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ABSTRACT 

Bismuth selenide (Bi2Se3) is a van der Waals compound which has been excellently reported as thermoelectric 

material. Linear dispersion near Fermi energy level is an exciting feature to consider, a promising candidate for photonic 

device within broadband wavelengths. For this application, detailed knowledge of its structural, electronic and optical 

properties is very essential. The electronic properties were determined by density functional theory (DFT) calculations 

implemented in Quantum-Espresso simulation package which uses plane wave basis and pseudopotential for the core 

electrons.  Optical properties are computed by solving Bethe-Salpeter equation of many-body perturbation theory (MBPT) 

as implemented in Yambo code. The band structure results show the semiconducting behaviour of Bi2Se3. Taken into 

account the effects of electron-hole interaction by solving Bethe-Salpeter equation, the calculated optical properties are in 

better agreement with available experimental results. The exciton energy shows that the title material can absorb light 

within infrared region. 
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1. INTRODUCTION 
Topological insulators (TIs) are new class of 

narrow band gap semiconducting materials characterized 

by the presence of strong spin orbit (SO) interactions, 

which invert the orbital character of conduction and 

valence bands [1-5]. TIs mainly Bi2Te3 and Bi2Se3 

compound are narrow band gap semiconductor materials 

having linear dispersion with respect to the surface 

momentum k, which are exciting features for detecting 

light within broadband wavelengths. The spin polarization 

varies with k which is different from any other 2D surface 

states because of combination of time- reversal symmetry 

and spin-orbit coupling[6].Recently, Bi2Te3 and Bi2Se3 TIs 

have become a hot area of study in material science 

because they have single Dirac cone leading to tuneable 

surface band gap which is a key requirement for many 

optoelectronic devices[7]. The main device applications of 

TIs based materials are optical recording, quantum 

computing, thermoelectric, laser photonics, broadband 

photo detectors and high speed optoelectronics, because of 

their fantastic electronic and optical properties [2, 7, 8]. 

Nowadays, the research on Bi2Se3 is in progress and 

researchers focused mainly on photo detectors near 

infrared wavelengths due to their versatile application in 

medicine, telecommunication, medical imaging and gas 

sensing [9].Therefore, it is essential to determine bismuth 

selenide electronic and optical properties for better 

understanding of optoelectronic properties such as train 

edge of reflection, photocurrent sensitivity and light 

absorption[10, 11]. Bi2Se3 has rhombohedral crystal 

structure of five atoms per unit cell with three Te (Se) 

atoms differentiated by two atoms as Se-1 and the other as 

Se-2 which belong to (R-3m) space group while the Bi 

atoms are equivalent. Alternatively three rhombohedra 

unit cells of Bi2Se3 and Bi2Te3 structure form hexagonal 

unit cell containing 15 atoms regards as quintuple layered 

inform of a slab of five atomic layers shown in Figure-1b 

[12-14]. Quintuple layers held together by van der Waals 

interactions along vertical axis[1, 13]. Theoretical 

investigation by various ab-initio methods and 

experimental studies has shown that Bi2Se3 Tis is a 

semiconductor material with small band gap and the gap 

depends strongly on spin orbit interaction [13]. Though, 

density functional theory (DFT) methods underestimated 

band gap but are practical for computation of realistic 

surfaces based on LDA or GGA[11].  

Optical properties are used to characterize the 

optoelectronicbehaviour of any condensed-matter systems 

for technical application. Therefore, it is essential to be 

able to accurately describe such quantities with reliable 

approach that provides a satisfactory description in 

agreement with experimental findings. Optical properties 

of Bi2Se3 have been extensively studied experimentally 

[15-19], compared to theoretical study. For quite decades, 

optical properties of the materials have been investigated 

extensively with standard DFT using independent particle 

approach of Ehenreich and Cohen [20, 21] and one-

particle Green’s function approach within GW 

approximation [22]. However, neither of these methods 

provides a correct evaluation of optical spectra, because 

the optical spectrum and the shape of the calculated 

dielectric function show significant differences from those 

obtained in experimental measurement [23-26]. The 

limitation of standard DFT and one-particle Green’s 

function is their failure to describe the excitonic effect of 

electron-hole interaction which requires two-particle 

approach. Therefore, for effective description of optical 

spectra, theexcitonic effect due to electron-hole interaction 
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should be included. Moreover, to the best of our 

knowledge, ab initio calculations of optical properties with 

the inclusion of electron-hole effects for Bi2Se3 have not 

been reported yet.  

In this paper, electronic properties of Bi2Se3 

inhexagonal structure are calculated using first-principles 

approach within DFT framework. For optical properties, 

we employed a technique that introduced electron-hole 

interaction into first-principles many-body perturbation 

theory (MBPT) via Bethe-Salpeter equation (BSE) 

approach as implemented in YAMBO package. 

 

2. THEORETICAL METHODOLOGY 
The electronic structures of Bi2Se3 in hexagonal 

structure were calculated by pseudopotential method 

within density functional theory (DFT) using plane-wave 

as a basis set. The electron-electron interactions were 

treated with generalized gradient approximation (GGA) in 

the form of Perdew-Berke-Erzndof (PBE) functional. Full 

relativistic pseudopotentials were used throughout. The 

SOC is included in the calculation as Bi and Se atoms are 

heavy elements, the effects were treated using fully 

relativistic norm-conserving pseudopotentials. The 

calculations were performed within the Quantum-Espresso 

package[27]. Plane-wave kinetic energy cutoffs were set at 

82 Ry with charge density of 475 Ry for the bulk and the 

surface respectively. The Brillouin zone was sampled with 

a 10×10×10 Monkhorst-Pack grid of k-points. The 

geometry relaxation calculations were performed as a 

results of the Born Openheimer approximation, this stage 

involves the determination of the cell parameters and the 

atomic coordinates that minimize the energy function 

within the adopted numerical approximations using the 

Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm[27, 

28]. Optical properties were calculated via solving MBPT 

as implemented in Yambo code[29]. The calculation of 

dielectric function ߝሺ𝑤ሻ is on 8×8×10 Monkhorst- Pack 

mesh and 30 eV are taken to build up BSE kernel for 

electron-hole while 0.1 eV damping coefficient were used 

for the static dielectric matrices. 

The imaginary part of dielectric functionߝଶሺ𝜔ሻ 

was obtained by direct electronic transitions between 

occupied and unoccupied electronic states and calculated 

from Eq.1 [24], while Kramers-Kronig relations was used 

for calculating real part of frequency dependent dielectric 

function as shown in Eq.2 [30].    

ଶሺ𝜔ሻߝ  = ଵ6𝜋𝑒2𝜔2 ∑ ሺ𝜔ߜ𝜐 |𝑆ۧ|ଶ|ܱۦ ⃗⃗.ߣ| − 𝛺𝑠ሻ                          𝑆 (1) 

ଵሺ𝜔ሻߝ = ͳ + ଶ𝑃𝜋 ∫ 𝜔′𝜀2ሺ𝜔′ሻ𝜔′2−𝜔2∞଴ ݀𝜔′                                           (2) 

 

whereߣ  is the polarization vector of light. ܱۦ|𝜐 |𝑆ۧis the 

optical transition matrix from valence to conduction states 

and ܲ is the principal value of the integral and the integral 

is over irreducible Brillouin zone. 

 

3. RESULTS AND DISCUSSIONS 

 

3.1 Structural properties 

The optimized lattice constants are shown in 

Table-1. We found that estimated c is the largest source of 

errors for every xc functional because the bonding in z 

direction is van der Waals force. Table-1 presents the fully 

relaxed lattice parameters and internal atomic coordinates 

of Bi2Se3 in hexagonal structure along with experimental 

and previous ab initio results. From our first principles 

calculation, we observed that GGA (PBE) tend to 

overestimate lattice parameter c and interlayer 

distance݀𝑒𝑞𝑚. Interestingly, we noticed that 𝑎, ܿ, ݀𝑒𝑞𝑚 as 

well as internal atomic coordinates ߤ for Bi and ߥ for Se 

atoms, with the inclusion of vdW corrections are in good 

agreement with experimental results. Therefore, our first-

principles calculation suggest that vdW correction is 

important for predicting lattice parameters and interlayer 

distance in the case of Bi2Se3, as it gives best matching 

with experimental results. 

 

 
 

Figure-1. Structure of Bi2Se3 (a) Bulk Hexagonal unit cell. 

(b) First Brillouinzone along the high symmetry points. 
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Table-1. Calculated lattice parameter of Bi2Se3 compared with previous 

theoretical and experimental. 
 

Structure Work Method Lattice parameters 

   𝑎(Å) ܿ(Å) 

Hexagonal  unit 

cell 
Our work PBE 4.183 31.336 

  PBE+vdW 4.134 28.758 

 
Previous 

work 
LDA[31] 4.140 27.610 

  PBE+SOC [6] 4.195 31.010 

  PBE [6] 4.178 31.860 

  Exp.[32] 4.143 28.630 

 

3.2 Electronic properties 

The band structures calculation of Bi2Se3 within 

GGA with taking into account the spin-orbit coupling 

along high-symmetry points Γ→M→K→Γ→A, Γ(0.0000 
0.0000 0.0000), M(0.3333 0.0000 0.0000), K(0.5000 

0.0000 0.0000) and A(0.0000 0.0000 0.5000) of the first 

Brillouin zone are plotted by setting Fermi energy level to 

be 0 eV on energy scale in band structure and density of 

states plots as shown in Figures 2 and 3. The band 

structures and total density of states calculations show that 

the bottom of the conductionband and the top of valence 

band occurred at the Γ point indicating a direct band gap 
of value around 0.14eV. This value is smaller than 

experimental band gap of 0.32-0.35 eV[19, 33, 34]. 

Uunderestimation of band gap is the limitation of DFT 

approach due to approximations used for the exchange-

correlation functional. The results of total and partial 

densities of states (DOS and PDOS) helps to further 

elaborate the nature of band gap as shown in Figures 3 and 

4.The partial density of states gives information about the 

origin of bands. The s-orbital of Bi and the s-orbital of 

both Se-1 and Se-2 atoms contribute the most states to the 

core bands while p-orbitals of Se-1 and Se-2 contribute the 

most states to valence bands. The p-orbitals of Bi atoms 

contribute the most to the conduction bands. 
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Figure-2. Band structure of bulk Bi2Se3 with SOC. 
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Figure-3. Total density of state DOS for Bi2Se3. 
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Figure-4. Partial density of state for Bi2Se3. 
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3.3 Optical properties 
Optical properties investigation of materials plays 

a role in understanding their optoelectronic application.We 

have calculated the optical properties by evaluating 

microscopic dielectric function ߝሺ𝜔ሻvia two different 

approaches: Random phase approximation (RPA) based 

on PBE (DFT+RPA) without taking into account the 

electron-electron and electron-hole interaction and solving 

BSE of many-body perturbation theory (MBPT) based on 

two interacting QP scheme on top of DFT results to 

include the role of interaction between the excited electron 

and hole left in the valence band region BSE methods 

were used for optical properties via solving MBPT as 

implemented in Yambo code[35] Although, the 

investigation of material optical properties with BSE is 

computationally expensive but provides an accurate 

description of the experimental absorption spectra. Real 

and imaginary parts of dielectric function were calculated 

with polarization along z-direction direction. The 

electronic at high frequency and ionic contributions of a 

non-polar system is contained in the static dielectric 

permittivity tensor ߝሺͲሻ. The dielectric constant ߝሺ∞ሻ at 

high frequency obtained to be16.3 and 29.3 for DFT+RPA 

and BSE respectively, showing that the dielectric constant 

at high frequency obtained via BSE is in good agreement 

with experimental value of 29.0 [17, 18, 36]. The first 

edge of the imaginary part of the dielectric function in the 

case of DFT+RPA, called optical absorption edge is due to 

the inter-band transition between conduction band 

minimum and valence band maximum states was found to 

be 0.15 eV and this value is correspond to the fundamental 

band gap of the material. The description of optical 

properties with excitonic effects of electron-hole 

interaction via BSE gives indeed a definite improvement 

of results over DFT+RPA as can be seen in Table-2. 

Comparing the location of fundamental gap edge within 

DFT+RPA and the shifted excitonic peak due to BSE, we 

deduced an exciton binding energy of 0.21 eV. The 

exciton energy reveals that Bi2Se3 compound can absorb 

light in the infrared region.Occurrence of highest peak at 

1.9eVby BSE indicated that the title material has strong 

absorption and low electron losses at lower energy. The 

change of real part of dielectric function from positive to 

negative at 1.6 eV suggests that the Plasmons of Bi2Te3 

material should resonate at energy greater than 1.6 eV. 

Thus, for the plasmonic behaviour, after which ߝଵሺ𝜔ሻ  

becomes negative, we observed a steep decrease between 

1.6 to 2.5 eV and eventually increases slowly toward zero 

(epsilon-near-zero) above 5 eV in the UV region. This 

epsilon-near-zero behaviour of Bi2Te3 is another exciting 

feature for many applications [37-39]. The relatively 

strong absorption in 0.34s-16.3 eV energy range provides 

strong evidence that Bi2Se3 TI has the potential to be used 

for detecting light within broadband range. 

0 5 10 15 20
0

10

20

30

40

50

0.34 eV

 
(

)

Energy (eV)

 BSE

 DFT+RPA

 

 

 
 

Figure-5. Imaginary part of the dielectric 

functionofBi2Se3calculated usingDFT+RPA and 

G0W0+BSE. 
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Figure-6. Real part of the dielectric function of Bi2Se3 

calculated usingDFT+RPA and G0W0+BSE. 
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Figure-7. EELS calculated using DFT+RPA and 

G0W0+BSE. 
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Table-2. Bi2Se3DFT+RPA and BSE results compared with experimental data. 

 

  Optical gap (eV) 𝜺ሺ∞ሻ Plasma energy (eV) 

Our work DFT+RPA 0.14 23.1 19.3 

 BSE 0.34 29.3 16.4 

Previous Experimental 0.3[40], 0.32 [19] 29.0[18], 29.0 [36] 16.8[41], 16.5 [42] 

 

The spectrum shape and values of the maximum 

peak via BSE are in quite good agreement with 

experimental results [43, 44], due to the exact description 

of electron-hole exchange and excitonic effects in solution 

ofMBPT. Figure-7 is a graph of electron energy loss 

function, which is a tool that describes the loss in energy 

of a fast moving electron in a material from top of a 

valence band to bottom of a conduction band. The feature 

behavior of the prominent peaks in the spectra represents 

the characteristics of plasma resonance. Such peaks 

describe the train edge of reflection spectra. At this point 

of energy the real part of the dielectric function goes to 

zero indicating strong reflection of light in the ultra violet 

region due to small electron loss. The prominent peak was 

found to be 16.3 eV for BSE and this value is consistent 

with experimental data [42]. 

 

4. CONCLUSIONS 

In this paper, structural and electronic properties 

of Bi2Se3 topological insulator were investigated using ab 

initio pseudopotential approach within DFT implemented 

in the Quantum Espresso package. The calculated result 

shows that Bi2Se3 is a narrow gap semiconductor 

material.The calculated optical properties after adding 

electron-hole interactions (BSE) are in good agreement 

with experimental results. Our theoretical approach 

highlighted the effectiveness of including electron-hole 

corrections for accurate theoretical prediction of optical 

properties of Bi2Se3 and other similar compounds like 

Bi2Te3, Sb2Te3 and Sb2Se3. 
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