SWSiNTs: DOS variations due to mechanical deformations
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Abstract— In this paper we investigate the density of states of hexagonal silicon nanotubes. We use tight binding model to calculate density of states (DOS), and investigate the effects of two types of mechanical deformations, namely uniaxial and torsional strains on the DOS of Single Walled Silicon Nanotubes (SWSiNTs). It is shown that uniaxial and torsional strains in some cases cause the DOS near the band gap to increase, in some other ones to decrease and in some certain cases does not change the DOS near the band edge.
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I.  Introduction 

Silicon is the most important material in developing electronic devices and silicon crystal has been used as the basic material of the electronic transistors. From a chemical point of view silicon forms four covalent σ bonds in tetragonal coordination (sp3 hybridization) and typically crystallizes in a diamond-like structure. It is theoretically shown that silicon can either be crystalized in other different forms e.g. nanotubes [1-5]. It is also synthetized by different methods e.g. chemical vapor deposition (CVD) [6] or growth of the tubes by molecular beam epitaxy on porous alumina [7]. The growth of silicon nanotubes (SiNTs) from silicon mono oxide using the method of self-assembling is also reported [8]. SiNTs exist in different forms with sp3 or sp2 hybridizations. Either purely made of silicon or hydrogen-terminated [9,10]. Among the pure SiNT structures there are two types that are more important than others, namely, hexagonal nanotubes (h-NTs) and gear-like nanotubes (g-NTs). The first type is theoretically made of a Silicene (silicone sheet) that is rolled over into a cylinder so that the beginning and the end of a vector called “lattice vector” touch each other. In such a structure, the silicon atoms are bonded by sp2 hybridization. The second type (g-NT) is the same of the first type except instead of silicene the sheet of Si (111) is used. The silicon atoms are bonded by sp3 hybridization in this type of SiNTs.

Electronic properties of SiNTs have been discussed by several authors [11,12]. Most of the efforts are concentrated on the band structure [13,14]. In this paper we are to discuss the density of states (DOS) of the hexagonal nanotubes under uniaxial and torsional strains.

II. Method
As can be seen in Fig. 1 one can write the lattice vector C as [image: image2.png]€ = n,a, + n,a,



, where [image: image4.png]
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 are the unit lattice vectors. This vector is along the circumference of the Silicone nanotube (SiNT) and the [image: image8.png]


 can be defined as the unit vector in this direction such that [image: image10.png]
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 is defined as the unit vector along the translational direction (perpendicular to vector C), such that [image: image14.png]=1



. Having vector C at hands, vector T is readily acquired such that [image: image16.png]&
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 and we can extract [image: image20.png]
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. Next, we solve [image: image24.png]
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, then we work out the following relations:
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From the continuum mechanics we know that:
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    for uniaxial strain                  (2-a)
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Fig. 1. The silicon sheet of (111) lattice with the vectors a1, a2, r1 , r2 , r3 and C are illustrated.
where θ is the angle of shear and σt is the percent of uniaxial strain. Therefore, replacing (1-a) to (1-c) in (2-a) and (2-b) we have:
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where [image: image47.png]d=\n?+n?+nm,
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. Here, r0 is the silicone-silicone bonding distance and [image: image51.png]


. Equation (1-c) is still valid, but regarding new values of [image: image53.png]
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 under strain. Next, we need to extract unit lattice vectors, [image: image57.png]
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, under strain from (6-a) and (6-b). From Fig. 1:
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Then we know that in according to tight-binding method we have:
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where φAk and φBk are the two basis functions and and χ(r-RA) and χ(r-RB) are the normalized pz atomic orbital wave functions for atomic sites A and B, respectively. Here, ψk (r) is the electron wave function in the 2D silicone lattice ((111) sheet). Next, the effect of small percent of uniaxial and a few degrees of torsional strain is given by [13,15]:
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where [image: image72.png]


.

It is well known that, the contribution of a single doubly degenerate 1D band ε(k) to the density of states ,[image: image74.png]


, can be expressed as:
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where l is the length of one dimensional Brillouin zone that is equal to the total area of the first Brillouin zone ([image: image78.png]5



) divided by the interline spacing that can be worked out from Born-von Karman boundary condition as the following:
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or
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where q is a natural number. Thus:
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Now, dividing the total area of the first Brillouin zone ([image: image86.png]5



), by Δkc yields:
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Noting that:
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Before applying Eq. (7) to Eq. (6), we note that each line in the vicinity of kF (Fig. 2) will have two points at any given energy E(k), and, in addition to these two points two more equivalent points in the vicinity of the point located by -kF will contribute to the DOS at this energy. In all, regarding Eq. (10) and (11), we can then write the DOS per silicone atom, [image: image92.png]


 as:
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III. Application and results
In this section we have simulated DOS per energy per silicon atom for a number of chiral vectors. As is illustrated in Fig. 3 the uniaxial strain is applied in amounts of 0, 1, 2 and 3 percent. In this figure, (5,0) is a semiconductor zig-zag nanotube, (5,5) is a metallic armchair nanotube, (6,0) is a metallic zig-zag nanotube and (7,0) is also a semiconductor zig-zag nanotube and the DOS is illustrated at band edges.
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Fig. 2. Hexagonal central Brillouin zone of silicene
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Fig 3. Density of States (DOS) per energy per silicon atom calculated for a number of chiral vectors for zero (blue), one (green), two (red) and three (cyan) percent of uniaxial strain. The points of discontinuities happened due to the value of infinity due to our calculating software. (a) DOS diagram for (5,0), (b) DOS diagram for (5,5), DOS diagram for (6,0) and DOS diagram for (7,0) chiral vector. The direction of arrows show the direction of the effect of increasing strain on the curves of DOS.
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Fig. 4. Density of States (DOS) per energy per silicon atom calculated for a number of chiral vectors for zero (blue), one (green), two (red) and three (cyan) degrees of shear. The points of discontinuities happened due to the value of infinity due to our calculating software. (a) DOS diagram for (5,0), (b) DOS diagram for (5,5), DOS diagram for (6,0) and DOS diagram for (7,0) chiral vector.
It is worth mentioning that the points of discontinuities correspond to van-Hove singularities.

From the band gap point of view (points of zero DOS around the zero energy), our investigations show that the magnitude of the band gap change for zig-zag cases (for example Fig. 3 (a), (c),(d)) is approximately equal to 3t0 and for armchair tubes (for example Fig. 3 (b)) the uniaxial strain does not change the band gap which confirms those of reference [13] for SiNTs and reference [15] for CNTs (as  similar lattices).

After verifying our results, we examine the figure for the DOS values. Our simulations shows that for the case of uniaxial strain, for semiconductor nanotubes the rule of ”(n1 – n2) mod 3 ” [13,15] not only determines the direction of band gap change but also it simultaneously affects the direction of DOS changes with increasing strain. For example, it can be seen from Fig. 3(a) that the increasing strain causes DOS of (5,0) tube to decrease with increasing strain at band edges while it causes DOS of (7,0) tube to increase with increasing strain at band edges.

For the armchair tubes the application of uniaxial strain causes no changes to the DOS at band edges while it may cause changes at the depth of conduction or valence bands as is shown in Fig. 3(b). In the case of non-armchair metallic nanotubes our investigations show that the application of uniaxial strain not only opens a band gap but the increasing strain causes the DOS at band edges to increase as is illustrated in Fig. 3(c).

Now, we examine Fig. 4 for the DOS values under torsional strain. As can be seen in this figure the application of the torsional strain in some cases widens band gap (Fig. 4(a) and (d)). In these cases the density of states in the same energy near the band edge remains approximately unchanged with application of shear strain (considering that this energy is not located in the band gap!). The points of abrupt changes of DOS again correspond to van-Hove singularities.

In cases of metallic nanotubes, the application of torsional strain causes the opening of band gap as is shown in Fig. 4(b) and (c).

IV. Conclusion

In this article we analytically treated the DOS of SWSiNTs, for uniaxial and torsional strains. We showed that for the case of uniaxial strain in some of special cases DOS increases with increasing uniaxial strain while in some other ones it decreases with increasing uniaxial strain. For the case of torsional strain however, the DOS at a certain energy remains approximately unchanged if it is near the band edge. In the cases of metallic nanotube, whether armchair or not, it opens a bandgap and this band gap widens with increasing values of torsion for small values of shear.
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