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Density functional theory (DFT) description of electronic structure and related properties offer significant accuracy with 

low cost. Unfortunately, most of these calculations based on LDA and GGA Exchange-Correlation (XC) functionals are 

underestimating the energy band gap. Hybrid functionals seem promising candidates for band gap values enhancement. 

Hexagonal Boron Nitride (h-BN) is one of the important members of the graphene-like two-dimensional honeycomb 

structure family which is of great importance both for science and technology. Experimentally, there is convincing evidence 

for an indirect wide bandgap of about 6 eV. We present in this work a systematic DFT study using different types of 

Exchange-Correlation (XC) functionals to find out their accuracy to estimate the h-BN band gap along with its band 

structure and density of states. We tested five types of different functionals to study the band structure and density of states 

of a single-layer h-BN. Small differences have been noticed regarding band structure and density of state details. 

Nevertheless, HSE03 deduced the band gap accurately within a 3.4% deviation from the experimental value compared with 

LDA which showed a 24.4% error. 
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1 Introduction 

First-principles calculations based on density 

functional theory (DFT) often utilize the generalized 

gradient approximation (GGA) or local density 

approximation (LDA) exchange-correlation (XC)-

functional to describe the ground electron states and 

related properties. Unfortunately, using LDA and 

GGA approximations significantly underestimate the 

energy band gap1 although they predict many ground 

state properties with high accuracy and provide 

insight into mechanisms at the atomic level that 

determine the performance of the material at the 

macroscopic level2. Among the alternatives is to 

replace them with hybrid functionals such asBLY3P 

for molecules3 and nonperiodic structures along with 

HSE06 and HSE03 prepared for periodic materials 

description which come with computationally 

additional cost. 

Since the synthesis of graphene and being 

undoubtedly stable4,5, there is a remarkable effort 

going on to study and fabricate hexagonal two-

dimensional (2D) structures
6–8

. These atomically thin 

crystals started with graphene9 but cover now many 

new members like silicene10, hexagonal boron nitride 

(h-BN)11, and transition metal dichalcogenides12 

represent an attractive family of materials that have 

been growing over the past decade13. The atoms in 

each layer of 2D materials are strongly bonded while 

the layers are attached to each other by weak Van der 

Waals forces14. Furthermore, they are characterized 

by a large passive surface area with no dangling 

bonds which may have potential applications with 

photonic structures15. Also, since 2D materials have 

different band structures and energy gaps they cover a 

wide range of electromagnetic spectra16–19. 

Hexagonal boron nitride (h-BN) has very similar to 

graphene (that’s why it is called white graphene) it 

has a honeycomb structure, but instead, carbon atoms 

are replaced by Boron (B) and Nitrogen (N) atoms 

alternately arranged in an infinite hexagonal grid.20. B 

and N atoms are bonded to each other by a strong sp2 

covalent bond within the same layer, the bond length 

between neighboring B-N atoms is about 0.145 nm 

with lattice parameters a = b = 0.254 nm21. Therefore, 

the space between the atomic layers is large, 

(c = 0.6661 nm) and it is easy to slide on each other, 

making it easily mechanically exfoliated and 

producing a single or a few layers of h-BN much like 
—————— 
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the graphene22. Although the monolayer h-BN has a 

very similar lattice structure to graphene with a lattice 

inconsistency of almost about 1.8% they have 

contradictory electrical conductivities. While 

graphene has a zero bandgap and is considered a 

semi-metal showing a good electrical conductivity  

h-BN is a wide-bandgap (about 6 eV depending on the 

number of layers) semiconductor and normally maybe 

considered an insulator23. 

h-BN shows fascinating physicochemical 

properties. Among these properties are mechanical 

strength, thermal stability, electrical insulation, high 

thermal conductivity, and chemical stability24. 

Recently h-BN has been attracting more attention with 

the emergence of 2D atomic crystals and van der 

Waals heterostructures25. It may be used as an 

outstanding dielectric within heterostructures because 

of its large bandgap and structural similarities with 

graphene26.  

Due to the extraordinary properties of h-BN, it has 

vast potential applications in many fields, including 

catalysis27, electronic devices28, optoelectronics29, 

thermal management30, protective coating31, 

biomedical applications32,33,34, energy storage35,36, UV 

emitters37 and optical devices38. 

Despite the growing interest, the questions about 

nature and the value bandgap are still attracting some 

attention. Experimentally, by means of optical 

spectroscopy, there is convincing evidence for an 

indirect bandgap at 5.955 eV39. Most of the DFT-

based calculations that are using GGA-PBE XC 

functionals are underestimating the energy band gap 

and away from the reliable experimental values40,41. In 

this work, we are presenting an investigation of 

structural, phonon dispersion, and electronic 

properties using DFT-based CASTEP code. Five 

different exchange-correlation XC functionals that are 

implemented in CASTEP have been tested in 

describing the band gap and the results have been 

compared with the experimental value. 

 

2 Computational Methods 

All the calculations throughout the study including 

geometry optimization, phonon dispersion, and band 

structure calculations have been conducted by using 

the CASTEP code42. We carried out the geometry 

optimization and the phonon dispersion calculations 

by using GGA-PBE (XC) functionals. Even though 

Kohn-Sham DFT based on GGA functional 

undervalues the band gap it works quite well 

regarding the total energy description and materials 

equilibrium structure43. However, to understand the 

properties of semiconductors and insulators an 

accurate determination is required for electronic 

structures and band gap values. Hence, we used five 

types of (XC) potential functionals to calculate energy 

band structure, the density of states and deduce the 

band gap through this work: 

1) Local density approximation (LDA) by means 

of CA-PZ which is proposed parameterization by 

Perdew and Zunger (1981) based on the numerical 

results of Ceperley and Alder (1980)44,45. 

2) The second type which is widely used 

nonlocal or gradient corrected functionals that depend 

on the density and its gradient that adds an additional 

cost versus the better accuracy. Generalized Gradient 

Approximation (GGA) is a group of functional, not a 

particular one. The nonlocal functionals available in 

CASTEP include Perdew-Burke-Enzerhof (PBE) 46 

and PBE sol functional, which is supposed to give a 

better description for the gradient expansion over a 

wide range of density gradients of densely packed 

solids 47. 

3) The third class is Hybrid functionals such as 

HSE0348,49 and HSE0650 which are non-local 

exchanges that can only be used for insulators. In this 

class, a portion of the exact exchange from the 

Hartree-Fock theory has been incorporated with the 

rest of the XC energy. This can make calculations 

more demanding regarding the CPU time and needed 

memory. 

The most stable crystalline form of boron nitride is 

the hexagonal one which has a layered structure like 

graphene with a point group= Dh6 and a space group= 

P63/MMC. Nevertheless, h-BN may exist in five 

distinct high-symmetry stackings of bilayer which 

leads to differences in many properties51. In the AA 

stacking the B atom sits directly on top of the B atom 

and N atom directly on N while in the most stable AA' 

stacking, the hexagonal rings also sit directly on each 

other, but the Band N atoms alternate along the c-axis. 

In the other three AB stackings, one layer is shifted 

within the basal plane so that half of the atoms sit on 

top of the empty hexagon centers. Since we are 

interested in a single layer of h-BN, the simplest AA 

stacking has been adopted with a large spacing 

between layers. 

All the computations were carried out using the 

(3x3x1) super cell (embodies 25 atoms) as shown in 

Fig. 1. The distance between successive layers was set 
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to 30 Ao to prevent any interaction between 

neighboring layers and this way it may be considered 

as an isolated single layer. Taking symmetry accounts 

into consideration the actual calculations have been 

performed on a single primitive cell along with using 

a (7x7x1) grid for Monkhorst-Pack sampling of 

Brillouin zone (BZ)52.  
 

3 Results and Discussion 
 

3.1 Structural and Dynamical Properties  

The present work starts by choosing a supercell 

(3x3x1) which includes two atoms per primitive unit 

cell. The crystalline structure belongs to the 

hexagonal system with a space symmetry group 

P6/mmm (the crystal has a six-fold rotational 

symmetry about its c-axis and mirror symmetry with 

respect to the basal plane). All the atoms were 

optimized using DFT with PBE XC-functionals and 

the BFGS minimizer53. The main advantage of this 

method is the ability to perform cell optimization. The 

atomic coordinates were optimized until the force on 

each atom was less than 10-5eV/Å. During the entire 

calculation, cut-off energy was kept at 517.0eV for 

reasonable accuracy. The final optimized structure is 

shown in Fig. 1. The optimized lattice parameters 

were a = b = 2.511 Å and the (B-N) bond length 

within the same layer was 1.45 Å while the bond 

angle (B-N-B) was 120o. These values are in fine 

agreement with the reported practical and 

computational values54,55. 

The next step is to check the dynamical stability of 

the single-layer h-BN structure by plotting the phonon 

dispersion curve. The phonon in quantum mechanics 

is a quasi particle that represents an excited state 

quantization of the modes of vibration for elastic 

structure in a periodic arrangement of atoms or 

molecules in a condensed matter56. The phonon 

dispersion relations are defined as k dependence of 

the frequencies of normal modes for all branches in 

selected directions in the crystal. Since there are two 

atoms B and N in every primitive unit cell should be 

described by 6 coordinates. The secular equation to be 

solved will result in 6 branches. Phonon calculations 

are carried out using GGA-PBE XC-functionals.  

Fig. 2 shows the plotted phonon dispersion branches 

of h-BN. The phonon branches which originate from 

the Γ point of the Brillouin zone correspond to 

acoustic modes. Where (ZA) represents out-of-plane 

mode, (TA) represents in-plane transverse mode, and 

(LA) stands for in-plane longitudinal mode. The 

remaining three branches correspond to optical 

modes: one out-of-plane mode (ZO) and two in-plane 

modes (TO and LO). Due to the mirror symmetry of 

h-BN planes, the vibration modes in the Z direction 

are decoupled from the XY plane in which 

longitudinal acoustic mode (LA) and out-of-plane 

mode (ZO) do not couples with other phonon 

modes57. The branch of acoustic modes is decoupling 

from the rest revealing a tendency of BN to form 

ripples and deform out-of-plane. The other point that 

is noticeable is LO-TO optical modes splitting owing 

to the long-range interactions in h-BN layers. 
 

3.2 Electronic Properties 

We performed the electronic band structure and 

density of states along Γ-M-K-Γ high symmetry 

directions to study the electronic properties of h-BN. 

At this moment we tested five different XC-

 
 

Fig. 1 — 3x3x1 supercell h-BN used in calculations where c has 

been taken 30Ao to ensure the absence of any interaction between 

neighboring layers (a) top view (b) side view. 

 
 

Fig. 2 — Phonon dispersion spectra of monolayer h-BN showing 

the three acoustic and optical bands along G-M K-G high 

symmetry path. 
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functionals available in CASTEP. Except for the 

HSE03 (where the cutoff energy has been set to 

700.0eV for time-saving purposes) in all other cases, 

the cutoff energies have been set to 898.0 eV. While 

electron energy tolerance has been set to 10-6 in all 

calculations.  

The resulting electronic band structures are shown 

in Fig. 3. Generally, it’s clear the origin of poor 

conductivity of h-BN which is resulting from its wide 

band gap nature. That is why we may consider this 

material a wide band gap semiconductor or insulator. 

We notice that the maxima of valence bands are 

located at the K-point while the minima of the 

conduction bands are located at the G point for the 

band structures deduced using hybrid functionals 

HSE03 and HSE06 (Fig. 3(a,b)). This means that h-

BN is an indirect band gap that agrees with practical 

results.  

The best accurate band gap value was deduced by 

using HSE03 within a 3.4% deviation from the 

experimental value. However, the results by using the 

other two GGA and LDA XC-functional (Fig. 3(c-e)) 

led to a direct band gap at the K point with an error 

ranging from 22.2 to 23.4 %. It is noticeable that aside 

from the band gap value the energy band structures 

are very similar. The results have been tabulated in 

Table 1. 
 

3.3 Density of States 

As we mentioned earlier, we tested five different 

XC-functionals to determine the partial and total 

density of states (PDOS and TDOS)  using  five  types  

Table 1 — Comparison between the calculated energy band gap in 

(eV) using different X-C functionals compared with the 

experimental value. 

 X-C-functional band gap 

(eV) 

Gap type Deviation from 

exp. value % 

Present 

work 

HSE03 5.792 indirect 3.4 

HSE06 5.704 Indirect 4.9 

GGA-PBE 4.665 Direct 22.2 

GGA-PBESOL 4.618 Direct 23 

LDA-CA-PZ 4.533 Direct 24.4 

Ref39 experimental 5.995 indirect - 

 

of XC-functionals. The results are shown in  

(Fig. 4(a-e)). The DOS and projected DOS (PDOS) on 

both the B and N atom were conducted for the isolated 

single layer using each of the five XC functionals and 

were compared to each other. The obvious differences 

between the output from the five different XC-

functionals types-based calculations are the different 

band gap values. The contributions of 2s and 2p states 

from boron and nitrogen atoms are shown in projected 

DOS graphs (PDOS) on the B and N atoms. 

Regarding the total density of states (TDOS), the 

highest peaks take place in the conduction band 

mainly contributed by the B atom as is clearly seen 

from the PDOS of the boron atom. While the highest 

contribution in the valence band is from the 2p states 

of the N atom. 

Several features are common to all functionals. 

First, the s and p peaks have overlapping energy 

ranges which clearly refers to the sp2 hybridization in 

the valance (VB) and conduction bands (CB).Second, 

 
 

Fig. 3 — Band structure plotted along G-M-K-G high symmetry path for h-BN calculated by DFT based (a) HSE03 (b) HSE06 (c) GGA-

PBE (d)GGA-PBESOL and (e) LDA XC-functionals. The red dashed lines indicate the Fermi level which is taken at the top of the 

valence band. 
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we notice from PDOS of N that p peaks are higher in 

the VB and weaker in the core levels. This means that 

the N core state is comprised of 1s electrons with 

minimal p character. In the VB, N has five valance 

electrons, and the extra electron it withdraws from 

adjacent B atoms goes into 2p orbitals, hence raising 

the 2p peaks in the VB.Also, from the PDOS it is 

obvious that the band gap between CB and the VB on 

both B and N atoms is determined by the 2p and 3p 

orbitals peaks respectively. This means that the most 

likely electronic excitation in h-BN is from 2p orbital 

to 3p orbital. 

There are small differences in PDOS deducted by 

different XC functionals. The most noticeable feature is 

the peaks in the B PDOS are almost the same for all XC 

functionals except for the obvious shifting in their 

positions especially for hybrid functionals HSE06 and 

HSE03. This is not true for the N PDOS where the 

height and positions of the VB peaks are getting lower 

and closer to each other as we go from LDA to HSE03 

results. Furthermore, the core levels stand in the range of 

0 to -20eV for hybrid functionals while they are in the 

range of 0 to about 18eV for the rest of the other three 

functionals. 
 

4 Conclusions 

We investigated the structural geometry, stability, 

and electrical properties of a single-layer h-BN.  

Five types DFT based XC-functionals implemented in 

CASTEP code have been tested to deduce the band 

structure and density of states. The absence of 

imaginary modes in the phonon dispersion curve 

shows its dynamical stability. The branch of acoustic 

modes is decoupling from the rest, revealing BN’s 

tendency to form ripples and deform out-of-plane. 

The most accurate band gap was deduced by using 

hybrid functionals. The best value was 5.792 eV, an 

indirect gap between K and Γ points using HSE03 

functionals with only a 3.4% deviation from the 

experimental results. While the biggest 

underestimation of the bandgap resulted from using 

LDA with a deviation of 24.4% from the experimental 

value. The wide band gap means it is an insulator at 

room temperature. Thus, h-BN has great importance 

in optoelectronic applications such as UV detectors, 

transparent electrodes, and UV light-emitting diodes. 

Regarding the total density of states (TDOS), the 

highest peaks take place in the conduction band 

mainly contributed by the B atom as is clearly seen 

from the PDOS of the boron atom. While the highest 

contribution in the valence band is from the 2p states 

of the N atom. In future, we hope to study the impact 

of using different XC functionals on optical properties 

and electronic transitions. 
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