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Abstract:  Carbon Nanotube Based Field Effect Transistors (CNTFET) are being extensively studied as a counterpart 

device of silicon compatible CMOS. This paper presents a numerical simulation model of semiconducting carbon 

nanotube based field effect transistor to derive the electrical characteristics under ballistic regime. This technique is 

considered the approximation of non-equilibrium mobile charge density to get the fast and efficient modelling of drain 

current. The influence of gate dielectric constant and temperature on the performance of a carbon nanotube field-effect 

transistor has been studied by a numerical simulation model. Moreover, the impact of temperature has been portrayed 

for different gate voltage to observe the performance of the transistor. 
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I. INTRODUCTION 

 

The world has already witnessed the advancement of electronics in terms of automation, computing, communication 

etc. However, advancement of electronics based on silicon device have faced problem due to scaling of transistor on a 

device [1],[2].According to Moore’s law, the number of transistor on a chip doubles every two years because of reduced 

dimension of transistor. Moreover, due to short channel, nanodevice has faced problem associated with fabrication and 

performance of the device [3],[4]. So that researcher has inspired to developed alternative technology for electronics. 

Carbon nanotube is a promising option to fabricate carbon nanotube field effect transistor due to its superior electrical 

and optical properties [1],[5],[6].  However, the intensive research based on the carbon nanotube field effect transistor 

has showed excellent opportunity to understand the ballistic transport and performance of the device. In large scale 

integration ballistic CNTFET shorter than mean free path of the acoustic phonon are the attractive option for 

semiconducting nanodevices [7]. In addition, The research are carried out to optimize the device performance regarding 

the ON/Off ratio [8].Thermoionic emission and tunnelling could be the barrier to achieve high ON current depending 

on the temperature of the device environment [9]. Due to high carrier mobility and ballistic transport, CNTFET can 

provide high drain current, high speed switching, low power consumption. Compared to MOS field effect transistor 

CNTFET have showed outstanding opportunity in the research filed [3],[10]. Hence extensive research has to carried 

out to realize the potential of CNT on a nanoscale device [1],[2] . 

 

II. PROPERTIES OF CARBON NANOTUBE  

 

Carbon Nano Tubes (CNT) are allotropes of carbon and belong to the same family of graphene and fullerene. They 

exhibit a tubular or cylindrical geometry which composed of a single, rolled up graphene sheet. In graphene carbon 

atoms are arranged in a hexagonal lattice that forms a honeycomb structure[2], [11],[12]. If the lattice vectors of 

graphene sheet is a1 and a2 in real space, chiral vector is mathematically represented by the following equation [2]. 
 

Ch = na1 + ma2       (1) 
 

Where, n and m are called chiral indices & 0 ≤ m ≤ n . The value of n & m can be used to determine both chiral angle 

and tube diameter. The diameter d of a carbon nanotube can be derived from the equation of chiral vector [11], [13]. 
 

dt =
a n2+2mn +m2

π
        (2) 

 

The chiral angle is the angle between Chand a1 represented in terms of chiral indices as 
 

cos θ =
2n+m

a n2+2mn +m2
      (3) 
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Using the concept of chiral vector, carbon nanotube can be classified as armchair (n, n) with a chiral angle of θ = 300, 

zigzag  (n, 0)  with θ = 00 and chiral(n, m)  types with 00 ≤ θ ≤ 300. The condition of chiral angle is  00 ≤ θ ≤ 300 

and  the chiral index  0 ≤ m ≤ n  is due to rotational symmetry of graphene sheets [13].  

 

The electrical behaviour of carbon nanotube can be classified as semiconducting or metallic depending on chiral vector.  

The nanotube is metallic if the difference of the vector integers n & m is a multiple of three which means that  n −
m=3p ;p€Z, Otherwise it is semiconducting [2],[5]. In the density state diagram, the peaks are attributed to nature of 

band structure of single walled carbon nanotube & called as van Hove singularities & represents the energy levels of 

electron. The transition energy defined by the distance between van Hove singularities also known as bandgap [2],[11]. 

The equation of transition energy [14],   

Eii =
jacc γ0

dt
       (4) 

 

Where,  acc = nearest neighbor carbon-carbon distance, γ
0
= interaction energy between carbon atoms and dt  represents 

the carbon nanotube diameter.  
 

 
Fig. 1:  Schematic density of electronic states for a single nanotube structure 

 

III. MATHEMATICAL MODEL FOR BALLISTIC CNTFET  

 

The analytical model for investigation of electrical characteristics of carbon nanotube based field effect transistor 

consider the 2D model of ballistic transport of charge carriers in MOSFET [15],[16]. The schematic diagram of the 

model consists of three capacitors, which represent the effect of the three terminals on the potential at the top of the 

barrier. Furthermore, non-equilibrium mobile charge can be determined from the concept of local density of states of 

the top of the barrier, position of Fermi level of source and drain and self-consistent potential at the top of the barrier. 

The position of Fermi level of source and drain indicated as EF1 and EF2 respectively [15].  

 
Fig 2: Two dimensional circuit model for ballistic CNTFET 
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The mathematical model of carbon nanotube field effect transistor considers the efficient calculation of mobile charge 

to determine the drain to source current. In this paper MATLAB based simulation is performed to under the ballistic 

transport in the transistor.  To calculate the I-V characteristics of CNTFET , poison equation is used to find carrier 

population in carbon nanotube. Charge density of carbon nanotube increased above a threshold voltage [17]. 

 

The calculation of current voltage characteristics starts with determination of mobile charge. Non equilibrium mobile 

charge is induced in the nanotube by applying the proper electric filed between source and drain terminal. If we apply 

VDS > 0  , then the equation of non-equilibrium charge density is [15] ,[16]. 

 

∆Q = q(NS + ND − N0)      (5) 

 

Where NS  is the density of positive velocity states filled by the source, ND  is the density of negative velocity states 

filled by the drain and N0 is the equilibrium electron density at the top of the barrier. The following equations of these 

densities can be determined using the concept of Fermi-Dirac probability function [15] ,[16]. 

 

N0 =  D E   f(E − EF
+∞

−∞
)  dE     (6) 

 

NS =
1

2
 D E   f1(E)

+∞

−∞
      (7) 

 

ND =
1

2
 D E   f2(E)

+∞

−∞
      (8) 

 

Where,  

f1  E = f(E − EF1 + Uscf ) 
and 

f2  E = f(E − EF2 + Uscf ) 
 

Here, EF1 = EF   ,       EF2 = EF − qVDS  

 
 

NS =
1

2
 D E   f(E − EF + Uscf )

+∞

−∞
    (9) 

 

ND =
1

2
 D E   f(E − EF + qVDS + Uscf )

+∞

−∞
   (10) 

 

EF  represents the Fermi level and  f (E −  EF) is the equilibrium fermi function and E considers as the energy levels of 

nanotube per unit length. 

 

D E  represent the density states of the carbon nanotube channel [16].  

 

D E = D0
E

 E2− 
Eg

2
 

2
 y  E −

Eg

2
      (11) 

 

Where, D0 =
8

3πVcc acc
 is the constant density of states of tube,  Eg  is the band gap. 

 

  Uscf   is self-consistent potential at the top of the barrier [15] ,[16]. 

 

Uscf = UL + UP        (12) 

 

UL = −q(αG VG + αD VD + αS VS)     (13) 

 

UP =
q2

Csum
∆N       (14) 

 

Where, UL  represents the Laplace potential at the top of the barrier due to terminal biases and UP  is potential due to the 

mobile charge, at the top of the barrier. αG , αD , αS  are control parameter for gate, drain and source respectively.  Csum  

represents the total terminal capacitance. The equation of ∆N defined as, ∆N = (NS + ND − N0). 
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The following algebraic equation define the self-consistent voltage  VSC   which depends on the device terminal voltages 

and charges at terminal capacitances [16],[18], [19]. 
 

 

VSC = −
−Qt +qNS +qND +qN0

Csum
                 (15) 

 

Qt = VGCG +  VD CD +  VS CS      (16) 

 

Where CG  , CD , CS  are the gate, drain, and source capacitances correspondingly and the total terminal capacitance CSum  

represent as the sum of all capacitances.  
 

CSum = CG + CD + CS       (17) 

 

The equation of control parameter of Laplace potential are given by [15], 
 

αG =
CG

CSum
 αD =

CD

CSum
 αS =

CS

CSum
   (18) 

 

The equation of gate oxide layer is defined as [16],  
 

Cox =
2πε1ε0

ln 
2tox +d t

d t
 
      (19) 

where d is the diameter of the carbon nanotube, tox  is the thickness of the gate insulator and ε1 is the relative 

permittivity of the gate. 
 

Furthermore, capacitance between terminals are defined as [16], 

CG = Cox        (20) 
 

CS = 0.097Cox        (21) 

  

CD = 0.040Cox        (22) 
 

So final equation of self-consistent potential is  
 

Uscf = −q(αG VG + αD VD + αS VS) + UC∆N    (23) 

Where, Charging density,   UC =
q2

Csum
 

 

According to ballistic theory of carbon nanotube, the drain current developed by the non-equilibrium mobile charge can 

be calculated using the Fermi Dirac statistics. 
 

IDS =  I0  Ƒ0  
USF

kT
 − Ƒ0  

UDF

kT
       (24) 

 

where Ƒ0 represents the Fermi-Dirac integral of order 0 and the current I0 is expressed as 
 

I0 =
2qkT

πћ
 

 

where k is Boltzmann’s constant, T is the temperature and ћ is reduced Planck’s constant. 
 

A closed-form approximation of the Fermi-Dirac integral can be used to avoid numerical integration [19], 
 

Ƒ0 x = log(1 + ex )      (25) 

So the final form of drain to source current induced by carbon nanotube is [18]  

 

IDS =  
2qkT

πћ
 log  1 + e 

U SF
kT

   − log  1 + e 
U DF

kT
       (26) 

 
 

IV. RESULT AND DISCUSSION 

 

The numerical simulation model of Carbon Nanotube Field Effect Transistor (CNTFET) considered the (13,0) zigzag 

CNT. The nanotube diameter and bandgap is calculated by the equation (2) and (4).  The parameter gate oxide was used 

1.5 nm in the simulation environment. Investigation of influence of the temperature on the electrical characteristics has 

been carried out with different dielectric constant of gate insulator. In this paper, temperature has been varied from 300 
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K to 600 K under different dielectric constant.  In this studies, silicon Dioxide (3.9), Hafnium Silicate (11), Lanthanum 

oxide (30) is used as a gate dielectric to observe the performance of the CNTFET [20]. The ballistic transport of charge 

carriers of CNTFET is obtained from the equations discussed in the mathematical modeling part. In the ballistic 

modeling approach, the calculations are extremely fast [16].In this study drain voltage are varies from 0 to 0.6 V and 

simultaneously measure the drain current for VGS= 0.4 V, 0.5 V and 0.6 V. 

 

Figure 4 describes the drain to source current characteristics at T=300 K under different dielectric constant. Obviously 

the value of drain current should be higher for higher gate to source voltage for both condition. In this study gate to 

source is varied from 0.4 V to 0.6 V with a increment of 0.1 V. Generally, at low gate voltage drain current is very low 

compared to 0.4V. A specific threshold voltage is needed to make “ON” the device. Moreover, Fig. 4 gives an idea 

about the drain current behavior with respect to dielectric constant. In addition, high dielectric constant has an effect to 

improve the drain current for same temperature and voltage condition.  So by increasing the dielectric constant ION/IOFF 

should be increased. This phenomenon attributes to the superior control of gate voltage over the channel [3].   

 

 

 

Figure 3: Electrical characteristics of CNFET at T=300 K  (a) εr = 3.9 (b) εr = 11 

To understand the impact of temperature, it is necessary to analyse the Fig. 5,6 and 7. Figure 5,6,7 show the increasing 

pattern of drain with respect to temperature. With the dielectric constant, εr = 3.9, the maximum saturation current for 

the device at T=300 K is around 2.2 μm for VGS=0.4 V, but for VGS=0.6 V the current goes to almost 8.4 μm. On the 

other hand, from figure 6, With the dilectric constant, εr = 11, the maximum saturation current for the device at T=300 

K is around 4.2 μm for VGS=0.4 V, but for VGS=0.6 V the current goes to almost 25.4 μm. Similar pattern is observed 

from figure 6, With the dilectric constant, εr = 30, the maximum saturation current for the device at T=300 K is around 6 

μm for VGS=0.4 V, but for VGS=0.6 V the current goes to almost 27.5 μm. 

 

 
Fig. 4: Temperature dependent I-V characteristics  with dielectric constant 3.9 (a) VGS=0.4 V (b) VGS= 0.6 V 
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s  
Fig. 5: Temperature dependent I-V characteristics  with dielectric constant 11(a) VGS=0.4 V (b) VGS= 0.6 V 

 

 

 
Fig. 6: Temperature dependent I-V characteristics  with dielectric constant 30 (a) VGS=0.4 V (b) VGS= 0.6 V 

 

From the fig. 5,6 and 7 , it can be seen that the drain current is increased due to the increasing  behavior of the 

temperature. But for the value of VGS=0.4 V, the increasing pattern is more prominent than the VGS=0.6 V.  So it is 

evident that, at higher gate voltage the drain current is weakly depend on the temperature. But at lower gate voltage, 

quantum tunnelling current has an effect on the temperature. The current increases with the temperature, but with 

different rates for different regions of operation [21], [22],[23],[24]. 

 

By analysing the fig. 6,7, and 8, it is observed that, temperature has also an impact for different dielectric constant.  The 

drain current shows the proportionality behaviour with the dielectric constant. Higher dielectric constant lowers the 

energy for conduction and improved drain current. So high dielectric constant is an opportunity to increase the drain 

current of the CNTFET devices [3] ,[21],[25].  

 

V. CONCLUSION 

 

This paper focuses on the impact of temperature on the electrical characteristics of CNTFET for different dielectric 

constant. The drain current is increases with increasing the gate dielectric constant. Furthermore, temperature have huge 

impact on the drain current characteristics in low gate voltage region, but it is weakly dependent on the drain current at 

high gate voltage region. So to get the optimized performance of the CNTFET it is necessary to fabricate the device 

with suitable dielectric constant and reasonable temperature environment.  
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