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Synopsis 

From the last decade, the low dimensional materials, namely, 2-D, 1-D and 0-D materials 

have become an intense interest for the scientists. Because of their interesting properties, 

they can be potent candidates for novel nano-devices. These materials have restricted 

motion or quantum confinement of the electrons in the three-dimensions. This gives rise 

to the unique properties of the low dimensional systems which are not found in higher 

dimensions. The ability to tune various properties of these materials has attracted 

attention as this opens up the road towards novel nano-devices. 

In this thesis, electronic, magnetic, optical and charge transfer properties of some 

of the low dimensional materials, namely, 2-D MoS2 single layer, 0-D graphene and BN 

quantum dots have been studied. This thesis is mainly focused on the effect of the 

adsorption of dopants, or substitution of atoms in these low dimensional materials. These 

types of modifications in the systems can fine tune the properties.   

The first chapter of this thesis begins with a brief discussion about low 

dimensional materials. First, some general information is given about the different 

systems under consideration, namely, graphene, graphene nanoribbon, graphene quantum 

dots and inorganic analogues of graphene. Next, the methodology, namely, Density 

Functional Theory (DFT), which is used to calculate the properties of the low 

dimensional materials, have been explored. This chapter is concluded with the outline of 

the whole thesis. 

In the second chapter, we have listed studies on the electronic, optical and charge 

transfer properties of single layer MoS2 and MoS2- organic molecule (i.e. 

Tetracyanoquinodimethane (TCNQ), Tetracyanoethylene (TCNE) and Tetrathiafulvalene 

(TTF)) systems. We have found that all the molecules are physisorbed on MoS2 due to the 

-stacking interaction. Our calculations show that, there is no significant charge transfer 

present in case of TCNQ and TCNE and a small but finite amount of charge transfer 

present in case of TTF-MoS2 system. We have also found a change in the electronic 

properties of single layer MoS2 by observing the presence of discrete molecular level near 
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Fermi level. Moreover, we have calculated the low frequency optical conductivity to 

prove that charge transfer interaction can change the optical conductivity of the systems. 

 In the third chapter, spin-polarized DFT calculations have been performed to tune 

the electronic and optical properties of graphene (G) and boron-nitride (BN) quantum 

dots (QDs) through molecular charge-transfer using TCNQ and TTF as dopants. From the 

calculations, we have found that the nature of interaction between the dopants and QDs is 

similar to the interaction between the dopants and their two-dimensional counter parts of 

the QDs–namely, graphene and hexagonal boron-nitride sheets. We find that both the 

dopants are physisorbed on the QDs. Also, we find that GQDs interact strongly with the 

dopants compared to the BNQDS. The interactions between the dopants and the QDs lead 

to a decrement in the HOMO-LUMO gap of QDs by more than half of their original 

value. Mülliken population analysis, Density of States (DOS), projected DOS (pDOS) 

plots and optical conductivity calculations have been performed to support and 

understand the reasons behind the above mentioned findings. 

 In the fourth chapter, we have examined the structural stability, electronic and 

magnetic properties of rectangular graphene and Boron Nitride (BN) quantum dots. We 

have considered the size variations and found that the band-gap decreases with an 

increase in the width or length of the GQDs. We have substituted BN in graphene 

quantum dots (GQDs) and C in BN quantum dots (BNQDs) along the edges in different 

ways to explore the changes in the properties of the quantum dots. We have applied an 

external electric field on the systems along the diagonal of the rectangular QD and found 

that it turns the systems into semi-half-metallic from semiconducting and there is 

oscillatory behaviour in band-gap with field strength. Also we have studied the optical 

absorption properties of the quantum dots and found the systems can absorb in a broad 

energy range, from IR to UV. 

 In the last chapter, we have calculated the electronic and magnetic properties of 

X-shaped GQD, BNQD and the effect of BN/carbon atom substitution on GQDs/BNQDs. 

We have found that the GQDs are stable in AFM and the BNQDs are stable in FM 

ground state. A semiconducting (insulating) → metallic → semiconducting transition is 

found in both graphene and h-BN QDs as the systems are substituted from pristine-QDs 

→ V-edge-sub-QDs → completely-sub-QDs. Also, the systems change to un-spin 
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polarized → spin polarized → un-spin polarized ground states under these conditions. V-

edge-sub-QDs are found to show a unique property, the half-metallicity. 
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Chapter 1 

Introduction 

Low-dimensional systems, namely, zero dimensional (0D), one dimensional (1D) and two 

dimensional (2D) systems, recently have been the most interesting materials in 

nanosciences and nanotechnology because of their unique electronic, optical and 

mechanical properties and they have attracted huge attention of scientists in the last 

decade.[1, 2] The appearance of interesting and novel properties in these materials, many 

of which are not seen in bulk systems, has made them really interesting to investigate. 

The main reason behind all the interesting properties seen in these systems is because of 

quantum confinement effects which prevail in low dimensions.[3-9] The motions of 

microscopic degrees of freedom such as electrons, phonons etc. get constrained due to the 

reduction of length scale in these materials. In such a situation, electronic correlations and 

restricted boundary conditions introduce various exotic properties in these materials.[10-

14] To explain these special features of low dimensional systems, one needs to use new 

approaches of theoretical sciences which are different from the approaches used in three 

dimensions. In general, low dimensional systems are treated in fully quantum mechanical 

way to explain various effects such as Aharonov-Bohm effect[15], persistent currents[16], 

phase-coherent transport[17] etc. Very recently, metal-insulator transitions,[18] high 

temperature superconductivity[19, 20] and Kondo effect[21-24] in low dimensions also 

have created a huge curiosity among the scientists. 

 Because of the recent advancement in the experimental techniques, researchers are 

able to get a detailed insight into the various low-dimensional materials. Improvement in 

different experimental tools, such as, molecular beam epitaxy (MBE), scanning tunneling 

microscopy (STM)[25-27], mechanically controlled break junction[28, 29], atomic force 
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microscopy (AFM)[30-34], transmission electron microscopy (TEM)[35, 36] and angle 

resolved photoemission spectroscopy (ARPES)[37, 38] have introduced highly 

exceptional ways to fabricate and characterize the low-dimensional materials. In this 

thesis, we have focused on various types of low-dimensional systems and explored a 

number of interesting and novel properties which arise due to various kinds of 

interactions in low-dimensions, which are not present in bulk systems. 

 In this introductory chapter, we briefly discuss about various low-dimensional 

materials, mainly 2D and 0D materials, characteristic properties of which are studied in 

this thesis. Also, we include a brief overview of the theoretical and computational 

methods which we have used to study the different properties of these materials. In this 

thesis, we mostly focus on the electronic, optical and charge transfer properties of 

different types of low-dimensional systems, namely, graphene quantum dots and single 

layer MoS2. In the following section, we provide a brief description of the low 

dimensional carbon based systems such as graphene (2D), graphene nanoribbon (quasi 

1D), graphene quantum dots (0D) whose properties have been explored in the thesis. 

Next, we provide an introduction to inorganic analogues of graphene, that is, transition 

metal based dichalcogenites, among which we mainly focus on the 2D single layer MoS2 

system. Finally, we will describe the methodology which we have used in our studies, 

briefly. We conclude this chapter by giving a general introduction about various methods 

used to calculate the desired properties.   

1.1 Graphene 

Graphene is a planar monolayer structure of carbon atoms tightly packed into a two-

dimensional (2D) honeycomb lattice, and it can be considered as a basic building block 

for graphitic materials of all other dimensionalities. The carbon-carbon bond length in 

graphene is about 1.42 Å. Graphene sheets can stack to form graphite with an interplanar 

spacing of 3.35 Å. It can also be made into 0D fullerenes, 1D nanotubes by rolling the 

sheet. Graphene can also be considered as an indefinitely large aromatic molecule, so the 

limiting case of the family of flat polycyclic aromatic hydrocarbons. We can consider 

benzene as the basic unit of graphene. Theoretically, graphene has been studied for a long 

time,[39-41] and from a long time itself it was used to describe the properties of various 
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carbon-based materials. It was proposed by Landau and Peierls long back in 1935 that a 

pure 2D crystal can never be thermodynamically stable,[42, 43] so, a 2D crystal cannot be 

obtained experimentally. Their theory proposes that contribution of thermal fluctuations 

in low-dimensional crystal lattices should lead to a large amount of displacement of 

atoms that they become comparable to interatomic distances at any finite temperature. 

This theory was later extended by Mermin[44]
 
and was supported by many experimental 

findings. 2D materials, for this reason tend to aggregate together to form multilayer 

material, also these material tend to decompose easily. So, without a 3D base, a 2D 

crystal was nearly impossible to obtain[45, 46] until in 2004 graphene was experimentally 

synthesized by A. K. Geim et al. [46] In case of graphene, 2D crystals are stable because 

it is not always flat, there are ripples in graphene which make the structure stable, so the 

earlier predictions remain true. These ripples occur because of quantum and thermal 

fluctuations. However large crystals of graphene with high crystal quality can be obtained 

(figure 1.1).[47]  

 

In the next section, we will explain some of the experimental methods to prepare 

graphene. 

 

Figure 1.1: Scanning electron micrograph of a relatively large graphene crystal, which 

shows that most of the crystal's faces are zigzag and armchair edges as indicated by blue 

and red lines and illustrated in the inset (A. K. Geim et al.[47]). 
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1.1.1 Experimental Synthesis 

Basically, there are two different approaches for preparing graphene. In the first 

approach graphene will be obtained through peeling off of an already existing graphite 

crystal, the so-called exfoliation methods,[48]
,
[49] and in the second approach the 

graphene layer will be grown directly on a substrate surface.[50]
-[51]

 The first reported 

preparation of graphene was by Novoselov and Geim in 2004 by exfoliation using a 

simple adhesive tape.[48] Here some of the synthetic procedures to obtain graphene are 

discussed below: 

Mechanical exfoliation of graphene or The “Scotch Tape Method” 

This is a micromechanical exfoliation method, where graphene is extracted from a 

graphite crystal using adhesive tape.[48] After peeling multilayer graphene (>10 layers) 

off from the graphite, it remains to stick on the tape. After repeated peeling of the multi-

layer graphene by adhesive tape the obtained graphene is cleaved into various flakes of 

few-layer graphene (1-10 layers). Afterwards the tape is attached to a substrate and the 

glue is solvated by any organic solvent, e.g., acetone, in order to detach the tape. In this 

process the obtained graphene is transferred to the substrate. In the obtained flakes, the 

sizes range from a few nanometers to several tens of micrometers for a single-layer 

graphene. But it is very difficult to prepare large amount of graphene by this method. 

Also high quality graphene samples cannot be prepared by this method. 

Liquid phase synthesis of graphene by dispersion of graphite 

Graphene can be prepared in liquid-phase from a dispersion of graphite in solvent. This 

method can be used in order to obtain larger amounts of graphene. The easiest method 

implemented is to disperse the graphite in an organic solvent with nearly the same surface 

energy as graphite.[52] Thereby, the energy barrier is reduced, which has to be overcome 

in order to detach a graphene layer from the crystal. Next, either the solution is sonicated 

in an ultrasound bath for multiple hours or a voltage is applied to the solution.[49] After 

the dispersion, the solution is centrifuged in order to dispose of the thicker and so heavier 

flakes. The obtained graphene flakes through this method are of very high quality when 
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compared to the graphene flakes obtained through the scotch tape technique. But the size 

of the graphene obtained is small and also no controllability is there. 

Epitaxial growth by chemical vapor deposition on metal substrate 

This method uses the atomic structure of a metal substrate to initiate the growth of the 

graphene (epitaxial growth). In this method graphene is grown on a metal substrate 

generally by chemical vapor deposition (CVD) of very small substrates, like methane. 

Graphene grown on a metal substrate may not always yield a sample with a uniform 

thickness of graphene layers. Bonding between the bottom graphene layer and the 

substrate may also affect the properties of the carbon layers, for example graphene grown 

on ruthenium substrate interacts strongly with the substrate.[53] On the other hand, 

graphene grown on iridium substrate interacts weakly with the metal, it is uniform in 

thickness, and can be made highly ordered.[54] High-quality sheets of few-layer graphene 

having a relatively high surface area have been synthesized via chemical vapor deposition 

(CVD) on thin nickel films with methane as a carbon source.[55] These sheets can be 

successfully transferred to various substrates, and can be used for numerous electronic 

applications.[56]
,
[55]  This CVD technique has been can also be used to employed copper 

foil as substrate to prepare very high quality graphene sample. At very high temperature 

and very low pressure methane and hydrogen reacts to produce graphene. The growth of 

graphene stops automatically after a single graphene layer forms, and, using this method, 

one can generate relatively large graphene films.[57]  

 

1.1.2 Properties of Graphene 

Graphene, being a two dimensional material, possesses many unique properties.   

Electronic properties 

2D graphene is a zero band-gap semiconductor or a semi-metal. However, it has zero 

density of states at the Fermi level. The band structure of graphene can be understood 

from the band structure of graphite itself. It was proposed by P. R. Wallace[39] that the 

energy vs. K (E-K) relation is linear for low energies near the six corners of the two-

dimensional hexagonal Brillouin zone, which leads to zero effective mass for electrons 
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and holes. Due to this linear (or conical) dispersion relation at low energies, electrons and 

holes near these six points behave like relativistic particles described by the Dirac 

equation for spin 1/2 particles. So in graphene, the electrons and holes are called 

Dirac fermions and the six corners of the Brillouin zone are called the Dirac points. 

Transport Properties 

Measurement of transport of electrons or holes in various experiments show that graphene 

has a remarkably high electron mobility at room temperature, with values as high 

as 15,000 cm
2
 V

−1
 s

−1
.[47] The symmetry of the experimentally measured conductance 

indicates that the mobilities of holes and electrons are nearly the same. The mobilities of 

hole or electron are nearly independent of temperature between 10 K and 100 K, which 

means the main scattering mechanism in graphene is the defect scattering, not the thermal 

scattering.[58]  

 

1.2 Graphene Nanoribbons (GNRs) 

Graphene nanoribbons can be viewed as quasi one dimensional systems of 2D graphene 

sheet.[59] Generally, a graphene fragment which has a width which is 10 times smaller 

than the length can be considered as a graphene nanoribbon. As discussed in previous 

section, graphene is zero band gap semiconductor or semi-metal. In GNRs, apart from the 

presence of some of the unique properties of graphene, a quantum confinement effect in 

1D leads to the opening of a band gap in the system. This band gap can be fine-tuned by 

tuning the edge nature of a GNR. Depending upon the termination, GNRs have two main 

probable edge types. They are termed as zigzag graphene nanoribbons (ZGNRs) and 

armchair graphene nanoribbons (AGNRs), respectively (figure 1.2) and show very 

different electronic properties arising from their contrasting boundary conditions.   The 

atoms along a zigzag edge will come from the same sublattice, whereas the atoms from 

two different sublattices make bonds along the armchair edges. The widths of these GNRs 

are determined along the cross ribbon direction.[59] As it is evident from Fig. 1.2, the 

edge atoms in the cross ribbon direction of ZGNRs form armchair structure and hence, 

the width is determined by counting the number of armchair edge atoms (NZ) in the cross 

ribbon width and hence, the ZGNRs are named as NZ-ZGNRs, where NZ is also the 
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number of zigzag chains in cross ribbon width direction. In case of AGNRs, the width is 

determined by the number of atoms along the terminating zigzag edge in the cross ribbon 

direction and named as NA-AGNRs, where NA is the number of atoms along the 

terminating zigzag edge in the cross ribbon direction. Recent experimental techniques 

have made possible the formation of such systems of varying widths with almost 

smoothly defined edges. The finite termination of GNRs result in valency unsatisfied 

edge states which are named as dangling bonds.[60] These edge states are reactive, and 

generally, undergo various edge reconstructions. To stabilize the edge states, the 

hydrogen passivation is considered to be practical from the energetics viewpoints. In fact, 

there are large numbers of studies, which have considered the H-passivation in exploring 

the electronic structure of GNRs.[61, 62] The H-passivated ZGNRs show spin-symmetric 

semiconducting properties for the low-energy antiferromagnetic (AFM) ground state[62] 

structure while H-passivated AGNRs are also semiconducting and have AFM ground 

state. 

 

 

Figure 1.2: Finite quasi-1D termination of graphene to get zigzag and armchair edges in 

graphene.  
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1.2.1 Experimental Synthesis 

Experimentally, synthesis techniques of GNRs can be classified into two categories: 

bottom up and top down approaches. The bottom up approach follows the strategy of 

attaching small molecular building blocks to grow giant graphene structures using very 

precise synthetic chemistry routes.
 

This approach can provide desired graphene 

nanostructures like nanoribbons, nanoflakes etc. with full control over their edge 

geometries.[63] Most importantly, these structures with smooth edges can be found in 

exactly single layers and can be used in device fabrication.  

Generally GNRs can be achieved by a top down approach by cutting them out of a 

graphene sheet. GNRs can be obtained by etching the graphene surface with a STM 

(scanning tunnelling microscope) tip applying higher (than required for imaging) constant 

bias potential with atomic level precision and exact edge control.[64, 65] The epitaxially 

grown few layer graphene has also been patterned by conventional lithographic 

techniques to fabricate GNR based devices. Plasma etching or gas phase chemical etching 

can be used in such purposes.[66] Thermally activated metallic nanoparticles have also 

been used for atomically-precise-etching along the crystallographic axes of a graphene 

sample to obtain graphene nanoribbons.[67] Also it had been observed that the solution 

dispersion and sonication of exfoliated graphite can give nanoribbons with ultra-smooth 

edges, even for sub 10 nm width GNRs. The arc-discharge technique can also be 

employed to obtain graphene flakes[68] with which it is easy to dope 

with boron and nitrogen atoms. But generally the top down approaches result in irregular 

edge geometry with a little control over the number of obtained layers. But, with a 

technique which employs unzipping and flattening of the carbon nanotubes it is possible 

to obtain smooth edge GNRs with exact edge control.[69] Large quantities of width 

controlled GNRs have been produced via graphite nanotomy process as reported by 

Mohanty et al.,[70] where sharp diamond knife application on graphite produces graphite 

nanoblocks, which are exfoliated to produce GNRs.  

 

javascript:popupOBO('CMO:0001558','c0jm00261e')
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1.2.2 Properties of GNRs 

The properties of graphene nanoribbons highly depend on the edge nature of the ribbon, 

for example, zigzag and armchair graphene nanoribbons can show very different types of 

properties. 

Armchair Graphene Nanoribbon (AGNR) 

Depending on the value of NA, where NA is the number of atoms along the terminating 

zigzag edge in the cross ribbon direction,  the AGNRs can be classified into three 

categories,[71] namely, NA= 3p, 3p + 1 and 3p + 2 (p is a positive integer) with widely 

varying electronic properties. All the three types of AGNRs show semiconducting 

behavior with a direct band-gap at k = 0 and the gap (∆a) decreases with an increase in 

width (wa), following the relation ∆a ∞ wa
-1

. It is noticeable that the AGNRs with NA= 3p 

+ 2 show the smallest gap in all approximations compared to the other two families.[71]  

 The band gap of semiconducting AGNRs can be modulated by applying an 

external electric field across the ribbon width.[72] The band gap starts decreasing beyond 

a certain critical field strength depending on the width. The AGNRs with NA= 3p + 1 

show larger band gap variation with electric field, which suggests an enhanced response 

towards the external perturbation. 

Zigzag Graphene Nanoribbon (ZGNR)  

The periodic ZGNRs show localized electronic states at the edges, known as edge 

states.[60] These edge states are extended along the zigzag edges and they decay 

exponentially towards the ribbon center. Because of the presence of such edge states, 

ZGNRs can show a wide range of interesting electronic properties and also their 

electronic structure and band gap can be fine-tuned by structural or chemical 

modifications as well as with doping and external perturbations.[73-75] 

 The ground state of ZGNRs has parallel spin alignment along each zigzag edge, whereas 

the spin alignments across two edges are antiparallel to each other. The spins prefer to be 

antiferromagnetically coupled within the nearest neighbor sites throughout the lattice with 

decay of spin moments towards the center of the ribbon.[76] This kind of antiparallel spin 

ordering has been predicted by Lieb‟s theorem[77] for a bipartite lattice and this makes 

the ground state antiferromagnetic (AFM). Also the  and the -spins prefer to localize 

on two different sublattice points of the bipartite lattice. The AFM ZGNRs exhibit a 

direct band gap (∆Z) at k = 2/3, which varies inversely with the ribbon width (wZ).[71] 
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The periodic ZGNRs with AFM ground state have been predicted to show half-

metallicity, when exposed to a certain critical external electric field along the cross ribbon 

width direction.[78] Half-metallic materials, unlike conventional metals or 

semiconductors, show zero band gap for electrons with one spin channel, whereas the 

other spin channel remains semiconducting or insulating, as shown in figure 1.3. Owing 

to this unique property, this class of materials gives us complete control over the spin 

polarization of current with higher efficiency for magnetic memory storage. 

 

This half-metallic nature of the nanoribbons can be obtained by other methods also. It is 

noted that ZGNRs can be tuned to half-metals by a shift in the energy of the two zigzag-

edge states differently. Such shifting can be obtained by doping,[73] substitution,[74] or 

their combinations [75] 

 

1.3 Graphene Quantum Dots (GQDs) 

The zero-dimensional (0-D) form of graphene, which may be called graphene nano-flakes 

(GNFs) or graphene nano-dots (GNDs), are the lowest dimensional graphitic material. It 

is found that preliminary studies suggest they show some very interesting properties 

which differ from those of 2-D graphene and 1-D graphene nanoribbons.[79]  They have 

great potential for a variety of applications, principally as electronic and magnetic devices 

Figure 1.3: Schematic representation of (a) Semiconductor or insulator (depending upon 

∆E), (b) metal and (c) half-metal. The Fermi energy (EF) lies between the valence band 

(VB) and the conduction band (CB). ∆E represents the band gap. 
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because of their interesting properties.[80-83] These interesting properties arise because 

GNFs not only have edge states, but also corner states, and also can have mixture of 

zigzag and armchair edges also. They may also be cut into a much larger variety of 

different shapes and sizes (figure 1.4). The addition of these structural features may be 

regarded as giving GQDs yet another degree of engineering freedom over GNRs and 

twice as many degrees of freedom than 2-D graphene. Examples of corner states can be 

seen where the edge states meet (figure 1.4), and the different types of corners that can be 

introduced in a GQD. Furthermore, in contrast to GNRs, GQDs can range in size from 

molecular to semi-infinite 2-D structures, which means that they are the bridge between 

poly-aromatic hydrocarbons (PAHs) and 2-D graphene, and consequently their electronic 

structures would vary from having discrete molecular levels to being band-like as their 

dimensions are made larger.[84] This leads to the tuning of band-gap ranging from the 

molecular level to quasi-2D level and also interesting electronic and magnetic 

properties.[85-88] 

 

 

1.3.1 Experimental Synthesis      

Similar to graphene nanoribbons, graphene quantum dots also can be synthesized by two 

possible approaches, namely, bottom up and top down approaches. 

 

Figure 1.4: GQDs of different shapes and sizes: (a) diamond-shaped (b) triangular (c) 

rectangular and (d) Hexagonal GQDs. 
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Bottom up approach 

Bottom up approaches are essentially the chemical methods to produce aromatic molecule 

based on the organic chemistry approaches. Small molecular units are reacted together to 

form large aromatic moieties. The largest such structure produced by these methods 

reported to date is a 222 ring GNF.[89] The benzene ring edges of the graphene quantum 

dots can be terminated with different atoms or groups, which may be made by hydrogen, 

alkyl groups, different functional groups, etc.[90] 

Top down approach 

Top down approaches start with a large piece of graphene sheet or graphitic material such 

as graphene oxide or carbon nanotubes (CNTs) and cut GQDs directly from the sheets or 

tubes. Normally, this method requires that one first produce large graphene sheets and 

this has been done by a variety of methods, micromechanical cleavable of a graphite 

single crystal[48]  or by chemical means e.g. by chemical vapour deposition[57]  or by 

chemically “unzipping” carbon nanotubes (CNTs)[91]. Presumably some or all of these 

techniques could be adapted to produce graphene GQDs. Once sheets of 2-D graphene are 

produced, GQDs have to be cut from them which has been done by a variety of methods, 

namely, combined e-beam lithography and plasma etching,[92] scanning tunnelling 

microscope lithography [65] and atomic force microscope lithography,[92] also catalytic 

cutting by atoms.[93] Also GQDs can be produced via graphite nanotomy process which 

is recently reported by Mohanty et al.,[70] where sharp diamond knife application on 

graphite produces graphite nanoblocks, which can be exfoliated to produce GQDs with 

definite shapes and sizes. Small pieces of CNTs can be directly unrolled to produce free-

standing GQDs. 

  

1.3.2 Properties of GQDs 

GQDs are the lowest dimensional graphitic structures, so they exhibit many interesting 

properties. Because of lower dimension, most of the properties they show are very 

different from 2-D graphene or quasi 1-D nanoribbons. Because of quantum confinement 

effect in all the three directions, GQDs show some really interesting properties. 

Solubility in different solvents  
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Graphene is hydrophobic and is therefore difficult to solubilize or disperse in most 

liquids, which limits their easy processability and application in many ways. Thus, 

chemists have spent considerable effort in functionalizing graphenes so that they may be 

more readily solubilized or dispersed, especially in water. Groups such as carboxyl epoxy 

and hydroxyl are commonly substituted into GQDs to solubilize them in water and long 

alkyl chains make GQDs soluble in many organic solvents like tetrahydrofuran.[90] 

 

 

Electronic properties 

Graphene quantum dots are semiconducting. The band-gap or, more precisely, the 

HOMO-LUMO (H-L) gap depends on the size of the quantum dot and also on the edge 

and corner states. Similar to the particle in a box analogy, increase in size of the GQD 

results in the decrement of the H-L gap.[84] GQDs with either zigzag edges or armchair 

edges have a finite band gap and are semiconducting,[80, 81, 94, 95]  although, the origin 

of the gap is different in each case. Zigzag edges introduce localized states or edge states 

similar to GNRs.[60] As opposite edges of such a GQD belong to different sublattices, 

the spin ordering is different on each edge. Zigzag edges can create antiferromagnetic 

(AFM) ground state.[80] There are no localized states at armchair edges. The zigzag 

graphene quantum dots (ZGQDs) can also show half-metallicity similar to ZGNRs on the 

application of a certain critical electric field across the width of the QD.[80] 

Magnetic properties 

In GQDs, large magnetic moments occur at zigzag edges but there are none for armchair 

edges. But overall a ZGQD is non-spin-polarized if the number of A and B sublattices are 

same. In case of triangular GQDs, one type of sublattice is present in excess and in that 

case the system can have high magnetic moment.[86, 88, 96] 

   

1.4 Inorganic Analogues of Graphene 

After the discovery of fullerenes in 1985,[97] it was found that inorganic layered 

materials such as MoS2 and WS2 can also form fullerene-like structures,[98, 99] soon 

fullerene like structures of BN and other nitrides were also discovered.[100] When carbon 
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nanotubes (CNTs) were discovered,[101] inspired by that similar inorganic analogues of 

them were discovered also.[102]
,
[103] Similarly, when graphene, the 2-D graphitic 

material, was exfoliated from 3-D graphite it became a great interest of research in the 

last few years because of its unique properties and novel phenomena exhibited by it. But 

graphene is a zero band-gap semi-conductor or semi-metal. So to use graphene in opto-

electronic devices opening of band-gap is required. Various methods, like, doping on 

graphene,
[104, 105]

 reducing the dimensionality (1-D or 0-D) of graphene sheet,[59, 106, 

107] molecular charge transfer[108-111] or defect induced opening of band-gap[112, 

113] has been well studied. However, the inorganic analogues of graphene can be used in 

the field of electronics without any modifications in some cases or with little 

modifications as they are either semi-conductor (transition metal dichalcogenites) or 

insulator (BN sheet).[47, 48, 114-120] These materials possess graphite-like layered 

structures in which the layers are held together by weak van der Waals forces unlike 

graphene, where the force is -stacking interaction. Also composite materials like BCN 

hybrid nano sheet has already been prepared and studied to show unique and novel 

properties.[121] In this thesis BN and MoS2 systems have been studied. So these materials 

will be discussed in details. 

1.4.1 Single Layer BN Sheet 

Boron nitride or BN is a chemical compound which generally has equal numbers 

of boron and nitrogen atoms. BN lattice is isoelectronic to a similarly 

structured carbon lattice as B has one electron less and N has one electron more than a 

carbon atom. Thus BN can exist in various crystalline forms which are similar to carbon 

systems. The hexagonal form of BN corresponding to graphite is the most stable among 

all BN polymorphs. Boron nitride (BN) is an insulator or wide band gap semiconductor 

with interesting properties.[122] It form can nanotubes or fullerene like clusters just as 

carbon and also similar to graphene, BN nano sheets (figure 1.5) can be synthesized with 

high purity.  

http://en.wikipedia.org/wiki/Hexagonal_crystal_system
http://en.wikipedia.org/wiki/Graphite
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Single layer BN sheet is sp
2
 bonded hexagonal network of atoms similar to graphene. 

While a single layer BN can be synthesized from a bulk BN crystal by micromechanical 

cleavage or scotch tape technique,[123] a few-layer BN can be made by sonication of BN 

particles[124] or by using a high-energy electron beam.[125] Also BN sheets can be made 

by reacting boric acid with different proportions of urea at high temperature by chemical 

vapour deposition.[122] 

Properties of BN sheet 

All C atoms in graphene sheet are equivalent with covalent bonding between them 

making it a bipartite lattice. In contrast, B and N sites in BN sheet are non-equivalent. 

The charge transfer from B to N makes the bonding between them to be more ionic, thus 

the properties of a BN sheet becomes highly different from that of graphene system. BN 

sheet has acquired immense scientific attention because of its unique mechanical, optical, 

thermal and electronic properties, also with resistance to oxidation over a wide range of 

temperatures.[126] Unlike graphene, which is a semi-metal, BN sheet is insulator or a 

large band-gap semi-conductor (band-gap is 4.7 eV).[127] BN sheet is thermally very 

stable; it can be as it is up to 1000 
o
C without any deformation.[128] Also BN sheet is 

non-magnetic.[129] 

Figure 1.5: Single layer BN sheet, where the pink balls are B atoms and the blue balls are 

N atoms. 



36 

 

1.4.2 Single Layer Molybdenum Sulfide (MoS2) 

MoS2 is the principal ore from which molybdenum metal is extracted. MoS2 is relatively 

unreactive, being unaffected by dilute acids and aerial oxygen. Bulk MoS2 is a layered 

structure where each layer contains again three layers of atoms. In this structure each Mo 

(IV) center occupies a trigonal prismatic coordination sphere, being bound to six sulfide 

ligands. Each sulfur centre is pyramidal, being connected to three Mo centres. In this way, 

the trigonal prisms are interconnected to give a layered structure, where molybdenum 

atoms are sandwiched between layers of sulfur atoms. MoS2 layers are held together with 

weak van der waals interactions, unlike graphene - stacking interaction. That‟s why 

single layer MoS2 systems are easy to prepare and also it is feasible to apply them in 

different devices.[130-132] A graphene-like single layer two-dimensional structure of 

MoS2 or WS2 can be obtained by lithium intercalation and exfoliation of bulk MoS2 or 

WS2.[133] Also chemical vapor deposition method can be used to prepare single layer 

MoS2 using organic precursors like  Mo(S-t-Bu)4.[134, 135] 

 

Properties of single layer MoS2 

Unlike graphene, which is zero band-gap semi-conductor or semi-metal, single layer 

MoS2 is intrinsic semiconductors (single layer MoS2 has a direct band-gap of ~1.8 

eV[116, 130])  as their bulk three dimensional (3-D) counterpart. Single layer MoS2 

Figure 1.6: Single layer MoS2 sheet, (a) top view and (b) side view. 
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sheets have high carrier mobility.[115, 116, 130, 136] Thus, they are already being used 

as transistors[136, 137] or energy storage devices such as anode for Li or Mg ion 

batteries. It was found that MoS2 layer is  nonmagnetic.[138] MoS2 can be used in the 

field of electronics without any kind of band-gap modifications. Also band-gap tuning of 

a MoS2 layer is easily done by doping metal and non-metal adatoms or different 

molecules on MoS2 to change the electronic and magnetic properties of MoS2. Even, 

electron beam mediated creation of vacancies and adding impurity atoms to these 

vacancies have been shown to modify the electronic properties of single layer MoS2.[63, 

138, 139]
,
[140-142]  

1.5 Methods 

In this section, the different theoretical methods, that are used to compute various 

properties of the low dimensional systems, are discussed in this section briefly. We will 

first introduce the density functional theory (DFT) –a revolutionary theory to calculate 

electronic structures of materials. Then some of the different packages what are generally 

used to calculate these properties outlined above are mentioned. 

 

1.5.1 Density Functional Theory (DFT) 

DFT is one of the most widespread quantum mechanical approaches for calculating the 

ground state properties of wide range of systems: from molecules to bulk materials, from 

insulators to metals, from diamagnetic to ferromagnetic materials. DFT can predict 

various ground state properties such as optimized geometry, vibrational frequency, 

atomization energy, ionization energy, electronic properties, one-particle magnetic states, 

optical properties, reaction pathways etc. very reliably. With the advancement of this 

theory, it has also been modified successfully for several kinds of studies including 

molecular dynamics, spin dependent study, investigation at non-zero temperature, time 

dependent phenomena etc.  

 From elementary quantum mechanics, we know that all the information about a 

system is stored in its wave function, ψ. The total energy of a system having interacting 

electrons and nuclei, can be calculated by solving time independent Schrödinger equation, 
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         (1.1) 

Where, E denotes the total energy eigenvalue and Ĥ is the Hamiltonian operator of 

the system. Every system consists of a number of nuclei and electrons. For a system with 

Ne number of electrons and Nn number of nuclei, the total Hamiltonian of the system can 

be written as: 

 

 

   
  

  
∑  

 

  

   

 
  

 
∑  

    

  

   

 ∑

  

   

∑
   

 

       
 

  

   

∑

  

   

∑
  

       

  

   

 ∑

  

   

∑
     

 

       

  

   

 

 

(1.2) 

Where, m and M are the masses of electrons and nuclei, respectively. The 

Laplacian operators,   
  and   

  represent the second order differentiation with respect to 

the coordinates of the i
th

 electron and the I
th

 nucleus. ZI is the atomic number of the 

nucleus I. ri and RI represent the spatial coordinates of i
th

 electron and I
th

 nucleus, 

respectively and e is the electronic charge. The first two terms in the equation 1.2 are the 

kinetic energy operators of electrons and nuclei, respectively. The third term represents 

the Coulomb attraction between electrons and nuclei. The fourth and fifth terms represent 

the Coulomb repulsion between the electrons and between the nuclei themselves, 

respectively. It‟s very complicated to solve this many-body Schrödinger equation. To 

simplify the equation, one can use Born-Oppenheimer (BO) approximation which states 

that as the nuclei are heavier than electrons and also move much slower than the 

electrons, the motion of electron and nucleus can be separated. It can be assumed that 

nuclei are fixed in particular positions, while the electrons are moving in a charged field 

created by the nuclei. Now, entire wave function can be divided into two parts, namely, 

electronic (             and nuclear (          parts.  

                                                                         (1.3)    
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Now in BO approximation the electronic Schrödinger equation is solved, yielding the 

wavefunction             depending on electrons only. Therefore, the time independent 

Schrödinger equation corresponding to electronic part can be written as, 

 
   (              

   (1.4) 

Where, electronic Hamiltonian is given as,  

   ∑ 
  

  

  

   

  
   ∑

  

   

∑
  

       

  

   

   ̂    (1.5) 

Here  ̂    acts as the external potential acting on the electrons induced by the nuclei and 

any other externally applied field. 

After introducing Born-Oppenheimer approximation, the total number of degrees 

of freedom can be reduced, however still it‟s very difficult to handle electron-electron 

interactions part of a many electron system. And also electronic wave function depends 

on the positions of all electrons. A very intelligent approach to treat this situation is to use 

electron density instead of many-body wave function to describe the system of interest. 

DFT demands much lesser computational effort and gives a considerably good 

description of ground state properties of materials.  

In 1964, pioneering work by Hohenberg and Kohn considers as the beginning of 

DFT. [143] There they stated two basic theorems;  

 The ground state electron density, ρ0, of a many electron system can uniquely 

determine the external potential, Vext ,which is acting on the system. It can be 

stated in other way also: the external potential, Vext, can exactly calculate the 

ground state electron density ρ0 of the system. Moreover, ρ0 can uniquely 

determine the ground state expectation values of any observables. 

 To be the true ground-state electron density, it has to minimize the total energy 

functional of the system. And it can be achieved by following variational 

principle.  

The Hohenberg-Kohn theorem[143, 144] can be called as the soul of the DFT. As 

mentioned earlier, the fundamental concept of DFT is to use electron density as an 

alternative of complicated many-body wave function to handle interacting systems. 

According to this, now one can express the Schrödinger equation in the following way; 
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  [ ]   ̂[ ]   ∫       (   (   (1.6) 

Where,  ̂[ ] is universal functional of ρ, that is the density. One can find the 

ground state density by minimizing the functional, E[ρ], with respect to ρ. But the 

minimization of the explicit energy functional is still difficult to solve exactly. In 1965, 

Kohn and Sham proposed an efficient way to replace original many-body problem into an 

auxiliary one-electron problem. In this approach, interacting electrons are treated as non-

interacting electrons which are moving in the effective potential. The many-body effects 

are included in this through exchange-correlation functional. According to this approach, 

the total energy functional can be expressed as, 
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(1.7) 

where Ts[ρ(r)] is the kinetic energy functional for non-interacting electrons, second term 

is electrostatic energy, third term is exchange and correlation energy and last is the energy 

due to external potential caused by nuclei and other externally applied potentials. Among 

these, first and third terms can‟t be solved in this form. However, if wave functions Ψi(r) 

constructs the electron density, ρ(r), then the first term i.e. the kinetic energy term can be 

calculated as follows; 

   [ (  ]   
  

  
∑∫  

 (      (  

 

   

   (1.8) 

From equation (1.7) we can get a set of differential equations called as Kohn-Sham 

equations, 

 
[ 

  

  
               ]  (        (   

(1.9) 

where, VH is Hartree potential, Vxc is exchange-correlation term, Vext corresponds to 

external potential and Ψi(r) are the special orbitals called as Kohn-Sham orbitals. The 

general process to solve these equations is the iterative method and it does continue until 

self-consistency is reached. Now, we should concentrate on the exchange-correlation 

potential which can‟t be found exactly and should be approximated. From equation (1.9), 

Vxc can be expressed as;  
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(1.10) 

With the advancement of DFT, several approximations came forward to approximate the 

exchange-correlation functional more and more accurately. Here, we will discuss about 

two approximations which are used most extensively in the literature.  

Local Density Approximation (LDA): First and simplest approximation of exchange-

correlation potential is LDA.[145] It can be defined as; 

    
   [ (  ]   ∫       ( (  )  (   (1.11) 

where εxc(ρ(r)) denotes the exchange and correlation energy per electron of the 

homogeneous electron gas with electron density, ρ(r). Here, the electron density 

smoothly varies in space. Therefore, any area of space can be locally treated as 

homogeneous electron gas of density, ρ(r). Now, to obtain the total exchange-correlation 

energy, one has to perform summation of local exchange-correlation energy for all the 

electrons in every region of space. These functional works nicely for bulk solids but have 

a poor performance for the systems where the electron density does not vary smoothly in 

space. 

General Gradient Approximation (GGA):  In this approximation, the standard LDA 

has been extended to inhomogeneous systems where electron density varies non-

uniformly. This improved approximation not only considers the local charge densities but 

also more physical parameter i.e. their gradients. Fundamentally, there are three kinds of 

GGA: 

a. Ab-initio based: These functionals are derived from exact results. Here exchange 

and correlation parts are calculated individually. The typical examples of this are 

PBE (Perdew-Burke-Ernzerhof) [146], PW91 (Perdew-Wang 1991) [147] etc. 

b. Atom-based: It has some basic similarities with the previous one such as, these 

are also based on some exact results and exchange and correlations are treated 

separately. But for this type, the functional parameters are fitted on close-shell 

atom properties. Becke‟s GGA for exchange[148] and Lee Yang and Parr 

functional for correlation[149] are some example of this.  

c. Empirical: In this case, exchange and correlation terms are treated as a whole. 

Functional parameters are obtained by fitting the results on a set of atomic and 
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molecular properties. Well-known example of this is HCTH (Hamprecht-Cohen-

Tozer-Handy) functional.[150]  

Basis Set: One of the most important steps to achieve accurate results for electronic 

structure calculation is to choose suitable basis sets. One needs to expand the one-particle 

wave functions in the following manner: 

 
  (    ∑    

  

   

  (   
(1.12) 

where Ci,j denotes the coefficients of expansion, gi(r) is the basis functions and Nb is the 

size of the basis. In this way, the Kohn-Sham equations convert to one-particle matrix 

equations. Now, one has to diagonalize this one particle Hamiltonian matrix to obtain the 

eigenvalues and eignevectors. Here, the Kohn-Sham equations are solved in self-

consistent manner. The procedure is to begin with some initial guess of density and keep 

on improving density and potential in each iteration until the self-consistency is achieved. 

Pseudopotentials:  

Next, we will focus on another vital concept of DFT, called pseudopotential. Generally it 

is assumed that, the core electrons are rather unaffected by changes in their chemical 

environment. A pseudopotential, (VPP) is an effective external potential experienced by 

valence electrons in an atom when all the core electrons of the atom are frozen. Using this 

analogy, one can freeze all the core electrons of an atom and can construct an effective 

external potential which acts on the valance electrons on each atom. Consequently, the 

oscillatory nature of valance wave function in the core region can be substituted by a 

smooth wave function. [151, 152] Pseudo wave function and all electron (where core 

electrons are free) match each other beyond a particular value of radial distance which is 

chosen to be outside the last node in the all electron wave function; this is called the 

cutoff radius rc. If we can use the same pseudopotential to describe different chemical 

environments then the pseudopotential is said to be transferable. A good pseudopotential 

needs to fulfil the following conditions: 

• The lowest pseudo wave function generated by the pseudopotential should not contain 

any nodes. 

• The normalized atomic radial pseudo wave function with an angular momentum l 

should be equal to the normalized radial all electron (AE) wave function outside a given 

cut-off radius rc (Fig. 1.7): 
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• Norm conservation: The charge inside of rc has to be the same for both the wave 

functions,  

∫    
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• The eigenvalues of both wave functions should be the same. 

     

 A large number of packages have been developed in the last few decades where 

self-consistent calculations for electronic structure using various methods such as 

Hartree-Fock, post Hartree-Fock and DFT have been implemented. Among all these, 

some of the packages like Gaussian 09,[153] General Atomic and Molecular Electronic 

Structure System (GAMESS),[154] Amsterdam Density Functional (ADF)[155] are used 

extensively for molecular systems. As these packages use localized orbital basis 

functions, it can‟t handle large systems. However, the concept of numerical orbitals and 

pseudopotential come into play to study large periodic systems. Spanish Initiative for 

Electronic Simulations with Thousands of Atoms (SIESTA)[156] is an example of such 

kind of packages, where combination of numerical orbitals and norm-conserving 

Figure 1.7:  Comparison of a wave function in the Coulomb potential of the nucleus 

(blue) to the one in the pseudopotential (red). The real and the pseudo wave function and 

potentials match above a certain cutoff radius rc. 
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pseudopotentials have been implemented successfully. Another way is to use plane 

augmented wave basis sets for calculations. This approach is implemented in packages 

like Quantum-Espresso (PWscf), Vienna Ab-initio Simulations Packages (VASP)[157-

159] etc.  

 

1.6 Outline of Thesis  

As discussed so far, reduction in dimensions of materials gives rise to a number of 

interesting properties. The experimental developments in this field of research have 

demonstrated various unique phenomena. The low dimensional graphitic and inorganic 

graphene-like systems are very much important in this respect. In this thesis, we have 

mostly focused on electronic, optical and charge transfer properties of a few low 

dimensional systems, namely, graphene quantum dots and single layer MoS2. 

 In the next chapter, we have performed calculations on single layer MoS2 and 

organic molecule-MoS2 adsorbate systems to find out the changes in the electronic 

properties of single layer MoS2. We have performed our calculations for 

Tetracyanoquinodimethane (TCNQ), Tetracyanoethylene (TCNE) and Tetrathiafulvalene 

(TTF) to calculate the charge transfer and optical conductivity.  

In the chapter 3, we have studied the interactions between TTF and TCNQ and 

graphene and BN quantum dots to find the changes in the electronic, magnetic and optical 

properties of these systems. We have studied different configurations as well as different 

sizes of the complex systems. 

In the chapter 4, we have calculated electronic, magnetic, optical and charge 

transfer properties of the rectangular graphene and BN quantum dots. We have studied 

the effect of size variation, substitution and external electric field on the systems to find 

that these modifications on the systems change their properties in a significant amount. 

In the sixth and final chapter, we have calculated electronic, magnetic and charge 

transfer properties of the X-shaped graphene and BN quantum dots. We have studied the 

effect of size variation and substitution of BN in GQD and C in BNQD systems to find 
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the changes in the systems. We have found that some of the systems show very unique 

properties, like half-metallicity. 
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  Chapter 2

Effect of Organic Molecule Adsorption on Single 

Layer MoS2: A Detailed Theoretical Study 

2.1 Introduction 

Purely two dimensional (2-D) crystals like graphene, transition metal-dichalcogenite 

(MoS2, WS2, VS2 etc.), Si or Ge 2-D sheets and boron-nitride sheet has become an 

interesting subject to study now a days because of their possible application in nano 

devices.[47, 48, 114-120] They are much more promising than bulk materials because of 

their lower dimensions and easier fabrications. In some of the cases, these materials are 

used as such, whereas they are modified for some other applications as for opto-electronic 

devices. For example, graphene, a widely studied two dimensional carbon material is a 

zero band-gap semiconductor or a semi-metal. So, to use it in electronics devices, opening 

of band-gap is required. Various methods, like, doping on graphene,[104, 105] reducing the 

dimensionality (1-D or 0-D),[59, 106, 107] molecular charge transfer[109-111, 160] or 

defect induced opening of band-gap[112, 113] have been well studied. Among them, 

adsorption of organic molecules on graphene and adding holes or electrons to the 

graphene surface and thus introducing a change in electronic structure by charge transfer 

interactions seems to be the easiest way to open up a band-gap in graphene as these types 

of systems are easy to fabricate and there is a direct control over the amount of doping 

also. 

However, single layer Molybdenum di Sulfide (MoS2) can be used in the field of 

electronics without any modifications, as these layers do not require any band-gap 
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opening like graphene. They are intrinsic semiconductors as their bulk three dimensional 

(3 D) counterpart and also they have high carrier mobility.[115, 116, 136, 161] Thus, they 

are already being used as transistors[136, 137] or energy storage devices such as anode 

for Li or Mg ion batteries.[162-164] Bulk MoS2 is a layered structure where Mo (IV) 

centers are sandwiched between sulfur atoms. MoS2 are held together with weak van der 

Waals interactions, unlike graphene - stacking interaction. In fact, these systems are 

easy to prepare and also it is feasible to apply them in different devices.[131, 132, 161] 

Also, it was found that the phonons of the layered MoS2 have lower energy than the 

phonons of bulk 3 D MoS2.[161] Thus from these studies, one can easily predict that 

modification of band-gap of these systems can make them more versatile towards 

different device applications and the change in Fermi energy can detect whether they are 

compatible with a device or not.[165] Previously, many studies were performed by 

doping metal and non-metal adatoms or different molecules on MoS2 to see the changes 

in the electronic and magnetic properties of MoS2. Even, electron beam mediated creation 

of vacancies and adding impurity atoms to these vacancies have been shown to modify 

the electronic properties of single layer MoS2.[63, 138, 139]
,
[140-142]  

But all these processes require a lot of expensive experimental effort. Whereas, there 

can be much simpler way to obtain different band-gaps in single layer MoS2. Herein, we 

study a simple method to tune the electronic properties of single layer MoS2 that is 

organic molecules adsorption on MoS2. Previously, different types of organic molecules 

(such as thiophene, benzothiophene, benzene, naphthalene, pyridine, quinoline etc.) were 

deposited on MoS2 to study the adsorption energies of these types of systems.[166, 167] 

Here we have selected three molecules for our study, Tetracyanoquinodimethane 

(TCNQ), Tetracyanoethylene (TCNE) and Tetrathiafulvalene (TTF), where the first two 

are electron acceptors, while the last molecule is an electron donor. In fact, TCNQ and 

TCNE are electron acceptors because of the presence of 4 cyano groups and TTF is an 

electron donor molecule because of the presence of S lone pairs of electrons. From our 

study, we can suggest that all the three molecules get physisorbed on the single layer 

MoS2 via  stacking interactions. Also, we have calculated the charge transfer interaction 

and the modification of the band-gap of MoS2 single layer in our study.  
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2.2 Computational Details 

In the present study, first-principle calculations have been performed, to obtain all the 

electronic and optical properties of the systems, using the density functional theory (DFT) 

method as implemented in the SIESTA package.[168] Generalized gradient 

approximation (GGA) in the Perdew–Burke–Ernzerhof (PBE) form[169] has been 

contemplated for accounting the exchange-correlation function. Double  polarized 

(DZP) numerical atomic-orbital basis sets have been used for Mo, S, C, N and H atoms. 

Norm-conserving pseudo-potentials[170] are considered with the 4d
5 

5s
1
, 3s

2
 3p

4
, 2s

2
 2p

2
, 
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 2p
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1
 valence electrons for Mo, S, C, N and H, respectively in the fully nonlocal 

Kleinman–Bylander form.[171]  A reasonable mesh cut-off of 400 Ry is used for the grid 

integration to represent the charge density. All the structures are considered to be 

optimized if the magnitude of the forces acting on all atoms is less than 0.04 eV/Å.  We 

have sampled the Brillouin zone by 5   5   1 k-points using the Monkhorst-Pack scheme 

for structural optimization. Whereas, for electronic property calculations, we have 

sampled the Brillouin zone by 10   10   1 k-points. Periodic boundary condition and the 

supercell approximation are taken in such a way so that the distance between an absorbate 

molecule and its periodic image is more than 10 Å so that any interaction between 

adsorbates can be avoided. The MoS2 supercell contains 64 Mo atoms and 128 S atoms. 

We have kept a 15 Å vacuum along the z axis and found that this is sufficient to get the 

energy convergence and optimized configurations. The optical conductivity measurement 

is also done by sampling the Brillouin zone by 10   10   1 k-points. 

 

2.3 Results and Discussion 

In our present study, at first, we have examined the interaction between single layer MoS2 

and Tetracyanoquinodimethane (TCNQ), Tetracyanoethylene (TCNE) and 

Tetrathiafulvalene (TTF) molecules (figure 2.1). We have considered our MoS2 layer to 

be nonmagnetic as suggested in a previous study.[138] 



50 

 

Here, we have found that all the molecules, that is, TCNE, TCNQ and TTF are 

physisorbed on the MoS2 layer. In order to figure out the relative stabilities of the 

systems, we have calculated the adsorption energies of the molecules on MoS2. The 

system with higher adsorption energy (i.e. more negative value) is more strongly 

adsorbed on the MoS2 layer. We have calculated the adsorption energy using the 

following equation,[160] 

∆            =               
 -      

 -                                     (2.1) 

where ∆            ,               ,       and           are the adsorption energies, 

total energies of the optimized molecule-MoS2 systems, total energy of the MoS2 layer 

and total energies of the absorbate molecules, respectively. 

 

From the optimized structures (as given in Figure 2.2), we have calculated the 

distance between the molecules and the MoS2 layer and also the orientation of the 

molecules on single layer MoS2. We have found that TCNQ molecule is absorbed on the 

MoS2 layer at about 3.17 Å above the layer. Similarly, TCNE and TTF molecules are 

stable at distances of 3.12 Å and 3.42 Å, respectively. These are the shortest distance 

between the adsorbate molecules and the sulfur surface of the single layer MoS2. 

 

Figure 2.1: Molecular structure of (a) Tetracyanoquinodimethane (TCNQ) (b) 

Tetracyanoethylene (TCNE) and (c) Tetrathiafulvalene (TTF) molecules. 
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From the optimized geometries, we have found that, in the case of TCNQ and 

TCNE, the molecules are on top of the S atoms of MOS2 layer, and TTF is aligned in such 

a way so that two S atoms of TTF sit on top of the two S atoms of MoS2 layer. So 

electron transfer from TTF S atom to MoS2 S atom is feasible. Also, all the molecules are 

almost parallel on the upper sulfur surface of the single layer MoS2 that means there is no 

indicative amount of bending in the molecules (figure 2.3). 

 

There is no chemical bond formation between the molecules and the MoS2 layer as the 

distance between them is too long to form a chemical bond. The physisorbed molecules 

are stable because of the  stacking interactions between the molecules and the MoS2 

layer. In fact, the adsorption energy values also prove the same. There is van der Waals 

interaction present between the molecules and MoS2 similar to that of graphene 

system.[160] We have found that TCNQ has the highest adsorption energy (most stable) 

on MoS2 and TCNE has the lowest adsorption energy (least stable). This trend is 

analogous to the molecular surface of TCNQ, TCNE and TTF. The molecular surface 

area varies in the order: TCNQ > TTF > TCNQ (as can be seen in figure 2.1). So it is 

apparent that larger the surface area, higher the  interaction and more stable is the 

molecule on MoS2 layer in contrast to graphene, where charge transfer interaction gives 

 

Figure 2.2:   Optimized geometries of (a) TCNQ (b) TCNE (c) TTF on MoS2 single layer 

(Sky blue balls, yellow balls, grey balls, dark blue balls and white balls are Mo, S, C, N 

and H atoms respectively). 

 

Figure 2.3: Side-view of (a) TCNQ (b) TCNE (c) TTF molecules on MoS2 single layer. 
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the stability to the system.[160] To make this point clear, we have done the Mülliken 

population analysis and have found out that there is a negligible amount of electron 

transfer (0.02 e and 0.04 e respectively) from the S atoms of MoS2 layer to TCNQ and 

TCNE (as these molecules are electron acceptors), respectively. In fact, there is relatively 

higher amount of electron transfer (0.14 e) from TTF to the S atoms of MoS2 layer. We 

have investigated the effect of concentration of absorbed molecules on the MoS2 and have 

found that in case of TCNE and TCNQ change of concentration does not change the 

charge transfer in any significant amount, but in case of TTF when we have decreased the 

size of the supercell size from 192 atoms to 96 atoms, charge transfer increased by a 

small amount (from 0.14 e to 0.39 e) but the system becomes unstable (adsorption energy 

increases). But further increase in supercell size from our original 192 atoms containing 

supercell to 288 atoms containing supercell, charge transfer does not change. 

So it is evident that the interaction between the  surface of the molecules and the p 

orbital on S is responsible for the stable physisorption. In Table 2.1, we have given all the 

data for the MoS2-molecule systems. 

Table 2.1: Adsorption energies, distances and charge transfers between the molecules 

and single layer MoS2. In case of TTF, the data correspond to 96/192/288 atoms 

containing supercells (we have not given data for other systems as there are no significant 

chages). 

Molecule ∆Eadsorption (eV) Distance (Å) Charge Transfer (e) 

TCNQ -1.76 3.17 -0.02 

TCNE -1.09 3.12 -0.04 

TTF -1.27/-1.42/-1.6 3.47/3.42/3.42 +0.39/+0.14/+0.14 

 

We have plotted the wave functions of the adsorbate -MoS2 systems and we have 

found that the highest occupied molecular orbital (HOMO) for TTF and the lowest 

unoccupied molecular orbital (LUMO) for TCNQ and TCNE remain localized on the 

molecules. These plots also indicate that the interaction between the molecules and the 

MoS2 layer is purely non-covalent interaction as there is no significant overlap between 
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the molecular wave functions and the MoS2 layer wave functions (figure 2.4 and figure 

2.5). 

 

 

 

Next, in order to find out the effects in the electronic properties of the MoS2 layer, 

we plotted the band structure, Density of States, as well as projected density of states 

(pDOS) of the pure single layer MoS2 and the MoS2-molecule adsorbed systems. We 

have found that MoS2 has a direct band-gap of 1.809 eV (which is comparable with 

previous results [116, 130]) at high symmetry K point (0.667, 0.333, 0.000) which does 

not change much upon adsorption of TCNQ and TCNE (1.81 and 1.807 eV) that indicates 

that there is no significant charge transfer in the systems. But a localized molecular state 

appears in between this energy range. For both the cases, the molecular level appears 

above Fermi level. Because of the electron deficient nature of TCNQ and TCNE, they 

provide one extra localized acceptor level below the conduction band of the MoS2 layer. 

In the case of TTF adsorption on the layer, there is a minute change in the band gap of 

MoS2 which is about 1.804 eV. This indicates that there is a minute amount of charge 

Figure 2.4:  Wave function plots of (a) TCNQ, (b) TCNE and (c) TTF on MoS2 layer 

(isovalue is 0.02 e/Å
3
 for all the cases). 

Figure 2.5:  Side-view of the wave function plots of (a) TCNQ, (b) TCNE and (c) TTF 

on MoS2 layer (isovalue is 0.02 e/Å
3
 for all the cases). 
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transfer present between the TTF molecule and the MoS2 layer. In this case, one localized 

molecular level appears below the Fermi level. This is expected because of the electron 

rich nature of TTF.[160] TTF acts as electron donor and thus provides an extra localized 

level above the valence band of the MoS2 layer. 

 In figure 2.6, we have plotted the band structures of the MoS2 layer as well as the 

adsorbate-MoS2 systems. From the figure, the presence of a flat band (red line) is 

recognizably visible in all the cases. This flat state corresponds to isolated non-dispersive 

mid-gap molecular state. In the case of TCNQ and TCNE, this band appears above the 

Fermi level, and in case of TTF this flat band appears below the Fermi level because of 

the fact discussed previously. Gamma point wave function analysis also supports this 

argument as we have found a localized wave function for the molecule (figure 2.4). 

 

Figure 2.6:   Band structure plots of (a) single layer MoS2, (b) MoS2-TCNQ, (c) MoS2-

TCNE and (d) MoS2-TTF. The red line corresponds to the mid-gap molecular level. The 

Fermi level is set to zero the K, M and  point have the coordinates (0.667, 0.333, 0.000), 

(0.5, 0.5, 0.5) and (0.0, 0.0, 0.0) respectively. 
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Next, in order to confirm our findings, we have plotted the Density of States 

(DOS) and the projected density of states (pDOS). Here, from plot of the total density of 

states (black line), Mo and S atoms contributions (blue and orange lines respectively)  to 

the DOS and the Mo d-orbital and S p-orbital contributions (red and green lines 

respectively)  to the DOS it is clear that near the Fermi level Mo d-orbital contribution is 

maximum. This is found in previous studies also.[116] From the figure it is evident that in 

all of the molecule-MoS2 systems, there is a localized molecular level present. In case of 

TCNQ and TCNE, this level is above Fermi level and in case of TTF, this localized level 

is below Fermi level. These levels do not have any contribution from the MoS2 sheet. 

 

Fermi levels of the systems also have been shifted form the pure MoS2 layer 

Fermi level (-3.45 eV). For TCNQ and TCNE adsorption, the Fermi level has been 

Figure 2.7:   pDOS plots of (a) single layer MoS2, (b) MoS2-TCNQ, (c) MoS2-TCNE and 

(d) MoS2-TTF. The Fermi level is set to zero.  The Gaussian broadening parameter used 

is 0.025 eV. 
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shifted down (-4.41 eV and -4.42 eV respectively). However, for the case of TTF 

adsorption, Fermi level shifts to higher energy value (-3 eV). This clearly suggests that 

electron donor molecule can shift the Fermi level up to higher energy by electron 

donation and electron acceptor molecules can shift the Fermi level down to lower energy 

value. The actual reason behind this is can be explained in the following way, that, 

adsorption of TTF on the MoS2 sheet introduces an extra donor level in the system, as a 

consequence Fermi level shifts up. The opposite trend is observed in case of a acceptor 

molecule. 

Finally, we have analyzed the low frequency region of the optical conductivity, as 

this quantity helps to understand the extent of electron transfer from the top of the valence 

band to the bottom of the conduction band with the change in the energy. So, from this, 

we have calculated the charge transfer interactions present between the molecules and 

MoS2 layer because these types of charge transfer generally occurs between the extra 

donor or acceptor level and the sheet. 

 

Figure 2.8: Low frequency region of optical conductivity plots for pure MoS2 single 

layer and MoS2-molecule composites. The Gaussian broadening parameter used is 0.05 

eV. 
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From the plot of optical conductivity, we have found that the lowest peak for 

single layer MoS2 comes at about 1.8 eV, which corresponds to its band-gap. For pure 

TCNQ, the peak appears at about 1.37 eV, but TCNE or TTF does not show any peak in 

this energy region. MoS2-TCNQ system shows that the molecular peak is little red shifted 

and flattened; this is because of the MoS2-TCNQ interaction and the presence of intra-

band electronic transition. MoS2-TCNE does not show any significant change in low 

frequency optical conductivity, a clear evidence of absence of any charge transfer. In 

Case of MoS2-TTF composite system, there is an extra peak coming at lower frequency 

region. This is because of the charge transfer from TTF to MoS2. Therefore, from this 

study also, we make it clear that there is no significant charge transfer for TCNQ and 

TCNE but TTF can donate charge (although small) to MoS2 layer. 

2.4 Conclusion 

In this study, we have shown that organic donor molecule (TTF) and acceptor molecules 

(TCNQ and TCNE) can add extra holes and electrons, respectively, to the MoS2 single 

layer and as a consequence can modify the electronic properties of the single layer MoS2. 

We find that all the composite systems are stable as they have negative adsorption 

energies and the molecules are physisorbed on the MoS2 layer. The physisorbed 

molecules are stable because of the  stacking interactions between the molecules and the 

MoS2 layer. Our Mülliken population analysis shows that, when the adsorbed molecule is 

an electron-donor then there is a minute amount of charge transfer from the molecule to 

MoS2. On the other hand, when the adosrbate is an electron-acceptor molecule then there 

is no significant charge transfer. We have found that the concentration of doping does not 

affect the charge transfer in the case of TCNQ or TCNE, whereas in the case of TTF, 

increase in molecular doping concentration results in more charge transfer. The above 

conclusions regarding the charge transfer have also been confirmed with the low-

frequency optical-conductivity calculations. Band structure, DOS and pDOS plots 

evidently showed that there is a presence of isolated localized energy level near the 

Fermi-energy, which arise from the adsorbed molecule. In case of TCNQ and TCNE, this 

localized energy level is the acceptor level above the Fermi-energy, and in the case of 

TTF, it is the donor level below the Fermi-energy.  
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  Chapter 3

Molecular Charge Transfer Interactions to Tune the 

HOMO-LUMO Gaps of Graphene and BN Quantum 

Dots 

3.1 Introduction 

Since the experimental discovery of graphene in 2004,[48] it has become a potent 

candidate for the application in nano devices because of its unique properties.[105, 172-

177] But, pure graphene is a zero band-gap semiconductor or semi-metal. So, it cannot be 

used into opto-electronic devices without any modification. Unlike graphene, its low-

dimensional graphitic sisters, namely, 1-D nanotubes, 1-D nanoribbon and 0-D quantum 

dots can be used directly in opto-electronic devices because they have an intrinsic band-

gap.[61, 71, 80, 81, 178] Band-gap of a graphene nanoribbon depends upon its width, 

passivation and edge geometries.[60, 61, 76, 179]  Similarly, graphene quantum dots 

(GQDs) are also found to possess unique electronic properties depending upon their size, 

edge passivation and shape.[80, 81] Because of their tunable energy gaps, GQDs have 

been shown to be used in solar cells [82] or LEDs [83]. 

Two dimensional inorganic (2-D) crystals like boron-nitride (BN) sheet, transition 

metal-dichalcogenites (MoS2, WS2, and VS2 etc.) and Si or Ge 2-D sheet also have 

become interesting subjects for study due to their possible application in different nano 

devices. [115-118, 180] These materials are either semiconductors (e.g. MoS2 [115, 116]) 
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or insulators (e.g. BN sheet [117]). So, these materials can be used in the opto-electronic 

devices, without any further modification, because of their finite band-gap.  

 Molecular charge transfer interactions in these low dimensional systems can fine-

tune their band-gaps as well as it can open up a band-gap in graphene.[96, 108-111, 181] 

Depending upon the electronic donor or acceptor natures of the dopant molecules, these 

systems can be n or p-doped because of molecular charge transfer interactions.[96, 108-

111, 181] So, for the purpose of modulating the band-gaps in these systems, different 

organic molecules are used.[96, 108-111, 181] 

Two such types of molecules are Tetracyanoquinodimethane (TCNQ) and 

Tetrathiafulvalene (TTF), where the first molecule is an electron acceptor and the second 

molecule is an electron donor. The electron accepting properties of TCNQ is because of 

the presence of 4 cyano groups and TTF is an electron donor molecule because of the 

presence of sulfur lone pairs of electrons. Previously, doping of these molecules on 

graphene,[108] carbon nanotubes,[181] BN sheet and BN nanoribbons[96] have been 

well studied. It was found that TCNQ can add extra holes to these systems, whereas TTF 

can add extra electrons.[96, 108, 181] 

In this present study, we have calculated the charge transfer interaction between 

graphene or BN quantum dots (QDs) and TCNQ or TTF. From the results we have got, 

we can suggest that both the molecules are physisorbed on the GQDs or BNQDs. Also, 

we have calculated the amount of charge transfer present between the molecules and the 

QDs. 

 

3.2 Computational Details  

All the electronic and optical properties of the systems have been calculated using the 

density functional theory (DFT) method as implemented in the SIESTA package.[168] 

Generalized gradient approximation (GGA) in the Perdew–Burke–Ernzerhof (PBE) 

form[169] has been used to account for the exchange-correlation function. Double--

polarized numerical atomic-orbital basis sets have been used for the C, N, S and H atoms. 
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Norm-conserving pseudo-potentials[170] in the fully nonlocal Kleinman–Bylander form 

have been used for all the atoms.[171]  A mesh cut-off of 400 Ry is used for the grid 

integration to represent the charge density. All the structures are considered to be 

optimized if the magnitude of the forces acting on all atoms is less than 0.04 eV/Å.  As 

the systems are zero-dimensional, all the calculations are performed only at the gamma 

() point of the Brillouin zone. A vacuum of 20 Å has been maintained in all the three 

directions to avoid any unwanted interactions between the systems and their periodic 

images. 

 

3.3 Results and Discussion    

Structure and Stability: 

In this work, we have considered both graphene and boron-nitride quantum dots of 

rectangular geometry and studied the effect of organic molecular doping to them. These 

rectangular quantum dots have a zigzag edge along their length direction and an armchair 

edge along their width direction. Following the convention of the graphene 

nanoribbons,[179] we represent these QDs as (21, 8)-QDs. Here, 21 and 8 are the number 

of atoms along the zigzag-edge (length, ~2.2 nm) and the armchair-edge (width, ~1.8 

nm), respectively. Tetracyanoquinodimethane (TCNQ) and Tetrathiafulvalene (TTF) 

(figure 3.1) have been considered as the dopants. 

 

Figure 3.1: (a) Tetracyanoquinodimethane (TCNQ) and (b) Tetrathiafulvalene (TTF) 



62 

 

Table 3.1: Energies of the GQD-dopant complexes with a variation in the position of the 

dopant on QD. Energies are scaled to the most stable conformation. 

QD-dopant Complex 
Energy of the structure in 

Figure 3.2/3.3  (eV)  

Energy of the structure in 

Figure 3.4 (eV) 

GQD-TCNQ 0.00 0.06 

GQD-TTF 0.00 0.04 

BNQD-TCNQ 0.00 0.05 

BNQD-TTF 0.00 0.04 

 

From the previous studies on the interaction of TCNQ and TTF with graphene 

[108] and boron-nitride, [96] we know that both the TCNQ and TTF are physisorbed on 

these systems, and they are stabilized at a distance of ~ 3.2 Å over graphene and at a 

distance of ~ 3.5–3.6 Å over boron-nitride sheet. So, for the optimization calculations, we 

chose the initial distances of 3.2 Å and 3.5 Å for the dopants on top of the GQDs and 

BNQDs, respectively. Also, while choosing the initial arrangement of the dopant on top 

the QDs we followed the references 29 and 31(similar to figures 3.2 and 3.3 of this 

article), respectively, for GQDs and BNQDs.  But, to check the universality of these 

arrangements we have also considered the other configurations, namely, the reported 

stable arrangement for “TTF on BN-sheet” as an initial arrangement for “TTF on GQD” 

and the reported stable arrangement for “TCNQ on graphene” as an initial arrangement 

for “TCNQ on BNQD” etc. as shown in figure 3.4. From these studies we recognized that 

(see table 3.1) the most stable arrangements of dopants didn‟t change with 

dimensionality, for example, they are same for BN-sheet and BNQD. 

molecules 



63 

 

. 

 

 

Figure 3.2: (a) TCNQ adsorbed on (21, 8) GQD, (b) TTF adsorbed on (21, 8) GQD, (c) 

TCNQ adsorbed on (21, 6) GQD and (d) TTF adsorbed on (21, 6) GQD. 

 

Figure 3.3: (a) TCNQ-(21, 8) BNQD, (b) TTF-(21, 8) BNQD, and side-view of (c) 

TCNQ-(21, 8) BNQD, (d) TTF-(21, 8) BNQD 
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Table 3.2: Energies of the complexes in different spin states (with respect to their 

ground-state) are given. 

Molecule AFM (meV) FM (meV) NM (meV) 

GQD-TCNQ 0 20 750 

GQD-TTF 0 90 770 

BNQD-TCNQ 10 – 0 

BNQD-TTF 10 – 0 

 

Next, as both graphene and boron-nitride nanoribbons are shown to be spin-

polarized, [78, 182] under different conditions, we have also considered the spin-

polarization in all our studies and the energies of the complexes in different spin-states, 

with respect to their ground-states, are given in table 3.2.  From these spin-polarized 

calculations, we find that the GQD-dopant complexes are anti-ferromagnetic (AFM) in 

 

Figure 3.4: (a) TCNQ adsorbed on (21, 8) GQD, (b) TTF adsorbed on (21, 8) GQD, (c) 

TCNQ adsorbed on (21, 8) GQD and (d) TTF adsorbed on (21, 8) GQD. In this figure, 

the positions of the TCNQ and TTF on GQD are swapped with their positions on BNQD 

in the figure 3.2, and vice-a-versa for BNQD. 
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their ground state, whereas, the BNQD-dopant complexes are nonmagnetic (NM) in their 

ground state. Next, the stability of each complex in its ground-state has been calculated 

and the formation energy (Eform) values of all the (21, 8) complexes are given in the table 

3.3.  

Table 3.3: Formation energy of the complexes, optimum-distance of dopants above QDs 

and the amount of charge-transfer between dopants and QDs for (21, 8) QDs are given. 

Molecule Eform (eV) Distance (Å) 
Charge-transfer 

(e) 
Eform (kcal/mol) 

GQD + TCNQ -2.01 3.11 -0.43 -46.35 

GQD + TTF -1.45 3.15 +0.12 -33.44 

BNQD + 

TCNQ 
-1.66 3.38 -0.18 -38.28 

BNQD + TTF -1.34 3.41 +0.21 -30.90 

 

Formation energy is calculated using the equation “Eform = Ecomplex – Edopant – 

EQD”, where Eform is the formation energy of the complex and Ecomplex, Edopant and EQD are 

the absolute energies of the complex, dopant and quantum-dot, respectively. It is known 

that, [108] greater the formation energy  of the complex stronger the interaction between 

the dopant and the substrate (here, QDs). From table 2, it is apparent that the dopants are 

strongly adsorbed on GQDs than on BNQDs. Presence (absence) of a -surface through 

which a GQD (BNQD) can (cannot) interact with its dopant‟s -surface could be the main 

reason for the strong (weak) interaction between GQDs (BNQDs) and the dopants. 

Values of formation energy are clearly reflected in the distances between the dopants and 

the QDs–greater the distance lesser is the formation energy–in their optimized structures 

(see columns 3 and 5 of table 3.3). In what follows, first we will discuss the properties of 

the GQD-dopant complexes and then we will switch to the BNQD-dopant complexes. 
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GQDs + Dopants: 

Optimized structures of the GQD-dopant complexes, from which the distance between 

dopants and GQDs are calculated, are given in figure 3.2. In their minimum energy 

configurations, TTF‟s C=C bond is exactly on top of the center of a benzenoid ring of 

GQD and TCNQ‟s benzenoid ring is exactly on top of the benzenoid ring of GQD in 

staggered position. From the optimized geometries we find that, TCNQ is stable at a 

distance (this is the least distance between GQD plane and dopant) of ~ 3.11 Å and TTF 

is stable at a distance of ~ 3.15 Å on top of the (21, 8) GQDs. Also, both the dopants and 

GQD have bent from their planar structures, but in opposite directions (i.e. dopant has 

bent in convex manner and GQD in a concave manner). Among the dopants, TCNQ has 

bent more when compared to TTF (as shown in figures 3.2a, 3.2b), and in the GQD, bent 

has occurred mainly in the area below the dopant.  

We have also calculated the Eform values of the GQD-dopant complexes (see table 

2), and we find that these values are comparable (with in 2 kcal/mol) to the Eform values of 

the graphene-dopant complexes, [108] suggesting that the dopants interact with the 

graphene and GQDs in a similar manner. The lesser Eform values (< 50 kcal/mol) also 

suggest that dopants are just physisorbed on the GQDs. The argument regarding the 

physisorption is further supported by the large distance of separation–a distance (> 3 Å) at 

which a chemical bond formation has not been shown till date between a carbon atom and 

any other atom present in the study[183]–between the dopant and the GQDs (see table 2). 

Importantly, a larger value of distance separation, a lesser value of bending and a lesser 

Eform value of TTF when compared to TCNQ clearly indicates that there is a strong 

(weak) interaction between TCNQ (TTF) and GQD. 

BNQDs + Dopants: 

Optimized structures of the BNQD-dopant complexes are given in figure 3.3. The 

BNQD-TCNQ and BNQD-TTF distances, in their optimized structures, are 3.38 Å and 

3.41 Å, respectively. Similar to the GQD-dopant complexes, BNQD-dopant complexes 

have also deviated from their planarity. Again, TCNQ has bent more compared to the 

TTF, proving its stronger interaction with BNQD (as shown in figures 3c, 3d). Bending of 

TCNQ on top of BN-sheet has been observed previously [96] and the reason is predicted 
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as the weak dipolar interaction between the TCNQ and BN-sheet. This is different from 

the case of graphene-TCNQ, where, the interaction was predicted to be mainly through -

surfaces of dopant and graphene. [108] So, we also expect that the nature of interaction 

between BNQD and dopants as the weak dipole–dipole and/or electrostatic, similar to its 

2-D counterpart. [96, 108] Finally, we noticed that in their optimized structures, TTF‟s 

middle C=C bond is on top of the hexagonal ring of the BNQD and TCNQ‟s benzenoid 

ring is on top of the BNQD‟s hexagonal rings in a manner such that three of its six carbon 

atoms are top of the hollow sites of the BNQD‟s hexagonal rings (exactly similar to the 

Bernald-stacking of graphite [177]). Again, the absence of any chemical bonds between 

BNQD and the dopants suggests that these molecules are physisorbed. 

Electronic properties: 

In this section, first we will explain the charge-transfer between the dopant-QD 

complexes. Then we will describe the changes in the H-L gap for all the systems, and 

finally, we will try to explain some of these results based on the density of states (DOS) 

and projected-DOS (pDOS) plots. 

Charge-transfer: In order to find out the amount of charge-transfer between QDs and 

dopants, we have performed the Mülliken population analysis and this charge-transfer 

data is given in table 3.3 for all the (21, 8)-GQD/BNQD-dopant complexes. Population 

analysis shows that these QDs have the ability to both give and take the charges from the 

dopants depending on their nature. From table 2 we can also find that, among the QDs, 

GQD can give electrons to the dopant easily rather than taking from it and exactly the 

opposite behavior is exhibited by the BNQD. Now comparing the dopants, there is a 

significant amount of charge-transfer (see table 3.2) from GQD to TCNQ and a relatively 

less amount of charge-transfer from TTF to GQD. The latter is mainly due to the electron-

rich nature of the GQD. On the other hand, the electron poor nature of the BNQD could 

be the reason for the larger charge-transfer from TTF to BNQD compared to the charge-

transfer from BNQD to TCNQ.  

HOMO–LUMO gap: As mentioned earlier, it is known that the low-dimensional 

graphene and BN systems can be spin-polarized. So, we have calculated the spin-

polarized HOMO–LUMO (H-L) gaps for all the systems and their values for (21, 8)-QD-
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complexes are given in table 3.4. From table 3.4 we can notice that, pure (21, 8)-GQD is a 

semi-conductor with an H-L gap of 0.54 eV and pure (21, 8)-BNQD is an insulator with 

an H-L gap of 4.03 eV, for both the spin channels. Interestingly, H-L gap of both the QDs 

have decreased to more than half of their original H-L gap (though the decrement is huge 

for BNQDs) with the addition of dopants. In addition to the decrement in the H-L gap, we 

have also found a spin-dependent H-L gap in the TCNQ-GQD system. But, this spin 

dependent H-L gap in not observed for the case of TTF. Finally, it is known that the 

chemical reactivity of a molecule is dependent on the H-L gap in an inverse manner–that 

is, higher the gap, lower the reactivity. [184] Assuming that the charge-transfer will occur 

only when a system is chemically reactive, we find that our results on charge-transfer also 

reflects the same–larger the H-L gap, greater the charge-transfer (please compare columns 

2/3 and 4 of table 3.4)–though, not quantitatively. 

Table 3.4: Spin-polarized H-L gaps of TCNQ and TTF adsorbed (21, 8)-QDs. Charge-

transfer values are given, again, for comparison. 

System 

H-L gap 

Charge-transfer (e) 

-spin (eV) -spin (eV) 

Pure GQD 0.54 0.54 - 

TCNQ-GQD 0.21 0.09 -0.43 

TTF-GQD 0.22 0.22 +0.12 

Pure BNQD 4.03 4.03 - 

TCNQ-BNQD 0.73 0.73 -0.18 

TTF-BNQD 1.98 1.98 +0.21 
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DOS and pDOS: 

In order to further understand the reasons behind the decrement in the H-L gap in QD-

dopant complexes and spin-polarized H-L gap in TCNQ-GQD system we have plotted the 

DOS and pDOS of all the (21, 8) complexes, as shown in figure 4. From this figure it is 

apparent that, (a) the DOS of a QD-dopant complex is nearly equal to the sum of the 

individual DOS of the QD and the dopant and the minor changes are due to the complex 

formation. This observation shows that the interaction between the dopant and the QD is 

weak in nature. Also, this proves that the dopant is just physisorbed on QDs; (b) there is a 

shift in the Fermi-level towards the HOMO or LUMO depending on whether the dopant 

is an electron-acceptor (TTF) or electron- donor (TCNQ), respectively; (c) major amount 

of the dopant levels are concentrated near the Fermi-level and are in between the HOMO 

and LUMO levels corresponding to the un-doped QDs; (d) the position of these major 

amount of dopant levels is dictated by the electron-accepting/donating nature of the 

dopant. Thus, for TCNQ–being an electron acceptor–it is just below the LUMO of the 

QD, and for TTF–being an electron donor–it is just above the HOMO of the QD. 

 

Figure 3.5:  Projected density of states (pDOS) plots for (a) (21, 8) BNQD, (b) TCNQ-

BNQD and (c) TTF-BNQD systems. The Fermi level is set to zero. The pDOS lines are 

broadened with Gaussian functions of width 0.025 eV. 
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Based on the above observations, we understood that the reason for the decrement 

in the H-L gap of QDs after the physisorption of a dopant is mainly because of the 

presence of the dopant-levels near the Fermi-level of the complexes. Despite of our 

efforts, we couldn’t understand the exact reason for the generation of spin-dependent H-L 

gap in the TCNQ-GQD system. But, we are sure that it is arising because of the combined 

effect of the GQD and TCNQ and not because just one of them. We are sure about this 

because, if GQD (TCNQ) alone can create the spin-polarization irrespective of the dopant 

(QD), then, obviously, one would expect the same spin-polarization for the TTF-GQD 

(TCNQ-BNQD) complex. But, none of the above two cases were observed in our study. 

Furthermore, none of the above molecules– that is, neither the dopants nor the QDs–are 

spin-polarized individually (see figure 3.6, give the DOS plots for all the individual 

molecules). All these above reasons prove that, there is a combined effect of both GQD 

and TCNQ which is generating the spin-polarized H-L gap in TCNQ-GQD complex. 

Also, we believe that the large amount of charge-transfer between TCNQ and GQD will 

play a key role in lifting the spin-degeneracy of the TCNQ-GQD complex. 

 

Optical-Conductivity:  

It is known that molecular charge-transfer can affect the optical-conductivity in the low-

frequency region. [108] As our Mülliken population analysis shows that there is a charge 

transfer between the dopants and the QDs (see table 3) in the QD-dopant complexes, we 

have calculated the optical-conductivity of all the (21, 8) complexes and are shown in 

 

Figure 3.6:  DOS plots of (a) (21, 8) GQD, (b) TCNQ and (c) TTF. The DOS lines are 

broadened with Gaussian functions of width 0.025 eV.   
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figure 3.7. The low-frequency optical-conductivity of GQD is given in figure 5a, and it 

has a single peak situated at 0.54 eV. This energy is exactly equal to the H-L gap of the 

GQD (see table 3.4). Thus, this peak corresponds to the electronic transition from HOMO 

to LUMO. Also, it should be noted that there no peaks below this energy.  

Now, when a dopant is adsorbed on the GQD, new peaks below 0.54 eV are 

observed. For the TCNQ-GQD complex, these new peaks are situated at 0.21 eV and 0.09 

eV (exactly equal to the spin-polarized H-L gaps of TCNQ-GQD complex) for the 

majority and minority spin-channels, respectively. Adsorption of TCNQ on GQD gives 

rise to an asymmetry in the population of majority and minority spins near the Fermi-

level (see figure 4b) which leads to the difference in conductivity for different spins in the 

low-frequency regime. But, for the TTF-GQD complex system there is no spin-

polarization, and hence, the optical conductivity is also same for both the spins. For pure 

BNQD, the calculated H-L gap is 4.03 eV. For the complex systems, we have found that, 

multiple numbers of peaks appears below 4 eV. These peaks correspond to the electronic 

excitations between the molecular-molecular and molecular-BNQD energy levels– a clear 

reflection of the pDOS plots of (21, 8) BNQD-dopant complexes.  

 

Figure 3.7: Low-frequency region of optical conductivity for (a) (21, 8) BNQD, (b) 

TCNQ-(21, 8) BNQD, and (c) TTF-(21, 8) BNQD. The lines are broadened with 

Gaussian functions of width 0.05 eV.     
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Effects of size:  

To find the effect of the size of the graphene quantum dots on the interaction between the 

molecules and the GQD, we have considered GQDs of smaller size–length of ~2.2 nm 

and a width of ~1.4 nm–which according to the notation are (21, 6)-GQDs. Compared to 

the pure (21, 8) GQDs, the H-L gap of pure (21, 6) GQDs has increased by ~ 0.14 eV, 

that is, they have ~ 0.68 eV gap. Also, as expected, the amount of charge-transfer has 

decreased. For TCNQ molecule, it has decreased from ~ 0.43 e to ~ 0.37 e with a 

decrease in the size of the GQD from (21, 8) to (21, 6). On the other hand, TTF don‟t 

show any appreciable change. Interestingly, there is no change in the position and 

distance of the dopants from the GQD plane even after the reduction of size. Thus, 

decrement in the size of GQD doesn‟t have any direct impact on the position of the 

dopant, but, because of the increment in the H-L gap, it does have an effect on the charge-

transfer. 

Table 3.5: Spin-polarized H-L gaps of TCNQ and TTF adsorbed (21, 6)-QDs. 

System 

H-L gap 

Charge-transfer (e) 

-spin (eV) -spin (eV) 

Pure GQD 0.68 0.68 - 

TCNQ-GQD 0.22 0.1 -0.37 

TTF-GQD 0.23 0.23 +0.11 

Pure BNQD 4.16 4.16 - 

TCNQ-BNQD 0.76 0.76 -0.18 

TTF-BNQD 2.0 2.0 +0.20 
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3.4 Conclusion 

In the present study, we have calculated the effects of organic donor or acceptor molecule 

doping on the rectangular graphene or BN quantum dots. We have shown that the organic 

donor molecule (TTF) and acceptor molecule (TCNQ) can add extra holes or electrons to 

the GQDs as well as to the BNQDs and as a consequence can modify the H-L gap and the 

electronic properties of them. We have found that all the complex systems are stable as 

they all have negative adsorption energies. The interaction between the molecules and the 

GQD is the interaction between the  surfaces of them, whereas, the interaction between 

the BNQD and the molecules is governed by the weak dipole–dipole and electrostatic 

forces. From the DOS and pDOS plots we have found that there are extra donor or 

acceptor levels present in the systems because of the presence of the TTF or TCNQ. The 

discrete molecular levels change the H-L gaps of the systems. By the Mülliken population 

analysis, we have found that there is a significant amount of charge-transfer present from 

GQD to TCNQ and a relatively less amount of charge-transfer present from TTF to GQD. 

Just the opposite trend is observed in the case of a BNQD. In case of TCNQ, because of 

this charge-transfer, a finite spin polarization is observed near the Fermi energy. The low 

energy region of the optical conductivity plot also proves our result. 
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  Chapter 4

Structural Stabilities, Electronic, Magnetic and 

Optical Properties of Rectangular Graphene and 

Boron-nitride Quantum Dots: Effect of Size, 

Substitution and External Electric Field 

4.1 Introduction 

Since the experimental discovery of graphene in 2004,[185] it has become a subject of 

intense interest for scientists. Graphene is two dimensional (2-D) honeycomb lattice of 

sp
2
 bonded carbon atoms having C-C bond distance as 2.41 Å. Graphene has the 

combination of many unique properties.[172-175]  But graphene is a zero band-gap 

semiconductor or semi-metal. It has almost zero density of states at Fermi level which is 

the main problem for using it into semiconducting devices. So for the application in 

electronics finite band-gap should be introduced in graphene system. So, when quasi one 

dimensional graphene nanoribbons were discovered, this problem was partly solved. 

Finite termination of infinite graphene sheet introduces a band-gap in graphitic materials. 

Band-gap of graphene nanoribbons depend on length and width. Also passivation and 

edge geometry of a graphene nanoribbon changes the electronics, optical and magnetic 

properties.[179] According to first principles calculations, both zigzag and armchair 

graphene nanoribbons are semiconducting.[71]  Armchair GNRs are non-magnetic 

whereas zigzag GNRs have ferromagnetic arrangement of spin along one edge and 

antiferromagnetic arrangement of spin along opposite edges. Upon application of electric 
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field along cross ribbon width zigzag graphene nanoribbons show half-metallicity, that is 

conducting for only one spin channel, upon application of electric field.[78]  

 The boron-nitrogen (BN) analogue of graphene, the 2-D BN sheet is a large band-

gap insulating material.[127] So, by substituting B and N atoms in graphene sheet, 

properties can be tuned. For example, doping the edge carbon atoms of a zigzag graphene 

nanoribbon with boron atoms, changes the system into an intrinsic half-metal without 

application of any external electric field.[73] Intrinsic half-metallicity in GNRs are also 

observed when the systems are doped with B and N atoms in different ratios.[75]  

 Zero dimensional graphene quantum dots (GQDs) or nano-flakes (QNFs) are the 

bridge between small poly aromatic hydrocarbon (PAH) molecules and bulk 2-D 

graphene sheets. They are much easier to synthesize experimentally but theoretically they 

are not studied as much as bulk graphene or GNRs. GQDs are found to possess unique 

optical,[186-188]electronic[80, 81, 94, 95] and magnetic properties[81] already. By 

changing the shape and size, these properties can be tuned. For example, smaller nano-

flakes have discrete energy levels but considerably large nano-flakes will have continuous 

energy bands[81] and triangular nano-flakes will have finite magnetic moment.[86, 88, 

96] The properties of BN nano-flakes also can be modulated by varying shape and size. 

So, by combining both of them, properties of a hybrid graphene-BN nano-flake can be 

fine-tuned. Preparation of the hybrid nano-flake is already reported, so if controlled 

doping is possible, band-gap modulation can be an easy thing. 

 In this present study, we carry out our calculations on rectangular graphene (G), 

BN and graphene-BN hybrid quantum dots (QDs). We have substituted BN on GQDs and 

also carbon on BNQDs to investigate the changes in electronic and magnetic properties. 

All these studies are done on nano-flakes which have zigzag edge along the edge and 

armchair edge along the width. We have done width and length variation of the systems 

to find out the dependency of these factors on the properties of the QDs.  

We have found that pure graphene nano-flakes are non-magnetic and semiconducting and 

pure BNQDs are non-magnetic and insulating as expected from earlier studies.[127] The 

BNQD having all the edge atoms substituted by carbon are also non-magnetic and 

semiconducting. Our systems having substitution of edge carbon atoms of graphene nano-

flakes partially with BN at opposite edges, or substitution of all the carbon atoms at 

edges, shows half-metallic property. 
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For all the systems, finally we have done width and length variation studies. Such 

studies show that increase in width or length reduces the band-gap for both the spin 

channels. Finally we have done the magnetic property analysis of the QDs. We found out 

that none of the system has any significant spin polarization. 

 

4.2 Computational Details 

Spin polarized first-principles calculations have been performed, to obtain all the 

electronic and magnetic properties of the systems, using the density functional theory 

(DFT) method as implemented in the SIESTA package.[168] Generalized gradient 

approximation (GGA) in the Perdew–Burke–Ernzerhof (PBE)[169] form has been 

considered for accounting the exchange-correlation function. Double ζ polarized (DZP) 

numerical atomic-orbital basis sets have been used for H, B, C, and N atoms. Norm-

conserving pseudo-potentials in Kleinman-Bylander form[171] with 1, 3, 4 and 5 valence 

electrons for H, B, C, and N, respectively, have been considered. A reasonable mesh cut-

off of 400 Ry for the grid integration has been used to represent the charge density and a 

vacuum of 20 Å has been maintained, around the quantum-dots, in all directions to avoid 

any spurious interactions. Systems are considered to be optimized if the magnitude of the 

forces acting on all atoms is less than 0.04 eV/Å.  As the systems are zero-dimensional, 

all the performed calculations are only at the gamma () point of the Brillouin zone. 

Finally, optical properties have been calculated, for the optimized structures obtained 

from the SIESTA calculations, using the time dependent density functional theory 

(TDDFT) method as implemented in the Gaussian 09[189] package with hybrid B3LYP 

(Becke exchange with Lee, Yang and Parr correlation) functional[149, 190, 191] in 

unrestricted form (i.e. uB3LYP) and with the basis-set 6-31+g(d).  

 

4.3 Results and Discussion  

Systems under consideration and Stability: In this work, we have considered 

rectangular quantum-dots (QDs) of graphene (G), boron-nitride (BN) and their hybrids 
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[i.e. GQDs with BN substitution and BNQDs substituted with C] with a zigzag edge 

along the direction of the length and an armchair edge along the width direction. 

Following the convention of the graphene nanoribbons,[179] we have assigned them as 

(n, m) to represent the length and width of the QDs. Here „n‟ represents the number of 

atoms along the zigzag-edge (length) and „m‟ represents the number of atoms along the 

armchair-edge (width), as shown in figure 1.  In the present study, we have considered 

two values, namely, 21 (~ 2.2 nm) and 33 (~ 4.2 nm) for „n‟ and three values, namely, 4 

(~ 1 nm), 6 (~ 1.4 nm) and 8 (1.8 nm) for „m‟. Thus, we have varied the length X width 

from ~ (2.2X1) nm
2
 to ~ (4.2 X1.8) nm

2
. We have substituted the zigzag edges of the 

QDs either completely or partially. 

We have kept the initial spin ordering as antiferromagnetic for all of the system as 

predicted in case of a bipartite lattice by Lieb‟s theorem.[77]  

We found that all the systems under study are non-magnetic in nature. 

Formation energies (EForm ) of all the systems are calculated using the following equation: 

EForm = (Etot – NCEC – NHEH – NBEB – NNEN) ……….(4.1) 

where, Etot, EH, EB, EC and EN are the total energy of the system, energy of a H atom 

(calculated from hydrogen molecule), energy of a B atom (calculated from alpha-boron), 

energy of a C atom (calculated from a 8 X 8 graphene super-cell) and energy of a N atom 

(calculated from nitrogen molecule), respectively and NH, NB, NC and NN are the number 

of H, B, C and N atoms present in the system, respectively. EForm of the systems (21, 4), 

(21, 6) and (21, 8) are listed in table 1. Formation energies of all the systems are negative 

(see table 1), which indicates that all these systems are thermodynamically feasible. 

 



79 

 

Table 4.1: Formation energies (eV) of the systems (21, 4), (21, 6) and (21, 8). Numbers 

inside the brackets (in bold-italics) are the (NB + NN) : (NC) ratios. 

System Name (21, 4) (21, 6) (21, 8) 

GQD -61.60 (0 : 84) -70.62 (0 : 126) -79.56 (0 : 168) 

BN-partial-ed- GQD -79.52 (16 : 68) -88.48 (16 : 110) -97.92 (16 : 152) 

BN-full-ed- GQD -126.56 (50 : 34) -143.78 (58 : 68) -163.81 (66 : 102) 

C-full-ed-BNQD -107.52 (34 : 50) -170.64 (68 : 58) -234.55 (102 : 66) 

C-partial-ed-BNQD -166.88 (68 : 16) -244.44 (110 : 16) -322.32 (152 : 16) 

BNQD -196.12 (84 : 0) -274.92 (126 : 0) -352.92 (168 : 0) 

  

EForm values also show that, BNQDs are more stable than GQDs and the stability 

 

Figure 4.1: Optimized geometries of all the (21, 8) nano-flakes under our study. (a) 

GQD, (b) GQD with the edge atoms partially substituted with BN atoms, (c) GQD with 

all the edge atoms substituted with BN atoms, (d) BNQD (e) BNQD with all the edge 

atoms substituted with C atoms (f) BNQD with the edge atoms partially substituted with 

C atoms.  
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of the QDs in the increasing order is: GQD > BN-partial-ed-GQD > BN-full-ed-GQD > 

C-full-ed-BNQD > C-partial-ed-BNQD > BNQD. This trend is observed for all the 

systems except for the (21, 4), where, we have observed the order: “C-full-ed-BNQD > 

BN-full-ed-GQD” instead of the expected order: “BN-full-ed-GQD > C-full-ed-BNQD”. 

This is not an anomalous behaviour and can be explained as follows: As BNQDs are more 

stable than GQDs, it is obvious that, the stability of a system which has both BN and C 

(i.e. either full-ed or partial-ed systems) will be more if it has more number of B and N 

atoms than the C atoms. In table 1, we have shown the ratio between the total number of 

boron and nitrogen atoms (NB + NN) and the number of carbon atoms (NC) for each 

system. From the table 1 it is clear that, among the C-full-ed-BNQD systems the ratio (NB 

+ NN): (NC) is less than one (i.e. NB + NN < NC) only for the case of (21, 4) system, and 

hence, this system is found to be less stable than BN-full-ed-GQD. 

Electronic and magnetic properties: 

Graphene Quantum Dots (GQD): Rectangular GQDs are semiconducting in nature. (21, 

4) GQD has a band-gap of 0.69 eV. As the width of the GQD is increased to 6 and then 8, 

band-gap is decreased to 0.67 and 0.53 respectively. The same trend is observed when the 

length of the ribbon is increased. The reason for the above changes is because of the 

decrease in the energy-level spacing as the system‟s length and/or width increases (similar 

to the particle in a box problem[192]) We have given the H-L gaps of all the systems in 

table 4.2 and 4.3. We have plotted the projected density of states of the systems and found 

out that the zigzag edge C atoms have maximum contribution near fermi level (figure 2).  

Table 4.2: HOMO-LUMO gap (eV) for the systems (21, 4), (21, 6) and (21, 8) in both -

and -spins. 

System Name 

(21, 4) (21, 6) (21, 8) 

-spin -spin -spin -spin -spin -spin 

GQD 0.71 0.71 0.68 0.68 0.54 0.54 

BN-partial-ed- 

GQD 
0.81 0.16 0.04 0.54 0.04 0.43 
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BN-full-ed- GQD 0.71 0.71 0.41 0.11 0.09 0.34 

C-full-ed-BNQD 0.28 0.28 0.44 0.44 0.48 0.48 

C-partial-ed-

BNQD 
1.35 1.35 1.08 1.08 0.91 0.91 

BNQD 4.32 4.32 4.16 4.16 4.03 4.03 

 

Table 4.3: HOMO-LUMO gap (eV) for the systems (33, 4), (33, 6) and (33, 8) in both -

and -spins. 

System Name 

(33, 4) (33, 6) (33, 8) 

-spin -spin -spin -spin -spin -spin 

GQD 0.70 0.70 0.60 0.60 0.54 0.54 

BN-partial-ed- 

GQD 
0.05 0.51 0.32 0.04 0.01 0.19 

BN-full-ed- GQD 0.62 0.62 0.32 0.06 0.22 0.03 

C-full-ed-BNQD 0.05 0.23 0.16 0.16 0.19 0.19 

C-partial-ed-

BNQD 
0.79 0.79 0.52 0.52 0.36 0.36 

BNQD 4.32 4.32 4.16 4.16 4.06 4.06 
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 We have plotted both the HOMO and LUMO of (21, 8) GQD and the 

result shows that the wave-functions are localized at the zigzag-edges. One notable point 

is HOMO and LUMO are localized at two different edges for each spin, and also, the 

edge where the wave-function is localized for the -spin‟s HOMO is the same as the -

spin‟s LUMO and vice-a-versa. 

 

Figure 4.2: Density of states plots of (a) GQD, (b) GQD with the edge atoms partially 

substituted with BN atoms, (c) GQD with all the edge atoms substituted with BN atoms, 

(d) BNQD (e) BNQD with all the edge atoms substituted with C atoms (f)  BNQD with 

the edge atoms partially substituted with C atoms. Fermi level is set to zero. Gaussian 

broadening parameter is 0.025 eV. 

 

Figure 4.3:  HOMO and LUMO plots for the (21, 8) GQDs. Isovalue is 0.02 e/Å
3
 for all 

the cases. 
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Graphene quantum dots with all the edge atoms substituted with BN atoms: Rectangular 

graphene nano-flakes with all the edge atoms substituted with B and N atoms are 

semiconducting in nature. For the smaller width systems, (21, 4) or (33, 4) QDs, it has 

same band-gap for both the spin channels that is purely semiconducting. But for the larger 

systems than these, e.g. (21, 6) or (21, 8) so on, the systems have less band-gap for one 

spin channel and more band-gap for another spin channels, still for both the spin channels 

the system remains semiconducting. This is because of the fact that applying an external 

electric field along a zigzag nano ribbon induces half-metallicity in the system[80] and so 

a zigzag graphene ribbons which have one edge carbon atoms attached with N and 

another edge attached with B shows half-metallicity because the potential gradient along 

the system acts as an external electric field applied to the system[193]. The amount of 

electric field needed to turn the system half-metallic reduces with increase in ribbon 

width. So, for the same amount of electric field gradient inside our GQDs, the band-gap 

for only one spin channel starts to close when the ribbon width increases. In figure 3, we 

plotted pDOS of (21, 4) (21, 6) and (21, 8) systems to compare all of them. 

For 0-D graphene quantum dots with all the edge carbons substituted with BN, 

edge-states which arise at zigzag edges get modified. In this case we have one zigzag N 

edge and another edge as B edge. HOMO gets localized at zigzag N edge but on the C 

atoms which are attached to B atoms and LUMO gets localized at zigzag B edge on the C 

atoms attached to N atoms, both for  spin and  spin for all the systems though HOMOs 

and LUMOs for  spin and  spin do not behave similarly as the system is spin polarized 

around the Fermi level. 
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Graphene quantum dots with the zigzag edges partially substituted with BN:  The 

systems which have the zigzag edge atoms partially substituted by B and N atoms, are 

also semiconducting for both the spin channel but it has different H-L gap for different 

spin channels. As GQDs with partial edge substitution with BN have the presence of 

localized edge-states due to edge carbon-atoms, presence of passivated B/N edge-atoms 

which can supress the half-metallicity and presence of border carbon atoms which 

strongly contribute to the states near the Fermi-level, the reason for their spin-dependent 

H-L gap could be either because of a combined effect of some/all of them or because of 

any one of them. As each edge of these systems possesses both the carbon atoms and B/N 

atoms, we have first checked for the presence of any intrinsic electric-field in these 

systems along the diagonal of the rectangular GQD. Unlike the BN-full-ed-GQDs, if any 

intrinsic electric-field is there, that can act only along the diagonal of the rectangular 

QDs. So, we have applied an electric-field (from 0.1 to 1V/Å) across the diagonal of the 

GQDs and we find that all the systems are indeed spin-non-degenerate (see “Effect of 

external electric field on GQDs” section for further details). This shows that, if an 

electric-field is applied along the diagonal direction, then the spin-degeneracy of the 

GQD can be lifted. But as we know that it should be width dependent, which is not 

observed in this case, we suggest that this semi-half-metallicity is because of the presence 

 

Figure 4.4:  HOMO and LUMO diagrams for  spin and  spin of (21, 8) system.  

Isovalue is 0.02 e/Å
3
 for all the cases. 
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of both the edge and border carbon atoms. 

The projected density of states plots also shows that the C-B or C-N border carbon atoms 

mainly contribute to the density of states near Fermi level. 

 From the HOMO-LUMO diagrams, we found out that for both the spin channels, 

HOMO is mainly localised over the C atoms attached to N atoms in the partially 

substituted nano-flake and LUMO is mainly localised over the C atoms bonded with B 

atoms. In figure 4.5 HOMO and LUMO for (21, 8) graphene nano-flake with the zigzag 

edge partially substituted with BN atoms is plotted.  

 

BN Quantum Dots (BNQD): 

Rectangular BN nano-flakes are large band-gap insulators in nature as that of bulk BN 

sheet. (21, 4) BN nano-flake has a band-gap of 4.32 eV. In case of BN nano-flakes also 

band-gap reduces with increase in width or length similar to pure GQD. When we plotted 

the projected density of states of these systems, we found out that mainly the zigzag edge 

atoms are contributing towards the density of states near Fermi level, as depicted in figure 

4.2. Also, Nitrogen atoms contribute more to the HOMO as they are electron rich and 

Boron atoms contribute more to the LUMO as they are electron deficient. 

 From HOMO and LUMO plot, it is evident that the HOMO is localised over the 

 

Figure 4.5:  HOMO and LUMO diagram for  spin and  spin (21, 8) system.  Isovalue 

is 0.02 e/Å
3
 for all the cases. 
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N-zigzag edge of the flake and LUMO is localised over B-zigzag edge of the flake (figure 

4.6). HOMO and LUMO for both the spin channels are exactly same in this case. 

BNQD with All the edge Atoms Substituted with Carbon Atoms: BNQDs with all the 

edge atoms substituted with carbon atoms are semiconducting in nature. If we compare 

these QDs with their pure graphene analogues of them, they have less band-gap than 

graphene nano-flakes of same size. H-L gap of these systems increases with the increase 

in size, opposite to that of pure GQDs/BNQDs. This is because as the width of the ribbon 

increases, in C-full-ed-BNQD, the number of carbon atoms present at the edge increases, 

which in-turn increases the delocalization of electrons (because B, N atoms are replaced 

with carbon-atoms). This delocalization will bring stability mainly to the HOMO (leaving 

the LUMO almost unchanged, see figure 4.7), and hence, the increment in the H–L gap 

with an increment in the width of the ribbon. 

 

Figure 4.6:  HOMO and LUMO diagram for  spin and  spin (21, 8) BNQD.  Isovalue 

is 0.02 e/Å
3
 for all the cases. 
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We have found that the HOMO is localised on the carbon atoms attached with N 

atoms and the LUMO is localised on the C atoms bonded with B atoms. This is because 

of electron donating nature of N atoms and electron withdrawing nature of B atoms as 

discussed in earlier section in this case,  Both  spin and  spin have HOMO and LUMO 

levels at same position. 

 

Figure 4.7:  HOMO and LUMO Energies for  spin and  spin (21, 8) of BNQD with all 

the edge BN atoms substituted with carbon with the change in width. 

 

Figure 4.8:   HOMO and LUMO diagram for  spin and  spin (21, 8) system.  Isovalue 

is 0.02 e/Å
3
 for all the cases. 
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BN quantum dots with the zigzag edges partially substituted with carbon atoms: BN 

quantum dots with the zigzag edge atoms partially substituted with carbon atoms are 

semiconducting in nature. If we compare the semiconducting quantum dots with the pure 

graphene analogues of them, they have less band-gap than graphene nano-flakes of same 

size. From the projected density of states plots of the systems it is clear that the C atoms 

have maximum contribution towards the energy levels near Fermi level as they are 

present at the edges. 

It is found that the HOMO is localized on the edge carbon atoms which are 

attached with the N atoms and the LUMO is localized on the C atoms bonded with B 

atoms. Both  spin and  spin have HOMO and LUMO levels at same position for this 

case also. 

Effect of external electric field on GQDs: In the previous section we have found out 

that partial opposite edge BN substitution on GQDs induces semi half-metallic properties 

in the systems. So we tried to find out if that is because of an intrinsic electric field 

 

Figure 4.9:  HOMO and LUMO diagram for  spin and  spin (21, 8) system.  Isovalue 

is 0.02 e/Å
3
 for all the cases. 
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generated inside the system across the diagonal of the rectangle. In order to find this out 

we have applied an external electric field on the system across the diagonal of the 

rectangular (21, 8) GQD.  We have applied the electric-field (from 0.1 V/Å to 1 V/Å) 

across the diagonal of the GQDs and we find that all the systems are indeed spin-non-

degenerate In a previous study[194] it was proposed by TB theory that when electric field 

along different direction and of different strength was applied, oscillatory behavior of 

band-gap was obtained. We varied the electric field from 0.1V/Å to 1V/Å along the 

diagonal of a (21, 4) GQD and observed that band-gap starts to reduce for one spin 

channel, and there is a oscillatory behavior in band-gap with field strength, that is, 

depending upon the field strength applied along the diagonal band-gap of  and  spins 

increases and decreases in a oscillatory fashion. 

 

Optical absorption properties of all the systems: We have studied the optical 

absorption properties of all the pure GQD/BNQD and hybrid (21, 4) systems. For pure 

GQD we found out that though it has a small peak at visible energy range, it has max at 

IR region (1878.38 nm) which corresponds to HOMO to LUMO+1 and HOMO-1 to 

LUMO doubly degenerate transitions. GQD with complete edge BN substitution shows 

multiple peaks. Absorption maximum in this case is at 863.16 nm which arises from 

 

Figure 4.10: HOMO-LUMO gaps of the (21, 4) GQD depending upon the external 

electric field strength. 
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HOMO to LUMO+1 and HOMO-1 to LUMO doubly degenerate transitions. The other 

smaller peak 863.16 nm has major contributions from the HOMO-1 to LUMO+2 and 

HOMO-2 to LUMO+1 doubly degenerate transitions. Partial edge BN substituted GQD 

also has many peaks but max is at 879.12 nm. This also arises from HOMO to LUMO+1 

and HOMO-1 to LUMO transitions. For all the cases it is  - 
* 

transition. Pure BNQD 

has max at 220.52 nm, but the oscillator strength is very less in this case. BNQD with 

edge atoms substituted by C atoms both completely and partially absorb in visible energy 

range (max = 618.30 nm and 427.42 nm respectively).  

 

4.4 Conclusion 

In this study we have considered graphene, BN, and graphene-BN hybrid nano-flakes. 

We have shown that by varying width, length and extent of substitution, properties of a 

nano-flake can be tuned to generate suitable material for application in device.  

 

Figure 4.11: Absorption profile plots for (a) GQD, (b) GQD with all the edge atoms 

substituted with BN atoms, (c) GQD with the zigzag edges partially substituted with BN 

atoms and (d) BNQD, (e) BNQD with all the edge atoms substituted with C atoms and (f) 

BNQD with zigzag edges partially substituted with BN atoms. 
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We have found out that among all the systems under study, graphene nano-flakes are 

semiconducting with tunable band-gap. BN nano-flakes are insulating in nature. 

Graphene nano-flakes with edge atoms completely or partially substituted with BN atoms 

shows semi-half-metallic behavior. BNNFs with edge atoms completely substituted with 

C atoms are again semiconducting with least band-gap among all the systems. In case of 

partially BN substituted graphene nano-flakes, even for the 1nm X 1.8 nm nano-flakes, 

that is the smallest system under study, we found out that it is semiconducting for both 

the spin channels but with smaller band-gap for one and larger band-gap for another one. 

GQDs with all the edge C atoms substituted by BN atoms show this type of property after 

a certain size limit. 

We observed as a general result that in all the systems HOMO is mainly localized on 

either N atoms or on the C atoms which are attached with the N atoms. LUMO is mainly 

localized on either B atoms or the C atoms bonded with B atoms. 

All the systems under our study are overall non-spin polarized. But near the Fermi levels, 

the semi-half-metallic systems are spin polarized, that is, both the spin channels do not 

have similar property. 

So, we can say that by changing the type of substitution in GQDs or in BNQDs, the 

properties can be changed. Though none of the systems are spin polarized, electronic 

nature of the system is completely changed with variation in substitution. Also we 

calculated the optical absorption properties of the systems and found out that completely 

edge substituted BNQD is a potent material to use in LEDs. 
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  Chapter 5

Electronic and Magnetic Properties of X-shaped 

Graphene, BN and hybrid CBN Quantum Dots 

6.1 Introduction 

Graphene, since its discovery in 2004,[185] has attracted huge scientific interest in 

several areas of science because of its several interesting properties which include 

electrical, magnetic, optical, mechanical etc.[172-175] Although graphene is the host for 

exciting electronic properties like ballistic conductance,[47] charge fractionalization 

etc.[172] its use in semiconductor industry in its pristine form is not possible because of 

its zero band-gap near the Fermi-level. However, this disability of graphene has been 

overthrown by its low-dimensional material graphene nanoribbon (GNR).  

Specifically, density functional theory calculations, with both LDA and GGA 

exchange correlation functionals, on GNRs showed that GNRs with a zigzag edge 

(ZGNRs) possess a finite gap (~0.4 eV) for narrow width ribbons (< 5nm) and zero-gap if 

the width of the ribbon is large.[71, 179] On the other hand, AGNRs have been shown to 

oscillate between the semiconducting and metallic with an increase in the ribbon 

width.[71, 179] Although, both AGNRs and ZGNRs are interesting, ZGNRs have 

attracted huge scientific interest over AGNRs, because of their finite magnetic moment 

due to the spin-localization at the edges.[60] ZGNRs are also shown to be the promising 

candidates for the future spintronics because of the fact that this finite magnetic moment 

can be tuned to bring half-metallicity in ZGNRs.[72, 78] In fact, half-metallicity in 
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ZGNRs has been achieved in several ways viz., the application of electric field, doping, 

introducing defects etc.[73-75] 

Enlightened with these facts, research groups have started studying, theoretically, 

more complex devices based on GNRs, like, GNR-FETs,[195] p-n junctions,[196] spin-

filters[197] etc. and some of them have already been realized experimentally.[198] 

Recently, researchers started focusing on the shaped nanoribbon junctions which could be 

the plausible building blocks for the 2D-nano-networks. 

Several shaped nanoribbon junctions viz., L-shaped,[199] T-shaped,[200] cross-

shaped[201-203] and Z-shaped[204] nanoribbon junctions have been studied and most of 

these studies have concentrated on the conduction properties of these junctions. L-shaped 

GNRs shows low reflectance to the electrons for a large included angle and high 

reflectance for low included angle when the L-shaped-junction is made of an AGNR and 

a ZGNR, and, an opposite effect has been observed when the L-shaped-junction is made 

of two ZGNRs.[199] Similar spin-polarized calculations on the in-plane conductance of 

the GNR-cross points at different angles have shown large-scattering for quantum 

transport, except when two ZGNR ribbons meet at 60° angle. At this angle, quantum 

transport exhibits low-scattering, and also, a spin-polarized transmission probability is 

observed. Studies on the T-shaped junctions showed that, these systems are metallic and 

their conduction properties are sensitive to the height of the stem and on the doping 

position, i.e. on the stem or the shoulder.[200] Similar results were reported for the cross-

shaped ribbons.[201, 202] Spin-polarized-conductance calculations on a cross-shaped 

junction show a transverse spin current with zero charge-current.[201] A Z-shaped GNR 

junction has been shown as a promising candidate to confine the electronic states 

completely i.e. a quantum dot (QD) can be realized at the junction.[204] 

 Motivated by the above mentioned interesting spin-polarized conducting 

properties of cross-shaped ribbon networks obtained from the theoretical 

calculations[201-203] and by the recent experimental realization of the alphabetical 

character QDs,[66] we have performed the spin-polarized density functional theory 

(DFT) calculations to understand the electronic and magnetic properties of the X-shaped 

(or cross-shaped) graphene and Boron-Nitride QDs (not GNRs) which can be visualized 
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as the QDs formed by the intersection of a ZGNR and an AGNR ribbon as shown in fig 1. 

Graphene nanoribbons of sub-5-10 nm size and of controlled shape have been realized 

experimentally through top-down approaches using lithographic patterning followed by 

gas-phase etching chemistry[66] and through  bottom-up approaches by coupling the 

molecular precursors by de-halogenation followed by cyclo-de-hydrogenation.[63] Apart 

from the above experimental methods, standard lithography and catalytic cutting 

techniques, in principle, are able to produce QDs of larger size.[70, 92, 93] 

To our knowledge, there is no work on X-shaped graphene QDs, and in particular, 

the substitutional effects on the electronic and magnetic properties of X- shaped graphene 

QDs. In this work, we have investigated the electronic and magnetic properties of X-

shaped QDs of both graphene and boron-nitride (BN). As the electronic and magnetic 

properties of the QDs will be highly sensitive to the edges,[73, 75, 78] we have 

considered the substitution, of these pristine dots, at the edges. For graphene-QD (GQD), 

edges are substituted with boron and nitrogen and for BN-QD (BNQD), edges are 

substituted with carbon. Thus, the systems are isoelectronic before and after the 

substitution. 

 Substitution has been performed in two ways: (i) complete replacement of the 

edge atoms with the substituent atoms and (ii) replacement of the edge atoms present at 

the V and inverted-V-shape of the X-shaped QDs with the substituent atoms.  Thus, the 

other systems under consideration are complete edge substituted GQD (com-ed-sub-

GQD), V-edge substituted GQD (V-ed-sub-GQD), complete edge substituted BNQD 

(com-ed-sub-BNQD) and V-edge substituted BNQD (V-ed-sub-BNQD). In order to see 

the size effects of the wings on the calculated properties, we have considered 3 different 

sizes of the wings, without changing the size of the central / junction region of the QDs. 

The size of the ribbon is indicated by (A, Z), where „A‟ and „Z‟ are the lengths of the 

armchair and zigzag-edged-wings, respectively, in nm. We have considered 3 sizes of 

QDs in this work, viz., (2.44 nm, 2.48 nm), (4.16 nm, 3.97 nm) and (5.79 nm, 5.39 nm). 

In all the 3 sizes, we have maintained equal numbers of zigzag (armchair) edges on both 

sides of the junction, in order to keep track on the important changes which will occur 

only because of the substitutional effects rather than the asymmetry across the junction. 
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All the six systems of the medium size, (4.16 nm, 3.97 nm), are shown in figure 

5.1 and all of them have a total number of 240 atoms (308 atoms by including the 

hydrogen atoms), among which, 130 atoms are always at the edges of the QD and the 

remaining 110 atoms at the center, which makes these systems suitable for studying the 

edge effects. 

 

6.2 Computational Details 

All the first-principles calculations have been performed using spin-polarized density 

functional theory (DFT) as implemented in the SIESTA package.[168] The generalized 

gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) form[169] is 

chosen for the exchange-correlation functional. Interaction between the ionic cores and 

the valence electrons is accounted by the norm conserving pseudo-potentials in the fully 

nonlocal Kleinman-Bylander form.[171] The pseudo-potentials are constructed from 3, 4 

and 5 valence electrons for the B, C and N atoms, respectively. To expand the wave-

functions, numerical localized combination of atomic orbitals with double-ζ basis sets are 

used. To represent the charge density, a reasonable mesh-cut-off of 400 Ry is used for the 

grid integration. As the systems under consideration are quantum dots, we have sampled 

the Brillouin-zone by 1 × 1 × 1 k-points using the Monkhorst-Pack scheme for both the 

electron properties calculations and for the full-relaxation of the systems.  Systems are 

considered to be optimized only when the forces acting on all the atoms are less than 0.04 

eV / Å. Unit-cells of 45 × 45 × 25, 45 × 45 × 25 and 85 × 85 × 25 (Å)
3
 have been taken 

for the systems  of sizes (2.44, 2.48), (4.16, 3.97) and (5.79, 5.39) nm, respectively, to 

avoid any spurious interactions between the quantum-dots and their periodic images. For 

all the DOS and pDOS plots, a broadening parameter of 0.05 eV has been used.  For 

plotting charge and spin density 100 × 100 × 100 grid points have been considered and 

isovalues of 0.001e / (Å)
3
 and 0.015e / (Å)

3
  have been used for the charge and spin-

densities, respectively, for all the systems using the XCRYSDEN software.  
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5.3 Results and Discussion  

In this section, we will explain the stability, electronic and magnetic properties of the 

considered systems. 

1) Structural Stability 

 First, in order to find the ground state of the systems, we have performed the spin 

polarized calculations with both anti-ferromagnetic (AFM) and ferromagnetic (FM) spin 

configurations. The energy difference between the spin configurations for the systems 

with sizes (2.44, 2.48), (4.16, 3.97) nm are given in the third columns of the tables 5.1 

and 5.2, respectively. From the values it can be seen that, all BNQDs are stabilized in FM 

state and all GQDs are stabilized in the AFM state irrespective of the size of the system. 

We can see that the energy by which a particular spin-configuration is stabilized over the 

other is far below the room temperature (~ 0.025 eV) for certain systems. However, as the 

DFT calculations are performed at 0 K, we will consider only those spin-configurations 

which are more stable (irrespective of the amount of stabilization) at 0 K (rather than 

considering how they will be at room temperature) for our further studies like DOS and 

wave-function analysis.  

Next, to account for the stability, we have calculated the formation energy per 

atom, Eform, of all the systems in their ground state spin configurations using equation 5.1. 

The formation energy per atom, Eform, is defined as: 

Eform = [Etot - NH (EH) - NB (EB) - NC (EC) - NN (EN)] / N ---- (5.1) 

where, Etot is the total energy of the system in its ground state spin configuration and EH, 

EB, EC and EN are the energies of the hydrogen, boron, carbon and nitrogen in hydrogen 

molecule, α-rhombohedral boron, graphene and nitrogen molecule, per atom, 

respectively. N is the total number of atoms in the system and NH, NB, NC and NN are the 

number of hydrogen, boron, carbon and nitrogen atoms in the system, respectively. 
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Table 5.1: Formation energy, Fermi-energy, magnetic moment, band-gap of the systems 

in both ferro and anti-ferro magnetic spin configurations for (2.44, 2.48) nm ribbon. 

Ferro-Magnetic (FM) (2.44, 2.48) nm ribbon= total 176 atoms 

System 
EFM - EAFM 

(meV) 

Formation 

Energy per 

atom, Eform 

(eV/ atom) 

Spin-polarization 

(Spin-up - Spin-

down) µβ 

Band-gap (eV) 

Majority 

Spin 

Minority 

Spin 

Pristine-X-shaped-GQD 0.04 -2.986 0.00 - - 

com-ed-sub-GQD 6.94 -2.186 0.00 - - 

V-ed-sub-GQD 13.34 -2.639 0.80 - - 

Pristine-X-shaped-

BNQD 
-0.16 -1.746 0.00 4.05 4.05 

com-ed-sub-BNQD -0.44 -2.342 0.00 0.56 0.56 

V-ed-sub-BNQD -2.68 -1.968 1.08 0.00 0.00 

Anti-Ferro Magnetic (AFM) (2.44, 2.48) nm ribbon 

System 
EFM - EAFM 

(meV) 

Formation 

Energy per 

atom, Eform 

(eV/ atom) 

Spin-polarization 

(Spin-up - Spin-

down) µβ 

Bandgap (eV) 

Majority 

Spin 

Minority 

Spin 

Pristine-X-shaped-GQD 0.04 -2.986 0.00 0.78 0.78 

com-ed-sub-GQD 6.94 -2.186 0.00 0.90 0.90 

V-ed-sub-GQD 13.34 -2.639 -0.80 0.00 0.00 

Pristine-X-shaped-

BNQD 
-0.16 -1.746 0.00 - - 

com-ed-sub-BNQD -0.44 -2.342 0.00 - - 

V-ed-sub-BNQD -2.68 -1.968 1.08 - - 
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Table 5.2: Formation energy, Fermi-energy, magnetic moment, band-gap of the systems 

in both ferro and anti-ferro magnetic spin configurations for (4.16, 3.97) nm ribbon. 

Ferro-Magnetic (FM) (4.16, 3.97) nm ribbon = total 308 atoms 

System 
EFM - EAFM 

(meV) 

Formation 

Energy per 

atom, Eform 

(eV/ atom) 

Spin-

polarization 

(Spin-up - Spin-

down) µβ 

Band-gap (eV) 

Majority 

Spin 

Minority 

Spin 

Pristine-X-shaped-GQD 92.24 -2.988 4.00 0.51 0.44 

com-ed-sub-GQD 0.67 -2.187 0.00 0.52 0.52 

V-ed-sub-GQD 47.16 -2.615 2.15 0.00 0.00 

Pristine-X-shaped-

BNQD 
-6.96 -1.743 0.00 3.90 3.90 

com-ed-sub-BNQD -0.82 -2.336 0.00 0.27 0.27 

V-ed-sub-BNQD -4.43 -1.996 0.73 0.00 0.00 

Anti-Ferro Magnetic (FM) (4.16, 3.97) nm ribbon 

System 
EFM - EAFM 

(meV) 

Formation 

Energy per 

atom, Eform 

(eV/ atom) 

Spin-

polarization 

(Spin-up - Spin-

down) µβ 

Band-gap (eV) 

Majority 

Spin 

Minority 

Spin 

Pristine-X-shaped-GQD 92.24 -2.988 0.00 3.74 3.74 

com-ed-sub-GQD 0.67 -2.187 0.00 0.52 0.52 

V-ed-sub-GQD 47.16 -2.615 0.00 0.00 0.24 

Pristine-X-shaped-

BNQD 
-6.96 -1.743 0.00 3.90 3.90 

com-ed-sub-BNQD -0.82 -2.336 0.00 0.27 0.27 

V-ed-sub-BNQD -4.43 -1.996 0.02 0.00 0.03 
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In tables 5.1 and 5.2, the formation energy values (per atom) of all the systems 

along with their magnetic moments and band-gap values are given. As is well known, 

negative Eform value indicates a thermodynamically stable system and higher the negative 

 

Figure 5.1:   X-shaped quantum dots (a) Pristine-X-shaped-GQD, (b) com-ed-sub-GQD, 

(c) V-ed-sub-GQD, (d) Pristine-X-shaped-BNQD (e) com-ed-sub-BNQD (f) V-ed-sub-

BNQD. 
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Eform value, higher the stabilization of the system. Clearly, from tables 5.1 and 5.2, all the 

systems possess negative Eform values, and hence, thermodynamically stable. It is also 

important to mention here that, the formation energies of these systems are much below 

the formation energies of pristine graphene (-8.65 eV/atom) and h-BN sheet (-7.79 

eV/atom),[205] but, their negative Eform values (much above the room temperature) assure 

that they are thermodynamically feasible, and hence, could be prepared experimentally. 

If we observe the Eform values of tables 5.1 and 5.2, we can also unveil that 

(among the systems considered) systems which have more number of carbon atoms are 

thermodynamically more stable than the systems with boron and nitrogen atoms (also see 

figure 5.2) which is just opposite to rectangular quantum dots.[206] This can be explained 

by comparing the formation energies of pristine graphene (-8.65 eV/atom) and h-BN (-

7.79 eV/atom). These values indicate that, the formation of graphene is 

thermodynamically more feasible than h-BN. Thus, as we go from a system with a lower 

number of carbon atoms (i.e. BN rich) to a higher number (i.e. carbon rich), we are 

allowing the system to stabilize thermodynamically, and hence, the observed trend. 

2) Electronic and Magnetic properties: 

In this section we will explain the electronic and magnetic properties of all the QDs 

considered in this work.  

 

Figure 5.2:  Variation of Eform with number of carbon atoms. 
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To understand the edge effects on the electronic and magnetic properties of QDs, 

we have plotted the density of states (DOS) and projected density of states (pDOS) of all 

the QDs (see figure 5.3 and figure 5.4). Before explaining the reasons for the observed 

changes in electronic and magnetic properties, let us list some of the interesting results.  

 (i)  Band gap: 

By observing the tables 5.1 and 5.2, it can be noticed that the change in the band-gap 

from pristine-BNQD (pristine-GQD) to com-sub-BNQD (com-sub-GQD) is as large 

(low) as 3.63 eV (0.03 eV), for both the sizes. In fact, the band-gap of com-sub-BNQDs 

is even lesser than that of pristine-GQDs (the similar trend was found in case of 

rectangular quantum dots also [206]), and the order of the band-gap for the systems 

considered in this work is pristine-BNQDs > com-sub-GQDs > pristine-GQDs > com-

sub-BNQDs > V-edge-sub-QDs. Also, if we observe the substitution at V-edge for both 

the dots, it can be realized, for both the sizes, that pristine-QDs turn from semiconducting 

to metallic when the substitution is done only at V-shape, and there is an opening of the 

 

Figure 5.3: Variations of HOMO-LUMO gaps with substitution and size of the systems 

considered. 
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band-gap again, when the QDs are completely substituted. Thus, there is a 

semiconducting (insulating) → metallic → semiconducting transition in both graphene 

and h-BN QDs as one goes from pristine-QDs → V-edge-sub-QDs → completely-sub-

QDs. Clearly, in contrast to the formation energy, there is no relation between the band-

gap and the number of carbon atoms. But, one plausible reason for the above trend could 

be the change in the symmetry of the quantum dot with the substitution, which follows 

the trend, symmetric → asymmetric → symmetric when the systems changes from 

pristine-QDs → V-edge-sub-QDs → completely-sub-QDs. 

(ii) Spin-polarization: 

Similar to the band-gap, there is also a transition in the spin-polarization (see table 5.1) 

from un-polarized → spin-polarized → un-polarized, when one goes from pristine-QDs 

→ V-edge-sub-QDs → completely-sub-QDs, for both the sizes. So, V-edge-substituted 

QDs exhibits some interesting properties when compared to other QDs, and hence, need a 

special attention. From the figures 5.4 and 5.5, one can easily notice that, with a change in 

the size of the systems there is no change in the position of the total-spin (spin-up – spin-

down) in the systems, for example, in the case of V-ed-sub-BNQD total-spin is mainly 

localized at the substituted edges only, for both the sizes. Thus, one can conclude that 

those properties which are related to the total-spin will not change with the size of the 

systems, for the systems considered here. Although, the systems are spin-polarized, as the 

total-spin is localized one would expect there will be no spin-conductance in these 

systems. 

 

Figure 5.4: (spin-up) – (Spin-down) density of the spin-polarized systems with 308 

atoms. (a) Pristine-X-shaped-GQD (b) V-ed-sub-GQD and (c) V-ed-sub-BNQD. 
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(iii) DOS and p-DOS: 

Interestingly, DOS plots show that for V-ed-sub-GQD, of width (4.16, 3.97) nm, is a half-

metallic system, i.e. majority spin is conducting and minority spin is semi-conducting 

with a gap of ~ 0.24 eV. But, this phenomena is not global i.e. half-metallicity is not 

retained for all the sizes of V-ed-sub-GQD, and indeed, systems show metallicity for both 

up- and down-spins, for other widths. However, by observing the DOS of these V-ed-sub-

QDs it seems that, there is a possibility to tune the Fermi-level of these systems, under the 

application of external electric-field, to make them half-metallic. Also, interestingly, we 

observed that DOS near the Fermi-level for the V-ed-sub-QDs have S2-point group type 

symmetry, which is essentially the symmetry of the C-atoms of these systems in the real 

space. To check whether the symmetry of the C-atoms in the real space is the reason for 

the observed symmetry of the DOS near the Fermi-level, we did some more calculations 

by changing the symmetry of the GQDs by varying the substituents positions [To prove 

the symmetry effects of the system on the DOS of V-ed-doped-GQDs we substituted 

boron and nitrogen atoms only at the zigzag-wing in opposite sides, to resemble the V-ed-

sub-GQD, and we found that symmetry in the DOS is retained, but this time, only very 

near the Fermi-level. This indicates that the symmetry of the DOS near the Fermi-level 

has impact from the whole system rather than a particular wing, although the zigzag wing 

is contributing more near the Fermi-level].  

 

 

Figure 5.5: (Spin-up) – (Spin-down) density of the spin-polarized systems with 176 

atoms. 
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p-DOS plots shows that, the main contribution for the DOS near the Fermi-level is 

mainly from the C-atoms for all the systems, except the pristine-BNQD which doesn‟t 

have any carbon atoms, and when the carbon atoms are at both edge and center of the 

system, then the former ones are contributing more than the latter ones near the Fermi-

level and the reverse is true when we go away from the Fermi-level. When only carbon 

atoms are present at the edges, they are the major contributors to the DOS near the Fermi-

level. These findings support our choice of substitution, i.e. substitution at the edge rather 

than at the centre of the quantum dot, because of which we got huge changes in the DOS 

of the systems. 

 

 

Figure 5.6:  Density of States (DOS) plots for  (a) Pristine-X-shaped-GQD, (b) com-ed-

sub-GQD, (c) V-ed-sub-GQD, (a') Pristine-X-shaped-BNQD (b') com-ed-sub-BNQD (c') 

V-ed-sub-BNQD with 308 and 176 atoms. 
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From the p-DOS of pristine-BNQD one can notice that the main contributions to 

the valence band are the nitrogen atoms of the system and for the conduction band boron 

atoms are the main contributors, as expected. But, when the systems contain carbon 

atoms, then the contributions got reversed near the Fermi-level. This can be explained on 

the basis of the border atoms (like a carbon atom in V-ed-sub-GQD which is connected to 

both an edge-boron atom and a center-carbon atom). When a boron (or nitrogen) atom is 

attached to a carbon atom then it will get (give) some charge from the carbon atom and 

thus the property of this atom will be opposite to what it should exhibit. As the border 

atoms (not shown here) and/or edge atoms are mainly contributing to the DOS near the 

Fermi-level for these systems (containing C, B and N atoms), we are observing an 

opposite effect in the DOS compared to the pristine-BNQD.  

 

Figure 5.7: Projected Density of States (p-DOS) plots for  (a) Pristine-X-shaped-GQD, 

(b) com-ed-sub-GQD, (c) V-ed-sub-GQD, (a') Pristine-X-shaped-BNQD (b') com-ed-sub-

BNQD (c') V-ed-sub-BNQD with 308 and 176 atoms. 
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By closely observing the p-DOS, we find that, although the symmetry in the DOS 

near the Fermi-level has a main contribution from the edge-carbon atoms, other border 

atoms are also possess the same kind of symmetry near the Fermi-level, as does the 

carbon atoms. In fact, the contribution from the boron atom to the valence band in 

majority spin is equal to the contribution of the nitrogen atom to conduction band in 

minority and thus related to each other in S2 symmetry, as can be seen in the p-DOS of 

any of the V-ed-sub-QDs. The plausible reason for the above effect could be the 

symmetry of the system in real space, where an S2 symmetry operation will impose the 

boron atoms of the V-ed-sub-QDs on to the nitrogen atoms of the system and we are able 

to observe it only near the Fermi-level because of the border atoms.  

 

Figure 5.8: Top panel corresponds to: HOMO and LUMOs of (a) Pristine-X-shaped-

GQD, (b) com-ed-sub-GQD, (c) V-ed-sub-GQD; Bottom panel corresponds to: HOMO 

and LUMOs of (a) Pristine-X-shaped-BNQD (b) com-ed-sub-BNQD (c) V-ed-sub-

BNQD with 308 atoms. 
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(iv) HOMO and LUMO orbitals: 

Figures 5.8 and 5.9 show the Highest Occupied Molecular Orbital (HOMO) and Lowest 

Unoccupied Molecular Orbital (LUMO) plots, with an iso-contour value of 0.015e / (Å)
3
,  

for all the systems considered in this study. As can be seen from the plots, the nature of 

the plots didn‟t change much as one vary the size of the system for the BNQDs, which 

has been already reflected in the spin-density profiles of these systems. Thus, one can 

safely conclude, for the BNQD systems considered here, that variation of the size is not 

going to influence the properties related to the charge conduction (because the HOMO 

and LUMO will take main part for the conduction near the Femi-level, the only region 

which will be generally important for the conduction properties). But, in the case of 

GQDs, some clear changes can be noticed. Although, these changes seems to be because 

of the size changes, but close observation leads us to conclude that the changes are mainly 

because of the extended de-localization in GQDs which is absent in BNQDs. Hence, 

although the size changes seem to affect GQDs, they might get seized for little longer 

sizes than what have been considered here.  
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6.4 Conclusion 

In our study, we have calculated the electronic and magnetic properties of X-shaped 

GQD, BNQD and the effect of BN/carbon atom substitution on GQDs/BNQDs. We have 

found that the GQDs are stable in AFM and the BNQDs are stable in FM ground state. A 

 

Figure 5.9: (Spin-up) – (Spin-down) density of the spin-polarized systems with 308 

atoms. (a) Pristine-X-shaped-GQD (b) V-ed-sub-GQD and (c) V-ed-sub-BNQD. 
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semiconducting (insulating) → metallic → semiconducting transition is found in both 

graphene and h-BN QDs as the systems are substituted from pristine-QDs → V-edge-sub-

QDs → completely-sub-QDs. Also, the systems change to un-spin polarized → spin 

polarized → un-spin polarized ground states under these conditions. V-edge-sub-QDs are 

found to show a unique property, the half-metallicity. 
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