
Effect of Diameter, Length, and Chirality on the
Properties of Silicon Nanotubes
Mohsen Motamedi  (  motamedi@shahreza.ac.ir )

Faculty of Engineering, University of Shahreza, P. O. Box 86149-56841, Isfahan, Iran,
https://orcid.org/0000-0003-3296-4253

Erphan Safdari 
University of Shahreza

Original paper

Keywords: Silicon nanotube, Chirality, Mechanical properties, Molecular dynamics

Posted Date: February 4th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-173866/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-173866/v1
mailto:motamedi@shahreza.ac.ir
https://orcid.org/0000-0003-3296-4253
https://doi.org/10.21203/rs.3.rs-173866/v1
https://creativecommons.org/licenses/by/4.0/


Effect of diameter, length, and chirality on the properties 

of Silicon nanotubes 

 

Mohsen Motamedi 1, Erphan Safdari 2 

1  Faculty of Engineering, University of Shahreza, P. O. Box 86149-56841, Isfahan, Iran,  

motamedi@shahreza.ac.ir, Tel.: +98 315 323 8379 

2 Faculty of Engineering, University of Shahreza, P. O. Box 86149-56841, Isfahan, Iran,  

erphansafdari@gmail.com 

 

Abstract 

The mechanical properties of nanostructures are a researcher's favorite topics. In the 
meantime, the mechanical and physical properties of the two dimensional structures and the 
nanotubes have attracted greater attention due to their wide application. Si (Si) nanotubes are 
structures consisting of Si atoms that are aligned as honeycombs (hexagonal). This structure has 
created some special properties in Si nanotubes. In this paper, Young’s modulus values and stress 
strain diagrams of Si nanotubes are investigated using molecular dynamics method and the Tersoff 
potential. Then, the changes effect of size and dimension was investigated for a closer look. For this 
purpose, the effect of nanotube diameter, length, and chirality shift from zigzag to armchair were 
studied.  The results showed that the fracture stress of nanotube decreased with increasing the length 
of Si nanotube. It was also shown that the armchair structure was stronger than the zigzag.  The effect 
of diameter change on the mechanical properties was also investigated and it was observed that no 
specific order could be found between the diameter changes with the Si nanotube strength. The results 
were in good agreement with other studies. 
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1. Introduction 

Much of the changes we can make at the material structure to improve their performance are 
in the nano dimension, and these properties in the nanostructure are not industry specific and exist in 
nature, and these nanostructures with useful features are always being produced [1-5] such as self-
cleaning lotus leaves [6] and butterfly wings colors [7], photoreceptor in brittlestar [8], and anti-
reflection eyes of moth [9]. Nanostructures especially Si nanotubes are used at the production of 
sensors and biosensors [10-15], anode of cells [16-19], solar cell [20-22], transistors [23-25], fuel 
batteries and biological materials[26], energy storages [27 and 28], rechargeable lithium batteries [29-
31], actuators [32] and generation of power sources[21] . 

Furthermore, Fahad et al. [23] have pointed out the usefulness and effectiveness of using Si 
nanotubes in tunnel field-effect transistor. Kunjie et al. [14] found that Si nanotube had a stronger 
interaction with carbon monoxide (CO) and nitrogen monoxide (NO) compared to carbon nanotube, 
which could increase the sensitivity of detection and recognition of Si nanotube to these two CO and 
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NO. Si nanotube converts to metallic state after absorption of carbon monoxide and, if Si nanotube 
is combined with nitrogen monoxide (NO), will have magnetism properties. Si nanotube is a good 
option for use in sensors of detection and recognition a carbon monoxide and nitrogen monoxide. 
Park et al. [17] studied the importance of Si nanotube as a battery anode due to its high charge capacity 
as well as 89% columbic efficiency and 10 fold capacity per each 200 cycles. Lan et al. [33] studied 
the Si nanotube and carbon nanotube and compared the capacity of these nanotubes for hydrogen 
absorption at room temperature (298 K) and pressure of 1 to 10 MPa. In that study, Si nanotube was 
introduced as a better option for hydrogen absorption. They had found by studying the structure of Si 
nanotube that rhombic structure (state) of Si nanotube was more capable of hydrogen absorption. 
They studied the three armchair nanotubes (5-5), (7-7), and (9-9) at 298 K and pressure of 4 to 10 
MPa to predict the behavior of the Si nanotube with the changes of the diameter. They found that 
diameter alone did not alter the rate of hydrogen absorption. 

In this study, tubes with chirality 7–7 have the highest rate of hydrogen uptake. With the 
advancement of tool science towards material shrinkage, low heat transfer tools are expanding and 
becoming more widely used [34]. 

Li [35] studied Si nanowire and Si bulk with the molecular dynamics method, and found that 
the heat transfer in Si nanowires is about half of a Si bulk. Chen [36] found at his investigation using 
molecular dynamics method that the Si nanotube had 33% heat transfer of Si nanowire at room 
temperature. He showed that it was possible to reduce the heat transfer capability by increasing the 
surface to the volume of nanotube, and they introduced Si nanotube as a suitable option for 
thermoelectric devices. Szczech et al. [37] have introduced Si as a high capacity anode of battery and 
they stated increasing the Si volume when lithiating and delithiating has prevented its commercial 
application. Furthermore, the other problem of using Si at battery is the poor recovery capability. 
These problems can be solved by using Si nanostructures. Isfahani et al.  [38] have studied the effect 
of pore shape on the behavior of single crystalline Si np structures using molecular dynamics method. 
In that paper, the pore with shapes of circular, elliptical, square and hexagonal were investigated and 
the elastic modulus, ultimate strength, fracture stiffness and hardness are measured. They stated that 
the H ellipse pore has the highest strength (stiffness). Chan [39], Pozot [40] and Kasavajjula [41] 
have proposed nanostructures with holes as a suitable option to eliminate and improve the problems 
of stability and performance. Bai et al. [42] investigated the various structures of single dimensional 
Si and Si nanotube had introduced as a good alternative to wide bandgap semiconductor. 

Much of the stress of Nano dimension tools is due to thermal inconsistencies and networking 
between different materials. The reliability of many devices in these dimensions depends on the 
response of nanostructures to mechanical loading. Therefore, a deep and comprehensive 
understanding of the deforming of mechanisms under external mechanical forces is needed for 
technology future of nanostructures. Fagan et al. [43] have theoretically investigated the similarities 
and differences between Carbon and Silicon structures using two methods, i.e., DFT and Monte Carlo 
(which employs the Tersoff potential). They had investigated the electrical and structural properties 
of the two material by DFT method and found that these properties were dependent on diameters and 
chirality. They had shown that Si nanotubes can play both metal (armchair) and semiconductor 
(zigzag) roles. They had also investigated the thermal behavior of these two structures using the 
Monte Carlo method. Palaria [44] has investigated the structural properties of Si nanotubes including 
atomic structure and elastic properties using molecular dynamics and first principle–base force field 
theory and density functional theory. He measured and published the Si Nanotube Young’s modulus 
at various structural scales. He had shown according the structure that this number varies between 50 
and 493 MPa. Zhang et al. [45] investigated the electronic and structural properties of Si nanotube 
using DFT and found that the structure of Si nanotube in small diameters is metallic and armchair 



structure of Si nanotube is more stable. San Paulo [46] investigated the mechanical structure of Si 
nanowires using the AFM method using the vapor solid liquid method, and he found experimentally 
that the Young's modulus was 186 GPa. Kang et al. [47] studied Si nanowire using the molecular 
dynamics method and with applying the MEAM potential and investigated the relationship between 
temperature and fracture mechanism and he found that the failure mechanism is related to both the 
diameter of the Si nanowire and the temperature. 

Therefore at this paper, according the importance of the effect of nanotube diameter on the 
mechanical properties, the stress and strain behavior and Si nanotube Young’s modulus are 
investigated using molecular dynamics method and the chirality effect and nanotube length are 
discussed. 

 

2. Simulation 

Molecular dynamics is a powerful method that involves solving the classical many-body 
problem in contexts relevant to the study of matter at the atomistic level [48].  This simulation is 
carried out based on the Tersoff potential. Tersoff shows that if this function is used for pair terms, it 
can be a good starting point for prediction because this potential included a large range of structural 
features of Si. Earlier, Kang [47] had used this potential to investigate the effect of temperature and 
size changes of nanowires on the fracture mechanism using molecular dynamics method. As well as 
Verma and Jeong Won Kang have separately studied Si nanotube structure using this potential [50-
52]. This potential follows the following equations: 

 

1)E =∑ 𝐸𝑖𝑖 = 12∑ 𝑉𝑖𝑗𝑖≠𝑗 ,  2)𝑉𝑖𝑗 = 𝑓𝐶(𝑟𝑖𝑗)[𝑓𝑅(𝑟𝑖𝑗) + 𝑏𝑖𝑗𝑓𝐴(𝑟𝑖𝑗)]; 
3)fR(rⅈj) = 𝐴𝑖𝑗 exp(−𝜆𝑖𝑗𝑟𝑖𝑗) , 4)𝑓𝐴(𝑟𝑖𝑗) = −𝐵𝑖𝑗 exp(−𝜇𝑖𝑗𝑟𝑖𝑗) ;                                          

5)fC(rⅈj) = { 
 1, 𝑟𝑖𝑗 < 𝑅𝑖𝑗12 + 12𝐶𝑜𝑠𝛴𝜋(𝑟𝑖𝑗 − 𝑅) (𝑠𝑖𝑗 − 𝑅𝑖𝑗)⁄      𝑅𝑖𝑗 < 𝑟𝑖𝑗 < 𝑠𝑖𝑗0, 𝑟𝑖𝑗 > 𝑆𝑖𝑗  

 6)bjj = χⅈj (1 + βⅈniζⅈjni)−1 2ni⁄    ,      7)𝜁 = ∑ 𝑓𝑐(𝑟𝑖𝑘)𝜔𝑖𝑘𝑔(𝜃𝑖𝑗𝑘)𝑘≠𝑖,𝑗      , 
     8)𝑔(𝜃𝑖𝑗𝑘) = 1 + 𝑐𝑖2 ∕ 𝑑𝑖2 − 𝑐𝑖2 ∕ [𝑑𝑖2 + (ℎ𝑖−𝐶𝑜𝑠𝜃𝑖𝑗𝑘)2] 

9)λⅈj = (λⅈ + λj) 2⁄    ,   10)𝜇𝑖𝑗 = (𝜇𝑖 + 𝜇𝑗) 2⁄   ,    11)𝐴𝑖𝑗 = (𝐴𝑖𝐴𝑗)1 2⁄    ,   12)𝐵𝑖𝑗 =(𝐵𝑖𝐵𝑗)1 2⁄    ,    13)𝐴𝑖𝑗 = (𝐴𝑖𝐴𝑗)1∕2 ,   14)𝑅𝑖𝑗 = (𝑅𝑖𝑅𝑗)1∕2   ,    15)𝑆𝑖𝑗 = (𝑆𝑖𝑆𝑗)1∕2 

Labels of system atoms are i, j and k and rⅈj is the bond length and θⅈjkis the angle between 
the bonds. nⅈ and λⅈ, only depend on the type of atom (carbon, Si, Ge). 𝐸 is the total energy of the 
system and 𝐸𝑖    is the site energy. Vⅈj is bond energy between atoms i and j. The function fR states a 
repulsive pair potential, which includes the orthogonalization energy when atomic wave functions 
overlap. fA  displays an attractive pair potential associated with bonding. Function of fA  and fR  

represents the repulsion and attraction potential between two atoms, respectively. The extra term fC 



is merely a smooth cutoff function to limit the range of the potential. The function bⅈj is the sole novel 
feature of the potential. It represents a measure of the bond order, and is for now assumed to be s 
monotonically decreasing function of the coordination of atoms i and j. Parameter of ωⅈj(where ωⅈⅈ= 
1) are available for possible future use that permit greater flexibility when dealing with more 
drastically different types of atoms. 

The value of 1 is considered for χ and ω in this calculation. Other values are shown at Table 
1. 

Table1: used parameters at the Tersoff potential 

Parameters C Si Ge 

A (eV) 1.3936*103 1.8308*103 1.769*103 

B (eV) 3.467*102 4.7118*102 4.1923*102 λ (Å−1) 3.4879 2.4799 2.4451 μ (Å−1) 2.2119 1.7322 1.7047 𝛽 1.5724*10−7 1.1000*10−6 9.0166*10−7 

n 1.5724*10−7 7.8734*10−1 7.5627*10−1 

C 3.8049*104 1.0039*105 1.0643*105 

d 4.384*100 1.6217*101 1.5652*101 

h -5.7058*10−1 -5.9825*10−1 -4.3884*10−1 

R (Å) 1.8 2.7 2.8 

S (Å) 2.1 3.0 3.1 

                                                                         𝜒𝐶−𝑆𝑖=0.9776                                χSⅈ−Ge = 1.0061            

 

3. Results and discussion 

In this simulation, we try to predict the behavior of stretched Si nanotubes in different shapes.  
In this process, the nanotube is first relaxed and then the two its sides are fixed at the appropriate 
sizes and moves with a rate of 0.012 Å/ps in the opposite direction and a fillet stress in the nanotube 
is created by increasing the tension and the nanotube is divided into two parts when the tension 
reaches to the critical stress limit.  In these nanotubes, the distance between the two Si atoms is 
considered 2.248Å [28 , 36].  

The investigation of changes effect of sizes and shapes is divided to three parts: 

3.1.The effect of length change on strength 

In the first part, three nanotubes with lengths of 100, 200 and 300 Å and with chirality of (9-
9) and diameter of 19.32Å were simulated in box with 30×30×110, 30×30×210 and 30×30×310 Å 
dimension and number of atoms of 936, 1854 and 2790 to study the effect of nanotube length on their 
strength. Fig 1 Shows the schematic of length comparison of SI nanotube. 

 



 

Figure 1. schematic of length comparison of Si nanotube 
 

Previously, Peng et al. [53] had investigated the effect of length change on tension strength of 
multiwall carbon nanotube. They found that tension strength reduced with increasing the length of 
the nanotube sample. In this simulation, we also obtained similar results and we observed a reduction 
of critical stress with increasing length of the nanotube sample (Fig. 2). The values are also presented 
in Table 2. As expected, the value of the critical stress decreases from 27.6 to 24.7 MPa by increasing 
the nanotube length from 100 to 300Å,  

Table 2. Mechanical properties of nanotubes with different lengths 

length Atomicity chirality Diameter(A) Critical stress Young’s modulus(GPa) 
100 936 (9-9) 19.32 27.62 168.13±1.06 

200 1854 (9-9) 19.32 25.53 197.52±0.6 

300 2790 (9-9) 19.32 24.75 205.37±0.58 

 

. 
 



 

 

Figure 2. Stress strain diagram for lengths 100, 200 and 300Å. 

 

3.2.The effect of diameter change on the strength 

In the second part, the purpose is to find the effect of nanotube diameter on its strength.  For 
this purpose, four nanotubes with a length of 150 Å and diameters of 12.3, 14.8, 17.3 and 23.5Å and 
chirality of (0-10), (12-0), (14-0) and (19-0), respectively are stretched at simulation boxes with 
dimensions of 20×20×160, 30×30×160, 30×30×160 and 40×40×160, and the number of atoms of 
890, 1068, 1246 and 1691 (Fig. 3). 
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Figure 3. schematic comparison of diameters 12.3, 14.8, 17.3 and 23.5 Å 
 

The stress strain diagram is shown in Fig. 4. As can be seen in Figure. 4, there is no particular 
order between the change in diameter and the strength. The results are also presented in more detail 
in Table 3.  In this simulation, we notice that the nanotube strength is affected by factors other than 
the diameter of the nanotube and this is similar to the Young's modulus. 

Kang [47] had studied the Si nanowires and found that the diameter changes alone did not 
change the nanotube strength, and other factors such as temperature also influenced the nanotube 
strength. 

Table 3. Mechanical properties of nanotubes of different lengths 

Chirality Atomicity Length(A) Diameter(A) Critical stress Young’s modulus(GPa) 
10-0 890 150 12.3 10.65 182.5456±1 

12-0 1068 150 14.8 10.39 175.09±0.01 

14-0 1246 150 17.3 10.86 183.481±1.038 

19-0 1691 150 23.5 11.66 185.173±0.01 

 



Figure 4. stress strain diagram for Si nanotube with diameters 12.3, 14.8, 17.3 and 23.5 Å 

 

3.3.Effect of Chirality on strength 

In this part, four nanotubes will be used that each pair have the same diameter and length, and 
just have different chirality, one zigzag and the other armchair. The nanotubes have a length of 150 
Å, a diameter of 14.8 and 17.3 Å, and with chirality of [(12-0) and (7-7)] and [(14-0) and (8-8)] (Fig. 
5). The size of the simulation boxes are (30×30×160), (30×30×155) and (30×30×160) and 
(30×30×160) and the number of atoms are 1092 and 1068 and 1248 and 1246. 
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Figure 5. Structure schematic comparison of tubes with same diameters and different chirality. 

 

 

The stress strain diagram for both states is shown in Figure. 6. 
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Figure 6. Si nanotube stress strain diagrams with different chirality. 
 

The results of these figures are analyzed and presented in Table 4 completely. As can be seen, 
under the same geometrical conditions, the critical stress of the zigzag nanotube (0-12) is lower than 
the critical stress of the armchair nanotube (7-7) and furthermore, it has less Young’s modulus. The 
same results are for the zigzag and armchair of nanotubes (0-14) and (8-8), respectively. Therefore, 
it can be concluded that Si nanotubes with chirality of armchair have more strength and their Young’s 
modules is higher than zigzag structure. Furthermore, Zhang et al. [45] showed in their study that 
nanotubes with armchair structure have more strength. 

Table 4. Mechanical properties of nanotubes with chirality of zigzag and armchair 

Chirality Atomicity Length(A) Diameter(A) Critical Stress Young’s Modulus (Gpa) 

7-7 1092 150 15 15.05 185.07±1.258 
0-12 1068 150 14.8 10.39 175.09±0.01 
8-8 1248 150 17.17 14.38 183.98±1.159 
0-14 1246 150 17.3 10.86 183.481±1.038 

 

 

 Conclusion 

In this paper, the Young's modulus values and stress strain diagrams of Si nanotubes are 
investigated using molecular dynamics method and the Tersoff potential. Then, for a closer look, the 
changes effect of size and dimension was examined. For this purpose, the change effect of diameter 
and length of nanotube and the shift effect of chirality from zigzag to armchair were investigated. The 
results showed that the fracture stress decreased from 276 to 247 MPa with increasing the length of 
Si nanotube from 100 to 300 Å. 
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Furthermore, it was shown that the armchair structure has more strength than the zigzag. For 
example, the elastic modulus of armchair and zigzag were 185 and 175 GPa, respectively for two Si 
nanotubes with the same diameter and length. The change effect of diameter on the mechanical 
properties was also investigated and it was observed that no specific order could be found between 
the diameter change with the strength of Si nanotube and other parameters such as temperature may 
be involved which should be investigated in future research. The results were in good agreement with 
other studies. 
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Figures’ captions: 

Figure 1. Schematic of length comparison of Si nanotube 

Figure 2. Stress strain diagram for lengths 100, 200 and 300Å. 

Figure 3. Schematic comparison of diameters 12.3, 14.8, 17.3 and 23.5 Å 

Figure 4. Stress strain diagram for Si nanotube with diameters 12.3, 14.8, 17.3 and 23.5 Å 

Figure 5. Structure schematic comparison of tubes with same diameters and different chirality 

Figure 6. Si nanotube stress strain diagrams with different chirality 
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Tables’ caption 

Table1: used parameters at the Tersoff potential 

 

Table 2. Mechanical properties of nanotubes with different lengths 

 

Table 3. Mechanical properties of nanotubes of different lengths 

 

Table 4. Mechanical properties of nanotubes with chirality of zigzag and armchair 
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Structure schematic comparison of tubes with same diameters and different chirality
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Si nanotube stress strain diagrams with different chirality


