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ABSTRACT 
 
 

 Carbon nanotubes have become a very exciting area of research in the field of 
nanoelectronics in the past few years.  Diodes and transistors fabricated using carbon 
nanotubes are theoretically very promising.  Although, experimentally these devices are 
challenging to successfully realize it is hoped that further research and improvements in 
fabrication procedures will yield devices which could match or surpass current CMOS 
technologies.  However, there are still many areas that need to be improved before 
anyone sees these devices mass produced commercially.  This thesis gives a detailed 
overview of the fundamentals of these devices which can be easily understood by 
someone with a typical electrical engineering background.  The purpose of this thesis is 
to investigate both the theory behind these devices and to conduct a series of simulations 
in order to determine how they compare to ultimately scaled CMOS for high frequency 
applications by ignoring the challenges associated with fabricating these devices reliably.  
In other words, at best how could these devices perform if they could be mass produced 
with high yield compared to current technologies? 
 First an introduction to carbon nanotubes and a review of relevant concepts from 
solid-state electronics will be given, followed by a brief overview of quantum theory for 
1-D systems as it pertains to nanotube based electronics.  This will then be used to 
develop models for a Schottky diode and Schottky barrier transistor.  Simulations using 
these models were conducted that show the potential for these devices for high frequency 
electronics.  These results are subsequently used to compare to current state-of-the-art 
technologies.  Upon completion of the simulations in this thesis, it was determined that 
carbon nanotube based Schottky diodes and Schottky barrier transistors do not perform as 
well as current technologies in relation to applications for submillimeter/millimeter wave 
detection and analog circuits, even when assuming no limitations imposed due to poor 
fabrication.   
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INTRODUCTION TO CARBON NANOTUBES AND REVIEW OF RELEVANT 
CONCEPTS FROM SOLID-STATE ELECTRONICS 

 
 

Overview 
 
 

Since the development of complementary metal oxide semiconductor (CMOS) 

circuits in 1963 there have been great strides towards scaling devices down to smaller and 

smaller dimensions along with better performance and production efficiency.  However, 

in recent years it has become apparent that the ultimate end may be approaching, the 

ability to scale devices down further is reaching its limit.  For this reason researchers are 

delving into the world of nanotechnology to investigate the ability of nano-devices in 

replacing ultimately scaled CMOS.  At present, most nano-devices have exhibited poor 

characteristics and unreliable manufacturing processes and thus do not pose a serious 

threat to replacing CMOS in the near future.   

 One of the more promising nanoelectronic materials is the carbon nanotube 

(CNT).  Carbon nanotubes are frequently reported as being discovered in 1991 by Iijima, 

who was studying the soot produced after vaporizing graphite and subsequently 

published an influential paper on his discovery [1].  However, the story around the 

discovery of CNTs is much more complex and there are other individuals who have 

contributed toward their discovery prior to Iijima [1].  CNTs exhibit excellent electrical 

properties due to their small size and structural purity resulting in ballistic transport 

behavior, meaning that it is possible to achieve high electrical conductivity with no loss 

due to scattering.  Theoretically, carbon nanotube based electronics should be capable of 

operating at very high frequencies, opening the door for applications in 
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millimeter/submillimeter nanoelectronics.  Currently there are significant challenges in 

creating reliable and cost-effective CNT-based devices even if they are found to exhibit 

excellent high-frequency performance.  One of the biggest difficulties is establishing 

good electrical contact to nanotubes that does not hinder the operation of a device.  Later 

it will be shown that CNTs exhibit high contact resistance due to their 1-dimensinal 

nature and small contact area (the contact resistance is inversely proportional to the 

contact area).  This large resistance makes it difficult to achieve the desirable operating 

frequency as per millimeter/submillimeter wave devices and also creates challenges for 

effective power delivery.   

After completing a comprehensive search of the literature regarding CNTs and 

their prospects for future applications in nanoelectronics, there appears to be an absence 

of a detailed overview, from a single source, of the fundamental quantum physics behind 

CNTs that can be easily understood by someone with a typical electrical engineering 

background.  Furthermore, a significant portion of the published experimental data is in 

many cases incomplete if not contradictory.  Although theoretically, CNT based devices 

for high frequency electronics are promising, there is a need to investigate collectively 

both theoretical interpretations and simulated results in order to determine how plausible 

these devices are in comparison to ultimately scaled CMOS (this is particularly true for 

high frequency applications).  

 The main objective of this work is to analyze the potential advantages and 

disadvantages that CNT devices have in comparison to ultimately scaled CMOS for 
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millimeter/submillimeter wave analog circuits.  This will be accomplished by completing 

the following: 

 Review the basic material and electrical properties of CNTs.   
 
 Give an overview of the quantum theory that is relevant to the study of 

CNT devices. 
 

 Establish equivalent circuit models for a CNT based diode and MOSFET, 
in which model parameters are based on a combination of quantum 
concepts and published experimental results. 
 

 Use the models to simulate the performance of a submillimeter wave 
diode detector and small-signal amplifier. 

 
 Summarize information gleaned from simulations and pertinent 

publications to assess the challenges associated with obtaining CNT 
devices that are competitive with ultimately scaled CMOS for high 
frequency electronics. 

 

 This chapter will discuss the basic structure of a CNT, its electrical properties, the 

operation of devices beginning with a review of basic semiconductor physics, and the 

methods for producing CNTs.  It will also explain the structure and operation of 

CNTFETs (Carbon Nanotube Field-Effect Transistors) and diodes with particular 

emphasis on their prospects for high-frequency applications.  The second chapter will 

discuss the quantum theory behind the transport in 1-dimensional systems and how it 

relates to CNTs, which will lead into a theoretical analysis of a CNT-based Schottky 

diode and Schottky barrier FET equivalent circuit model.   
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Molecular Structure of CNTs 
 
 

 There are two different categories of CNTs, multi-walled (MWCNTs) which 

consist of two or more layers of concentric graphite cylinders having outer diameters 

typically ~ 2.5-30nm and single-walled (SWCNTs) made of only one cylinder of graphite 

[2].  Single-walled CNTs have diameters as low as ~1nm and in general are the ones 

which have been used for creating carbon nanotube based electronic devices.  Currently, 

the electronic properties of MWCNTs are not as well known as SWCNTs, but it has been 

reported [3] that by collapsing and thus deforming the structure of a MWCNT one can 

utilize them for making CNTFETs.  There are also other reports in the field of electronics 

and optics demonstrating successful multi-walled CNT based devices. 

The electronic structure of carbon nanotubes is purely dependent upon their 

physical structure (chirality and diameter) which is unique when compared to other 

materials.  Therefore, in order to analyze the electronic properties of SWCNTs it is 

essential that we first understand the structure of CNTs, which is defined by their 

diameter and chirality.  The chirality of a nanotube is characterized by the coefficients (n, 

m) of the chiral vector, where nm0 with m=n=0 being degenerate.  This vector is 

determined by unrolling the SWCNT into a 2D sheet that will have the same lattice 

structure of a single layer of graphite in 2D (graphene).  A chiral vector map of SWCNTs 

is illustrated in Fig. 1.1, where the chiral vector is defined as 

21 amanC .     (1.1)   

The vectors 1a  and 2a are the unit cell base vectors of the unrolled 2D sheet (graphene) 

and have a magnitude of 0.246nm [2].  As given in (1.2), the magnitude of the chiral 
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vector C in nanometers can be determined by knowing the coefficients (n,m) and that the 

carbon bond length, ac-c = 0.142 nm.  The diameter can be determined by equation (1.3) 

due to the fact that the chiral vector describes the circumference of the nanotube.  With 

just these two simple equations it is possible to determine the band gap, inherent 

capacitances and inductance of a SWNT, and whether a SWNT will be metallic or 

semiconducting.    

    )(3|| 22 mnmnaC cc     (1.2)  

    
)(3 22 mnmna

Diameter cc       (1.3) 

(0,0) (5,0) (10,0) Zigzag (n,0)

armchair (n,n)

(5,5)

(6,6)

(7,7)

(8,8)

(9,9)

(6,4)

(8,2)

(7,5)

(8,6)

(9,5) (11,5)

(10,6)

(9,7) chiral (n,m)

 

Figure 1.1:  Chiral vector map for carbon nanotubes [4].    

 



 
 

6 

 The two structures that are symmetrical, illustrated in Fig. 1.1 by the two outer 

chiral vectors, are known as zigzag and armchair nanotubes, however it is currently 

believed that most are chiral having structures lying somewhere between these two.  For 

zigzag nanotubes, either the coefficient m=0 with n being any integer value greater than 

or equal to one (n,0), or n=0 with m being any integer value greater than or equal to one 

(0,m).  The armchair structures occur when the two coefficients equal one another, n=m.  

After rolling the graphene sheet into a cylinder, the carbon nanotube will resemble one of 

the three possible structures illustrated in Fig. 1.2 distinguished by the values of n and m.            

 

 

Figure 1.2:  Three possible carbon nanotube structures, zigzag (n,0), armchair (n,n), and 
chiral (n,m) [2].   
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Electrical Properties of CNTs 
 
 

 As with all materials, in order to understand the electrical properties of CNTs we 

will need to examine their electronic band structure and the factors that determine 

whether they are metallic or semiconducting.  As mentioned in the previous section this 

can be determined by knowing the chirality coefficients, but we have not yet shown how 

they can tell us this information.  This will be explained next along with a brief overview 

of the existing methods used for growing CNTs.  Later in Chapter 2 we will return to this 

topic and analyze it in more detail by the means of a quantum mechanical perspective.            

 
Band Structure  
 
 The electronic band structure of a semiconductor consists of a valence band, 

conduction band, and Fermi level that are at energy levels particular to a given 

semiconductor.  The Fermi level is the energy of the highest occupied state of electrons at 

absolute zero, and the valence band contains the valence electrons that when excited can 

move to the higher energy levels of the conduction band.  If a potential is applied across 

the contacts to a semiconductor and enough energy has been imparted to the electrons 

such that they are raised to the conduction band, resulting in a state of non-equilibrium, 

the excited electrons will move in the direction opposite to the applied electric field in an 

effort to obtain equilibrium.  The excitation of the electrons can be accompanied by the 

formation of holes in the valence band that will travel in the same direction as the applied 

electric field.  Therefore, the overall conductivity of a semiconductor is dependent upon 
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the concentration and movement of both electrons (in the conduction band) and holes (in 

the valance band).   

Semiconductors are divided into three types, intrinsic, n-type and p-type.  In the 

intrinsic case, the number of free electrons is identical to the number of holes.  The 

operation of a semiconductor is described as n-type when there is a higher concentration 

of electrons in the conduction band than the intrinsic value, meaning that there will be 

more electrons in the conduction band than holes in the valence band.  For p-type 

semiconductors the opposite is true, there is an excess of holes in the valence band 

resulting in a larger concentration of holes than electrons.  For n-type the Fermi-level is 

closer to the conduction band and for p-type it is closer to the valence band.  By 

introducing impurities into the semiconductor through n-type doping or p-type doping 

one can control the manner of operation.  For carbon nanotubes it has been difficult to 

unambiguously determine their intrinsic properties, but some success has been made 

towards this endeavor by a thermoelectric power measurement as reported in [5], which 

concluded that CNTs are p-type when exposed to oxygen and are n-type after vacuum 

annealing.  One of the challenges regarding CNTs has been differentiating between 

alterations of the Fermi level via their interaction with oxygen and the changes in the 

metal-CNT contact (Schottky) due to oxygen exposure.  What is nice about the 

thermoelectric power measurement is that it is independent of the CNT-metal contact.  

Thus, we are able to conclude experimentally that the CNT itself will be p-type when 

exposed to oxygen, however, it is important to note in order to determine the overall 
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behavior of a CNT-based device it is essential to also understand the behavior of the 

CNT-metal contact.   

 As mentioned earlier, the electronic properties and thus the band structure of 

carbon nanotubes is dependent upon the diameter and chirality of the tubes.  Later when 

building a model for a CNT Schottky diode it will become obvious that determining the 

Fermi energy will be necessary for estimating the inductance and capacitance of a given 

carbon nanotube.  Methods of modulating the Fermi energy include doping the nanotube 

with acceptors in order to lower the Fermi level (p-type) or with donors to raise the Fermi 

level (n-type) and as a result change the behavior of a CNT-based device. Most of the 

doping for CNTs has been reported as interstitial with O2, I2, NO2, and Br2 acting as 

acceptors and Cs, NH3, and K as donors [5].    

The band gap Eg, which is the energy difference between the bottom of the 

conduction band and the top of the valence band, is inversely proportional to the diameter 

of the carbon nanotube.  

    
d

Eg
1        (1.5)    

The work function, which is the energy required to move an electron from the Fermi level 

to the vacuum level, of SWNT is also dependent upon the diameter of the CNT, however 

the relationship is more complex.  Figure 1.3 on the following page shows metallic and 

semiconducting tubes with various chirality coefficients in relation to their work function 

and diameter.  It is clear that the operation of CNT-based devices will be strongly 

dependent upon the diameter, chirality, and the choice of metal contacts made to the 

CNT.  
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Figure 1.3:  Work functions of SWNTs vs. inverse of tube diameter (squares = armchair, 
circles = zigzag) from [6]. 
 

 
Metallic and Semiconducting CNTs 

 The chirality of a carbon nanotube determines whether it will be metallic or 

semiconducting.  It has been shown by [7] and [8] that CNTs will be metallic when n-m 

is a multiple of 3, 

    qmn 3       (1.6) 

where n and m are the chiral vector coefficients and q is an integer (the relationship of 

equation 1.6 will be derived in Chapter 2).  All armchair SWCNTs are metallic, while 

zigzag tubes will be metallic when n is a multiple of 3.  Therefore, approximately 
3
1  of 

carbon nanotubes will be metallic and 
3
2  semiconducting based upon equation (1.6), 
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assuming equally diverse values for n, m, and q.  Most reports on the growth of CNTs 

have verified this [2].  

 
Synthesis of CNTs 

 
 

 Carbon nanotubes can be developed by laser ablation, arc discharge of graphite, 

or chemical vapor deposition (CVD).  The arc discharge method of growing CNTs is the 

cheapest and easiest way to create large quantities, but typically the CNTs produced by 

this method have more defects than those produced through laser ablation processes [5].  

Alternatively, the laser ablation technique is not suitable for growing large quantities of 

carbon nanotubes.  Therefore, in the future if the incorporation of CNTs into 

nanoelectronics proves to be viable, it will be necessary to develop a robust and 

controllable process for large scale production, thus the laser ablation method will 

probably be surpassed by others that can effectively produce for bulk applications, the 

most probable being CVD.   

 In order for CNTs to be used for nanoelectronic applications it is desirable to have 

CNTs grown on substrates with reasonable control.  Chemical vapor deposition (CVD) is 

used as a reliable way to grow CNTs on substrates with controllable growth rates, 

diameters, and lengths.  CVD has also been an excellent way of growing several pure 

nanotubes of relatively the same diameter and alignment [9], allowing numerous CNTs to 

be used in parallel to decrease the high resistance associated with one-dimensional 

systems.  This method uses methane, carbon monoxide, acetylene, or evaporated ethanol 

as a carbon source that is then defused onto the substrate (typically silicon or quartz) and 
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attaches itself to a catalyst that was heated onto the substrate.  The choice of catalyst can 

affect whether the CNTs produced will tend to be SWCNTs or MWCNTs (typical 

catalysts include Ni, Fe, Mo, and Co) [5].  Figures 1.4 and 1.5 depict the CVD process 

flows for two recipes that have been found to realize SWCNTs. 

 

Figure 1.4:  CVD process using evaporated ethanol [9]. 

 
Figure 1.5:  CVD process using methane [10]. 
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No matter the method used for growing nanotubes, there will be defects and impurities 

found in the CNTs.  Currently there are a number of methods available including thermal 

oxidation in air and acid oxidation that remove some of these impurities [5].  Thermal 

annealing after the metal electrodes have been deposited on top of the CNT is often used 

to significantly reduce the contact resistance at the metal-CNT junction.  Determining 

ways of improving the contacts and purity of CNTs are two of the most essential aspects 

regarding the future development of CNT-based electronics.       

 
Carbon Nanotube based Devices 

 

CNT Schottky Diodes 

Schottky diodes play an important role in high frequency electronic applications 

as sensors, frequency multipliers, and mixers because of their fast switching speeds, 

inherent high current carrying capacity, and low forward voltage drop.  Semiconducting 

nanotubes appear to be promising for the use in Schottky diodes with cut-off frequencies 

predicted in the THz range [11].  This section will discuss the operation of a Schottky 

diode (one contact being ohmic and the other Schottky) by examining several band 

diagrams covering both before and after the metal and CNT make contact. 

First we will analyze what occurs when a metal makes contact to a semiconductor 

(CNT) and the semiconductor is n-type (recalling that CNTs are generally p-type as a 

result of the exposure to oxygen in air) and the work function of the metal is greater than 

the work function of the semiconductor, thus creating a Schottky contact.  We will 

continue and consider the case in which the semiconductor is p-type and ultimately 
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discuss ohmic contacts and a means of mitigating the high contact resistance associated 

with CNT-devices.   

The amount of energy that is necessary in releasing an electron at the Fermi level 

from the metal is equal to the value of the work function q m.  While the metal and CNT 

are separated, the energy band diagram resembles Figure 1.6.  For this case, the work 

function of the metal is greater than the work function of the n-type CNT, m > CNT.  

Therefore, the CNT Fermi level is higher than the Fermi level of the metal before contact.  

After the metal approaches and makes contact with the nanotube having a work function 

q CNT, the Fermi levels become aligned, reaching equilibrium (Figure 1.7).  In order for 

equilibrium to occur, the Fermi level of the CNT must be lowered relative to that of the 

metal by an amount equal to m – CNT.  A contact potential, VO is created between the 

metal and CNT due to the creation of an electron depleted region having width W.  This 

region is created because the electrons from the CNT move into lower energy levels and 

accumulate near the surface of the metal as shown in Figure 1.7 [12] and [13].  The 

electrons that move to a lower energy state leave behind excess holes, or a net positive 

charge.  Eventually, equilibrium will occur and the net flow of electrons from the CNT to 

the metal will cease.  A barrier is formed between the metal and semiconductor, called 

the Schottky barrier, which prevents electrons from moving to the semiconductor from 

the metal.  This barrier has a height B and is equal to the difference between the work 

function of the metal and the electron affinity  as illustrated in Figure 1.7 and given in 

(1.11). 

        )( mB qq      (1.11) 
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Figure 1.6: Energy band diagram before making contact when CNT is n-type  
( m > CNT). 

 

 

Figure 1.7: Energy band diagram after making contact (equilibrium) with n-type CNT 
( m > CNT). 
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There will be no net current conduction through the junction under zero bias 

conditions.  However, if a sufficiently large positive voltage is applied to the metal side, 

such that VO is reduced until it is possible for electrons from the conduction band of the 

CNT to overcome the reduced barrier, current can flow between the metal-CNT junction 

(Figure 1.8). 

 

Figure 1.8: Forward-biased metal-CNT junction when the CNT is n-type ( m > CNT). 
 
 

Conversely, when the Schottky barrier is reverse-biased (Figure 1.9), VO is 

increased making it extremely difficult for the electrons in the CNT to overcome the 

barrier and move into the metal.  Under these conditions there is virtually no current 

flow, and any amount present is mostly due to thermal emission of electrons over the 

barrier from the metal to the conduction band of the CNT.  Combined, the bias conditions 

reveal the current-voltage characteristic of a diode. 
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Figure 1.9 Reverse-biased metal-CNT junction when the CNT is n-type  
( m > CNT).  

 

 Now we will discuss the case when the work function of the metal is less than that 

of the CNT and the CNT is p-type.  For this instance the Fermi level of the metal is 

higher than that of the CNT.  As before, when the two are brought together and contact is 

made, charge transfer will occur until the Fermi levels align and thermal equilibrium is 

established.  However, we are now interested in the transfer of electrons from the metal 

to the CNT. This time an excess positive charge accumulates on the metal side of the 

junction and a net negative charge forms on the CNT side.  The depletion region W is 

formed and as before there is a potential VO across it.  A Schottky barrier with height B 

is formed at the junction that prevents electron diffusion from the metal to the CNT.  The 

barrier height for the p-type CNT is given by (1.12) 

)( mgB qEq .           (1.12) 
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Eg is the band gap, which is equal to the energy difference between the lowest energy 

level in the conduction band and the highest level in the valence band.  The energy band 

diagram of before making contact when the CNT is p-type is shown below (Figure 1.10). 

  

 

Figure 1.10:  Energy band diagram before making contact when CNT is p-type  
( m < CNT). 

 
 
 

Additionally, the energy band diagram of after making contact (equilibrium) with a p-

type CNT is depicted in Figure 1.11. 



 
 

19

 

Figure 1.11 Energy band diagram after making contact (equilibrium) with p-type CNT 
( m < CNT). 

 
 

The barrier can be lowered to allow the transfer of electrons from the metal into 

the CNT by applying a negative voltage V to the metal rather than the positive voltage 

applied previously for the metal/n-type CNT Schottky junction (Figure 1.12).  

Conversely, the junction is reverse biased when a positive voltage is applied across it 

from metal to semiconductor (Figure 1.13).    
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Figure 1.12: Forward-biased metal-CNT junction when the CNT is  
p-type ( m < CNT).  Current is comprised of electrons moving from the metal to 
the CNT. 
 
 

 

Figure 1.13: Reverse-biased metal-CNT junction when the CNT is p-type ( m < 
CNT).  What little reverse current that flows under this condition is comprised of 

electrons traveling from the CNT to the metal.  
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 The factor that determines whether the junction between a metal and a 

semiconductor will exhibit behavior consistent with that of a Schottky contact or an 

ohmic contact depends on whether the semiconductor is n or p-type and the work 

function of the metal.  When the work function of the metal is sufficiently larger than that 

of the n-type CNT, the junction will operate as a Schottky contact.  In the opposite case, 

when m < n-CNT the junction (ideally) would be ohmic (the reverse being true for a p-

type CNT).  One can see that the work function of the metal contact plays a significant 

role in the operation of the CNT device by modulating the barrier height.  It has been 

shown [14] that by choosing appropriate metals for contacts and not doping the CNT one 

can achieve p-type, n-type, and ambipolar characteristics.  However, as mentioned 

several times before, it is extremely difficult to achieve anything close to a perfect 

contact to the carbon nanotube where the contact does not limit the flow of electrons.    

 
Ohmic Contacts 
 

As mentioned earlier, another important factor to consider is the ability to create 

an ohmic contact to a CNT, meaning a contact that has a linear I-V relationship in either 

biasing directions.  Ideally the contact will have very low resistance and thus not limit 

current flow.  However, in the case of carbon nanotubes this resistance is fairly large and 

significantly contributes to the operation of devices.  (From now on, for all further 

discussions one should assume the CNT is p-type unless mentioned otherwise.)  It has 

been established that using palladium or gold results in a Schottky contact, while 

platinum produces an ohmic contact [15].  Performance can be improved by annealing 

the electrodes which lowers the detrimentally high contact resistance.  Figures 1.14 and 
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1.15 are the band diagrams before contact and after contact for an ideal ohmic junction 

for a p-type semiconductor.  

 

 

Figure 1.14:  Prior to contact between a metal and p-type CNT where  
m > CNT. 

 

 

 
  

Figure 1.15:  After contact between a metal and p-type CNT where  
m > CNT.  
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CNT PN Junction Diodes  

 An additional element frequently used in electronics is the P-N diode.  A P-N 

junction diode consists of a p-type semiconductor and n-type semiconductor as illustrated 

in Figure 1.16 and 1.17.  In the case of CNTs, half of the CNT is made n-type while the 

other half is p-type.  This can be accomplished as described in [16] by covering half the 

CNT with poly (methyl methacrylate) (PMMA)/tetracyanoquinodimethane (TCNQ) 

producing an enhanced p-type region and the other half with polyethylenimine (PEI) 

transforming the other half into an n-type region that is stable in air.  Such a device is 

illustrated in Figure 1.18.   

 

Figure 1.16:  P-type and n-type semiconductors before contact (for CNTs the two regions 
are always in contact due to being within one single tube). 
 
 



 
 

24

 
 

Figure 1.17:  PN junction after p-type and n-type semiconductors are brought into 
contact. 
 
 

 

Figure 1.18:  (a) CNT before forming p-type and n-type region, (b) CNT after forming 
enhanced p-type region, (c) CNT after establishing n-type region and thus forming a PN 
junction [16]. 
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CNT Schottky Barrier Field-Effect Transistor (SBFETs)  

 Another device that has shown promise besides the Schottky diode and P-N 

junction diode is the CNT MOSFET.  The most common CNTFETs are the Schottky 

barrier (SB) FETs due to the metal-CNT contact.  Because CNTs are p-type when 

exposed to oxygen these devices are typically p-type, although n-type devices have also 

been made.  The typical structure of a CNT SBFET is shown in Figure 1.19.  

 

 

Figure 1.19: CNT Transistor Layout. 

 

The band diagrams from the previous section still apply to the contacts of the CNT-based 

SBFETs.  By creating four gate segments, investigators have been able to confirm 

ballistic transport in carbon nanotubes as a result of changing the effective channel length 

between the source and drain and showing that the current does not change as a function 

of length [17].  
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Summary 
 
 

 Carbon nanotubes may be considered for future high frequency circuit 

applications, however it will be more than a few years before this can be realized.  At 

present, there are several areas that need to be investigated including (but not limited to) 

the following:  determining the intrinsic behavior of carbon nanotubes, how to effectively 

control devices, finding ways to establish better electrical contact to CNTs, improve 

yield, and finally how to mass produce cost-effective CNT-based electronics.  Another 

reason CNTs are appealing besides direct applications to nanoelectronics, is that they can 

be studied to verify the Lüttinger model for the transport of interacting electrons in 1-D 

systems.  The results from this model when applied to carbon nanotubes will be used in 

Chapter 3 to create a model for a Schottky diode and a Schottky FET. 

Theoretically, CNTs appear promising, but a more extensive evaluation of how to 

make these devices reliable and cost-effective needs to be done prior to deciding the 

future of carbon nanotube based electronics.  Also, from the simulations that are reported 

later in this thesis, CNTs do not appear entirely advantageous with regards to high 

frequency applications when compared to other materials.  However, this does not 

indicate that they could not be used for other applications in electronics, such as 

interconnects or thin flexible electronic devices.   In the next chapter we will develop the 

necessary tools to understanding the transport in 1-D systems, which will provide the 

foundation for our diode and FET models.  Following this, we will draw conclusions 

based upon simulations that demonstrate the behavior of these devises and determine the 

benefits and challenges associated with CNT-based circuit elements.  
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QUANTUM THEORY FOR 1-D SYSTEMS 
 
 

Overview 
 
 

 The purpose of this chapter is to provide a detailed description of the electronic 

transport in both metallic and semiconducting nanotubes using a quantum mechanical 

approach.  We will begin by returning to the chiral vector map for carbon nanotubes (2-D 

graphene sheet) discussed in the last chapter and obtain a solution to the Schrödinger 

equation in a periodic potential for the electrons responsible for conduction near the 

Fermi energy (the periodicity arises from the crystal structure of the carbon nanotube).  

This will allow us to determine the energy eigenstates and thus the bandstructure of our 

system.  Two similar methods, the tight binding approximation and Kronig-Penney 

model will be used to calculate the energy eigenvalues and dispersion relations for 

graphene, which can be modified slightly for carbon nanotubes by taking into account an 

extra boundary condition that must be introduced after “rolling” the graphene sheet into a 

cylinder.   

 After completing the calculations for these two models (which should yield 

similar results) it will be clear that there are only two subbands near the Fermi energy. 

Once spin is taken into account we have the possibility of two electrons (one spin up the 

other spin down) occupying each subband.  Therefore, carbon nanotubes have a total of 

four modes or “channels” around the Fermi energy that contribute to the overall 

conductance.  There is also a limit imposed on the maximum achievable conductance 

allowed per mode defined by a fundamental constant that is independent of the length of 



 
 

28

the channel.  The derivation or origin of this constant will be discussed in order to explain 

why such a limit exists in a 1-D system even when assuming perfectly transmitted modes 

and perfect contacts. 

 The above will be incorporated into our understanding of the electrical properties 

of metallic and semiconducting nanotubes along with an overview of the possibility of 

ballistic transport.  Finally, at the end of this chapter we will determine the quantum 

capacitance, electrostatic capacitance, magnetic and kinetic inductance of a single tube 

and clarify what distinguishes these components from one another.  In the following 

chapter they will be employed in creating a circuit model for a CNT which will be the 

building block for an RF equivalent circuit of a Schottky diode and Schottky barrier FET.  

Various simulations involving these equivalent circuits will be conducted in order to 

illustrate the challenges associated with carbon nanotube based devices for 

millimeter/submillimeter wave analog circuits.    

 
Tight Binding Model Calculation 

 
 

The tight binding model will be implemented in this section to calculate the single 

electron eigenvalues of a 2-D sheet of graphite (a homogenous periodic solid) which can 

be incorporated into determining the energy levels of the low-dimensional structure of a 

carbon nanotube.  The tight binding model approximates the Hamiltonian of the system 

based upon a single atom in the lattice and its nearest neighboring atoms.  The 

Hamiltonian is the total operator for the system.  In the absence of applied 

electromagnetic fields, the Hamiltonian may be expressed as  



 
 

29

  trV
m

H ,
2

2
2

      (2.1) 

where  is the reduced Plank’s constant and m is the mass of the particle of interest (in 

our case an electron).  Let’s begin by describing the unit cell of graphene as containing 

two carbon atoms as depicted in Figure 2.1 with lattice vectors a1 and a2. 

 

 

 

Figure 2.1:  Unit cell for graphene containing two carbon atoms (shaded region).  
Adapted from [18].  Black indicates atom #1 and red atom #2. 
 
 
The electron configuration of carbon in the ground state is as follows: 

    1s2         2s2        2p2 

   

 

where the 1s2 orbital contains the core (or tightly bound) electrons and the 2s2 and 2p2 

orbitals consist of four valance electrons that form the covalent bonds between the carbon 
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atoms.  These atomic orbitals provide basis functions enabling us to establish the 

Hamiltonian for graphene (as reported in [19]).  In graphene and carbon nanotubes there 

are three strong  bonds formed by sp2 hybridization between a 2s orbital and two 2p 

orbitals (2px and 2py) and one weaker  bond existing within the 2pz orbital [20].  It is 

these  electrons that dominate the transport properties in carbon nanotubes because they 

form a continuous energy band near the Fermi energy, whereas the  states have an 

energy gap [21].  Thus, when considering the number of basis functions or Bloch states 

we will require per unit cell, we only consider the 2pz orbitals, consequently there are two 

Bloch wave functions per unit cell since there are two atoms.  A depiction of the atomic 

orbitals and hybrid orbitals of carbon is shown in Figure 2.2.  

 

 

Figure 2.2:  a)  Atomic orbitals and b) hybrid orbitals of carbon.  Adapted from [22]. 
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The Hamiltonian Operator 

The eigenvalues of the Hamiltonian operator given by the nearest neighbor tight 

binding approximation for graphene are calculated using equation (2.2) as reported by 

[23].  

  
3

1
)exp()(

i
io rkjtEkE      (2.2) 

In graphene, the summation is over i=1 to i=3 because there are three carbon atoms near a 

single atom (i.e. three nearest neighbors) as shown by the vectors r drawn in Figure 2.1.  

Eo is the energy of the pz orbital and t is the hopping integral or transfer integral 

representing the tight binding overlap energy between a C-C bond, which has a value 

approximately equal to -2.72 eV [20, 21].  In order to understand where (2.2) comes from 

we will begin with the transfer integral matrix for the tight binding approximation of 

graphene given in (2.3), where n is the number of atomic orbitals per unit cell (in our case 

n = 2) from the  orbital of each of the two atoms.    

  '' )( jjjj HkH   njj ,...,2,1',     (2.3) 

The Hamiltonian can be represented as an n x n matrix, with off diagonal elements 

representing the contribution from a single atom and its three nearest neighbors as 

indicated by the vectors r1, r2, and r3 in Figure 2.1.  The value of the elements on the 

diagonal are equal to the energy of the pz orbital, which is taken as a reference and set 

equal to zero [20].  Thus, the matrix Hamiltonian will have the form (2.4), where the 

subscripts 1 and 2 indicate atom #1 and atom #2 from Figure 2.1. 
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2221

1211

HH
HH

H        (2.4) 

The expression for H12 is given by (2.4) and H12 = H21* because the Hamiltonian is a 

Hermitian matrix [20].   

  )()( 321
12 ktfeeetH rkjrkjrkj      (2.5) 

Now, let’s break the vectors in the exponent into x and y components and determine f(k) 

using the following steps (Note:  the lattice constant ccaa 3  where ac-c is the bond 

length):   

 

 

Figure 2.3:  Diagram of vectors between atom #1 and the three neighboring atoms [20].  
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Step 1:  Separate vectors into x and y components. 

xkark
31    yx kakark

2322  

yx kakark
2323         (2.6) 

 

Step 2:  Plug (2.6) into (2.5) and determine expression for elements of the Hamiltonian. 
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Step 3:  Determine the eigenvalues from (2.8) which can be simplified into the form 
shown in (2.10) that is reported by [20]. 

 

 0)(
0*)(

)(0 222 kftE
Ektf

ktfE
    (2.9) 
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2

cos4
2

3cos
2

cos41)()( 22 yxy akakak
tkftkE   (2.10) 

 

We have successfully found the expression for the eigenvalues of the Hamiltonian for 

graphene which can be used to plot the energy dispersion relations depicted in Figure 2.4. 

 

Figure 2.4:  Energy dispersion relation for graphene. 

 We can determine the energy dispersion relation for carbon nanotubes by using 

our expression for graphene (2.10) and recognizing that there is a new boundary 

condition imposed after rolling the graphene sheet into a cylinder.  Recall from Chapter 1 

the circumferential vector  

),(21 mnamanC .      (2.11) 
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  Substituting 1a  and 2a  into (2.11) gives us (2.13): 

  2
ˆ

2
3ˆ1

ayaxa   
2

ˆ
2
3ˆ2

ayaxa   (2.12) 

      

  mnaymnaxC
2

ˆ
2
3ˆ .       (2.13) 
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x

K C=2 qA

B

 

Figure 2.5:  Reciprocal lattice of graphite including straight lines qCK 2  which 
indicate the new boundary conditions imposed after connecting each end of a single line 
together and rolling into CNT.  Adapted from [19]. 

 

 The new periodic boundary condition introduced after rolling the graphene sheet 

into a CNT by connecting the parallel lines drawn for every integer value q shown in 

Figure 2.5 is given by (2.14) [19].   

  qmnakmnakCkCk yxc 2
22

3    (2.14) 

Using (2.10) and (2.14) together we are able to determine a set of energies for each value 

of q.  The CNT will be metallic if there is no band gap present between these sets near 
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E=0, which occurs when one of the lines formed from equation (2.14) pass through either 

point A or B on Figure 2.5.  These points correspond to the following: 

  3
2,0

2
,

2
3

yx kakaA     (2.15)  

  
3

2,0
2

,
2
3

yx kakaB      (2.16) 

From (2.15) and (2.16) we can obtain (1.6), which told us whether the CNT would be 

metallic or semiconducting based upon the chiral coefficients n and m.  For example, if a 

line were to pass through point A the following must be true:                                    

0xk  and 
3

2
2 yka  giving us qmnqmnmnCk

3
2

3
20 . 

Therefore, a CNT will be semiconducting for all cases except when mn is a multiple 

of three because n, m, and q are integers. 

Energy Dispersion Relation for Zigzag CNTs 

 As discussed in Chapter 1, carbon nanotubes can either be zigzag, armchair, or 

chiral depending upon the coefficients n and m.  In order to have a zigzag tube m=0 so 

that )0,(nC , meaning that the circumferential vector has a magnitude naC  with 

the periodic boundary condition requiring that the k values are perpendicular to the ky 

axis lying completely in the xk  direction as depicted in Figure 2.6.  Therefore, (2.14) 

gives us the following constraint on the possible ky values: 
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an

qkqank yy
22   with nq 2...,3,2,1 .     (2.17) 
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Figure 2.6:  Reciprocal lattice of graphite including straight lines qCK y 2  resulting 
in a zigzag carbon nanotube.  Adapted from [19].  

 

After applying (2.17) to (2.10) we obtain the energy dispersion relation for zigzag carbon 

nanotubes (2.18). 

n
qka

n
qtkftkE 22 cos4

2
3coscos41)()(    (2.18) 

     for 
33

ka   and  nq 2,...,3,2,1  

Two different examples implementing equation (2.18) are shown in Figures 2.7 and 2.8 

representing a semiconducting and metallic CNT respectively.   
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Figure 2.7:  Energy dispersion relation for a semiconducting zigzag nanotube with a 
diameter of ~1.49nm (a) shows all possible energy bands (b) energy bands near the Fermi 
level  (t=-2.72eV, n=19, m=0, Eo=0). 
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Figure 2.8:  Energy dispersion relation for a metallic zigzag nanotube with a diameter of 
~1.88nm (a) shows all possible energy bands (b) energy bands near the Fermi level  (t=-
2.72eV, n=24, m=0, Eo=0). 
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There are a total of four channels (two arising from the band structure in relation to the 

C-C bonds themselves and an additional two from taking into account spin).  Thus CNTs 

should have a maximum conductance equal to ~4Go when assuming there is no scattering 

i.e. ballistic transport [18].  Go is a fundamental constant equal to 
h
e2

 representing the 

maximum allowed conductance per channel of a 1-D conductor (later in this chapter we 

will derive Go).  To date, it has been demonstrated that metallic CNTs come very close to 

achieving the maximum conductance value, while semiconducting tubes have been able 

to attain values up to 25% of Go at room temperature [24].  The primary reason 100% Go 

has not been achieved is due to imperfect contacts.       

Energy Dispersion Relation for Armchair CNTs 

 The same approach used in the previous section can be applied to armchair CNTs 

which have the property n=m (i.e. ),( nnC ).  This time, however, the allowed values of 

k will be perpendicular to the kx axis as shown in Figure 2.9 with the boundary condition 

defined by (2.19) and the magnitude of the circumferential vector still naC .  Notice 

that all armchair CNTs will be metallic because at least one of the subbands will always 

pass through point A and B as indicated in Figure 2.9 independent of the value of n [19]. 

    
an
qkqank xx 3

223   with nq 2...,3,2,1    (2.19) 
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Figure 2.9:  Reciprocal lattice of graphite including straight lines qCK x 2  resulting 
in an armchair carbon nanotube.  Adapted from [19].  

 

Applying the condition from (2.19) into (2.10) results in the following energy  

eigenvalues: 

 

2
cos4

2
coscos41)()( 22 kaka

n
qtkftkE    (2.20) 

     for ka   and  nq 2,...,3,2,1  

 

As before, Figure 2.10 contains a plot as an example of the energy dispersion relation 

given in (2.20). 
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Energy Dispersion Relation for an Armchair Nanotube with a Diameter of 2.034nm

 

Figure 2.10:  Energy dispersion relation for a metallic armchair nanotube with a diameter 
of ~2.034nm (t=-2.72eV, m=n=15, Eo=0). 

 

Size of the Energy Band Gap in Semiconducting CNTs 

In Chapter 1 we discussed the inverse relationship of the size of the band gap 

d
Eg

1 , where d is the diameter of the tube.  This approximation can be derived 

mathematically using some of our results discussed in the previous two sections.  Due to 

the fact that the electrical conduction in a carbon nanotube comes from the available 

states near the Fermi energy it is possible to calculate an approximation to the area close 

to the Fermi level (E=0 of Figures 2.8 and 2.10) that sufficiently describes the electrical 

conduction [19].  This approximation will be a simplification of equation (2.18) for the 

zigzag CNT from a Taylor expansion around the points described in (2.15) and (2.16) 

where E=0.  The simplified equation can be used to illustrate how to determine an 
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expression for the energy band gap of a CNT.      

 Let us begin by returning to equation (2.10) where f(k) can be written as  

2
cos

2
3exp21)( yx akakjtkf         (2.21) 

which is an “easier” equation for calculating a Taylor expansion around E=0.  Recall that 

the points we are expanding around are 0
2
3

xak and 
3

2
2

yak
and as expected the 

first term of the expansion will be zero.  The second term yields the following as reported 

by [19]: 
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Below is the calculation of the partial derivatives in (2.22)   
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which yields 
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and 

 
2

2

3
4

2
3)()(

a
kkatkfkE yx .      (2.26) 

Now we will choose to write the energy dispersion relation for a zigzag nanotube by 

incorporating equations (2.17) and (2.26) from which we can estimate the energy gap. 

 
2

2 1
2
3

3
4

2
3)(

n
q

a
katkE xzigzagx      (2.27) 

The bandgap for subband q is equal to the difference between the positive and negative 

values of E(kx) at kx=0 [19]. 
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The minimum value of 
3

2nq when n is not a multiple of 3 (i.e. CNT is 

semiconducting) is equal to 1/3 [19].  Thus the minimum possible energy band gap is 

equal to (2.29) where we include the fact that the circumference andC with d being 

the diameter. 

 
d
eV

d
ta

an
taE cccc

gap
8.022       (2.29) 

This approximation confirms the inverse proportionality of the band gap to the diameter 

discussed earlier in chapter 1.   
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Kronig-Penney Model 

 The previous section described how an approximation to the band structure could 

be accomplished through the use of the tight binding model.  This also allowed us to 

mathematically verify the estimation of the energy band gap present in semiconducting 

SWCNTs reported in Chapter 1.  Now an approximation of the energy dispersion relation 

will be calculated using the Kronig-Penney model.  Although slightly different, this 

model involves many of the same concepts we used earlier, mainly that the periodicity of 

the two atoms within the unit cell give rise to a periodic potential as illustrated in Figure 

2.11.       

 

Figure 2.11:  Periodic potential where d is the lattice separation length. 

 

n
o ndxVxV )()(         (2.30) 

)()( dxVxV         (2.31) 

The Hamiltonian of the system described in Figure 2.11 is 
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 )(
2

2

xV
m

P
H op         (2.32) 

and the wave function (or Bloch state) for regions II and I are (2.33) and (2.34) 

respectively.   

ikxikx
II BeAex)(  with 2

2mEk       (2.33) 

)()()()()()( dxikdxikiqd
II

iqd
II

iqd
II BeAeedxexxedx   

)()()( dxikdxikiqd
I BeAeex     (2.34) 

We will now apply the boundary conditions recognizing that the wave function must be 

continuous at x=0. 

At x=0: 

 BAII )0(  and  ikdikdiqd
I BeAee)0(    (2.35) 

The first derivative of the wave function is discontinuous thus we must employ the 

following condition: 

 )0(2)(')('lim 20
o

III
mV        (2.36) 

The boundary conditions are (2.36) and (2.37) which provide a set of two equations that 

must be solved in order to provide the solution to the relationship between the energy (E) 

and qd similar to what was calculated for the tight binding approximation. 
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 )0()0( III         (2.37) 

After applying (2.36) and (2.37) we get the following two equations: 

 ikdikdiqd BeAeeBA        (2.38) 

and ikdikdiqd
o BeAeeBA

m
kiBAV

2
)(

2

    (2.39) 

which when combined yield the following condition: 

 
kd

kddmVkdqd o sincoscos 2       (2.40) 

A plot of the energy dispersion relation (or E versus qd spanning qd ) is shown 

in Figure 2.12, where d=2.46 Å.  This plot was made solving equation (2.40), where we 

only need to input the effective mass of the particle and shape or width of the periodic 

potential.  The effective mass can be calculated by (2.41) and (2.42) for chiral and 

zigzag/armchair tubes respectively as reported in [25].  For simplicity we will consider a 

zigzag CNT with a diameter of 1.5nm which yields m*=0.06311me. 
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As expected this gives a similar result as calculated in the previous section. 
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Figure 2.12:  Energy Dispersion Relation using Kronig Penney Model 

 

Conductance in 1-D Systems and CNTs 
 
 

Conductance in 1-D systems and Carbon Nanotubes 

 If we consider the case of ballistic transport or approach the conductance of a wire 

with infinitesimal length so that there is no increase in resistance due to scattering, there 

is a fundamental constant for 1-D systems that describes the maximum achievable 

conductance.  This constant is given by 

  
k

hqGo 8.25
1/2        (2.43) 

In actuality, this value will be twice as much because 1-D systems have at least two 

channels, one for up spin and one for down spin of the electron [19].  Carbon nanotubes 
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have a total of four channels, therefore, the maximum possible conductance for one tube 

(assuming perfect contacts) will be four times as much as the fundamental constant, Go.  

This means that the lowest possible series resistance of a CNT with ideal contacts is 

~6.45 k  irrespective of length, which is still high if we want to build an effective 

matching network at high frequencies.  However, the contacts to CNTs are generally 

nowhere near ideal.  The contact resistance dominates to such an extent that the total 

series resistance can be on the order of 40-50 times larger than 6.45 k , which poses 

even greater difficulties.  The detrimental contact resistance can be mitigated somewhat 

by aligning several nanotubes in parallel across the electrodes.    

Derivation of the Fundamental Constant Go 

 For more completeness it may be useful to understand the origins for the 

fundamental constant Go which indicates the presence of a limit to the maximum current 

that can flow through a device.  Let us begin by thinking of a single one-level device in 

which a voltage is applied across the source and drain as depicted in Figure 2.13 and 

where the energy level  is between the electrochemical potentials µ1 and µ2.  The current 

through the channel is equal to (2.44).  (The development of Go is accomplished by 

utilizing information in [19]).   

  
21

21qI         (2.44) 

In equation (2.44) 1 and 2 are related to the coupling to the contacts (  is equal to the 

rate at which an electron at energy  will escape and transfer into the contacts).  For 
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simplicity we can assume that the coupling to the source and drain are equal (  = 1 = 2).  

Thus,  

    
2
qI .        (2.45) 

The above equation for the current ignores the fact that the energy level between µ1 and 

µ2 will broaden beyond the area between µ1 and µ2 where current flows [19].  Thus, the 

current described by (2.45) will decrease in value by a factor proportional to 
A

21  that 

corresponds to the fraction of the energy level that is within µ1   E  µ2 with A being a 

constant related to the effective width of the energy level.  After taking the above into 

account along with the fact that qVD =  µ1 - µ2 the actual current through the channel will 

be 

  
A

Vq
A

qVqI DD

22

2

         (2.46) 

and the conductance 

  
A

q
V
IG
D 2

2

.       (2.47) 

An other way of looking at this is that the coupling to the contact results in the spreading 

of a single energy level into a continuous density of states around the single energy level 

as shown in Figure 2.13 (b).  The broadening  = 1 + 2, indicates that the more we 
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couple to the contacts the larger the broadening of the energy level.  The density of states 

consequent to the spread of the energy level can be described as 

  22 2
2)(

E
ED       (2.48) 

and the current between the contacts can be calculated using equation (2.49) [19]. 

  
1

2

)(
21

21 dEEDqI       (2.49) 

Equation (2.49) becomes 

  )(* 21
21

21 DqI      (2.50) 

and if we assume that the density of states is constant between µ2  E  µ1 then  
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The maximum current occurs when the energy level is equal to µ.  Therefore, the 

maximum current is equal to 
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and the maximum conductance  
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when  = 1 = 2.   

 

 

Figure 2.13:  (a)  Voltage applied across a channel leading to a splitting of the source and 
drain electrochemical potentials µ1 and µ2, where  represents the energy level.  (b)  
Representation of the presence of broadening of the energy level due to coupling to the 
channel which causes part of the energy level to go beyond the energy between µ1 and µ2 
[19].    
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Ballistic Transport 

 Due to their pure structure the transport in CNTs is ballistic, meaning that the 

resistance through the CNT does not increase due to the effects of scattering caused by 

the presence of impurities.  Experimentally ballistic transport has been observed with 

CNTs as long as 1µm.  Typically current decreases with respect to the length the 

electrons travel according to ~
L

, but in the case of ballistic transport with the absence 

of scattering, the length does not influence the amount of current that travels through it.  

Recall that it has been proven by [17] that in fact the transport through CNTs can be 

ballistic, because they observed identical current values through two different channel 

lengths along a single tube.   

 
Quantum Capacitance, Electrostatic Capacitance, 
Magnetic and Kinetic Inductance  
 

In 1-D systems such as CNT-based devices, the resistance can be extremely high.  

The capacitance, on the other hand, is usually very low, therefore, the transient times are 

short and the operational speed of such devices can be fast [11].  In order to fully 

understand the applicability of CNTs for high frequency nanoelectronics it is necessary 

that we determine the values for the quantum capacitance, electrostatic capacitance, 

magnetic and kinetic inductance present in CNTs.  Since nanotubes are 1-dimensional 

devices, we can use the Lüttinger model to take into account the quantum effects 

associated with interacting electrons in 1-D systems;  realizing that the overall impedance 

will have both a quantum capacitance and kinetic inductance component.  Using the 
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model reported by [26] the quantum capacitance CQ can be obtained using following 

equation: 

   
F

Q v
eC

2

         (2.54) 

and the electrostatic capacitance by 

   ),/ln(/2 dhCE       (2.55) 

where vF is the Fermi velocity,  the dielectric constant, d the diameter of the wire (CNT), 

and h the distance from the ground plane to the CNT.  The total capacitance will be the 

series combination of these two capacitances:  

   .
QE

QE

CC
CC

C        (2.56) 

Estimated values for the quantum and electrostatic capacitance of nanotubes are CQ~100 

aF/ m and CE~50 aF/ m.  Notice that these estimates are a function of length. 

The total inductance of a single CNT is a series combination of both kinetic and 

magnetic inductance.  The kinetic inductance for 1-Dimensional systems can be 

calculated by 

   
F

K ve
L 2 .        (2.57) 

and the magnetic inductance by 

   
d
hLM ln

2
      (2.58) 

For carbon nanotubes these values can be approximated by the following: 

   LK~16 nH/ m       (2.59) 
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   LM~1 pH/ m       (2.60) 

 

With these four estimates it is possible to create a circuit diagram of a nanotube as a 1-

dimensional nanowire and estimate the characteristic impedance.  This can be thought of 

as being equivalent to a transmission line with distributed capacitance and inductance per 

unit length.  The circuit diagram in Figure 2.14 is for spinless electrons.  Taking into 

account that the band structure of CNTs has two propagating channels and that each of 

these has an additional channel due to the possibility of spin up or spin down of an 

electron, carbon nanotubes have a total of four channels.  This is incorporated into the 

circuit model by simply dividing the kinetic inductance by four and multiplying the 

quantum capacitance by four (Figure 2.15). 

 

 

Figure 2.14:  Carbon nanotube circuit model for spinless electrons [26]. 
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Figure 2.15:  Four channel carbon nanotube circuit model for interacting electrons [26].  
 
 

Summary 
 
 

In the previous two chapters we developed the fundamental concepts required to 

understand the electronic transport in CNTs.  This information is necessary for creating 

the CNT based Schottky diode and SBFET models discussed in the next chapter that are 

used for simulation purposes.  In order to determine the feasibility of CNTs for high 

frequency applications these models will be used to simulate the operation of these 

devices for millimeter/submillimeter wave applications. 
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MODELING OF A CARBON NANOTUBE SCHOTTKY DIODE  
AND SCHOTTKY BARRIER FET 

 
 

Overview 
 
 

 The goal of this chapter is to formulate an equivalent circuit for a Schottky diode 

realized using one or more semiconducting SWCNTs, and extrapolate the projected 

performance based on this model and fabrication capabilities that have been reported in 

the literature.  We will begin by discussing a set of assumptions that are made in creating 

this model along with the reasoning behind why these assumptions can be valid.  The 

final objective is to create a matching network that will match the diode to 50 , 

determine what percentage of the input power is delivered to the load and calculate the 

noise equivalent power (NEP).  Although theoretically we can successfully create a 

matching network as demonstrated by the simulations reported herein, in practice there is 

a significant challenge because of the large dominating series resistance caused by poor 

contacts and the limit on the maximum achievable conductance Go.  This leads to a very 

narrow bandwidth around which to operate efficiently and still have a significant 

percentage of the input power delivered to the load.  It also necessitates the realization of 

nearly lossless matching networks.   

The expected performance will be determined using simulated results in 

conjunction with the best published experimental data as of early 2009.  We will consider 

both the ideal case (where there is no additional series resistance due to poor contacts, 

and the conductance of the CNT is equal to Go) and the case where the conductance 

through a single CNT is equal to ~0.25Go, which is representative of current capabilities 
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observed experimentally where the additional resistance is due to poor contacts.  This 

chapter demonstrates that we can improve the Schottky diode by placing several CNTs in 

parallel.  However, once we consider what has actually been achieved so far, these 

devices still yield significant challenges and considerable improvement must be made, 

particularly in the area of making contact to the tubes.  

Following the discussion of the Schottky diode, there will be a brief discussion on 

an equivalent circuit model for a Schottky barrier FET.  This section will investigate the 

advantages/disadvantages of placing additional tubes in parallel across the source and 

drain.  Particularly, we will focus on the effect more parallel tubes will have on the cutoff 

frequency.  

 
Diode RF Equivalent Circuit 

 
 

 We have already determined the capacitance and inductance of a single carbon 

nanotube in Chapter 2, the next step will be incorporating these into an equivalent RF 

circuit model.  This can be done using the typical equivalent circuit for a Schottky diode 

[27], where the series inductance (Lp) and shunt capacitance (Cp) are equal to the total 

inductance and capacitance obtained from the CNT circuit model (as shown in Figure 

3.1).  In other words, 

    MKP LLL       (3.1) 

and 

   
QE

QE
P CC

CC
C       (3.2) 
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  Figure 3.1:  Diode RF equivalent circuit model for a Schottky diode [27].  
 

The value of the series resistance (RS) can be estimated by summing the resistance at the 

contacts and the minimum achievable resistance for a 1-D system discussed earlier. 

   kRR ContactS 45.6      (3.3) 

The equivalent circuit also takes into account the junction capacitance and resistance.  

The junction capacitance (Cj) is dependent upon the effective contact area of the diode, 

therefore in our case it will be negligibly small because the nanotube area is extremely 

small. 

  o
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qN
V

X Cos
D

2
      (3.5) 

N
N

L C
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The junction capacitance can be determined by eq. (3.4)-(3.6) [28], where A is the 

effective contact area of the diode, s the dielectric constant of the semiconductor, Co the 

overlay (bonding pad) capacitance, N the doping level for the epitaxial layer, and c the 

contact potential.  For all of the simulations reported in this thesis we will estimate Cj ~0 

due to the very small area of the devices.  Additionally, the junction resistance can be 

calculated using equation (3.9).  Determining how to manipulate the value of the junction 

resistance will be crucial since the voltage sensitivity of the diode is directly proportional 

to it, thus it is desirable to achieve the maximum possible value as justified by (3.7) and 

(3.8).  One may think that dramatically increasing Rj will have a negative impact on our 

ability to successfully create a matching network to the diode.  However, in the case of 

the CNT-based device, the poor contacts and quantum conductance limit dominate the 

matching capabilities to the diode. Therefore, we should be able to increase the junction 

resistance without it strongly influencing the effectiveness of the matching network. 

We have determined that there are three main factors of interest that we wish to 

manipulate in order to optimize performance in terms of the diode’s application as an RF 

detector.  One main factor is that the collection of parameters that are inherent to the 

CNT itself that can only be altered by changing the diameter and length of the nanotube 

(Lp and Cp) as discussed in Chapter 2.  The second is to determine methods which will 

reduce the series resistance, consequently leading to more of the input power being 

delivered to the load rather than being dissipated in Rs from the model of Figure 3.1.  

Finally, there is the junction resistance determined by equation (3.9), which we would 
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like to maintain as large as possible with respect to Rs (Cj is not as important because its 

value will be extremely small).   

The  voltage  sensitivity  of  a  diode  is  a  measure  of  the  change  in  the  DC  output  

voltage in relation to the input power and the current sensitivity is a measure of the 

change in the DC output current with respect to the input power [27].  It is desirable to 

make the voltage sensitivity v as large as possible for detector diodes.  Therefore, as 

shown in (3.7) and (3.8) we want to increase Rj. 

   WA
RII

nkT
q

jSato

i /
2

)(
2

    (3.7) 

  jiv R        (3.8) 

     
)( Sato

j IIq
nkTR       (3.9) 

In the above equations Io refers to the bias current, ISat the saturation current, and n the 

ideality factor of the diode which is typically between 1 and 2.  How can we influence the 

junction resistance?  From the above equation it is clear that one of the possible ways to 

increase Rj is to decrease the saturation current, where ISat can be calculated by  

   )/(exp2* kTqTAAI BSat     (3.10) 

where A is the diode area, A* the effective Richardson constant, and B the barrier height 

at the CNT-metal junction. 

  3

2*
* 4

h
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Therefore, if we decrease the area of the diode or increase the barrier height at the CNT-

metal junction we will decrease the magnitude of the saturation current and thus enlarge 

the junction resistance.   

In summary, all of the above equations indicate that we would like to decrease Rs 

without simultaneously decreasing Rj.  This can be achieved by placing several CNTs in 

parallel across the contacts as long as a few assumptions described in the next section are 

accurate.  If these assumptions prove to be false, little to no improvement will be made 

when placing CNTs in parallel across the contacts.  This is because both Rj and Rs will 

decrease simultaneously and thus power delivery to the load cannot be improved due to a 

significant portion of the power still being dissipated in Rs.  

 
Assumptions Made in Creating Equivalent Circuit 
 
 The main assumption made for these simulations is that when we add CNTs in 

parallel we are adding an additional four channels (~6.45 k  in parallel) per tube and 

thus in effect the series resistance will decrease as Rs = 6.45 k /n where n is the number 

of tubes in parallel (the 6.45 k  assumes conductance=Go).  In conjunction with this we 

assume that Rj does not decrease significantly and that each tube does not add an extra Rj 

component in parallel in our equivalent circuit.  In other words, we propose that each 

additional CNT will be close enough to one another so that we need not treat each CNT 

as creating an entirely separate “diode” in parallel.  This allows us to associate a single Rj 

component to the device, regardless of the number of tubes, that will decrease by a 

negligible amount because of the very small increase in the contact area associated with 

additional tubes.   A basic depiction of the effect of adding parallel tubes to the 
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equivalent circuit model of Figure 3.1 is shown in Figure 3.2.  The value of Zin is 

determined by (3.12) where Cptotal and Lptotal is the total capacitance and inductance 

dependent upon the total number of tubes, n. 
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ptotalCQ
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LjRR
CjZ    (3.12) 

 
n

L
L p

ptotal          (3.13) 

 pptotal nCC          (3.14) 

 CQS RRR          (3.15) 

 

Figure 3.2:  Equivalent circuit for two CNTs in parallel across the contacts of a Schottky 
diode.  RQ corresponds to the 6.45k  value that contributes to the series resistance as 
described in (3.3), where as RC represents any contact resistance. 
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The above supposition can be supported by referring back to graphene and 

making a connection to CNTs.  In [29] it is reported that the resistivity of a graphene 

sheet is equal to  = 6.45 k  (the minimum quantum resistance of a CNT) and the 

resistance scales as R = L/w.  From this relationship, as depicted in Figure 3.3, we can 

see that doubling the width will result in R decreasing by half, tripling the width will 

reduce the resistance to one third, etc.  This corresponds to placing two CNTs in parallel 

and decreasing the series resistance to one half and three CNTs in parallel leads to 

reducing the resistance to one third, etc. (see Figure 3.4).  We know that if a single sheet 

of graphene was placed across the two contacts there would be only one Rj that would 

decrease slightly as the width (area) was increased.  Therefore, it is reasonable to assume 

that as long as the CNTs that are placed in parallel are close enough to one another, a 

single device, regardless of the number of tubes, will have a single Rj determined by (3.9) 

and the series resistance will decrease as the junction resistance remains relatively 

unchanged.  The assumption that Rj remains constant is based upon the idea that the area 

making contact to the CNTs will not increase significantly due to the small nature of the 

tubes, however in reality Isat probably would increase by some amount and Rj would 

decrease accordingly.  The direct relationship between Isat and the number of tubes is not 

known at this point, for that reason, the simulations contained within this chapter keep Rj 

constant with respect to the number of tubes.  This would represent a “best case scenario” 

and even with this assumption we will demonstrate that there are still considerable 

challenges in making a diode competitive to other non-CNT based devices.  
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Figure 3.3:  (a)  Graphene sheet with length L and width w resulting in a series resistance 
equal to Rs1.  (b)  Graphene sheet with twice the width as (a) and same length with series 
resistance Rs2=Rs1/2.   
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Figure  3.4:   a)  A  single  CNT  placed  across  contacts  resulting  in  a  series  resistance  
~6.45k .  b)  Two closely spaced CNTs in parallel resulting in a series resistance that is 
reduced by half from the value of (a).  The number of tubes is equal to n. 
 
  

Lumped Element Match to 50 Ohms 

 
In the next three sections we will use the software package, Advanced Design 

System (ADS) from Agilent Technologies to simulate the matched Schottky diode and 

speculate whether or not our goal of creating an effective matching network for a CNT-

based device is feasible.  In the final portion of this chapter we will illustrate the effect of 

placing several CNTs in parallel in order to improve the percentage of the input power 

that will be delivered to the load.  We will consider two cases at 10GHz as follows:   

1) An ideal Schottky diode with perfect contacts assuming we can achieve the 
maximum conductance so that RS~6.45k  (that is, RC = 0). 

 
2)  A Schottky diode with a more realistic value for the conductance through the 
     CNTs ~25% Go per tube (that is, RC = 19.35k  and RS = 6.45k ).  
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Then we will determine how adding CNTs in parallel improves the performance of the 

diode. 

Assuming that the lengths of the CNTs are ~2.5µm and the diameters ~1-3nm we 

calculate the following per nanotube: 

pH
m

pHLM 5.21     aF
m
aFCES 12550  

nH
m

nHLK 104     fF
m
aFCQ 1400  

nHLLL MKP 003.10    aF
CC

CC
C

QE

QE
P 1.111  

Rj = 796  

Cj 0F (negligible)  

The diameters of ~1-3nm were chosen because these are the values most often reported in 

the literature for these devices.  It is important to note that controlling the growth of 

nanotubes within this range is very reasonable and any variation in the above parameters, 

due to a 1-2nm difference, is negligible (on the order of ~1% or less).  The junction 

resistance value was obtained from [15], which is an estimated result determined by 

fitting ideality curves (3.16) to experimental I-V plots.  

1)/()(exp nkTIRVqII SoSato      (3.16) 

The matching networks for all cases were determined using (3.17) – (3.20) and a generic 

matching network using these equations is shown in Figure 3.5 [27]. 
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fB
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1         (3.20)  

 

 

 

Figure 3.5:  Matching Network where ZL is equal to the impedance calculated in (3.12) 
and Zo = 50  [27]. 

 

Case I:  Ideal Diode with Perfect Contacts (Rs~6.45k ) matched at 10 GHz  

 The simulation completed below (Figures 3.6 and 3.7) illustrate that even for the 

most ideal case the bandwidth of the successful match is very narrow, approximately a 

15dB return loss bandwidth of 300 MHz and a fractional bandwidth equal to 3%, due to 

the high impedance load.  Therefore, we need to operate extremely close to 10 GHz so 

that we do not have significant power loss. 
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Figure 3.6: Matched Schottky diode at 10 GHz with ideal contacts and one CNT. 
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Figure 3.7:  Input reflection coefficient of matched Schottky diode with ideal contacts   
and one CNT (Rs~6.45k ). 
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Case II:  Diode with Maximum Conductance per Tube ~25% Go  
 
 Experimentally, the closest semiconducting tubes have come to achieving the 

maximum allowed conductance is 0.25Go.  Therefore, we consider this case in order to 

give a more accurate picture of what may be achieved based on the best available (early 

2009) experimental results available in the literature.   
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Figure 3.8:  Input reflection coefficient of matched Schottky diode with one CNT, ideal 
contacts and conductance through tube ~25% Go. 

 
 
 

Notice by looking at Figure 3.8 that just as in case I, we have a very narrow bandwidth as 

expected.  A summary of parameter values for the lumped element match is recorded in 

Table 3.1. 
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Table 3.1:  Parameter Values for Lumped Element Match at 10 GHz (Single CNT) 

Case Rs  
) 

Cp 
(fF) 

Lp 
(nH) 

Rj 
) 

Cj 
(F) 

Cseries 
(fF) 

Lshunt 
(nH) 

S11 @ 10 
GHz 

I 6.45k 0.111 10 796 0 26.43 9.678 -66.151 dB 
II 25.8k  0.111 10 796 0 13.81 18.25 -59.197 dB 

 

 

Shunt Stub Match to 50 Ohms 
 
 

 If we were to implement an on-chip matching network experimentally it would 

likely be in microstrip and not with lumped elements, therefore, we will now analyze and 

compare ideal transmission lines to microstrip using a quartz substrate.  For this analysis 

we will compare thick and thin metallization of aluminum in order to determine the effect 

of the very thin metallization layer that is required for the CNT-based device.  The 

electrical lengths for a single-stub matching network can be determined by the following 

equations taken from [27]: 
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22

     (3.20) 

)arctan(
2
1 td        (3.21) 

22
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Shorted Stub 360shortLLength      (3.24) 

Series TL 360dLength       (3.25) 

 

Diode with Ideal Transmission Lines at 10 GHz 

 A summary of component values for matching with ideal transmission lines are 

given in Table 3.2.  Cases I and II are the same as studied in the previous section. 

 
 

Table 3.2:  Parameter Values for Shunt Stub Match with Ideal Transmission Lines  
at 10 GHz 
                    
Case Rs  

(k ) 

Cp 
(fF) 

Lp 
(nH) 

Rj 
) 

Cj 
(F) 

Distance 
from Load to 

Stub 

Stub 
Length 

S11 @ 10 
GHz 

I 6.45k 0.111 10 796 0 85.28º 4.766º -60.772 dB 
II 25.8k  0.111 10 796 0 87.468º 2.52º -37.371 dB 

 

 

Microstrip  

 Finally we will analyze simulations for a shunt stub match using microstrip with a 

quartz substrate.  Currently for the CNT-based Schottky diode only thin contact 

metallizations on the order of ~nm have been demonstrated (we will consider the case 

when the metal is aluminum, however other metals such as titanium, gold, or palladium 

could also be used).  We will compare, in simulation, a thicker metallization ~1.5mils to 

a thin ~100nm in order to understand the extent to which the thinner metallization will 

negatively impact the effectiveness of our matching network/diode.  The relevant 

properties of a quartz substrate are given in Table 3.3.  The LineCalc tool in ADS was 
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used to determine the widths and lengths of the microstrip sections corresponding to the 

electrical lengths determined previously. 

 

Table 3.3:  Quartz Substrate Information 

Dielectric Constant 3.8 
Loss Tangent 1x10-4 

Substrate Thickness 1 mm 
  

Let us consider the same two cases for both a thick metallization layer of 

aluminum equal to 1.5mils and a thin metallization ~100nm.  Note that the conductivity 

of aluminum is ~3.767x107 (S/m).  Tables 3.4 and 3.5 give the widths and lengths of 

microstrip necessary for our matching network while Table 3.6 compares the input 

reflection coefficient for each case. 

 

Table 3.4:  Case I-Widths and Lengths of Microstrip for the Case of an Ideal Diode with 
Perfect Contacts and One CNT at 10 GHz 

 Shorted Stub  Series Transmission Line 
Thick Metallization W= 84.302 mils W= 84.302 mils 

 L= 8.9377 mils L= 159.9256 mils 
   

Thin Metallization W=  86.0453 mils W= 86.0453 mils 
 L= 8.8937 mils L= 159.1386 mils 
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Table 3.5:  Case II-Widths and Lengths of Microstrip for the Case of an Ideal Diode with 
Perfect Contacts and Maximum Conductance per Tube ~25% Go (representing recent 
achievable value recorded experimentally) at 10 GHz 

 Shorted Stub  Series Transmission Line 
Thick Metallization W= 84.302 mils W= 84.302 mils 

 L= 4.7257 mils L= 164.0287 mils 
   

Thin Metallization W= 86.0453 mils W= 86.0453 mils 
 L= 4.70252 mils L= 1663.2217 mils 

 

 

Table 3.6:  Input Reflection Coefficient Comparison  

Case Rs  
(k ) 

Cp 
(fF) 

Lp 
(nH) 

Rj 
) 

Cj 
(F) 

S11 @ 10 GHz  
Thick 

Metallization 

S11 @10 GHz 
Thin 

Metallization 
I 6.45k 0.111 10 796 0 -24.901 dB -11.009 dB 
II 25.8k  0.111 10 796 0 - 15.439 dB -4.725 dB 

 

 We can see from Table 3.6 that the thinner metallization will have a very 

detrimental impact upon the percentage of the input power that can be delivered to the 

load.  The next section discusses the power output and shows how placing several CNTs 

in parallel results in significant improvement.  However, it does not take into account the 

effect of the thin metallization necessary for CNTs.  Therefore, the percentages given in 

Tables 3.7 and 3.8 will decrease significantly if we consider the results of Table 3.6, 

which is a more accurate depiction of an actual device. 
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Percent of Power Delivered to the Load 

 Although we can create a matching network to minimize reflection loss as 

illustrated in the previous section, we must also be concerned about what percentage of 

the input power will actually be delivered to the load.  The following two tables confirm 

that additional parallel tubes is very advantageous, leading to a potential improvement of 

82% from a single tube to 200 tubes.  The results assume the realization of lossless 

matching networks. 

  

Table 3.7:  Percent of Input Power Delivered Assuming Perfect Contacts and 
Conductance per Tube ~Go (at 10 GHz).  In each case, the matching network has been 
developed to minimize reflection loss. 

Number of CNTs Across  
Contacts 

Percent of Input Power  
Delivered 

1 11 % 
2 19.2 % 
3 26 % 
5 38.5 % 
7 47.5 % 
10 54  % 
30 75 % 
50 85.4 % 
75 88.5 % 

100 91.2 % 
200 93.7 % 
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Table 3.8:  Percent of Input Power Delivered Assuming the Conductance per Tube is 
~0.25Go (at 10 GHz).  In each case, the matching network has been developed to 
minimize reflection loss. 

Number of CNTs Across  
Contacts 

Percent of Input Power  
Delivered 

1 2.56 % 
2 5.8 % 
3 8.8 % 
5 13.1 % 
7 17.2 % 
10 23 % 
30 41.6 % 
50 58.3 % 
75 69.8 % 

100 75 % 
200 81.8 % 

 
 
 
 

 

Figure 3.9:  Percent of input power delivered vs. the number of CNTs in parallel for the 
case where the conductance is equal to Go and 0.25Go.  
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Noise Equivalent Power (NEP) and Cutoff Frequency 

 In this section we will calculate the noise equivalent power and the cutoff 

frequency for different numbers of tubes across the contacts of the diode.  The cutoff 

frequency can be calculated using (3.26) [15] and is tabulated in Table 3.9 and 3.10 for 

various numbers of parallel CNTs. 

  
S

jS

pj
C R

RR
CR

f
2

1      (3.26) 

 

Table 3.9:  Cutoff Frequency of Schottky Diodes Assuming Perfect Contacts and 
Conductance per Tube ~Go (Rj remains a constant 796 ).   

Number of CNTs 
Across  

Contacts 

RS ) Cp (fF) Cutoff Frequency  

1 6.45k 0.111 1.907 THz 
2 3.225k 0.222 1.005 THz 
3 2.15k 0.333 702.1 GHz 
5 1.29k 0.556 457.7 GHz 
7 921 0.778 351 GHz 

10 645 1.111 269 GHz 
30 215 3.333 130.1 GHz 
50 129 5.556 96.37 GHz 
75 86 8.333 76.84 GHz 
100 64.5 11.111 65.73 GHz 
200 32.25 22.222 45.66 GHz 

 

 

 

 

 

 



 
 

78

Table 3.10:  Cutoff Frequency of Schottky Diodes Assuming the Conductance per Tube 
is ~0.25Go (Rj remains a constant 796 ).   

Number of CNTs 
Across  

Contacts 

RS ) Cp (fF) Cutoff Frequency  

1 25.8k 0.111 1.827 THz 
2 12.9k 0.222 927.1 GHz 
3 8.6k 0.333 627 GHz 
5 5.16k 0.556 386.7 GHz 
7 3.686k 0.778 283.5 GHz 

10 2.58k 1.111 205.8 GHz 
30 860 3.333 83.24 GHz 
50 516 5.556 57.396 GHz 
75 344 8.333 43.68 GHz 
100 258 11.111 36.37 GHz 
200 129 22.222 24.09 GHz 

 

 
 
 

 
Figure 3.10:  Cutoff frequency (fC) vs. number of CNTs in parallel for the case when the 
conductance through each tube is 100% Go and 25% Go. 
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 The cutoff frequency initially decreases rapidly as the number of tubes in parallel is 

increased, but begins to decline much more slowly after about 40-60 tubes have been 

added (Figure 3.10).  Even though the additional parallel CNTs lowers the cutoff 

frequency significantly we are still theoretically capable of achieving a fairly high value.  

Therefore, increasing the number of parallel tubes is still very advantageous due to the 

delivered input power improvement as discussed earlier, though naturally subject to the 

frequency of interest. 

 There is one more area of importance we should look at and that is the noise 

equivalent power (NEP).  The NEP is a measure of the sensitivity of a detector (the signal 

power which gives a signal to noise ratio of one) and it is desirable to have as low as 

possible in order to achieve a high signal to noise ratio (SNR).  Using (3.27) the NEP is 

calculated for f =10 GHz for the same cases as before.  A summary of the results are 

shown in Tables 3.11 and 3.12.  
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Table 3.11:  Noise Equivalent Power (NEP) of Schottky Diodes Assuming the 
Conductance per Tube is ~Go with f=10 GHz, Rj=796 , n=1.3, and T = 298k.   

Number of 
CNTs Across  

Contacts 

fC  RS ( ) Cp (fF) NEP (W/ Hz ) 

1 1.907 THz 6.45k 0.111 8.983 x 10-13 
2 1.005 THz 3.225k 0.222 6.584 x 10-13 
3 702.1 GHz 2.15k 0.333 5.559 x 10-13 
5 457.7 GHz 1.29k 0.556 4.577 x 10-13 
7 351 GHz 921 0.778 4.085 x 10-13 

10 269 GHz 645 1.111 3.674 x 10-13 
30 130.1 GHz 215 3.333 2.93 x 10-13 
50 96.37 GHz 129 5.556 2.766 x 10-13 
75 76.84 GHz 86 8.333 2.688 x 10-13 
100 65.73 GHz 64.5 11.111 2.656 x 10-13 
200 45.66 GHz 32.25 22.222 2.644 x 10-13 

 
 
 
 
 
 
 
Table 3.12:  Noise Equivalent Power (NEP) of Schottky Diodes Assuming the 
Conductance per Tube is ~0.25Go with f=10 GHz, Rj=796 , n=1.3, and T = 298k.   

Number of 
CNTs Across  

Contacts 

fC RS ) Cp (fF) NEP (W/ Hz ) 

1 1.827 THz 25.8k 0.111 1.746 x 10-12 

2 927.1 GHz 12.9k 0.222 1.247 x 10-12 
3 627 GHz 8.6k 0.333 1.028 x 10-12 
5 386.7 GHz 5.16k 0.556 8.114 x 10-13 
7 283.5 GHz 3.686k 0.778 6.986 x 10-13 

10 205.8 GHz 2.58k 1.111 6.003 x 10-13 
30 83.24 GHz 860 3.333 4.052 x 10-13 
50 57.396 GHz 516 5.556 3.565 x 10-13 
75 43.68 GHz 344 8.333 3.324 x 10-13 
100 36.37 GHz 258 11.111 3.223 x 10-13 
200 24.09 GHz 129 22.222 3.207 x 10-13 
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Figure 3.11:  Noise equivalent power (NEP) vs. number of CNTs in parallel.  The values 
are calculated for detection at 10 GHz and room temperature assuming the ideality factor 
of the diodes are n=1.3. 
 
 
 So far we have illustrated that one can significantly improve a CNT-based 

Schottky diode by adding tubes in parallel across the contacts.  However, the 

enhancement tends to level off after about 200 tubes have been added.  This is due to Rs 

being significantly reduced after 200 have been added and it no longer is as dominate as 

before.  The calculated cutoff frequency for these devices is going to be high due 

primarily to the very small capacitance Cp, meaning that we can add several tubes in 

parallel and still observe high cutoff frequencies.  An issue of importance is the 

percentage of the input power that will be successfully delivered.  We determined that we 

can improve the percentage by simultaneously using a matching network to minimize the 

reflection loss and adding parallel tubes.  Although the percentage was high after 100-200 

tubes were added we must also consider the effect of the very thin contact metallizations 
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that so far are the only diodes that have been demonstrated in the literature.  The thinner 

metallization layer is notably detrimental to the amount of power delivered which will be 

observed for these devices, thus in reality the percentage of the input power delivered 

even after adding tubes and developing a matching network may be very small.   

For comparison Table 3.13 compares a state-of-the-art GaAs diode and a CNT 

diode.   

 

Table 3.13:  Comparison of a CNT based Schottky Diode and a GaAs diode [15].   
 CNT Diode (One CNT) CNT Diode (200 CNTs) GaAs Diode 

FC 1.827 THz 24.09 GHz 7 THz 

NEP 8.983 x 10-13 W/ Hz  2.644 x 10-13 W/ Hz  5.4 x 10-13 W/ Hz  

 

It is apparent that compared to current state-of-the-art devices, such as GaAs Schottky 

diodes, the performance of CNT diodes is very poor even when considering the simulated 

“best case scenario”. 

 In the next section we will look at a CNT-based MOSFET in much the same way 

we did the diode in order to assess the future potential of such devices.      

 
Carbon Nanotube Transistor Small-Signal Circuit Model 

 
 

 The purpose of this section is to develop an equivalent circuit model for a 

Schottky barrier FET in a similar manner as the diode model.  We will utilize the same 

concepts to determine the device’s quantum capacitance and resistance values.  Then 

investigate the advantages/disadvantages of placing additional tubes in parallel across the 
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source and drain.  Particularly, we will focus on the effect more parallel tubes will have 

on the cutoff frequency.     

The proposed transistor model depicted in Figure 3.13 includes components 

whose values are determined from experimental results reported in the literature, such as 

the transconductance gm and output conductance gd of the device when it does not behave 

as an ideal current source, and theoretically calculated values.  Let us begin by 

determining the gate-source capacitance which is equal to the quantum capacitance and 

electrostatic capacitance in series, the same capacitances determined in the previous 

chapter for the diode (2.54) and (2.55) [11]. 

  
1

4
11

QE
gs CC

C         (3.28) 

As before the quantum capacitance is multiplied by four because of the 4-fold degeneracy 

associated with CNTs.   

 

Figure 3.12:  a) Top profile of nanotube transistor and b) side profile of a nanotube 
transistor [11]. 
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Figure 3.13:  Small- signal circuit model for a nanotube transistor [11]. 

 
 
 

The parasitic capacitances are estimated in [11] using the calculation for what the 

capacitance would be between two thin metal films separated by a distance Lp.  This 

yields a capacitance equal to ~10-16 F per the length of the electrode in µm.  For this case 

the length will be the width of the gate, source or drain as labeled in Figure 3.12 as w.  

Therefore, assuming the width of the gate electrode is 25 µm, the parasitic capacitances 

will be close to 2.5 fF.   

 The series resistances (RS and RD) in the transistor model are from the 

metallization layer and the ohmic contact resistance.  Assuming perfect contacts, these 

resistance values will then be equal to the quantum resistance ~6.45k .  The other 

parameters in Figure 3.13 are determined from experimental values reported in the 

literature.  The following table summarizes a set of values for gm and gd taken from the 

literature. 
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Table 3.14:  Summary of experimental results gathered from recently published journal 
papers for CNT SBFETS.  Note that all CNTs for these devices have diameters between 
1-5nm.  All values were tabulated by [11] from published I-V curves. 

Gate Length Gate 
Thickness 

gm 
 

gd (µS) Ref 

0.1 µm 3000 Å 0.3 µS 0.03 [30] 
0.3 µm 1000 Å 0.001 µS 1 [31] 
1 µm 200 Å 3 µS <0.1 [32] 
3 µm 0 Å 20 µS <0.1 [33] 
1 µm 80 Å 12 µS <0.1 [34] 
10 µm 500 Å 0.05 µS 0.6 [35] 
1 µm 10 Å 60 µS <0.1 [36] 

0.3 µm 5000 Å 10 µS <0.1 [37] 
 

 

Cutoff Frequency of CNT Transistor 

 Just as in the previous section we are now going to analyze the cutoff frequency 

for CNT-based FET for the case when the conductance through a single tube is equal to 

the fundamental constant Go and 25%Go, setting the transconductance to a constant value 

between each case.  We are also going to consider how adding parallel tubes across the 

source and drain will affect the cutoff frequency of the device.  The cutoff frequency can 

be determined using (3.29) and is defined as the frequency at which the short-circuit 

current gain drops to unity [11].   

 

1

,,, 2212 parasiticgdgsDS
m

d
parasiticgdgs

m
parasiticgdDST CCRR

g
gCC

g
CRRf            (3.29) 
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In order to achieve a more reasonable picture of what cutoff frequencies are possible, we 

will need to consider a few more details.  As of today, it is possible to obtain tube 

densities of ~5 SWNT/µm as reported in [38].  For example, if we set the width to 25 µm 

the maximum number of parallel CNTs that can be placed across the source and drain is 

125.  As shown in Figure 3.14, increasing the number of parallel tubes increases the 

cutoff frequency, but only marginally when compared to the overall picture because 

decreasing the parasitic capacitance and choosing a smaller gate width improves the 

cutoff frequency more dramatically.  Making the width of the device larger will allow for 

more tubes, however, the parasitic capacitances will also get larger and begin to lower the 

cutoff frequency.    

 

 

Table 3.15:  Cutoff Frequency of Schottky Barrier FET Assuming the Conductance per 
Tube is ~Go (for tube length 1µm:  gm = 20µs, gd = 0.1 µs, and 
parasitic capacitances ~ 10-16 F). 

Number of Parallel 
CNTs  

 

RS & RD ( ) Cutoff Frequency  

1 6.45k 12.42 GHz 
2 3.225k 12.72 GHz 
3 2.15k 12.82 GHz 
5 1.29k 12.9 GHz 
7 921.43 12.93 GHz 
10 645 12.96 GHz 
30 215 13 GHz 
50 129 13.01 GHz 
75 86 13.01 GHz 

100 64.5 13.02 GHz 
125 51.6 13.02 GHz 
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Table 3.16:  Cutoff Frequency of Schottky Barrier FET Assuming the Conductance per         
Tube is ~0.25Go (for tube length 1µm:  gm = 20µs, gd = 0.1 µs, and 
parasitic capacitances ~ 10-16 F). 

Number of Parallel 
CNTs  

 

RS & RD ( ) Cutoff Frequency  

1 25.8k 10.92 GHz 
2 12.9k 11.88 GHz 
3 8.6k 12.24 GHz 
5 5.16k 12.54 GHz 
7 3.686k 12.67 GHz 
10 2.58k 12.78 GHz 
30 860 12.94 GHz 
50 516 12.97 GHz 
75 344 12.99 GHz 

100 258 13 GHz 
125 206.4 13 GHz 

 
 

 

 
 

Figure 3.14:  Cutoff frequency (GHz) vs. number of CNTs in parallel for a transistor. 
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In the following two tables only the maximum number of tubes is considered (assuming 

~5 SWNT/µm) for variations in the width (w) of the electrodes, taking into consideration 

the associated increase in the parasitic capacitances in order to estimate the largest 

potential cutoff frequency for a CNT based FET.  In these calculations gm is set to 20µs.  

Although gm is affected by the width (w) it is appropriate in this case to ignore because 

gm, Cgs, and Cgd all increase linearly with increasing w [38].  Thus, as per equation (3.30), 

the cutoff frequency fT is independent of w as long as the parasitic resistances are small 

with respect to the output resistance (due to equation 3.30 only being accurate under this 

condition).   

gdgs

m
T CC

gf
2

                   (3.30) 

 

Table 3.17:  Cutoff Frequency of Schottky Barrier FET Assuming the Conductance per 
Tube is ~Go (for tube length 1µm:  gm = 20µs, gd = 0.1 µs, and  
parasitic capacitances varies according to the width of electrodes).   

Width (w) 
(µm) 

Number of 
Parallel CNTs  
 

RS & RD ( ) Parasitic 
Capacitance 

(fF) 

Cutoff 
Frequency 

1 5 1290 0.1 12.9 GHz 
5 25 258 0.5 3.046 GHz 
10 50 129 1 1.557 GHz 
15 75 86 1.5 1.045 GHz 
25 125 51.6 2.5 0.631 GHz 
35 175 36.857 3.5 0.4519 GHz 
50 250 25.8 5 0.3169 GHz 
60 300 21.5 6 0.2643 GHz 
80 400 16.125 8 0.1984 GHz 

100 500 12.9 10 0.1588 GHz 
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Table 3.18:  Cutoff Frequency of Schottky Barrier FET Assuming the Conductance per 
Tube is ~0.25Go (for tube length 1µm:  gm = 20µs, gd = 0.1 µs, and  
parasitic capacitances varies according to the width of electrodes).   

Width (w) 
(µm) 

Number of 
Parallel CNTs  
 

RS & RD ( ) Parasitic 
Capacitance 

(fF) 

Cutoff 
Frequency 

1 5 5160 0.1 12.54 GHz 
5 25 1032 0.5 3.042 GHz 
10 50 516 1 1.556 GHz 
15 75 344 1.5 1.045 GHz 
25 125 206.4 2.5 0.6309 GHz 
35 175 147.429 3.5 0.4518 GHz 
50 250 103.2 5 0.3169 GHz 
60 300 86 6 0.2643 GHz 
80 400 64.5 8 0.1984 GHz 

100 500 51.6 10 0.1588 GHz 
 

 

 

Figure 3.15:  Cutoff frequency (GHz) vs. Width ( m) for a transistor assuming density of 
parallel tubes is 5 per m.   
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As one can see from the previous two figures, the increase in the parasitic capacitances 

due to the larger width is the extremely more dominant factor compared to the parallel 

tube densities.  It is only true that increasing the number of parallel tubes will lead to 

improvement when the width remains fixed.  Otherwise, the effect of larger parasitic 

capacitances will take over and begin to quickly lower the cutoff frequency regardless of 

the number of tubes added.  To further illustrate this, refer to Table 3.19 where the tube 

density is set to 20 per µm.  These calculations indicate that even with a fairly significant 

increase in tube density, the results are very similar to the smaller case of 5 per µm.  

Therefore, choosing the width of the device is more important than the density as well as 

finding ways to lower the parasitic capacitances. 

 

Table 3.19:  Cutoff Frequency of Schottky Barrier FET Assuming the Conductance per 
Tube is ~Go and improved tube density of 20 per µm (for tube length 1µm:  gm = 20µs,     
gd = 0.1 µs, and parasitic capacitances varies according to the width of electrodes).   

Width (w) 
(µm) 

Number of 
Parallel CNTs  
 

RS & RD ( ) Parasitic 
Capacitance 

(fF) 

Cutoff 
Frequency 

1 20 322.5 0.1 12.99 GHz 
5 100 64.5 0.5 3.047 GHz 
10 200 32.25 1 1.557 GHz 
15 300 21.5 1.5 1.046 GHz 
25 500 12.9 2.5 0.631 GHz 
35 700 9.214 3.5 0.4519 GHz 
50 1000 6.45 5 0.3169 GHz 
60 1200 5.375 6 0.2643 GHz 
80 1600 4.031 8 0.1984 GHz 

100 2000 3.225 10 0.1588 GHz 
 
 
 

The following three figures illustrate more directly how dominate the parasitic 

capacitances are.  In addition to increasing the density of tubes it is possible to raise the 
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cutoff frequency significantly if the length of the tubes is shortened (decreases Cgs) and 

the parasitic capacitances become negligible.  In fact once the parasitics are mitigated and 

the tube lengths are ~0.05 µm it is possible to achieve cutoff frequencies above 1.8 THz.  

 

 

 
 

Figure 3.16:  Improvement in the cutoff frequency due to decreasing the parasitic 
capacitance when keeping the number of tubes across the source and drain to 200. 
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Figure 3.17:  Tube length (µm) vs. Cutoff frequency when keeping the parasitic 
capacitance at 10-16 F and 200 tubes across the source and drain.  
 
 

 

 
 

Figure 3.18:  Tube length (µm) vs. Cutoff frequency assuming parasitic capacitances are 
negligible.     
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Summary 
 
 

In this chapter we have illustrated through a set of equivalent circuit models and 

simulations some of the potential advantages and disadvantages of carbon nanotube 

based devices.  These simulations corroborate with the most recent information available 

in the literature, which includes some experimental data.  Theoretically, it is believed that 

CNT based devices may reach cutoff frequencies in the THz regime and currently most 

experimental results yield frequencies between 5-9 GHz [38].  Improving these devices 

will involve improvements in the fabrication processes which will produce higher yield 

and allow higher density of parallel tubes to be grown in a precise manner.  However, 

even given the “best case scenario” assuming there is no limitations on performance 

arising due to fabrication limitations, there are still considerable problems associated with 

CNT based devices for high frequency applications.  For example, there is a trade-off 

with regards to improving the performance of the Schottky diode.  Although a higher 

density of tubes across the contacts will improve power delivery, the cutoff frequency 

will simultaneously decrease with each additional tube.  Also, the parasitic capacitances 

will need to be lowered virtually to zero in order to achieve cutoff frequencies in the THz 

regime.  This paints a rather grim picture with regards to these devices competing to what 

is already commercially available.   
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CONCLUSION 
 

Carbon nanotubes may not be as promising for device applications in high 

frequency nanoelectronics as initially predicted.  There are unfavorable consequences 

related to the 1-dimensional nature of carbon nanotubes that make it difficult for them to 

compete with CMOS for millimeter/submillimeter wave nanoelectronics.  To date there 

have been several theoretical and experimental studies made toward determining both the 

future potential these devices may have as well as the current challenges faced in 

realizing their full potential.  This thesis has covered the development of equivalent 

circuit models for a Schottky barrier FET and diode and has shown the effect and benefits 

in incorporating several parallel tubes in these devices.  Although they may not be 

extremely promising for high frequency electronics, their combined mechanical and 

electrical properties do point to them being better suited for other applications.   

One of the main issues still detrimental to CNT based electronics is that it has not 

yet been demonstrated how well they can be created reliably in a repeatable manner.  The 

literature suggests poor yield when fabricating several of these devices.  This is the main 

factor that needs to be improved first because it is this limitation that will prevent 

nanotubes from being used even for applications other than high frequency devices.        

 
Future Work 

 
 

 The suggested focus for future work is primarily centered on validating the 

equivalent circuit models discussed in this thesis with experiment.  In particular, one 

should fabricate both Schottky diodes and FETs with various geometries and aligned 
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parallel tube densities in order to further support the findings in Chapter 3.  There is also 

a need to create several devices that have the same geometry and tube densities in order 

to determine if they all behave similarly.  In other words, can one control reliably how 

these devices behave by setting the geometry and number of tubes, or do other factors 

play a role that cannot easily be controlled, such as the variability in chirality between 

tubes?  Consequently this brings the fundamental challenge with CNTs back to how the 

growth of tubes can be improved such that chirality can be more readily controlled.  The 

answer to whether this can be accomplished will largely determine the future prospects of 

carbon nanotube based electronics.     
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