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ABSTRACT 

In this paper, the performance of ambipolar carbon nanotube 

field effect transistor based logic devices have been evaluated 

using circuit compatible HSPICE model. The expression for 

drain current has been derived in terms of surface potential, 

specific voltage ξi(S/D), subband minima, source / drain 

Fermi levels and gate voltage. The PDP and EDP of basic 

carbon nanotube field effect transistor based logic devices 

have been investigated based on this HSPICE model. 
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1. INTRODUCTION 
Silicon-based technology has experienced phenomenal growth 

in the last few decades. A large part of the success of the 

MOS transistor is due to the fact that it can be scaled to 

increasingly smaller dimensions, which results in higher 

performance. Though this trend still continues, bulk MOSFET 

will soon reach its limiting size. For this reason, the 

semiconductor industry is looking for different materials and 

devices to integrate with the current silicon – based 

technology and in the long run, possibly replace it. The carbon 

nanotube field effect transistor is one among the most 

promising alternative due to its superior electrical properties. 

In general nanoscience the main research focuses on the 

search for new physical concepts and on creating the 

technology necessary for the development of nanodevices. 

But the usage of nanoscience for the engineering applications 

like communication circuits and memory devices is not 

achieved prominent position. In this research work, an attempt 

has been made to use nanodevices for electronic applications 

in digital logic. 

Carbon nanotubes are sheets of graphite rolled in to the 

cylinders. Depending on the direction in which the nanotubes 

are rolled (chirality) they can be either metallic or 

semiconducting [1]. Since the discovery of carbon nanotubes 

in 1990, there has been great research concerning the 

electrical properties of carbon nanotubes [2-4]. The 

semiconducting nanotubes have been used in high 

performance transistors where the channel is the nanotube 

itself. 

CNTFETs can be used to construct logic gates in two ways. 

First one is to replace MOSFET with CNTFET, creating 

present logic functions directly to a new technology. To 

improve the performance gain with CNTFET, first it is 

necessary to develop a compact model for CNTFET which 

helps not only logic designer, but also application engineer for 

the evaluation of new circuits with CNTFET. Second one is to 

use specific properties of CNTFET like ambipolarity, 

allowing the creation of completely new logic functions, 

inaccessible to MOSFET based circuits. In this work, the first 

one is explained in detailed manner. 

There have been great research interest in analysing carbon 

nanotube based devices as it offer high mobility for near – 

ballistic transport, high carrier velocity for fast switching [5-

7]. The carbon nanotube field effect transistor thus already 

achieved widespread attention as possible alternative 

nanoscale transistor. Now ambipolar Carbon nanotube field 

effect transistor is a new device and its I-V characteristics are 

similar to that of MOS devices, qualitatively most of the 

CMOS circuits can be implemented using ambipolar carbon 

nanotube field effect transistors. Therefore, there is a need for 

developing compact SPICE model for the ambipolar carbon 

nanotube devices. In this paper, the model for ambipolar 

carbon nanotube field effect transistor using H-SPICE has 

been explained. The SPICE compatible circuit model of 

ambipolar carbon nanotube field effect transistor is 

implemented in H-SPICE for the circuit simulations. This 

model is used to evaluate the performance of the logic gates 

as well as combinational logic circuits based on ambipolar 

carbon nanotube field effect transistors and the simulation 

result shows excellent performance on power and speed of 

operation. 

The remainder of the paper is organised as follows. Section II 

describes the basic characterization of ambipolar carbon 

nanotube field effect transistors. Section III describes the 

model for ambipolar carbon nanotube field effect transistor 

which have used for this simulations. Section IV describes the 

logic circuit realization using ambipolar carbon nanotube field 

effect transistors and the results are compared with silicon 

devices. Finally, conclusions provided in section V. 

2. Basic Characterization of Ambipolar 

CNTFET 
An ambipolar CNTFET behaves either as p-type or n-type 

depending on gate bias conditions. This property motivates 

the use of the back gate as a second gate, which controls the 

n-or p-type polarity of the transistor. Such devices have two 

gates: one of them operates as a polarity gate (n- or p- type), 

while the other gate operates as a conventional gate (on and 

off state). 
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Several techniques to manufacture such in-field 

programmable CNTFET has been proposed in literature [8-9]. 

A sample cross section is shown in Figure.2(a), with the 

layout drawn in Figure.2(b). The gate G in region A turns the 

device on or off, as the regular gate of MOSFET does, 

polarity gate PG in region B controls the type of polarity 

setting to P- or n-type. 

Based on simulation results, the characteristic curves are 

plotted for ambipolar CNTFET. For this simulation, it have 

considered the diameter of the nanotube as 13nm, the 

thickness of high K top gate dielectric material (planar gate) is 

4.0nm and the dielectric constant of the high-K top gate 

dielectric material (planar gate ) is k = 16. For plotting the 

characteristic curves, the drain current (Id) have been taken for 

different gate voltages (Vg) and drain voltages (Vd). Transfer 

characteristics for different drain voltages are plotted in 

Figure 3(a), which shows that the drain current first decreases 

and then increases with increasing gate source voltage, 

exhibiting p-type behaviour with dominant hole conduction 

and n-type behaviour with dominant electron conduction 

respectively. The range of gate voltage considered is 0V to 0.9 

V and plots are drawn for different drain voltages (Vd) 0.1V, 

0.2V, 0.3V, 0.4V and 0.5V for fixed dielectric constant k=16. 

The output characteristics curves (Id ~Vd curves) also have 

been plotted for different applied gate voltages which are 

shown in Figure 3(b). The range of drain voltage considered is 

0V to 0.9V and plots are for different gate voltages 0.2V, 

0.25V and 0.3V. The drain current is almost zero for the gate 

voltage 0.2V for n-type CNTFET. The drain current increases 

with applied gate voltages. 

3. Model for Ambipolar CNTFET 
Before going in to the realization of digital circuits using 

CNTFETs, first the simulation model used in this paper is 

discussed. The compact model of MOSFET like CNTFET is 

presented, first developed by Purdue University [10] which is 

explained below. It is a surface potential – based SPICE 

compatible model which is used to simulate the CNT’s with 

ballistic behaviour. 

This model is applicable to a range of CNTFETs with 

diameter between 0.8 to 3 nm. Quasi-static characterization (I-

V) have been modelled and validated with excellent harmony. 

The computational procedure to evaluate the drain current ID 

and the total channel charge  QCNT is shown in Figure.4. The 

main quantities used in the model are the control potential 

VCNT and the specific voltage ξi(S/D) that depends on the 

control potential, the subband energy level  ΔP and the source 

(drain) Fermi level µS/D and the specific voltage is given by 

          ξi  =  (VCNT – ΔP - µS/D) /KBT                                  (1) 

Here KB is the Boltzman constant, and T is the operating 

temperature. When the conduction band minima for the first 

subband is set to half the nanotube band gap Δ1, with Δ1 ≈  

0.45/ diam  (in eV), then the pth  equilibrium conduction band 

minima Δp  is  given by [11]. 

         Δp = Δ1(6p-3-(-1)P)/4                                                (2) 

An important step in this model formation is to get the control 

potential VCNT with gate bias voltage. The knowledge of VCNT 

is required to get the specific voltage ξ  . This allows us to 

determine the required output parameter drain current ID and 

the total charge in front of the channel of the CNTFET  QCNT. 

In [12], the following empirical relationship is proposed: 

                 VCNT = VGS   for VGS< Δ1                                                   (3) 

                           = VGS- £(VGS- Δ1)    for VGS≥ Δ1 

Where Δ1 is the energy level for the first sub-band, and the 

parameter £ is given by 

                  £  = £0 +£1 VDS+£2VDS
2                                                        (4) 

Where £  = £0, £1, £2 are fitting parameters depending on the 

gate-oxide capacitance, CNT radius , and helicity. 

Now the total drain current ID is obtained as [11]. 

ID = 4eKBT/h  

Δp+VCNT)/KBT))-ln(1+exp((-Δp-Δp +VCNT)/KBT)]   (5) 

Where Δp is the minima of the pth energy sub-band, e is the 

electron charge, KB the Boltzman constant, h the Planck 

constant and T the temperature. 

The gate bias VGS required to produce the assumed VCNT 

based on the electrostatic capacitance given by 

                 VCNT=VGS- QCNT/COX                                             (6) 

Where Cox is the gate-oxide capacitance, and QCNT depends 

on the number of carriers in the channel, nCNT, which is the 

sum of the energy sub-band contributions. 

It can be noted that the number of carriers n increases almost 

linearly as ξ  becomes more and more positive and it falls off 

exponentially as ξ  becomes negative. Hence 

               N= N0.A.exp ξ   for ξ<0                                  (7) 

                  =N0 (B. Ξ+A)   for ξ ≥ 0 

Where the parameters A and B can be expressed empirically 

as polynomial of Δ [ref]. 

                 A= -5.3Δ2+10Δ+1                                         (8) 

                  B=0.34Δ+1 

Thus the total charge can get  at the front of the channel but 

this charge is for a single conduction band only. The complete 

charge relation can be obtained by all the conduction bands 

that is populated by drain and source Fermi levels. 

In this manner, a simplified SPICE-compatible model of 

CNTFET is obtained and p-type and n-type CNTFET can be 

obtained by only altering the polarity of the polarity [9]. 

Series resistance ( RS and RD) represent metal resistances. In 

the next section, the SPICE compatible CNTFET model is 

used for all CNTFET based circuit realization. 
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4. Ambipolar CNTFET Behavioural 

Model  

In addition to the MOSFET-like CNTFET model, the 

behavioural compact model is given in Figure.5 that allows 

the description of the ambipolar characteristics of SB-

CNTFETs. This model is built using previously presented 

CNTFET model. As shown in Figure.5, an additional part has 

been added to the unipolar (i.e. MOSFET like) CNTFET 

model. The VDS-ID characteristics and VGS-ID characteristics of 

ambipolar CNTFET shown in Figures.6 and      7.  

Figure.7 shows the ambipolar conduction for the SB-

CNTFET. As outlined in [9], the symmetric bias condition at 

which electron and hole currents are equal, and thus total 

current is minimum, for mid gap SB’s is always at VGS = 

VDS/2. 

The behaviour model describes the ambipolarity and can be 

used to develop new architectures including both digital and 

analog designs [9]. The input parameters are the same as for 

the model of the MOSFET-Like CNTFET. 

5. Results and Discussions 

CNT circuit logic operation is simulated in HSPICE based on 

the compact model described in the section    . Figure.8, 9 and 

10 shows the schematic of NOT, NAND2 and  NOR2 gates 

implementation using CNTFETs respectively. It is shown that 

CNTFETs are able to provide correct logical operation as 

MOSFET from the output waveform. It is assumed that both 

n-type and p-type CNTFETs have symmetrical I-V 

characteristics. The performance evaluation of these Boolean 

operations is listed in Table.1. The Figure of merit for logic 

devices, namely power-delay product (PDP) and energy delay 

product (EDP) metrics, are given  

PDP  =Pav  × tp; 

EDP  =PDP  × tp 

Where  Pav is the average power and tp is the propagation 

delay. Figures   and      shows the PDP and EDP of CNTFET 

logic gates for the 45 nm process. From Table.3, it is found 

that NAND3 and NOR3 has the largest propagation delay 

since both of them has multiple fan-in and fan-out each. 

6. Conclusions 
In this research work, the SPICE compatible circuit modified 

model for CNTFET using HSPICE has been developed. Using 

this developed model, the performance of the basic logic gates 

like NOT, NOR2, NAND2, NOR3 and NAND3 have been 

evaluated. These logic gates are simulated in HSPICE and 

characterized in terms of PDP and EDP. It has been found that 

NAND3 or NOR3 has the largest propagation delay since 

both of them has multiple fan-in and fan-out each. The design 

of complex analog and digital circuits based on ambipolar 

CNTFETs for communication applications will be described 

in a paper which will be communicated very shortly. 
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Figure 1: Ambipolar CNTFET: device symbol (a), 

configuration as n-type (b) and p-type (c). 

 

 

Figure 2: Ambipolar CNTFET device: a) Layout 

b) Symbol 
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Fig 3: I-V characteristic curves of Ambipolar CNTFET 

 

 

 
Figure.4 : Computational procedure to evaluate the drain 

current ID for CNTFET Model. 
 

 
 

Figure.5: Ambipolar CNTFET Behavioural Model 

 
 

 

Fig 6: I-V characteristic curves of Ambipolar CNTFET 

for different gate voltages with fixed dielectric constant, 

k=16. 

 

 

Fig 7: Transfer characteristic curves of Ambipolar 

CNTFET for different drain voltages with fixed dielectric 

constant, k=16 

 
 

Figure.8: NOT gate using CNTFET. 
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Figure.9 : Two Input NAND Gate using CNTFET 

 
Figure.10: Two Input NOR gate using CNTFET 

TABLE.1 
AVERAGE DELAY, POWER, POWER –DELAY-

PRODUCT (PDP) AND ENERGY-DELAY-PRODUCT 
(EDP) FOR CNTFET BASED DESIGNS. 

 

 Logic block   Power  Delay     PDP                      EDP 
                       (J/s)     (ns)        (J)                        (J-s) 
                                               

  Inverter    0.11e-9      15      20e-18                 1e-28 
  NAND      2 0.6e-9     30      18e-18                 1.2e-28 
  NOR2      0.55e-9      40      22e-18                 1.4e-28   
  NAND3    0.33e-9      55      20e-18                 1.3e-28   
  NOR3      0.47e-9      45      21e-18                 1.2e-28 

 

 


