
ANNUAL JOURNAL OF  ELECTRONICS,  2015,  ISSN 1314-0078 

189 

Impact of Energy Band Structure on  
CNTFET Output Characteristics 

 
Mariya Lyubomirova Spasova, George Vasilev Angelov, Dimitar Nikolov Nikolov and 

Marin Hristov Hristov 
 

 
Abstract – The electronic band structure of the nanotube is 

a main factor controlling the device performance of Carbon 
Nanotube Field Effect Transistors (CNTFETs). In this paper 
four different calculation models of the band structure of a zig 
zag carbon nanotube are used to demonstrate the influence of 
the electronic band structure on device characteristics. The 
results of calculation of the energy band structure by the 
different methods are then analyzed.  
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I. INTRODUCTION 

 
 The semiconductor device down scaling, that follows the 
Moore’s law, has been the main driver of technology and 
performance advancements in the last decades [1]. Present 
day conventional CMOS technologies reached the 14-nm 
technology node and very soon will go down to 10 nm, 7 
nm and 5 nm nodes [2]. Device scaling has faced critical 
limitations related to fabrication technology and device 
performances – leakage of carriers through the thin gate 
oxides and leakage from source to drain, and from drain to 
body all due to quantum mechanical tunneling, control of 
dopant atoms density and location in the transistor channel 
as well as the source drain region, the finite sub-threshold 
slope and a plethora of other short-channel and narrow 
channel effects. 
 Different principal directions for finding solutions to 
overcome these limitations are proposed. Some of them 
focus on modification of existing structures and 
technologies to extend their scalability. Other involve the 
use of novel materials and technologies to replace the 
existing bulk silicon CMOS technology.  
 Despite all the limitations and challenges related to deice 
scaling, silicon based semiconductor technology will 
continue to scale down. Alternatives to conventional bulk 

silicon transistors such as FinFETs, that allow for 
fabrication of nanoscaled devices, are already present in the 
mainstream CMOS technologies. Other modifications of 
the conventional technology are focused towards 
implementation of novel materials and structures in the 
transistor channel, viz. carbon nanotubes (CNTs), to obtain 
higher mobility in the channel. 
 Graphene is a promising candidate for implementation in 
the future electronic devices in order to significantly boost 
their performance [3]. Concerning its structure, the 
graphene is a hexagonal monolayer sheet carbon atoms that 
form a 2D hexagonal lattice similar to a honeycomb. A 
graphene nanoribbon is called any strip that is cut out of 
the graphene sheet (Fig. 1). Alternatively, a nanoribbon can 
be thought of as an unzipped carbon nanotube (which in 
fact is one of the ways of nanotube fabrication).  
 

 

Fig. 1. Structure of single-walled CNT (left) and monolayer 
graphene nanoribbon (middle), and its formation (right).  

 Graphene nanoribbons are obtained by patterning a 
graphene sheet into strips. The boundaries of the strip 
(nanoribbon) can have either zigzag, or armchair, or chiral 
(irregular) shape [4], [5] (Fig. 2). 
 

 

Fig. 2. Structure of a zigzag (left), armchair (middle),  
and chiral (right) graphene nanoribbon.  

 From energy band structure point of view, graphene is a 
semiconductor with zero band-gap. This is not suitable for 
electronic devices because in order to operate they need a 
band gap. For this reason, nanoribbons attract special 
interest as they allow to have a band gap. Combinations of 
monolayer and bilayer junctions are assumed to be used as 
switches by applying a gate voltage. 
  In this paper we examine four different models of band 
structure of 3 zigzag nanotubes: semiconducting (19,0), 
metallic (15,0) and semiconducting (13,0) nanotubes.  
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II. CARBON NANOTUBE FETS 
 
 Carbon Nanotube Field Effect Transistor (CNTFET) 
implements a carbon nanotube (CNT) in the transistor 
channel. A single-wall CNT (SWCNT) consists of single-
layer nanoribbon rolled up in as a cylinder. The relatively 
straightforward implementation of manufacturing process 
to the state-of-the-art CMOS technology makes CNTFETs 
a very promising alternative to conventional MOSFETs for 
channel lengths sizes under 10 nm [6]. 
 An SWCNT behaves as either a conductor or a 
semiconductor, depending on the particular atom 
arrangement when forming the nanotube cylinder. The 
arrangement is described and defined by the chirality 
vector (n, m). Chirality of is a crucial parameter in 
calculation of the CNT band structure [7]. The chirality and 
the energy bang structure determine whether a CNT is 
metallic or semiconducting. There is an empirical rule to 
determine CNT conductivity: if n = m or n − m = 3j, where 
j is an integer, the nanotube is metallic; otherwise, the 
nanotube is semiconducting [8]. In Table 1 we list some 
chiralities of different zigzag CNTs with some parameters 
calculated in Matlab.  
 
TABLE 1. PARAMETERS AND CONDUCTIVITY OF ZIGZAG TYPE CNTS  

 

Ch Dt 
[nm] 

Channel 
[nm] Num Eg 

[eV] 
Conduc- 

tivity 
(5,0) 0.391 1.23 10 2.3 semic. 
(7,0) 0.548 1.72 14 1.7 semic. 
(9,0) 0.704 2.21 18 1.3 metal 

(10,0) 0.783 2.46 20 1.1 semic. 
(13,0) 0.101 3.19 26 0.84 semic. 
(15,0) 1.174 3.69 30 0.60 metal 
(19,0) 1.487 4.67 38 0.58 semiv. 
(26,0) 2.035 6.396 52 0.44 semic. 

 
 Although there are several types of CNTFET structure, 
the most common one is shown in Fig. 3. The CNTFET I–
V characteristics are similar to the characteristics of the 
conventional MOSFET. 
 

Fig. 3. Typical structure of a CNTEFT.  

 Two of the leading research groups on CNTFETs are at 
Stanford University and at IBM. The Stanford group 
created a carbon nanotube processor consisting of some 
178 transistors. Each of them has carbon nanotubes with 
length between 10 to 200 nm [9], [10], [11]. The IBM 
Systems and Technology Group has demonstrated 
individual carbon nanotube transistors with channels 

smaller than 10 nm with better performance (faster, more 
energy efficient) than the silicon MOSFETs [6].  

 
III. ENERGY BAND CALCULATION APPROACHES  

 
 The one and only complete behavioral compact model of 
CNTFET so far is the Stanford University CNTFET model 
[12], [13]. The model was released in 2008 and since then 
it is constantly updated by adding or refining different 
features [8]. The latest version of the Stanford model is 
Virtual-Source Carbon Nanotube FET (VS-CNFET) [14], 
[15]. It describes semi-empirically the I-V characteristics in 
a short-channel FET. The difference between the original 
Stanford CNFET model and the VS-CNFET model is in 
the approach of modeling the carrier transport.  
 There are different methods for calculation of the energy 
band structure (the E-k dispersion). The Density Functional 
Theory (DFT) that is based on Hohenberg-Kohn theorems 
[16] and the Kohn-Sham equations [17] is most frequently 
used. However, it requires a lot of computational resources 
due to its complex equations.  
 Tight-binding (TB) approaches for calculations of band 
structure are also popular for energy band calculation due 
to their computational efficiency and the atomistic nature 
of the treatment [18], [19]; in particular the orthogonal pz 
tight-binding (OTB) approach has been widely used for 
CNTs structures calculations [20]. Slater–Koster tight-
binding scheme is also employed sometimes [21].  
 For CNTs diameters less than 1 nm, the approach based 
on the Extended Hückel Theory (EHT) is usually applied 
[22], [23]. The main difference between a common OTB 
approach and EHT is that the orbital basis functions are 
nonorthogonal in the latter. In contrast to OTB, the EHT-
basis functions are formulated explicitly which allows for 
easier calculation of Hamiltonian matrix elements. 
 We use the original Stanford CNFET model [12], [13] 
coded in Verilog-A to perform simulations in Cadence 
Spectre circuit simulator. We do several simulations, each 
time using a different Verilog-A code for calculation of the 
E-k dispersion relationship, and in particular we modify the 
perpendicular component of the energy subband in 
accordance with the above described different approaches 
for energy band structure calculation.  
 Afterwards, we simulate the E-k dispersion relationship 
in Matlab using the numerical approach described in [24] 
that is also used in the original Stanford CNFET model. In 
the Stanford model the Born-Karman boundary conditions 
on both the circumferential and axial direction are used 
[12]. 
 Next we do simulations in VirtualNanoLab [25] using 
the above calculation approaches in order to compare the 
results with the results of Verilog-A and Matlab 
calculations.  
 Finally, we input back in the original Verilog-A code the 
results obtained by the simulations in VirtualNanoLab and 
Matlab. In this way, we calibrate the initial Verilog-A 
model. 
 

IV. BAND STRUCTURE MODELS 
 
 The band structure of CNTs can be computed by 
substituting the allowed wavevectors into the energy 

Substrate 

CNT 

Source Gate Drain 
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dispersion. NNTB energy E-k dispersion relation of 
graphene is described in Eq. (1). 

 ⎟
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where the plus and minus signs denote the conduction and 
valence band respectively. Kx and Ky are the vector 
components describing the geometry and chirality of the 
CNT; they are described with Eq. (2) and Eq. (3). 
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where Ch is the chiral vector, l  is determined by the unique 
solution of K, restricted to the first Brillouin zone. K 
determines the wavevectors within the Brillouin zone that 
lead to the Bloch wave function. The wave vector q 
describes CNT along the circumferential direction Eq. (5). 
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 The band structure of the zigzag semiconducting (19,0) 
nanotube is calculated using the numerical approach 
described in [18]. The zigzag CNT is an attractive type of 
nanotube because of its high symmetry. It leads to a simple 
analytical expression of many solid-states properties. The 
energy dispersion for zigzag CNTs can be obtained from 
the Brillouin zone wavevector (Eq. 6) [24].  
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Fig. 4. Band structure of (19,0) zigzag nanotube containing 38 

1D-subbands in the conducting and valence bands  

 
Fig. 5. Band structure of (15,0) zigzag nanotube containing 30 

1D-subbands in the conducting and valence bands 

 
Fig. 6. Band structure of (13,0) zigzag nanotube containing 26 

1D-subbands in the conducting and valence bands  

 In Fig. 4, 5 and 6 we show the band structure for 
semiconducting (19,0), metal (15,0) and semiconducting 
(13,0) nanotubes calculated in Matlab using the numerical 
approach described in [24]. The CNT diameters are 1.487 
nm, 1.174 nm, and 0.101 nm respectively. In Fig. 5 the 
metallic CNT shows a band degeneracy at 0 eV and k= 
±π/(√3a). The semiconducting (19,0) CNT has a bandgap 
of 0.58 eV. 
 Fig. 7, 8 and 9 plot the band structure of semiconducting 
(19,0), metal (15,0) and semiconducting (13,0) nanotubes 
calculated using VirtualNanoLab [25] with its band 
structure calculators using DFT, extended Hückel and 
Slater-Koster approaches. 
 

 =  

Fig. 7. Calculation using a) DFT, b) Hückel and c) Slater-Koster 
calculator in the semiconducting zigzag (15,0) CNT  

 
Fig. 8. Calculation using (a) DFT, (b) Hückel, and (c) Slater-
Koster calculator in the semiconducting zig zag (13,0) CNT  

 
Fig. 9. Calculation using (a) DFT, (b) Hückel and (c) Slater-
Koster calculator in the semiconducting zig zag (19,0) CNT  
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V. SIMULATION RESULTS 
 
 Simulation results show a change in the energy of the 
first conduction zone varying between 0.2001 to 0.2236 
eV. In order to estimate the impact of the first energy band 
on the output I-V characteristics of the CNTFET the 
simulated output characteristics are shown in Fig. 7. 
 

 
Fig. 7. IDS (VDS) at VGS = 0.9 V results for the (19,0) CNTFET 

using numerical approach, DFT, Hückel and Slater-Koster 
calculator in CNTFET 

 The drain current value calculated by the numerical 
method is IDS = 0.42 μA. When applying the methods of 
DFT, extended Hückel, and Slater-Koster the drain current 
is IDS = 0.38 μA, 0.382 μA, and 0.3782 μA respectively. 
 

VI. CONCLUSION 
 

 In this paper four different calculation models of the 
band structure of a zigzag (19,0) carbon nanotube  has been 
studied using numerical, DFT, Slater-Koster and Hückel 
calculation approaches. We compared the results from the 
above mentioned approaches in Matlab and input them 
back in the original Verilog-A code. In result the impact of 
electronic band structure on device output characteristics 
has been demonstrated.  
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