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Abstract 

Condensed Matter Physics (CMP) displays captivating diversity through the interplay 

of energy and length scales. CMP's collaboration among theorists, experimentalists, 

and engineers has revolutionized finding exotic substances. Graphene, a single layer 

of carbon atoms in a hexagonal lattice, has drawn immense materials science 

attention with its exceptional properties — electrical/thermal conductivity, mechanical 

strength, and transparency — enabling diverse applications. One of the key aspects 

that make graphene versatile is its property tunability through a process called doping. 

Doping allows for precise adjustments of graphene's characteristics, opening up 

avenues for customizing its properties to suit specific needs in many applications. This 

thesis is focused on delving into the spectroscopic investigation of electronic and 

vibrational properties within doped graphene. This work also deals with the 

understanding the carrier transport properties in this modified two-dimensional 

system. 

Introducing light elements to specific sites within the graphene lattice holds exciting 

potential, including adjustable bandgaps, heightened electron-phonon interaction, and 

unconventional transport characteristics. relevant to superconductivity (SC), 

ferromagnetism, and catalysis. However, this strategy can inadvertently introduce 

more defects and strain-related consequences as residual effects, leaving room for 

interpretation. Boron doping, the deliberate introduction of boron atoms into the 

graphene lattice, has emerged as a powerful strategy to modify and enhance 

graphene's properties. In this dissertation, various doping methods, including chemical 

vapor deposition, thermal treatment, and chemical synthesis, highlighting their 

advantages and limitations have been discussed. Boron-doped graphene exhibits 

fascinating properties, such as increased carrier concentration, improved catalytic 

activity, and enhanced stability under harsh conditions. These attributes make it highly 

promising for applications in electronic devices, energy storage, and catalysis. The 

challenges and opportunities associated with boron-doped graphene, including the 

need for precise control over doping levels, potential toxicity concerns, and the quest 

for scalable synthesis methods have been explored in this work. Moreover, it 



xix | P a g e  
 

elucidates emerging trends and future prospects, emphasizing the role of boron-doped 

graphene in advancing nanotechnology and materials science. Boron doping in 

graphene opens up exciting avenues for tailoring its properties, expanding its utility, 

and pushing the boundaries of what is possible in the world of two-dimensional 

materials. 

In the initial phase of our research, a spectroscopic approach in conjunction with ab-

initio results has been employed to unravel these intricacies. Through in-situ boron-

doped reduced graphene oxide specimens, this work explored a range of hole doping 

concentrations, achieved by tuning annealing temperatures up to 1000°C. The thesis 

has shown, by varying the concentration and configuration (BC3, BCO2, BC2O), a 

distinct interplay emerges, wherein the dopant competes with residual surface oxygen 

atoms. The study reveals a transition of preferred doping configuration from out-of-

plane to in-plane (substitutional) with rising temperature. Additionally, as the doping 

concentration increases, the graphene lattice experiences both point defects and 

strain-induced effects. These factors lead to an anomalous bandgap crossover at 

elevated temperatures in boron-doped graphene, setting it apart from the thermally 

reduced counterpart. This observation bears significance for electronic and transport 

applications. 

Moving forward in our research, the interaction between electrons and phonons in the 

subsequent phase has been inspected with assistance of some spectroscopic tools. 

While pristine graphene exhibits exceptional electrical conductivity, the induction of 

charge density wave (CDW) has been a challenging endeavour. CDW, periodic 

modulations of electron density accompanied by lattice distortions, are central in 

understanding novel phenomena in low-dimensional materials.  

Traditionally, inducing CDW in graphene has proven elusive due to its inherent 

electronic structure. The direct application of in-plane perturbations or gating 

techniques often falls short of creating the conditions required for CDW formation. 

Recent research has highlighted the crucial role of out-of-plane doping, which involves 

introducing foreign atoms or molecules into the graphene lattice perpendicular to the 

carbon plane. In the literature, metal-intercalated graphene has already emerged as a 

promising strategy to induce symmetry-breaking phase transitions such as SC and 

CDW in two-dimensional layered materials. This approach capitalizes on the modified 



vibrations and accumulating charges within the interlayer region of few-layer 

graphene, a potent carrier-lattice interaction and extensive charge ordering can be 

achieved, opening avenues for unique electronic phenomena. Furthermore, out-of 

plane doping facilitates the emergence of a bandgap near the Fermi level, making 

CDW more attainable. 

This thesis reviews experimental and theoretical studies that demonstrate the 

effectiveness of out-of-plane doping in realizing CDW in graphene. It discusses 
various doping techniques, such as chemical adsorption, intercalation, and 

substitution, and their impact on the electronic structure. The resulting CDW offer 
exciting possibilities for tailored electronic, thermal, and optical properties, with 
potential applications in advanced nanoelectronics and quantum technologies. 

Overall, this abstract emphasizes the necessity of out-of-plane doping as a powerful 
tool for achieving charge density waves in graphene. By understanding and 
harnessing the role of out-of-plane dopants, researchers can unlock the full potential 
of graphene in the realm of emergent electronic phenomena and pave the way for 
next-generation graphene-based devices. In this context, boron-doped few-layered 

graphene stands out as a key player in realizing CDW phases at elevated 

temperatures (above T = 100K). The presence of out-of-plane boron groups proves 
instrumental in driving this transition. Ab-initio simulations unveil a distinctive CDW 

energy gap within the material's band structure, a finding corroborated by low 
temperature electrical transport measurements. This study not only establishes a 

connection between the structural and vibrational characteristics of boron-doped few 
layered graphene in the CDW ordering context, but also uncovers an intriguing 
electric field dependence on the CDW phase in this non-metallic, light-atom-doped 
graphene system. 
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Introduction 

 

  

  1.1. Introduction to graphene 

Graphene, a remarkable two-dimensional carbon allotrope, stands at the forefront of scientific 

exploration and technological innovation. Carbon, as the elemental cornerstone of life and 

organic chemistry, exhibits unparalleled bonding versatility, enabling a vast array of 

structural diversity and an extensive range of physical properties in carbon-based systems. 

These distinctive characteristics are deeply rooted in the dimensional complexity of carbon 

structures. Graphene, a lattice of carbon atoms arranged in a hexagonal honeycomb pattern, 

has emerged as a central player in our quest to comprehend the electronic properties of 

various carbon allotropes. Despite its essential role as a forerunner to diverse carbon forms, 

graphene remained elusive for centuries, finally being isolated in 2004 [1]. The challenge lay 

not in its production but in its detection. The surprising revelation of free-standing graphene 

and the absence of suitable tools for identifying one-atom-thick flakes through macroscope 

delayed its discovery. This novel two-dimensional substance represents a fresh nanocarbon 

variant, consisting of carbon atoms organized into hexagonal rings. It stands apart from 

carbon nanotubes (CNTs) and fullerenes, showcasing distinctive attributes that have 

captivated the scientific community. Notably, graphene boasts remarkable characteristics, 

including the quantum Hall effect observed at room temperature [2,3] ambipolar electric field 

control combined with ballistic charge carrier conduction [1], adjustability of its band gap 

[4,5], and remarkable elasticity [6]. Graphene's electronic properties are a reflection of its 

structural adaptability. Its trigonal planar structure, arising from sp2 hybridization, fosters the 

formation of robust carbon-carbon bonds, forming π and σ bands. These bands are critical in 

understanding graphene's behaviour, including its role in strongly correlated systems. 

Graphene's electronic journey has been characterized by contrasting theoretical viewpoints, 

from Linus Pauling's resonant valence bond structure [7] to P. R. Wallace's semi metallic 

band structure [8]. While contemporary experimental data tend to support the latter, the 

influence of electron-electron interactions in graphene continues to be an active research area. 

1 
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Notably, graphene consists of massless, chiral Dirac fermions, which lead to unique 

phenomena such as the anomalous quantum Hall effect [9]. These fermions disobey classical 

electrostatic potentials, a phenomenon known as the Klein paradox, and exhibit intriguing 

behaviours under disorder, allowing electron propagation over considerable distances [10]. 

The successful isolation of graphene from graphite has intrigued extensive exploration of the 

analogous layered transition metal dichalcogenides (TMDs) in solid state physics because of 

their flexible properties and feasible revolution in modern technology. Graphene is attracting 

much interest due to potential applications as a next generation electronic material as well as 

its unique physical properties. In particular, its superior thermal [11] and mechanical [12] 

properties, including high thermal conductivity and extremely high mechanical strength, 

make it a prime candidate material for heat control in high density, high-speed integrated 

electronic devices. The ground state electronic structure of graphene consists of a filled 

hexagonal first Brillouin zone (BZ), with an energy gap that goes monotonically to zero at the 

zone corners, from a maximum at the centres of the zone edges. This electronic configuration 

arises from the particular relationship between the number of conduction electrons per atom 

and the hexagonal atomic ordering.  

Nonetheless, maintaining a uniform layer thickness, a critical factor in numerous applications 

[13,14], poses a formidable challenge when employing this approach. Moreover, addressing 

the increasing demand for graphene necessitates the implementation of large-scale production 

techniques. Chemical synthesis methods, such as chemical vapor deposition (CVD) and 

liquid-phase exfoliation, not only provide the scalability required for industrial applications 

but also enable precise control over the number of layers. Furthermore, in recent decades, 

efforts to enhance the versatility of graphene for a wide range of applications have included 

investigations on lattice modification through in-plane doping, surface functionalization, and 

intercalation between graphene layers. 

 

  1.2. Modification of graphene  

In addition to its intrinsic electronic capabilities, graphene's adaptability extends to chemical 

and structural alterations, rendering it a highly promising candidate for a wide array of 

applications. The incorporation of foreign atoms into the graphene lattice brings about 

modifications in the electronic and phonon energy band structures. These alterations, whether 
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occurring individually or in combination, can have diverse impacts on electronic and 

vibrational properties, as well as on phenomena associated with electron-phonon interactions. 

Moreover, the creation of defects, the introduction of strain, and variations in majority and 

minority carriers all contribute significantly to enhancing graphene's versatility. 

1.2.1. Functionalisation of graphene   

Functionalizing graphene is a multifaceted process that not only maintains its exceptional 

characteristics but also introduces novel functional groups, each contributing distinct 

properties. Various approaches exist for graphene functionalization, encompassing covalent 

functionalization [15], non-covalent functionalization [16], and elemental doping [17]. 

Among these, chemical functionalization of graphene stands out, offering the potential to 

induce a bandgap in graphene, thereby allowing precise control over its electrical properties, 

transitioning it from a semimetal to an insulator.  

Functionalizing pristine graphene sheets with covalently-bonded functional groups is 

conducted to achieve several objectives. Enhanced dispersibility in common organic solvents 

is a primary goal, typically achieved by attaching specific organic groups, such as hydroxyl, 

carboxyl etc [18]. Achieving dispersion in organic solvents is crucial for creating 

nanocomposite materials involving graphene. Additionally, the introduction of organic 

functional groups introduces new properties, such as enhanced conductivity, which can be 

combined with graphene's inherent characteristics.  

Non-covalent functionalization, in contrast, focuses on interactions such as hydrogen bonds 

and electrostatic forces between graphene and functional molecules. This approach maintains 

the bulk structure and outstanding properties of graphene but enhances its dispersibility and 

stability. Methods for non-covalent functionalization include bond interactions, hydrogen 

bonding, ionic bonding, and electrostatic interactions [19,20]. While non-covalent 

functionalization is relatively straightforward and gentle, it may introduce other components, 

such as surfactants. 

Hence, functionalizing graphene is a versatile process that can fine-tune its properties for a 

wide range of applications, from electronics to energy storage and beyond. Different methods 

offer unique advantages, allowing us to tailor graphene's characteristics to fulfil specific 

needs. 
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1.2.2. Substitution doping in graphene  

A significant emphasis in this chapter should be placed on the substitutional doping of 

graphene, a process wherein carbon atoms in the hexagonal honeycomb lattice of graphene 

are replaced by nitrogen or boron atoms. The resulting behaviour of doped graphene sheets, 

whether they exhibit n- or p-type characteristics, depends on the electrophilic nature of the 

substituting atoms. By precisely controlling the degree of doping, it becomes possible to 

potentially tailor the electrical properties of graphene. This opens up exciting possibilities for 

expanding the utility of graphene in nanoelectronics. 

Nitrogen atoms are incorporated using their three sp3 orbitals, allowing their lone pair 

electrons to conjugate with the graphitic π-system. Consequently, N-doped graphene sheets 

become electron-rich, leading to an anticipated n-type semiconducting behaviour. Typically, 

N-doped graphene sheets are generated by substituting O or C atoms with N during processes 

like reduction, annealing, or even in situ during graphene growth using methods such as 

chemical vapor deposition (CVD), arc discharge, or solvothermal techniques. During the 

reduction step, oxygen or sp3 carbon atoms, often located at defect sites in graphene oxide 

(GO), can be substituted by nitrogen. This is achieved through the use of a nitrogen-rich 

reductive source, such as ammonia or hydrazine, at elevated temperatures. 

Similarly, incorporating boron atoms, which possess one sp3 orbital, leads to p-type 

behaviour and can be accomplished through procedures akin to those discussed in Chapter 2. 

Doping graphene with nitrogen or boron atoms is a widely adopted technique known for its 

substantial impact on altering the electrical properties of graphene. Authors conducted a 

detailed examination of the undisturbed graphene lattice, away from the dopant site, revealing 

that the centre of the triangular dopant structure aligns precisely with a carbon site, while the 

three apexes connect to the three nearest neighbouring carbon sites [27]. Interestingly, this 

experimentally observed shape of the graphitic B dopant closely matched theoretical 

predictions derived from Density Functional Theory (DFT) calculations. Despite both 

graphitic B and N dopants exhibiting an overall triangular symmetry, significant differences 

emerge when analysing their detailed structures. For B dopants, the maximum height is 

precisely observed at the B dopant site, whereas for N dopants, it occurs near the nearest 

carbon neighbours to the N dopant. Theoretical studies have elucidated that substitutional 

doping has the capacity to modulate graphene's band structure [21,22], resulting in a metal-

semiconductor transition [23,24]. Consequently, this approach significantly enhances and 

broadens the potential applications of graphene. Doped graphene offers promising properties 
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and finds application in various fields, including superconductivity [25], ferromagnetism 

[26], among others. As a result, intensive investigation is directed toward this area, leading to 

the advancement of range of applications for substitutionally doped graphene. 

However, in contrast to the well-explored field of N-doped graphene, the study of B-doped 

graphene has been relatively limited in experimental research. Many fundamental questions 

regarding the nature of dopant structures, their distribution, and their impact on the electronic 

properties of graphene films have remained unanswered. 

1.2.2. Intercalation in graphene  

Intercalation offers a powerful means of tailoring graphene's properties for a wide range of 

applications, from energy storage to sensors and beyond [28]. In this scientific exploration, 

we delve into the concept of intercalation of graphene, its underlying mechanisms, and its 

potential applications. 

Intercalation Mechanisms: 

I. Physical Intercalation: Physical intercalation involves the insertion of foreign 

species between graphene layers without forming chemical bonds. Van der Waals 

forces are typically responsible for holding the intercalants in place. This process can 

be reversible, making it attractive for applications requiring tuneable properties. Gases 

like hydrogen and noble gases are common examples of physically intercalated 

species. 

II. Chemical Intercalation: Chemical intercalation, on the other hand, involves the 

formation of strong covalent or ionic bonds between graphene layers and intercalants. 

This process often leads to irreversible changes in the graphene structure. Common 

chemical intercalants include metal atoms, metal ions, and organic molecules. The 

chemical nature of this interaction allows for precise control of graphene's electronic 

properties. 

The introduction of metals into graphene sheets has garnered significant interest due to its 

profound alteration of the electronic and phonon structure and the emergence of novel 

properties not present in the host material [29,30]. Among the most intriguing phenomena 

within graphite intercalation compounds (GICs) is the induction of superconductivity in the 

amalgamation of typically non-superconducting graphite and metals [31,32]. Idea of 

intercalation of alkali metal have come from the structure of magnesium diboride, which  
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exhibits superconducting transition at 39 K. In this structure magnesium atoms are 

intercalated in between two layers of boron atoms as shown in figure 1.  Shortly after the  

discovery of graphene, intensive efforts were launched to create superconducting graphene, 

driven by both fundamental scientific inquiry and practical applications. An especially 

promising candidate in this pursuit is calcium-intercalated bilayer graphene (C6CaC6), given 

that calcium-intercalated GIC (C6Ca) boasts the highest recorded superconducting transition 

temperature of 11 K among the various metal-intercalated GICs [30]. Numerous theoretical 

[33,34] and experimental [35] investigations have proposed that C6CaC6 exhibits an 

electronic structure similar to that of superconducting GICs, thus suggesting the potential for 

superconductivity in C6CaC6. However, there have also been suggestions that the ground 

state may feature a charge-density wave (CDW), which could act to suppress or to trigger the 

superconducting behaviour in metal-intercalated bilayer graphene [36,37]. 

Few-layer graphene (FLG) can be chemically altered by inserting molecules into its structure. 

This intercalation process between layered graphene is governed by van der Waals 

interactions, imparting new chemical and physical attributes, such as superconductivity and 

quasi-low-dimensional magnetism [38,39]. An example of this phenomenon is the synthesis 

of FLG intercalate with FeCl3 [40]. Notably, the electrical behaviour of this intercalated 

product is linked to a magnetic transition. This research marks the initial stride toward the 

creation of various functional bilayer intercalates, including sandwich-like structures. Beyond 

fundamental investigations into two-dimensional electron systems, FLG intercalation 

materials hold potential for diverse applications. For instance, the intercalation of ionic Li+ 

into FLGs occurs during the electrochemical lithiation of FLGs. This phenomenon is of 

interest due to the reversible Li+ intercalation/deintercalation capability within layered FLGs, 

which could potentially lead to increased Li-ion storage capacity. Furthermore, aside from 

ion batteries, FLG intercalates may find utility in hydrogen storage applications [41]. 

Figure 1: Structure of magnesium diboride 
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Hence, intercalation of graphene is a versatile and powerful technique for tailoring the 

properties of this remarkable material. It enables precise control over electronic, mechanical, 

and chemical characteristics, paving the way for a myriad of applications across diverse fields 

of science and technology. As research in this area continues to evolve, we can anticipate 

further innovations and breakthroughs that harness the full potential of intercalated graphene 

materials. 

 

1.3 Necessity of doping in graphene 

Doping emerges as an indispensable technique in the domain of graphene science, playing a 

pivotal role in the deliberate manipulation of its electronic and phonon properties. The 

necessity for doping in graphene research finds profound support in scientific literature. Geim 

et al. underscores the ability of doping to precisely regulate charge carrier concentration by 

shifting the Fermi level, thereby transforming pristine graphene into n-type semiconductors 

or metals [42]. Additionally, impact of doping on charge carrier mobility, and consequently 

on the electrical conductivity of graphene, is established [9]. Shifting of Fermi level (EF), as 

depicted by figure 2, towards valance or conduction band of graphene results as change in 

type majority carriers for charge transport.  

Beyond electronic properties, doping profoundly influences phonon characteristics within 

graphene. Interaction between dopants and the carbon lattice leads to alterations in phonon 

dispersion relations and impacts thermal conductivity, as documented in earlier report [43]. 

Doping-induced effects extend to enhanced chemical reactivity, vital for catalysis 

applications [44]. Moreover, doping enables customization of optical properties, introducing 

Figure 2: Shifting of Fermi level in terms of electron or hole doping 



Chapter 1 

 

8 
 

new absorption or emission spectral peaks [6]. Its role in constructing intricate 

heterostructures is also evident as described by Mishchenko et al. [45]. Precise control of 

charge carrier density via doping in the realm of the quantum Hall effect is crucial [2]. In 

essence, doping in graphene is a versatile tool enabling meticulous control over various 

properties, as substantiated by diverse scientific references spanning electronics and materials 

science.  

Apart from substitution doping out-of-plane doping in graphene is an essential technique for 

enhancing electron-phonon interaction (EPI), a well-studied phenomenon supported by robust 

scientific evidence. The electron-phonon interaction plays a vital role in determining the 

electrical and thermal transport properties of graphene. Out-of-plane dopants, such as 

hydrogen (H), nitrogen (N), or other adatoms, significantly impact this interaction by altering 

graphene's electronic structure and phonon modes. Additionally, many authors emphasize the 

role of lighter atom as out-of-plane dopants in modulating electron-phonon interactions [46-

49]. Out-of-plane dopants perturb the carbon lattice structure and electronic band structure, 

leading to enhanced scattering processes and modified electron-phonon coupling matrix 

elements. This influence extends to charge carrier mobility, thermal conductivity, and phonon 

lifetimes. Understanding and controlling EPI in graphene, facilitated by out-of-plane doping, 

have significant implications for obtaining correlated phases like CDW [110] or SC in 

graphene [figure 3]. 

 

1.4  Spectroscopic Investigation on effects of doping   

Besides, the modulation of the type and density of charge carriers, two other major effects of 

doping in graphene are the formation of defects and the generation of strain. Doped as well as 

undoped Graphene contains various types of defects that profoundly impact its properties. 

Figure 3: Softening of phonon involving with EPI [110] 
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Apart from the process of mechanical exfoliation, other processes of graphene production 

induce different types of defects also in undoped graphene. These defects are categorized 

based on their dimensionality, comprising zero-dimensional defects, such as Stone–Wales 

defects, vacancies, adatoms, and substitutional impurities, as well as one-dimensional defects 

like line defects, grain boundaries (GBs), and edges. Due to inclusion of such constructional 

changes in graphene its lattice become strained. Depending upon the doping type and 

configuration, the type of strain occurred in graphene either compressive or tensile. 

1.4.1. Defects in graphene:  

Zero-dimensional Defects 

Stone–Wales (SW) Defects: SW defects, as described, involve the rearrangement of carbon 

atoms within graphene, leading to pentagon-heptagon pairs. These defects can affect 

graphene's electronic properties by introducing localized states within the bandgap, 

influencing carrier concentration and electrical conductivity [14]. 

Vacancies: Single vacancies (SV) and double vacancies (DV) in graphene can distort the 

carbon lattice, leading to changes in electronic structure and magnetic properties [50-51]. SV 

defects, in particular, have been well-studied for their impact on the electronic properties of 

graphene [52]. 

Adatoms: Adatoms, when introduced onto graphene, can alter its electronic structure and 

create localized states within the bandgap [53]. The interaction between foreign atoms and 

graphene can vary, influencing the extent of charge transfer and chemical reactivity [54]. 

Substitutional Impurities: Substitutional impurities, such as transition metal atoms or 

boron/nitrogen doping, can modify graphene's electronic band structure [55]. For instance, 

boron or nitrogen doping can shift the Fermi level, resulting in p-type or n-type behaviour 

[56]. 

 

One-dimensional Defects 

Line Defects: Line defects like dislocation lines can introduce strain in graphene and affect 

its electronic properties [57]. These defects can impact the mechanical strength and thermal 

conductivity of graphene [6]. 

Grain Boundaries: Grain boundaries in graphene, typically observed in polycrystalline 

samples, can lead to variations in electronic properties due to differences in orientation and 

lattice structure between adjacent grains [58]. 
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Edges: The edge structure of graphene can dictate its reactivity and electronic properties [59]. 

Zigzag edges, for example, exhibit distinct electronic states, making them suitable for 

specific applications like nanoribbon-based devices [60]. 

Therefore, defects in graphene and doped graphene are not only fundamental aspects of its 

structure but also play a crucial role in tailoring its properties for various applications. 

1.4.2. Investigation of defects using Raman Spectroscopy 

Raman spectroscopy has become an indispensable tool in the field of graphene research due 

to its non-destructive nature and its ability to provide valuable insights into the atomic 

structure and electronic properties of graphene. This inelastic scattering process is illustrated 

in figure 4.  

When analysing the Raman spectra of pristine and defective graphene, several distinct peaks 

can be observed, each offering unique information about the material's characteristics. These 

key peaks include G, D, D', 2D, 2D', D + D'', and D + D' [61]. 

A. G Peak (Graphitic Peak): Located at approximately 1580 cm⁻¹, the G peak 

corresponds to the E2g phonon mode with a momentum close to zero at the Brillouin 

zone's Γ point. This peak is a signature of the crystalline, sp²-bonded carbon structure 

of graphene [62]. 

B. 2D Peak (Double Resonance Peak): Positioned around 2700 cm⁻¹, the 2D peak is 

another prominent feature in the Raman spectrum of graphene. It arises from the A'₁ 

phonon mode at the K point of the Brillouin zone and is associated with a double 

resonance process [62]. 

Figure 4: Raman Scattering. Stokes process (left up), anti-Stoke process (left down), 

Elastic Rayleigh scattering and inelastic Raman scattering (right), adapted from [61].  
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Defective graphene introduces additional peaks: 

C. D Peak (Disorder-Induced Peak): The D peak, located at approximately 1350 cm⁻¹, 

is a result of defects in the graphene lattice. It originates from A'₁ phonons near the K 

point of the Brillouin zone, with a nonzero momentum. Activation of the D peak 

requires a defect and involves an intervalley double resonant process [61]. 

D. D' Peak: The D' peak, at around 1620 cm⁻¹, is linked to E2g phonons with nonzero 

momentum. It results from an intravalley double resonant process connecting two 

points within the same cone around the K (or K') point [61]. 

E. D + D' Peak: The D + D' peak, observed at approximately 2950 cm⁻¹, arises when 

both intravalley and intervalley phonons are emitted together during the Raman 

scattering process. This peak is a clear indicator of the presence of defects in graphene 

[61]. 

These defect-induced Raman peaks (D, D', and D + D') offer valuable information about the 

nature and quantity of defects present in the graphene lattice. For instance, the intensity ratio 

of the D peak (ID) to the G peak (IG) is often used as a quantitative measure of defect density 

in graphene. It follows a power-law relationship with excitation energy, providing further 

Figure 5: Schematic of Raman scattering processes 
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insights into the defect-induced scattering processes [63-65]. One-phonon process for G peak, 

as described by Ferrari et al. [61], phonon-defect process for D, D’, 2D’, and phonon-phonon 

process for 2D peak are depicted in figure 5.  

The distinct Raman peaks and their dependencies on excitation energy and intensity ratios 

offer researchers a comprehensive understanding of graphene's quality and the nature of 

defects, which is crucial for a wide range of applications. 

Identification of the nature of defects in graphene: 

When graphene undergoes treatments like thermal annealing or plasma irradiation, various 

types of defects emerge, such as vacancies and the introduction of sp³ hybridization [66-67]. 

For instance, mild oxidation can lead to sp³ defects, while Ar+ bombardment, thermal 

reduction of oxidized graphene can create vacancy defects. Previous study illustrated 

evolution of the D peak, along with other defect-related Raman peaks, particularly D', 

increases in graphene with irradiation time [68]. Notably, graphene samples containing 

different defect types exhibit varying ID/ID′ ratios. Theoretical insights suggest that the ID/ID′ 

ratio can serve as a tool for identifying the nature of these defects in graphene [69]. The ID/ID′ 

ratio hinges on the defect potential (∆V), where ∆V = VD - V. VD represents the self-

consistent potential of the defective graphene, while V is the corresponding value for pristine 

graphene. Notably, ∆V differs for SV, DV, SW, 555-777, and 5555-6-7777 defects in single-

layer graphene [69]. Calculations indicate ID/ID′ ratios of approximately 1 for MV, ~11 for 

DV, ~17 for SW, ~4 for 555-777, and ~4 for 5555-6-7777 defects. Upon oxygen adsorption, 

these values shift to approximately 1, ~1, ~10, ~3, and ~6, respectively. This suggests that 

oxygen adsorption on a MV can mitigate the defect, reducing the intensity of the D and D′ 

peaks by about two orders of magnitude. Interestingly, different types of defective graphene 

share a common ID/ID′ ratio of around 13, including partially hydrogenated, fluorinated, and 

oxidized graphene [52]. Conversely, defective graphene samples generated via ion 

bombardment and anodic bonding, primarily featuring vacancy-like defects, exhibit a smaller 

ID/ID′ ratio of approximately 7. Polycrystalline graphite, where defects commonly manifest as 

grain boundaries, demonstrates an even smaller ID/ID′ ratio of about 3.5 [52]. These findings 

underscore the utility of Raman spectroscopy, particularly the ID/ID′ ratio, in discerning the 

nature of defects in graphene. However, it's essential to note that there can be disparities 

between experimental results and theoretical calculations. This inconsistency can be 



Chapter 1 

 

13 
 

attributed to idealized descriptions of defects in ab initio calculations. In practice, defects are 

more complex and are not necessarily isolated, often forming dimers or clusters [70] 

Quantification of the defects in graphene: 

Raman spectroscopy provides a means to quantitatively assess the presence of defects in 

graphene [63,71]. When defects are introduced through Ar+ bombardment, the relationship 

between the ID/IG and the average defect distance (LD) can be understood in two stages 

[61,63]. In the first stage, ID is nearly directly proportional to the total number of defects 

within the laser spot. Considering LD and the laser spot size L, there are typically (L/LD)2 

defects in the laser-probed region. Therefore, ID scales as (L/LD)2 [72]. Conversely, IG is 

proportionate to the total area illuminated by the laser, indicating IG ∝ L2, leading to the 

relationship ID/IG proportional to (1/LD)2 [72]. This ID/IG ratio peaks when LD is around 3 

nm. In the second stage, as the number of defects increases and LD becomes less than 3 nm, 

ID decreases relative to IG. In this stage, ID/IG proportional to the number of ordered 

hexagons, and the development of the D peak reflects the system's degree of ordering, which 

is the opposite of stage 1. Consequently, a new relation emerges: ID/IG ∝ (LD)2 [72]. Thus, 

Raman spectroscopy provides an effective means to estimate the quantity of defects in 

graphene. As defects serve as scattering or trapping centres for charge carriers, they 

significantly impact graphene's electrical performance. A prior study elucidated the evolution 

of Raman peaks in graphene as the number of defects introduced by hydrogen plasma 

increased. The results demonstrated that the inverse of graphene's carrier mobility exhibits a 

linear correlation with the ID/IG ratio, underscoring that intervalley scattering can limit carrier 

mobility, and the scattering probability is proportionate to the defect density in graphene [65]. 

Identification edges and grain boundaries in graphene 

Raman spectra hold the capability to discern the nature of edges in graphene, distinguishing 

between Zigzag (Z) and Armchair (A) edges [73]. Specifically, the Raman D peak remains 

inactive for Z-edges. This is because the momentum exchanged during scattering from Z-

edges fails to bridge the adjacent Dirac cones K and K', thus not fulfilling the conditions for 

the double resonant process [75,76]. Conversely, the exchanged momentum from A-edges 

adequately satisfies the intervalley scattering between K and its adjacent K', leading to the 

activation of the D peak for A-edges [74]. 
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Comparing the Raman images of different edge configurations in mechanically exfoliated 

single-layer graphene sheets, it's evident that the D peak intensity is higher for A-edges than 

Z-edges [74]. However, due to the inherent imperfections of Z-edges, the D peak intensity 

isn't entirely absent. Furthermore, investigations have revealed that both armchair and zigzag 

graphene edges are prone to modifications, even at relatively low temperatures of about 200 

°C [77]. The D peak also demonstrates its sensitivity in identifying alignment configurations 

at edges for multi-layer graphene [78]. 

1.4.3. Strain in Graphene:  

Doping can also induce strain in the graphene lattice. Strain refers to the deformation or 

stretching of the graphene sheet. This can occur when dopant atoms, such as hydrogen, are 

adsorbed on the graphene surface and induce local changes in the carbon-carbon bond lengths 

and angles. Strain in graphene can significantly alter its electronic band structure. Depending 

on the type and direction of strain, it can open or close bandgaps, change the electronic 

dispersion, and lead to the emergence of new electronic states. Strain engineering is used to 

tailor graphene's electronic properties for specific applications like flexible electronics, strain 

sensors, and mechanical actuators. It can also be applied to create pseudomagnetic fields in 

strained graphene, leading to novel quantum phenomena. In previous studies, Raman 

spectroscopy has been employed to assess strain in graphene [79]. Tensile strain causes shifts 

in the G and 2D peaks, with the 2D peak showing greater sensitivity and the ability to detect 

strains as low as 0.01%. These strain-induced shifts were mapped across sample areas with 

varying indentation depths, revealing increased strain with deeper indentations. It's important 

to note that strain distribution within the indentations was not uniform, and Raman 

spectroscopy provided an average strain measurement within the laser spot's diameter of 

approximately 500nm. Additionally, Raman spectroscopy allowed control over both the 

magnitude and direction of strain in graphene. By adjusting the polarization of the laser, 

researchers could probe strain in different directions, resulting in uniaxial or hexagonal strain 

patterns within graphene. 

In summary, previous work demonstrated the utility of Raman spectroscopy for precise strain 

assessment in graphene, highlighting its sensitivity to small strains and its ability to 

manipulate strain patterns with control over direction and symmetry. Understanding and 

controlling defects and strain induced by doping are essential for harnessing the full potential 

of graphene in evolution of electronic phase transition. 
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 1.5 Electrical properties of doped graphene 

1.5.1. Transport properties of graphene 

The remarkable electronic properties of graphene sheets have garnered global attention, both 

experimentally and theoretically, in recent years. Graphene's pivotal role in nanoelectronics 

stems from its adaptability for applications with its electronic properties finely controllable 

through diverse strategies. Carriers within pristine graphene exhibit massless Dirac fermion 

behaviour, validated through empirical experiments, facilitating the development of such 

devices like field-effect transistors (FETs) [80], spin filters [81], and nano sensors [82]. One 

particularly intriguing method involves the introduction of impurities, which inject electrons 

or holes into the system, thereby altering its electronic properties. Notably, these impurities 

can also serve as adsorption sites, facilitating the customization of nano-sensors. Our study 

focuses on boron impurities, a convincing choice due to their capacity to induce several 

effects on electronic characteristics, and transport properties of boron doped graphene (BG) 

systems. Substitutional boron atoms strategically occupy vacancy defect sites within the 

graphene. Literatures describe the presence of boron atoms at these edges of vacancy sites 

initiates a transition from metallic to semiconductor behaviour in the nanoribbon, 

concurrently breaking the symmetry between the spin-up and spin-down transmittance 

channels. Substitutional boron atoms effectively function as scattering centres, primarily 

impacting spin-up electrons until a critical width, estimated to be 6.6 nm, is reached. Beyond 

this critical point, both transmittance channels achieve parity. These findings underscore the 

feasibility of tailoring electronic currents along graphene nanoribbon through a judicious 

doping process. 

In the high-temperature region, the resistance-temperature curve closely aligns with an 

Arrhenius-like temperature dependence. Here, the charge carriers have enough thermal 

activation energy to participate in conduction, and this behaviour can be described by the 

Arrhenius equation [83]:  

𝑅 (𝑇) = 𝑅0𝑒
𝐸𝐴

𝑘𝐵𝑇 

,where R(T) is the measured resistance at different temperatures, 𝑅0  is a pre-factor, 𝑘𝐵 is the 

Boltzmann constant, and 𝐸𝐴  is the activation energy barrier. This activation energy 

corresponds to the energy difference between the Fermi energy (𝐸𝐹) and the energy level 

where the density of states (DOS) peak occurs. 
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For higher temperatures region, an extra energy is required for charge carriers to become 

active and participate in conduction, resulting in the Arrhenius-like behaviour. However, at 

lower temperatures region, the thermal activation energy is insufficient to activate a 

significant number of charge carriers, leading to a transition to a two-dimensional variable 

range hopping system. Different 2D models, such as Efros-Shklovskii variable range hopping 

(ES-VRH) [84,85] and Mott 2D-VRH [86], have been proposed to explain conduction 

mechanisms in disordered semiconductors.  

In the Ohmic regime, the variable range hopping (VRH) conduction can be expressed as a 

power law:  

𝑅 (𝑇) = 𝑅0𝑒(
𝑇0
𝑇

)
𝑝

 

, where 𝑅0 is a pre-factor, 𝑇0 is a characteristic temperature, and p is a characteristic exponent 

distinguishing different conduction mechanism. The value of p depends on the dimensionality 

of the system, with p = 1/3 for 2D systems in the Mott VRH model. However, the ES-VRH 

model, applicable for doped graphene samples at low temperatures, considers a vanishing 

density of states (DOS) near the Fermi level, known as the Coulomb gap, leading to a 

different value of p (p = 1/2 in all dimensions). After finding the characteristics temperature 

in ES-VRH, localisation length for carriers can be estimated as, 

𝑇0  =  𝑇𝐸𝑆  =  
2.8𝑒2

4𝜋𝜖0𝑘𝐵𝜉
 

The localization length (ξ) and characteristic temperature (TES) can vary with doping 

concentration as it depends on degree of graphitisation [88], which can be estimated 

analysing the X-ray photo electron spectroscopy (XPS) of doped or undoped graphene 

system. However, 3D-VRH model can be used for explaining conduction mechanism in 

oxygenated graphene [87].  

After understanding of ES-VRH as transport mechanism for doped graphene sample, those 

parameters can shed light on the electron transport properties of graphene with varying 

degrees of doping. These findings contribute to a better understanding of the electrical 

behaviour of functionalized or doped graphene. 

 

1.4.2. Signature of correlated phases in graphene  

The phenomenon known as CDW involves a periodic modulation of electron density 

accompanied by lattice distortions, resulting in the emergence of unique properties in low-

dimensional materials [figure 6]. Understanding the interplay and potential competition  
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between superconductivity and CDW is a fundamental concern in low-dimensional systems, 

particularly in materials like transition metal dichalcogenides [111]. This issue becomes even 

more intriguing in the context of metal-intercalated bilayer graphene [37]. The occurrence of 

correlated phase like superconductivity and charge density wave (CDW) states in doped 

graphene has been a subject of significant interest in the field of condensed matter physics. 

Doping graphene, typically with foreign atoms or molecules, introduces charge carriers into 

its pristine hexagonal lattice, leading to various intriguing electronic phases [89,90]. 

Superconductivity in doped graphene refers to the correlated state where the state is achieved 

by mainly forming an interlayer state or by enhancing the electron-phonon interaction [91-

94]. This remarkable property was long considered challenging to achieve in two-

dimensional materials due to their low electron density. However, researchers have made 

significant progress in inducing superconductivity in graphene by introducing various 

dopants such as calcium (Ca) [93,95], lithium (Li) [89,91,96], or potassium (K) [97]. These 

dopants alter the electronic structure of graphene, creating a favourable environment for 

Cooper pairs of electrons to form and condense into a superconducting state. The discovery 

of superconductivity in doped graphene opens up possibilities for its utilization in advanced 

electronic and quantum computing applications. 

On the other hand, CDW states in doped graphene involve periodic modulations in the 

electron density within the material. In a CDW state, the electrons arrange themselves into a 

repeating pattern, leading to regions of higher and lower charge density. These CDW phases 

can emerge in doped graphene when the electron-phonon interactions are strong enough to 

overcome the Coulomb repulsion between electrons. CDW states are associated with unique 

electronic properties, such as bandgap opening and enhanced electron-electron correlations. 

Understanding and controlling CDW states in doped graphene can have significant 

implications for the development of novel electronic devices and materials. The origin of  

Figure 6: Periodic modulation of one-dimensional atomic arrangement 
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CDWs is a complex and active area of research, but several mechanisms have been proposed 

to explain their formation. Here are some possible origins of CDWs: 

(i) Peierls Instability: The Peierls instability is one of the most well-known 

mechanisms for CDW formation. It arises due to the coupling between 

electrons and lattice vibrations (phonons). When the electron-phonon 

interaction is strong enough, it can lead to an energy gap opening at the 

Fermi level (figure 7), creating a state of lower energy with a periodic 

distortion of the atomic lattice. This distortion forms a CDW and opens a 

gap in the electronic density of states, causing a partial or complete 

insulating behaviour [98].  

(ii) Nesting of Fermi Surface: In some materials, the Fermi surface (the 

surface in momentum space that separates filled and empty electron states) 

can have specific nesting properties. Nesting occurs when parts of the 

Fermi surface can be mapped onto each other by a wavevector associated 

with a CDW [figure 8]. Electrons near the Fermi surface can then undergo 

a collective, periodic motion, leading to the formation of a CDW [99]. 

(iii) Competing electronic interaction: In some cases, competing electronic 

interactions like the on-site Coulomb repulsion and the electron-phonon 

interaction [93,105,110] can result in the formation of CDWs [figure 3]. 

These interactions can lead to a delicate balance between CDW and other 

ordered phases like superconductivity or magnetic order, giving rise to 

complex phase diagrams [100,109]. 

(iv) Quantum Criticality: CDWs can also be driven by quantum criticality, 

where the system is on the brink of a phase transition at absolute zero 

Figure 7: Pairing of electrons with opposite spin (left). Opening of band gap, also 

known as CDW gap, at Fermi level (right) [112] 
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temperature. Fluctuations in the electronic density can become enhanced 

as the system approaches a quantum critical point, leading to the 

emergence of CDWs [101].  

(v) Dimensionality and Reduced Dimensional Systems: CDWs are more 

prevalent in low-dimensional materials, such as 1D or 2D systems, where 

electronic correlations and interactions can be more pronounced. Reduced 

dimensionality can enhance the susceptibility to CDW formation [102]. 

(vi) External factors like pressure, magnetic fields, and chemical substitutions 

can also induce or suppress CDWs by modifying the balance between 

competing interactions in the material [103,104]. 

Understanding the origin of CDWs is essential for harnessing their properties for 

technological applications and advancing our understanding of condensed matter physics. 

Different materials may exhibit CDWs due to different underlying mechanisms, making it a 

rich and diverse field of study. Researchers continue to investigate these phenomena to 

uncover the underlying physics and potential practical applications. 

 

 1.6 Aims and Objectives 

 

The proposed research work aims to achieve several key objectives: 

1. Synthesis Strategy Development: The primary goal is to establish a robust and efficient 

synthesis strategy for producing BG systems on a large scale. This involves the development 

of a method that can be readily scaled up for practical applications. 

Figure 8: Nesting of Fermi surface in 1D and 2D 
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2. Precise Control of Boron Doping: To achieve the desired properties, the research seeks to 

attain a high degree of control over the boron doping level. By manipulating synthesis 

parameters, the research aims to precisely modulate the boron content and explore various 

doping configurations within the graphene lattice. 

3. Spectroscopic Characterizations: The research will employ advanced spectroscopic 

techniques such as XPS and Raman spectroscopy to comprehensively characterize the BG 

systems. These analyses will provide critical insights into the chemical composition, 

structural integrity, and electronic properties of the materials. 

4. Electrical Transport Property Investigation: The study will focus on elucidating the 

electrical transport properties of the BG systems. This involves measuring parameters like 

electrical conductivity, charge carrier mobility, and resistivity, which are crucial for 

understanding the materials' electronic behaviour and potential applications. 

5. Exploration of Quantum Phenomena: Another important objective is to explore 

intriguing quantum phenomena that may manifest in these two-dimensional BG systems. 

Specifically, the research aims to investigate phenomena such as superconductivity and 

CDWs. Understanding and harnessing these quantum effects could lead to groundbreaking 

advancements in electronic and quantum device technologies. 

In summary, this research project seeks to develop a scalable synthesis method for BG, 

precisely control doping levels and configurations, comprehensively characterize the 

materials using advanced spectroscopic techniques, investigate their electrical transport 

properties, and explore quantum phenomena within these two-dimensional systems. 

Achieving these objectives will contribute significantly to the fundamental understanding and 

practical utilization of BG materials. 
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Review of past work 

 

  

  2.1. Introduction 

In this chapter, we surveyed details about process of boron doping in graphene to set a proper 

controllable synthesis strategy. Initially, we went through few literatures about the X-ray 

photoelectron spectroscopic properties of graphene to ensure the proper configuration of 

boron doping in graphene. Then to interpret the spectroscopic behaviour of doped as well as 

undoped graphene samples, we reviewed some literatures about the structural analyses like 

X-ray diffraction of doped graphene. We performed an extensive survey on Raman analyses 

of both doped and undoped graphene to investigate different properties like defects, strain, 

type of doping, electron phonon interaction etc. Finally, we studied a number of articles 

related to the electrical properties of graphene and other two-dimensional materials to 

understand the electrical behaviour of boron doped graphene (BG) samples.  

  2.2. Synthesis strategy of boron doped graphene  

2.2.1. Synthesis of graphene oxide 

In 1859, British scientist B.C. Brodie took the first attempt to prepare graphite oxide using 

potassium chlorate (KClO3) as oxidising agent [1]. As he found some interesting and unique 

properties of graphite oxide researcher from all around the world had become interested in 

this process of oxidation. In his method, he mixed graphite and KClO3 with fuming nitric 

acid (HNO3) at 60℃ for 4 days. In 1898, L. Staundenmaier modified this method of 

oxidation sulfuric acid (H2SO4) with that mixture of graphite, KClO3 and fuming HNO3 [2]. 

This method did not require repetition of oxidation process to obtain the desired degree.  But, 

both of these processes were very lengthy and were not safe because of hazardous and 

explosive chlorine dioxide gas. However, Hofmann proposed a similar method, where all the 

aforementioned steps were followed by slightly change in precursor. Here, instead of fuming 

HNO3, aqueous solution of HNO3 having 68% concentration was added to concentrated 

H2SO4 (98%) and mixture was kept in an ice bath to advance further procedure [3]. Finally, 

almost after a century, Hummer and Offeman proposed most effective and popular method to 

2 



Chapter 2 

 

31 
 

synthesize graphite oxide in 12 h [4]. In this method, graphite powder and sodium nitrate 

(NaNO3) are mixed with H2SO4 (98%). Strong oxidising agent potassium permanganate 

(KMnO4) are used in that solution which is kept under an ice bath. Here, NaNO3 acted as the 

required nitrate source instead of fuming nitric acid, whereas KMnO4 removed all the 

disadvantages of chlorate process. With this process, graphite layers are also become 

exfoliated and a good quality of few-layered graphene oxide (GO) is produced is produced 

within a very less amount time as compared to the Brodie’s method. Moreover, Hummer’s 

method increases the degree of oxidation in graphite lattice. To enhance the quality of 

oxidised graphene layers Cote et al. prescribed a modified method which has been followed 

in this research work [5]. In this method, 1 g of graphite and 1 g of NaNO3 are mixed well 

using a mortar pestle. Then 46 mL of H2SO4 are added to that mixture after placing the 

reaction beaker in an ice bath. Thereafter, 6 g of KMnO4 is added in a careful and unhurried 

way. After that, the solution is moved to a 40 °C water bath and stirred well for about 1 h 

until it forms a thick brownish paste. Next, 100 mL of water is added very slowly where 

brown fume is observed to come out of that solution. Then, the solution is stirred for 30 min 

maintaining the temperature of the water bath at 90 °C. Afterwards, 100 mL of water is 

poured, followed by subsequent addition of 3 mL of H2O2 (30%) slowly. The colour of the 

solution changes from dark brown to yellow immediately. Then, the solution is filtered and 

washed with 5% HCl solution at first and then with the deionised water for several times until 

the pH becomes neutral. After that thick, brown, slurry GO is redispersed in water by 

sonication employing a table-top ultrasonic cleaner and a clear dispersion of few-layer 

exfoliated GO is obtained. Finally, fine powder GO sample is obtained after drying this 

dispersion in a vacuum oven at 60 ℃ for 48 h. However, this method also has some 

disadvantages, as it produces a toxic gas NO2 (brown) and a toxic liquid N2O4. To avoid the 

production of those toxic materials Marcano et al. [6] added a mixture of acids, H2SO4 and 

H3PO4 (9:1), replacing NaNO3 and named this process as Improved Hummes’ method. 

Though, this improved method causes more degree of oxidation in a less hazardous way, the 

yield of GO is not much as in the modified method described by Cote et al [5]. 

Oxidation technique Degree of oxidation 

Brodie’s method C/O = 2.2 

Staudenmaier method  C/O = 2.52 

Hofmann method C/O = 1.77 
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Hummers’ method 

 

Oxidised carbon: 61%  

Graphitic carbon: 39% 

Modified Hummers’ method Oxidised carbon: 63%  

Graphitic carbon: 37% 

Improved Hummers’ method Oxidised carbon: 69%  

Graphitic carbon: 31%  

 

2.2.2.  Reduction of GO 

GO contains oxygen-containing functional groups (OFGs), such as carboxyl, epoxy, carbonyl 

and carboxyl groups. Being attached with in-plane carbon atoms they are mainly responsible 

for the hydrophilicity of GO. So as to obtain few layer graphene sheets, there are many 

different ways to remove the OFGs, i.e., to reduce the GO. Some of those techniques are 

studied here to optimize a strategy for reduction of graphene and for doping of boron 

simultaneously.    

Thermal Reduction and its effects:  

Thermal reduction of GO involves annealing the oxidised samples at higher temperature in an 

inert atmosphere. Generally, argon (Ar) or nitrogen (N2) is used to make the atmosphere 

inert, though some reducing gas like hydrogen (H2) is also applied inside the reduction 

chamber for get better reduction [7,8,9]. The process of reduction a high temperature is 

considered as an easy, linear and large-scale synthesis technique of graphitisation of GO 

layers. In this method, good quality graphene powder is obtained that exhibits high electrical 

and thermal conductivity essential to many devices.  

Considering the effect of reduction atmosphere inside the furnace, heating temperature is 

found to be the prime regulating factor for removal of OFGs.  [45,55,66,71,72,76]. Along 

with the composition structural, chemical and electrical properties are also evolved with the 

annealing temperature. Schniepp et al. [10] investigated different stages of thermal treatment 

in terms of C/O ratio. The C/O ratio was less 7 when the temperature reached to 500℃. The 

C/O ratio higher than 13 was obtained while temperature is increased to 750℃. Finally, the 

C/O ration of 73.1 had been achieved by the Shen et al. [11]. Cao et al. demonstrated the 

dependency of C/O ratio on temperature as well as the duration of time [12]. In their work, 
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C/O ratio enhanced to 6.0 by the reduction at 550°C for a duration of 10 minutes. This ratio 

continued to elevate, reaching 16.5 as the temperature was further elevated to 1000°C. The 

influence of temperature on GO reduction was strongly affirmed by the remarkable increase 

in the C/O atomic ratio, reaching a substantial 44.2 at 1200°C. On the other hand, the 

duration of heating notably contributed to the degree of de-oxygenation. The C/O atomic 

ratio exhibited an intensified enlargement as the duration of heating is extended, culminating 

in a value of 499 upon reaching a heating time of 120 minutes. Yang et al. thermally treated 

the GO sample on Si3N4/Si Substrate and demonstrated the effect of atmosphere of the 

reduction chamber [13]. In inert (Ar) atmosphere, C/O ratios were found as 3.9, 6.8 and 11.36 

for annealing temperatures 200°C, 500°C and 1000°C respectively. Whereas, in presence of 

reducing gas, i.e., in Ar/H2 atmosphere, these ratios became 3.9, 7.3 and 12.4 for the samples 

annealed at 200°C, 500°C and 1000°C respectively. Further enhancement in the degree of 

reduction was observed when the ultra-high vacuum (UHV) condition was maintained during 

reduction.  The C/O ratios were 8.9, 13.2 and 14.1 for the samples reduced at 500°C, 700°C 

and 900°C respectively. In their report, the dependency of reduction was clearly manifested 

as the C/O ratios obtained at 500°C, showed the increasing trend from 6.8 to 7.3 and then to 

8.9 while the reduction atmosphere was changed from Ar to Ar/H2 and then to UHV 

respectively. Moreover, they also compared those results with the graphene samples reduced 

chemically by hydrazine hydrate for which C/O ratio was 8.8.  

Wan et al. introduced an interesting technique for reduction of GO at lower temperature 

utilizing aluminium (Al) [14]. They performed the reduction within a two-zone furnace at 

temperatures ranging from 100 to 200°C, to reduce GO. The molten Al metal effectively 

removes oxygen, resulting in the production of well-crystallized graphene papers 

characterized by a notably high C/O ratio as 18.8, in contrast to the thermally treated 

graphene at high temperatures. During the aluminium reduction process, highly reactive 

hydrogen atoms originating from water react with the molten aluminium, facilitating effective 

removal of oxygen. Another low- temperature driven reduction method was followed by Zhu 

et al. [15]. However, in this case, GO was dispersed in propylene carbonate and this 

dispersion was reduced at 150 °C. The C/O ratio of 8.3 was achieved in this method.  

Furthermore, Punckt et al. modified this process of thermal reduction a little which helped 

them to improve the degree of reduction much prominently [16]. The enhancement of C/O 

ratio from 7.3 to 24 obtained by increasing temperature from 500 °C to 1100 °C. Though this 

amount was raised to 65 by changing the reduction time from 60 s to 10 min. After that, when 
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the reduction was done at 1100°C followed by another annealing treatment of samples in Ar 

atmosphere for 1 h at the same temperature, the C/O ratio was drastically changed to 170. 

Maximum C/O was confirmed by this work was 340 while the samples were reannealed with 

1500°C for 1 h under Ar environment.  

Now, the different degree of reduction affects other properties of graphene such as its 

chemical structure, carrier type, electrical conductivity, band gap etc. 

Li et al. conducted an investigation into the alteration of chemical structure based on 

annealing temperature [17]. The evolution of XPS spectra underscores the necessity of 

elevated temperatures to achieve effective reduction of GO. Through density functional 

theory (DFT) calculations, Kim et al. [18] determined the binding energies of epoxy and 

hydroxyl groups to a 32-carbon-atom graphene unit. Their findings suggested greater stability 

of epoxy groups compared to hydroxyl groups in GO. Gao et al. [19] further divided epoxy 

and hydroxyl groups into two types based on their positions within GO's aromatic domains, 

revealing differences in stability. Gao's work indicated that the dissociation of hydroxyl 

groups attached to GO's edges occurs at a critical temperature (TOH) of 650°C, while carboxyl 

groups slowly reduce at 100–150°C and carbonyl groups are stable until a high TC=O of 

1730°C. Experimental observations sometimes deviate from simulations, such as Jeong et 

al.'s work [20], which found that annealing at 200°C in low-pressure argon removed most 

oxygen-containing groups.  

In order to enable the utilization of graphene across diverse nanoelectronics applications, it 

becomes imperative to establish methodologies for the scalable production of graphene with 

Figure 1 : Variation of different OFGs and carbon-carbon bonds [inset: percentages of 

sp2 carbon and oxygen] present at graphene samples thermally annealed at different 

temperatures [31].  



Chapter 2 

 

35 
 

finely tuned electrical properties. In this context, Tu et al. presented the findings of an 

essential investigation concerning the remarkable transition between n-type and p-type 

graphene accomplished through variations in the thermal annealing temperature [21]. This 

study reveals that at temperatures ranging from 300 to 450°C and 800 to 1000°C, the charge 

carriers in graphene are electrons (n-type), while within the temperature range of 450 to 

800°C, they are holes (p-type). This behaviour stems from the influence of distinct OFGs on 

reduced graphene, which are determined by the annealing temperature. They ascertained that 

the prevalence of electron-withdrawing groups (namely, carboxyl, carbonyl, and sp3-bonded 

hydroxyl, ether, and epoxide groups) yields p-type graphene, while a dominance of electron-

donating groups (sp2-bonded hydroxyl, ether, and epoxide groups) results in n-type graphene. 

Furthermore, as an illustrative example, authors constructed a flexible thermoelectric device 

comprising GO-700 and GO-1000 as p-type and n-type constituents, respectively. This 

device, comprising eight pairs of these components, exhibited an output voltage of 4.1 mV 

and an output power of 41 nW for a temperature difference (ΔT) of 80 K. These outcomes 

provide compelling evidence that the carrier characteristics of graphene can be significantly 

modulated by manipulating the specific functional groups present on its surface. This 

adaptability opens avenues for a broad spectrum of applications, including the incorporation 

of graphene into flexible thermoelectric devices. 

Wang et al. [22] examined GO thin films annealed at different temperatures, revealing that 

the volume electrical conductivity of reduced graphene oxide (rGO) films was 50 S/cm at 

500°C, 100 S/cm at 700°C, and 550 S/cm at 1100°C. Wu et al. [23] employed arc-discharge 

treatment to exfoliate graphite oxide and create graphene, capitalizing on temperatures 

exceeding 2000°C in a brief span. However, thermal exfoliation exhibited a notable 

drawback: structural harm to graphene sheets due to carbon dioxide release [25]. 

Approximately 30% of the graphite oxide mass was lost during exfoliation, causing lattice 

defects throughout the sheet [24]. These defects influence electronic properties by reducing 

ballistic transport path lengths and introducing scattering centres. Consequently, the electrical 

conductivity of graphene sheets averages 10–23 S/cm, significantly lower than that of pristine 

graphene, indicating a weak effect on carbon plane electronic structure reduction and 

restoration. 

The introduction of OFGs is recognized to modulate graphene's bandgap. A gradual reduction 

in the oxygen content of GO also customizes the bandgap via an alternate route. 

Consequently, understanding the nature of oxygen is crucial for tailoring bandgaps, 
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particularly in the specific cases addressed in this section. For nonstoichiometric and 

hygroscopic compounds like GO, a proportional relationship between bandgap and molar 

oxygen concentration has been established [26], and theoretical studies predict a proportional 

rise in the bandgap with an increased oxygen-to-carbon ratio [27]. Huang et al. similarly 

demonstrated that the material's bandgap increases with heightened oxygen coverage density 

[28]. In-depth DFT analyses employing Vienna Ab initio simulations revealed that local 

minima at oxygen-to-carbon ratios of 11.1% and 25% introduce simultaneous bandgap 

openings of 0.780 and 0.354 eV. Employing a combination of hydrazine and ammonia 

treatment in water offered an alternative route to tailor the bandgap of graphene. Gradual 

functional group removal led to the transformation from sp3 to sp2 transitions, reducing the 

bandgap from 2.8 eV to 0.02 eV for few-layered graphene sheets [29]. 

Nevertheless, conventional reduction methods exhibit rapid kinetics, posing challenges in 

controlling the chemical organic moieties during reduction due to their aggressive mild 

chemical behaviour. To mitigate this, a slower reduction kinetics becomes necessary to tame 

hydrazine's reactivity. Employing gas-based hydrazine reduction of GO instead of wet 

chemistry protocols offers better control over moiety and reduction sequence. Employing a 

stepwise hydrazine treatment in a controlled, gradual manner facilitates the tuning of the 

optical bandgap from 3.5 eV to 1.0 eV [30]. While chemical approaches provide insights into 

bandgap tuning, accurately determining the oxygen content in oxidized sheets remains 

challenging. Out-of-plane oxygen presence not only expands interlayers but also contributes 

to expansion and exfoliation. However, uneven sheet dispersion, uncontrollable sheet size, 

and shape hinder process optimization and reproducibility. Each individually modified 

material exhibits distinct physical and electronic characteristics. Thus, establishing a 

fundamental grasp of surface modification and interlayer chemistry for multiple layers of 

rGO becomes crucial. 

Subsequent sections will initially explore GO's application in various chemical and physical 

approaches, as well as in pure thermal treatments. Subsequently, the focus will shift to factors 

influencing oxygen removal and, consequently, the bandgaps calculated during gradual 

thermal treatments. Lowering thermal treatment temperatures minimizes defect formation and 

varies oxygen concentration in the sheets during reduction, a subject that will be explored 

further. Finally, new techniques for GO exfoliation without necessitating heat or chemical 

treatments will also be discussed. 
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In sum, elevated temperatures are essential for GO reduction, as corroborated by both 

experimental and simulated studies. The complex interplay of functional group densities and 

interactions with graphene's lattice presents challenges in achieving complete GO reduction 

through thermal annealing, even at high temperatures. 

Solvothermal Reduction: Various chemical agents can be used to reduce GO, such as 

hydrazine [13,18,19,32,38], sodium borohydride [33] etc. These agents donate electrons to 

the OFGs, leading to their reduction. Care must be taken with some of these reagents, as they 

can be hazardous. 

Gao et al. reported a very simple and effective process consists of two steps: deoxygenation 

and dehydration [34]. This approach likely helps in a controlled reduction process and in 

minimizing the presence of functional groups. The first step involves the use of sodium 

borohydride (NaBH4) as a reducing agent for deoxygenation. The second step involves 

dehydrating the material using concentrated sulfuric acid. This step further reduces remaining 

functional groups and promoting the restoration of the graphene structure that results in 

graphene with fewer functional groups, high conductivity, larger crystallite size, and good 

solubility. An important aspect of their process is that it avoids the use of highly toxic 

reagents, making it globally approachable. 

2.2.3. Boron doping in graphene  

Boron doping in graphene has emerged as a significant avenue for tailoring its electronic and 

structural properties, rendering it suitable for a wide range of applications. Several techniques 

have been explored to introduce boron atoms into the graphene lattice, each offering distinct 

advantages and challenges. 

Solvothermal process:  

Hydrothermal doping of boron involves the incorporation of boron ions during the 

hydrothermal synthesis of GO. This technique results in boron oxide bonding with oxygen-

containing groups in GO, yielding boron-doped graphene with enhanced electric, chemical 

and structural properties. 

To begin with, BG was synthesized using a straightforward hydrothermal technique as 

previously outlined [35-37,52]. A solution of H3BO3 was introduced into an aqueous 

dispersion of GO that was obtained through ultrasonication. This mixture was subjected to 

stirring for 1 hour before being transferred to a Teflon-lined stainless autoclave. The 

autoclave was sealed and then heated to 180°C, maintaining this temperature for a duration of 
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12 hours. Following the completion of the hydrothermal process, the system was allowed to 

cool to room temperature, and the resulting precipitate was isolated through centrifugation, 

followed by thorough rinsing with distilled water. The final BG product was subsequently 

subjected to freeze-drying overnight to facilitate its preservation for subsequent applications. 

Tang et al. described a straightforward reflux method to synthesize BG samples utilizing GO 

and borane-THF adduct [39]. Here, borane-THF adduct was introduced to the suspension of 

GO, which was then heated to 100°C within an oil bath while being stirred magnetically for a 

duration of 96 hours. Following this, the final product was obtained by cooling, washing and 

drying subsequently. 

 

Microwave assisted method: 

Umrao et al. designed a microwave assisted way to synthesize multilayered BG samples [40]. 

Initial step involved dispersing GO in ethanol using both a bath and an ultrasonicator for 

thorough dispersion. Simultaneously, a clear solution of boric acid in water was prepared. 

The boric acid solution was then introduced into the GO dispersion while stirring. This 

mixture was maintained at 60°C for 8 hours to allow the reaction to proceed fully, under 

microwave-assisted conditions. Subsequently, the reaction mixture was cooled to room 

temperature. To eliminate any residual unreacted boric acid, the mixture underwent a hot DI 

water wash, after which it was dried at 80°C. The resulting solid material was then subjected 

to exfoliation using a microwave oven set at 700 W for 40 seconds. 

 

Solid-State Reaction: Boron doping can be achieved by exposing graphene to boron-rich 

solid materials at elevated temperatures. The boron atoms migrate into the graphene lattice 

through a solid-state reaction. This technique offers control over doping levels but requires 

careful optimization of reaction parameters.  

Here In this process [41], incorporating boron into graphene involved thermal annealing of 

GO in the presence of boron oxide (B2O3). Boron atoms originating from B2O3 vapor were 

introduced to replace carbon atoms within the graphene structure at higher temperatures 

within a custom-built tubular furnace. The typical synthesis procedure involved placing GO 

powder onto the surface of B2O3 within a corundum crucible. This crucible was subsequently 

positioned at the centre of a corundum tube while maintaining a continuous flow of argon, 

ensuring an inert atmosphere within the tube furnace. The furnace's central temperature was 

gradually raised to 1200°C at a heating rate of 5°C per minute. Following a 4-hour dwell time 

at this temperature, the sample was slowly cooled down to room temperature under an argon 
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atmosphere. Subsequently, the resulting product underwent refluxing in a 3M NaOH aqueous 

solution for 2 hours to eliminate any unreacted boron oxide. After filtration and thorough 

water washing, the product was vacuum-dried at 60°C. In this process, almost 3.2 at.% boron 

was achieved. 

Using similar process, clusters of single-walled carbon nanotubes (SWCNTs) doped boron 

and containing up to 10 At. % of boron were successfully synthesized with high efficiency 

through a thermo-chemical treatment process as reported by authors [42-45]. This method 

involved subjecting pure SWCNT bundles and B2O3 to controlled conditions within a flowing 

nitrogen (N2) atmosphere. The influence of synthesis temperature (ranging from 1503 K to 

1773 K) and duration (varying between 30 and 240 minutes) on the content of both boron and 

nitrogen, as well as the overall yield of the SWCNT bundles, was thoroughly investigated. 

Notably, the highest yield of SWCNT bundles doped with both B and N was achieved by 

conducting the synthesis at 1553 K for a period of 30 minutes. 

 

Arc discharge: 

This method utilizes a high-energy electrical arc discharge between graphite electrodes 

submerged in a boron-rich environment, such as a boron-containing gas or vapor. The arc 

discharge generates high temperatures and pressures, causing the vaporized boron species to 

interact with the graphite electrodes, leading to the incorporation of boron atoms into the 

resulting graphene sheets. With this method of doping, 1 to 5 at.% boron in carbon nanotubes 

was achieved by an electric arc-discharge between an anode made of homogeneous BC4N 

and a cathode made of graphite [46]. Suenaga et al. applied another combination of electrodes 

like, boron containing HfB2 as anode against a graphite cathode in a nitrogen atmosphere 

[47]. Nitrogen- or boron-doped graphene has also been produced using this arc discharge 

technique. As described by Panchokarla et al., N-doped graphene sheets are produced by 

carrying out the arc discharge between carbon electrodes in the presence of hydrogen and 

pyridine or ammonia. To produce boron-doped graphene, it was necessary to use boron-

stuffed graphite electrodes or a mixture of hydrogen and diborane vapor; the B-doped 

graphene showed a p-type semiconductor behaviour [48].  
 

Chemical Vapor Deposition (CVD): In this widely employed technique, boron-containing 

precursors are introduced during the growth of graphene through CVD. Boron atoms are 

carried by a carrier gas and get incorporated into the lattice as graphene grows on a suitable 
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substrate. CVD allows precise control over the doping level and spatial distribution of boron 

atoms, enabling the creation of tailored electronic structures. 

B-doped SWCNTs were obtained by Liu et al. through a high-temperature chemical reaction 

subsequent to the growth process [49]. They subjected SWCNTs, produced via arc discharge, 

to this treatment in direct contact with B2O3 within a flowing NH3 environment. The mixture 

of SWCNTs and B2O3 was subjected to heating at 900 °C for a duration of 4 hours within a 

quartz tube reactor, with NH3 flowing as the carrier gas. Excess boron precursor was removed 

by utilizing hot deionized water (at 100 °C).  

Another literature showed that the surface of the carbon coated aluminium had been modified 

involving a mixture of 3.2 vol % benzene and 3.2 vol % boron trichloride (BCl3) under a N2 

flow at 725°C for 20 minutes [50]. In a study by Wu et al., it was observed that boron doping 

of graphene could be attained through heat treatment with BCl3 gas [51]. However, the 

effectiveness of this approach was limited, resulting in a modest doping efficiency of only 

0.88 at % boron incorporation. 

 

 2.3 Spectroscopic overview   

 

XPS analyses 

The utilization of X-ray photoelectron spectroscopy (XPS) analysis was conducted to delve 

into the arrangement and presence of boron doping within the graphene structure. The 

comprehensive examination of the resulting sample, comprising boron-doped graphene (BG), 

revealed the clear presence of boron (B), carbon (C), and oxygen (O), with corresponding 

atomic proportions. The B1s, C1s, and O1s peaks were centred at 190.4 eV, 283.9 eV, and 

531.6 eV [41]. Conversely, the survey scan of pristine graphene solely indicated the core 

levels of C1s (284.2 eV) and O1s (531.6 eV). Through deconvolution, both the amount and 

arrangement of doping were investigated. Sheng et al. identified the atomic percentages of B, 

C, and O as 3.2%, 87.7%, and 9.1%, respectively. 

Furthermore, the B1s peak was observed at a higher binding energy (B1s peak: 190.4 eV, in 

contrast to 187 eV for pure boron), indicating the integration of boron atoms from B2O3 vapor 

into the graphene structure. In higher-resolution spectra, the distinctive C1s peak of BG, 

featuring an asymmetrical shape, experienced a shift toward lower binding energy when 

compared to pristine graphene. This phenomenon can be attributed to the formation of B–C 
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bonds, which influences the Fermi level by redistributing p-electrons within the graphene 

structure. 

Upon applying the Shirley algorithm to the intensive C1s peak of BG, it could be 

deconvoluted into four constituents. The most prominent peak at 283.9 eV corresponded to 

sp2 hybrid carbon atoms, while signals at higher binding energies indicated the presence of 

C–O groups after thermal annealing. However, the minor signal at 281.8 eV, indicative of 

carbon adjacent to boron atoms as in the B4C system, was absent due to low boron content. 

In the high-resolution B1s spectrum, an observed upward shift in the B1s signal suggested the 

integration of boron into the sp2 carbon networks. Subsequent curve fitting indicated that 

peaks centred at 187.7 eV and 189.0 eV likely corresponded to B4C and BC3 structures, 

respectively. The peak at 190.4 eV indicated boron atoms bonding with carbon and oxygen 

(BC2O). The signal at 191.9 eV suggested the presence of oxidized boron atoms (BCO2), 

indicating that boron atoms were enclosed by carbon and oxygen atoms. Cumulatively, these 

findings affirmed the development of B–C bonds during the annealing process [41]. 

Sahoo et al. obtained 5.93 atomic percent of boron doped into the graphene sample [53]. The 

inclusion of boron into the graphene lattice was understood through the relative shift of the 

B1s peak from 188 eV to 192 eV [54]. In this study, researchers performed deconvolution of 

the C1s, revealing four distinct peaks at 290.79 eV, 288.47 eV, 285.63 eV, and 284.65 eV. 

The presence of 284.65 eV signified the existence of C - C sp2 bonded graphite-like carbon, 

indicating a predominant arrangement of carbon atoms within BG in a conjugated 

honeycomb structure. The less pronounced peaks at higher binding energies suggested the 

presence of functional groups bonded with the graphene structure, even post reduction. The 

deconvolution of the B1s peak also offered insights. BC3 (191.28 eV), BC2O (192.6 eV), and 

BCO2 (193.5 eV) each corresponded to distinct doping states of boron within the graphene 

sheets. Two higher energy deconvoluted peaks provided information regarding the bonding 

of boron with both carbon and oxygen. Specifically, the peak at 191.28 eV resulted from 

'graphitic' boron, indicating the substitution of carbon atoms with boron within the graphene 

layers. Wu et al. indicated the contribution of BC3 with the boron peak at approximately 

191.8 eV and the contribution of both BC2O alongside BCO2 at around 192.8 eV [35]. In 

certain studies, the B1s spectrum was fitted with four components: BC3 (188.9 eV), BC2O 

(190.1 eV), BCO2 (192.1 eV), and BO3 (193.4 eV) [50, 55]. Kwon et al. achieved 0.6 atomic 

percent of boron, while Ozaki et al. reported 0.8 atomic percent of boron in graphene. 

Umrao et al. noted an additional peak at 283.8 eV while deconvoluting the core level spectra 

of C1s, representing a C−B bond [40]. This bond exhibited a lower binding energy in 
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comparison to sp2 C−sp2 C bonding. In this study, the B1s core level spectra were fitted with 

two distinct components centred at 191.9 eV and 193.1 eV, corresponding to B−C and B−O 

bonds, respectively.  

XRD analyses  

The X-ray Diffraction (XRD) pattern reveals a significant peak at 2θ = 26°, indicating an 

interlayer spacing of approximately 3.4 Å between the (002) graphitic crystal planes induced 

by laser treatment, as documented by Peng et al. Additionally, a graphitic crystal phase (100) 

was identified at 2θ = 43° [60]. The remarkable degree of graphitization of BG is further 

corroborated through thermogravimetric analysis (TGA) measurements conducted under 

argon, demonstrating BG's stability even beyond 900°C [60]. Yeom et al. employed 

amorphous glass-like B2O3 as a precursor for boron doping through a thermal process [56]. 

The identification of this phase was confirmed via XRD measurements. Generally, three 

crystalline phases of boron (III) oxide—α-B2O3, β-B2O3, and a glass-like g-B2O3 phase—are 

acknowledged to exist, with the local structure of g-B2O3 resembling that of α-B2O3 [57, 58]. 

The XRD data of g-B2O3 show two distinct wide halos shifting towards lower 2θ positions 

with rising temperature. Specifically, the interplanar spacings of g-B2O3 derived from the 

initial halo expand from 4.00Å (2θ = 22.2°) at 25°C to 4.48Å (2θ = 19.8°) at 1000°C. 

Furthermore, TGA of g-B2O3 demonstrates weight loss beyond 500°C, likely resulting from 

partial g-B2O3 decomposition rather than boiling, considering g-B2O3's boiling temperature is 

roughly 1500°C. At 1000°C, around 6% by weight of g-B2O3 undergoes decomposition. 

Consequently, during the synthesis of doped graphene nanoplatelets, the elimination of 

oxygen groups from GO and the decomposition of g-B2O3 occur as the annealing temperature 

escalates to 1000°C. The defects arising from oxygen group removal can serve as active sites 

for the chemical substitution of carbon atoms by boron atoms. Notably, boron atoms 

stemming from g-B2O3 decomposition can easily react with carbon atoms at these sites. The 

interlayer spacing of BG measures approximately 3.7–3.8Å, as calculated from the 2θ = 23°–

24° peak in the XRD data, slightly larger than the (002) graphite spacing of 3.36Å, indicating 

a structure akin to graphite with additional defects due to boron doping. 

Another literature identified a distinct peak around 25.8° for (002) plane of BG lattice with an 

interlayer spacing of 0.35 nm [41]. The diffraction patterns of graphite, graphite oxide (GO), 

pristine graphene, and boron-doped graphene (BG) were assessed. The sharp (002) peak at 

26° in Fig. 2(a) underscores the high crystalline nature of the utilized graphite. The shift of 
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this peak to 11° signifies the expansion of the carbon basal plane upon incorporating oxygen-

containing functional groups, causing the interlayer spacing to increase from the graphitic 

0.34 nm to 0.84 nm and thus forming GO. The diffraction pattern for pristine graphene 

reveals an interlayer spacing of 0.36 nm. The broadening of the (002) peak implies the 

amorphous nature of the synthesized PG and BG. The absence of an additional peak at 2θ = 

14° and 28° indicates the lack of B2O3 [53]. TGA demonstrates the thermo-oxidative stability 

of all samples up to 500°C in air, confirming the well-ordered structures of the graphitic 

networks. XRD patterns present peaks (interlayer d spacing) at 26.018° (3.42 Å) for 

Graphene, 25.888° (3.44 Å) for BG, and 25.948° (3.43 Å) for BN-Graphene. These 

measurements are all lower (indicating larger d spacing) than the 26.548° (3.34 Å) for 

pristine graphite [61].  

Moreover, the relative peak intensities of (002) for graphene, BG, and BN-graphene were 

0.72, 0.30, and 0.48% of that of pristine graphite, implying that solvothermally synthesized 

graphene adopts crumpled and wrinkled forms. Consequently, efficient stacking is limited, in 

contrast to pristine graphite, which forms numerous stacked layers [59]. Umrao et al. 

exhibited clear variations in lattice parameters and interplanar spacings between undoped and 

doped graphene, as outlined in table 1. 

Table 1 : Lattice parameters, interplanar spacing for reduced, B-doped, N-doped and B-N co-

doped graphene [40] 

Parameters 
Reduced 

Graphene 

B-doped 

graphene 

N-doped 

graphene 

B-N co-doped 

graphene 

a (nm) 0.23805 0.23759 0.23748 0.23930 

c (nm) 0.68278 0.68098 0.67970 0.68073 

d100 (nm) 0.20616 0.20575 0.20566 0.20724 

d002 (nm) 0.34139 0.34049 0.33985 0.34036 

 

UV-VIS (band gap) absorbance spectra analyses 

The optical bandgap analysis of BG samples was conducted utilizing ultraviolet-visible (UV-

Vis) absorption spectroscopy and Tauc plots [62]. The UV-Vis spectra of all BG samples 
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exhibit absorption peaks at 375, 382, and 386 nm, attributed to π to π* transitions, indicative 

of a direct optical bandgap ranging from ~2.91 to 3.05 eV. The observed diminished light 

absorption between 450 and 800 nm can be attributed to the maximization of sp2 domains 

within the BG structure. Additionally, an extra shoulder in the UV-Vis spectra within the 

range of 375 to 386 nm for BG samples corresponds to n to π* transitions involving C=O 

bonds [64]. This signifies the electron transition from boron states to π* states, suggesting a 

heterogeneous distribution of boron atoms within the rGO's carbon network. Notably, the 

UV-Vis absorption spectra of BG samples display strong light absorption in the UV spectrum 

that extends toward the visible range. 

The determined bandgaps for BG samples with boron concentrations of 4.8, 5.53, and 6.51 at. 

% were found to be 3.05, 2.94, and 2.91 eV, respectively. Thus, it is observed that the BG 

sample with the highest boron doping concentration of 6.51 at. % exhibits the lowest optical 

bandgap value of 2.91 eV. Furthermore, the relationship between direct optical bandgap and 

boron doping concentration was explored, revealing a decrease in the bandgap with 

increasing doping concentration. This phenomenon is attributed to the reduction of oxygen-

related functional groups within the carbon network and the compensation of energy states 

associated with the incorporation of boron dopant atoms, resulting in a shift in the conduction 

band edges [65]. 

Theoretical studies offered a different perspective on bandgap opening upon boron doping 

[63]. Although the doping was purely substitutional, the bandgaps were measured at 

approximately 0.19, 0.32, 0.42, and 0.54 eV for boron concentrations of around 3.6, 7.3, 11.3, 

and 13.8 at. %, respectively. This finding highlights the potential for controlling graphene's 

bandgap through this doping method. 

Raman analyses 

Raman spectroscopy serves as a highly effective and non-destructive tool for assessing the 

structure and quality of carbon materials, particularly in discerning defects, disordered 

arrangements, and graphene layer counts [66]. In this regard, the Raman spectra of freshly 

prepared BG were collected using a micro-Raman spectrometer with an excitation 

wavelength of 514 nm, under ambient conditions, and by depositing DMF dispersions on Si 

substrates, as conducted by Sheng et al. [41] For reference, the Raman spectrum of pristine 

graphene obtained through the thermal annealing of GO under identical conditions was also 
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presented. In the Raman spectrum of BG, distinct features emerge, including a prominent G 

peak at 1576 cm⁻¹ and a broad 2D peak at 2696 cm⁻¹, which affirm the graphitic structure of 

BG with a few layers. The highly intense D band at 1347 cm⁻¹ in BG samples serves as 

unequivocal evidence of numerous defects within the graphene layers. These defects are 

commonly attributed to rigorous graphite oxidation and the incorporation of boron into the 

carbon hexagonal lattice. In contrast, for pristine graphene, the G band and 2D band are 

positioned at 1579 cm⁻¹ and 2694 cm⁻¹, respectively. The absence of significant shifts or line 

broadening strongly suggests the preservation of graphene structure after boron doping. 

Moreover, a slightly elevated ID/IG value (0.87) in BG compared to pristine graphene (ID/IG = 

0.8) underscores BG's higher defect density due to boron doping under similar conditions. 

When compared to the peak position and morphology of single-layer graphene [67], BG 

exhibits a broader and upward-shifted band around 2696 cm⁻¹, indicating the production of 

few-layer BG through thermal annealing. 

Umrao et al. conducted Raman spectroscopy on microwave-synthesized undoped graphene, 

N-doped graphene, B-doped graphene, and BN-doped graphene using 532 nm laser excitation 

[40]. The 2D contour matrix plot in the Raman measurements revealed distinctive bands, 

including the D band at approximately 1359 cm⁻¹, the G band at around 1586 cm⁻¹, the 2D 

band at approximately 2700 cm⁻¹, and the D+D′ band at about 2945 cm⁻¹. The D band arises 

from the breathing mode of A1g symmetry, indicative of disorder in graphene sheets. The G 

band signifies the doubly degenerate phonon mode (E2g symmetry) of the sp2 carbon network, 

highlighting its graphitic nature [68]. The 2D band, an overtone of the D band, is highly 

sensitive to the stacking order of graphene layers. In multilayer graphene, the 2D band 

consists of two sub-bands around 2688 ± 0.70 cm⁻¹ and 2720 ± 0.20 cm⁻¹, attributed to 

contributions from 2D graphite and the highly oriented 3D structure of graphite, respectively 

[69]. Unlike the 2D band, which doesn't necessitate defects for activation, the D+D′ band 

arises from the combination of phonons with different momenta around K and Γ, requiring 

the presence of defects [70]. Interestingly, BN-doped graphene exhibited a lower defect 

density, resulting in the absence of the D+D′ band and an increased distance between defects 

(LD) compared to other samples. 

When considering B and/or N doping, two significant observations arise. Firstly, a subtle 

shift in the D band and G band of doped graphene is evident: shifting from 1342 and 1586 

cm⁻¹ for undoped graphene to 1354 and 1592 cm⁻¹ for N-doped graphene, 1345 and 1587 
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cm⁻¹ for B-doped graphene, and 1345 and 1592 cm⁻¹ for BN-doped graphene. This shift 

reflects structural distortion due to varying bond distances of C-C, C-N, and/or C-B post-

doping. Secondly, the intensity ratio of the D band to the G band (ID/IG) increases from 1.05 

for undoped graphene to 1.14 for N-doped graphene, 1.12 for B-doped graphene, and 1.19 for 

BN-doped graphene. This augmentation signifies increased structural disorder upon N and/or 

B doping [35]. 

The staging of graphene often relies on the G peak position (Pos (G)) [72,73]. Particularly in 

graphene, the Fermi energy shift has two primary effects: (1) variations in the equilibrium 

lattice parameter, influencing phonon softening/stiffening [71,74,75], and (2) effects 

surpassing the adiabatic Born-Oppenheimer approximation, affecting phonon dispersion near 

Kohn anomalies [71,75-80]. Born-Oppenheimer approximation effects lead to a G band 

upward shift for hole doping (p-type) and a downward shift for electron doping (n-type) 

[71,74,75]. Thus, BN-doped graphene demonstrates an excess of electron carriers due to B 

and N co-doping, distinguishing it from other doped materials. Calculations of defect density 

(nd) and LD help to elucidate the role of defects, ultimately influencing charge carrier 

mobility. 

 2.4 Electrical properties 

Electrical study 

The electrical characteristics of graphene, as well as the impact of doping on these properties, 

can be effectively assessed through specific parameters and measurements. Common metrics 

such as carrier mobility and the on/off ratio are employed to gain insights into the nature of 

transport within graphene. To delve deeper into the comprehension of phase transitions, 

temperature-dependent transport studies provide valuable insights. 

Tang et al. explored the utilization of boron-doped graphene as a gate material in FETs, 

revealing its distinctive p-type conductivity characterized by a remarkable current on/off ratio 

exceeding 102 [63]. By varying the boron content, they effectively tuned the band gap of 

graphene from 0 to 0.54 eV, leading to modulated transport properties. This controlled 

doping approach, with predictable effects on transport, holds significant promise for the 

development of graphene-based devices. Jung et al. worked on FETs based on BN-doped 

graphene, successfully achieving an on/off current ratio of 10.7, a clear indication of its 

semiconducting behaviour [59]. The optical band gap was corroborated to be approximately 
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3.3 eV, further affirming its semiconducting characteristics. The presence of nitrogen (2.66 

atom%) and its higher electronegativity relative to boron (2.38 atom%) drove the Dirac point 

to -10 V, resulting in n-type behaviour. In this context, boron and nitrogen played the roles of 

acceptor and donor centres within the graphene plane [83]. Intriguingly, boron, akin to 

nitrogen, predominantly integrated into the graphitic structure of the carbon lattice, 

contributing around 0.5 carriers per dopant [82]. One of the pivotal parameters in 

understanding the electronic transport properties of graphene, whether doped or undoped, is 

carrier mobility. Pristine graphene, due to its zero band gap and susceptibility to oxygen and 

water absorption, exhibits a low on/off ratio and p-type behaviour [84,87,89]. Wei et al.'s 

work on N-doped graphene showcased relatively lower conductivity and a larger on/off ratio, 

ultimately transitioning to n-type behaviour after nitrogen doping [81]. Their findings 

revealed mobility values of about 300-1200 cm2 V-1 s-1 for pristine graphene and 200-450 

cm2 V-1 s-1 for N-doped graphene. These values are consistent with varying mobility reports 

in CVD-grown graphene, spanning from 100-2000 cm2 V-1 s-1 [86]. In contrast, chemically 

exfoliated graphene nanoribbons exhibited mobility in the range of 100-200 cm2 V-1 s-1 [84], 

while Gomez-Navarro et al. reported lower mobility (2-200 cm2 V-1 s-1) for rGO [88]. These 

differences in mobility can be attributed to doping defects, growth imperfections, and the 

formation of grain boundaries during the CVD process. Notably, in the case of N-doped 

graphene, nitrogen atoms acted as scattering centres, leading to decreased conductivity 

[85,88]. Moreover, these doping atoms integrated into the graphene lattice, forming covalent 

bonds with carbon atoms and altering the lattice structure. By N or B doping significant 

modification of the graphene's electronic structure suppressed the density of states near the 

Fermi energy level (EF), resulting in the opening of a band gap between the valence and 

conduction bands. Additionally, the introduction of substituted nitrogen atoms near EF 

contributed strong electron donor states. Consequently, N-doped graphene exhibited n-type 

semiconductor behaviour, resulting in reduced conductivity and an improved on/off ratio. On 

contrast, Panchakarla et al. reported higher conductivity in case of B and N- doped graphene 

sample as compared to pristine graphene [48]. 

The temperature-dependent conductivity of doped graphene provides valuable insights into 

transport mechanisms and phase transitions within the graphene lattice. Reduced graphene 

samples exhibited a substantial drop in conductivity of over three orders of magnitude when 

cooled from 298 K to 4 K, in contrast to undoped graphene whose conductivity was reduced 

by less than one order of magnitude [90]. Temperature-dependent data was best fitted by 
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plotting ln(I/A) against T(-1/3), suggesting VRH as the primary charge transport mechanism 

within the rGO sheets [91]. Despite differences in conductivity-temperature relationships, 

rGO monolayers displayed ambipolar behaviour similar to pristine graphene in gate 

dependence of resistance [92]. Resistance maxima were observed near zero gate voltage 

within a cryostat under low helium pressure. Extended exposure to the ambient environment 

caused a notable shift in maxima towards positive gate voltages, which could be reversed by 

vacuum treatment. Similar shifts have been attributed to doping by oxygen and/or water 

absorption [92]. Room-temperature field-effect mobilities of 2-200 cm²/Vs for holes and 0.5-

30 cm²/Vs for electrons were extracted from the gate dependence of resistance for the rGO 

samples. These values were approximately two orders of magnitude lower than those 

reported for pristine graphene, which exhibited mobilities between 3000 and 10000 cm²/Vs 

[93]. The introduction of nitrogen (N) atoms induced atomic-scale structural deformations 

within graphene, resulting in new chemical structures like pyridinic, pyrrolic, and graphitic 

nitrogen. This phenomenon was verified through XPS. N acted as an electron donor, 

enhancing the n-type conductivity of graphene, while boron (B) introduced holes, effectively 

diminishing the density of states near the Fermi level and creating a band gap [94,95]. The 

co-doping of N and B further enhanced conductivity by introducing free electrons and holes 

into the graphene's π-conjugation systems, possibly forming nanojunctions within graphene 

layers [96]. Electrical properties were investigated across a temperature range of 20-300 K, 

revealing nonlinear resistance behaviour. At higher temperatures (T > 50 K), thermal 

activation mechanisms were predominant, following the Arrhenius law. Activation energies 

were calculated as 3.283 meV for undoped graphene, 2.378 meV for B-doped graphene, 3.08 

meV for N-doped graphene, and 1.98 meV for BN-doped graphene [40]. Below 50 K, the 

electric conduction model developed by Mott for disordered materials described the 

resistivity behavior due to variable range hopping of polarons. The Mott variable range 

hopping model (Mott VRH) fittingly explained the data in the low-temperature region. The 

resistivity confirms adherence to the Mott 2D VRH model. Below 50 K, the influence of 

Coulomb interactions between electrons became significant, resulting in a soft energy gap 

known as the Coulomb gap (CG) and aligning with the Efros−Shklovskii (ES)-VRH model 

for 2D materials at lower temperatures [40]. The study also calculated various Mott 

parameters using both the 2D VRH model and the ES-VRH model. These findings 

collectively contribute to our understanding of the complex electrical behaviours and 

transport mechanisms in doped graphene and its derivatives, offering insights into potential 

applications in nanoelectronics and beyond. 



Chapter 2 

 

49 
 

Charge Density Wave in graphene: 

CDW represent a ground state with reduced symmetry, commonly observed in layered 

materials. Many materials, including metal intercalated graphene system [98], transition-

metal dichalcogenides [97], organometallic compounds [99,100], and high-temperature 

superconductors like cuprates [101], exhibit both superconductivity and CDW 

simultaneously. Given the prevalence of these phenomena, it's a natural question to inquire 

whether graphene, the simplest 2D material, can host a CDW or striped state. 

The most direct approach to investigate the potential existence of a CDW in graphene is by 

introducing carriers through a field-effect gate and subsequently examining the material's 

properties. Various experimental techniques, such as electrical measurements, 

thermodynamic analyses, and local probes like scanning tunnelling microscopy (STM) and 

spectroscopy (STS), can shed light on these properties. In the case of graphene intercalated 

with calcium atoms, significantly higher electron doping of the graphite host occurs, with 

around 0.2 electrons per carbon atom donated to the graphitic π* band in CaC6. This system 

also exhibits exceptional superconducting behaviour with a remarkably high transition 

temperature (Tc=11.5 K) compared to other intercalated graphite materials [98]. 

Another significant indicator of CDW behaviour is the opening of a bandgap at the Fermi 

level [102]. Several methods can induce a bandgap in graphene, including charge transport 

with adsorbed atoms or molecules, interactions with substrates, and the application of 

perpendicular electric fields. In the specific case discussed here, the bandgap arises from 

substitutional doping, a mechanism akin to substitutionally doped graphene, aligning with 

theoretical predictions. In most conventional physical systems, such as metals and 

semiconductors, non-interacting electrons are sufficient to describe their behaviour, as the 

Coulomb interaction energy among electrons is significantly smaller than their kinetic 

energy. However, certain systems deviate from this norm, where electron-electron 

interactions play a pivotal role in shaping the system's properties. 
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Table 2 : Some previous results of SC and CDW in graphene 

Graphene system 

Superconductivity CDW 

TC (K) Ref. TCDW (K) (meV) Ref. 

CaC6 (Bulk) 11.5 [103] 250 450 [98] 

CaC6 (FLG) 7 [111] 
   

CaC6 (BLG) 4 [108] 5 - 70 77 [102] 

CaC6 (laminates) 12 [109] 
   

CaC6 (laminates 

BN) 
4.4 - 6.4 [109] 

   

CaC6 (rGO 

laminates) 
4 [109] 

   

YbC6 (Bulk) 6.5 [103] 
   

KC6 (FLG) 4.5 [106] 
   

LiC6 (SLG) 8.1 [104] 
   

LiC6 (SLG) 5.9 [105] 
   

Ion-C6 (MLG) - 
 

100 - [107] 

Boron doped 

Graphene* 
  

100* 240* 
*This 

work 



Chapter 2 

 

51 
 

By introducing donor intercalants like metals into graphite, the material undergoes a 

transition towards a more metallic character, leading to an increase in the density of states at 

the Fermi level. This transition can give rise to strongly correlated phenomena, including 

superconductivity, as observed in various Graphite Intercalation Compounds (GICs) like 

CaC6, YbC6, and BaC6 [103]. Similar effects and the emergence of a superconducting state 

upon doping-induced intercalation have also been documented in other layered 2D materials. 

Indication of charge density wave in temperature dependent resistivity measurement: 

The temperature-dependent resistivity of a material provides several indications or signatures 

of the presence of a CDW phase. One of the primary indicators of a CDW is an anomalous 

temperature dependence of resistivity. At a critical temperature (TCDW), which is typically 

associated with the Peierls transition, the resistivity may exhibit a sharp increase or a kink in 

its temperature dependence, as seen in figure 2.  

This abrupt change is often a clear indication of the formation of the charge density wave. 

The presence of a CDW leads to the opening of an energy gap in the electronic band structure 

of the material. This gap manifests itself in the resistivity as a decrease in conductivity at 

temperatures below TCDW. As the temperature decreases, the resistivity rises sharply due to 

the energy gap, which restricts electron motion. In materials with a well-defined CDW, the 

resistivity may exhibit periodic oscillations with temperature [112]. These oscillations are 

associated with the periodic modulation of the charge density. The amplitude of these 

oscillations can provide information about the strength of the CDW. When the CDW 

transition is first order, there can be hysteresis in the resistivity-temperature curve [113]. This 

means that the resistivity may have different values for increasing and decreasing 

temperature, and the transition from the CDW state to the normal state (and vice versa) 

Figure 2: Kink in resistivity at TCDW in electrostatically doped graphene [107] 
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occurs at different temperatures. Below the critical temperature TCDW, the material may 

exhibit non-metallic behaviour in its resistivity-temperature curve. This includes a decrease in 

electrical conductivity and the development of an insulating-like behaviour as the CDW 

forms [114]. 

It's important to note that the exact behaviour of resistivity in the presence of a CDW can 

vary depending on the specific material and its characteristics. Researchers use temperature-

dependent resistivity measurements, along with other experimental techniques, to study and 

confirm the existence of CDW and to gain insights into their properties. These measurements 

are valuable for both fundamental research and potential applications in electronic materials. 
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Experimental techniques 

 
  

In this chapter we briefly describe the sample preparation method and different experimental 

techniques employed for this work. We prepared a batch of graphene powder samples by a 

chemical method followed by thermal treatment at different temperatures. We employed X-

ray diffraction for structural analyses of samples. We investigated spectroscopic properties of 

samples by exploring the X-ray Photoelectron Spectroscopy, Raman spectroscopy and 

Ultraviolet-Visible (UV-Vis) spectroscopy in detail. We studied electrical properties of 

samples by using the Physical Property Measurement System (PPMS). 

 

 3.1   Sample preparation 

Preparation of few-layer pristine graphene samples can be performed mainly in two particular 

steps. Initially, separation of layers of highly purified graphite flakes is done by proper 

oxidation of each layer using suitable oxidising agents. Then those oxygen functional groups 

from graphene lattice are removed by thermal reduction process at inert atmosphere. In this 

work, graphene or doped graphene samples are synthesized in large scale effectively at lower 

cost. 

3.1.1 Preparation of few-layer GO with the modified Hummers’ 

method 

In modified Hummers’ method [1], oxidation of graphite layers mainly exfoliates the layers 

of graphite by incorporation of different OFGs preceded by intercalating an oxidising agent. 

Detail procedure for preparation of few-layer GO is described in previous chapter. In the first 

step, NaNO3 and H2SO4 are added to graphite flakes which helps to insert the oxidizer at 

interplanar sites of graphite. However, H2SO4 can also execute the oxidation process with the 

following reaction [2]: 

C + H2SO4  
∆
→  CO2 + 2SO2 + 2H2O 

But it is challenging to intercalate H2SO4 molecules into the graphite layers as the interplanar 

spacing of the graphite (0.34 nm) is smaller than the diameter of H2SO4 molecules (0.39 nm) 

3 
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in ionic form. It also requires heat to react with carbon atoms. That is the reason for 

combining the NaNO3 with concentrated H2SO4 which can generate the HNO3 in presence of 

light followed by the production of smaller O2 molecules. 

4HNO3  
light
→    4NO2 + O2 + 3H2O 

Now, this abovementioned reaction is responsible for oxidation of the carbon atoms at the 

edge of graphite planes that leads to opening a gap between graphite layers. Thereafter, 

H2SO4 along with HNO3 can easily diffuse to the interplanar sites by making the interlayer 

gap 0.798 nm and can go for exfoliation via further oxidation of in-plane carbons.  

Nevertheless, this process of oxidation is quite slow. For vigorous rate of oxidation KMnO4 is 

added to that mixture at below 4°C. Reaction of KMnO4 with excess H2SO4 turns the colour 

of that mixture into green by producing Mn2O7 having diameter of 0.671 nm which is lesser 

than the interplanar spacing of intercalated graphite layers.  

KMnO4 +  3H2SO4 → K
+ + MnO3

+ + H3O
+ +  3HSO4

− 

MnO4
− + MnO3

+ → Mn2O7 

This Mn2O7 is a strong oxidant which breaks the C=C and results in proper exfoliation of 

graphite layers. These exfoliated oxygenated layers of graphite are termed as GO. Successive 

production permanganic acid (HMnO4) in reaction of Mn2O7 with H2SO4 and then H2O 

makes the colour of solution purplish-red as shown in figure 1(left). 

Mn2O7
∆
→  6MnO2 + 3O2 + O3 

MnO2 +  2H2SO4 → 2MnSO4+ O2 ++ 2H2O 

Mn2O7+ H2O → 2HMnO4 (Purplish-red) 

Oxidation process is then stopped by adding some DI water into that mixture. As the water is 

added to the mixture the temperature become high while diluting the H2SO4. This H2O 

molecules also help to produce other OFGs from C=O in lattice plane. After that temperature 

of that mixture comes down to 60°C. 

Further purification of GO is performed by adding H2O2 and washing with 5% HCl solution 

and then with plenty of DI water. H2O2 breaks the MnO4
− ion into Mn2+ ions which have been 

removed by washing with HCl solution. At this stage, the colour of the solution becomes 

yellowish as shown in figure 1(right). 
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This HCl solution also produces Cl- ions which have been removed by repeated washing with 

DI water. 

2MnO4
− + 5H2O2 + 6H

+ → 2Mn2+ +  5O2  +  8H2O 

2MnO4
− +  16HCl → 2Mn2+ +  6Cl−  + 5Cl2 + 8H2O 

Finally, after washing several times with water complete removal of chlorine ions is 

confirmed by checking the pH level of that as obtained brown slurry thick solution of few-

layer GO. 

3.1.2 Reduction of GO 

Reducing GO is a process by which we reinstate graphene structures from oxidized form of 

graphene. GO contains OFGs, such as epoxides (C-O-C), hydroxyls (-OH), carbonyls (-CO) 

and carboxyls (-COOH), which give it a higher degree of hydrophilicity and ease of 

dispersion in water and other solvents. However, these groups also disrupt the excellent 

electronic and mechanical properties of pristine graphene. 

The reduction process aims to remove or reduce these oxygen functional groups, thereby 

restoring some of the original properties of graphene. There are several methods for reducing 

GO. Thermal reduction and chemical reduction are two popular methods to obtain graphene 

Figure 1 : Synthesis of GO; during reaction with KMnO4 (left), after adding H2O2 

(right) 



Chapter 3 

 

66 
 

from GO samples. Other methods like electrochemical reduction, photochemical reaction, 

microwave reduction, microbial reduction etc are also effective ways where the electric 

potential, photon with a particular wavelength and enzymes of certain bacteria respectively 

reduce the GO samples. 

Thermal Reduction:  

In this method, dried powder sample GO is pestled very well in a mortar. Then this brown 

coloured GO powder is mounted on a quartz crucible and introduced into a quartz tube. 

Thereafter this arrangement is place into a tube furnace for heating at desired temperature up 

to 1000 °C. To make the atmosphere inert inside the tube 99.999% pure nitrogen (N2) or 

argon (Ar) gas is flowed maintaining the flow rate 60 ml/min. To confirm the uniform 

heating of sample, slow heating, i.e., 5 °C/min heating rate is preferred. Fig. 2. describes the 

schematic of such arrangement for thermal reduction of GO. 

When GO samples are heated to 150 °C, most of the H2O molecules are removed from the 

interplanar sites by vaporisation. This phenomenon leads to contraction of interlayer spacings 

of GO crystals. Within the temperature range of 150-200°C, layers of GO are partially 

exfoliated owing to the extreme vaporization of intercalated H2O molecules. When the 

samples are heated up to 600°C temperature, mainly -COOH groups are eliminated at first. 

Further lowering of inter-planar spacing (d002) is occurred because of the removal of -COOH 

groups. When temperature is elevated to 800°C, some of -C-O-C- groups are wiped out and 

resulted as relaxation of in-plane lattice. At 1000°C, complete removal of -C-O-C- groups 

along with the partial removal of -OH groups give rise to the formation of point type defects. 

After heating above the temperature of 1000°C, reduced graphene layers begin to restack 

over one another and a crystal growth is observed where defects are also disappeared due to 

self-diffusion of carbon atoms inside lattice. All those outcomes of annealing of GO samples 

at different temperatures are investigated by the analyses of X-ray Diffraction patterns 

collected from the X-ray diffractometer. The details of this instrument will be discussed later 

in this chapter. 

Figure 2:  Schematic of the arrangement for thermal reduction of GO 
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Advantages: 

• Relatively simpler process that requires minimal equipment like tube furnace, 

inert gas etc. and it does not need any chemical reagent. 

• If GO is thermally annealed at temperature above 1000°C, defects are also 

minimised owing to self-diffusion of carbon atoms. 

• Degree of graphitisation is very high; hence C/O ratio is very high. 

Challenges: 

• Generation of defects specially divacancy defects are obvious byproducts of this 

type of reduction. 

• May not achieve complete reduction, and residual oxygen functional groups may 

still be present. 

• Lack of fine control over the reduction process, which can result in variations in 

the degree of reduction. 

• It can lead to restacking of graphene layers at higher temperature, i.e., around 

2000 °C. 

• Thermally reduced graphene treated above 600°C becomes very hydrophobic and 

insoluble to water. 

 

 3.2 Experimental Procedure 

3.2.1 X-ray Diffraction (XRD): 

XRD stands as a crucial technique in comprehending the atomic arrangements within 

materials, providing valuable insights into their properties and purity. This phenomenon 

arises from the interaction between X-rays and the atoms in the materials. The initial step 

following the synthesis of a nanomaterial involves confirming its phase purity. XRD analysis 

aids in accurately identifying the phases present in the newly synthesized nanomaterials. 

After Roentgen's discovery of X-rays in 1895, progressive research led to the comprehension 

of the diffraction patterns resulting from a crystal's atomic planes. This breakthrough paved 

the way for precise investigations into matter's structural properties. Matter can generally be 

categorized as follows: 

(i) Amorphous: Solid matter characterized by randomly oriented constituent atoms, lacking 

long-range order. Examples include glasses, (ii) Crystalline: Solid materials with well-
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ordered and repeatable arrangements of constituent atoms. The crystalline structure is 

represented by the simplest repeating unit known as the unit cell. Repeating this unit cell in 

all three dimensions forms the complete crystal structure. The periodic alignment of atoms 

within the crystal structure creates a consistent diffraction pattern. Analysing this XRD 

pattern yields information about the crystal's structure and lattice parameters. Consequently, 

the XRD measurement technique holds a prominent role in characterizing crystal structure, 

plane orientation, texture variations, grain size, and other lattice properties. Now, the 

fundamental principles of XRD can be summarized as follows: When monochromatic X-rays 

strike a crystal lattice, atomic planes cause reflection of these X-rays, with each atom acting 

as a scattering centre. When the X-ray wavelength is comparable to the distance between two 

crystal planes, the X-rays are elastically scattered by atomic electrons. These scattered waves 

interfere constructively in specific directions dictated by Bragg's law [3]:  

2𝑑 𝑠𝑖𝑛 𝜃 =  𝑛𝜆                                                                  (3.1) 

,where 𝑑 is the interplanar distance, 𝜃 is the angle of incidence, 𝑛 is the diffraction order, and 

𝜆 is the X-ray wavelength. Bragg's law outlines the necessary conditions for XRD in real 

space. In reciprocal space, this law can be simply transformed into a geometric representation 

known as the Ewald sphere. 

For the XRD analysis of the synthesized graphene materials, a Rigaku Benchtop model X-ray 

diffractometer was utilized (as depicted in Figure 3). The diffraction pattern was recorded 

using a 𝜃 − 2𝜃 configuration, with Cu Kα X-rays (λ = 1.5404 Å) serving as the irradiation 

source. The diffractometer operated at 40 kV voltage and 10 mA current. Data collection 

Figure 3: X-ray diffractometer 
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occurred at a scanning rate of 0.2s/steps. Following data collection, the XRD pattern 

underwent background correction for subsequent analysis. Additionally, the observed peaks 

were cross-referenced with the International Centre for Diffraction Data (ICDD) resource. 

3.2.2 X-ray Photoelectron Spectroscopy (XPS): 

XPS is a spectroscopic technique that involves the interaction of a sample's surface with 

monochromatic soft X-rays, leading to the ejection of core electrons. The underlying 

principle of XPS is based on the photoelectric effect discovered by Hertz in 1887, and its 

development was advanced in the mid-1960s by Kai Siegbahn and his research group at the 

University of Uppsala, Sweden. This technique allows for the determination of the chemical 

state, chemical composition, atomic percentage, and electronic state of sample components 

[2]. The interaction between an X-ray photon and a core electron in the sample is described 

by the equation [5]; 

𝐾. 𝐸. =  ℎ𝜈 –  𝐵. 𝐸 –  𝜑                                                     (3.2) 

, where K.E. represents the kinetic energy of the ejected photoelectron, ℎ𝜈 is the 

characteristic energy of the X-ray photon, B.E. is the binding energy of the orbital, and 𝜑 is 

the work function energy of the spectrometer. The kinetic energy of the emitted 

photoelectrons provides information about the presence of elements in the sample, while the 

intensity of the photoelectron signal corresponds to the atomic percentage of each element 

within the material. XPS is particularly effective in determining the chemical state of 

elements through variations in binding energy or chemical shifts of the photoelectron line. 

Each element exhibits a characteristic binding energy associated with its core atomic orbital, 

resulting in distinct photoelectron spectra featuring binding energy peaks. This robust surface 

analytical method is capable of qualitatively analysing all elements except hydrogen and 

helium, quantifying composition, and determining valence states. The experimental setup 

[Figure 4] encompasses an X-ray source, an electron energy analyser, a detection system, and 

a sample stage. Analysis takes place on the SPECS system utilizing a hemispherical energy 

analyser (HSA 3500). Photoelectrons are excited using monochromatic Mg Kα X-rays 

(1253.6 eV) or Al Kα X-rays (1486.6 eV) as the excitation sources, operating at 10 kV with 

an anode current of 17 mA. XPS measurements necessitate a vacuum pressure of 10-8 to 10-9 

Torr. For powder samples, a small pallet with a 6 mm diameter is prepared using a pelletizer 

to enhance the signal-to-noise ratio (SNR). During the analysis, a pass energy of 40 eV is  
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maintained for survey scans, and for high-resolution scans, the pass energy is adjusted to 20 

eV. We used CasaXPS software to analyse the data further [6]. 

3.2.3 UV-VIS Spectroscopy: 

UV-VIS spectroscopy is a valuable technique employed to investigate the optical 

characteristics of materials. This method encompasses the study of absorption, transmittance, 

and reflectance spectroscopy within the UV, visible, and near-infrared regions of the 

electromagnetic spectrum. At its core, the technique revolves around the phenomenon of 

materials absorbing photon energy at specific UV or visible wavelengths, which in turn gives 

rise to distinct spectral patterns in the UV-visible realm. This absorbed photon energy 

corresponds to a material's band gap energy, a significant property. Upon the absorption of 

photons, materials undergo a fascinating process: electrons are excited to higher energy states 

or molecular orbitals, creating what is known as excited states. This is particularly prominent 

in organic materials, where different electronic transitions occur, such as π to π*, n to π*, σ to 

σ*, and n to σ* transitions. These transitions involve specific types of molecular orbitals, 

namely non-bonding (n), bonding (π and σ), and anti-bonding (π* and σ*) orbitals. 

The concept of how materials absorb light can be deciphered through the lens of two 

fundamental laws: Lambert's law and Beer's law. When dealing with UV-vis measurements 

of materials dissolved in solvents, this is typically carried out using a quartz cuvette. Photons  

Figure 4: Experimental set up of XPS 
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with a certain intensity (I0) are directed at the cuvette. In this scenario, a portion of the photon 

energy is absorbed by the material, while the rest passes through, resulting in a reduced 

intensity (I). The ratio of these intensities, (I/I0), is termed transmittance (T). The absorbance 

(A) of a material is quantified as (-log10T), signifying the quantity of photon energy 

absorbed by the material's molecules. Lambert's law establishes a direct relationship between 

absorbance and the cuvette's thickness (path length of 10 mm), essentially dictating the path 

traversed by light. On the other hand, Beer's law delineates that the concentration of the 

material in the solution is directly proportional to its absorbance. Combining these laws leads 

to the formulation of the Beer-Lambert law [7], as expressed in equation (3.3), where α 

represents molar absorptivity, 'c' signifies the concentration of the solution, and 'd' denotes 

the path length. 

log
𝐼0

𝐼
 =  𝐴 =  𝛼𝑐𝑑                                                         (3.3) 

In terms of instrumentation, a UV-vis spectrometer comprises several essential components: a 

light source, a monochromator (comprising entrance and exit slits as well as a dispersive 

element), and a detector. The primary purpose of conducting UV-vis measurements is to 

compute a material's band gap, which offers insights into its optoelectronic properties. 

Depending on the nature of the samples—such as liquids, homogenous solutions, uniformly 

dispersed solid samples, and thin-film samples—UV-vis measurements in absorbance or 

transmittance mode are employed to determine their respective band gaps, typically using the 

Bardeen equation [8] (3.4).  

𝛼ℎ𝜈 =  𝐴 (ℎ𝜈 −  𝐸𝑔)                                                         (3.4) 

Figure 5: UV-VIS spectrometer 
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This equation involves a range of parameters including constants, light-wave frequency (𝜐), 

band gap (𝐸𝑔), and 𝛼. 𝑛 is indicative of the electronic transition's nature—whether it is direct 

or indirect. Different values of 'n', such as 1/2, 3/2, 2, and 3, correspond to various types of 

transitions. Tauc's plot is an illustrative representation taking n = 1/2, with (𝛼ℎ𝜐)1/𝑛 plotted 

against (ℎ𝜐). A tangent drawn through the linear portion of this plot intersects the x-axis at 

the precise band gap value. One of the prominent UV instruments utilized in research is the 

Shimadzu 3600 UV-Vis-NIR spectrophotometer, employing a deuterium lamp for the UV 

range and a halogen lamp for the visible and near-infrared ranges [Figure 5]. Absorbance 

measurements of samples dispersed in solvents, the solvent alone, without the sample, is 

utilized as the reference. 

3.2.4 Raman Spectroscopy: 

The origins of the term "Raman spectroscopy" pay tribute to its inventor, C.V. Raman, who, 

in partnership with K.S. Krishnan, authored the seminal paper introducing this technique [9]. 

This method is rooted in the fundamental Raman effect, which postulates that the frequency 

of a fraction of scattered radiation diverges from that of the monochromatic incident 

radiation. Raman spectroscopy stands out as a widely embraced and extensively used 

technique for investigating the vibrational, rotational, and other low-frequency modes within 

different materials. This analytical approach, rooted in the Raman Effect, hinges on the 

interaction of monochromatic light—typically generated by a laser—with molecules in a 

material. This interaction results in inelastic scattering, causing the photons' energy to shift 

either higher or lower than the initial incident energy. This phenomenon is known as the 

Raman Shift. 

In the process of conducting Raman Spectroscopy, an intense monochromatic radiation 

source, often a laser, is directed onto the material under examination. A Raman spectrum is 

essentially a graphical representation illustrating the intensity of scattered radiation across 

different frequencies. This deviation in frequency from the incident radiation is often 

expressed in wavenumbers (cm-1) and is referred to as the Raman shift. Practically, Raman 

spectroscopy involves directing a monochromatic laser beam onto the sample. As the beam 

interacts with the vibrating molecules within the material, inelastic scattering occurs, leading 

to the creation of scattered light and the subsequent formation of a Raman spectrum [10,11]. 

The variance in frequency from the incident radiation provides valuable insights into low- 
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frequency transitions involving vibrational, rotational, and other molecular characteristics 

[12]. 

A pivotal application of Raman spectroscopy lies in the exploration of the vibrational 

properties of nanostructured materials. It's a powerful tool for extracting information about 

various aspects, including structural attributes, phases, grain sizes, and phonon confinement. 

For the specific Raman spectra in this study, the WiTec Alpha 300 instrument was employed, 

featuring a 532nm emitting Nd: YAG LASER source [Figure 6]. These spectra were refined 

through Rayleigh correction to enhance their interpretability. 

3.2.5 Electrical Resistivity Measurement: 

In this study, we utilized an electrical measurement configuration in conjunction with the 

Physical Property Measurement System (PPMS) from Cryogenic Ltd., UK, to perform 

resistivity measurements and various direct current (dc) magnetic investigations. These 

magnetic studies encompassed the assessment of magnetic hysteresis loops, minor loops, as 

well as the acquisition of field-cooled and zero field-cooled (FC-ZFC) magnetization curves. 

To achieve the required cooling to liquid helium temperatures, we employed a CP1000 series 

He-compressor manufactured by Cryomech, USA, which was integrated with the electrical 

measurement setup. Additionally, a water chiller sourced from Dai-Chi Cooling Solutions 

Pvt. Ltd. was connected to the compressor for cooling purposes. 

 

Figure 6: Raman spectrometer 
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Figure 7 illustrates the electric measurement setup connected to our Physical Property 

Measurement System (PPMS). For the experiments, pellet samples with specific geometries, 

were linked to both a current source meter (Keithley, 2400) and a nanovoltmeter (Keithley, 

2182A). Data collection and control of the various system components during data 

acquisition were automated using Labview software. The collected data were subsequently 

processed, graphed, and plotted on a computer for analysis. 
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Temperature-dependent site selection  

of boron doping in chemically derived 

graphene  
  

 

Abstract: 

Site dependent light element doping in graphene can lead to exciting phenomenological 

prospects such as tunable bandgap, enhanced electron phonon coupling and anomalous 

transport properties for superconductivity, ferromagnetism and catalysis. However, they can 

lead to more additional defect sites and strain dependent effects as a residual fallout of the 

process and remains open to interpretations. In this work, we delineate a spectroscopic 

approach combined with ab-initio results to decipher these factors by using a prototypical in-

situ boron doped reduced graphene oxide sample specimens and tuning them from low to 

moderate hole doping concentrations. The selectivity of doping configurations (BC3, 

BCO2 and BC2O) as well as their concentration is varied by regulating the annealing 

temperature (up to 1000 °C). We find a competitive relationship between the dopant and the 

residual surface oxygen atoms with gradual transformation of favourable doping 

configuration from out of plane to in-plane (substitutional) with increasing temperature. 

Furthermore, simultaneous induction of point defects and strain related effects in graphene 

lattice were also observed with increase in doping concentration. This led to anomalous 

bandgap crossover at high temperatures in boron doped graphene in comparison to the 

thermally reduced counterpart which could be important for electronic and transport 

applications. 

 

 

 

 

 

 

4 



Chapter 4 

 

77 
 

 4.1   Introduction 

Since the discovery of graphene [1,2], the aspect of doping has been the most challenging in 

order to open the bandgap for electronic applications [3]. It is well-known that substitutional 

doping in graphene can pose considerable difficulties due to sp2 bonded network of carbon 

atoms [4,19]. During the last decade, there has been consistent effort to control the doping in 

graphene using two different strategies, the physical process which includes ion 

bombardment [5,71], plasma or CVD based techniques [6,13,15,39] and the chemical route 

[7-10]. The idea was mainly to have controlled dope with either heavy or lighter elements for 

interstitial or substitution depending for potential applications. As it turns out, doping heavier 

elements (e.g. TMs, Eu, Ln, Sr) can lead to potential magnetic applications as graphene lacks 

any d or f orbitals in its outer shell [11,12]. On the other hand, doping of lighter elements is 

very useful in energy [13] and catalysis [14], optoelectronics [15] and even in 

superconductivity applications [16,17] when out of plane dopants are intercalated 

substantially to enhance the electron-phonon coupling constant. Among most dopants, boron 

and nitrogen are the well investigated [6,10,14,21,22,33,40] and have proven to be fruitful 

due to their matching atomic radii with carbon, implying easier substitution of atoms under 

the right conditions.  

In fact, nitrogen which can be doped in pyrrolic, pyridinic and graphitic configuration 

have been significantly important for optoelectronic, energy and catalysis applications 

[14,18]. On the contrary for boron, the research focus has been far more limited to energy and 

catalysis [10,14,15,34,35]. While the structure of boron atom very well lends itself to replace 

carbon and open up the bandgap in graphene, the impetus to investigate the site selectivity of 

boron atoms and probing into the electronic properties is somewhat elusive in literature. One 

of the reasons for that can be attributed to the fact the doping process is difficult to carry out 

by simple top-down reaction as it requires high energy to break the stable C sp2 network of 

host material [19]. However, starting from few layer graphene or reduced graphene oxide it is 

possible to incorporate boron [20,21] or nitrogen [22] atom in graphitic configuration by 

thermal annealing process at high temperature. Furthermore, there have been recent reports 

where inclination has been to test magnetic properties in boron doped graphene derivatives 

such as quantum dots [23,24]. Hence, this suggests some untapped territories for boron doped 

graphene and requires further exploration to understand the underlying intricacies of the 

system better for novel applications. 
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It is noticeable that boron doping can lead to many interesting electronic properties if 

tuned properly but can also produce other unintended effects such as strain and defects. 

Hence, doping should be investigated in correlation with its unintentional counter 

consequence (defects, strain, etc.). Furthermore, the synthesis strategy can have significant 

impact on doping configuration (site selectivity) and how that affects the graphene structure 

and its properties formulate needs to be addressed. 

In this article, we investigate a simple system boron doping in reduced graphene oxide 

synthesized by a physiochemical process to identify the energetically favourable doping sites. 

We further investigate the effect of synthesis temperature for boron doping in graphene using 

a combined approach of spectroscopy and ab-initio methods. Furthermore, the competitive 

evolution from substitutional to intercalation boron doping with the in-situ reduction of the 

oxygenated groups is observed. This enabled us additionally to elucidate the role of defects 

and strain generated within the system as a function of temperature gradient and doping. 

Moreover, we attempt to understand the influence of different boronic configurations on the 

electronic and optical properties of thermally reduced graphene for fundamental 

understanding and novel electronic applications. 

 

 4.2   Methods 

4.2.1 Synthesis of Thermally Reduced Graphene Oxide (TG): 

All solvents and reagents are of analytical grade and directly used without further 

purification. Few-layer Graphene oxide was synthesized from bulk graphite powder by 

Modified Hummer’s method [25,26]. In a typical synthesis, 1.0 g of graphite powder was 

added into the mixture of 45 ml concentrated sulphuric acid (H2SO4, 98 %) and 5 ml of 

phosphoric acid (H3PO4) at room temperature. After overnight stirring, the mixture was 

cooled to 4 °C using an ice bath. 6.0 g of KMnO4 was then added very slowly under 

continuous stirring maintaining the temperature of the mixture below 10 °C. After 3 h, 120 ml 

of distilled water was added into the mixture. After 1 h of continuous stirring 8 ml of 30 % 

H2O2 was added to the mixture followed by dilution of the solution and adding 250 ml of de-

ionized water. Yellowish solid precipitation was then filtered out and subsequently washed 

with 5 % HCl aqueous solution to remove any excess metal ions and further distillation with 

de-ionized water was undertaken to neutralize until the pH was about 6. Finally, the solution 

was kept under probe sonication with a power rating of 500 W for 30 min to get better 
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exfoliation results. The resulting graphene oxide (GO) was dried at 40 °C. Finally, TG500, 

TG700, TG900, and TG1000 samples were all obtained by annealing the GO powder at 500 

°C, 700 °C, 900 °C and 1000 °C respectively using a tube furnace under N2 atmosphere for 1 

h. 

4.2.2 Synthesis of Boron doped reduced Graphene Oxide (BG): 

100 ml of an aqueous dispersion of as-prepared GO with a concentration of 0.5 mg.ml-1 was 

well mixed with 50 mg of boron oxide (B2O3) using an ultrasonicator for 1 h. Next, the 

dispersed solution was dried at 50 °C for 24 h and subjected to thermal annealing at 500 °C, 

700 °C, 900 °C and 1000 °C, respectively using a tube furnace under N2 atmosphere for 1 h. 

Obtained black powder was washed with hot distilled water to remove the residual boron 

oxide and then filtered several times. Finally, dried samples were collected as boron doped 

few-layer graphene sheet (BG) annealed at different temperatures. Samples are designated as 

BG500, BG700, BG900, BG1000 are the boron doped samples synthesized by maintaining 

the furnace temperatures 500 °C, 700 °C, 900 °C and 1000 °C respectively. 

4.2.3 Experimental details: 

Powder X-ray diffraction (XRD) patterns of the synthesized samples were recorded by 

Bruker D8 diffractometer with Cu-Kα radiation at room temperature. An X-ray of wavelength 

1.5404 Ǻ (Cu-Kα) was projected to a Quartz holder containing powder sample. To find 

proper d-spacing and crystallite size (L002) along the direction of (002) plane, obtained 

spectra were fitted with Voigt function as shown in figure A4(a) [see appendix A]. 

Deconvoluted parameters such as exact values of 2𝜃, Full width half maxima (𝛽) values were 

used calculate the value of d-spacing and crystallite size for all samples. Employing the 

deconvoluted peak parameters, d002 for all samples were calculated using the Bragg’s 

equation : 2𝑑002 sin 𝜃 = 𝑛𝜆, considering only first order diffraction i.e. 𝑛 = 1 and 𝜆 is the 

wavelength of the applied X-ray. Crystallite size of each sample were measured by Debye-

Scherrer equation as, 

                                                              𝐿 =  
𝐾𝜆

𝛽 cos 𝜃
                                                                  (1)  

Where, 𝐾 is Debye-Scherrer constant with the value of 0.89 for crystallite considered along 

the direction of (002) plane and 1.84 for the in-plane crystallite of sample. To find in plane 
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crystallite sizes, peaks around 2𝜃=43.2° were fitted with two Voigt peak functions and 

parameters were measured using Eq.1 taking 𝐾 value 1.84 [Figure A4(b) ; appendix A].  

Two-dimensional layered structure of BG and TG sheets was observed by High Resolution 

Transmission Electron Microscope (JEM-2100) operated in 200 KeV (appendix A; figure 

A1).  

Absorption spectra of TG and BG samples were obtained from UV-Vis spectrometer 

(Shimazdu-3600). For UV-Vis measurement samples were dispersed in ethanol with similar 

concentrations of 0.5 mg.ml-1. Xenon lamp having spectral range from 185 nm to 3000 nm 

was used to carry out the absorption measurement. Tauc plot was used to determine the 

optical band gap for BG and TG samples (figure A6 & A7; appendix A). 

 X-ray photoelectron spectra (XPS) of various doped samples together with undoped samples 

were characterized by X-ray Photoelectron Spectrometer (SPECS, HSA 3500), to confirm 

doping into graphene system. To find out the percentage of dopants survey spectra were 

taken using a monochromatic Al-Kα X-ray source of 1486.61 eV. To calculate the boron to 

carbon ratio (B/C), survey spectra were analysed through CasaXPS providing proper Relative 

Sensitivity factor (R.S.F.) value for each component i.e. 1 for carbon, 0.482 for boron and 

2.93 for oxygen atom. To probe the types of bond present from individual atomic spectra 

with certain energy value, high resolution scan for C1s and B1s were performed lowering the 

pass energy and adjusting the step size, dwell time to count electrons that were coming to the 

hemispherical analyser during measurement. All high-resolution spectra of C1s and B1s for 

all the samples were deconvoluted with Lorentzian asymmetric line shape with tail damping 

[𝐿𝐹(𝛼, 𝛽, 𝑤, 𝑚) ; equivalent to asymptotic theoretical Doniach-Sunjic asymmetric line shape] 

using CasaXPS software. Background subtractions were also done with Shirley algorithm 

using the same.            

Raman Spectra of all samples were obtained by Raman Spectrometer (WITEC, alpha 300 R) 

to observe different phonon modes present in the samples. An argon laser of wavelength 532 

nm was used to excite the sample to higher excited state with 100X objective with 600 

grooves/mm. All spectra were deconvoluted using nine Lorentzian functions. The first order 

D and G peaks were deconvoluted with five components as D*, D, D”, G, D’ and the second 

order defect induced peaks were deconvoluted with four components as G*, 2D, D+D’ and 

2D’ peaks for BG and TG samples. The maxima of intensities corresponding to D, G, D’, D* 

and 2D peaks have been designated as ID, IG, ID’, ID* and I2D respectively in later analysis. 
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Full-width-half maxima (FWHM) of those peaks have been ascribed as FWHM (D), FWHM 

(G), FWHM (D’) and FWHM (2D) respectively. Raman frequencies, in terms of wave 

number, of the peaks under consideration are nominated as Pos (D), Pos (G), Pos (D’) and 

Pos (2D) on an individual basis. Here, Raman shift, or Raman frequencies have been 

represented in terms of wavenumber with the units of cm-1. These Raman shifts in terms of 

wavenumber have also been assigned with 𝜈𝑥 in some cases, where 𝑥 corresponded to first 

and second order peaks D, D’, 2D, D+D’ and 2D’ peaks respectively. Crystallite size, and 

defect density of the samples were calculated for all samples using the above-mentioned 

components of the Raman spectra. 

4.2.4 Computational details: 

The Density functional theory (DFT) simulations were performed using Vienna ab-initio 

simulation package (VASP) [27,28] using projector-augmented-wave approach (PAW) [29]. 

During, geometry optimization, the Perdew–Burke–Ernzerhof (PBE) [30] functional was 

utilized to deal with the exchange-correlation terms within the generalized gradient 

approximation (GGA). Plane wave basis set with energy cut-off 500 eV and   centered k-

point mesh of (111) was implemented throughout the calculations as the considered 

structures were sufficiently large with lateral dimension greater than 15 Å. The structural 

relaxation processes were allowed to continue until the total energies converged below 110-5 

eV/ atom. The effect of dispersive forces was taken into account using the PBE+D2 

forcefield (Grimme’s) method [31]. As the GGA method typically underestimates the band 

gap value, the Heyd–Scuseria–Ernzerhof (HSE06) hybrid functional [32] was used during the 

density of states (DOS) calculations. 

 4.3   Results and Discussion 

4.3.1 XPS analyses: 

Survey spectra for all BG samples are shown in figure 1(a) and those for TG samples are 

supplied in figure 1(b). C1s, B1s, and O1s peaks are prominently observed at 284 eV, 189 eV 

and 532 eV respectively. Presence of core level B1s peaks in the survey spectra indicate the 

presence of boron atoms in all the BG samples whereas there was no sign of boron in any of 

the TG sample specimen. From this figure, it can be estimated that the percentage of B1s 

contribution increases for the BG samples with increasing annealing temperature.  Figure 1(c) 

shows the deconvolution of C1s spectra in all the BG and TG samples. 
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Figure 1. XPS spectra of (a) BG and (b) TG samples synthesized under annealing 

temperature varied from 500oC to 1000oC (magnified at B1s region to detect the presence of 

boron). C1s is assigned to carbon 1s peak and that of O1s is assigned to oxygen 1s peak (c) 

Deconvoluted spectra for BG (eight components) and TG (seven components; C-B 

contribution absent) samples used for XPS analysis. 

 

From overall line shape of C1s peaks, it is clearly seen that the peak profiles are becoming 

narrower as more amount of C sp2 bonds start to dominate the graphene lattice with increase 

in temperature as more removal of oxygenated moieties takes place. From the C1s profile, 

contributions from different functional groups or atoms, bonded with in-plane carbon atoms, 

are detected having the binding energies of 283.0 ± 0.2 eV, 284.0 ± 0.1 eV, 284.7 ± 0.1 eV, 

285.6 ± 0.1 eV, 286.3 ± 0.1 eV, 287.3 ± 0.1 eV, 288.8 ± 0.1 eV, 290.4 ± 0.2 eV, which are 

attributed to the binding energies of  C-B [33-35], C=C, C-C, C-O-C, C-OH, C=O, O-C=O 

bonds, and π − π∗  shake-up satellites corresponding to the hexagonal C sp2 honeycomb 

network, respectively [36-38]. Binding energies corresponding for all bonds in BG and TG 

samples are provided in detail in the table A1 [appendix A]. Obviously in case of the TG 

samples, contribution from the C-B was not found during the deconvolution profiling. -C-
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OH, -C-O-C-, -C=O, -O-C=OH are the Oxygen Functional Groups (OFG) which are bonded 

along the out of plane and at the edges forming the sp3 hybridization network with hexagonal 

carbon atoms, present in both TG and BG systems.  

In order to identify the amount and configuration of boron atoms into graphene network, 

detailed analysis of XPS was conducted for all the BG together with TG samples. In figure 

2(a), deconvolution of B1s peaks, composed of five peaks centered at around 186.9 ± 0.1 eV, 

188.6 ± 0.2 eV, 190.0 ± 0.2 eV, 191.8 ± 0.2 eV, 193.0 ± 0.1 are attributed to B-B, BC3, 

BC2O, BCO2, and B-O respectively (detail in table. A2 ; appendix A) [39,40]. Among these 

five configurations, boron atoms in B-B and BC3 configuration are expected to substitute 

carbon atoms from the plane of lattice, whereas in BC2O, BCO2, and B-O configurations, the 

boron atoms are oriented along the out of plane direction assembled with the OFGs already 

present in sample during annealing and form such boronic groups.  Interestingly, two major 

classifications of boron incorporation, i.e. substitutional and out of plane-incorporation, 

evolved with annealing temperature in opposite fashion as shown in Figure 2(b). It is 

revealed that the substitutional boron doping configuration, mostly as BC3, increases with the 

annealing temperature whereas, the total amount of the out of plane boron atoms (BC2O + 

BCO2) decay to almost 70 % of its initial value found in the BG500 sample. This further 

implies that the in-plane doping effect is more likely to occur for the BG900 and BG1000 

samples and one can achieve the out of plane boron population easily in the BG500 and 

BG700 samples. Variation of the percentage of sp2 carbon (C=C), sp3 carbon (C-C), and 𝜋 −

𝜋∗ transitions with the annealing temperature is shown for both BG and TG samples in figure 

2(c). More restoration of sp2 carbon ring was observed in both the samples BG, TG, owing to 

more removal of sp3 bonded boron configuration from BG samples, and sp3 bonded OFGs in 

TG samples with increasing annealing temperature. It is found that the amounts of sp2 

carbons in the BG samples are greater than that of the TG as boron diffusion in carbon lattice 

makes the lattice more graphitized than carbon self-diffusion does. Details about this 

diffusion process of boron and carbon in graphene lattice is discussed in next section. Due to 

restoration of hexagonal rings, the resonance of 𝜋- electrons is also reinforced as indicated in 

figure 2(c). Even after possessing better graphitization BG samples have lesser π-electron 

densities in comparison to the TG samples. This is because some of the π-conjugated electron 

densities are compromised during sharing of the electrons with the in-plane boron atoms 

located within the hexagonal ring with vacant Pz orbital. 
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Figure 2. Derived parameters obtained for the BG and TG samples after deconvolution of the 

B1s, C1s peaks. (a) Amount of different components of boron groups present in BG samples 

and Deconvoluted spectra of B1s for all the BG samples, consisting of five component 

boronic configurations e.g. B-B, BC3, BC2O, BCO2 and B-O.] (b) Left column; Evolution in 

amounts of the sp2 and sp3 hybridized carbon, π-electron transitions, carbon-boron (C-B) 

bonds and boron to carbon (B/C) ratio in BG and TG samples with the annealing 

temperatures. Right column; Degradation of the epoxy groups (C-O-C), hydroxyl groups (C-

OH), ketone groups (C=O) and carboxyl groups (O-C=O) in respective samples with 

annealing temperatures. (c) Variation in amount of the in-plane boron and the out of plane 

configurations of boron with increasing annealing temperature. 

Hence, π-electron densities in the BG samples are increasing at a slow pace in comparison to 

that of the TG samples. This increment of reconstructed π electron densities was hindered 

during the synthesis process temperatures of 900-1000 °C because of more inclusion of the 

boron atoms in the graphene plane. In our experiment, during the interplay between 

increasing graphitization and more inclusion of in-plane boron with increase of the annealing 

temperature, the percentage of C-C remain unaltered for BG samples. Whereas for TG 

samples, the percentage of C-C is high due to restoration of hexagonal ring at higher 

annealing temperature. Also, the percentage of the overall C-B percentage (%) in the C1s 
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core level spectra for all BG samples, increase prominently with the rise of the annealing 

temperature, as shown in the figure 2(c). Scattered point representation shows the change in 

the atomic percentages (at.%) of boron present in the BG samples relative to the at.% of the 

carbon atoms, as indicated by the B/C ratio. The values of B/C ratio for BG500, BG700, 

BG900 and BG1000 are 1.5, 1.9, 4.5 and 5.3 respectively, are all in increasing order, 

ensuring more boron content in BG systems with increasing temperature  

                        To probe the favourable site for the out of plane boron attachment in TG 

lattice, degradation of the OFGs through the reduction process was further observed in detail. 

Figure 2(c); right column, displays the temperature dependent removal of the OFGs for the 

BG and TG samples. In comparison to the TG samples, the C-O-C and C-OH functional 

groups have almost a similar rate of degradation in case of the BG samples during the 

annealing process. But the percentage of the C=O and O-C=O moieties in the BG samples are 

much lower than that of the TG samples at lower annealing temperature where out of plane 

doping occurs significantly. At higher annealing temperature, during substitutional doping, 

removal rate of the C=O and O-C=O groups in the BG samples become identical to that of 

the TG samples. Therefore, it can be predicted that the C=O and O-C=O bonds are more 

preferable sites for boron atoms to be attached over the lattice plane. Removal of OFGs by 

thermal treatment for both BG and TG samples indicate the proper reduction of both doped 

and undoped samples. Hence, lowering of the out of plane boron groups (BC2O, BCO2) and 

increasing of the in-plane boron (BC3) with the elevation of annealing temperature along with 

the selection of site for out of plane boron attachment at lower annealing temperatures have 

been found through XPS analysis. To further understand the reduction level and the 

interaction with the doped graphene layers, XRD analysis has been discussed in next section.   

4.3.2 XRD analysis: 

In figure 3, the contraction of this interlayer spacing (d-spacing) primarily occurs because of 

the rearrangement of the out of plane boron atoms by substitutional boron atoms. Further 

lowering of the gap in doped sample takes place as the repulsive π-electron densities between 

the two adjacent layers are compromised with an increasing trend of the boron substitutional 

doping at higher annealing temperatures. Apart from the van der Waals interaction which 

helps to re-stack the exfoliated graphene layers [41], interaction between the π-electron 

densities of adjacent layers and the Poisson contraction effect [42,43] also play important role 

in changing the d-spacing value due to doping in graphene lattice after re-stacking. The van 

der Waal term is usually responsible for the contraction of adjacent layers in few-layer 
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graphene whereas in the doped lattice this attractive interaction can be altered by π-electron 

interactions and change in lattice parameters. Besides this, the doping configuration of boron 

atoms in BG system can vary the interlayer distance. For substitution, incorporation of boron 

causes reduction of interlayer distance and reverse phenomenon can be observed for 

interstitial occupancy [44].  On the other hand, for the TG samples, d002 spacing is decreasing 

initially when samples were heated up to 700 °C, as most of the oxygen containing groups 

were removed at this annealing temperature. In figure 3(inset), the exponential decay curve 

(shown in black dashed line) has been plotted with the same decay constant as applied for the 

fitting of the exponential decrement of the oxygen content (O/C ratios) in the TG samples 

starting from graphene oxide during annealing (appendix A; figure A2). After that, d-value 

increases due to thermal expansion between graphene layers at very high temperatures [45] 

and then starts to saturate. Figure 3(inset) depicts that the interlayer distance of the TG 

samples obtained at higher temperatures are in good agreement with a linear term (red dashed 

line in figure 3 (inset)) proposed by Nelson & Riley [46], later modified [47] as, 

 

                           𝑑 (𝑛𝑚) = 0.3328 + 8.63 × 10−6𝑇 + 5.538 × 10−10𝑇2                            (2) 

 

 

 

 

 

 

 

Figure 3. d002 spacing between graphene plane oriented with turbostratic layer in BG samples 

after deconvolution of the spectra (appendix A; figure A4(a)); [inset: d002 spacing for the TG 

samples. Red dashed line shows the thermal exfoliation curve and the blue dashed line shows 

the OFGs removal trend (appendix A; figure A2)]. 

, where T is the annealing temperature in ℃. Another difference between the BG and TG 

lattice regarding the XRD spectra is the presence of the sharp graphitic peak found for the BG 

samples also at lower annealing temperatures, although they are absent for the TG samples 
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(appendix A; figure A3). This observation validates the process of the atomic diffusion 

towards the vacancies present in the graphitic lattice through the thermal process. Some 

authors have commented both from experimental [48] and simulated results [49] that the 

diffusion constant of boron atom in hexagonal carbon lattice along the in-plane direction is 

much higher than the self-diffusion of carbon with lower the activation energy [49]. Hence, 

the degree of graphitization is substantially enhanced due to the presence of the boron atoms 

in graphene even at lower annealing temperature. However, the XRD results, in terms of 

interlayer distance, support the substitution doping of boron atoms into graphene lattice and 

also imply the removal of the out of plane boron groups in BG samples and OFGs in TG 

samples at lower annealing temperature. Moreover, along with the d-spacing, lack of π-

electron density in BG lattice also plays a key role in bandgap reduction which is discussed in 

the context of the absorption spectra in the next section. 

4.3.3 UV-Vis spectra analysis and ab-initio simulations: 

Figure 4(a) shows the variation of the optical bandgap for all the samples. In case of 

Graphene Oxide (GO), presented in figure A5 [appendix A], a peak near 236 nm 

corresponding to 𝜋 − 𝜋∗  transition is clear evidence of perfect oxidation in the graphite 

system [50]. A shoulder peak near 296 nm can also be observed for the GO sample due to the 

transition of the non-bonding electrons from 𝑛–level (non-bonding) to 𝜋∗ (anti-bonding state) 

[51,52]. Non-bonding electrons are congregated here due to the presence of the OFGs in the 

system. However, this peak originated from the 𝜋 − 𝜋∗ transition in GO, and then further 

blueshifts ~ 272 nm due to the reduction process [50,53]. This peak is attributed to the C=C 

bonding present in the graphene sample. Absorption peaks near 272 nm for all the BG and 

TG samples, as shown in figure A6 [appendix A] & figure 7 respectively, confirm the proper 

reduction of the graphene structure. Now for the TG samples, the peak corresponding to the 

𝜋 − 𝜋∗ transition is red-shifted with more degree of reduction which indicates more removal 

of the OGFs from the system at higher annealing temperature. To understand the red-shifting 

of absorption band maxima and hence the reduction of bandgap for TG samples one can 

consider Woodward-Fisher rule where more conjugated graphene system can lead to the 

shifting of absorption maxima to higher wavelength [54]. Physical interpretation of this rule 

can be elucidated considering one dimensional quantum well problem, mostly applied for 

nano-crystallites. In such systems, bandgaps are inversely proportional of the crystallite sizes, 

i.e. the sizes of the sp2 cluster [55].  
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Figure 4. (a). Variation of bandgaps obtained by analyzing the UV-VIS absorption spectra 

for BG and TG samples while maintaining uniform concentrations (appendix A; figure A6 & 

A7). (b) Theoretically obtained bandgap from DOS for each system (bonding configurations) 

as considered. (c) Schematic diagram comparing the molecular orbital structures considering 

C-C and C-B bonding configurations independently. Only 2p orbital of Boron and Carbon 

atoms has been considered here. 𝐸𝑔 represents the bandgap between energy states the HOMO 

and LUMO states.  

Here in case of the TG samples, more withdrawal of the OFGs reinstates sp2 clusters with 

more dominance of 𝜋 − 𝜋∗  conjugated electrons, as depicted in figure 2(c), that finally 

reduces the π-π* bandgap. For BG samples, similar diminution of the bandgap with the 

elevation of the annealing temperature can be observed due to the removal of the out of plane 

boron groups in conjunction with oxygen atoms, i.e. BC2O and BCO2. More substitutional 

doping, however less, re-develops the Csp2 domain, as demonstrated in figure 2(c), which 

causes the reduction of the bandgap in BG samples. In spite of the similar variation of 

bandgaps for both doped and undoped samples endorsed well by the amount of 𝜋 -

conjugations and sp2 cluster sizes, anomalous criss-cross nature of bandgap variation between  
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Figure 5.  TDOS for the BG and TG lattices with the different boronic (BC2O, BCO2, C-B) 

and OFG (C-O-C, O-C=OH, C-OH) bonding configurations. Corresponding crystal structure 

is shown at the right side of each TDOS plot where pink, gray, red & white spheres in the 

figure are for boron, carbon, oxygen & hydrogen atoms respectively. (DOS for the pristine 

graphene lattice with double vacancy is demonstrated in figure A8 [appendix A]). 

 

TG and BG samples has been detected. This anomaly can be explained by estimating the shift 

of the Highest Occupied Molecular Orbital (HOMO) state due to boron substitution. Much 

lowering of optical bandgap value for BG sample at higher temperature can also be explained 

by considering the upshifting of HOMO level due to inadequacy of one electron in 𝜋-orbital 

(bonding) in boron atom while bonded with only carbon atom, as explained in fig 4(c). Here, 

for carbon-carbon bond, 2p valance shell of each carbon atoms shares two electrons to 

completely fill the 𝜎 level and half-fill 𝜋 level. For the in-plane C-B bond, B-2p having only 

one electron making a deficiency of electron in 𝜋-level, which compel to up-shift that 𝜋 level 

assigned as HOMO and ends up with reduction of 𝜋 − 𝜋∗ transition gap [56]. In contrast, 

sufficient number of electrons in HOMO levels restored due to the carbon-carbon bond 

formation in TG900 and TG1000 lattices partially ceases the bandgap reduction. To validate 

the above explanation, the bandgaps of BG samples containing major boron group 

configurations as well as of TG samples containing OFGs have been calculated by plotting 

the DOS with the help of ab-initio simulation. As the boron groups attached to the graphene 
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lattice evolved with temperature, it can be assumed that each boron group based on major 

occupancy plays significant role to attenuate the bandgap of the whole system. Hence from 

XPS analysis, majority of the boron group (OFG) with the elevation of annealing temperature 

has been estimated. For example, at lower temperature BC2O group takes the lead and after 

that BCO2 and finally the substitution of boron has the majority inside the lattice (figure 

2(a)). On the other hand, TG lattice are populated with epoxy groups at lower temperature 

and then with the C=O groups at the mid-range of annealing temperature and finally at 1000 

°C the TG lattices are left with some hydroxyl (-OH) groups as amount of this functional 

moiety is increasing with temperature as shown in figure 2(c). So, on that basis, DOS 

calculations of graphene containing those particular groups have been performed as 

demonstrated in figure 5. From these calculations, bandgaps of corresponding configurations 

are plotted with increasing annealing temperature in figure 4(b). These bandgap values 

obtained from the ab-initio simulation reveal a similar trend, maintaining the criss-cross 

nature as seen in experimental curves from figure 4(a). Another aspect of this trend can be 

explained by XRD results, where a sharp graphitization peak was obtained for the BG 

samples (figure A3 ; appendix A). As the boron atoms help to re-develop the in-plane 

crystallization due to the higher diffusion rate of boron than carbon as discussed in XRD 

section. This causes more reduction of bandgap of BG lattice than TG samples. Hence, all the 

arguments simply indicate that the out-of-plane boron configurations have higher optical 

bandgaps which exceed the reference level made by TG samples. While with the elevation of 

annealing temperature, BG samples containing more in-plane boron atoms reduce the 

bandgap of the doped graphene sample below the reference level (TG samples).  

4.3.4 Raman analyses: 

Full Raman spectra for both doped and the undoped samples are demonstrated in figure 6 (a) 

& (b) respectively. The D and G peaks are prominent here, ensuring the presence of defects 

in all samples. To know the defect type these first order peaks of all samples are 

deconvoluted  into five components, as depicted in figure 6(c). Furthermore, four-component 

deconvolutions of the 2D band are also observed for all the samples (figure 6(d)), which 

confirm the few-layered structure of the graphene samples. Genesis of phonon-defect bands 

such as D and D’ can be understood by defect-induced Double Resonance (DR) process 

[57,58,61]. Under excitation, electron-hole pairs are generated with a momentum 𝑞 ≠ 0 (at 

the corner of Brillouin zone; K or K’) due to defects present in lattice and scattered twice in 

the DR process. 
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Figure 6. Full range Raman spectra for (a) BG and (b) TG lattice derived with different 

annealing temperatures varied from 500oC to 1000oC. Deconvoluted Raman spectra consist 

of (c) first order and (d) second order components for all BG and TG samples. Black lines are 

the original line shape as obtained from spectrometer and rest of the colors represent the 

contributions of different bands. 

                 For the first time, they are scattered with phonons with exchange of their momenta, 

which leads to creation of phonons. After that, another secondary scattering process occurs 

due to collision with defects, which recombines the electron hole pairs in the system. This 

process is called phonon-defect process that out-turns as phonon-defect bands i.e. D 

(Intervalley DR process) and D’ (Intravalley DR process) bands in only defected system 

[59,60]. This process is found in defected system only. Another DR process, called phonon–

phonon process can be found in graphene lattice by scattering of those pairs twice where the 

phonons are emerged with opposite wave vector +𝑞  and – 𝑞 , keeping resultant 𝑞 = 0, both 
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times. In pure crystal this process can always occur and 2D peak arises consequently [61]. 

Later in this paper, the evolution of 2D peaks due to doping of boron atoms has been 

discussed. Now, to analyse the defect concentration and defect type in those BG and TG 

samples, phonon-defect lines are considered for discussion.To know the types of defects and 

quantification of the same due to boron incorporation into graphene lattice and also to 

understand the effect of annealing treatment on oxygenated graphene, one should take the 

ratios of maximum intensities of the D and G peaks (ID /IG), and the ratios of the maximum 

intensities of the D and D’ peaks (ID /ID’) into account. As reported by Venezuela et. al., there 

are three types of defects found in graphene system [61]. One of them is the hopping defect 

that describes the deformation of the carbon-carbon bonds while retaining the sp2 

hybridization intact. This type of defect can be seen in graphene lattice due to the presence of 

vacancies or point defects [62,64]. Another example of the hopping defect is the Stone-Wales 

(SW) defect that requires a rotation of the two sp2 bonded carbon atoms by 90° with respect 

to the midpoint of this bond [63]. Finally, there is the on-site defect which is related to the out 

of plane atoms bonded to the carbon atoms lying in-plane to the lattice with sp3 hybridization 

[64]. In this system, some atoms or some functional groups can be chemically bonded with 

sp3 hybridization which could be aligned mainly outside to the graphene plane. Contributions 

from these two types of defects are quantified by the intensities of the D peaks in most cases. 

Additionally, one more type of defect can be observed in graphene system termed as the 

Coulomb impurities which are basically some charged particles getting adsorbed at some 

height above the graphene sheets [61,64]. These coulomb impurities cannot affect the D 

peaks as the potential remains maximum near to the Γ point in the momentum space, where 

the phonons corresponding to the D peaks are closer to the K point in graphene’s Brillouin 

zone (BZ) [65,66]. It is reported that the phonons associated with the D’ peaks are closer to Γ 

point in BZ and are more interactive with the charged impurities, though undetectable, 

present within graphene samples [61]. Therefore, the ID/IG ratios can be used to observe the 

variation of the defect concentrations where the type of defects can be probed by measuring 

the ratios of the intensities of D and D’ peaks (ID/ID’). The intensities of the G peaks are 

considered here to be the reference intensities and remained unaltered compared to the defect 

band intensities as it comes from simply the in-plane E2g mode of vibration of the carbon 

atoms [67,68].  

                     Here the variations of the ID /IG ratio of all TG and BG samples have been 

plotted in figure 7(a). The ID/IG ratios for the doped BG samples are clearly increasing, 

whereas for the undoped TG samples these are decreasing. In this scenario, one can expect  
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Figure 7. Raman analysis for BG and TG samples. (a) Variations of ID/IG ratios for BG and 

TG samples synthesized at different temperatures is plotted. (b) Decrement of ID’/IG ratios for 

BG and TG samples synthesized with increasing temperatures is shown. (c) FWHM of G 

band is plotted after deconvolution for TG and BG samples in y-axis against annealing 

temperature (d) Shifting of the ID/ID’ values for the different doped and undoped samples is 

shown as a function of annealing temperature.  

 

that the increment, clearly observable for the BG samples with higher doping concentration, 

is due to more defects induced in graphene network at higher annealing temperatures. On the 

other hand, in case of the TG systems, having an exponential fall of the ID /IG ratios with 

annealing temperature, are supposed to have less disorder in comparison. To verify this 

notion, the values of the FWHM (G) are also plotted against the annealing temperature for 

both BG and TG samples. It is well known that the FWHM (G) always increases with 

increasing disorder [69,70]. Decrement of FWHM (G) for the TG samples, as observed in 

figure 7(c), attributes to the narrowing of the G bands which implies the reconstruction of 

defect-free lattices during annealing process at higher temperatures. Obviously in the BG 
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lattices, broadening of G peaks indicates the enhancement of disorder with increasing boron 

content annealed at higher temperatures. However, enhancement of ID/IG and broadening of 

FWHM (G) confirms more inclusion of defects into BG lattice, with the elevation of 

annealing temperature.  

                     For further realization of complexity of boron doping, the intensity ratios 

between the D’ and G peaks (ID’/IG) have been plotted against the annealing temperature in 

figure 7(b). As it is already stated that the D’ peaks are sensitive to the charged impurities in 

the system, the deviation of the ID’/IG ratios help to comment about the third type of defects 

as mentioned earlier. From figure 7(b), it is evident that in the TG samples, thermal treatment 

at higher temperatures contributes to lower occupation of the OFGs, acting as Coulombic 

impurities that reside over the graphene sheets, with ID’/IG ratios sharply falling with 

temperature. On the contrary, for the BG samples, there are also decrement in the ID’/IG 

ratios, indicating the replacement of the out of plane boron groups by in-plane graphitic 

boron. Interestingly, for the BG samples decrement of the ID’/IG ratio is almost linear, rather 

than exponential, due to slow removal of the BCO2, BC2O and C-O-B groups and induction 

of the BC3 configuration in the lattice. Consequently, it can be stated that, with changing of 

the doping configurations with respect to the temperatures is not specified by any kind of 

distinct transition, but rather as a continuous process of substitution in this case. 

                 Previous reports have shown mainly two stages of evolution in the ID /IG ratios for 

the graphene samples based on defect concentration [71,72]. For low defect concentration, 

the ID /IG ratio varies inversely to the square of average of inter-defect length, in short, defect 

length (𝐿𝐷) in sp2 carbon lattice (stage-I). For higher concentration of defects, these ID /IG 

ratios become proportional to the ( 𝐿𝐷 )2 (stage-II). In other words, the ID /IG ratio is 

proportional with defect density (𝑛𝐷) for stage-I and varies inversely with (𝑛𝐷)2 for stage-II. 

In this regard, increasing ID /IG ratio, as well as the FWHM (G) with more boron doping 

follows the evolution of those parameters as indicated for stage-I [64,72,57]. Eventually, 

defects in the TG samples describe the same path of evolution and thereby aligning our 

interest to both TG and BG systems with lower density of defects as obtained. 

                     In their Seminal work, Tuinstra and Koenig introduced an equation for the 

graphitic carbon system with lower defect concentration, where in-plane crystallite size (𝐿𝑎) 

depends on the ID /IG ratio in a particular manner as follows: ID /IG = C(𝜆)/ 𝐿𝑎, where C(𝜆 = 

515.5 nm) = 4.4 nm [73,57]. This relation was modified later by Lucchese et. al. for point 

defect like vacancies created in graphene lattice by ion bombardment where the ID /IG ratio is 
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inversely proportional to the square of the inter defect distance (𝐿𝐷) [71]. In this model, the 

defect sites are termed as impact points which are surrounded by two circular areas with radii 

𝑟𝐴  and  𝑟𝑆 . The inner circular region, where defects are formed, is called the structurally 

disordered region (characterized by 𝑟𝑆) and the outer part where lattice structure remains 

unperturbed but mixing of the Bloch states takes place near K and K’ valleys in BZ of 

graphene lattice due to proximity of impact points, is called the activated region 

(characterized by 𝑟𝐴 ). This phenomenal model, in particular, is fitted well for higher 

concentration of defects where Tuinstra-Koenig (T-K) relation fails to explain the decrement 

of ID /IG ratios with increasing defect densities. However, for lower concentration of defects, 

Lucchese’s model comes into a good agreement with the T-K relation when only considering 

the line defects e.g. edge defects, rather than point defects, where 𝐿𝑎 is in nanometer scale 

[71]. 

                          Another approach for estimating the defect types is illustrated in the figure 

7(d), where the ID/ID’ ratios, associated with both the doped and the undoped samples, are 

plotted against the annealing temperature. As per our interest at stage-I, both defect-phonon 

peaks D and D’ commensurate with the defect density, 𝑛𝑑. as 𝐼𝐷 ~ 𝐴𝑑𝑛𝑑  and 𝐼𝐷′ ~ 𝐵𝑑𝑛𝑑 , 

where 𝐴𝑑 and 𝐵𝑑 both are constants and depend upon the type of perturbations introduced 

through the defects inside the lattice [64]. Hence, the ID/ID’ ratios become  𝐼𝐷/𝐼𝐷′ ~ 𝐴𝑑/𝐵𝑑 , 

independent of concentration of defects and only depend on type of defects inside the crystal. 

As per report, for onsite defects, the 𝐼𝐷/𝐼𝐷′ ≈  13, becomes maximum and for hopping 

defects, the 𝐼𝐷/𝐼𝐷′ ≈ 7, and for boundary defects, the 𝐼𝐷/𝐼𝐷′ ≈ 3.5, becomes minimum [64]. 

Here Eckmann. et. al. suggest that in graphene system lattice with sp3 bonds like OFGs and 

out of plane boron groups are not only create the on-site defects but also produce a crystal 

deformation which changes the hopping parameters. Therefore, these types of defects persist 

in the lattice as a combination of both on-site and hopping defects. In addition, the charges 

present in those groups can contribute as coulomb impurities in the lattice. In that case, 

theoretical calculation claimed that value of ID /ID’ ratio of about 1.3 describes the onsite 

defects and the value of about 10.5 describes the hopping defects [61,64]. In our study, the 

value of ID /ID’ ratio for TG system this value shifts from 1.7 to 3.2 with increasing annealing 

temperature while the BG system shifts from 1.8 to 2.6 with increasing the doping density or 

annealing temperature. This increment of the ID /ID’ ratios with the annealing temperatures 

clearly indicates that the out of plane boron atoms (as on-site defects) are being removed and 

more in-plane boron atoms (as hopping defects) are substituting in the BG samples with 
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increasing annealing temperature. For the TG samples, it is similar to the OFGs are removed 

from the systems at high temperature and some hopping defects e.g. vacancies dominate the 

lattice structure, obtained after the removal of the OFGs. Finally, in TG1000, maximum ID 

/ID’ implies the least amount of on-site defects as expected. So, we can summarize the facts 

regarding the defects in the BG and TG samples as: (1) Evolution of the 𝐼𝐷/𝐼𝐺  with 

temperature, henceforth with doping concentrations, follow stage-I, which indicates that the 

samples contain lower density of defects. (2) Evolution of the  𝐼𝐷′/𝐼𝐺  similarly with the 

doping density confirms that out of plane boron atoms are having Coulombic contributions as 

defects to the BG lattices, whereas the OFGs have the same for the TG lattices. (3) 𝐼𝐷/𝐼𝐷′ 

ratios are suggesting that the on-site defects are replaced by hopping defects for both BG and 

TG samples, where the onsite defects for BG samples are the out of plane boron 

configurations, i.e. BC2O, BCO2, C-O-B and for the TG samples those are the oxygen 

functional groups. On the other hand, the in-plane BC3 graphitic boron configuration is 

categorized as hopping defects in the BG samples while the vacancies are playing the main 

role as hopping defects in the TG samples. (4) T-K relation defining the 𝐼𝐷/𝐼𝐺 as a function 

of crystallite size, 𝐿𝑎, still should be satisfied for corresponding parameters of our samples. 

As the relation between the 𝐼𝐷/𝐼𝐺 and 𝐿𝐷, as mentioned for stage-I, matches well with the T-

K relation for lower concentration of one-dimensional defect (line defect) as we have 

obtained in the TG lattices. 

                     To verify the last statement, the in-plane crystallite sizes are calculated for all 

samples from the XRD pattern considering the peaks near 2𝜃 = 43°. Those peaks are 

deconvoluted into two with the values of 2𝜃 = 42.5° and 2𝜃 = 43.2° by Voigt functions as 

presented in figure A4(b) [appendix A]. These two peaks correspond to the (100) and (101) 

planes respectively [74]. As graphitic substitution of boron in the BG samples and vacancies 

in the TG samples mainly affect the in-plane lattice in the direction of normal to the (100) 

plane, crystallite sizes of the BG and the TG lattices were measured (using Eq. 1) considering 

only these (100) planes for all samples. Figure 8(a) demonstrates the compatibility of the 

values of the crystallite sizes obtained from the XRD spectra for the TG and the BG samples 

with those values calculated from the T-K relation theoretically using the following equation 

which is moderately improved by Cancado et. al. [75] as: 

                                                        𝐿𝑎(𝑛𝑚) =
(2.4×10−10)𝜆4

(
𝐼𝐷
𝐼𝐺

)
                                                    (3)  
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Figure 8. (a) Correlation between the in-plane crystallite sizes (La) to the ID/IG ratios for the 

BG and TG samples is shown. Values of La  are calculated from the XRD measurements 

(figure A4 (b) ; appendix A) and the ID/IG ratios are considered from the Raman spectra. (b) 

Different values of defect concentrations measured for the BG and TG samples using Eq. 4. 

 

In our experiment, the BG900 and BG1000 samples have deviated from the T-K equation and 

this disagreement is less in case of the BG500 and BG700. Overall slope for the 

experimentally collected 𝐿𝑎  values is slightly steeper than those for the theoretically 

calculated using the T-K equation. From this observation, one can say intuitively that the 

defects due to boron incorporation into graphene plane are more like point defects (as 

deviated from the T-K equation) which may have some intention to follow the relation, 𝐼𝐷/𝐼𝐺 

= 1/(𝐿𝐷 )2 , proposed by Lucchese et.al. On the contrary, In TG samples, experimentally 

obtained 𝐿𝑎 values are fitted well with T-K equation as most of the defects in the TG samples 

are boundary defects due to remaining of hydroxyl groups (C-OH) attached at the edges of 

graphene sheets even at 1000oC. Considering the boron incorporation into graphene lattice as 

point defect, we have calculated the defects densities, 𝑛𝐷 , using equation [72], 
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                                                𝑛𝐷(𝑐𝑚−2) =
(1.8±0.5)×1022

𝜆4
(

𝐼𝐷

𝐼𝐺
)                                               (4) 

for all samples as shown in figure 8(b). From this figure, it is noticed that the defect densities 

in the BG samples are increasing with annealing temperature according to our intension. 

while for the TG samples doping concentrations are decreasing inevitably with increasing 

annealing temperatures.   

                     Effects of boron doping in graphene can be probed with another perspective by 

comparing the G and 2D band frequencies of the BG and the TG samples. For nitrogen-doped 

graphene, the authors have come up with a consensus that doping with nitrogen atoms 

increases the electron density (n-type) and introduces a compressive strain in graphene lattice 

[76]. On the contrary, incorporation of boron as foreign atoms can have different outcomes. 

In brief, proposed consequences due to doping of the boron atoms into graphene lattice are as 

follows: (1) some have demonstrated that this doping phenomenon as a simple method to 

incorporate p-type charge carriers in graphene lattice as boron contains single deficiency of 

electron while bonded with sp2 hybridization in its excited state [77]. In case of doped 

graphene, the Fermi surface changes according to non-adiabatic Born-Oppenheimer 

Approximation (ABO) and that shifts the Kohn anomaly from Γ  and K point as well in 

reciprocal space. So, changes of the Fermi surface from that anomalous lowest point (Kohn 

anomaly) with 𝑞 = 0  results as stiffening of E2g mode, hence the G peak [78]. Authors have 

plotted the G band frequencies as a function of electron and hole concentration due to doping 

[78]. In their work, Pos(G) is shifted up because of increasing both electron and hole 

concentration in graphene. Similarly, boron doping can be considered as a source of hole gas, 

thus Pos(G) value can increase with increasing doping concentration. This type of doping can 

also be achieved by intercalating electron acceptor or electron donor molecules over graphene 

surface. Charge transfer between graphene sheets and intercalated molecules can make the 

surface hole or electron doped [79]. (2) On a separate note, Kim et. al. investigated the 

substitutional boron doping that causes tensile strain generated inside the lattice [80]. Several 

Raman analyses of strained two-dimensional lattices, especially, graphene, claim the 

redshifting of G band frequencies with increasing tensile strain while boron percentage was 

increased [19,81]. Longer bond length of C-B in boron doped graphene than that of C-C in 

pristine sample also induces this tensile strain within the lattice. 

                   In our case, to eliminate the above conflict, investigation of the doping effects is 

performed by a simple relative study of the G and the 2D band frequency. Here in figure 9, 

∆Pos (2D) vs. ∆Pos (G) for BG and TG samples are plotted where the actual shift in 
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Figure 9. Representation of ∆Pos (2D) vs. ∆Pos (G) plot for BG samples. ∆Pos (2D or G) is 

obtained by considering the real shift found in BG samples with respect to TG system at a 

particular annealing temperature. Black dashed line is the axial representation of the effect of 

strain and red dashed line is the same of effect of hole doping. Corresponding black and red 

arrows are the representation of unit vectors [81] for those effect’s directions respectively. 

Blue solid line shows the resultant effect of hole as well as tensile strain on frequency shifts, 

where effects of both hole and strain are equal.  

frequencies of G and 2D bands are obtained by taking the differences between the 

frequencies of BG samples and those values for the reference TG samples at corresponding 

temperature. Now, it is fact that effect of elemental doping in graphene can be decomposed in 

two consequences as variation in hole concentration and formation of strain lattice. Previous 

report also states that two consequences individually display a steady variation of ∆Pos (2D) 

w.r.t. to  ∆Pos (G) with a particular slope, i.e. for hole, it is ~ 0.7 and for strain, it is ~ 2.2 

[81,82]. Therefore, for boron doping, the combined effect (the frequency shift) can be 

deconvoluted in two compositions along the direction of variations of the frequency shifts 

due to hole and strain as the axes. In figure 7(a), boron doped samples are found in the fourth 

quadrant (color shaded area) in axial representation of hole doping and strain effect. This 

confirms the p-type doping of graphene associated with small amount of tensile strain due to 

boron inclusion where the strain contribution in lattice is due to enlarged C-B bond length. 

Therefore, doping of boron atoms can induce defect as well as strain in graphene lattice apart 

from its charge carrier contribution. From this result, apart from the doping related analysis, 

It is also justified that strain dominancy in shifting the G and 2D comes into picture for 

higher number substituted boron atoms into graphene lattice, as claim in ref. [80] 
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 4.4 Conclusion 

                In summary, boron doped graphene sheets were synthesized and the aspect of doping 

density as well as their different configurations have been analysed as a function of 

increasing annealing temperature. Additionally, transition from on-site to hopping 

configuration of defects was also observed with increasing doping concentration. Thermal 

annealing of the samples was done mainly to substitute the carbon by boron atoms for 

achieving the desirable BC3 configuration. However, other configurations of boron atoms i.e, 

BCO2 and BC2O, mostly situated at the edge or the out of the plane lattice, have been 

achieved by simply tuning the annealing temperature. Higher annealing temperature created 

higher population of BC3 configurations i.e., graphitic substitution in the lattice, while at 

lower temperatures other BCO2 and BC2O groups were accumulated in out of plane sites. 

Henceforth, by using simple spectroscopic techniques, the effect of boron doping on 

reduced graphene can be summarized as; The C=O & -O-C=O groups have been identified 

for out of plane boron attachments as the most favourable sites among the OFGs. 

Furthermore, anomalous ‘squeezing’ of the bandgap for the BG samples is in good agreement 

with the occurrence of the substitutional doping produced at temperatures higher than 900 °C. 

The contrasting relationship between the undoped (TG) and the doped (BG) samples 

regarding the amount of C sp2 and π-conjugated domains become more prominent in case of 

the substitution doping than the out of plane boron attachment due to more presence of the C-

B bond in the BG samples when prepared at higher temperature.  

Estimation of the in-plane crystallite sizes, d- spacing in the BG and TG samples have 

been utilized to substantiate the low defect concentration present in the samples. Finally, 

Raman spectroscopy measurements confirmed the p-type charge contribution of the doped 

samples by inspecting the slope of ∆Pos (2D) vs. ∆Pos (G).  

             Finally, next to the type of charge carrier, point defects have also appeared as an 

added effect with subtle manifestation of strain. More inclusion of boron into lattice produced 

more defects within graphene system. Hence, for future purposes and novel applications, 

many aspects such as the band structure, phonon dispersion and the defect profile, can be 

adjusted with these p-type BG systems consisting of point defects and explored further. 
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Intimation of Charge Density Wave in out-

of-plane Boron Doped Few-layer 

Graphene  
  

 

Abstract: 

To achieve some symmetry-breaking phase transition like superconductivity (SC), charge 

density wave (CDW) etc. in two-dimensional layered materials, metal-intercalated graphene 

has become a suitable agency because of its modified electronic and phonon structure as 

compared to pure graphene. Strong carrier-lattice interaction followed by a long-range charge 

ordering can be obtained through incorporation of adequate soft vibrations and accumulation 

of charges at the interlayer region of few-layer graphene. In this work, we employ boron 

doped few layered graphene to acquire the CDW phase above TCDW = 100K, where the out-

of-plane boron groups are playing a significant role for such transition. Distinct CDW energy 

gap in band structure is identified using ab-initio simulations and the transition is also 

verified from low temperature electrical transport measurements. Thus, we elucidate on the 

correlation between the structural and the vibrational properties on our boron doped few-

layered graphene system in the context of the CDW ordering. Furthermore, we find 

interesting electric field dependency on the CDW phase in this non-metallic, light-atom 

doped graphene is also depicted here. 
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 5.1   Introduction 

Recent advancement of doped graphene systems towards obtaining a strongly correlated 

electron system unfolds a promising field for graphene as well as for other two-dimensional 

(2D) materials [1-9]. Particularly since the last decade, intercalation of alkali metals 

[1,10,11], and other alkaline earth elements [12,13] in few-layered graphene systems (FLGs) 

has become an area of interest for inducing macroscopic quantum phenomena like 

superconductivity (SC) [10-13], charge density wave (CDW) [14,15] in low-dimensional 

materials. For CDW phase, the system acquires a periodic accumulation of electronic charges 

on account of few popular microscopic events such as Fermi surface nesting [16-18], 

electron-phonon coupling [19-21], formation of exciton pair [22-24] and in some cases 

exciton-phonon interaction [25]. In fact, in some cases the electron-electron interactions 

weigh heavily as a considerable term in the CDW ordering process [26-28].  All these 

situations, either separately or collectively, decrease the energy due to correlation of electrons 

and thereby opens up a band gap level near the Fermi level. Alteration of the periodicity of 

the electronic charges built up by charge localization essentially results in the commensurable 

and/or incommensurable changes of the lattice constants. Similar to superconductivity, origin 

of the charge density wave in different materials is still ambiguous since several microscopic 

factors collectively assist together to construct such correlated phases. Interestingly, 

coexistence of these phases is found in various layered materials, mostly in transition metal 

dichalcogenides (TMD), either in or out of favor of each other. It is truly difficult to explain 

this coexistence of two collective phenomena; however, it is found that the electron-phonon 

coupling (EPC) plays an important role in both cases. This fermion-boson interaction 

develops an attractive term to surmount the Coulombic part between the charges and 

constructs a highly correlated electronic structure in layered materials. Thus, several studies 

explain the occurrence of CDW phase by using the EPC mechanism in materials such as 

NbSe2, TaSe2 etc. [29-32]. In general, the description of the EPC is given by an equation as, 

                                                                     𝜆 =
𝑁(𝐸𝐹)𝐷2

𝑀𝜔𝑝ℎ
2                                                          (1) 

, where 𝑁(𝐸𝐹) is the electronic density of states (DOS) per spin at Fermi level (𝐸𝐹), 𝐷 is the 

deformation potential, 𝑀  is the effective atomic mass, 𝜔𝑝ℎ  is the phonon frequency [33]. 

Hence to achieve enhanced EPC, one can aim for manipulating these contributing factors in 

equation (1) that includes the phonon frequency, DOS at Fermi level and the atomic mass in 
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some cases. We may exclude the effect of the deformation potential as this remains invariant 

with either electron or hole doping, though we should not ignore this term in case of 

intercalation. Few studies demonstrate the enhancement of deformation potential by 

intercalating out-of-plane electrons closer to the plane [33,34]. However, electron or hole 

doping of graphene directly increases the DOS near Fermi level by shifting the Fermi level to 

the conduction band or valance band respectively. But doping in the plane of lattice of the 

graphene, i.e., in-plane doping cannot elevate the value of the EPC, as extremely energetic in-

plane phonons amplify the 𝜔𝑝ℎ  term in the denominator of equation (1). Intercalation of 

graphene can contribute to reinforce the EPC in two ways, by increasing the DOS at 𝐸𝐹 and 

then involving a considerable amount to the out-of-plane vibrations associated with the softer 

phonon modes. Ca-intercalated graphene platelet (bulk) shows a phase transition with 

commensurable lattice deformation from normal to the CDW state at transition temperature 

𝑇𝐶𝐷𝑊 = 240𝐾  with an energy gap, 𝛥𝐶𝐷𝑊 = 450 𝑚𝑒𝑉  appearing due to the correlated 

fermions [14]. Whereas, bilayer graphene achieves the CDW phase at 𝑇𝐶𝐷𝑊 = 78𝐾 with an 

energy gap, 𝛥𝐶𝐷𝑊 = 70 𝑚𝑒𝑉 [15]. Here, the interlayer (IL) states and dependency of the 

deformation potential on the interlayer distance, both play a key role to suppress the CDW 

phase while reducing symmetry from the bulk to the layered structure. Interestingly, almost 

destruction of the SC phase due to nesting of the 𝜋∗ bands for the Ca-intercalated bilayer 

graphene provide evidence of the competing SC and the CDW phases. However, proper 

explanation for the CDW phase transition in 2D systems and its exact origin is yet to be fully 

understood.  

This work deals with a signature of the CDW phase in non-metallic, boron doped 

FLG where some boronic and borinic configuration of the boron atoms hold the interlayer 

positions along out-of-plane (z-axis) direction from lattice plane. Boron atoms are 

intentionally opted to incorporate between the graphene layers due to its light weight (small 

atomic mass, 𝑀) which is essential for the soft vibrations along the out-of-plane of lattice 

followed by an enhanced EPC. Generation of IL states associated with those out-of-plane 

doping configurations and the transfer of charges between the IL states and graphene layer 

provide extra benefits towards obtaining such instability. Moreover, Dresselhaus predicted 

the superconducting state in boron doped graphene and commented about unusual defect 

properties and localized electron density [35], which are also regulating factors for EPC and 

hence for CDW, as discussed later in this literature.  
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 5.2   Methods 

To achieve our objective, we prepared several sample specimens of few-layered 

graphene systems having different doping configurations of boron. Boron doped graphene 

samples, labelled as BG500, BG700, BG900 and BG1000, were achieved by standard 

chemical vapor deposition method performed at 500 ℃, 700 ℃, 900 ℃, 1000 ℃ respectively 

[36].  

 5.3   Results and Discussion 

5.3.1 Theoretical analysis: 

In search of the origin of CDW phase in boron doped FLG, we optimized our few-layered 

graphene systems with different doping configurations for ab-initio study. Fig 1(a), 1(b) & 

1(c) show the optimized structure of doped graphene consisting of the in-plane BC3, out-of-

plane BC2O and BCO2 groups respectively. Choice of the di-vacancy defect is made to 

emulate the real system as prepared by annealing treatment at high temperatures [37,38]. 

There are several advantages to boron groups along the out-of-plane direction since, (a) they 

can generate relatively softer vibration perpendicular to the lattice plane, (b) they can imitate 

the intercalated graphite structure accumulating electrons closer to the lattice plane that 

essentially increase the deformation potential in FLG system. (c) Generation of the interlayer 

states that participate in charge transfer to the antibonding 𝜋∗ bands. Fig. 1(e) & 1(f) exhibit 

that electrons are transferred to the out-of-plane boron groups from the lattice plane as the 

localization of the charges are seen at out-of-plane dopant sites. Enhancement of the 

population of the electrons at the interlayer region is the most suitable arrangement for the 

excitation of those interlayer electrons to the antibonding state easily as well as for 

improvement of the lattice vibrations. Some metal intercalated graphite compounds procure 

the SC states using this charge transfer process [39]. On the other hand, electrons are more 

localized around boron itself for the in-plane doping as shown in fig 1(d). There is another 

viewpoint for the charge transfer process as the lacking of charge from the lattice for the out-

of-plane doping leaves the system more hole doped, we provide a different approach 

explained later in this letter. Now, to find the gap in the valance band owing to the energy 

reduction of the periodic density of charges, the total density of states (DOS) of all the doped 

systems are shown in Fig. 1(g), 1(h) & 1(i) respectively. For the in-plane doping of the boron, 
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the Fermi level shifts down inside the valance states by an amount of 470 meV, as seen in fig 

1(g). 

Figure 1: Theoretical study: (a) – (c) optimized structure of boron doped supercell where 

boron atoms are configured as (a) BC3, (b) BC2O, and (c) BCO2. Transfer of charges between 

in-plane carbon lattice and the (d) doped boron in plane, (e) BC2O group, (f) BCO2 group. 

Yellow shows the accumulation of electrons where cyan indicates deficiency of electrons 

after equilibrium. DOS vs. energy plot of (g) BC3, (h) BC2O, and (i) BCO2 [Appendix B] ∆ is 

the energy gap appeared at Fermi level at ground state. 

 

This shift clearly indicates that the boron doping produces a hole concentration in the 

graphene lattice. The gap between the conduction band (CB) and the valance band (VB) is 

found here to be about 90 meV. This gap is expected here due to the di-vacancy of graphene 

as well as the defect present in the lattice and the interstitial sites of graphene. On the extreme 

side, for BCO2 configurations, this shift of the Fermi level to the VB is much larger and this 

shift of the Fermi level from the top of the valance band, simply designated as the valance 

band maxima (VBM), is about 770 meV. Hence much higher percentage of the hole doping is 

expected here, which also substantiate the experimental results. Bandgap for this structure is 

also increased to 110 meV as compared to the BC3 configuration. Now, for the BC2O 

configurations, instead of the shifting of the Fermi level towards the valance band, a wide 

bandgap of about 240 meV opened up at the Fermi level. Hence, the band separation at the 
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Fermi level followed by a divergence of density of states near the saddle points emphasize 

the possibility of charge ordering below TCDW. In addition, we observe Van Hove Singularity 

(VHS) slightly away from the Fermi level ~0.5eV for this BC2O configuration as seen in 

figure 1(h). Furthermore, a flat like band near the Fermi level is also observed for the BCO2 

configuration as well [Fig. B8; appendix B]. Therefore, to achieve further evidence of the 

CDW phase in graphene, more focused measurements are done for the BG samples which we 

demonstrate below. 

5.3.2 Properties of BG samples: 

Fig. 2(a) depicts the XPS results obtained for all of the BG samples. Peaks associating with 

the other out-of-plane configurations of boron atoms are found above B.E. 190 eV. As the 

synthesis temperature goes to 1000 ℃, most of these out-of-plane groups are removed and 

thereby substitutional doping (mostly BC3) in-plane of the lattice is ensued in majority as 

depicted in Fig. 2(a). We obtained the actual amount of the in-plane and the out-of-plane 

boron groups present in the graphene samples physically by deconvoluting the B1s peak for 

each sample [Fig. B1; Appendix B]. Evolution of the doping configuration from the out-of-

plane to the in-plane is shown in Fig. 2(b). Out-of-plane boron groups own maximum 

occupancy about 90% of the total doping for then BG500, which then falls gradually to 30% 

for the BG1000 sample [Table B2; appendix B]. Amounts in percentages are fit with the 

cubic function that show the two distinct stages, by means of doping, separated by an 

inflection point (Fig. 2b). It is noteworthy that the BG500 and the BG700 samples mostly 

contain the out-of-plane boron and have different pattern of variation below the inflection 

point as compared to the BG900 and BG1000 samples which are typically consisting of in-

plane boron atom as dopants. At the point of inflection, the out-of-plane boron groups holds 

around 60% occupancy, which is found to be the mid-value of the entire range of the doping 

variation. Hence this current state of affairs distinguishes two different stages modulated by 

the in-plane (I/P) and the out of plane (O/P) boron doping in few-layered graphene systems. 

Therefore, some contrastive physical, electrical, vibrational properties are distinctly observed 

throughout the whole study of BG samples prepared by annealing. In connection with the 

electronic instabilities those properties are found to be either collectively manipulating these 

instabilities or be a by-product of this phase transition.  

                  First of all, the interlayer distances of these doped graphene samples, specified by 

d002 in Fig. 2(c), demonstrates the obvious trend that shows that the layer gap increases with 
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increase in doping occupancy for the out of plane sites. d002 for the BG samples are obtained 

from the X-ray diffraction patterns [Fig. B2; appendix B]. 

 

Figure 2: Manipulating factors of boron doped FLG in order to achieve CDW state: (a) XPS 

study of all BG samples. (b) Real measures of out of plane boron and in-plane boron in BG 

samples. (c) variation of interlayer distances with the amounts of out-of-plane groups present 

in BG samples. (d) Strain produced due to inclusion of differently configured boron groups in 

graphene lattice. Bars represent the result obtained from DFT, and stars demonstrate the 
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strain amounts as realized from Fig. 9 in ref. 36. (e) Types of defects produced in graphene 

lattice as a result of boron doping. 
𝐼𝐷

𝐼𝐺
  ratios as a function of experimentally obtained in-plane 

crystallite sizes, 𝐿𝑎(𝑋𝑅𝐷) , of BG samples considering T-K relation and modified-T-K 

relation for boundary (characterized by crystallite size, 𝐿𝑎) and point defects (characterized 

by defect length, 𝐿𝐷) respectively [appendix B]. (f) Degree of hole hoping in all BG samples 

analyzed by measuring the shift of valance band maxima from Fermi level as well as from the 

Raman analysis [36; Fig. 9] 

 

BG1000 has the shortest interlayer distance among all the BGs due to several factors like 

removal of the O/P boron groups, deficiency of the π-electron densities, van der Waals forces 

etc. which were clearly discussed in ref. 36. On the other hand, BG500 has the maximum 

interlayer distance because of the O/P boron groups. We believe, in the case accumulation of 

the electrons inside the layers definitely helps to enhance the lattice deformation potential and 

modifies the vibrational states in achieving CDW states. Another stimulating factor for the 

acquisition of the CDW phase in two-dimensional materials is tensile strain produced along 

the in-plane direction of the lattice [40,41]. Some two-dimensional TMDs such as 2H-NbSe2 

[40] 1T-VSe2 [42] and rare-earth ditelluride like CeTe2 [43] have shown their CDW 

transition where tensile strain directly helps in the charge ordering. Tensile strain, particularly 

uniaxial one (as biaxial strains have little contribution to it) enlarges the momentum 

separation 𝑞𝐶𝐷𝑊 in Fermi pockets around the 𝛤 point by softening the phonon energies and 

thereby altering the carrier hopping parameter [40]. It is now established that the boron 

doping in hexagonal carbon lattice induces tensile strain [35, 44]. Moreover, negative thermal 

coefficient of graphene is also a considerable factor at low temperatures, as it stretches the 

carbon rings during the cooling down of the temperature [45]. Our earlier literature gives an 

estimation of the tensile strain due to the boron groups in BG samples [Ref. 36; fig. 9]. Fig. 

2(d) depicts that O/P boron groups develop more strain than I/P boron groups inside the 

graphene lattice which evidently assists the CDW phase at lower temperatures. To ensure the 

validity of the experimental analysis about strain, theoretical data of the effective strain 

induced in the graphene planes due to external boron atom doping are investigated using ab-

initio simulations [Table B3; appendix B.]. This theoretical result is specific for the particular 

boron groups that is found to be comparable with the experimentally calculated strain 

[Methods; Appendix B] as described in Fig. 2(d).  Since the out-of-plane (BC2O & BCO2) 
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boron groups take the utmost responsibility to produce tensile strain in the plane of BG700 & 

BG500 lattice as compared to the BG1000 as noted previously.  Therefore, BG500 and 

BG700 samples are considered to be more suitable systems for CDW formation. 

Furthermore, the role of defects in CDW phase transition are unexplained till date. Weitering 

et al. clearly describe how point defects acts as nucleation centers for the CDW phase in 

germanium lattice [46].  Fig. 2(e) reveals the types of defects occurring in our boron doped 

graphene samples. After calculating the 
𝐼𝐷

𝐼𝐺
 values from the deconvoluted Raman spectra of 

BG samples [Fig. B5; appendix B], two distinct reference lines for point and boundary 

defects are drawn using the modified T-K relation [47]. Point defects and boundary defects 

are characterized by their defect length (𝐿𝐷 ) and crystallite size (𝐿𝑎 ) respectively in the 

figure. For two dimensional lattices, both of these parameters reveal similar range of 

crystallinity. Therefore, a comparative analysis is performed by evaluating the mean in-plane 

crystallite sizes (𝐿𝑎) of BG samples as revealed in Fig. 2(e). Thermally treated undoped 

graphene (TG samples) is employed here for the comparative analysis [Fig. 2(e); inset]. After 

analyzing the XRD peaks along in-plane (001) direction, experimental measures of crystallite 

sizes are cumulated [Fig. B3; appendix B]. Thus, it becomes clear that the variation of the 

crystallite sizes in the BG samples indicate that the O/P doping creates the boundary type 

defects inside the lattice whereas, I/P substitution of boron creates the point type defects in 

the same. On the other hand, undoped TG samples, annealed at high temperature, are prone to 

have boundary defects for its different functional groups attached in the out-of-plane 

configuration. However, we believe that for one-dimensional defects in our O/P doped 

system divides the whole lattice into several grains and the possibility of incommensurate 

CDW (IC-CDW) arises since commensurable phase transition requires lesser dimension of 

defects [48,49]. Absence of loop for the heating and cooling cycle at low temperature 

transport measurements also indicate a transition is likely to be from normal to IC-CDW 

states in BG500 and BG700 samples [8, 50, 51]. Thus, in present scenario, all those factors 

like, tensile strain, hole doping, line defects etc. are directly or indirectly trigger the O/P 

boron doped BG system to have greater EPC that allow for the charge ordering and periodic 

modulation of electron density in one dimension. 

5.3.3 Electrical Properties: 

Now to observe the charge transport phenomenon particularly in the low temperature regime, 

resistance vs. temperature (R-T) measurements were performed for all the BG samples 
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[Appendix B]. Fig. 3(a) reveals the semiconducting nature of all BG samples with long range 

disorder as the resistance for all the sample increase exponentially at low temperatures. 

 

Figure 3: (a) Temperature dependent resistances (R) of all BG samples under a bias current I 

= 1µA. (b) Temperature dependent resistances of BG500 sample under various bias currents 

(c)Corresponding first derivative of resistance curve for all BG samples at bias current I = 

1µA. (d) Influence of applied bias current on transition temperatures, TCDW,1 and TCDW, 2. 

Corresponding first derivative of resistance curve for BG500 sample at different bias currents 

(inset). 

 

An observable kink near 100 K can be identified for both the BG500 and BG700 samples 

under applied I = 1µA (inset: fig. 3(a)). These small elevations in resistance values just above 

100K are expected due to reconstruction of in-plane superlattice leading to a charge density 

wave (CDW) phase transition in the BG system. Transition from normal to CDW phase are 

more prominent in the derivative plots for the BG samples in fig. 3(c). Interestingly, in dR/dT 
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representation, two points of inflections clearly infers that the formation of superlattice takes 

place by two sets of transitions in samples. Two distinct temperatures separated by nearly 

10K are designated as TCDW,1 and TCDW,2 in Fig. 3(c). It is obviously unconventional to have 

such pair of minima in the way of achieving CDW phase transition in other TMDs, but still 

for few-layer, boron-doped graphene comprised with large amounts of defects it can be 

predicted due to few dissimilar aspects compared to normal TMDs. Effect of the applied 

electric field in achieved CDW phase set another perspective to the understanding of this 

collective phenomena. Different R-T curves and first order derivative with respect to the 

temperature in absolute scale are obtained for BG500 at I = 1 µA, 10 µA and 100 µA, to 

probe the influence of the electric field in CDW phase transition, as depicted in Fig. 3(b) and 

3(d) respectively. As the intensity of applied electric field increases, destruction of the CDW 

phase occurs. It is possible that pinning of the electric field strengthens the coulombic 

interactions so much, and also harden the vibration of the phonons by significant amount, that 

yields in vanishing of the CDW phase because of the weaker EPC. Similar observation is 

reported by Balandin group [53], where higher electric field redirects the sample 1T-TaS2 

from IC-CDW to metallic state. For BG500 sample, variation of the onset points for CDW 

transition by altering the applied bias field are shown in Fig. 3(d), which delineates the 

evolutions of both TCDW,1 and TCDW,2. Two transition points have a clear tendency to converge 

to a single point and that is leading to the destruction of CDW phase with increasing electric 

field. Some rare earth tritellurides holding two CDW transition points showed this type of 

shrinkage of CDW signatures under increasing pressure [54,55].  

 

Figure 4: (a) Variation of localization length (𝜉) with different amounts of O/P boron. (b) 

Ratio of the average of the square of EPC parameters, averaged on the Fermi surface, 
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associated with the 𝐾 and 𝛤 points, represented as 
〈𝐷𝐾

2 〉

〈𝐷𝛤
2〉

  vs. Degree of hole doping in terms of 

the shift of VBM from EF. EVBM stands for energy of valance band maxima and EF is the 

Fermi energy level. 

Considering aforementioned the coulombic interactions near to the Fermi level and the 

isotropic nature of the system, these samples are best fit [Fig. B7; appendix B] to the Efros-

Shklovskii variable range hopping (ES-VRH) model [56,57] of conduction of charge carrier. 

Localization of electron wave function can be understood as a by-product of the enhanced 

EPC as stronger EPC indicates more localization of charge i.e., smaller localization length, 𝜉. 

Fig. 4(a) indicates that the BG samples with more out-of-plane boron groups are having 

shorter localization length. Hence, due to strong EPC in BG500 and BG700, electrons are 

much localized here. To understand the origin of this CDW phase in BG, two most discussed 

mechanisms are brought into this picture. Firstly, Fermi surface nesting (FSN) which is 

characterized by a wave vector qCDW that connects the Fermi contours. Secondly, momentum 

dependence of electron-phonon coupling (EPC) matrix induces CDW phases as observed in 

case of 2H-NbSe2. There is another mechanism of charge ordering (CO), mostly found in 

some cuprates, termed as unconventional density wave [59]. Unlike NbSe2, TaS2, TaSe2 etc. 

CO in cuprates cannot be explained by FSN or q-depended EPC, rather influences of anti-

ferromagnetism and coulomb interaction are anticipated [60]. As present work deals with 

mainly light atom doped graphene system, the possibility of unconventional charge density 

waves can be discarded. Possibility of FSN is mostly seen in one dimensional lattice [19] or 

some TMDs like VSe2 etc. [58]. q-depended EPC involves an inelastic scattering interaction 

of electrons in the lattice. Thus, to assess the momentum dependency and possibility of the 

EPC at higher symmetry points, second order Raman peaks 2𝐷 and 2𝐷′ originating from the 

interaction of the phonons at K and Γ points are precisely examined [Appendix B] [34, 61]. 

Moreover, fig. 4(b) dictates that the EPC near K-point is amplified in graphene containing the 

O/P boron groups. Hence, the enhancement of the EPC terms definitely plays the utmost role 

in the genesis of CDW phase in BG500 and BG700.  

Starting from a non-metallic ground state, the first CDW transition occurs near TCDW,1 = 

100K are obtained by modulation of charge periodicity as traditionally occurs. Now, a 

possible reason for subsequent transition, at TCDW,2 = 110K, is anticipated as the enormous 

incorporation of O/P boron can modify the surface of graphene layer by generating a pseudo-

periodicity of superficial atoms as boron has a greater self-diffusive property in carbon lattice 
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at higher temperature [52]. It is noteworthy, that the BG900 and BG 1000 samples containing 

mostly in-plane boron atoms have single transition temperature as there is no such surface 

boron which can contribute to this pseudo-periodicity. Fluctuations of onset transition 

temperatures for differently doped BG systems are elucidated in Fig. 5. 

 

Figure 5: Temperature vs. O/P boron (%) phase diagram: Elucidating the effect of O/P 

doping and associated EPC parameter  
〈𝐷𝐾

2 〉

〈𝐷𝛤
2〉

  [as calculated in Fig. 4(b)] on transition 

temperatures, TCDW,1 and TCDW, 2.  

 

This phase depicts the final result precisely, as the signatures of CDW phases are found to be 

more profound in the samples with greater number of O/P groups. Strength of EPC induced 

by out-of-plane vibrations is also affecting the transition from insulating to CDW and CDW 

to semiconducting state in similar fashion as represented this figure. Therefore, the 

significance of O/P boron groups as a modulating factor in order to attain strongly correlated 

system of particles followed by the lattice reconstruction at this particular temperature (TCDW) 

is understood as predicted from theoretical analyses. 

 

 5.4 Conclusion 

In the conclusion, we have shown that out-of-plane boron doped few-layer graphene 

undergoes a quantum-mechanical collective phenomena described by a periodic distribution 
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of correlated charges inside the lattice. Origin of this reconstruction of lattice at transition 

temperature is mostly enhancement of EPC and interaction of interlayer states with 𝜋 electron 

density. Spectroscopic results show excellent validation for explaining the CDW phase in BG 

system. Finally, the ab-initio based theoretical simulations upholds the allied electronic 

behaviour of these systems. However, the dependency of CDW phase with applied electric 

field offers a new perspective towards apprehension of such instabilities.   
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Grand Conclusion and Future scope 

 
  

 6.1 Grand conclusion 

In this comprehensive analysis, we embarked on a fascinating journey into the realm of 

boron-doped graphene, where we meticulously investigated the intricate interplay of doping 

density, configurations, and annealing temperature on these extraordinary materials' 

electronic structure and properties. Our research has illuminated various facets of BG, 

offering profound insights into its potential applications in future research and technology. 

Foremost among our discoveries is the precise control we achieved over the synthesis of BG 

sheets. Through precise adjustment of annealing temperatures, we achieved distinct 

configurations, including the coveted BC3 configuration achieved through graphitic 

substitution. Moreover, we successfully accessed other configurations like BCO2 and BC2O, 

predominantly located at the edges or out-of-plane lattice sites. This remarkable tunability of 

boron configurations opens up some possibilities for tailoring graphene's properties to deal 

with specific applications. 

Spectroscopic techniques played a pivotal role in our characterization efforts, enabling us to 

discern the impact of boron doping on reduced graphene. Notably, we pinpointed the C=O 

and -O-C=O groups as highly favourable sites for out-of-plane boron attachments among the 

oxygen-functionalized groups (OFGs). Additionally, we unveiled a remarkable 'squeezing' of 

the bandgap in BG samples, particularly pronounced in cases of substitutional doping at 

higher temperatures. This intriguing phenomenon underscores the complex and intricate 

relationship between doping and graphene's electronic structure. 

Our investigation also unveiled a striking contrast between undoped (TG) and doped (BG) 

samples, particularly concerning C sp2 and π-conjugated domains. This contrast became 

particularly prominent in the context of substitutional doping, owing to the heightened 

prevalence of C-B bonds in BG samples prepared at higher temperatures. Further analyses, 

including estimations of in-plane crystallite sizes and d-spacing, corroborated the low defect 

concentration within these samples. Additionally, Raman spectroscopy provided compelling 

evidence supporting the p-type charge contribution of the doped samples, offering invaluable 

insights into their electronic properties. 

6 
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Apart from charge carriers, our study shed light on the emergence of point defects as an 

additional effect, intricately linked to the increased incorporation of boron into the lattice. 

These findings lay the foundation for future research and the exploration of novel 

applications. We anticipate that aspects such as band structure, phonon dispersion, and defect 

profiles can be methodically tailored using p-type BG systems with point defects, offering a 

rich and fertile ground for further exploration and innovation. 

In conclusion, our research has uncovered the existence of quantum-mechanical collective 

phenomena within out-of-plane boron-doped few-layer graphene. These phenomena are 

characterized by a periodic distribution of correlated charges within the lattice. We have 

elucidated the origins of this lattice reconstruction, primarily attributing it to enhanced 

electron-phonon coupling and interactions of interlayer states with π electron density. Our 

spectroscopic findings have provided compelling evidence to explain the CDW phase in BG 

systems, and theoretical simulations have bolstered our comprehension of these systems' 

electronic behaviour. This work not only advances our understanding of the fascinating world 

of BG but also sets the stage for exciting future research endeavours and innovative 

applications in a myriad of scientific and technological domains. 

 

  6.2 Future scope 

The future scope in the realm of BG (BG) is both promising and far-reaching. Here, we 

elaborate on the potential directions and implications of this research: 

1. Electric Field Control of CDW Phase: One of the most intriguing findings of our 

study is the dependency of the charge density wave (CDW) phase on applied electric 

fields. This discovery opens up a novel avenue for research where scientists can 

investigate the precise mechanisms and dynamics of how electric fields influence 

CDW transitions in BG. Understanding this phenomenon at a fundamental level could 

lead to the development of advanced materials with tunable CDW properties. 

Researchers may explore different types of electric field configurations, intensities, 

and durations to gain deeper insights into this intriguing behaviour. 

2. Nanoelectronics: The ability to manipulate CDW phases in BG using electric fields 

holds great promise for nanoelectronics. Future research could focus on designing and 

engineering electronic devices that leverage this phenomenon. These devices could 
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potentially operate with lower power consumption, enhanced performance, and new 

functionalities. Such innovations could revolutionize the field of nanoelectronics and 

pave the way for energy-efficient and high-speed electronic components. 

3. Quantum Technologies: BG's unique electronic properties, coupled with its 

sensitivity to CDW transitions, make it an attractive candidate for quantum 

technologies. Quantum computing, in particular, stands to benefit from this research. 

By exploiting the CDW phase as a quantum state variable, scientists might develop 

novel quantum gates and qubit architectures. These advancements could accelerate 

the development of practical quantum computers, which have the potential to solve 

complex problems currently beyond the reach of classical computers. 

4. Sensor and Detector Applications: The sensitivity of BG to external stimuli, 

including electric fields, makes it a promising material for sensor and detector 

applications. Researchers could explore the development of highly responsive sensors 

capable of detecting minute changes in environmental conditions, such as 

temperature, humidity, or the presence of specific molecules. Additionally, BG-based 

detectors could find use in scientific instruments for precise measurements and data 

collection. 

5. Energy Conversion and Storage: Harnessing the unique properties of BG could lead 

to innovations in energy conversion and storage technologies. For instance, the ability 

to manipulate CDW phases might enable more efficient energy harvesting from waste 

heat. BG-based materials could also play a role in next-generation batteries and 

supercapacitors, offering higher energy densities and faster charge/discharge rates. 

6. Materials Science Advancements: Research into BG is likely to advance our 

understanding of 2D materials and their interactions with external factors. This 

knowledge could have implications beyond BG and benefit the broader field of 

materials science. Insights gained from studying BG's response to electric fields may 

be applicable to other 2D materials, expanding the toolkit of materials available for 

various applications. 

In summary, the future of BG research is incredibly promising. The ability to control CDW 

phases with electric fields opens doors to a wide range of technological advancements, from 

nanoelectronics to quantum technologies and beyond. As scientists continue to explore and 

innovate in this field, we can anticipate exciting discoveries that will shape the next 
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generation of cutting-edge technologies and contribute to our understanding of fundamental 

physics and materials science. The journey into the world of BG is poised to yield 

transformative advancements with profound implications for numerous industries and 

scientific disciplines. 
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1. Results 

1.1. XRD analysis 

XRD Spectra for all samples are shown at Figure A3. Observable broad x-ray diffraction 

peaks near 2𝜃=25.9° corresponding to the (002) plane of the TG and BG samples, ensure the 

desired degree of reduction from graphene oxide. Broader peaks around 2𝜃=25.8°, found in 

the BG lattices are assumed to be consequences of the turbostratic interaction [1,2] and sharp 

additional shoulders having 2𝜃= 26.9° indicate the perfectly-ordered graphitic layers [2] 

obtained at higher annealing temperatures only (BG900 and BG1000 samples). For TG 

lattices, those peaks are blue shifted with respect to the BG lattices at 2𝜃= 26.1°, which can 

be considered as well-oriented few-layer graphene. Broadness of these peaks corresponding 

to the (002) plane is due to lack of crystallinity along that direction. In basal plane, 

crystallinity of those lattices were measured by fitting the peaks around 2𝜃=43° found in both 

doped and undoped graphene samples. Fitted peaks centered at around 2𝜃=42.5° and 

2𝜃=43.2° are assigned to the (100) and (101) planes respectively, which lie in graphene plane 

[Figure A4(b)]. As per our interest, these values of the in-plane crystallite sizes have been 

correlated with the values of same obtained from intensity ratio of D and G peaks of Raman 

spectra of the corresponding samples, discussed later in Raman Analysis. Apart from the 

correlation, primary investigation reveals that the in-plane crystallite sizes of TG samples 

increase with annealing temperature and for BG samples it is decreasing with temperature. 

For the BG samples, the XRD peaks assigned to (002) turbostratic plane shift towards higher 

diffraction angle in as shown in figure A3. This implies the decrement of interlayer distance, 

termed as d002 spacing, in doped samples at higher annealing temperature. 
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2. Tables  

Table A1: Binding energies and Full Width Half Maxima of all components 

found in C1s Peaks of all samples  

 

B.E. in 

eV 

(FWHM) 

C-B 

(eV) 

C=C 

(eV) 

C-C 

(eV) 

C-O-C 

(eV) 

C-OH 

(eV) 

C=O 

(eV) 

-

COOH 

(eV) 

π-π* 

(eV) 

Sample 

Name 

BG500 282.9 

(1.1) 

284.0 

(1.1) 

284.7 

(1.1) 

285.5 

(1.5) 

286.3 

(1.4) 

287.4 

(1.5) 

288.8 

(1.7) 

290.5 

(1.7) 

BG700 282.9 

(1.1) 

284.0 

(1.1) 

284.7 

(1.1) 

285.7 

(1.5) 

286.5 

(1.4) 

287.6 

(1.5) 

289.1 

(1.7) 

290.5 

(1.8) 

BG900 283.2 

(1.1) 

284.0 

(1.1) 

284.7 

(1.1) 

285.6 

(1.4) 

286.1 

(1.3) 

287.2 

(1.4) 

288.8 

(1.8) 

290.3 

(1.9) 

BG1000 283.0 

(1.1) 

284.0 

(1.1) 

284.7 

(1.1) 

285.6 

(1.4) 

286.3 

(1.3) 

287.3 

(1.4) 

288.8 

(1.7) 

290.4 

(1.7) 

TG500 -- 284.1 

(1.1) 

284.8 

(1.1) 

285.6 

(1.5) 

286.3 

(1.5) 

287.3 

(1.5) 

289.0 

(1.7) 

290.4 

(1.7) 

TG700 -- 284.0 

(1.1) 

284.7 

(1.1) 

285.4 

(1.5) 

286.1 

(1.4) 

287.2 

(1.4) 

288.7 

(1.7) 

290.4 

(1.7) 

TG900 -- 284.0 

(1.1) 

284.8 

(1.1) 

285.6 

(1.3) 

286.3 

(1.3) 

287.3 

(1.4) 

288.9 

(1.8) 

290.3 

(1.8) 

TG1000 -- 284.0 

(1.1) 

284.8 

(1.1) 

285.7 

(1.3) 

286.4 

(1.3) 

287.4 

(1.4) 

288.9 

(1.7) 

290.4 

(1.8) 
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Table A2: Binding energies and Full Width Half Maxima of all components 

found in B1s Peaks of BG samples 

 

B.E. in eV 
(FWHM) 

B-B 
(eV) 

BC
3
 

(eV) 

BC
2
O 

(eV) 

BCO
2
 

(eV) 

B-O 
(eV) 

Sample 
Name 

BG500 -- 
(--) 

188.8 
(1.7) 

190.2 
(2.3) 

192.1 
(2.5) 

194.1 
(2.4) 

BG700 186.8 
(1.8) 

188.7 
(1.8) 

190.1 
(2.2) 

191.8 
(2.4) 

193.9 
(2.4) 

BG900 186.9 
(1.8) 

188.5 
(1.8) 

189.7 
(2.2) 

192.1 
(2.4) 

-- 
(--) 

BG1000 186.8 
(1.9) 

188.5 
(1.9) 

189.8 
(2.1) 

191.7 
(2.4) 

-- 
(--) 

 

 

Table A3: Atomic percentages of carbon, boron, oxygen present in BG samples 

 

Amounts (%) C B O B/C (%) 

Samples 

BG500 82.3 ± 0.7 1.2 ±  0.3 16.5 ± 0.4 1.5 ± 0.4 

BG700 85.1 ± 0.4 1.6 ±  0.2 13.3 ± 0.3 1.9
 

± 0.2 

BG900 80.8 ± 0.6 3.6 ±  0.3 15.6 ± 0.4 4.5
 

± 0.3 

BG1000 80.4 ± 0.7 4.3 ± 0.4 15.3 ± 0.3 5.3
 

± 0.5 
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3. Figures  

 

Figure A1. Transmission Electron Microscope image for all BG samples. 
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Figure A2. Relative amount of oxygen in TG samples. Oxygen containing groups are 

reduced exponentially (fitted with exponential function ; black dashed line) starting from 

graphene oxide. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3. XRD spectra for BG and TG samples 
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Figure A4. (a) Fitted XRD peaks, ascribed to the (002) plane of BG and TG samples. Peaks 

are fitted using Voigt function. (b) Deconvoluted XRD peaks corresponding to (100) and 

(101) planes of all samples. Deconvolutions are done with Voigt functions. 

 

 

 

 

 

 

 

 

Figure A5. UV-VIS absorbance spectra for few layer graphene oxide and corresponding 

Tauc plots (inset). 
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Figure A6. UV-VIS absorbance spectra for BG samples and corresponding Tauc plots (inset) 

λ (nm) and A(%) represent wavelength in nanometer and Absorbance in percentage. 

 

 

 

 

 

 

 

 

 

 

Figure A7. UV-VIS absorbance spectra for TG samples and corresponding Tauc plots (inset) 

;  λ (nm) and A(%) represent wavelength in nanometer and Absorbance in percentage. 
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Figure A8. DOS study of single layer graphene optimized with double vacancy site. Eg is 

band gap here (Left). Structure taken of graphene without doping of boron atoms where each 

grey sphere represents the carbon atom (Right). 
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Theoretical methods: 

In the current work, the first principles calculations were performed within the scope of density 

functional theory (DFT) using the Vienna ab-initio simulation package (VASP) [1-3]. All the 

calculations were carried out with the projector augmented wave (PAW) [4] method. The 

exchange-correlation terms were treated at the level of generalized gradient approximation (GGA) 

by means of the Perdew−Burke−Ernzerhof (PBE) [5] functional. The structural optimizations were 

allowed to continue until the difference in the energy of the system in two consecutive iteration 

steps reached below 10-5 eV/ atom. The calculations were performed at the Γ point with an energy 

cut-off value of 500 eV. The Brillouin zone integration was done for a k-point mesh of (4×4×1). 

A vacuum slab of length 20 Å was implemented in the direction perpendicular to the two-

dimensional surfaces to ward-off spurious interaction between the periodic images. The DFT+D2 

(Grimme’s) method [6] was utilized to take into account the effect of the dispersive forces. In order 

to evaluate the band gap value with higher accuracy, the Heyd-Scuseria-Ernzerhof (HSE06) hybrid 

functional [7] was used during the density of states (DOS) calculations [Figure 1], whereas the 

band structures and their orbital decomposed versions were computed within GGA-PBE level 

calculation in order to save computational time [Figure B8].  

Other interfering factors which could enhance EPC more efficiently in graphene is the density of 

states at Fermi level, introduced as N(EF) in equation (1). After realizing the shift of 𝐸𝐹 into the 

VB, from figure 1, edge of the VB is further realized by inspecting the valance band spectra (VBS) 

[Figure B4]. Figure 2(f) indicates the positions of the VBM from Fermi energy level are elevated 

since greater number of the O/P boronic groups are introduced in the lattice. Hence, BG500 and 

BG700 are more hole doped and have greater DOS at EF compared to the BG900 and BG1000 

samples.  The outcomes of the VBS analysis are also comprehended through the electronic band 
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structure for the corresponding out-of-plane boron configurations. (a) demonstrate the band 

dispersion of graphene containing different boron groups. For BC3 and BCO2 configurations, 

lowering of the associated Fermi levels from VBM are clearly seen, which signify the hole doping 

nature. For BC2O configuration, the Fermi level separates the VB and CB by opening a gap near 

itself. Another intriguing fact is that for BCO2, the VB and CB resemble the shape of free electron 

configuration or 𝑝𝑧 electron as seen in pure graphene. In decomposed band structures of graphene 

with BCO2 configuration, a large contribution from carbon 𝑝𝑧 orbital for construction of the VB is 

detected (figure B8 (b)). Figure B8 (c) represents the orbital decomposed band structure for the 

boron atoms in the formation of bands. For BC3 groups, charge transfer from carbon to boron 

populates the 𝑝𝑧 orbitals and it becomes responsible for the formation of the bands near Fermi 

level. For BC2O groups, outermost 𝑝𝑦 electrons are involved to make up the VB, but for BCO2 

neither of these 𝑝-electrons are engaged in the band formation. 

Theoretically, amounts of strain produced in BG samples due to boron inclusion were evaluated 

by measuring the B-C bond length. Length of different bonds for three standard boron 

configurations are given in table B3. Theoretical strain for a particular boron groups are compared 

with the strain in experimental BG systems associated with the most populated boron groups in 

the system. 

Experimental methods: 

1. XPS analysis: X-ray photoelectron spectra (XPS) for B1s peaks of BG samples were obtained 

by X-ray Photoelectron Spectrometer (SPECS, HSA 3500). Samples were kept under a 

monochromatic Al-Kα X-ray source of 1486.61 eV at ultra-high vacuum (10-9 mbar) chamber. 

Highly resolved B1s spectra were deconvoluted with Lorentzian asymmetric line shape with 

tail damping, 𝐿𝐹(𝛼, 𝛽, 𝑤, 𝑚),  which is equivalent to asymptotic theoretical Doniach-Sunjic 
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asymmetric line shape. Backgrounds were subtracted with Shirley algorithm. Contributions 

from each type of boron-carbon bonds were properly quantified using appropriate Relative 

Sensitivity factor (R.S.F.) value for boron as 0.482 to get accurate. High resolution scan for 

B1s were achieved by lowering the pass energy and regulating the step size, dwell time to 

count electrons that were coming to the hemispherical analyzer during measurement. 

Binding energies and Full Width Half Maxima of all components found in B1s Peaks for all 

BG samples are provided in table B1. Amounts of different doping configurations of boron 

atoms are given in table B2. Deconvolution of B1s spectra for BG700 sample is shown in 

figure S1. 

2. VBS analysis: Valance band spectra (VBS) for all samples, as described in figure B4, were 

studied using the same XPS instrument configured by SPECS. To maintain the Fermi level 

(EF) at zero binding energy, work functions (Wf) of samples were set using a standard graphite 

sample and calibrate the Wf value to 4.4 eV. Further energy correction was required due to 

screening effect of accumulation of the surface electrons. So, the final values were adjusted 

considering the peak for C sp2 at 284.6 eV. Valance band maxima (VBM) were visualized at 

the edge to the filled-up valance states from where electrons were released. 

3. XRD analysis: Powder X-ray diffraction (XRD) patterns of the BG samples were collected by 

Bruker D8 diffractometer with Cu-Kα radiation at room temperature. An X-ray of wavelength,  

𝜆 =1.5404 Ǻ (Cu-Kα) was used for X-ray diffraction. Interlayer distance along (002) plane, 

d002, for BG samples were calculated using the Bragg’s equation: 2𝑑002 sin 𝜃 = 𝑛𝜆, where 𝑛 =

1 for first order diffraction pattern and 𝜆 is the wavelength of the applied X-ray.  Voigt 

functions were used to fit for the assessment of in-plane and crystallite size (La) as shown in 

figure B3. Employing deconvoluted parameters such as values of 2𝜃, Full width half maxima 
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(𝛽) values were used to evaluate this crystallite size by applying Debye-Scherrer equation as, 

𝐿 =  
𝐾𝜆

𝛽 cos 𝜃
 , where, 𝐾 is Debye-Scherrer constant with the value of 1.84 for the in-plane 

crystallite of samples. 

4. Raman spectra analysis: Raman Spectra of all samples were characterized by Raman 

Spectrometer (WITEC, alpha 300 R) with an argon laser of wavelength, 𝜆 = 532 nm and a 

100X objective with 600 grooves/mm. All first and second order peaks for different vibrational 

modes present in the samples were deconvoluted using nine Lorentzian functions. Total 

integrated area of first order D and G peaks were considered to calculate the  
𝐼𝐷

𝐼𝐺
 ratio. To get  

𝐼2𝐷

𝐼2𝐷′
  ratio for equation (S-5), integrated area of 2D and 2D’ peaks were measured.  

Crystallite size (𝐿𝑎) and defect length (𝐿𝐷) of the samples, mentioned in Figure 2(e), were 

calculated using the equations [8,9], 

                                                     𝐿𝑎(𝑛𝑚) =
(2.4×10−10)𝜆4

𝐼𝐷 𝐼𝐺⁄
                                                          (S-1) 

                                                  𝐿𝐷
2 (𝑛𝑚2) =

[(1.8±0.5)×10−9]𝜆4

𝐼𝐷 𝐼𝐺⁄
                                                    (S-2) 

In figure 2(d) and 2 (f), measurements of the values strain and doping are performed through 

Raman analyses using ref. 10; figure 9. Individual contributions of strain and doping in shifting 

of the G and 2D bands for each sample were estimated by deriving the component of the “shift” 

along tensile strain and hole doping axes respectively. Lee et al. conjectured about the 

contributions of the strain and doping in band shifts, as mapped with two axes, could be 

realized through vector method [11].  
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5. Electrical properties measurement: 0.8 mm thick circular pellets of the BG samples having 

2.8 mm of radius were prepared to measure the temperature dependent resistance by applying 

current (I) through the standard four terminal electrode system in Cryogenics (UK) Physical 

Property Measurement System from 200K to 4.2K. Other geometrical specifications, those are 

measured in a travelling microscope having least count of 0.01mm, are supplied in figure B6. 

To find a suitable mechanism for temperature-dependent transport in our samples, resistance 

vs. temperature (R-T) data are fit, as depicted in figure B7, following Arrhenius model [12], 

Variable range hopping (VRH) conduction model proposed by Mott [13-15], VRH model 

proposed by Efros-Shklovskii (ES-VRH) [16]. Carrier transport processes in BG samples are 

found to be best competent with ES-VRH model of conduction. Finally, R-T data for all 

samples are fitted [Figure 4(b); inset] using the following equation, 

                                                     𝑅(𝑇) = 𝑅(0) exp [(
𝑇𝐸𝑆

𝑇
)

1
2⁄

]                                                (S-3) 

, where R(T) is the resistance of the samples at T K, R(0) is a pre-exponential factor and 𝑇𝐸𝑆 

is the characteristics temperature. Localization length (𝜉), as described in figure 4(b), is another 

inferential phenomenon linked with VRH mechanism of charge conduction, and this can be 

derived from 𝑇𝐸𝑆  as [17], 

                                                         𝜉 =
𝛽1𝑒2

𝑘𝛽𝑇𝐸𝑆𝜖′                                                                         (S-4) 

, where 𝛽1 = 6.2 for 3D ES-VRH and 𝛽1 = 2.8  for 2D ES-VRH, 𝑘𝛽 is Boltzmann constant 

and 𝜖′ is the permittivity of of the boron doped graphene system.  
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6. EPC parameter calculations: To gauge the strength of electron-phonon coupling (EPC), we 

put more focus on the deformation potential, which is strictly related to the EPC strength, as 

given in equation (1) in the main text.  Now, the square of the average of the deformation 

potentials, precisely related to the vibration of phonons near higher symmetry points, are 

directly proportional to the integrated peak intensity of 2𝐷 and 2𝐷′ peaks as they are generated 

after scattering with phonons near 𝐾 and Γ points. Rise of 2𝐷 and 2𝐷′ peaks consists of fully-

resonant four-step process, where photoexcited electron-hole (𝑒 − ℎ) pairs undergo intra-

valley and inter-valley scattering with phonons. Now, the rate of overall inelastic scattering (𝛾) 

of 𝑒 − ℎ pairs includes the electron-electron/hole-hole (𝑒 − 𝑒) or (ℎ − ℎ) scattering rate (𝛾𝑒−𝑒) 

or ( 𝛾ℎ−ℎ) and the electron-phonon (𝑒 − 𝑝ℎ) scattering rate (𝛾𝑒−𝑝ℎ), among which 𝛾𝑒−𝑒 or  𝛾ℎ−ℎ 

depends linearly with Fermi energy level. The 𝑒 − 𝑝ℎ scattering contribution comes from the 

phonons at 𝐾 and Γ points, assigned as 𝛾K and 𝛾Γ  respectively. Hence the integrated intensities 

of 2𝐷 and 2𝐷′ can be expressed in terms of scattering rate as: 𝐼(2𝐷) = 2𝐶(𝛾K 𝛾⁄ )2   and   

𝐼(2𝐷′) = 𝐶(𝛾Γ 𝛾⁄ )2, where 𝐶 is the constant. Again, the scattering rate due to the 𝐾 and Γ 

phonons are directly proportional to the corresponding dimensionless EPC parameters termed 

as 𝜆K and 𝜆Γ. Therefore, the ratio of EPC parameters assigned with 𝐾 and Γ phonons, 𝜆𝐾/𝜆Γ, 

can be calculated in terms of ratio of integral intensities of second order Raman peaks near 𝐾 

and Γ points i.e., 𝐼(2𝐷) 𝐼(2𝐷′)⁄  [18].  Taking all these relations into account, 𝜆𝐾/𝜆Γ can be 

formulated as, 

                                              
𝜆𝐾

𝜆Γ
=

1

√2
 √

𝐼(2𝐷)

𝐼(2𝐷′)

𝐸𝐿−2𝜔Γ

𝐸𝐿−2𝜔𝐾
                                                          (S-5) 
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, where 𝐸𝐿 is the energy of incident photon, 𝜔K  and 𝜔Γ are the frequency of scattered photon at K 

and Γ point respectively. Ratio of the average of the square of deformation potential, averaged on 

the Fermi surface, associated with the 𝐾 and Γ points can also be calculated as, 

                                        
〈𝐷𝐾

2 〉𝐹

〈𝐷Γ
2〉𝐹

= √2 √
𝐼(2𝐷)

𝐼(2𝐷′)

𝜔𝐾(𝐸𝐿−2𝜔Γ)

𝜔Γ(𝐸𝐿−2𝜔𝐾)
                                                     (S-6)                                               

Where, 〈𝐷𝐾
2〉𝐹 and 〈𝐷Γ

2〉𝐹 are the deformation potentials allied with K and Γ phonons [19]. 

However, some authors recognized these as the EPC matrix elements for the respective higher 

symmetry points [18]. Here, considering the very straightforward dependency of deformation 

potential to EPC strength as shown in eq. (1) in the main article, we simply call it as EPC 

parameters.   Above calculations reveals that the EPC near K point is higher compared to Γ point 

for all the BG samples, described in figure 4(a).  

 

 

 

 

TABLES: 

Table B1: Binding energies and Full Width Half Maxima of all components found in B1s Peaks  

B.E. in eV 
(FWHM) 

B-B 
(eV) 

BC
3
 

(eV) 

BC
2
O 

(eV) 

BCO
2
 

(eV) 

B-O 
(eV) 

Sample 
Name 

BG500 -- 
(--) 

188.8 
(1.7) 

190.2 
(2.3) 

192.1 
(2.5) 

194.1 
(2.4) 

BG700 186.8 
(1.8) 

188.7 
(1.8) 

190.1 
(2.2) 

191.8 
(2.4) 

193.9 
(2.4) 
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BG900 186.9 
(1.8) 

188.5 
(1.8) 

189.7 
(2.2) 

192.1 
(2.4) 

-- 
(--) 

BG1000 186.8 
(1.9) 

188.5 
(1.9) 

189.8 
(2.1) 

191.7 
(2.4) 

-- 
(--) 

 

Table B2: Amounts of different doping configurations of boron atoms  

Doping configuration 
BC

3 
(%)

 
BC

2
O (%) BCO

2 
(%)

 

Total 

Out-of-plane boron (%) Sample Name 

BG500 22 ± 3 63 ± 3 4 ± 1 89 ± 7 

BG700 43 ± 4 32 ± 4 4 ± 1 79 ± 9 

BG900 30 ± 4 9 ± 1 0 39 ± 5 

BG1000 23 ± 5 5 ± 2 0 27 ± 7 

 

Table B3: Calculation of strain for differently configured BG samples. 

Doping 

configuration 
Bond type 

Bond length 

in Ǻ 

Pristine C-C 

in Ǻ 
Strain (ε) in % 

Max. 

Tensile 

Strain in % 

BC3 

B-C1(B) 1.52 1.424 6.74157 

10.95506 

B-C2(B) 1.58 1.424 10.95506 

C1(B)-C 1.381 1.424 -3.01966 

C1(B)-C 1.4 1.424 -1.68539 

C2(B)-C 1.423 1.424 -0.07022 

C2(B)-C 1.49 1.424 4.63483 

BC2O 

B-C1(B) 1.525 1.424 7.0927 

13.76404 
B-C2(B) 1.567 1.424 10.04213 

C1(B)-C 1.62 1.424 13.76404 

C1(B)-C 1.48 1.424 3.93258 
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C2(B)-C 1.462 1.424 2.66854 

C2(B)-C 1.528 1.424 7.30337 

BCO2 

B-C(B) 1.639 1.424 15.09831 

15.09831 C(B)-C 1.491 1.424 4.70506 

C(B)-C 1.583 1.424 11.16573 

 

 

 

 

 

 

 

FIGURES: 

 

Figure B1. Deconvolution of B1s spectra of BG700 sample into different configurations. 
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Figure B2. XRD peaks for (002) plane of all BG samples 
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Figure B3. XRD peaks for (100) and (101) planes of all BG samples 

 

 

Figure B4. Valance band spectra for all BG samples. 
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Figure B5. Deconvoluted Raman spectra for all BG samples. 

 

Figure B6. Schematic for low temperature resistance measurement. 
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Figure B7. Fit for possible mechanisms of carrier transport in BG samples as obtained from 

electrical R-T measurements. 
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Figure B8. Electronic band dispersion: (a) Band structure of graphene consists with BC3 (left), 

BC2O (middle) and BCO2 (right) configurations. (b) Decomposed band structure for Carbon atoms 

showing individual contributions of 𝑝𝑥(red), 𝑝𝑦(green), 𝑝𝑧(blue) orbitals for formation of bands. 

Thickness of the band lines indicates weightage of the contributions. (c) Decomposed band 

structure for boron atoms showing individual contributions of 𝑝𝑥(red), 𝑝𝑦(green), 𝑝𝑧(blue) 

orbitals for formation of bands. Thickness of the band lines indicates weightage of the 

contributions. 
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“You can never cross the ocean unless you have 

courage to lose sight of the shore” 

 

Christopher Columbus 


