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Abstract 

In this work, a new structure based on a doping-less 

tunneling CNTFET using the drain work function 

engineering is presented. In the proposed structure, the 

drain electrode is divided into two parts with different 

work functions. The drain work function adjacent to the 

channel is selected higher than the other part of the drain. 

The results show that the proposed structure reduces the 

off-state current and increases the on/off current ratio. 

Also, the leakage current and the sub-threshold swing are 
significantly reduced. The computational study of the 

proposed structure has been done by quantum simulation 

using the non-equilibrium Green’s function (NEGF). 
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Introduction 

Carbon nanotubes (CNTs) are a good alternative to silicon 

substitutes in transistors due to their properties such as 

one-dimensional nature, high mobility, adjustable band 

gap, symmetrical valence and conduction bands, high 

strength, and high thermal and electrical conductivity. On 

the other hand, due to their small diameter, their 

controllability by the gate is higher [1-7]. In order to 

overcome the quantum limitations and build integrated 

circuits with low energy consumption, various devices 

such as tunneling CNTFETs have been provided. These 
devices have received great attention due to their low off-

state current and low sub-threshold swing compared to 

MOSFETs [6-18]. In recent years, numerous 

experimental and theoretical researches have been 

reported to improve the performance of tunneling 

CNTFETs in terms of scaling capability and figure of 

merits. These include the use of hetero-dielectric dual 

material gate doping-less TFET [2], junction-less work 

function engineered gate [9, 19 ], the combination of high-

k and low-k gate dielectric technique [7], and various 

structures based on electrostatic doping have been 
proposed [20-25]. In this regard, a doping-less tunneling 

CNTFET has been introduced using the drain work 

function engineering. In the proposed structure, the drain 

electrode is divided into two parts with different work 

functions. The drain work function adjacent to the channel 

is selected higher than the other part of the drain. A 

comparison has been made between the proposed 

structure and the conventional tunneling CNTFET with 

the same dimensions. The simulations of the structures 

have been performed in the ballistic regime using the 

non-equilibrium Green’s function (NEGF) approach in 

the mode space.  

 

Device Structure and Simulation Method  

Figure 1 shows the proposed doping-less tunneling 

CNTFET and the conventional tunneling CNTFET. The 

nanotube is a zigzag type (13, 0) with a diameter of 1 

nanometer. The gate dielectric insulation of HfO2 has 2 

nm thickness and dielectric constant equals to 16. In the 

proposed structure, the drain electrode is divided into two 
parts with different work functions. The work function of 

the area adjacent to the channel is selected higher than the 

other part of the drain. The length of the drain (source) is 

30 nm, the length of the gate is equal to the length of the 

channel equal to 20 nm. The physical specifications of the 

proposed structures is described in Table 1. 

(a)  

(b)  
Figure 1. Cross-sectional view of (a) the conventional 

tunneling CNTFET (b) the proposed doping-less tunneling 
CNTFET. 

 
Table 1. Physical parameters of the proposed structure. 

Parameters Proposed structure 

CNT type zigzag (13,0) 
CNT diameter 1 nm 

Gate length  20 nm 

Drain length  30 nm (LD1 = 15nm, LD2 = 15nm) 

Source length  30 nm 

Gate work function  φM1 = 4.4eV 

Drain work function  φM4=3.9eV,φM3=3.4eV 

Source work function  φM2=5.4eV 

 

In this paper, the numerical modeling of the Schrodinger 
equation using the non-equilibrium Green's function 

approach is used self-consistently by the Poisson 

equation. The CNT channel and the coupling of the 

nanotube into the drain and source regions are described 

by the Hamiltonian (H) matrix and self-energy matrices 



 
 
 
 
 

 
 
 
 

 

1 and
2 , respectively. The Green's function is 

calculated as follows [1, 8, 21, 22]: 
(1) 1

1 2( ) [( 0 ) ]G E E i I H        
Given Green's function, the desired physical parameters 
can be obtained using NEGF formulation. In the ballistic 

regime, the states of the channel are filled by the Fermi 

level of the source and the drain, which are calculated by 

the following equation [1, 8, 21, 22]: 

(2) 1(2) 1(2)D G G 
 

where, 
1(2)  represents the flattening of energy levels 

due to the source and drain connections, which is 

determined as follows [1, 8, 21, 22]: 

(3) †

1,2 1,2 1,2( )i     
In the next step, the charge distribution inside the channel 

can be determined based on the states filled by the source 

and drain connections. The charge density in the channel 

using the Green's function is determined as follows [1, 8, 

21, 22]: 

(4) 
( ) ( ( ) ( ))

i
e S fS D fD

E
Q e D f E E D f E E dE



      

where, e is the charge of the electron, EFS and EFD are the 

Fermi levels of source and drain. To solve the self-

consistent, the NEGF equation is repeatedly solved by 

the Poisson equation until the self-consistent is obtained. 

After the self-consistent is reached, the current is 
calculated using the following equation [1, 8, 21, 22]:  

(5) 
1 2

4
( )[ ( ) ( )]

e
I T E f E f E dE

h
 

 
where, T(E) is the transfer coefficient between the source 

and the drain which is calculated as follows [1, 8, 21, 22]: 
(6) 

1 2( ) trace( )T E G G    
 All simulation results presented in here have been 

performed using MATLAB software.  

                                                                          

Results and Discussion 

The drain current curve versus the drain-source voltage 
for the proposed structure, and the conventional 

tunneling CNTFET is shown in figure 2.  

 
Figure 2. IDS-VDS curve for proposed structure and conventional 

structure in VGS = 0.4 and 0.5V. 

It can be seen that in the given gate-source voltages, the 
saturation current for the proposed structure is less than 

the conventional tunneling CNTFET. The on-state 

current at voltage VGS = 0.5V for the proposed structure 

is 0.29 µA and for the conventional structure is 0.33 µA. 
In figure 3, the drain current curve versus gate-source 

voltage is examined. It can be seen that in the proposed 

structure, the off-state current is significantly reduced 
compared to the conventional tunneling CNTFET. In the 

proposed structure using the drain work function 

engineering, the tunneling barrier at the drain-channel 

connection is widened. As a result, the off-state current 

for the proposed structure in VDS = 0.2V and VGS = 0V is 

about six times smaller than the conventional tunneling 

CNTFET. 

 
Figure 3. IDS-VGS curve for the proposed structure and 

conventional structure in VDS = 0.2, 0.4V. 

 

One of the most important phenomena in the study of 

short channel effects is the sub-threshold swing (SS). The 

sub-threshold swing is determined by the following 

formula [1, 8, 21, 22]: 

(7) 3 2 1

2 1

10 (mV / dec)
log( ) log( )

GS GS

DS DS

V V
SS

I I




          

The curve of the sub-threshold swing versus gate-source 

voltage is shown in figure 4.  

 
Figure 4. Sub-threshold swing versus VGS for the proposed 

structure and conventional structure at VDS = 0.4 V. 
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As can be seen, the sub-threshold swing of the proposed 
structure is significantly improved compared to the 

conventional tunneling CNTFET. The sub-threshold 

swing at the VDS = 0.4 V and VGS = 0.3 V voltages for the 

proposed structure is SS = 34.82 mV/decade while for the 

conventional structure is SS =45.45 mV/decade. The sub-

threshold swing decrease in the proposed structure is due 

to the widening of the tunneling barrier in the drain-

channel connection.  

The on/off current ratio curve is plotted versus the on- 

state current in figure 5. It can be seen that the on/off 

current ratio at VDS = 0.4 V for the proposed structure is 

higher than the conventional structure.  

 
Figure 5. Current ratio versus ION for the proposed structure and 
conventional structure in VDS = 0.4V. 
 

The maximum current ratio is larger than 108 (Ion/Ioff > 

108) for the proposed structure while for the conventional 

structure is larger than 105 (Ion/Ioff > 105). The on/off 

current ratio of the proposed structure has a significant 

increase compared to the conventional structure, which is 

due to the reduced curvature of the band near the drain- 

channel connection and the narrowing of the tunneling 

path in the OFF zone. 
Figure 6 shows the energy band diagram versus position 

along the device in VGS = -0.4 V and VDS = 0.4 V. 

According to results, the distance between the conduction 

and valance bands at the channel-drain junction in the 

proposed structure is greater than the conventional 

tunneling CNTFET, so the probability of the band to 

band tunneling in the proposed structure at negative gate-

source voltages is much lower. The proposed doping-less 

tunneling CNTFET, with dual electrodes with different 

work functions along the drain region, reduces the 

curvature of the band near the drain-channel connection 

and widens the tunneling barrier and improves the 
ambipolar behavior than the conventional tunneling 

CNTFET. 

(a)  

(b)  
Figure 6. Energy band diagram versus position along the device 

at VDS = 0.4 V and VGS = -0.4 V for (a) the proposed structure 
and (b) the conventional structure. 
 

Table 2 shows the results of the comparison between 

some of the performance parameters for the proposed 

doping-less tunneling CNTFET, and the conventional 

structure. 

 
Table 2. Comparison between some of the performance 

parameters for the proposed and conventional structures. 
Parameters Proposed Conventional 

On-current (µA) 2.88×10-1 3.30×10-1 

Off- current (µA) 2.74×10-9 2.50×10-4 

On/Off current ratio 1.05×108 1.30×103 

SS (mV/dec) 34.82 45.45 

 

Conclusions 
In this paper, a new structure based on a doping-less 

tunneling CNTFET was proposed using drain work 

function engineering and the electrical properties of the 
device are simulated using the NEGF approach. The 

simulation results indicate that the performance of the 

proposed structure compared to the conventional structure 

has better using the drain work function engineering. The 

high on/off current ratio, and the low sub-threshold swing 

are among the advantages of the proposed structure. 
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