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1. Introduction 
 

Carbon nanotubes (CNTs) have excellent electrical and 

physical properties (Bai et al. 2018, Ding et al. 2018, Wang 

et al. 2020, Yang et al. 2021a, b, Lin et al. 2022). They are 

important research materials for nano electronic devices 

that are constantly miniaturized and integrated (Peng et al. 

2019, Cheng et al. 2023, Guo et al. 2023, Huang et al. 

2023b, Tang et al. 2023, Wu et al. 2023, Zhao et al. 2023). 

They have broad application prospects in the fields of 

microelectronics industry and integrated circuit semi-

conducting industry (Hills et al. 2019, Sun et al. 2019, Xu 

et al. 2020). Since the 20th century, traditional silicon-based 

electronic devices, as an important driving force for the 

scale-up of integrated circuits, have excellent performance 

in switching speed, operating energy consumption and 

manufacturing costs (Liu et al. 2021, Wang et al. 2021, 

Shen et al. 2022, Chen et al. 2023, Huang et al. 2023a). 

However, the short channel effect caused by the shrinking 

size of transistors makes it difficult for silicon-based field-

effect transistors to meet the prediction of Moore’s law. As a 

nearly perfect molecular level material, single-walled 

carbon nanotubes can be divided into metallic and semi- 
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conducting according to different conductive properties 

(Adamian et al. 2020, Al-Furjan et al. 2020a, b, Li et al. 

2020, Zare et al. 2020, Dai et al. 2021). Among them, 

semiconducting single-walled carbon nanotubes are 

considered to be one of the best choices for field effect 

transistors channel materials because of their high electron 

mobility and ballistic transport (Javey et al. 2003, Durkop 

et al. 2004). Carbon nanotubes as channel materials need to 

be connected to external circuits through the metal 

electrodes formed by the photolithography process (Ebrahimi 

et al. 2017, Ghadiri et al. 2017c, Shahabinejad et al. 2018, 

Shafiei et al. 2020). The radial compression deformation 

(Martel et al. 1998, Ohnishi et al. 2016), the contact 

resistance (Pitner et al. 2019) and the contact strength with 

the gate (Wang et al. 2014) will affect the excellent 

electrical properties of carbon nanotubes, and it is difficult 

for the integrated circuits to meet the size requirements of 

nanocircuits (Xin et al. 2021, Zhao et al. 2021, Li et al. 

2022, Zhao et al. 2022, Yang et al. 2023). Carbon nanotubes 

with different diameters and conductivity can be connected 

to form intramolecular metallic/semiconducting diodes 

through topological defects of pentagon and heptagon 

(Charlier et al. 1996, Chico et al. 1996), and the structure of 

heterojunction can be identified by differential current 

method (Ouyang et al. 2001). For typical two-terminal 

electronic devices, the conductivity can only be changed by 

applying electric field (Wang Yi-Jun and Cheng 2015) and 

magnetic field, while three-terminal electronic devices such 

as Y-type branched carbon nanotubes can use their own 

third branch to accurately control the current flowing 
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Abstract.  The electron transport properties of Y-type zigzag branched carbon nanotubes (CNTs) are of great significance for 

micro and nano carbon-based electronic devices and their interconnection. Based on the semi-empirical method combining 

tight-binding density functional theory and non-equilibrium Green’s function, the electron transport properties between the 

branches of Y-type zigzag branched CNT are studied. The results show that the drain-source current of semiconducting Y-type 

zigzag branched CNT (8, 0)-(4, 0)-(4, 0) is cut-off and not affected by the gate voltage in a bias voltage range [-0.5 V, 0.5 V]. 

The current presents a nonlinear change in a bias voltage range [-1.5 V, -0.5 V] and [0.5 V, 1.5 V]. The tangent slope of the 

current-voltage curve can be changed by the gate voltage to realize the regulation of the current. The regulation effect under 

negative bias voltage is more significant. For the larger diameter semiconducting Y-type zigzag branched CNT (10, 0)-(5, 0)-(5, 

0), only the value of drain-source current increases due to the larger diameter. For metallic Y-type zigzag branched CNT (12, 0)-

(6, 0)-(6, 0), the drain-source current presents a linear change in a bias voltage range [-1.5 V, 1.5 V] and is symmetrical about (0, 

0). The slope of current-voltage line can be changed by the gate voltage to realize the regulation of the current. For three kinds of 

Y-type zigzag branched CNT with different diameters and different conductivity, the current-voltage curve trend changes from 

decline to rise when the branch of drain-source is exchanged. The current regulation effect of semiconducting Y-type zigzag 

branched CNT under negative bias voltage is also more significant. 
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through the remaining two branches, and researchers have 

used catalytic pyrolysis (Chen et al. 2019), chemical vapor 

deposition (ChandraKishore and Pandurangan 2013)  and 

the arc discharge method (Joseph Berkmans et al. 2014) to 

achieve high-yield preparation. 
In recent years, three-terminal electronic devices have 

received extensive attention (Azimi et al. 2016, Ghadiri et 

al. 2016a, b, Shafiei et al. 2016, 2017). Due to the 

particularity of the structure of carbon materials, a number 

of researches have been carried out both at the three-

terminal graphene and three-terminal carbon nanotubes. 

Araujo et al. (2021) have studied the ballistic transport 

properties of graphene Y-junctions, and realized the current 

regulation between the other two branches by controlling 

the refractive index of p-n junction through the third end 

gate potential. Using the finite element analysis method, 

Butti et al. (2013) simulated the rectification effect of the 

three-terminal graphene nanoribbon based on the carrier 

diffusion transport model in the field effect transistor, and 

studied the effects of the shape, temperature and potential 

disorder of the nanoribbon on the rectification efficiency. 

Using the non-equilibrium Green’s function method, Gu 

Yun-Feng et al. (2016) verified the feasibility of the ballistic 

thermal rectification in the three-terminal graphene nano-

junction, and proposed the method of using an inclined 

branch as the control terminal to cooperate with the left and 

right terminal to produce the ballistic thermal rectification, 

and studied the difference in thermal rectification between 

armchair and zigzag graphene nanojunction. Händel et al. 

(2014) studied the electron transport properties of T-type 

three-terminal graphene nanojunction, analyzed the relative 

position of horizontal and vertical branches and the 

influence of branch bandwidth on electron transport 

properties. Andriotis et al. (2001) calculated the quantum 

conductivity of Y-type branched carbon nanotubes, studied 

the effect of the angle between branches on the 

conductivity, and proposed the idea of using it as a 

molecular electronic switch. Park et al. (2006) used Y-type 

branched carbon nanotubes to study the effect of branch 

diameter on transconductance and output conductance. The 

research group believes that different branches of Y-type 

branched carbon nanotubes can be selected to form different 

conduction paths and applied to field programmable gate 

arrays (FPGAs) (Ehyaei et al. 2017, Ghadiri et al. 2017a, b, 

Shivanian et al. 2017). Bandaru et al. (2005) used the 

focused ion beam to deposit gold contacts on the three ends 

of Y-branch carbon nanotubes and connect platinum wires 

to test electrical performance. When two branches are 

connected to positive bias voltage at the same time, the 

third branch will output positive voltage, which can realize 

the function of an AND logic gates. However, the above 

studies on Y-type branched carbon nanotubes have not 

analyzed the effects of different diameters and different 

conductivity on the electron transport properties due to the 

limitation of experimental environment or computing 

resources (Hou et al. 2021, Huang et al. 2021, Xu et al. 

2021, Wang et al. 2022). 

In this paper, we construct Y-type zigzag branched 

carbon nanotubes by connecting single-walled carbon nano-

tubes with different diameters and different conductivity, 

the semi-empirical calculation method combining tight- 

 

Fig. 1 The calculation model for the electron transport 

properties of Y-type branched carbon nanotube. Semi-

conducting: (a) (8, 0)-(4, 0)-(4, 0), (b) (10, 0)-(5, 0)-(5, 0), 

Metallic: (c) (12, 0)-(6, 0)-(6, 0) 
 

 

binding density functional theory (DFTB) and non-

equilibrium Green’s function (NEGF) is used to 

systematically study the electron transport properties 

between the branches of Y-type zigzag branched carbon 

nanotubes, and analyze the feasibility of using it as a three-

terminal nano electronic device, which is of great 

significance for the design and manufacture of carbon 

nanotube field effect transistors. 
 

 

2. Model and calculation method 
 
In this paper, Y-type zigzag branched carbon nanotubes 

with different diameters and different conductivity are built 

to study their electronic transport properties. Y-type zigzag 

branched carbon nanotubes are built by connecting two 

branches with smaller diameters and a trunk with a larger 

diameter, and the two branches form an acute angle. At the 

front side, back side and the middle of the connection, two 

heptagons (shown as red atoms in Fig. 1) are distributed 

separately to complement the negative curvature generated 

when carbon nanotubes of different diameters are connected, 

which can maintain the low-energy configuration of carbon 

atoms (Xue et al. 2008), and other structures are hexagons 

arranged in axial order. In this paper, semiconducting Y-

type zigzag branched carbon nanotubes with different 

diameters (8, 0)-(4, 0)-(4, 0), (10, 0)-(5, 0)-(5, 0) and 

metallic Y-type zigzag branched carbon nanotubes (12, 0)-

(6, 0)-(6, 0) are built. The length of the trunk and branch 

carbon nanotubes is six periods, two periods are selected at 

each end as the semi-infinite electrode, and the length of the 

middle scattering region is eight periods, as shown in Fig. 1.  

The semi-empirical method (Seifert 2007, Kim and Kim 

2008, Pecchia et al. 2008) combining DFTB and NEGF was 

used to optimize the structure and calculate the electron 

transport properties of Y-type zigzag branched carbon nano- 

tubes, which were characterized by current-voltage curve 

and electron transmission spectrum. The structure of Y-type 
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zigzag branched carbon nanotubes is relatively complex, 

and the calculation is time-consuming. Therefore, in this 

paper, the thermal smearing will be applied to the orbital 

occupation to speed up convergence. Fermi or Methfessel -

Paxton are selected as the distribution functions when 

calculating semiconducting or metallic Y-type zigzag 

branched carbon nanotubes (Hamidi et al. 2015, 

Allahkarami et al. 2017, Ehyaei, Akbarshahi and Shafiei 

2017, Akbas 2018, Akbaş 2018, Arefi and Zenkour 2018, 

Aydogdu et al. 2018, Bensaid et al. 2018, Navi et al. 2019, 

Ebrahimi et al. 2020, Gafour et al. 2020, Matouk et al. 

2020). The specific calculation method and parameter 

settings are listed in Table 1. 

In this paper, according to the mechanism of the field 

effect transistor, different voltages are applied to each 

branch of the Y-type zigzag branched carbon nanotube, so 

that the effect of different electrodes in the field effect 

transistor can be realized. The applied voltage settings are 

source voltage VS = 0 V, drain voltage VD = [-1.5 V, 1.5 V] 

and gate voltage VG = -1V,0 V and 1 V. Calculate the current 

through each branch using the Landauer-Buttiker formula 

(Buttiker et al. 1985): 

𝐼𝑖𝑗 =
2𝑒

ℎ
∫ 𝑑𝐸𝑇𝑖𝑗(𝐸, 𝑉𝑏)[𝑓(𝜇𝑖) − 𝑓(𝜇𝑗)]
+∞

−∞

 (1) 

where 𝑖, 𝑗 is the branch number of carbon nanotubes, 𝑒 

represents the electron charge, ℎ is the Planck constant, 𝑓 

represents the Fermi distribution function, 𝜇 is the electro-

chemical potential of the electrode, and 𝑇(𝐸, 𝑉𝑏) represents 

the transmission coefficient when the bias voltage is 𝑉𝑏 

between the electrodes and the electron energy is 𝐸. If at 

 

 

low temperature,𝑓can be approximated as a step function, 

which is zero at the Fermi level, so the effective interval of 

current integration in formula (1) is reduced from 

[+∞,−∞] to [𝜇𝑖 , 𝜇𝑗 ]. 𝑇(𝐸, 𝑉𝑏) can be obtained by the 

following formula: 

𝑇𝑖𝑗(𝐸, 𝑉𝑏) = 𝑇𝑟[𝛤𝑖𝐺
𝑅(𝐸)𝛤𝑗𝐺

𝐴(𝐸)] (2) 

where 𝛤 is the linewidth function of the electrode, 𝐺𝑅(𝐸) 
and 𝐺𝐴(𝐸)  are the delayed and advanced Green’s 

functions, respectively. 

 

 
3. Results and discussion 
 

In order to facilitate the analysis and understanding of 

the electronic transport properties of Y-type zigzag 

branched carbon nanotubes, the electronic density of states 

(DOS) of semiconducting single-walled carbon nanotubes 

(4, 0) and (8, 0), (5, 0) and (10, 0) and metallic single-

walled carbon nanotubes (6, 0) and (12, 0) are given in Fig. 

2(a)-(c), where the Fermi level is located at 0ev. As shown 

in Figs. 2(a) and 2(b), single wall carbon nanotubes (4, 0), 

(8, 0), (5, 0) and (10, 0) have energy gaps at the Fermi level, 

showing semiconducting, as shown in Fig. 2(c), single-

walled carbon nanotubes (6, 0) and (12, 0) have no energy 

gap at the Fermi level and show metallic. 

Firstly, the electronic transport properties between 

different branches of semiconducting Y-type zigzag branched 

carbon nanotubes are studied. The semiconducting Y-type 

zigzag branched carbon nanotubes (8, 0)-(4, 0)-(4, 0) built 

from single-walled carbon nanotubes (8, 0) and (4, 0) 

Table 1 Scheme and parameter setting up in calculations 

electronic state description  

and solution method 
calculation method parameter settings 

geometry Optimization 

algorithm smart method 

convergence thresholds 

energy 0.02 kcal / mol 

force 0.1 kcal / mol / Å  

stress 0.05 Gpa 

displacement 0.001 Å  

max. iterations 500 

slater-Koster library CHNO  

method for diagonalizing the 

Hamiltonian 
divide and conquer  

delf-consistent calculations 
delf consistent charge（SCC） 

SCC tolerance 1×10-8 eV 

max. SCC cycles 500 

Broyden mixing amplitude 0.05 

k-pointsampling in Brillouin area uniform distribution 0.02 / Å  

Poisson solver 

buffer length 7.5 Å  

max. grid spacing 0.5 Å  

boundary conditions with electrodes Dirichlet 

boundary conditions with no 

electrodes 
Neumann 

Electrode buffer length 0.3 Å  

orbital occupation smearing 0.001Ha 
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Fig. 2 The density of states of single-walled carbon 

nanotube. Semiconducting: (a) (4, 0) and (8, 0), (b) (5, 0) 

and (10, 0), Metallic: (c) (6, 0) and (12, 0) 

 

 

with diameters of 6.26 and 3.13 respectively are selected as 

the research object. The current-voltage curves of source-

drain on different branches are showed in Fig. 3, and the 

horizontal axis is the drain voltage VD, the vertical axis is 

the current IDS flowing through the drain-source, in which 

the blue triangle curve, red circle curve, and black square 

curve represent the applied gate voltages VG of -1 V, 0 V, 

and 1 V respectively. The illustration in Fig. 3 reflects the 

relationship between the tangent slope k of the current-

voltage curve and the drain voltage VD when VG is 0 V. In 

order to clearly express the current change trend, k is 

defined as the tangent slope of the current-voltage curve, 

which can be calculated by the following formula: 

𝑘 = 𝑙𝑖𝑚
𝛥𝑉𝐷→0

𝛥𝐼DS

𝛥𝑉𝐷
 (3) 

 

 

 
Fig. 3 The current-voltage(I-V) curve of semiconducting 

Y-type zigzag branched carbon nanotube (8, 0)-(4, 0)-(4, 

0). (a) source, drain and gate: (8, 0), (4, 0) and (4, 0), and 

the inset shows the variation curve of k with VD when VG = 

0 V, (b) source, drain and gate: (4, 0), (8, 0) and (4, 0), and 

the inset shows the variation curve of k with VD when VG = 

0 V 

 

 

where 𝛥𝑉𝐷 is the voltage increment taken on both sides of 

the current-voltage curve at a certain point, and 𝛥𝐼DSis the 

current increment when 𝛥𝑉𝐷is taken. 

The current-voltage curves in which the trunk (8, 0) is 

used as the source and the two branches (4, 0) are used as 

the drain and gate respectively are showed in Fig. 3(a), 

which shows a nonlinear downward trend as a whole. As 

the absolute value of drain voltage |VD| increases, the 

absolute value of tangent slope |k| of the current-voltage 

curve continues to increase, as shown in the illustration in 

Fig. 3(a). In particular, within the range of VD = [-0.5 V, 0.5 

V], the current is in the cut-off state, that is, IDS = 0 µA, and 

is not affected by VG. When VG takes different values, the 

changing trend of the current-voltage curves is significantly 

different. As shown by the red circular curve in Fig. 3 (a), 

when VG = 0 V, the value of |IDS| under the maximum 

positive and negative bias voltages are both around 20 µA, 

and in the range of VD = [-1.5 V, 1.5 V], both |IDS| and |k| are 

symmetric about VD = 0 V. As shown by the blue triangle 

curve in Fig. 3(a), when VG = 1 V, in the range of VD = [-1.5 

V, -0.5 V], |k| becomes larger, making the increment of |IDS| 

larger, in the range of VD = [0.5 V, 1.5 V], |k| becomes 

smaller, making the increment of |IDS| smaller. Therefore, 

|IDS| and |k| are no longer symmetric about VD = 0 V, and 
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|IDS| under negative bias is larger than |IDS| under positive 

bias. As shown by the black square curve in Fig. 3(a), when 

VG = -1 V, in the range of VD = [-1.5 V, -0.5 V], |k| becomes 

smaller, making the increment of |IDS| smaller, in the range 

of VD = [0.5 V, 1.5 V], |k| becomes larger, making the 

increment of |IDS| larger. Therefore, |IDS| and |k| are no 

longer symmetrical about VD = 0 V, and |IDS| under negative 

bias is smaller than |IDS| under positive bias. The results 

show that in the range of VD = [-0.5 V, 0.5 V], the current is 

in the cut-off state and not controlled by the gate voltage, in 

the range of VD = [-1.5 V, -0.5 V] and [0.5 V, 1.5 V], the 

gate voltage can regulate the current through the drain-

source, especially in the negative bias range, the absolute 

value of the current flowing through the drain-source 

changes greatly in increments, and the regulation effect is 

more significant. 
Swap the carbon nanotubes where the source and drain 

are located. The current-voltage curves in which the trunk 

(8, 0) is used as the drain and the two branches (4, 0) are 

used as the source and gate respectively are showed in Fig. 

3(b), which shows a nonlinear upward trend as a whole. 

With the increase of |VD|, the k of the current-voltage curve 

also increases continuously, as shown in the inset of Fig. 

3(b). The branch positions where the drain and source are 

located are interchanged, and the current direction 

determination reference remains unchanged, so the overall 

change trend of the current changes from falling to rising. 

The same as Fig. 3(a) is: in the range of VD = [-0.5 V, 0.5 

V], the current is also in the cut-off state, that is, IDS = 0 µA, 

which is not affected by VG, In the range of VD = [-1.5 V, -

0.5 V], compared with VG = 0 V, when VG = -1 V (1 V), k 

will become larger (smaller), so that the increment of |IDS| 

will also become larger (smaller), in the range of VD = [0.5 

V, 1.5 V], compared with VG = 0 V, when VG = -1 V (1 V), k 

will become smaller (larger), so that the increment of |IDS| 

will also become smaller (larger), in particular, different 

from Fig. 3(a), when VG = 0 V, |IDS| under the maximum 

positive and negative bias are 7.75 µA and -15.27 µ A 

respectively, which is no longer symmetrical about VD = 0 

V, but due to the change of k, when VG = 1 V, |IDS| is exactly 

symmetrical about VD = 0 V, and |IDS| under the maximum 

positive and negative bias are around 10 µA. These research 

results show that when the same regular voltage is applied 

to different branches of the same Y-type zigzag branched 

carbon nanotube, the electron transport properties are 

similar, and the gate voltage can also be used to control the 

current flowing through the drain-source, and the regulation 

effect is better in the range of negative bias voltage. 

In order to further analyze the changing laws of the 

current-voltage curves in Figs. 3(a) and 3(b), the 

transmission spectrum of the trunk (8, 0) as the source and 

the two branches (4, 0) as the drain and gate when VG takes 

0 V, -1 V and 1 V respectively is showed in Fig. 4(a)-(c),the 

transmission spectrum of the trunk (8, 0) as the drain and 

the two branches (4, 0) as the source and gate when VG 

takes 0 V, -1 V and 1 V respectively is showed Fig. 5(a)-(c). 

The Fermi level takes E = 0 eV as the energy reference 

point, and the bias window is [-VD/2, VD/2], that is, the area 

between the black dotted lines in Fig. 4 and Fig. 5. The 

current flowing through the drain-source can be obtained by 

integrating the transmission coefficient in the bias window. 

 

 

 
Fig. 4 The transmission spectrum of semiconducting Y-

type zigzag branched carbon nanotube (8, 0)-(4, 0)-(4, 0) 

(source-drain-gate) under the bias voltage of 0 V, ±1 V, 

±1.5 V. (a) VG = 0 V, (b) VG = -1 V, (c) VG = 1 V 
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Fig. 5 The transmission spectrum of semiconducting Y-

type zigzag branched carbon nanotube (8, 0)-(4, 0)-(4, 0) 

(drain- source-gate) under the bias voltage of 0 V, ±1 V, 

±1.5 V. (a) VG = 0 V, (b) VG = -1 V, (c) VG = 1 V 

 

 

As shown in Fig. 4(a), when VG = 0 V and VD = 0 V, there is 

a platform with transmission coefficient of 0 near the Fermi 

level, and the width is close to 0.5 eV. In particular, the 

change of bias window has no effect on the transmission 

coefficient platform. As the width of bias window increases, 

the transmission peaks on both sides of the Fermi level 

begin to enter the bias window, so that the integral area of 

the transmission spectrum is no longer zero. The number 

and height of transmission peaks entering the bias window 

increase with the increase of the bias window range. When 

VD is 0 V, 1 V (-1 V) and 1.5 V (-1.5 V) respectively, the 

integral area of the transmission spectrum is 0, 0.06052 

(0.06024) and 0.2503 (0.2520) respectively, the integral 

area and its increments also keep getting larger and are 

symmetrical about VD = 0 V. This verify that the red circular  

 

 
Fig. 6 The current-voltage(I-V) curve of semiconducting 

Y-type zigzag branched carbon nanotube (10, 0)-(5, 0)-(5, 

0). (a) source, drain and gate: (10, 0), (5, 0) and (5, 0), and 

the inset shows the variation curve of k with VD when VG = 

0 V, (b) source, drain and gate: (5, 0), (10, 0) and (5, 0), 

and the inset shows the variation curve of k with VD when 

VG = 0 V 

 

 

curve in the range of VD = [-0.5 V, 0.5 V] in Fig. 3(a), the 

value of | IDS | is 0 μA and |k| = 0, in the range of VD = [-

1.5V, -0.5 V] and [0.5 V, 1.5 V], as |VD| increases, |IDS| and 

|k| increase continuously and both are symmetrical about VD 

= 0 V. As shown in Figs. 4 (b) and 4(c), when VG = ±1 V, 

the platform with a transmission coefficient of 0 hardly 

changes, and with the increase of the bias window width, 

the integral area and its increment also increasing, but no 

longer symmetric about VD = 0 V. This verify that the blue 

triangle curve and black square curve in the range of VD = [-

0.5 V, 0.5 V] in Fig. 3(a), the value of |IDS| is 0 μA and |k| = 

0, in the range of VD = [-1.5 V, -0.5 V] and [0.5 V, 1.5 V], as 

|VD| increases, |IDS| and |k| increase continuously but are not 

symmetrical about VD = 0 V. 

As shown in Fig. 5(a), when VG = 0 V and VD = 0 V, a 

plateau with zero transmission coefficient exists near the 

Fermi level with the width close to 0.5 eV. In particular, as 

the width of the bias window increases, the transmission 

coefficient platform moves to the positive and negative 

directions, and the transmission peaks appear near the 

Fermi level, so that the integral area of the transmission 

spectrum is no longer zero. At the same time, the number 

and height of transmission peaks around the Fermi level 

increase with the increase of the bias window width. When  
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Fig. 7 The transmission spectrum of semiconducting Y-

type zigzag branched carbon nanotube (10, 0)-(5, 0)-(5, 0) 

(source-drain-gate) under the bias voltage of 0 V, ±1 V, 

±1.5 V. (a) VG = 0 V, (b) VG = -1 V, (c) VG = 1 V 
 

 

 

 
Fig. 8 The transmission spectrum of semiconducting Y-

type zigzag branched carbon nanotube (10, 0)-(5, 0)-(5, 0) 

(drain- source-gate) under the bias voltage of 0 V, ±1 V, 

±1.5 V. (a) VG = 0 V, (b) VG = -1 V, (c) VG = 1 V 
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VD is 0 V, 1 V (-1 V) and 1.5 V (-1.5 V) respectively, the 

integral areas are 0, 0.1223(0.2293), 0.4111(0.7600) 

respectively. The integral area and its increment are 

increasing but not symmetrical about VD = 0 V. As shown in 

Figs. 5(b) and 5(c), when VG = ± 1 V, with the increase of 

the bias window range, the platform with the transmission 

coefficient of zero near the Fermi level will also move to 

the positive and negative directions, and the number and 

height of transmission peaks in the bias window continue to 

increase, so the integral area and its increment also continue 

to increase. In particular, when VG = 1 V and VD is 0 V, 1 V 

(-1 V) and 1.5 V (-1.5 V), the integral area is symmetrical 

about VD = 0 V, which are 0, 0.1878 (0.1840) and 0.5381 

(0.5351) respectively. The above results verify the 

phenomenon in Fig. 3(b), when VD = [-0.5 V, 0.5 V], |IDS| = 

0 µA and k = 0, when VD = [-1.5 V, -0.5 V] and [0.5 V, 1.5 

V], |IDS| and k can be regulated by VG, in particular, when 

VG = 1 V, both |IDS| and k are symmetric about VD = 0 V. 

In order to research the effect of different diameters on 

the electronic transport properties of semiconducting Y-type 

zigzag branched carbon nanotubes, the carbon nanotube 

(10, 0)-(5, 0)-(5, 0) built from single-walled carbon 

nanotubes (10, 0) and (5, 0) with diameters of 7.83 and 3.91 

respectively are selected as the research object. The current-

voltage curves and transmission spectrum of the trunk (10, 

0) used as the source and the two branches (5, 0) used as the 

drain and gate are showed in Figs. 6(a) and 7 respectively. 

The current-voltage curves and transmission spectrum of 

the trunk (10, 0) used as the drain and the two branches (5, 

0) used as the source and gate are showed in Fig. 6(b) and 

Fig. 8 respectively. It can be seen from Figs. 6(a) and 6(b) 

that when VG takes different values, the change trend of |IDS| 

is basically the same as that of |IDS| of semiconducting Y-

type zigzag branched carbon nanotubes (8, 0)-(4, 0)-(4, 0), 

except that the current increases with the increase of 

diameter. The transmission spectrum in Figs. 7 and 8 verify 

the variation law of current-voltage curves in Fig. 6(a) and 

Fig. 6(b) respectively. Combined with Fig. 3, it can be 

shown that the diameter has no significant influence on the 

electronic transport properties between the branches of the 

semiconducting Y-type zigzag branched carbon nanotubes, 

and the current flowing through the other two branches can 

also be adjusted by the third end branch voltage. 

For the purpose of investigating the influence of 

different conductivity on the electronic transport properties 

of Y-type zigzag branched carbon nanotubes, the metallic Y-

type zigzag branched carbon nanotubes (12, 0)-(6, 0)-(6, 0) 

built from single-walled carbon nanotubes (12, 0) and (6, 0) 

with diameters of 9.39 and 4.70 respectively are selected as 

the research object, and the current-voltage curves are 

shown in Fig. 9. For the convenience of expressing the 

current-voltage linear relationship, 𝑘̄  is defined as the 

slope of the current-voltage straight line, which is 

calculated by the following formula: 

𝑘̄ =
∑ 𝑘𝑛
𝑖=1

𝑛
 (4) 

where n is the total number of current-voltage data. 

The current-voltage curves of the trunk (12, 0) as the 

source and two branches (6, 0) as the drain and gate 

 

 
Fig. 9 The current-voltage(I-V) curve of metallic Y-type 

zigzag branched carbon nanotube (12, 0)-(6, 0)-(6, 0). (a) 

source, drain and gate: (12, 0), (6, 0) and (6, 0), (b) source, 

drain and gate: (6, 0), (12, 0) and (6, 0) 
 

 

respectively are showed in Fig. 9(a), which shows a linear 

downward trend as a whole, and IDS is symmetrical about 

(0, 0). When VG is taken as -1 V, 0 V and 1 V in turn, the 

absolute value of the slope of the current-voltage straight 

line |𝑘̄| increases continuously, which are 15.8, 19.9 and 

24.7 respectively. The current-voltage curves of the trunk 

(12, 0) as the drain and two branches (6, 0) as the source 

and gate respectively are showed in Fig. 9(b). The overall 

trend is linear, and IDS is also symmetrical about (0, 0). 

When VG is taken as -1 V, 0 V and 1 V in turn, |𝑘̄| will also 

increase, which are 10.6, 15.3 and 20.1 respectively. The 

research results show that the current between the branches 

of the metallic Y-type zigzag branched carbon nanotubes 

changes linearly, and the gate voltage can also be used to 

control the current flowing through the drain-source. 

In order to further analyze the variation law of the 

current-voltage curves in Figs. 9(a) and 9(b), the trans- 

mission spectrum of the trunk (12, 0) as the source and the 

two branches (6, 0) as the drain and gate respectively when 

VG takes 0 V, -1 V and 1 V is showed in Figs. 10(a)-(c). The 

transmission spectrum of the trunk (12, 0) as the drain and 

the two branches (6, 0) as the source and gate respectively 

when VG takes 0 V, -1 V and 1 V is showed in Figs. 11(a)-(c). 

The black dotted line represents the boundary of the bias 

window, and the gray shaded area represents the integral 

area of the transmission coefficient in the bias window. 
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Fig. 10 The transmission spectrum of metallic Y-type 

zigzag branched carbon nanotube (12, 0)-(6, 0)-(6, 0) 

(source-drain-gate) under the bias voltage of 0 V, ±1 V, 

±1.5 V: (a) VG = 0 V, under the bias voltage of 0 V, 1 V, 

1.5 V: (b) VG = -1 V, (c) VG = 1 V 

 

 

As shown in Fig. 10(a), there is no platform with 

transmission coefficient of 0 near the Fermi level, so when 

the range of the bias window is expanded, the integral area 

will continue to increase with the increase of the number 

and height of transmission peaks. When VD is taken as 0 V, 

1 V (-1 V) and 1.5 V (-1.5 V), the integral areas are 0, 

0.2376 (0.2339) and 0.3531 (0.3530) respectively, which 

are symmetrical about VD = 0 V and the integral area 

increment does not change. The change law is same in Fig.  

 

 

 
Fig. 11 The transmission spectrum of metallic Y-type 

zigzag branched carbon nanotube (12, 0)-(6, 0)-(6, 0) 

(drain-source-gate) under the bias voltage of 0 V, ±1 V, 

±1.5 V: (a) VG = 0 V, under the bias voltage of 0 V, 1 V, 1.5 

V: (b) VG = -1 V, (c) VG = 1 V. 
 

 

10(a)-(c), but in the same range of bias window, the integral 

area increases with the increase of VG. The above research 

results verify that the IDS in Fig. 9(a) changes linearly and is 

symmetrical about (0, 0), and |𝑘̄| can be changed through 

VG, so as to realize the regulation of IDS. By analyzing and 

comparing the data in Fig. 11, the variation law of IDS in 

Fig. 9(b) can also be verified, that is, the IDS in Fig. 9(b) 

changes linearly and is symmetrical about (0, 0), and |𝑘̄| can 

be changed by VG, thereby regulating the IDS. 
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4. Conclusions 

 

In this study, single-walled carbon nanotubes with 

various conductivities and diameters are connected to create 

Y-type zigzag branching carbon nanotubes. The electrical 

transport characteristics between the branches of Y-type 

zigzag branched carbon nanotubes are investigated using a 

semi-empirical calculation approach integrating tight-

binding density functional theory and non-equilibrium 

Green’s function. The findings demonstrate that the 

semiconducting Y-type zigzag branched carbon nanotubes 

with various diameters (8, 0)-(4, 0)-(4, 0) and (10, 0)-(5, 0)-

(5, 0) have the same electron transport properties between 

the branches. Additionally, the drain-source current is in the 

cut-off state in the bias voltage range [-0.5 V, 0.5 V] and is 

unaffected by the gate voltage. The drain-source current, 

however, exhibits a nonlinear decreasing trend between [-

1.5 V, -0.5 V] and [0.5 V, 1.5 V]. By adjusting the gate 

voltage, the current may be controlled, under negative bias 

voltage, the regulatory impact is stronger. The current 

exhibits a nonlinear increasing trend and other modifications 

are constant whether the branch locations where the drain 

and source are placed are switched. In the whole [-1.5 V, 1.5 

V] range, the drain-source current of metallic Y-type 

zigzag-branched carbon nanotubes (12,0) - (6,0) - (6,0) 

exhibits a linear downward trend and is symmetrical around 

(0, 0). The current may be controlled by adjusting the gate 

voltage. Change the branch where the source drain is 

situated, and the other alterations are the same while the 

current displays a linear rising trend. A theoretical 

foundation for the use of branching carbon nanotubes in 

molecular devices, logic circuits, or carbon-based nano 

electronic devices is provided by the findings discussed 

above in the study. 
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