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ABSTRACT 

In this paper we present an empirical model for the subband minima of MOSFET-like Single Walled Carbon Nanotube Transistors (SW-
CNTFETs). The main feature of our model is that it can be used for CNT diameters varied from 1 to 2.5 nm with gate voltage up to 1.5 V. Our 
empirical model covers most of CNT’s effective subbands, up to four subbands. For all diameters range, our results show that the average 
root mean square error (RMSE) is 4.1 %. Based on this model, we study the effective subbands in the drain current calculation. Furthermore, 
the output and transfer characteristics curves are analysed. It is founded that, the root mean square error in the output characteristics is 3 
and 0.1 % at Vgs = 1 and 1.5 V respectively. Moreover, we present a RMSR in the transfer characteristics within 4 %, at Vds = 1 V. 
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Inroduction 

Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) will reach to its limits in 2020 when its channel length reaches to 
lower than 10 nm. For this reason, researchers are looking for different materials and devices replace the silicon-based Field Effect 
Transistor (FET) *1+. Carbon Nanotube Field Effect Transistor (CNTFET) has been considered as one of the promising alternative devic-
es. This is because their semiconducting properties and their ability to carry high current. Carbon nanotubes (CNT) are two dimen-
sional graphene sheet rolled into cylindrical shape with diameter in nanometer scale. Depending on the number of layers rolled, CNT 
can be either Single Wall (SW) or Multi Wall (MW) *2-3+. The orientation in which the CNTs are rolled (chirality), can make them be-
have like metallic or semi-conducting material. 

Like the MOSFETs, the CNTFETs are three terminals device. The main difference is that CNTFETs employ the CNT as a channel be-
tween the source and the drain terminals whereas MOSFETs channel is made of doped silicon. CNTFETs have two modes of opera-
tion, the Schottky Barrier (SB) or MOSFET-Like CNTFETs. In the SB-CNTFETs, the gate voltage modulates the drain current by changing 
the width of the barrier. But in MOSFET-Like CNTFETs the gate voltage can be controlled in the drain current by changing the height 
of the barrier *4-7+. In this work, we treat with MOSFET-Like SW-CNTFETs. 

Generally, the transfer and output characteristics are very important to evaluate the SW-CNTFETs. In the drain current calculation, 
the number of effective subbands can be considered as one of the most important parameters. We can know the number of effective 
subbands, by knowing the gate bias and the position of the subbands minima with respect to the midgap energy. Therefore, calculat-
ing the subband minima accurately is very important to model the drain current. 

Various models *8-11+ used an approximated empirical forum in order to calculate the subband minima. This empirical forum gets 
an acceptable result only for low gate voltage, lower than 0.5V. These models cannot be used in high voltage application because the 
number of effective subbands is calculated incorrectly. Consequently, the drain current will be calculated with a high percentage er-
ror. 

In this paper, we propose an accurate empirical model to calculate the subband minima of the CNTFET’s channel. Our empirical 
model can calculate the first four subbands with low root mean square error. Moreover, it can be used for low and high gate voltage 
application, up to 1.5 V.  Furthermore, it can be used for any CNT chirality as long as the CNT diameter is lower than 2.5 nm. This pa-
per has been organized as follows. In section II, we present the previous models that used in the subbands minima calculation. Our 
proposed model is presented in section III. Our model is verified in section IV through the characteristics curves of coaxial gate SW-
CNTFET. Finally the main conclusion is presented in section V. 

 

The Subbands Minima 

As mention above, calculating the subband minima and the number of effective subbands are very important in the drain current 
calculation. The number of effective subbands can be known by comparing the subbands minima with the applicable gate voltage. 
For instant, at CNT diameter = 2 nm, the 1

st
, 2

nd
, and 3

rd
 subband minima will be 0.17, 0.35, 0.78 eV respectively. If we apply a gate 

bias of 0.5 V, only the first two subbands will be contributed in the drain current calculation (effective subband = 2). The reason is 
that the positive gate voltage will push the channel levels down. Once the subbands minima lowered than the source Fermi level (we 
assume it as a reference potential here), the carrier will fill the channel states and the transistors will be turned on.  

Thus, from the foregoing, we conclude that calculating the subband minima is essential in the drain current calculation and in the 
transistor modelling. Various models *8-11+ use the following empirical formula in order to calculate the subband minima for p

th
 sub-

band 
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Where ∆1 = EG/2, and EG is the bandgap energy. 
The main defect of this formula is that it can be only used if the channel energy levels are closed to the source Fermi level with in 

0.5 eV. Since the subband minima is increased with decreasing the CNT diameter *4+. Then, another limitation for this formula is 
raised. It is only valid to calculate the first and second subband minima, at d = 1nm.  

Furthermore, the subband minima can be calculated from the graphene band structure *13+. The methodology that used in *13+ 
can be summarized by the following. First, the tight bending model is used to determine the graphene dispersion relation, given by 
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Where γ = 3.1eV and α= 2.46A

o
. Then the zone folding method is used to calculate the CNT electronic band structure, given by 
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Where j is the number of subband, given by 
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Thus, the minima of 1

st
, 2

nd
........,  j

th
 subband, is the lowest energy of each subband at (3). 

 

Proposed Model 

Obtaining a simple and accurate formula to calculate the subband minima for low and high gate voltage accurately is our objective in 
this work. Our proposed model is based on finding an approximate formula for the first subband minima suitable for any CNT diame-
ter up to 2.5 nm. Then we use three fitting parameters to expand this formula till four subbands. Thus, the subband minima can be 
evaluated using (5) 

      
         (5) 

 
Where d is the CNT diameter and AP, BP, and CP are fitting parameters given by 
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Ap, Bp, and Cp are found by fitting (5) with the results of CNTbands simulators *14+. The main feature of our model is that it can be 

consider as a simplest way to calculate the subband minima with low root mean square error. Moreover, our model can be used for 
high gate voltage, up to 1.5 V. Furthermore it can be used for any semiconductor CNT with diameter less than 3nm. 

The importance of the subband minima originate from the dependence of the drain current on it. Therefore, the total drain cur-
rent at stead-state is given by *12+ 
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Where y = (E - ECP), T is the temperature in Kelvin, and Δf1 and Δf2 are given by 
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          (11) 

 
Where Ef1 and Ef2 is the source and drain Fermi level respectively, ECP is the conduction band edge for the p

th
 subband and USCF is 

the self-consistent potential given by 
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(12) 

 
Where UL and C∑ are the Laplace potential and the total channel capacitance respectively. 
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Results and Discussion 

In this section, initially, we present a comparison between our empirical model, CNTbands simulator *14+ and the aforementioned 
literature model. The results of the CNTbands simulators will be considered here as a reference value. Furthermore, we study the 
output and transfer characteristics curves at low and high gate voltage. For all simulation, it is considered that the operating temper-
ature is 300K and SiO2 is used as gate oxide material. 

Fig. 1 shows the value of the subband minima for the first four subbands at m = 13 and n = 0 (CNT diameter = 1 nm) and at m = 32 
and n = 0 (CNT diameter = 2.5 nm). It is evident that, at d = 1 nm, the previous model is closed to CNTbands simulator with a root 
mean square error 32.5 % whereas our model is closed to simulator within 1.1 %. Moreover, it is clear that, when the diameter 
changed to 2.5 nm, the previous model shows a root mean square error within 16.7 % whereas our model presents 3.8 %. For all CNT 
diameter range, Our results present a maximum root mean square error is 6.6 % and it is occurred at d = 2 nm. On the other hand, 
the old formula present a maximum root mean square error 32.5 %, at d = 1 nm. Moreover our model presents a minimum root 
mean square error within 1.1 %, at d = 1 nm. However the minima RMSE for the previous model is 15.1 %, at d = 1.5 nm. Thus, we 
can say that, our proposed model displays accurate results along all diameter range.  

The output characteristics of SW-CNTFET for different gate bias at chirality = (13, 0) is shown in Fig. 2. For high drain voltage,       
Vds = 1 V, It is evident that the root mean square error in the saturation drain current between the simulator and the aforementioned 
literature models are approximately 32, 15.5, and 15.4 % at Vgs = 0.5, 1, and 1.5 V respectively. On the other hand, our model present 
root mean square percentage error within 8, 3.5, and 0.1 % at the same gate voltage. 

 

 

 

Fig. 1. The subband minima versus the number of subband at                  

chirality = (13,0) and (32,0), diameter equal to 1 and 2.5 nm respectively. 

Fig. 2. The output characteristics of SW-CNTFETs at d = 1 nm, T = 300 K 

and Vgs = 0.4, 0.8, and 1.2 V 

 
The relationship between the drain current versus the applied gate voltage at Vds = 1 V and d = 1 nm is illustrated in Fig. 3. As ex-

pected, our results are closed to the simulator results for low and high gate voltage where we present a root mean square error with-
in 4.1 %. However, the aforementioned literature model shows a root mean square percentage error within 20.6 %, at the same 
drain-source voltage. 

In the rest of this work, we prove that the four subbands are sufficient to calculate the drain current accurately over all diameter 
range. Fig. 4, 5 and 6 display the effect on number of subbands on the drain current calculation at CNT diameter 1, 2, 2.5 nm respec-
tively. Fig. 4 depicts that, there is no difference in the drain current calculation between the three- and seven-subbands models. 
Therefore the effects of the 4th and greater subbands can be neglected. 

Fig. 5 and Fig. 6 illustrate that, in order to calculate the drain current accurately, the number of effective subbands has to be in-
creased to 4 subbands. The reason is that, as the diameter increased the subband minima will be decreased *4+. Consequently, the 
number of effective subbands at a certain gate voltage has to be increased. Thus, it is proved that our four-subband model is more 
enough to calculate the drain current as long as the gate voltage is lower than 1.5 V and over a diameter range from 1 to 2.5 nm. 
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Fig. 3. The drain current versus the gate voltage at Vds = 1 V and d = 1 nm. Fig. 4. Effect of the number of subbands at Vds = 1 V and d = 1 nm 

 

  
Fig. 5. Effect of the number of subbands at Vds = 1 V and d = 2 nm. Fig. 6. Effect of the number of subbands at Vds = 1 V and d = 2.5 nm. 

 

Conclusion 

An empirical model for subband minima of MOSFET-Like CNTFETs is developed in this work. Our proposed model can be used for 

CNT diameter varied from 1 to 2.5 nm and it is valid till the fourth subband. Our results show that the maximum and minimum root 

main square error in the subbands minima is occurred at d = 2 nm and 1 nm respectively. Furthermore, the results show that, at        

d = 1 nm, the root mean square error of the transfer characteristics is 4.1 %, at Vds = 1 V. 
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