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ABSTRACT 
In this paper we present a comparison among I-V models of CNTFETs proposed in literature in order to 

determine the model more easily implementable in simulation software for electronic circuit design. We have 

compared the CNTFETs model, already proposed by us, with Deng-Wong’s and Koswatta’s models. In 

particular our model, already structured to implement in simulator software, has been modified to characterize 

the I-V characteristics of CNTFETs below threshold. In this way it has been possible to have a more complete 

comparison, because the examined models consider the behaviour of device in sub-threshold regime.In spite of 

other models, our model seems to allow an easier implementation in the computer aided design of the most 

common analogue and digital circuits, showing a good agreement between the experimental and simulated 

characteristics, with processing times practically instant.   

KEYWORDS: Nanoelectronic Device, Nanotechnology, Carbon Nanotube Field Effect Transistors, 

Modeling, Output and Transfer characteristics. 

I. INTRODUCTION 

In the nanoelectronic field the semiconductor industry and the whole scientific community are 

exploring a number of alternative device technologies. Some approaches involve moving away from 

traditional electron transport-based electronics: for example, the development of spin-based devices. 

Another approach, on which we focus here, maintains the operating principles of the currently used 

devices, primarily that of the field-effect transistor, but replaces the conducting channel with carbon 

nanomaterials such as one-dimensional (1D) Carbon NanoTubes or two-dimensional (2D) graphene 

layers.   

These new devices, able to work better at nanometer scale, have molecular building block not coming 

from lithography and, along with these devices, molecular electronics will change the equation in our 

tool box, we will drop out well known partial differential equation for charge diffusion and we will 

use quantum mechanic to describe electrons, holes, atoms, molecules and photons.   

CNTFETs, as already discussed, are field effect transistors using a carbon nanotube as channel, and 

are regarded as an important contending device to replace conventional silicon transistors [1].  

As it is known, the carbon nanotubes consist in a hexagonal mesh of carbon atoms wrapped in 

cylinder shapes, some time with closing  hemispherical meshes on the tips. Since they could be 

extended  several millimeters, they have a huge length/diameter ratio making them unidimensional 

structures (1-D). Moreover an important characteristic of CNT is mesh torsion, denoted as chirality, 

which has a strong influence on the CNT behaviour.  Depending on their chirality, electronic band 

structure changes, band gap can appear making them semiconductors, or cannot appear, making them 

conductors. Furthermore the CNT behaviour as semiconductor has an energy gap inversely 

proportional to their radius.   
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About modelling issues, most of the CNTFETs models available in literature are numerical and make 

use of self-consistency and therefore they cannot be directly implemented in modelling languages to 

design electronic circuits.   

Nowadays the most widely used language available is SPICE, or any of its evolution, with various 

graphical interfaces. Another language which has a solid implementation is Verilog-A, which is very 

interesting since it allows devices description in a syntax quite near to C programming language.  

In this paper we present a comparison among I-V models of CNTFETs proposed in literature [2-11]. 

In particular we analyze some models of CNTFETs, which can describe the device behavior also for 

low power applications (sub-threshold regime). 

The aim of this paper is to identify the model, which can be easier implemented in simulation 

software for electronic circuit design.  

The presentation of the paper is organized as follows. Section 2 gives a brief description of the 

CNTFET model proposed by us [2-3], while in Section 3 we have modified our model in order to 

have better simulations when supply voltage is lower than the threshold voltage of transistor.  

Sections 4 and 5 describe respectively the main characteristics of Deng-Wong’s and Koswatta’s 

models [9] [10], which analyze the behavior of CNTFETs with a wide range of chiralities and 

diameters and for CNTFET with either metallic or semiconducting CNT conducting channel.  

Moreover both models take into account also the quantum confinement effects on both 

circumferential and axial directions, the acoustical/optical phonon scattering in the channel region and 

the tunnel effect between semiconductor bands. The conclusions are described in Section 6. 

II. OUR MODEL [2-3] 

Our I-V model, developed for a n-type conventional CNTFETs, is based on the hypothesis of ballistic 

transport and makes reference to a work of A. Raychowdhury et al. [11] and on the following 

improvements introduced by F. Prégaldiny et al. [12-13] to solve some numerical problems of the 

original paper [11]. 

When a positive voltage is applied between drain-source (VDS > 0 V), the hypothesis of ballistic 

transport  allows to assert that the current is constant along the CNT and therefore it can be calculated 

at the beginning of the channel, near the source, at the maximum of conduction band, where electrons 

from the source take up energy levels related to states with positive wave number, while the electrons 

from the drain take up energy levels related to states with negative wave number. 

When a positive voltage is applied between gate-source (VGS > 0 V), the conduction band at the 

channel  beginning decreases by  qVCNT, where VCNT is the surface potential and q is the electron 

charge.  With the hypothesis that each sub-band decreases by the same quantity along the whole 

channel length, the drain current for every single sub-band can be calculated using the Landauer 

formula [14]: 

 

    DpSpDSp exp1lnexp1ln
h

qkT4
I                                                                                  (1) 

where k is the Boltzmann constant, T is the absolute temperature, h is the Planck constant, p is the 

number of sub-bands, while Sp and Dp  have the following expressions: 
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being  ECp  the sub-bands conduction minima.  

Therefore the total drain current can be expressed as [14]: 
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We have considered the first five sub-bands, but we have verified only three sub-bands are required to 

describe the C-CNTFET behaviour having diameters ranging from 1 nm to 4 nm.  

Moreover we have verified that the sub-band effect is hidden when the quantum resistance RS of the 

doped source region in series with the parasitic ones of the electrodes is considered. 

The surface potential, VCNT, is evaluated by the following approximation: 
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where EC is the conduction band minima for the first sub-band.  

The parameter α  depends on the VDS voltage and has the following expression [2-3]:  
2
DS2DS10 VV                                                                                                                    (5) 

0 1 2, functions of both CNTFET diameter and gate oxide capacitance Cox, must be 

extracted from the experimental device characteristics [2-3]. 

 versus the nanotube diameter and the voltage VDS, having assumed Cox 

equal to 3.8 pF/cm. 

 

Figure 1.   vs the nanotube diameter and the voltage VDS. 

physically significant. Therefore Fig. 1 allows to assert the model describes the behaviour of 

CNTFET, having diameter between 1 nm and 4 nm, with a maximum value of VDS equal to about  5 

V, because, for VDS   

As  GSCNT VV  and its derivative are not continuous for 
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replacing  Eqn. (4) with the following relationship [3]: 

 

2

4
q

E
V

q

E
V

VV

2

2

C
GS

C
GS

GSCNT




























                                                            (6) 

 

 

The difference between Eqn. (4) and Eqn. (6) is negligible when VGS is outside the range 
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Fig. 2 shows  the surface potential  VCNT versus VDS for different values of VGS, while Fig. 3 allows to 

evaluate VCNT  for different values of the nanotube diameter. 
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Figure 2. VCNT vs VDS for different values of VGS. 

 

Figure 3. VCNT  vs VDS  for different values of the nanotube diameter. 

 

Fig. 4, in which calculated values of  IDS vs VDS  for different values of VGS are reported, allows to 

assert the model can well describe the behaviour of CNTFET with a maximum value of VDS equal to 3 

V. 

 

Figure 4. IDS vs VDS  for different values of VGS. 

For VDS ≥ 3 V, we assume that IDS current has reached its saturation value, like MOSFET model. 
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Moreover from Fig. 5, which shows the computed values of current IDS versus VDS determined 

considering one, two, three and more sub-bands (p), we have verified that only three sub-bands are 

sufficient to describe the output characteristics of the CNTFET with a relative error, referring to the 

IDS values of the FETToy numerical model [15], less than 5%.  

 

Figure 5. IDS vs VDS  for a sub-band number p ≥ 1. 

III. ID-VGS MODELLING IN SUBTHRESHOLD REGIME 

For low power applications (when supply voltage is lower than the threshold voltage of transistor), 

such as hearing aids, the transistor operates in subthreshold regime. In this case it is important the 

ratio of on- to off-current (Ion/Ioff ). This ratio characterizes the difference in current between a closed 

and open switch. 

The on-current in MOSFETs decreases exponentially as the supply voltage is lowered. The same 

happens in carbon nanotube transistors. However, compared to MOSFETs, the off-current in 

CNTFETs continues to decrease as the voltage across the FET from drain to source decreases. 

Carbon nanotubes have a varying Ion/Ioff  ratio, depending on the nanotube structure and properties [1] 

[4]. These very high current values in CNTs are due to their ballistic transport and their limited 

electron and hole scattering [3]. Therefore, CNTs have the ability to increase performance while 

adhering to lower power requirements in subthreshold circuits. 

In this paragraph we describe our procedure to model the current in CNTFETs, operating in the low 

voltage, subthreshold regime, in order to determine the functionality of future subthreshold CNTFETs 

in digital design. 

The total current in a CNTFET, as described previously, depends on the tunnelling current both of the 

holes and of the electrons through the source and drain Schottky barriers: the current in a CNTFET 

exponentially increases, reducing the thickness of the Schottky barrier at source, with also an increase 

of the subthreshold current. 

In comparison with MOSFETs, in CNTFETs we have not the minimum current for Vgs = 0 V, but to 

Vgs = Vds/2. This is true for all CNTFETs having the same metal used for the gate, drain and source. 

This minimum condition Vgs = Vds/2 is independent on metal work function. 

In order to model the Id-Vgs characteristics, we have implemented a Matlab code, characterized by a 

minimum current at VDS/2, threshold voltage and exponential subthreshold current.  

In particular the equations, which allow to value the current for a n-channel transistor (for a p-channel 

transistor we have the same expressions with negative voltages values), are reported in [6]. 

The obtained ID-VGS characteristics, for a n-channel and a p-channel CNTFETs,  are shown in Fig. 6 

and 7 respectively.  
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Figure 6.  Simulated  ID-VGS  characteristics of a n-channel CNTFET.  

The CNTFET subthreshold regime is verified between the two threshold voltage (Vth) points. These 

points have the same distance from the minimum voltage.   

The distance from the minimum to the threshold is SUB (VDS) = Vth - Vmin. 

In Fig. 8 we have reported the experimental ID-VGS characteristics [16] [17] and our simulated ones, 

for a CNT diameter equal to 1,3 nm (up) and 2.5 nm (down). 

 

 

Figure 7.  Simulated  ID-VGS characteristics of a p-channel CNTFET.  
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 Figure 8.  Comparison between the experimental ID-VGS characteristics and our simulated ones. 

 

In order to compare our model with experimental results, in Tables 1a)  and 1b) we have reported the 

numerical values of Vmin, IDmin and Vth, obtained in [16][17] and those obtained by our model, for two 

CNTFETs having diameters (Dt) 1.3 nm and 2.5 nm respectively. Moreover hn is a constant 

depending on the process variations [16]. 

Table 1a.  Numerical values of Vmin, IDmin and Vth, obtained in [16][17]  (blue) and those obtained with our 

model (red), for a CNTFET having diameter Dt equal to 1.3 nm. 

Vds [V] Vmin [V] IDmin [A] Vth [V] hn [V-1] Dt [nm] 

0.1 
0.05 1.19*10-13 0.58 

16.1 1.3 
0.05 1.11*10-13 0.6 

0.3 
0.15 2.83*10-12 0.58 

16.1 1.3 
0.15 3.73*10-12 0.6 

0.5 
0.25 7.71*10-11 0.58 

16.1 1.3 
0.25 7.22*10-11 0.6 

 
Table 1b. Numerical values of Vmin, IDmin and Vth, obtained in [16][17]  (blue) and those obtained with our 

model (red), for a CNTFET having diameter Dt equal to 2.5 nm 
Vds [V] Vmin [V] IDmin [A] Vth [V] hn [V-1] Dt [nm] 

0.1 
0.05 2.34*10-9 0.50 

14.6 2.5 
0.05 2.03*10-9 0.45 

0.3 
0.15 4.38*10-8 0.50 

14.6 2.5 
0.15 6.42*10-8 0.45 

0.5 
0.25 8.19*10-7 0.50 

14.6 2.5 
0.25 7.02*10-7 0.55 
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From Fig. 8 and Tables 1a) and 1b), it is easy to seen a good agreement between the experimental and 

simulated ID-VGS characteristics, with a negligible relative error, and this supports the validity of our 

approach. Moreover, the computation is instantly, or with processing times too short to be evaluated. 

To perform all the simulations we have used a common Windows-based PC, equipped with a Pentium 

IV CPU and main memory of 1 Gbyte. 

IV. DENG-WONG’S MODEL [9] 

The model, proposed  in literature by Deng-Wong  [9], analyzes the intrinsic region of channel for a 

MOSFET-like CNTFET with a single-walled CNT. The discussion is valid for CNTFET consist of 

both metallic nanotubes that semiconductors, with a diameter and a chirality that may belong to a 

wide range. 

The analysis has been focused on a single intrinsic channel of a CNTFET, so it is possible to assume a 

quasi-ballistic transport and lack of parasitic capacities and resistances. For the MOSFET-like 

CNTFET, as the behavior of a pFET is very similar to a nFET, only one of the two configurations has 

been taken into account (n-type). 

In this model three types of current that contribute to the total one are considered:  

1. the thermionic current due to semiconductor bands 

2. the current supplied from the metal bands, in the case where there are metallic CNTs  

3. the leakage current caused by the tunnel effect between semiconductor bands. 

In particular the last one becomes significant in the subthreshold region, that is for negative voltages 

in a n-FET.   

Moreover this model is valid for CNTFET with a wide range of chiralities and diameters and for 

CNTFET with either metallic or semiconducting carbon-nanotube conducting channel.  

This model takes into account also the non-idealities, that to say the quantum confinement effects on 

both circumferential and axial directions, the acoustical/optical phonon scattering in the channel 

region, and the screening effect by the parallel CNTs for CNTFET with multiple CNTs.   

Assuming a ballistic transport, in [9] it is possible to see that there is little difference (< 3%) between 

the on-current for an infinitely long gate length and the on-current for a 100-nm gate-length device; 

With 32-nm gate length, the on-current is about 90% of the long-channel value. This slight ballistic 

current drop from long-channel to short-channel devices is due to the energy quantization in the axial 

direction. Phonon scattering in the 32-nm-long channel region further reduces the on-current of about 

7%.   

The leakage current caused by the tunnel effect between semiconductor bands is only significant  with 

high values of VDS, and the subthreshold slope gets worse with larger electrostatic capacitance 

between the channel and the substrate. 

These results have allowed us to neglect the non-idealities in our model, because we have verified [2-

3] they have small influence in the computer aided design in the most common analogue and digital 

circuits [5] [7-8].  

V.  KOSWATTA’S MODEL  [10] 

The leakage current caused by the tunnel effect between semiconductor bands  (Band To Band 

Tunneling, BTBT) has been already analyzed in [10], in which two processes of BTBT are 

considered: the first one analogue to that  proposed in [9] and a second process in which the phonon-

electron scattering is taken into account. 

In particular the effect of the electron-phonon scattering is most visible in the current dependence 

from the gate voltage, as shown in Fig. 9. 
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Figure 9. IDS vs. VGS, for VDS = 0.1 V: without scattering (dashed line);  

with phonon scattering (solid line with circles) [from 10]. 

The dotted green line represents the I-V characteristic in the ballistic approximation, the continuous 

blue one takes into account the scattering. The two curves are almost identical for large positive or 

negative values of the applied voltage. 

In particular, for positive voltages, the current saturates when the potential barrier formed by the 

channel is low enough to allow all carriers able to flow through without undergoing reflections. The 

current decreases as the voltage with a slope of approximately 60 mV/decade, as expected for a flow 

above the barrier, due to the tail of the Fermi distribution. 

We have an increase of the current for negative voltages, when tunnel effect comes into play. This 

happens if the condition occurs for which the top of the valence band in the channel is aligned with 

the bottom of the conduction band of the source. Another condition that contributes to the 

phenomenon is the presence of empty states on the drain at the same energy. Then, the current 

saturates for large negative voltages and when a sufficient number of discrete states is at an energy 

such as to allow the transfer of carriers from the states of the source, filled, to those of the drain, 

empty. 

The difference between the ballistic case and the one that considers the scattering phenomenon is 

pronounced for small gate voltages. 

As can be seen in Fig. 9, the threshold voltage relative to the tunnel effect, in the presence of electron-

phonon scattering, is moved to the right: this type of conduction is possible through the emission of a 

phonon, when the top of the valence band in the channel is at an energy lower than the bottom of the 

conduction band in the source. This is in agreement with the fact that the displacement of the voltage 

is approximately equal to the energy of a phonon. 

Moreover Fig.9 shows the existence of a steep slope in the sub-threshold region, less than 60 mV/dec 

at room temperature. Therefore the current in CNTFETs., operating in the low voltage, subthreshold 

regime, it is crucial to include the effects of scattering electrons-phonons, in order to obtain the 

correct value of the threshold voltage. 

This statement is confirmed examining Fig. 10, which compares the IDS–VDS characteristics in case of 

ballistic transport and in the presence of scattering.  
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Figure 10. IDS–VDS for the (16,0) CNTFET under ballistic transport, OP scattering and AP scattering [from 10].  

We note immediately that the scattering has an appreciable influence on the ON current of the device. 

In particular, we must distinguish two situations of scattering: for VGS = 0.6 V, the current is reduced 

of about 9% compared to the ballistic case in the presence of optical phonons and of 7% with acoustic 

phonons.  

Moreover, for moderate gate voltages (VGS ≤ 0.5 V), the effect of acoustic phonons is greatest; for 

higher values of VGS (VGS ≥ 0.6 V), electron-optical phonons scattering becomes predominant. 

This is confirmed also examining Fig. 11, which shows the IDS–VGS characteristics in case of ballistic 

transport and in the presence of scattering.  

 

 
 

Figure 11. IDS–VGS for the (16,0) CNTFET under ballistic transport, OP scattering and AP scattering [from 10].  

The insert of Fig. 11 shows that for moderate values of VGS, electron-acoustic phonon scattering 

prevails compared to that of optical phonons, while for values VGS ≥ 0.6 V the situation is opposite, as 

we have already said. 

VI. CONCLUSIONS AND FUTURE DEVELOPMENTS 

In this paper a comparison among some I-V models of CNTFETs proposed in literature [2-11] is 

presented, in order to identify the model more easily implementable in simulation software for 

electronic circuit design. 

In particular we have compared the CNTFETs model, already proposed by us [2-8], with those 

proposed in [9] and [10].  
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Our model, based on the hypothesis of fully ballistic transport in a mesoscopic system between two 

non-reflective contacts, utilizes analytical approximations, derived from quantum mechanical 

simulations of the devices, in order to avoid the resort to self-consistency and to obtain a structure to  

implement in simulator software. 

Moreover we have modified our model to characterize the I-V characteristics of CNTFETs below 

threshold. In this way it has been possible to have a better comparison since the examined models [9] 

[10] consider the behaviour of device in sub-threshold regime, taking into account the quantum 

confinement effects on both circumferential and axial directions, the acoustical/optical phonon 

scattering in the channel region and the tunnel effect between semiconductor bands.   

Compared to the other models, our model seems to allow an easier implementation in circuit 

simulators, showing a good agreement between the experimental and simulated characteristics, with 

processing times instant or too short to be evaluated. 

In the future, in order to validate the implementation of the proposed CNTFET model, we will utilize 

it, both in Verilog-A and in SPICE simulators, to design typical analogue circuits and logic blocks. In 

particular, for these applications it has been necessary to model the current in CNTFETs, operating in 

the low voltage, subthreshold regime to determine the functionality of future subthreshold CNTFETs. 
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