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Abstract: The realistic nanostructures of pristine, Se and S incorporated BiTe nanostructures
in the form of nanocone, nanosheet and nanotube are optimized and simulated successfully
using density functional theory along with B3LYP/ LanL2DZ basis set. The formation energy,
chemical potential and chemical hardness are used to study the structural stability of BiTe
nanostructures. Point symmetry and dipole moment of pristine, Se and S incorporated BiTe
nanostructures are also reported. The electronic properties of BiTe nanostructures are
discussed in terms of ionization potential, electron affinity and HOMO-LUMO gap. The
present work reveals that the incorporation of impurities leads in enhancing the structural
stability and electronic properties of BiTe nanostructures, which find its application in power
generator and gas sensors.
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Introduction

In recent days, converting heat energy into electricity has become a significant topic of research among
the scientific community [1, 2]. Thus, the thermoelectric materials have attracted much interest among scientific
community due to generating electricity under a temperature gradient. Especially, nanomaterials are
considerable to improve the thermoelectric figure-of-merit owing to quantum confinement effects and
enhancing surface phonon scattering [3]. Bismuth telluride (BiTe) compounds, including Bi,Te; are the best
thermoelectric materials among others [4]. Moreover, BiTe is frequently used in low temperature
thermocouples, commercial solid state peltier coolers and in thermal energy scavenging [5]. Besides, BiTe is
also one of the best thermoelectric materials with wide range of applications, such as in refrigerator [6], power
generator [7] and as gas sensors [8]. It is a semiconductor with narrow band gap of 0.15 eV [9] which exhibits a
rhombohedral crystal structure. Due to its predominant performance, BiTe is most often used for low-
temperature thermoelectric devices. Different methods, including sputtering [10], flash evaporation [11], metal-
organic chemical vapor deposition [12] and electrochemical deposition [13] have been extensively used to
synthesis bismuth telluride thin films for the micro thermoelectric devices.Srinivasan et al., [14] proposed the
texture development during deformation processing of the n-type bismuth telluride alloy Bi,Seq;Te, 7. Zeng et
al., [15] reported the temperature and size effects on electrical properties and thermoelectric power of bismuth
telluride thin films deposited by co-sputtering. Molli et al., [16] proposed the solvothermal synthesis and study
of nonlinear optical properties of nanocrystalline thallium doped bismuth telluride. Density functional theory
(DFT) is an efficient method to study the structural and electronic properties [17-19] of BiTe. The motivation
behind the work is to fine-tune the structural stability and electronic properties of BiTe nanostructures with
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substitution impurities. In the present work, structural stability of different BiTe nanostructures are studied and
reported.

Computational methods

The pristine, S and Se substituted BiTe nanostructures in the form of nanosheet, nanotube and nanocone
are optimized and simulated successfully with the help of Gaussian 09 package [20]. The atomic number of
bismuth and tellurium is eighty three and fifty two respectively. In this work, different impurities are
incorporated in pristine BiTe nanostructure and optimized. BiTe nanostructures are optimized with Becke’s
three-parameter hybrid functional (B3LYP) along with suitable Lanl.2DZ basis set [21-23]. While optimizing
BiTe nanostructures, selection of the basis set is an important criterion. LanL.2DZ basis set is a suitable choice
for optimizing BiTe nanostructures along with pseudo potential approximation [24]. Moreover, LanL.2DZ basis
set is most suitable to Li-La, H and Hf-Bi elements. The density of states spectrum (DOS) of BiTe
nanostructures are drawn using Gauss Sum 3.0 package [25].

Results and Discussion

The present work, mainly focus on dipole moment (DM), ionization potential (IP), chemical potential
(CP), chemical hardness (CH), formation energy, HOMO-LUMO gap and electron affinity of BiTe
nanostructures and the electronic properties of BiTe are fine-tuned with the incorporation of proper impurities
such as selenium and sulfur. Figure 1 (a) — 1 (¢) refers pristine, Se and S substituted BiTenanocone respectively.
The reason behind the selection of S and Se as impurity in the BiTe nanostructures are both S and Se are
chalcogens like Te. Moreover, the substitution of S and Se modifies the electronic properties of BiTe
nanostructures.

The different nanostructures of BiTe such as nanocone, nanosheet and nanotube are designed. The pristine
structures of BiTe have nine Bi atoms and nine Te atoms. In the case of Se substituted BiTe nanostructures,
there are nine Bi atoms, eight Te atoms and one Te atom is replaced with one Se atom. For S substituted BiTe
nanostructures, nine Bi atoms, eight Te atoms are present and one Te atom is replaced with one S atom. The
nanostructures of BiTe are shown in Figure 1 (a) — Figure 1 (i).
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Figure. 1(a) pristine BiTenanocone
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Figure. 1(d) pristine BiTenanosheet
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Figure. 1(e) Se substituted BiTenanosheet

Figure. 1(h) Se substituted BiTe nanotube
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Figure. 1(i) S substituted BiTe nanotube

Table. 1 Formation energy, point symmetry and dipole moment of BiTe nanostructures

Nanostructures Formation energy Dipole moment Point

(eV) (Debye) Group
pristine BiTenanocone -39.44 7.03 Cs
Se substituted BiTenanocone -40.26 7.47 Ci
S substituted BiTenanocone -41.07 7.49 C
pristine BiTenanosheet -39.44 19.39 Cs
Se substituted BiTenanosheet -40.26 19.73 Cs
S substituted BiTenanosheet -40.26 20.34 Cs
pristine BiTe nanotube -39.44 9.16 C
Se substituted BiTe nanotube -40.26 9.3 Cs
S substituted BiTe nanotube -40.26 10.47 Cs

The structural stability of pristine, Se and S incorporated BiTe nanostructures are described using
formation energy as shown in equation 1,

Eform = E (BiTe nanostructure) — xE(Bi) — yE(Te) — zE(dopant) Q)

where E (BiTe nanostructure) refers the total energy of BiTe nanostructure, E(Bi), E(Te) and E(dopant)
represents the corresponding energy of isolated Bi, Te and dopant atoms namely Se and S. Furthermore, x, y
and z represents the total number of Bi, Te and dopant atoms respectively. The dipole moment, formation
energy and point group of pristine, Se and S substituted BiTe nanostructures are tabulated in Table 1. The
formation energy of pristine, Se and Ssubstituted BiTenanocones are -39.44, -40.26 and -41.07 eV respectively.
Almost same value of formation energy is observed for pristine; Se and S substituted BiTe nanostructures.
Moreover, the stability of BiTe nanostructure slightly increases due to substitution of Se and S atoms. Since,
the formation energy of Se and S substituted BiTe nanostructures in the form of nanocone, nanosheet and
nanotube are relatively large compared with pristine BiTe nanostructures. Besides, the S substituted BiTe
nanostructures are more stable. The dipole moment of pristine, Se and S incorporated BiTenanocones are 7.03,
7.47 and 7.49 Debye respectively. Similarly, the corresponding DP value of BiTenanosheets and nanotubes are
observed in the range of 19.39-20.34 and 9.16-10.47 Debye respectively. As a result, the uniform charge
distribution is observed in BiTenanocone compared with BiTenanosheet and nanotube. The point group of BiTe
nanostructures is found to be Cs and C,. C, has only identity operation. Cs has identity and mirror plane
symmetry.
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The electronic properties of BiTe nanostructures can be discussed in terms of lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) [26-29]. The energy gap values for
pristine, Se and S substituted BiTenanocone, nanosheet and nanotube are tabulated in Table 2. From the
observation of energy gap, the incorporation of impurities influence the HOMO-LUMO gap compared with
pristine BiTenanosheet. The energy gap value for pristine, Se and S substituted BiTenanosheet are 0.64, 0.54
and 0.47 eV respectively. This infers that the conductivity of BiTenanosheet increases with the incorporation of
Se and S atoms due to the decrease in HOMO-LUMO gap. In contrast, the conductivity of BiTe nanostructures
slightly decreases with the incorporation of same Se and S impurities in nanocone and nanotube as shown in
Table 2. The corresponding energy gap value for pristine, Se and S substituted nanocone are 0.58, 0.59 and 0.7
eV. In that order, the energy gap values for BiTe nanotube are 0.74, 0.77 and 0.84 eV. Thus, it is implied that
the geometric structure and incorporation of dopant element plays a vital role in deciding the conductivity of
BiTe nanostructure. The density of states spectrum and visualization of HOMO-LUMO gap for BiTe
nanostructures are shown in Table 2. BiTe nanostructures exhibit semiconducting behavior with narrow band
gap. Besides, less energy is required in moving the electrons from the valance band to the conduction band. As
a result, the localization of charges is recorded to be more in BiTe LUMO level than in HOMO level. Owing to
the influence of dopant atom, the density of charges in both HOMO and LUMO levels gets changed. Therefore,
the electronic properties of BiTe nanostructures can be fine-tuned with the substitution of Se and S atoms.

Table. 2 HOMO -LUMO gap and density of states of BiTe nanostructures
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Ionization potential, electron affinity, chemical potential and chemical hardness of BiTe nanostructures

The electronic properties of BiTe nanostructure can also be described with electron affinity (EA) and
ionization potential (IP) [30-33]. Figure 2 illustrates the EA and IP of BiTe nanostructures. Usually the amount
of energy required in removing the electron from BiTe nanostructure is referred as IP and the variation in
energy owing to addition of electrons in BiTe nanostructure is called as EA. Almost same trend is recorded for
both EA and IP for different BiTe nanostructures as shown in Figure 2. Comparatively, more energy is required
to remove electron from BiTenanosheet among others. Electron affinity plays an important role on both plasma
physics and chemical sensors. The EA value for pristine, Se and S substituted BiTenanocones are 4.14, 4.11 and
4.08 eV respectively. Similarly, the electron affinity for BiTenanosheet and nanotube are shown in Figure 2.
From the observation it inferred that the energy change is more for BiTenanosheet, which arise due to its
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geometry of the structure. In contrast, comparatively less change in energy is observed for both BiTenanocone
and nanotube. Moreover, two dimensional sheet structures give rise to more change in energy.
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Figure.2 IP and EA of BiTe nanostructures.

The structural stability of BiTe nanostructures can also be described in terms of chemical potential and
chemical hardness [34-37]. Chemical potential and chemical hardness for BiTe nanostructures can be calculated
using the equation p = — (IP+EA)/2 and n = (IP-EA)/2 respectively as shown in Table 3. Almost same
chemical potential are observed for BiTe nanostructures as shown in Table 3. Furthermore, there is not much
variation observed in chemical hardness. In the case of BiTenanosheet, chemical hardness decreases with
substitution of Se and S impurities. In contrast, the chemical hardness increases with the substitution of same
dopant atom of Se and S in BiTenanocone and nanotube. It is inferred that the geometry of BiTe nanostructure
plays a vital role in chemical hardness. The orbital overlapping of Bi, Te and dopant atoms gives rise to the
variation in chemical hardness. Therefore, the structural stability of BiTe nanostructure also depends on the
incorporation of dopants. The effect of CH and CP can also be discussed by effective fragment potential model,
in most of the cases; the chemical hardness can also be depicted by electronegativity, which is one of the
significant factors in semiconductor physics.

Table. 3 Chemical potential and chemical hardness of BiTe nanostructures

Nanostructures Chemical potential (eV) Chemical hardness (eV)

pristine BiTenanocone -4.43 0.29

Se substituted BiTenanocone -4.41 0.30
S substituted BiTenanocone -4.43 0.35
pristine BiTenanosheet -4.9 0.32

Se substituted BiTenanosheet -4.9 0.27
S substituted BiTenanosheet -4.92 0.24
pristine BiTe nanotube -4.36 0.37

Se substituted BiTe nanotube -4.34 0.39
S substituted BiTe nanotube -4.34 0.42
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Conclusion

The realistic nanostructure of pristine, Se and S incorporated BiTe nanostructures are simulated and
optimized using DFT along with B3LYP/LanL2DZ basis set. The structural stability of BiTe nanostructures are
investigated using formation energy, chemical hardness and chemical potential. Point symmetry and dipole
moment of pure, Se and S substituted BiTe nanostructures are also reported. Using electron affinity, ionization
potential, HOMO-LUMO gap and density of states spectrum, electronic properties of BiTe nanostructures are
discussed. The findings of the present work are the structural stability and electronic properties of BiTe
nanostructures can be fine-tuned with the incorporation of Se and S atom as impurities. Moreover, the
electronic and structural properties of nanocone, nanosheet and nanotube form of BiTe nanostructure can be
tailored with substitution impurity. The results of the work give the insights to enhance the electronic properties
of BiTe, which find its potential application in thermoelectric materials.
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