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ABSTRACT Using density functional theory, evolution of geometrical and electrical properties like wall width,
binding energy, strain energy, band structure, density of states etc. of several zigzag HgSe nanotubes with
diameters in the range of 11.59 to 21.74 A are systematically investigated. It is noted that the walls of the
nanotubes are gradually becoming thin with increasing tube diameter. This study reveals that the stability of
the zigzag HgSe nanotube increases with increasing diameter. It is also perceived that zigzag HgSe nanotubes
obey classical elasticity law. Band structure analysis reflects that all the zigzag HgSe nanotubes are direct band
gap semiconductors and their band gaps slowly decrease with increasing diameter.
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1. Introduction

The focal point of modern nanotechnology research is nanotubes owing to their vast potentials. Nanotubes may be
successfully applied to a wide range of applications, such as field effect transistor, photovoltaic device, thermoelectric
device, lasers, light emitting diodes and so on. For productive use of nanotubes in nanodevices, we must have a detail
understanding of their characteristics. Synthesis of carbon nanotube [1] expedited the research on nanotubes and con-
sequently nanotubes of many non-carbon materials like BN, SiC, CdS, ZnO, ZnS, WS,, MoS,, CdSe [2-8] etc. were
synthesized. Recently, HgSe based nanostructures are seeking enormous attention attributed to their lucrative properties
such as high electron mobility, high electron density, etc. [9]. In bulk form, HgSe has nearly zero band gap making it a
semimetal [10]. Various types of nanostructures such as nanorods, nanowires, nano particles, quantum dots, thin film etc.
of this material have already been synthesized [11-18]. In addition, HgSe nanotubes are also synthesized. R. R. Arnepalli
et al. [19] first synthesized HgSe nanotubes by spray deposition of solvothermally synthesized HgSe-lodine nanoparti-
cles. R.R. Arnepalli et al. [20] also synthesized multi walled HgSe nanotubes by employing mercury iodide catalyst.
Various forms of HgSe nanostructures are successfully utilized in mid infrared photo detector, thermoelectric devices,
leds etc. [21-28]. For many years, HgSe has been the subject of many theoretical studies. By employing linear muffin-
tin orbital method Delin et al. [29] reported that HgSe in zinc-blende phase exhibits semi-metallic property. Radescu
et al. [30] studied the pressure-driven phase transitions in HgSe. Employing density functional theory, Duz et al. [31]
investigated the mechanical properties of HgSe polymorphs under high pressure. The structural, electrical, optical and
thermodynamic features of HgSe crystal are reported by Secuk et al. [32]. Using density functional theory, Li et al. [33]
reported that under in plane tensile strain, HgSe monolayer endured insulator to topological insulator phase transition.
Very recently, Habibes et al. [34] studied the electronic and optical properties of Mn doped HgSe for spintronic device
applications. However, as of yet, no theoretical work on HgSe nanotubes has been published. To use HgSe nanotubes in a
range of nanodevices, it is essential to understand their properties. Here, for the first time, the properties of zigzag HgSe
nanotubes are reported using density functional theory. At this point, it is important to highlight that density functional
theory underestimates the band gap value in semiconductors. However, we can get a qualitative view of the trend of band
gap variation of a nanotube with respect to diameter. Moreover, several researchers have used density functional theory
to study the properties of HgSe nanostructures and some findings (such as semi metallic property) agree with the experi-
mental observations. Therefore, density functional theory can be used to predict the properties of zigzag HgSe nanotubes.
In the following section, the methods and important parameters are described. The results are enumerated in Section 3
and finally the significant findings are summarized in Section 4.

2. Approach and method

The geometrical and electronic properties of zigzag HgSe nanotubes are extracted by using SIESTA package [35,
36] that implements Density Functional Theory. The exchange and correlation energy is represented by generalized
gradient approximated (GGA) Perdew—Burke—Ernzerhof (PBE) functional [37]. The Monkhorst—Pack method [38] with
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a 25x1x1 K-point mesh is used to sample the Brillouin Zone. Throughout the calculations, the real space mesh cut-off
energy is taken as 460 Ry. The energy convergence limit for self-consistent fields (SCF) is set at 1075 eV. During all the
calculations, a vacuum space of 25 A is kept so as to neglect interaction between the nanotube and its periodic image. The
most favourable geometry is obtained by setting force convergence limit to 0.001 eV/A.

In this study, HgSe nanosheet (HgSeNS) as depicted in Fig. 1 is rolled along the chiral vector C =i+ yV to obtain
HgSe(x, y) nanotube. The tube axis is always perpendicular to the chiral vector. For zigzag nanotubes, y = 0. Here, the
properties of HgSe(8,0) to HgSe(15,0) are investigated systematically.
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FIG. 1. The chiral vector and tube axis in HgSe nanosheet

3. Results and discussions

Initially, the HgSe nanosheet’s relaxed geometrical structure is identified. It is perceived that the relaxed HgSeNS
is buckled like having a buckled height of 0.39 A. The mean Hg—Se bond length in HgSeNS is 2.62 A. The optimized
structure of HgSeNS is displayed in Fig. 2.

(a) Top view (b) Side view

FI1G. 2. Optimized geometrical structure of HgSe nanosheet. The bigger (red) spheres represent Hg
atoms and smaller (green) spheres denote Se atoms respectively

This optimized nanosheet is adopted to construct various zigzag HgSe nanotubes (ZHgSeNTs) by folding this sheet
along various zigzag chiral vectors. These nanotubes are allowed to undergo further relaxation. After relaxation, the
nanotube surfaces take wave like pattern as depicted in Fig. 3. The more electronegative Se atoms move away from the
axis compared to the Hg atoms. Thus, it appears that the surface of the nanotube is composed of two coaxial cylinders, with
Se atoms arranged on the outer cylinder and Hg atoms on the inner cylinder. Note that, the strong covalent bonds continue
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to hold the Hg atoms in the inner cylinder and the Se atoms in the outer cylinder together. Similar surface configurations
have also been observed in nanotubes made of AIN, CdS, ZnTe [39-41] etc. The wall width of the nanotubes can be
calculated by measuring the difference in radius between the inner and outer cylinders. Wall widths of all the nanotubes
are estimated and are displayed in the Table 1. The variation of wall width with respect to diameter is also presented in
Fig. 4. Calculations show that the wall width of zigzag HgSe nanotube steadily decreases from 0.547 to 0.421 A upon
increasing diameter from 11.59 to 21.74 A. Therefore, nanotube walls are progressively becoming thin with enlarging
tube diameter. It is important to mention that wall thickness is an indicator of surface buckling in nanotubes. When a
nanosheet is rolled into a nanotube, strain or deformation related to this process causes buckling in the nanotube surface.
In comparison to larger diameter nanotubes, those with a smaller diameter exhibit more buckling and, thus, a thicker wall
due to their higher strain energy.
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(a) Top view (b) Side view

FIG. 3. Energetically relaxed geometrical structure of HgSe(12,0) nanotube. The bigger (red) spheres
indicate Hg atoms and smaller (green) balls represent Se atoms respectively

TABLE 1. Diameter, wall thickness, binding energy, strain energy, band gap values of various zigzag
HgSe nanotubes

Nanotube Diameter Wall Binding Strain Band

(A) Thickness (A) Energy (eV) Energy (eV) Gap (eV)
HgSe(8,0)  11.59 0.547 1918 0.071 0.60
HgSe(9,0)  13.08 0.523 1.927 0.062 0.55
HgSe(10,0)  14.50 0.502 1.934 0.055 0.51
HgSe(11,0)  15.96 0.483 1.940 0.049 0.47
HgSe(12,0)  17.40 0.466 1.944 0.045 0.43
HgSe(13,0)  18.85 0.450 1.948 0.041 0.39
HgSe(14,0)  20.30 0.435 1.951 0.038 0.35
HgSe(15,0)  21.74 0.421 1.954 0.035 0.32

The stability of HgSe nanosheet and various zigzag HgSe nanotubes can be assessed by determining their binding
energies using the following formula:
Epp — _ E'(HgSe) — NE (Hg) — NE(Se) ‘
2N
Here, E(HgSe) represents the total energy of relaxed HgSe nanosheet or nanotube consisting of N Hg and N Se atoms.
E(Hg) and F(Se) denote energy of isolated Hg and Se atom, respectively. It is observed that the binding energy of
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FIG. 4. Plot of wall thickness vs. diameter of zigzag HgSe nanotubes

HgSeNS is 1.989 eV. The binding energies of ZHgSeNTs are determined and written in Table 1. The variation of binding
energy with respect to diameter is also graphically plotted in Fig. 5. The binding energy of ZHgSeNT is increasing from
1.918 to 1.954 eV when the diameter is altered from 11.59 to 21.74 A. Therefore, ZHgSeNTs with smaller diameters are
relatively less stable than those with greater diameters. This can be explained by the fact that decreasing the diameter
causes the bond to bend more, reducing the stability.
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FI1G. 5. Variation of binding energy per atom as a function of tube diameter of zigzag HgSe nanotubes

To figure out the energy required to create HgSe nanotubes with different diameters from HgSe nanosheet, the strain
energies of HgSe nanotubes are evaluated. The strain energy, F is just the binding energy difference between HgSeNS
and ZHgSeNT, i.e.

Es = EBE (HgSCNS) — EBE (ZHgSCNT) .
Here, Epr(HgSeNS) and Epp(ZHgSeNT) represent binding energy of HgSe nanosheet and zigzag HgSe nanotube,
respectively. The estimated strain energy of every nanotube is displayed in Table 1. The classical continuum elasticity
theory reflects that strain energy, F;, must vary as E;, = m/ D?*+¢ against diameter (D) where m and c are constants [42].
The strain energy is plotted against 1/D? in Fig. 6 to determine whether ZHgSeNTs comply with classical elasticity
theory or not. The straight line nature of the plot signifies that ZHgSeNTs obey classical elasticity theory. The values of
the constants m and c, according to least square fitting, are 6.744 and 0.022, respectively.

One of the important electrical characteristics of a material is its band gap, which dictates the material’s use in tech-
nological applications. In nanoelectronics, figuring out different ways to accomplish band gap engineering is also crucial.
The band gaps of HgSeNS and ZHgSeNTs are estimated in order to evaluate the importance of these nanostructures in
different technological applications. The findings are shown in Table 1. The variation of band gap in terms of nanotube
diameter is also plotted in Fig. 7. It is marked that HgSeNS is a low direct band gap semiconductor with a band gap of
0.12 eV as shown in Fig. 8. Band structures of various ZHgSeNTs are also depicted in Fig. 9. It is perceived that all
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FIG. 6. The plot of strain energy per atom as a function of 1/D?. The best fit curve is shown by the
dotted line

the ZHgSeNTs are direct band gap semiconductors and their band gaps are slowly decreasing from 0.60 to 0.32 eV when
diameter is increased from 11.59 to 21.74 A. Therefore, one can tune band gap within a range of 0.28 eV by altering
diameter from 11.59 to 21.74 A. This trend of decreasing band gap with increasing tube diameter is in the same line with
other II-VI semiconductors like CdS, ZnTe, ZnO, ZnS etc. nanotubes [40,41,43,44]. It is commonly recognised that
II-VI semiconductors show the quantum confinement effect, in which the band gap widens as the nanostructure’s size
decreases. This quantum confinement effect can account for the band gap rise in zigzag HgSe nanotubes with decreasing
nanotube diameter.
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F1G. 7. Band gap vs. diameter plot of zigzag HgSe nanotubes

To support the pattern of decreasing band gap with increasing tube diameter, the total density of states of various
ZHgSeNTs are determined and displayed in Fig. 10. This graph makes it very evident that the band gap becomes smaller
for nanotube of larger diameter.

4. Summary

In conclusion, density functional theory is used to present the variation of geometrical and electrical properties with
respect to diameter of various zigzag HgSe nanotubes. It is predicted that the walls of the nanotubes gradually get thinner
as the diameters of the nanotubes increase. It is further noticed that zigzag HgSe nanotubes become increasingly stable
on increasing their diameter. Strain energy analysis manifests that all the zigzag HgSe nanotubes adhere to the classical
elasticity law. Band structure calculation signifies that the variation of band gap with diameter is congruous with other 11—
VI semiconductor nanotubes and the band gap energy may be calibrated over practically useful range of 0.32 to 0.60 eV.
These results might help to expedite future studies on HgSe nanotubes.



478 Monoj Das

0

(eV)

Energy

HgSe(12,0)
HgSe(11,0) 4
S I F .
T B =
= 2
@ s = - e 3
I Band gap = 0.47¢V | L Band gap = 0.43 eV ]
X
(a) (b)
2F L
HgSe(15,0
L . HeSe(14,0) freesserseneseens £Se(15,0)
& A & < - -
N2 &
bl el
g 8
2 Band gap=0.35¢eV 1 2 i T T
o i = Band gap = 0.32 eV

FI1G. 9. Band structure plots of various zigzag HgSe nanotubes. The fermi energy level is represented
by the solid red line
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F1G. 10. The total density of states plot of different zigzag HgSe nanotubes. Here, the Fermi energy is
scaled down to zero
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