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Abstract: 2D materials as well as quasi-1D materials exhibit fascinating optical and electronic
properties. Boron (B) and nitrogen (N) doping are of particular interest due to their expected
modification of electronic hence optical properties. We have performed density functional
theory (DFT) computations in the low frequency limit to calculate the band structure and
dielectric constant of the B-N doped single wall carbon nanotubes (SWCNT) systems. Graphene
sheet has been doped with individual B, N atoms along with the simultaneous B-N codoping
with varying concentrations. Controllable band gaps have been observed to be induced in the
systems for different concentrations of three different foreign species. Besides, the Raman
spectrum of the B/N doped Tetragonal graphene (T-graphene) systems has been computed for
characterization purpose. Among transition metals, doped in T-graphene system, Sc shows
significant spin polarization. Further, the electronic structure and the relevant density of state
(DOS) at Fermi energy of B-N doped T-graphene can be judiciously used for the electronic
transport. Our theoretical results will serve as an important reference to fabricate various opto-
electronic devices with nanoscale dimensions using B/N substitution in the carbon network.

Keywords: Graphene, carbon nanotubes, tetragonal graphene, B-N doping, optical properties, electronic
properties. density functional theory (DFT).

1. Introduction: Scientific discovery and the technological revolutions strongly depend on materials.
Therefore, search of smaller, faster and smarter nano-devices demands the detailed understanding of the
properties of different materials to fulfil the need of modern era. In particular, the electronic as well as
the optical properties of the nano-systems are not only very importance for basic science but also
significant in the industrial applications. The pioneering work of lijima [1] on the single-walled
nanotubes (SWCNTS) [2, 3, 4] inspired the researchers in the field of nanoscience. Several attempts
have been made to enhance the efficiency of synthesizing nanotubes and measuring their chemical
reactivity [5 - 7]. Moreover, CNTs exhibit profound implementation in the field of molecular electronics
[8 - 13], nano-mechanics [14 - 17] and optics [18 - 21]. The electronic states of these CNTs have been
efficiently controlled with the help of impurity doping [22 - 24]. Doping carbon nanotubes (CNTSs) with
different foreign atoms will eventually create new band levels and as a result, a shift in Fermi energy
occurs. This shift in Fermi level is the key factor for the electronic including conductivity/magnetic
properties of the doped CNTs. However, the most natural choices for foreign atoms have been either
boron (B) [25] or N [26], due to three specific reasons. Firstly, B and N are the adjacent atoms of C in
the periodic table. Hence, even after the substitution of two C atoms by B-N pair does not alter the
number of electrons in the honeycomb lattice of CNT.
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Figure (1): Pictorial representation of possibilities of B and N doping/ alloying.

Secondly, the atomic radius of both B and N closely matches with that of C. Thirdly, it is possible to
achieve both p-type and n-type CNTs with appropriate B and N doping. These systems are really
important for various device applications. In Figure (1), schematically we depict the different
possibilities of B-N alloying in CNT system. The recent developments of two-dimensional (2D)
materials in the post-silicon nano-electronics have fostered a magnificent research motivation after the
successful isolation of graphene [27 - 35]. The rise of each new material leads towards enormous
excitements as well as challenges associated with applications of their physical properties. One of the
key reasons is that each structure dependent electronic states encompass metallic, semi-metallic, semi-
conducting, insulating and superconducting has distinct device applications. These properties of 2D
materials are significantly different from their 3D counter parts. Apart from that, there are indeed a class
of new novel Dirac materials [36, 37] and heterostructures in 2D available either theoretically or
experimentally to verify some basic physics along with fabrication of nanodevices. In Figure (2), we
schematically present some of the materials possessing Dirac cones.

Figure (2): 2D materials with Dirac cones consisting of various elements and compounds.
Reproduced from [37].
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Transition-metal dichalcogenides (TMDCs), another important key member of 2D family also have high
potential in device application from the thin films [38] point of view. Furthermore, progress in recent
nano-material research has evinced the emergence of different 2D graphene allotropes consist of
different hybridizations [39]. Some of them are already experimentally realized [40] within nano
dimensions. Tetragonal graphene (T-graphene/TG) [41, 42] (space group P4/mmm) is a prime member
of the family of graphene allotropes. This planar allotrope is metallic in nature and comprises squares
and octagons made of C atoms. TG has drawn enormous interest of the researchers because of its
stability and high DOS at Fermi level [42]. There are many attempts has been made [43 - 47] to
functionalize this TG sheet to achieve smart nanoelectronic devices. The incorporation of local
symmetry breaking by defects [48], strain engineering, doping, and heterostructuring can tailor the
electronic band structure and the optical properties. All the relevant physical properties do depend on the
suitable band engineering of these exotic materials. This paper will try to highlight some of the works in
the B-N doped carbon system. The B-N doped single walled carbon nanotube (SWCNT) system has
been already reviewed by various researchers. We would like to point out the implication of some
optical properties based on band structure calculations. Most of the works have been already published
but some inherent points are indicated for future devices.
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Figure (3): Geometry parameters of (8, 0) BsC and (8, 0) CN systems, variation of band gap with doping
concentration of B atoms and effect of N doping on DOS.

1. B-N doped SWCNT: The B and N doped SWCNTSs possess novel electronic and optical properties
[24, 25, 26] which have not been observed in pristine Q.CNTs. However, to observe such novel
phenomenon, it is essential to have low doping concentration particularly below 0.5%. In fact, it is
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necessary to repeat B/N with variable concentration in SWCNTs as well as MWCNTS to understand the
relevant mechanism leading to different physical properties. Because of the quasi one dimensional
structure of these nanotubes, the size, quantization, flavour along with the position of the doped atoms
play the important key factors for the observed novel phenomena in these systems. In Figure (3), we
schematically present the geometry of a (8, 0) BsC system and (8, 0) CN system. It is observed that [24,
25], the B doping can modify the band gap at [] point lies at the centre of the BZ. The band gap reaches
the minimum value at about 55% concentration of B. Moreover, N doping can also significantly change
the DOS at the Fermi energy. All these results are essential in device fabrication related to CNT. In
Table 1 we have highlighted some of the important electronic and optical properties of B alloyed and N
alloyed SWCNT system.

A detailed study via DFT has been invoked to probe the interaction of boron with graphite to understand
the oxidation mechanism in graphite [49]. This work will serve as a benchmark for the study of
structural and energetic parameters of boron-graphite system. Recently, codoping CNTs with B and N in
the zigzag direction has not shown any effect [50] on the bandgap engineering. The BC2N nanotubes
doped with Al and Si atoms [51] can be used as a good cathinone drug-sensor with reasonably high
sensitivity and low recovery time.

Table 1: Comparison of the opto-electronic properties of BxCy and CxNy SWCNTSs.

Properties B-alloyed SWCNT N-alloyed SWNT
Band gap variation at I point Minimum at 55% Maximum at 57%
Reflectivity Less More
Maximum adsorption Minimum at 40% Maximum at 40%
coefficient
Loss function Less More
Plasma frequency Minimum at 44% (parallel) | Maximum at 50% (paralle)

2. B-N doped graphene: The only drawback of graphene, the wonder material is its zero band gap
behaviour at Dirac points. Band gaps can however be induced by various ways such as chemical
functionalization, local symmetry breaking with the help of defects and asymmetrical external strain
[52]. In Figure (4), we depict the B and N doping at various equivalent and non-equivalent sites of
graphene network. It is noticed that [53], there are openings of band gap only for non-equivalent sites.
Although DFT is a ground state theory, however optical properties with sufficient number of bands can
give hints towards the possible excitations of the systems. In Figure (4c), we have compared our DFT
results with experimental work [54]. Reasonably nice agreement between theory and experiment is
noticed.

It has been observed that the edge states of graphene have a significant impact of its electronic
properties. The possible approach to achieve such edge effects is reduction of the dimensionality of
graphene by making quantum dots (QDs), where the electronic motion is restricted in three spatial
directions. Graphene QDs also exhibit extraordinary optoelectronic properties compared to other QDs.
In addition, the electronic band spectra can be modified by controlling the shape and size of these
quantum dots. Graphene QDs exhibit tunable band gap upto 3 eV which is essential for different optical
applications i e. qubits, LEDs, photoresistor, energy conversion bioanalytic sensors, catalysis [55] and
solar cells [56]. Geometrical pattern as well as the concentration of B-N impurity in graphene network
[57 - 59, 53] and nanoflake [60] can significantly modify their electronic properties. For example,
increasing the distance between the impurities, it has been established [60] that the bandgap and DOS
are reduced. It is highly encouraging that most of the 2D materials isolated so far are able to cover the
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entire range of the electromagnetic spectrum. B-N pair doping can even open the bandgap in o, § and y
graphynes [61, 62].
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Figure (4): (a) N atom (blue colored) is at A position and B atom (green colored) is successively doped
at different equivalent and non-equivelent positions. (b) Variation of band gap equivalent and non-
equivalent sites (c) comparison of DFT EELS results with experiment.

In particular, 6,6-12 graphyne nanosheets exhibit extreme sensitivity [63] to light ranging from infrared
to UV regime after B-N co-doping. Non-linear behaviour of bandgap opening [64] by suitable
controlling the concentration of B/N codoping in graphene has been demonstrated via X-ray emission
and emission spectra. The variation of the band gap is restricted to 0.6 eV for the B/N concentration
upto 6 %. Further, the behaviour has been explained via DFT computations of a model B-N dopant
nanodomains embedded in graphene network. At high enough doping concentration, B-N doped
graphene behaves metal-like with zero bandgap. It has been realized that the dopant induced quantum
confinement is responsible for the localization of linear dispersive relation. A single step heat treatment
method has been applied to synthesize boron and nitrogen doped graphene with the help of PtRu
catalysts [65]. The synthesized doped graphene shows an improvement of electrocatalytic performance
of methanol oxidation reaction. In particular, the superior catalytic performance is optimized at an
annealed temperature of 800 °C. The role of heteroatoms in doped graphene for photocatalysis has been
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critically reviewed by Putri and collaborators [66]. Nitrogen doped graphene has been synthesized by
electron beam irradiation and the presence of nitrogen doping at various sites has been morphologically
verified [67].
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Figure (5): Adsorption coefficient under parallel and perpendicular polarizations and Raman fingerprint
of different DSGQDs. Here, configl, config2 and config3 GQDs consist 16, 30 and 48 C atoms
respectively.

The enhancement of electrical conductivity along with kinetic performance of supercapacitor has been
noticed. The electronic as well as magnetic properties can be altered in graphene network via different
substrates such as Si/SiO., B-N and transition metal [68]. The absorption of different atoms in the
substrate can lead to exotic physical and chemical properties of doped system. In Figure (5), we depict
the adsorption coefficient and Raman spectra of three diamond shaped graphene quantum dots
(DSGQD) having 16, 30, 48 C atoms for Config 1, Config 2, Config 3 respectively. It is noticed that
Config 2 shows peak around 5.35 eV. As size increases, the adsorption spectra become broader [69].
Raman study of H-passivated structures indicates [69] that the intensity and the position along with the
nature of vibration change with the cluster size. Based on our result, recently magnetization and
magnetic susceptibilities have been computed [70] for diamond shaped graphene quantum dot
(DSGQD). In fact, the computational study the magnetic hysteresis of this DSGQD reveals that the
magnetic coercivity increases with exchange interaction but decreases with increasing temperature.
GQD decorated with flower like rutile TiO2 can be used [71] for water splitting application. In
particular, the optical properties of such GQD having size of 12 nm show high luminescence
characteristics and can absorb UV as well as visible light upto 700 nm. The dielectric matrix for parallel
as well as perpendicular polarization has been calculated [72] within random phase approximation in
DFT. Significant red shift in absorption spectra towards visible range for high B-N co-doping is
observed.
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Figure (6): (a) Difference of up spin and down spin DOS of Sc doped planar TG are plotted against
energy for various orbitals. (b) Charge density image of Sc doped system. (c) Comparison of percentage
of spin polarization at the Fermi energy for various transition metals in TG system.

3. B-N doped T-graphene: In a similar vein to the above discussions, B and N atoms are also natural
choices for doping in the T-graphene (TG) network. It is observed that pristine TG is non polar in
nature. However, presence of B/N in the TG systems will induce appreciable charge anisotropy in the
system. This change in electrical susceptibilities can be perceived from the Raman spectroscopy [47].
Projected DOS spectra of transition metal doped TG have been computed via DFT [46] and percentage
of spin polarization of Sc doped system as a function of energy for various orbitals are shown in Figure
(6a). The charge density plot of Sc doped planar TG clearly indicates covalent nature of the bond. The
degree of spin polarizations at Fermi energy is defined as shown in equation (1).

pP— NT(EF)_N¢(EF)
N+ (E:)+N, (Ep)

(1)

It is clear from the table in Fig. 6(c), the Sc doped planer TG possesses the most spin polarized DOS.
Below we have discussed transport phenomenon in B-N doped T-graphene.

4. Methodology: The ballistic transport process is hardly influenced by the resistivity offered by the
scattering processes in the molecular sample [73]. The conductivity is largely determined by the
coupling between the probe and the system. The interaction at the junctions broadens the energy levels
and for strong coupling strength the process falls into the self-consistent field (SCF) regime. In the
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condition the transport can be calculated in the mean field picture by Landauer formula [73], as shown
in equation (2).

| = % “T(e)(F (¢) 1. ())de )

—00

However, the principal contribution is from the orbitals whose energies are compared to that of the
Fermi level. Therefore, the effective expression of the current gets modified under external bias V, as
shown in equation (3).

2 Egy +(1-&)eV

B V)= | T(ede 3)

Epy —geV

Here, the voltage division factor (&) implies the ratio of the forward (Vs) to reverse (Vi) voltage. It is

important to remember that the above expression is only valid at zero temperature limits. However, one
can also get some descriptions of the room temperature electron transport. The reason relies on the fact
that, the thermal noise is considerably smaller compared to the applied bias in most of the cases. In case
of molecule like systems, the exact form of the transmission probability (T(g)) via a channel of energy
€o can be obtained using famous Breit-Wigner formula [74] as shown in equation (4).

T(e,g,a,T,,T,)= B 4)

2
(6—&,—aeV)’ +7(F1 +4F2)

The rates I'1 and I'2 are related to the imaginary part of self-energy terms (2(E) = Z(E) + i Zi(E)) in non-
equlllibrium Green's function formalism as Zi(E)=I"1 + I'.. Here, I'1 and T"> describes the junction
properties of the system. The factor (&) is related to the I'y and >, as £ =T, /(T', +T,) . The parameters

€0 and Erv are taken from the first principles based calculations. The double layer formation at junctions
has been considered by introducing a first-order Stark shift like term o in the equation (4).

'y and I"z depend on applied bias (V), however, I'y (V )+ T'1 (V) =T1(0)+ I'1 (0) is independent of V, as
can be shown in equation (5).

I,(V)=0,(0)+kV and T,(V)=T,(0)—kV (5)

here, k is a constant. However the special note is that, this picture is valid for in the SCF regime only.
The extension can however be done to encounter the charging effects of a systems [75]. For the time
being we will only consider the off-resonance limit in the electron transport process under Wentzel-
Kramers- Brillouin (WKB) approximation. With such approximations T-Graphene nanodots have been
considered as quantum mechanical tunneling barrier. A detailed description of the measurement process
has been shown in Figure (7).
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Figure (7): Schematic diagram for 1-V measurement using STM tip.

5. Electronic transport of TG clusters: In this section, we will discuss the role of specific
substitutional doping sites of B-N pair on electronic transport of TG cluster. We have considered
perfectly conducting gold electrodes to evaluate the electro chemical potentials from the DFT
calculations. We have chosen square shaped TG clusters with dimension 1 nm x 1 nm to add B-N pair at
different sites [76]. It is observed that B-N pair introduces charge anisotropy in the system. Particularly
in this work, we have considered two possible orientations of B-N pair possessed maximum dipole
moment, as shown in Figure (8). For each configuration, we have further investigated the effect of two
different contacts ie, one is in line with the line joining of B-N and another is perpendicular to that. It is
interesting to note that, different systems possess different resonance energy of the transmission
channels (o) as shown in Table 2.

Table 2: A list of the resonance energy of the transmission channels for A and B systems with contacts
in line (par) and perpendicular to the line joining (per) between B and N atoms.

System €0 (eV)
A: par -4.75
A: per -591
B: par -4.59
B: per -4.82

It is observed that each system exhibits diode like behaviour. In Figure (8) two stable configurations of
B-N pair exhibit large dipole moments. In addition, the knee voltage of the I-V curve not only varies
with doping sites but also with contact positions as depicted in Figure (9). These features can be easily
perceived in terms of density of states (DOS) spectra of the systems. Specific sites of B-N pair as well as
the contact positions have significant impact on the electronic states near Fermi level (Ef) of the system.
It is further observed the structure B respond more to the positions of the contacts compared to A.
Sometimes, it is essential to modify the symmetric morphology of the I-V curves for current rectification
purpose. In the work we have incorporated the rectifying effect by tuning the parameter o in equation
(4). It has been further perceived that conductivity strongly depends on the position of the contact
probes. Therefore, we can tune the ratio of the forward and reverse current against particular voltages
with the help of a. It can be easily realized that similar to o I-V morphology will also changes with the
parameter K.
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Figure (8): Two stable configurations of B-N pair exhibit large dipole moments.
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Figure (9): Current-Voltage relationship of the studied configurations.

6. Experimental realization of the model: Despite numerous experimental challenges, I-V nature of
Ceo molecule has been successfully measured using scanning tunnelling microscope (STM) by Joachim
and co-workers [77]. They have investigated the I-V nature for different probe system distances. Further,
electronics of individual carbon nanotubes and other small scale molecular devices have also been
investigated [78, 79]. In recent years, 1-V measurements of such small scale systems have been
experimentally accomplished by using metallic tip as electrodes for different sample probe distances
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[80, 81]. Till then, this method has been supported by many works [82, 83, 84] in the promising field of
molecular nano-electronics. It is noteworthy that the systems-probe interactions can be skilfully
modified with the help of mechanically controlled break (MCB) junction technique. These experimental
developments support our first principles based analytical models to get some idea about the nature of
electron transport through such small systems.

7. Conclusions: We have discussed that B-N pair in carbon network can significantly modify the
electronic structure and electronic properties. The induced band gaps can be efficiently controlled by
changing the concentration as well as the relevant positions in the geometrical network of SWCNT and
graphene. From the above discussions it is clear that tetragonal graphene clusters can be used as current
rectifiers under suitable conditions. The morphology of I-V curve is largely determined by specific
doping sites of B and N because of the structural anisotropy. In addition, positions of probes also
influence the electron transport process. For a particular value of first order Stark coefficient like term
(o = 0.5) the conductivity of the systems has also evaluated. It is observed that the conductivity curve
exhibits a sharp peak around the knee voltage. Therefore, with appropriate choices of these external
parameters (o and k) electronic orbitals of TG systems can be tuned to get proper current rectification,
voltage regulation etc. Thus, it is expected that this study may pave the way of nano-device fabrications
involving various functionalized carbon nano-materials.
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