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Carbon nanotube field effect transistor (CNFET) may be one of the most promising alternatives to silicon complementary

metal-oxide-semiconductor (CMOS) due to its unique advantages. 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. Including the modification of curvature

effect, the band structure of CNT is obtained by the tight-binding approach. The self-consistent solution of Schrödinger–

Poisson equation groups is employed to calculate the direct tunneling gate current in the coaxial CNFET radial direction

under cylindrical coordinates. The electrical characteristic in the coaxial CNFET channel direction is also computed

based on the ballistic transport mechanism.

Keywords: carbon nanotube (CNT); carbon nanotube field effect transistor (CNFET); band structure; quantum

transport; molecular electronics; molecular simulation

1. Introduction

For years, while the semiconductor industry has been

projecting Moore’s law and performance scaling to

upcoming CMOS generations, the industry has also been

warning about “Red BrickWalls” of processes, materials,

and physics which may block this seemingly unstoppable

path to smaller, faster, cheaper devices and circuits [1]. In

order to breakthrough these “Red Brick Walls”, the

research needs for extendingCMOS technology up to sub-

10 nm regime included new materials and device designs

required to overcome these transistor scaling limitations.

In particular, the increased efforts in molecular elec-

tronics for improved channel electrostatics and enhanced

channel transport result in that we can produce billions of

devices/transistors very cheaply in a beaker. There exist

three main technological areas within molecular elec-

tronics, organic electronics, nanotube devices, and single

molecule devices. Among them, the nanotubes are unique

nanostructures with a number of advantages such as ideal

scalability, tunable band gap, strong covalent bonding,

possible ballistic transport, high thermal conductivity and

self-assembly [2–4].

To study the compelling properties and apply them to

devices adequately, the band structure characteristics and

the device configuration optimization are critical for

carbon nanotube (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 [4–8]. For example, a detailed derivation of the

energy dispersion relation has been obtained bySaito et al.

based on a tight-binding approximation [5–6]. At the

same time, carbon nanotube field effect transistors

(CNFETs) have been fabricated in various CNT

configurations and their performances have been studied

in detail [9–26]. Although CN FETs and circuits have

already been demonstrated, the conductance mechanism

through the nanotubes as well as the contact is not yet well

understood. To ensure scalability, the electrostatic

properties of an individual nanotube as well as an array

of nanotubes must be explored. For CNT transistor

optimization and circuit performance benchmark, a

complete study from the nanotube chirality and energy

band structure to device characteristics is really needed

either from the theory base or from the engineering

practice. A little attention, however, has been devoted to

the aspect so far.

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. The tight-binding

approach is followed toderive a simplemodel including the

modification of curvature effect. Based on the resultant

band gap and density of states, we present an imple-

mentation of the self-consistent Schrödinger–Poisson
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equations and the electrical characteristics of the CNFETs.

From the simulator, the direct tunneling gate current in the

coaxial CNFET radial direction under cylindrical coordi-

nates is calculated [20]. The electrical characteristics in the

coaxial CNFET channel direction are also computed based

on the ballistic transport mechanism [21–23]. As a

consequence, we have directly obtained CNFET electronic

structures 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 require highly

computational resources and time consumption. The

results can be used to design and optimize the electrical

characteristics of CNFETs. Finally, we would like to stress

that the methods and technologies used in this paper can be

easily extended to other molecule based devices to model

electron transport characteristics and their performance,

thus, it is useful for us to simulate the quantum based

transport mechanisms of the molecular devices and predict

the corresponding device optimization.

2. Description of the simulation process

2.1 Calculation of energy-band structure of CNT

Following [10], the CNT is treated as a rolled-up graphite

sheet and assumed a single pi orbit per carbon atom. The

three vectors in the tight-binding model, however, are not

in the same plane due to the curvature effect. Taking

zigzag CNT (n, 0) as an illustration, a sketch for denoting

the changes of vectors according to the curvature effect is

shown in Figure 1, where (a) is the cross section along the

line 0–1 parallel to the paper plane and (b) is the

corresponding graphite crystal lattice.

It is obvious that the CZC bond is bent due to the

curvature effect, as shown in Figure 1(a), arc (0, 1) being

the CZC bonding distance. However, the magnitude of

the vector kR1 is no longer the CZC bonding distance but

the distance between 0 and 1. The changes on kR2 and kR3

are same as that of kR1. The number of carbon atoms in

the cross section is n and the angle between O1 and O2

is tagged as a, which can be obtained as a ¼
ffiffiffi
3

p
a0=r

where a0 is the CZC bonding distance and r is the

diameter of the CNT with r ¼
ffiffiffi
3

p
na0=p. The angle b

shown in Figure 1 (a) is half of a, i.e. b ¼ a=2. As a

result, considering the curvature effect, the three vectors

can be modified as [5–6]

kR1 ¼ 1
2
a0kiþ r sinakj2 2r sin2 a

2
kk

kR2 ¼ 1
2
a0ki2 r sinakj2 2r sin2 a

2
kk

kR3 ¼ a0ki

:

8>><
>>: ð1Þ

Putting the three vectors into the tight-binding

approach with the periodic boundary condition around

the circumference n
ffiffiffi
3

p
ka0 ¼ 2pq, 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

EðkÞ ¼ ^t 1 ^ 4 cosðq sinaÞcos
3

2
a0k þ 2r sin2 a

2
k

� ��

þ 4 cos2ðq sinaÞ

�1=2

:

ð2Þ

Employing the same method on the semiconducting

chiral CNT specified by (n, m), the corresponding three

vectors are as follows

kR1 ¼ r sinaki2 2r sin2 a
2
kk

kR2 ¼ 2r sin a
2
kiþ

ffiffi
3

p

2
a0kj2 2r sin2 a

4
kk

kR3 ¼ 2r sin a
2
ki2

ffiffi
3

p

2
a0kj2 2r sin2 a

4
kk:

8>>><
>>>:

ð3Þ

The amendatory energy band expression is obtained

EðkÞ ¼ ^t 1 þ 4 cos

ffiffiffi
3

p
a0k

2

� �
cos q sin

a

2
þ q sina

� ��

þ 4 cos2

ffiffiffi
3

p
a0k

2

� ��1=2

:

ð4Þ

The nanotube density of states is given by [24]

DpðEÞ ¼
8

3pVPa0

Effiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E 2 2 D2

p

q ð5Þ

where VP is the CZC bonding energy and Dp is the

equilibrium conduction band minimum of the pth sub-

band.

Figure 1. A sketch for denoting the changes of vectors
according to curvature effect, where (a) is the cross section
along the line 0–1 parallel to the paper plane and (b) is the
corresponding graphite crystal lattice.
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Using (2) 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 dielectric is shown in Figure 2 for the simulation.

Using the conventional central difference method and the

resultant band gap and density of states, 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

›

›r
1ðrÞ

›F

›r

� �
þ

1ðrÞ

r

›F

›r
¼ 2q·rðxÞ: ð6Þ

Based on the same principle, the one-dimensional

form of the time-independent effective mass Schrödinger

equation under the cylindrical coordinates is written as

›

›r

1

m*ðrÞ

›CðrÞ

›r

� �
þ

1

m*ðrÞ

1

r

›CðrÞ

›r

¼ ðqfðrÞ2 EÞCðrÞ: ð7Þ

The conventional central difference method is used to

convert Equations (6) and (7) into the discrete format,

which can be implemented immediately by the simulator.

1k20:5

D�rk·Drk21

2
1k

2rkD�rk

� �
Fk21

2
1k20:5

D�rk·Drk21

þ
1kþ0:5

D�rk·Drk

� �
Fk

þ
1kþ0:5

D�rk·Drk
þ

1k

2rkD�rk

� �
Fkþ1

¼ 2q·rðrkÞ ð8Þ

2
�2

2·mk20:5·D�rk·Drk21

þ
�2

4·mk·rk·D�rk

� �
Ck21

þ
�2

2·mk20:5·D�rk·Drk21

þ
�2

2·mkþ0:5·D�rk·Drk
þ q·F

� �
Ck

þ 2
�2

2·mkþ0:5·D�rk·Drk
2

�2

4·mk·rk·D�rk

� �
Ckþ1

¼ E·Ck

ð9Þ

where

1k20:5 ¼
1k þ 1k21

2
; 1kþ0:5 ¼

1kþ1 þ 1k

2
; D�rk

¼
Drk þ Drk21

2
ð10Þ

1

mk20:5
¼

1
mk

þ 1
mk21

2
;

1

mkþ0:5
¼

1
mkþ1

þ 1
mk

2
: ð11Þ

The carrier distribution is calculated by

nðrÞ ¼
X

2mdDpðEÞ
X

ln 1 þ e ðEF2EÞ=kT
h i

CðrÞ2 ð12Þ

where the factor of two is due to the fact that Pauli

exclusion principle allows two electrons per energy

level: one spin up and another spin down, and md is the

density-of-states effective mass.

In the ALTRAS-CNFET, it requires a simultaneous

or self-consistent solution to Schrödinger and Poisson

equations which are carried out using the Newton-

Raphson iterative procedure. At the beginning of the

iteration, the sub-band energy and its corresponding

wave function are initially calculated by Equation (9).

Equation (12) is then employed to calculate the carrier

spatial distribution. The resultant potential profile and

charge distribution are put to calculate the delta-potential

by Newton-Raphson method. The iteration process has to

be repeated till the calculated delta-potential is smaller

than the tolerance specified by the user, i.e. the calcula-

ted potential is sufficiently close to the previous value.
Figure 2. A physical diagram of a coaxial CNFET with length
20 nm and high-K dielectric.
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The boundary conditions implemented in the simulator

are expressed as

df

dr

����
r¼0

¼ 0 and fjr¼RþTox
¼ fs ð13Þ

where R is the radius of CNFET and Tox is the oxide

thickness. After reaching convergence condition, the

carrier concentration is obtained to compute the direct

tunneling gate current quantum mechanically in the

radial direction based on tunneling theory [22].

In the gate electrode, the wave function is treated as a

traveling plane wave, which can be expressed into the

following equation

C21 ¼ expðikDx21ÞC0 ð14Þ

where Dx21 is the uniform mesh spacing between the

grid points. The probability current density can be

obtained as

Pj ¼
�

i2mg

C
*

j ·
›Cj

›x
2

›C
*

j

›x
·Cj

 !
ð15Þ

which is used to calculate the gate tunneling current

density

JG ¼ 2q
X
j

N inv
j Pj: ð16Þ

Figure 3. The band structure of two semiconducting CNTs
specified by (a) (7, 0) and (b) (6, 2).

Figure 4. The dependence of density of state on energy for
two semiconducting CNTs specified by (7, 0) and (6, 2).

Figure 5. Plots of the wave functions for first few sub-bands,
(a) CNFET (7, 0) and (b) CNFET (6, 2).
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By substituting Equation (14) into (15), the gate

tunneling current density (16) can be calculated quantum

mechanically following [22]

JG ¼ q
X
j

N inv
j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðE2 EgÞ=mg

q
C2

0;j ð17Þ

where N inv
j is the total inversion charge density in each

energy level j,Eg andmg are the conduction band edge and

effective carrier mass in the gate electrode, respectively.

2.3 Electrical characteristic in the channel direction
of CNFET

In the meantime, according to the theory of ballistic

transport, the electrical characteristics of conventional

Figure 6. Plot of the electrostatic potential distribution in the
radial direction of the two CNFETs when VGS is 0.3, 0.7 and
1 V, respectively.

Figure 7. Plot of the carrier distribution in the radial direction
of the two CNFETs when VGS is 0.6, 0.8 and 1 V, respectively.

0.4 0.5 0.6 0.7 0.8 0.9 1.0

10–8

10–7

10–6
CNT(7,0) Tox=1nm
CNT(6,2) Tox=1nm
CNT(7,0) Tox=1.5nm
CNT(6,2) Tox=1.5nm
CNT(7,0) Tox=2nm
CNT(6,2) Tox=2nm

T
ot

al
 C

ha
rg

e 
(c

m
–2

)

VGS (V)

Figure 8. Plot of the total charge versus the gate voltage of the
two coaxial CNFETs for three different oxide thicknesses: 1,
1.5 and 2 nm. VGS is from 0.4 to 1.0 V with a step size of 0.1 V.

Figure 9. Plot of the direct tunneling gate current versus the
gate voltage of the two coaxial CNFETs for three different
oxide thicknesses: 1, 1.5 and 2 nm. VGS is from 0.6 to 1.0 V with
a step size of 0.1 V.
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coaxial CNFETs are implemented effectively in the

channel direction. Based on [23–25], it is assumed that

the source Fermi level is the reference potential and

immediately mS ¼ 0 and mD ¼ 2qVDS are obtained. It

should be noted that only the first sub-band is contained

in the simulation. As a consequence, the total drain

current ID in the CNT channel direction can be

analytically expressed as

IDS ¼
4qkBT

h

X
ln

1 þ e ðEþUt2EFÞ=kT

1 þ e ðEþUt2qVDS2EFÞ=kT

� �
ð18Þ

where q is the electronic charge, kB is the Boltzmann

constant, h is the Plank constant, T is the temperature and

Ut is the electrostatic potential at the top of barrier.

Since it is known that there is a relation between the

mobile charge and electrostatic potential, the quantum

capacitance can be calculated by

CQ ¼ 2q2 ›ðNmÞ

›ðUtÞ
ð19Þ

where Nm is the mobile charge, which is dependent on

the potential at the top of the barrier.

From the perspective of the MOSFET device physics,

the voltage gain and sub-threshold swing are also

obtained accurately according to Equations (20) and

(21), respectively.

AV ¼
gm

gd

¼
›ID=›VGS

›ID=›VDS

ð20Þ

S <
›VGS

› logðIDSÞ
: ð21Þ

Figure 10. Plot of IDS versus VGS of the two coaxial CNFETs
linearly and logarithmically when VDS is 0.7 V.

Figure 11. Plot of IDS versus VDS for different VGS of the two
coaxial CNFETs. VGS is from 0 to 1 V with a step size of 0.2 V.

Figure 12. Plot of the quantum capacitance versus VGS of the
two coaxial CNFETs when VDS is 1 V.

Figure 13. Plot of the voltage gain as a function of gate
voltage of the two coaxial CNFETs when VDS is 1 V.
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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

effects, better band structure diagram is obtained and

shown in Figure 3. The density of states is calculated

correctly in Figure 4. After the self-consistent calcu-

lation, the plots of the wave functions of the two CNFETs

for first few sub-bands are shown in Figure 5.

The Poisson equation relates the second-order

derivative of the potential distribution to the charge

concentration at every radial point within the domain of

interest. The resultant electrostatic potential distribution

in the radial direction is illustrated in Figure 6 when VGS

is 0.3, 0.7 and 1 V, respectively. Simultaneously the

carrier distribution in the radial direction is shown in

Figure 7 when VGS is 0.6, 0.8 and 1 V, respectively.

The plot of the total charge versus the gate voltage of

the two coaxial CNFETs is shown in Figure 8 for three

different oxide thicknesses: 1, 1.5 and 2 nm when VGS is

from 0.4 to 1.0 V with a step size of 0.1 V. The

dependence of direct tunneling gate current on the gate

voltage for different oxide thickness is plotted in Figure 9

for different oxide thicknesses. It is obviously shown that

an increase in the drain current with a drop in the oxide

thickness, which is ascribed to the increase of the

induced charge due to the thinner oxide layer. It is worthy

to note that the high-K dielectric lends itself to lower the

gate tunneling [25]. The plots of IDS versus VGS and IDS

versus VDS are shown in Figures 10 and 11, respectively.

The accurate transfer and output characteristics are

similar with those of the conventional silicon devices.

Figures 12–14 are the obtained quantum capacitance

versus VGS, voltage gain versus VGS, and sub-threshold

swing versus IDS, respectively, from ALTRAS-CNFET.

These results coincide with the previous theory

prediction and can be used to design and optimize the

electrical characteristics of CNFETs.

From the device simulation point of view, such a

powerful simulator is easy-to-use and does not require

highly computational resources and time consumption.

All the obtained results of CNT (7, 0) are similar with

those of CNT (6, 2), because the two CNTs are both

semiconductors without large differences on the material

characteristics. 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

effectively perform the excellent properties of CNFETs.

However, only the first sub-band is contained in the

simulator, which results in the applied gate voltage being

confined in the low range. 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 tool for

CNT 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 character-

istics. 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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