023). 

Furthermore, photovoltaics has poor conversion efficiency and may not be able 

to replace fossil fuels or have a significant impact on energy generation if these issues are 

not fully addressed (Prabhakar & Melnik, 2022). Its overall efficiencies are still very low, 

which can be associated with limitations in optical losses such as partial absorption and 

the high surface reflectivity of crystalline silicon (14.78%) (D. Zhang et al., 2022). 

Therefore, the shortcomings in this solar cell material necessitate the importance of 

modelling the optoelectronic properties of graphene at the atomic level to determine their 

best absorption sites (Y. Chen et al., 2022; Perrakis et al., 2020; Zhao et al., 2020). 

1.3 Objectives of the Research 

This work investigated the structural, electronic, and optical properties of pure 

graphene and Boron- and Beryllium-doped graphene using the density functional theory 

approach for potential applications in photovoltaics and optoelectronics. The following 

objectives were carried out to achieve this aim: 
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i To investigate the structural, electronic, and optical properties of pure 

graphene using the CASTEP code. 

ii To investigate the structural, electronic, and optical properties of Boron 

and Beryllium doped graphene using the CASTEP code. 

iii To identify the best electronic, and optical properties from Boron and 

Beryllium doped graphene models from the CASTEP code. 

1.4 Research Scope 

The following scopes were carried out to fulfil the goals. 

i The atomic structure of pure graphene was generated in CASTEP after 

extracting the crystallographic information file (cif) from the materials 

project to file.cell and the structure was visualised using VESTA. A 

4 × 4 × 1  (32 carbon atoms) graphene supercell was generated. The 

parameter optimisation was performed to determine the plane wave cutoff 

energy and the k-point. Furthermore, pure graphene's relaxed state was 

determined by geometry optimisation. The band structures were 

calculated using GGA-PBE pseudopotential. Pure graphene's density of 

state (DOS) was determined to characterise its electronic properties. 

Lastly, the optical properties of pristine graphene were calculated. 

ii The graphene supercell was doped at different atomic positions and 

percentages with boron and beryllium atoms. The optimised atomic 

positions of graphene supercells were determined by performing geometry 
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optimisation. The electronic properties (band structure, density of states), 

and the optical properties were evaluated using CASTEP.  

iii The influence of the boron and beryllium dopants on the dielectric 

properties of graphene was determined for photovoltaic and 

optoelectronic applications. 

1.5 Limitations  

In this study, here is a list of the limitations faced in modelling the structural, 

electronic, and optical properties of graphene using density functional theory. 

i Access to high-performance computing clusters and supercomputers. 

ii long simulation time, which is a result of the computing resources used 

for my calculations. 

iii The inability to model co-doped graphene systems with larger cells. 

iv The cost of accessing the computing resources needed to model 

properties of graphene. 
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CHAPTER 2 : LITERATURE REVIEW 

2.1 Introduction 

This chapter is composed of two distinct parts. The first section provides an 

overview of specified properties of pristine and doped graphene, as well as related topics, 

based on the title of our study. The historical background of graphene is presented in 

Section 2.2. Meanwhile, in sections (2.3, 2.4, and 2.5) the structural, electronic, and 

optical properties of pure graphene are discussed. Furthermore, ` the modification of the 

electronic and optical properties of graphene via substitutional doping was presented. 

The second part also gives an overview of the different density functional theory 

models employed in modelling the properties of the graphene material. Moreover, the 

foundations of density functional theory are briefly described, starting with the 

formulation of the Schrodinger equation and the Hartree-Fock, Hohenberg, Kohn, and 

Sham theorems in subsections 2.71 to 2.7.5. 

Finally, the exchange-correlation functionals such as the local density 

approximation, generalised gradient approximation, and hybrid functional are briefly 

discussed in Sections 2.76 to 2.79, respectively. The linearised plane wave was briefly 

explored in Section 2.7.10. A brief discussion on the CASTEP code employed in this 

study concludes this review. 

 

 
 

 
 

 
 

 
 

 
©This

 ite
m

 is
 p

ro
te

cte
d 

by
 o

rig
ina

l c
op

yr
igh

t 


