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Abstract 
Bismuth telluride (Bi2Te3) thin film have received great interests forlaser photonic, optical 

communication, biomedical imaging,gas sensingand motion detectionapplications. Therefore, to 

expose its hidden potentials, detailed knowledge ofits optoelectronic properties at the level of 

reliable and more efficienttechniques is very essential.In this study, theoretical calculations 

ofelectronic and optical properties of Bi2Te3 thin filmsare presented using first principles 

approachbased on recent developed Cooper’s exchange potentials (vdW-DF
C09

x) within Density 

Functional Theory (DFT) framework.The simulated film is in the [001] direction using supercell 

method with a large vacuum along z-direction so that slab and periodic images can be treated 

independently. The calculated values ofdirect energy gap at Γ point confirmed the robust surface 

states from 3quintuple layer (QL). The 1QL, 2QL, 3QL and 4QL films show an energy gap of 

0.421, 0.122, 0.023 and 0.006 eV respectively and these values are in good agreement with 

experimental results.Optical properties comprising ofimaginary and real parts ofdielectric function, 

electron loses function and absorption coefficientwere also investigated to understand the optical 

behaviour of Bi2Te3 thin films.Theresults of optical absorption show that Bi2Te3thin film has strong 

absorption in the near infrared to ultraviolet wavelenghts, therefore, it is anticipated that these films 

can be used as an absorbing layer for broadband photodetector and solar cell. 

Keywords:Bi2Te3, Photodetector, vdW-DF
C09

x, DFT 
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INTRODUCTION 

For the last few decades, achievement of useful high performance broadband photodetector 

in terms of quantum efficiency, speed and responsivity remain challenging for researchers. It was 

found from experimental and theoretical studies that second generation topological insulators 

(2GTIs), mainly Sb2Te3, Bi2Te3 and Bi2Se3 havemetallic phase along the layer surface, strong light 

absorption, small band gap energy in the bulk form, single Dirac cone at the surface, low saturable 

optical intensity, saturable absorber behaviour,high damage threshold, large modulation depth, and 

low cost [1-4]. However, this exotic metallic state and stong light absorptions renders these novel 

materials suitable for optoelectronic applications, especially broadband photodetector[5, 6].Xiaet al. 

demonstrated that topological nature in 2GTs is strongly depends on strong spin-orbit coupling 

(SOC) and is protected by time-reversal symmetry[7].Also,  Yan et al. reported that presence of 

strong SOC in these compounds reduces the probability of the electrons in metallic surface states 

being backscattered by the surface defects[8].  Experimental and theoretical investigations have 

shown that materials with single Dirac cone along the layer surface are promising candidates for 

optoelectronic applications[9-11].Experimental measurements haverevealed that these materials are 

spin-momentum locked due to the presents of strong SOC and the spin polarization is determines 

with respect to the direction of their motion [12]. It is also well known that these compounds are 

belongs to rhombohedral structure with (R-3m) space group containing five atoms per 

unitcell.Alternatively three rhombohedral crystal structure form hexagonal structure similar to 

graphene with 15 atoms per unit cell. It is clear within hexagonal crystal structure that 2GTI TIs are 

layered compounds in the form of slab with five atomic layer. Each of Te-1(Se-1)-Sb (Bi)-Te-2 (Se-

2)-Sb (Bi)-Te-1 (Se-1) forms what is called quintuple layer (QL) as can be seen in Fig 1. These QLs 

are held together along vertical direction by weak der Waals interactions andstrong bonds insides 

the QLknown as covalent bonding [13, 14].  Although, vdW interaction is weak but it played an 

important role in interactions between layers separated by empty space or atoms[15]. The space 
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group represents the symmetry operation for forming larger structure when performed on primitive 

unit cell. The “3” and “m” in the space group refer to rotation inversion and mirror.Although 

extensive studies have been performed for Bi2Te3, most of the studies focused of its potentiality of 

converting heat into electrical energy,its optoelectronic behaviour is scarcely studied. This research 

offers comprehensive study on optoelectronic properties of Bi2Te3surface state via first-

principlesapproach within most recent developed Cooper’s exchange potential (vdW-DF
C09

x)[16], 

in order to spawn a new generation high performance broadband photodetector for our daily lives 

benefits.Therefore, for a better understanding of its optoelectronic behavior in 2D, detailed 

knowledge of theelectronic and optical properties ofBi2Se3 surface states at the level of more 

efficient and reliable techniques is essential to expose its hidden potential fordevice applications 

such as photo-detectors.It has been established that first-principles many-body calculations would 

be suitable with fully self-consistent  or noneself-consistent GW, because it provides true 

quasiparticle energies [17]. However,self-consistent and nonself-consistent GW approaches are 

computaionally prohibited for surface statecalculations of 2GTIs [18]. Conversely, it is generally 

accepted that first-principles calculation based onlocal density approximation (LDA) and 

generalised gradient approximation of PBE [19]are practical for surface states calculations[14, 18, 

20-22].Therefore, this work describe the implementation of first-principles approach to study the 

electronic band structure and optical properties ofBi2Te3 surface states. To the best of our 

knowledge, surface state electronic band structure and optical properties calculation of Bi2Te3with 

most resent Cooper’s exchange functionals (vdW
_
DF

C90
x)[16]have not reported yet. The surface 

states electronic band structures and optical properties of Bi2Se3 films are calculated using 

PBE+vdW-DFC
09

x by varying the thickness from 1 to 4QLs.  
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Fig 1:(a) Crystallographic geometry of Bi2Te3thin film 

 

Conversion of DFT into Practical Tool 

 

 

THEORETICAL METHODOLOGY 

 

DTF is a quantum mechanical theory widely used in physics and chemistry. Over the past 

decades, much attention has been focused on using DFT-based approaches to materials 

properties.Density functional theory (DFT) is a universal approach to the quantum mechanical 

many-body problem, where the system of interacting electrons is mapped in a unique manner onto 
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an effective non-interacting system with the same total density [23]. DFT is used to calculate the 

properties of simple to complex systems that contain many atoms such as large molecules or solids. 

In DFT, the calculations were simplified by applying the periodic boundary conditions, translational 

and point group symmetry operations. As well known, DFT is an established and powerful 

approach for the solution of many-body problem of Schrodinger equation. In 1998, Hohenberg and 

Kohn [24] have received a noble prize in chemistry by proposing DFT to simplify the calculations 

of electronic properties in solids. It became a study theory after the introduction of two theorems by 

Hohenberg and Kohn. Calculations based on DFT are distinguished from other ab initio approaches 

as first-principles calculation with an approximate error of 10
-3

 eV, the errors can be minimized by 

adjusting the cut-off energy or k-points mesh. In many cases, the first-principles approach within 

the framework of DFT gives accurate predictions of various properties of materials, stable 

configuration and total energy. Interestingly, the computational costs of DFT is comparatively low 

[3]. 

The calculations presented in this work are performed within two open source simulation 

packages Quantum Espresso [25] and YAMBO [26] codes and all calculationsare performed at 

room-temperature.Full relativistic norm-conserving pseudopotentials generated using Rappe-Rabe-

Kaxiras-Joannopoulos (RRKJ) technique were used to model the interactions between the valence 

electronand ionic core potential of Bi, Te-1, and Te-2atoms withinclusion of spin-orbit coupling 

(SOC). An electron orbital of 6s
2
 6p

3
 5d

10 
and 5s

2
 5p

4
for Bi and Tewere used as valence electrons 

throughout the calculations. The surface state band structure calculations of B2Te3 have been 

performed within 1 to 4 quintuples (QLs) slabs. To avoid unwanted interactions between the nearest 

slabs, a large vacuum layer of 30 � was used so that periodic images and the layer can be treated 

independently as can be seen in Fig. 1. A 12×12×1 k-point mesh grid was used for the integration of 

the Brillouin zone (BZ). Plane-wave basis set with kinetic energy cut-offs of 80 Ry was used to 

expand the electron wave functions and 450 Ry for charge density. Also, the atomic positions, the 
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size and the shape of the supercell slab geometry are relaxed until Hellmann-Feynman forces acting 

on each ion becomeless than10�� eV/Å.  

 

 RESULTS AND DISCUSSION 

 

3.1 Electronic Properties 

 This section describes the implementation of first-principles approach to study the surface 

states ofBi2Te3. However, due to the limitation of computational resources, thin film calculations 

with more than 4 quintuple layers (QLs) are not performed in this work, because as slab thickness 

increases the time cost for the first-principles calculations also increases very rapidly. The 

calculated band dispersions of Bi2Te3 slabs within PBE+vdW-DF
C09

x functional with thickness 

from 1QL to 4QL along special symmetry directions of the irreducible Brillouin zone setting Fermi 

energy level scale at 0 eV are presented in Fig 2.The selected high symmetry points are  � �
� , �� , 0�, 

Γ�0,0,0� and � �0, 
� , 0� respectively.The calculated band structure results of Bi2Te3 with the 

bottom and top faces terminated by Te-2 show that when the film thickness is less than 4QL an 

energy gap at Γ point is formed. These gaps are due to hybridization between the wavefunctions of 

the surface states at the top and the bottom of the thin slabs. For 1QL film the interactions between 

the bottom and the top surfaces is very strong to open up a very large energy gap at Γ point. The 

interaction between the bottom and the top surfaces becomes progressively weaker from 2QL film. 

The nature of the topological feature start to exist from the 2QL film as can be seen in Fig2. Also, 

the linear even combination at Γ point of the bottom spin-up and the top spin-up surface states are 

degenerate with respect to the linear even combination of the bottom spin-down and the top spin-

down surface states. On the other hand, the magnitudes of the gap reduce drastically with increasing 

film thickness.At 4QL the energy gap at Γ point is almost zero because the interaction between the 

top surface bands and bottom surface bands is minimal. The “M” shape of the valence band (VB) at 
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the bottom in the electronic band structure of Bi2Te3 films and the magnitude of both indirect gap 

and the energy gap at Γ point are in good agreement with experimental measurement [27]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2: Band structures of Bi2Te3 films with 1QL, 2QL, 3QL and 4QL 
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Table 1: Calculated indirect ���� and direct �� energy gaps at � point results for Bi2Te3 film in 

function of slab thickness 

 

 

1 QL 2 QL 3 QL 4 QL 

�� (eV) 0.421 0.122 0.023 0.006 

���� (eV) 0.11 No gap No gap No gap 

 Besides the “M” shape of the VB at the bottom, the massless Dirac-like surface states can 

also be clearly seen in Fig2 as linear band dispersion. This feature is in quite agreement with recent 

angle-resolved photoemission spectroscopy measurements [28, 29] and theoretical predictions [30-

32]. The calculated values of direct energy gap at Γ point confirmed the robust surface states from 

3QL. The 1QL, 2QL, 3QL and 4QL films show energy gap of 0.421, 0.122, 0.023 and 0.006 eV 

respectively. These values are in quite good agreement with experimental results  0.11 eV for 2 QL 

[33], 0.03 for 3QL [27].   

 
3.2 Optical properties 
 

The study of optical properties of a material is crucial to get insight view about its 

characteristics forapplication in the optoelectronic system and devices.From the literature review, it 

was found that the exploration of the optical features of Bi2Te3 thin filmsarescarcely done. To 

complete the study on the optoelectronic propertiesin addition to the electronic properties, a 

comprehensive study is presented on the optical properties ofBi2Te3 thin filmby most recentCoope’s 

exchange functional (vdW-DF
C09

x)[16]. The optical parameters investigated in this research work 

are real �
��� and imaginary����� parts of frequency-dependent dielectric function, absorption 

coefficient,  ��� and electron energy loss spectrum (EELS). Hence, by adopting Quantum 
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Espresso[25] and YAMBO[26]packages, these properties have been obtained and discussed in 

detail.Optical parameters of material normally explain the behavior of the material when exposed to 

the electromagnetic radiation and they also help in predicting band structure configuration. 

Therefore, understanding optical behavior of a material is essential to evaluation its usefulness and 

applicability for optoelectronic application [34]. It has been established that optical behavior is 

strongly associated with electronic structure[35]. As observed in the electronic band structure 

analysis, the geometry of the electronic structure for Bi2Te3 thin films changed with films thickness. 

Several experimental studies have showed that optical properties of Bi2Te3 thin film dependent on 

the thickness of the film[36-38]. Due to the limitation of computational resources, optical properties 

calculations are performed on 3 QLs, because as slab thickness increases the time cost for the first-

principles calculations increases very rapidly.However, to the best of our knowledge theoretical 

investigation on Bi2Te3 thin filmhave not been reported yet on optical properties. In order to 

describe the said parameters quantitively, it is essential to evaluate the dielectric function. Dielectric 

function is the ratio of the permittivity of a material to the permittivity of free space, and 

permittivity is the measure of the resistance of a material when an electric field is induced in a 

material. Alldielectric materials are insulators but allinsulators are not dielectric [39]. The dielectric 

function consists of real �ε
�ω�� and imaginary part �ε��ω��. It is represented as follows: 

 ε�ω� = ε
�ω� + iε��ω�                                                              (1) 

 

where ε
�ω� is real part and ε��ω� is imaginary part of the dielectric function. Physical properties 

and band structure rely strongly on ε�ω�. As mentioned, we analyzed the optical properties based 

on Coope’s exchange functional (vdW-DF
C09

x).From the knowledge of electronic band structure of 

a solid, the imaginary part ofdielectric function, ε2(ω) can be calculated from Kubo–Greenwood 

equation as show in Equation 2: 
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����� = 2()�*�+ |-./0 |1̂ × 45|./67|89�/0 − ��/6 + ��; (2) 

Once we know the imaginary part, the real part, ε1(ω) can be obtain from the Kramers–Kronig 

relations in Equation 3[40].  

�
��� = 1 + <2(= > ?�@A
+

�@�����@��@� − ��  (3) 

 

 ��� = BC D2 �Eε
��ω� + ε���ω� − ε
�ω��(4) 

F��� = GHDIJK�B�LIKK�B�LIJ�B�� M                                                                             (5)                                                                                             

N��� = ODIJK�B�LIKK�B��IJ�B�� (6)                                                                                                                            

P��� = QK�R�QK�R�LQJ�R�(7) 

The real part of a macroscopic dielectric function describes how much material has been 

polarized as a result of induced electric dipole creation by an external field, and the imaginary part 

describes how much material capacity is for the absorption of photon energy. The electronic 

contributions at high frequency and ionic contributions of a non-polar system are contained in the 

static dielectric permittivity tensor ε(0). The calculated imaginary (ε2) and the real (ε1) parts of 

dielectric functions as a function of photon energy are shown in Fig 3(a)-(b). The static dielectric 

constant, ε1(0) is the value of real partof dielectric constant at zero energy. This parameter was 

analyzed for Bi2Te3 thin film as can be seen in Fig 3(a). From the results, it is noticed that the value 

of static dielectric constant was found to be 33.6. Conversely, this value isan important parameter 

that can be used to obtain the energy band gap valueof Bi2Te3 thin filmvia Penn Model relation 

�
�0� ≈ 9ℏ�U �V⁄ ;� + 1[41].  By using plasma energy ℏ�U and the value of �
�0�, the value of the 

energy band gap of the title material can be calculated. Thus, the change in the real part of dielectric 
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function from positive to negative at about 2.8 eV, indicates that the material under investigation 

should resonate at energy greater than 2.8 eV.The epsilon-near-zero behavior of Bi2Te3 is another 

exciting feature for its versatile applications [42-44]. It has been established that imaginary part of 

the dielectric function is directly connected with the energy band structure. The edge of optical 

absorption (first critical point) occurs at about 0.023 eV, this value is related to band gap value. 

Hence, the calculated imaginary part of dielectric function shows that the first critical point is 

related to the transition from valence band maximum to the conduction band minimum which 

correspond to the fundamental band gap. The results of imaginary part of dielectric function 

indicated that Bi2Te3 thin film has good absorption behavior in the near infrared to visible light 

wavelengths, which depicts its suitability for laser photonic, optical communication, biomedical 

imaging, remote sensing, solar cell and gas sensing applications.Absorption coefficient gives 

information on the extent with which a material absorbs photon energy. When light rays strike the 

surface of a material, part of its energy is transferred to the surface while some arereflected back. 

This transfer of energy to the surface is called absorption of light. It is represented in terms of 

absorption coefficient  ���. 

Fig. 3 (a) Energy spectra real part of dielectric function (b) Energy spectra imaginary part of 

dielectric functionalong (1 0 0) axis. 
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Fig. 4(a) Energy spectra of absorption coefficient  ���(b)EELs of Bi2Se3 surface states calculated 

using vdW-DF
C09

x. 

 

Graph of absorption coefficient as a function of the photon energy is presented in Fig. 

4(a).The variation of optical absorption with photon energy indicates the prospective use of Bi2Te3 

thin films for device applications, which can be operated over a wider range of energy 

scale.Electron energy loss functions is a tool that describes the loss in energy of a fast moving 

electron in a material from the top of a valence band to bottom of a conduction band[45]. In this 

energy distribution, impinging electrons can be categorised in three ways. First category of 

electrons loses a part of their energy by exciting electrons in the outer shells which resulted in 

valence inter-band transitions. The second category of electrons is responsible for excitations in the 

inner shell electrons. The third category of electrons either remains un-scattered or interreact 

elastically. The graph of energy loss function is represented in Fig. 4 (b). EELs were obtained over 

a wide range of energy (0-30 eV) and the highest value of its prominent loss region represents ℏ�U. 

The feature behaviour of the prominent peaks in the spectra represents the characteristics of plasma 

resonance which was found to be 20.3 eV. This sharp maximum peak of the energy loss function 

spectra appears at a particular incident light frequency which corresponds to the trailing edges in the 
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reflection spectra sometimes called plasma frequency �X. At this point of energy, the real part of 

the dielectric function goes to zero indicating rapid reduction in reflectance. The sharp maxima 

peak of the energy loss function spectra is related to an abrupt reduction in reflection spectra. 

 

 

Fig. 5(a) Energy spectra of absorption coefficient  ��� (b)EELs of Bi2Se3 surface states calculated 

using vdW-DF
C09

x. 

 

The refractive index n of the material is defined as the ratio of the velocity of light in a vacuum (c) 

to the light velocity in medium (ʋ) [30]. 

 Mathematically, 

n =   cʋ 

Where refractive index depends on the wavelength of light. Greater the wavelength of light, lesser 

is the index of refraction and lesser the wavelength, greater is n. The velocity c is related to the 

electric and magnetic permeability of vacuum i.e. ϵ+and μ+respectively. The refractive index is a 

quantity that describes how much light is refracted after entering material [46]. Fig. 5(a) and (b) 
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show the refractive index F���and extinction index N���of Bi2Te3thin film as a function of 

energy.The static refractive index was found to be 5.7 and this value is in good agreement with 

experimental measurement [47].From the refractive index graph, we note that the material possesses 

high refractive index within visible lightregion around 2.3 eV and decreases at higher energy in the 

visible to UV region. Furthermore, above 4.2 eV the velocity of light is greater than the light 

celerity because F��� is less than one. Also, refractive index graph indicates that the material 

generated high output at low energy because the highest index value is between 0-3 eV. In the 

energy range from 0 to 0.023 eVthe calculated N��� is less than 0.1 indicating that Bi2Te3thin film 

material response to light with wavelength below 54 μm and then increases rapidly with photon 

energy forming the maximum peak at 3.2 eV. 

CONCLUSIONS 

In summary, the electronic and optical propertiesof Bi2Te3 thin films has been performed 

using first-principles calculations based on density functional theory (DFT) framework within the 

most recent developed Coope’s exchange (vdW-DF
C09

x). The band dispersions calculations of 

Bi2Te3 films show that this material possess robust surface states. The band dispersions calculations 

of Bi2Se3films with van der Waals interaction reveal that; at the thinner film, the strong interaction 

between the bottom surface and top surface bands resulted in an energy gap at Γ point and the 

magnitude of the gap decays rapidly by increasing the thickness of the film. The 1QL, 2QL, 3QL 

and 4QL films show an energy gap of 0.421, 0.122, 0.023 and 0.006 eV respectively. On the other 

hand, the values of the band gap at Γ point are in quite agreement with the available experimental 

measurements when compared with bare PBE and GW results. Moreover, it has been found that 

Kohn-Sham DFT with inclusion of SOC and vdW interactions is able to provide correct description 

of the topologically nontrivial electronic band structures of Bi2Se3. Interestingly, the Dirac point is 

located well inside the band gap.The Results of optical absorption shows that Bi2Te3 thin film has 

strong absorption in the near infrared to ultraviolet wavelenghts, therefore, it can be used in 

optoelectronics devices such as laser photonic, optical communication, biomedical imaging, remote 

sensing, solar cell and gas sensing. 
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