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ABSTRACT 
 

As one of the most promising alternative structures of 
silicon CMOS, Carbon Nanotube Field Effect Transistor 
(CNFET) has been paid lots of attention. The predicted 
dependences of band structure and device performance on 
chirality of Carbon Nanotube (CNT) and device structure 
have been studied in this paper by the means of a full-band 
based quantum transport simulator, ALTRAS-CNFET, 
developed by the group of Nano- & Tera- Devices and 
Circuits in Peking University. The results can be used to 
design and optimize the electrical characteristics of CNFET. 
 
Keywords: Carbon Nanotube (CNT), Carbon Nanotube 
Field Effect Transistor (CNFET), band structure, quantum 
transport, direct tunneling gate current, sub-threshold swing 
 

1 INTRODUCTION 
 

Along with aggressive scaling of conventional silicon 
CMOS devices, on one hand, it seems that the scaling limit 
will be reached in one or one and half decade. On the other 
hand, new materials and technologies are being extensively 
studied as possible successors to silicon. At this crucial 
transition, Carbon Nanotube (CNT) may be one of the most 
promising structures because of a number of advantages 
such as ideal scalability, tunable band gap, strong covalent 
bonding, possible ballistic transport, High thermal 
conductivity and biological self-assembly [1].  

To study CNT advanced performance and apply them to 
devices adequately, the band structure characteristics and 
the device configuration optimization are critical for CNT 
transistor application. In recent years, a lot of efforts have 
been devoted to CNT band structure modeling, and some 
important results have been obtained. For example, a 
detailed derivation of the energy dispersion relation is 
obatined by Saito et al based on a tight-binding 
approximation [2]. In the meantime, Carbon Nanotube 
Field Effect Transistor (CNFET) has been fabricated in 
various CNT configurations and their performances have 
been studied in details [3-6]. 

In this paper, a full-band based quantum transport 
simulator for CNFET engineering from chirality to device 

performance, ALTRAS-CNFET, is developed and further 
used to test CNFET performance. Including the 
modification of curvature effect, the band structure of CNT 
is obtained by the tight-binding approach. The self-
consistent Schrödinger–Poisson equations were employed 
to calculate the direct tunneling gate current in the coaxial 
CNFET radial direction under cylindrical coordinates [7]. 
Based on the ballistic transport mechanism [8], the 
electrical characteristic in the coaxial CNFET channel 
direction is also computed. As a consequence, we have 
directly obtained CNFET electronic structure such as E-K 
relationship and electrical characteristics such as the 
dependence of the drain current and the direct tunneling 
gate current on gate voltage from this powerful simulator, 
which does not cost highly computational resources and 
time consumption.  
 

2 SIMULATION PROCESS 
 
2.1 Energy-band Structure of CNT 
 

Following Anantram et al’s method [2], the CNT is 
treated as a roll up graphite sheet and assumed a single pi 
orbit per carbon atom. The three vectors in tight-bind model, 
however, are not in the same plane due to curvature effect. 
Taking zigzag CNT (n, 0) as illustration, a sketch for 
denoting the change of vectors is shown in Fig.1. 

 
Fig.1 (a) the cross section along the line 0-1 parallel to the 
paper plane. (b) the corresponding graphite crystal lattice. 

 It is obvious that the C-C bonding is bended according 
to curvature effect, as shown in Fig.1 (a), arc (0, 1) being 
the C-C bonding distance. However, the magnitude of the 
vector 

 

1R  is no longer the C-C bonding distance but the 
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distance between 0 and 1. The changes on 2R and 3R  are 

same as that of 1R . The number of carbon atom in the cross 
section is n and the angle between O0 and O1 is tagged as α, 

which can be obtained as 03a
r

α =  where  is the C-C 

bonding distance and r  is the diameter of the CNT 

with

0a

03
2
nar
π

= . The angle β is half of α, i.e. / 2β α= . 

As a result, considering the curvature effect, the three 
vectors can be modified as [9, 10] 
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   Putting the three vectors into the tight-binding approach 
with the periodic boundary condition around the 
circumference

03 2n ka qπ= , where k is the wave 
vector component along the circumference direction and q 
is an integer, the band structure of zigzag CNT (n, 0) 
containing the modification of curvature effect is written as 
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Employing the same method on the chiral CNT specified 
by (n, m), the Corresponding three vectors are as follows 
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The amendatory energy band expression is obtained  
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The nanotube density of state is given by [11] 
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                                     (5) 

Where,  is the C-C bonding energy and  is the 
equilibrium conduction band minimum of the pth sub-band. 

V∏ pΔ

   Using (3) or (4) and (5), the electron energy-band 
structure of CNT can be directly obtained in the ALTRAS-
CNFET, and the results are employed in the following 
simulation steps.  
 
2.2 Gate Tunneling Current in the Radial 
Direction of CNFET  

 
The device geometry diagram of a coaxial CNFET with 

high-K is a long channel device as shown in Fig.2 for the 
simulation. 

 
Fig.2 A physical diagram of a coaxial CNFET with length 

100nm and high K dielectric. 
 Using the conventional central difference method and the 

resultant band gap and density of state, the simulator solves 
the Schrödinger and Poisson equations self-consistently in 
the radial direction under the cylindrical coordinates 
including the effect of wave function penetration into the 
gate electrode. 

It is evident that the characteristic in every direction in 
the cross section is similar, so the one-dimensional form of 
Poisson equation under cylindrical coordinates is just 
focused in this study, the general form of which can be 
expressed as  
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   Based on the same principle, the one-dimensional form of 
the time-independent effective mass Schrödinger equation 
under the cylindrical coordinates is written as  
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The carrier distribution is calculated by 
( ) / 2( ) 2 ( ) ln 1 ( )FE E kT

d pn r m D E e r−⎡ ⎤= +⎣ ⎦∑ ∑           (8) 

where the factor of two is due to the fact that Pauli 
exclusion principle allows two electrons per energy level: 
one spins up and another spins down, and  is the 
density-of-state effective mass. 

dm

The boundary condition implemented in the simulator is 
expressed as  
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Where, R is the radius of CNFET and  is the oxide 
thickness. In the gate electrode, the wave function is treated 
as a traveling plane wave, which can be expressed into the 
following equation 

oxT

( )1 exp ik x− −1 0Ψ = Δ Ψ                                                 (10) 

Where, 1x−Δ  is the uniform mesh spacing between the grid 
points. The probability current density can be obtained as 

*
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which is used to calculate the gate tunneling current density  
inv

G
j

j jJ q N P= − ∑                                                         (12) 
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By substituting equation (10) into (11), the gate tunneling 
current density (12) can be calculated quantum 
mechanically following [7] 

2
0,2( ) /inv

G j g g
j

J q N E E m= −∑ jΨ                         (13) 

Where, inv
jN  is the total inversion charge density in each 

energy level j, gE  and gm  are the conduction band edge 
and effective carrier mass in the gate electrode, respectively. 
 
2.3 Electrical Characteristic in the Channel 
Direction of CNFET  

 
Based on Anisur Rahman et al’s model [8], it is assumed 

that the source Fermi level is the reference potential and 
immediately 0Sμ =  and D DSqVμ = −  are obtained. As 

a consequence, the total drain current DI  in the CNT 
channel direction can be analytical expressed as   
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Where, is the electrostatic potential at the top of barrier. tU
Since it is known that there is a relation between the 

mobile charge and electrostatic potential, the quantum 
capacitance can be calculated by 

(
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From the perspective of the MOSFET device physics, the 
voltage gain and sub-threshold swing are also achieved 
accurately according to eq (16). 
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3 RESULTS AND DISCUSSION 

 
In order to test the validity of the ALTRAS-CNFET 

simulator, two semiconducting CNTs specified by (7, 0) 
and (6, 2) were fed into this simulator. As a result, 
Comparing with the model without considering curvature 
effect, better band structure diagram is obtained shown in 
Fig.3. The density of state is calculated correctly in Fig.4.  

 
Fig.3 the band structure of two semiconducting CNTs 

specified by (a) (7, 0) and (b) (6, 2). 

 
Fig.4 the dependence of density of state on energy for the 

two CNTs specified by (7, 0) and (6, 2). 
The resultant electrostatic potential distribution in the 

radial direction is illustrated in Fig.5 when VGS is 0.3V, 
0.7V and 1V respectively. Simultaneously the carrier 
distribution in the radial direction is shown in Fig.6 when 
VGS is 0.6V, 0.8V and 1V, respectively.   

 
Fig.5 Plot of the electrostatic potential distribution in the 

radial direction when VGS is 0.3V, 0.7V and 1V. 

 
Fig.6 Plot of the carrier distribution in the radial direction 

when VGS is 0.6V, 0.8V and 1V, respectively. 
The dependence of direct tunneling gate current on the 

gate voltage for different oxide thickness is plotted in Fig.7.  
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Fig.7 Plot of the direct tunneling gate current versus the 
gate voltage of the two coaxial CNFETs for three different 
oxide thicknesses: 1nm, 1.5nm and 2nm. VGS is from 0.6V 

to 1.0V with a step size of 0.1V. 
The pictures of IDS versus VGS and IDS versus VDS are 

shown in Fig.8 and Fig.9, respectively. 

 
Fig.8 Plot of IDS versus VGS of the two coaxial CNFETs 

linearly and logarithmically when VDS is 0.7V. 

 
Fig.9 Plot of IDS versus VDS for different VGS of the two 
CNFETs. VGS is from 0V to 1V with a step size of 0.2V. 
Figs.10 and 11 is the obtained Quantum capacitance, 

voltage gain versus VGS and sub-threshold swing versus IDS, 
respectively, from ALTRAS-CNFET.  

 
Fig.10 Plot of the quantum capacitance and voltage gain as 
a function of gate voltage of the two coaxial CNFETs when 

VDS is 1V. 

 

Fig.11 Plot of the extracted sub-threshold swing from the 
output characteristic as a function of IDS for the two coaxial 

CNFETs when VDS is 0.3V. 
From the point of the device simulation, such a powerful 

simulator is easy-to-use and does not cost highly 
computational resources and time consumption. It is shown 
that that the drain current increases obviously with the 
oxide thickness dropping, which is ascribed to the increase 
of the induced charge due to the thinner oxide layer. The 
use of high K gate dielectrics leads to higher induced 
charge in the channel, which can remarkably lower the gate 
tunneling and the parasitic capacitance between the gate 
and the source (and drain). The low quantum capacitance 
and sub-threshold swing provide an opportunity to 
effectively perform the excellent properties of CNFET. As 
the gate bias increases and the energy band moves down, 
the sub-bands are populated one after the other. It is 
necessary to extend it into all the populated sub-bands in 
order to gain large ranges of gate bias, which will be the 
future work.  
 

4 SUMMARY AND CONCLUSIONS 
 

In summary, ALTRAS-CNFET is a powerful simulator 
for CNTFET energy-band calculation and CNFET 
performance prediction. It can directly compute the gate 
tunneling current in the radial direction, drain current in the 
channel and other electrical characteristics correctly based 
on device geometry and CNT material characteristics. The 
predicted results indicate that CNT is the most promising 
successor to silicon and the coaxial CNFET is likely to 
operate excellently. 
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