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Carbon nanotubes (CNTs) are promising materials in radio frequency (RF) 

applications due to their high mobility, high current density and low capacitance. 

Over the past several years, extensive experimental and theoretical works have been 

focused on increasing the cut-off frequency of carbon nanotube field effect transistors 

(CNTFETs). However, there is limited study aiming for understanding the linearity of 

CNTFETs, which is an important aspect when radio frequency transistors are working 

in multiple frequency environments. 

 In this dissertation, CNTFETs are fabricated based on horizontally aligned 

carbon nanotubes grown on quartz substrate. DC characterization shows three 

conduction regions in the transfer curve of the device, p-type and n-type linear 

regions, and ambipolar nonlinear region. The single tone excitation measurement 

shows extra harmonic generations as a result of the nonlinearity of the device. Same 

measurement is conducted with control devices without carbon nanotubes in the 



 

 

channel and confirms the nonlinearity is from the carbon nanotubes in the channel. 

Comparison between the 1
st
 order harmonic amplitude and the 2

nd
 order derivative of 

current with respect to gate voltage indicates that nonlinear transconductance is the 

cause of nonlinearity in the device. In order to understand the nonlinearity thoroughly, 

an elementary model based on 1D electronic transport and Drude model is built. The 

model can accurately predict the DC performance and nonlinearity of the device.  

 Taking advantage of the transitions between linear and nonlinear transfer 

regions, we build our CNTFETs into gate controlled radio frequency mixers. Two-

tone mixing measurement shows clearly that intermodulation terms in the output 

spectrum are strong in ampibolar regions and suppressed to noise floor in the linear 

regions. We further perform passive mixing (no source/drain voltage applied) in 

higher frequency regime and demonstrate the generation of harmonic and 

intermodulation signals in the output frequency range between 75 and110GHz, which 

is the among the highest output frequency observed from CNTFETs to date. 
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Chapter 1: Introduction 

1.1. Carbon nanotube basics 

Carbon serves as the backbone of life on earth. Most organic building blocks 

of lives contain carbon. Carbon itself is an element with 4 electrons in the outmost 

shell, and this allows carbon to form covalent bonds with element such as Hydrogen, 

Oxygen and Nitrogen, and of course, with other carbon atoms. Those covalent bonds 

together contribute to build up larger organic molecules. 

 Carbon can form different types of covalent bonds itself, i.e. sp
2
 and sp

3
 

hybridized bonds. For sp
3
 bonds, one carbon atom is connected to four other carbon 

atoms, forming a tetrahedron, and this is the diamond structure, where all the 

electrons are confined within the covalent bonds between carbon atoms. The nature 

pure of carbon solid is diamond. For sp
2
 bonds, one carbon atom is connected to three 

other carbon atoms, forming a hexagon repetition two dimensional structure, like the 

honeycomb. In such a structure, only three out of four valent electrons are forming 

covalent bonds, and the other one electron is free to move, which makes such material 

a good conductor. Graphite is an example of such a structure. Within each layer, 

carbon atoms are connected by covalent bonds, and adjacent layers are held together 

by Van der Waals force. A single layer of sp
2
 carbon is called graphene, can be 

pictured as a sheet of carbon atoms. And if we can roll this sheet up, what will this 

roll look like and what is the property of this carbon roll, or carbon tube? Such a roll 

is called carbon nanotube. 

The first carbon nanotube (CNT) was discovered in 1991 by observation 

through transmission electron microscopy[1]. The cylinder normally has a length of 
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several microns, and in some cases, even millimeters or centimeters[2][3]. However, 

the radius of the cylinder is only several nanometers. Such a huge aspect ratio helps to 

bridge nanoscale quantum behaviors with the macroscopic devices. 

 

Figure 1.1 Unit cell in graphene sheet for a (4, 2) carbon nanotube. a and b are two 

basic vectors and C is the chiral vector 
 

 

Carbon nanotube can be formed by only one cylinder of graphene sheet, 

which is single wall carbon nanotube, or several concentric cylinders, which is 

multiwall carbon nanotube. For single wall carbon nanotubes,  in terms of how the 

graphene is rolled up in the circumferential direction, they can be further classified 
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into three categories. Define the chiral vector C, and C= na+mb (n, m), the graphene 

is rolled up in the C vector direction. (i) when n=0, it is the zigzag nanotube (ii)when 

n=m, it is the armchair nanotube (iii) all other (n, m) values corresponds to chiral 

tubes. Figure 1.1 shows a (4, 2) carbon nanotube, and the shaded area is one unit cell. 

According the classification above, the (4,2) nanotube is a chiral nanotube, which is 

semiconducting. The chiral vector influences the electronic properties of carbon 

nanotube. If (n-m) mod 3=0, the nanotube is metallic, on the other hand, if (n-m) mod 

3≠0, the nanotube is semiconducting. Next section will discuss the electronic 

properties of carbon nanotubes and clarify the relationship between chiral vector and 

metallic/semiconducting classification. 
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1.2. Carbon nanotube electronic properties 

In order to look at the electronic properties of carbon nanotubes, first investigate the 

electronic properties of graphene. The real space lattice and reciprocal lattice of 

graphene are shown in Figure 1.2. 

 

Figure 1.2 Real space lattice and reciprocal lattice of graphene 

In the real space, �⃑�1 and �⃑�2 are the basic vectors and can fill up the whole plane with 

the help of translating vectors. �⃑�1 and �⃑�2 are expressed as 

�⃑�1 = 𝑎0 (
√3

2
�̂� +

1

2
�̂�) 

�⃑�2 = 𝑎0 (
√3

2
�̂� −

1

2
�̂�) 

where 𝑎0 = √3𝑑𝑐 is the length of basis vector and 𝑑𝑐 ≈ 1.42�̇� is the carbon-carbon 

bonding length. Based on the tight bonding model[4], the dispersion relationship in 

graphene can be solved, and the E-k relationship is  
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𝐸(�⃑⃑�) = ±|𝜖| ∙ √3 + 2𝑐𝑜𝑠(�⃑⃑� ∙ �⃑�1) + 2𝑐𝑜𝑠(�⃑⃑� ∙ �⃑�2) + 2𝑐𝑜𝑠(�⃑⃑� ∙ �⃑�3) 

where 𝜖 ≈ −3𝑒𝑉 is carbon-carbon bonding energy, and �⃑�3 = �⃑�1 − �⃑�2.The plot of the 

E-k relationship is shown in Figure 1.3. 

 

Figure 1.3 E-k relationship plotting based on tight bonding calculation 

 

At the six corner of 1
st
 Brillouin zone, referred to as K points, the valence 

band touches with conduction band but not overlapping, which makes graphene a 

zero band gap material. We can examine this by performing Taylor expansion for 

cosine function near these points and E-k relationship is 

𝐸(�⃑⃑�) =
3𝑑𝑐|𝜖|

2
|�⃑⃑� − �⃑⃑�𝐹| 
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where �⃑⃑�𝐹 is the Fermi vector. This illustrates that E-k follows a linear relationship 

near the K points, and when �⃑⃑� equals to �⃑⃑�𝐹, the valence band touches the conduction 

band.  

 In terms of the band structure of carbon nanotubes, it is different from 

graphene’s. Because of the small diameter of carbon nanotubes, the k vector along the 

radial direction of carbon nanotubes are quantized, which means only k vector 

satisfying certain conditions can be allowed. And the periodic boundary condition in 

this case is 

�⃑⃑� ∙ 𝐶 = 2𝜋𝑗 

where j is an integer. Further taken n-m into account, say (n-m) mod 3=q, where q is 

0,1 or -1: 

(1) if p=0, a line of allowed k intercepts the K point, so valence band and 

conduction band touch, making the nanotube metallic 

(2) if p=1or -1, a line of allowed k misses the K point by ∆𝑘 = ±
2

3𝐷
, where D is 

diameter of the nanotube, and the nanotube will have a band gap[5] 

In Figure 1.4, the band structure, density of states and quantized graphene band 

structure are drawn for (a) metallic nanotubes and (b) semiconducting nanotubes. For 

metallic nanotubes, k vectors satisfying the boundary condition can pass the K point 

at the corner of 1st  Brillouin zone, leading to zero band gap. For semiconducting 

nantoubes, k vectors misses the K point and a band gap is formed. In more detailed 

situation, when n-m=0, the band ganp is zero, but when n-m=3z, where z is integer, 
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there is a very small band gap in carbon nanotube band structure, but is always treated 

as metallic. 

 

Figure 1.4 Schematic drawing of band structure, density of states and quantized 

graphene band structure for (a) metallic nanotubes (b) semiconducting nanotubes 

(image from Andrew Tunnell dissertation) 

 

 Now that we are aware of the band structure of carbon nanotubes, it is worth 

to mention about the electronic properties of CVD grown carbon nanotubes. CVD 

grwon carbon nanotubes normally have random chirality, and this end up with even 

distribution of (n-m). The probability of (n-m) mod 3=0 is about 1/3, and the 

probability of (n-m) mod 3=±1 is 2/3. So one third of the CVD grown nanotubes are 

metallic and two thirds of the nanotubes are semiconducting. It is challenging to grow 

either metallic or semiconducting nanotubes solely, and removal of metallic 

nanotubes is also an unsettled topic. However, metallic nanotubes will not show gate 

control behavior, which means they are not going to contribute to nonlinearity of the 
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device in a carbon nanotube field-effect transistor (CNTFETs). So we choose not to 

remove the metallic nanotubes and deal with the mixsure of both metallic and 

semiconducting nanotubes. By doing so, we are still studying the nonlinearity 

behavior caused by semiconducting nanotube.. 

 

 1.3. Carbon nanotube high frequency applications 

Ever since the discovery of carbon nanotubes, these small diameter hollow 

tubes have drawn greater and greater attention due to their interesting properties in a 

number of regions. Carbon nanotube is a very stiff material with high Young’s 

modulus[6], and it is also an efficient thermal conductor, whose thermal conductivity 

is near 3000W/mK[7], which is more than 7 times than that of copper. However, in 

this dissertation, we will focus more on another property that enables extensive study 

of carbon nanotubes, the extraordinary electronic properties. 

Among the carbon nanotube family, single wall carbon nanotubes show some 

superior properties.  One outstanding aspect is they can carry very high current 

density, as high as ~4 × 109Acm−2, which is three orders of magnitude higher than a 

typical metal such as copper or aluminum[8][9]. On the other hand, they also have 

high carrier mobility of ~10,000cm2V−1s−1, which is better than that of 

silicon[10][11].  Such high carrier mobility encourages people to use carbon 

nanotubes as the active material for high frequency devices. Since the carrier mobility 

is closely related to the drift velocity, and the higher the drift velocity is, the quicker 

the device can react to the AC signals applied on it. Thus, higher carrier mobility 
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should enable devices to work at higher frequency, especially when the channel 

length of the transistor is scaled down[12].  

Although carbon nanotubes can carry a high current density, based on its 

small diameter, using single carbon nanotube to build electronic device has 

limitations in terms of practical use and measurement due to its large output 

impedance which does not match most measurement apparatus and the small output 

current. Most current carbon nanotube based devices consist of tens or hundreds of 

nanotubes in the device channel, enabling practical output currents[13].  

For the analysis of devices working in high frequency region, there are 

basically two aspects. The first aspect relates to the amplitude of output signal, where 

characterizations mainly focus on what type of gain is possible and at what frequency 

region these gains exist. Two different definitions of gains are widely used to 

characterize the frequency response of carbon nanotubes, the current gain H21 and the 

Mason’s unilateral gain U. The current gain H21 is defined as the ratio of output 

current to input current, while the unilateral gain U is the power gain under conjugate 

impedance matching. For a field-effect transistor, two figure of merits are more often 

used instead of the amplitude of the gain, they are the cut-off or transition frequency 

fT, at which the current gain falls to unity and the maximum frequency of oscillation, 

at which the unilateral gain falls to unity. Based on the assumption of ignoring the 

parasitic capacitance between source/drain and gate, Rutherglen et al. calculate the 

intrinsic cut-off frequency of a CNTFET[14], 

fT,intrinsic =

{
 
 

 
 

μ(Vgs − VT)

2πL2
Lislarge



vsat
2πL

Lissmall
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where μ is the mobility, Vgs is the voltage between gate and source, VT is threshold 

voltage and is defined as VT = Vgs − Vds  in the current saturation regime, Vds is the 

voltage between source and drain, vsat is the saturated drift velocity at large electric 

field (small channel length), and L is the channel length of the device. We notice that 

in either of the two limits, decreasing the channel length will lead to increase of cut-

off frequency, and this is the motivation of several groups to aggressively down-size 

the channel length of CNTFET to achieve higher cut-off frequency[15][16], where 

techniques such as e-beam lithography[17][18] and self-aligned source/drain[19][20] 

are used. Theoretical projections are also focused on the limitations of CNTFETs 

radio frequency performance[21][22][23], which covers short channel length that is in 

the ballistic regime[24]. Our devices usually have a channel length from 2µm to 5µm, 

so the cut-off frequency is relatively low, but this will not be an issue here as we plan 

to investigate the linearity of the devices working at radio frequency. 

The linearity of the device comes to play an important role, and is becoming 

increasingly significant a figure of merit when we want our device to work in a 

multiple signal environment. There have been efforts to directly observe the nonlinear 

behavior of carbon nanotubes, and some are listed in Table 1.1. The maximum input 

frequency and the type of output signal are also listed in the table. 
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Table 1.1.   Direct observation of nonlinear behavior of carbon nanotubes 

Year Author Maximum Input 

Frequency (GHz) 

Output 

signal  

Type of detection 

2005 Rosenblatt[25] 50 DC DC mixing current  

2006 Pesetski[26] 23 10 kHz DC mixing current  

2008 Cobas[27] 18 DC Diode rectification 

2011 Wang[15] 1 3 GHz Higher order harmonics 

2014 Wang[18] 10 20GHz Higher order harmonics 

 

Based on the table, we notice that there is a need for a characterization of the 

nonlinear behavior of carbon nanotube over a large frequency range using consistent 

detection methods. However, based on the range of commercially available signal 

analyzer, detection of higher order harmonics beyond the range of 50 GHz is not 

economical. So here we propose using a measurement setup consisting of a signal 

analyzer and an external mixer to characterize the nonlinear behavior of carbon 

nanotubes.  By measuring the higher order harmonics resulting from single tone 

harmonic distortion or two-tone mixing, characterization of the nonlinear behavior of 

carbon nanotubes FETs, will be done from 1 GHz up to 110 GHz. The possible 

reasons for the nonlinear behavior will be discussed based on both experimental data 

and theoretical calculation. Moreover, we will utilize the nonlinearity of CNTFETs to 

build novel radio frequency circuits, such as frequency doubler and mixer.  
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1.4. Overview of the dissertation 

 The goal of our research is to fabricate carbon nanotube field effect transistors 

(CNTFETs) based on horizontally aligned carbon nanotubes, study the nonlinearity of 

CNTFETs by measurement and interpretation of harmonic generation, and take 

advantage of the nonlinearity to build radio frequency circuit components (frequency 

doubler and mixer). In Chapter 2, we introduce the CVD growth of horizontally 

aligned carbon nanotubes on quartz substrate, go over the fabrication process of 

CNTFETs, and study the DC characterization of our devices. In Chapter 3, we 

describe the experimental setup of single tone excitation measurement and the 

observation of extra harmonic generation in the output spectrum. Harmonic 

generation theory based on small signal model is illustrated and the comparison 

between 1
st
 order harmonics and 2

nd
 derivative of current with respect to gate voltage 

confirms the connection between DC and AC performance. A frequency doubler 

based on CNTFETs working at low frequency is demonstrated. In Chapter 4, we 

build up our elementary model of electronic transport in CNTFETs based on a 

combination of Drude model and 1D electronic transport. We further compare the 

nonlinearity based on the model with the amplitude of 1st order harmonics from 

single tone excitation measurement. In Chapter 5, we introduce the two-tone mixing 

measurement and generic mixing theory. Based on the unique control of gate voltage 

over the nonlinearity of the device, we are able to achieve controllable mixing using 

CNTFETs. The first observation of CNTFETs mixing at 75-110GHz range is 

presented. Chapter 8 summarizes and concludes the dissertation, and suggests some 

possible further work. 
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Chapter 2: Device fabrication and DC operation 

2.1. Growth of horizontally aligned carbon nanotubes 

 

1. Advantage of using horizontally aligned carbon nanotubes as channel materials for 

CNTFETs 

It has been clearly pointed out that, in order to increase the radio frequency 

figure of merits, one important aspect is to increase the gate capacitance contribution 

of the total capacitance and decrease parasitic capacitance related to gate/drain and 

gate/source. In order to achieve such condition, the most effective way is to increase 

the density of carbon nanotubes in the channel. Because the gate capacitance is 

proportional to the number of nanotubes in the channel, however, the parasitic 

capacitance is mostly from the device structure.  So by increasing the density of 

carbon nanotubes in the channel, the gate capacitance per nanotube is kept still, but 

the parasitic capacitance per nanotube decreases. To evaluate the frequency response 

of a transistor, current gain H21 is usually an important figure of merit. It is defined as 

the output power divided by the input power. The cut-off frequency 𝑓𝑇 is the 

frequency at which H21 falls to unity, the 𝑓𝑇 for a CNTFET has been derived as 

 

fT =
gm
2π

1

(Cgs+Cp,gs+Cp,gd) ((Rp,s + Rp,d)gd + 1) + Cp,gdgm(Rp,s + Rp,d)
 

 

The parameters in the equations are labeled out in Figure 2.1, where gm is the 

transconductance, Cgs the intrinsic gate capacitance, and gd the channel conductance. 

Cp,gs and Cp,gd are the gate-source and gate-rain parasitic capacitances, Rp,s and Rp,d 
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are parasitic resistances for the source and drain, and Rgate is the resistance of the gate 

electrode. The green dash line highlights the intrinsic part of the device.  

 
Figure 2.1 A Small circuit model based on a CNTFET. gm is the transconductance, 

Cgs the intrinsic gate capacitance, and gd the channel conductance. Cp,gs and Cp,gd are 

the gate-source and gate-rain parasitic capacitances, Rp,s and Rp,d are parasitic 

resistances for the source and drain, and Rgate is the resistance of the gate electrode. 

The green dash line highlights the intrinsic part of the device. 

 

The important information we get from the equation is that, increase in Cp,gs 

and Cp,gd, which are the gate-source and gate-rain parasitic capacitances, will lower 

the cut-off frequency. Increase the density of carbon nanotubes not only decreases the 

parasitic capacitances per nanotube, it also increases gm, and both actions will 

increase fT. 

 

2. CVD growth of horizontally aligned carbon nanotubes on quartz substrates 

 

The growth of horizontally carbon nanotubes was first demonstrated by 

Rogers’ group[28].  Such alignment can be achieved on different substrate, such as 
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quartz and sapphire[29], with different metals as catalyst[30][31]. Also, the carbon 

feeding gases have alternative choices, methane, ethanol and methanol can all serve 

as carbon source[32]. Liu group from Duke[33], using copper as catalyst and mixture 

of ethanol and methanol as carbon source, has demonstrated preferable growth of 

semiconducting carbon nanotube arrays. In terms of increasing the density of carbon 

nanotube arrays, physical methods including sequential CVD and transferring after 

growth have been explored, and the highest density achieved can reach the value of 

tens of tubes per micron. On the other hand, chemical methods such as introducing 

sulfur into the system for Fe catalyst assisted reaction have also been shown to 

successfully improve the density from ~2/µm to ~8/µm. Growth in place using CVD 

enables patterning the catalyst in the desired region, and this enables the scalable 

growth of carbon nanotubes with good alignment in designated region, which is 

compatible with the modern semiconductor industry process and also enables later 

transferring to alternative substrate like silicon[34]. The disadvantages of this 

technique includes high temperature process up to ~850℃ and the coexistence of 

both metallic and semiconducting carbon nanotubes, and the second problem has 

attracted a lot of attention since it is difficult to remove metallic carbon nanotubes 

without influencing the density and integrity of semiconducting nanotubes. 

As is mentioned, one of the problem using carbon nanotubes to substitute 

semiconducting materials in electronic device is that CVD grown nanotubes always 

have both metallic and semiconducting types and the ratio is about 1:2[35][36]. 

Attention has been paid to separate metallic and semi-conducting carbon nanotubes. 

Solution based separation can lead to large scale fabrication of carbon nanotube 
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network based electronics, and these methods include centrifugation and DNA 

assisted separation[37]. For carbon nanotubes grown locally on quartz substrate, the 

separation mainly incorporates plasma etching[38] or electric burning[39][40], and 

some groups also proposed in-situ etching with –OH groups[41] or even preferential 

growth of semiconducting nanotubes[42]. Early research demonstrates selective 

etching of metallic type carbon nanotubes using methane plasma. However, such 

etching method is diameter dependent and also will etch semiconducting nanotubes. 

Recently, Rogers’ group use thermocapillary flows to create openings in thermally 

sensitive resist above metallic nanotubes while all semiconducting nanotubes are 

gated off, and after the metallic tubes are exposed, oxygen plasma is used to remove 

the metallic tubes[43]. This method reach the goal of selective removing metallic 

tubes, however, the experimental process is very complicated and hard to reproduce. 

Previously, A. Tunnell has proposed a way of quickly removing metallic tubes from 

arrays of CVD grown carbon nanotubes[44]. The idea is to use a silicon wafer with 

thermal grown oxide as temporary top gate, even though there is air gap between the 

dielectric layer and the carbon nanotubes, it can still gate-off semiconducting 

nanotubes to some extent. Although the on state current of the transistor is lowered, 

the on-off ratio is increased by an order of 10
4
. However, in our work, the main goal 

is to investigate the nonlinear behavior of carbon nanotubes, where the metallic 

nanotubes actually do not contribute much, so removal of the metallic nanotubes is 

not concentration. 

The growth of horizontally aligned carbon nanotubes can be described as 

following. We start with stable temperature cut single wafers (42.75°) from 
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Hoffman Materials. After cutting into 12mmx15mm pieces, the quartz substrates are 

put into a 2 inches process tube and annealed in air at 880℃ for 12 hours. The 

annealing step is a prerequisite for the alignment of carbon nanotubes due to the 

influence of surface morphology of the quartz substrate.   

After annealing, Fe thin films are deposit on the quartz substrate in regions 

defined by photolithography with a thickness of about 0.5 nm. This will make the 

nanotubes having a diameter between 1nm and 2 nm[45][46]. The sample is then 

annealed in the open air at 690℃ for 10 min, allowing formation of catalyst 

nanoparticles. After cooling to room temperature, a hydrogen flow of 300sccm is 

introduced into the processing tube for 45 min while the temperature is increased 

from room temperature to 790℃. After stabilizing at 790 ℃for 5min, the reaction 

gases, 1000sccm CH4, 120sccm H2, and 5sccm Ar bubbled through H2O are 

introduced into the system for 1 hour. The purpose of water is to increase the growth 

speed of carbon nanotubes[47][48][49]. This process is also shown in Figure 2.3. (a) 

(b) and (c). 

The SEM images of as grown nanotubes are show in Figure 2.2. Figure 2.2(a) 

shows the whole catalyst area for an individual CNTFET. After putting down source 

and drain, the two regions of carbon nanotubes in the middle of the figure will 

become the double channel of the CNTFET. In Figure 2.2 (b) is the zoomed in SEM 

image, carbon nanotubes are very well aligned especially in the middle area between 

catalyst regions, while near the catalyst region, the alignment is not very good. Based 

on this, our channel will be put down right in the middle between the two catalyst line  
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regions. The density of carbon nanotubes in the array is about 2~3 nanotubes per 

micron. Because we are not pursuing high cut-off frequency, the density of 2~3 tubes 

per micron is good enough. Actually, if the carbon nanotube density is too high in the 

channel, say over 50 or even 100 tubes per micron, we can no longer treat the 

electronic properties as the sum of individual nanotubes. As the density increases, the 

interaction between carbon nanotubes becomes a more and more important factor. 

The most important aspect is that the capacitance between gate and nanotube arrays 

will not have simple relationship with individual nanotube gate capacitance, which 

will make the modeling of electronic transport in CNTFETs more difficult.  
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Figure 2.2 SEM image of as grown carbon nanotubes on quartz substrate (a) shows a 

large area view and (b) shows smaller area, with a carbon nanotube density of 2~3 

tubes/micron 

3μm 

(b) 

20𝝁𝒎 

(a) 
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Figure 2.3 Schematic drawing showing the device process procedure. (a) start with 

ST cut quartz wafer and annealed at 880℃ for 12hrs (b) patterning of Fe thin film 

(0.5nm) (c) anneal catalyst to form Fe nanoparticles and grow carbon nanotubes at 

790℃ with 1000sccm CH4, 120sccm H2 and 5sccm Ar flow through water bubbler as 

reaction gas (d) photolithography of source and drain with Ti/Pd(e) ALD deposition 

of Al2O3 with following HF etch to define dielectric layer (f) photolithography of gate 

using Ti/Pd 

 

 

 

(a) 

(f) (e) 

d) (c) 

(b) 
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2.2. Device fabrication 

The device structure chosen to study the radio frequency behavior of carbon 

nanotubes is usually based on a metal–oxide–semiconductor field-effect transistor 

(MOSFET) structure. Since the active channel material consists of carbon nanotubes, 

they are generally called carbon nanotube field-effect transistors. Both back gate and 

top gate structures have been used[50], but top gate structure inherently increases the 

robustness of the device and prevents the issue of environment disturbing such as gas 

absorption in the air[51]. Another advantage of the top gate structure is the increase in 

transconductance, which indicates an overall better control of gate over the 

nanotubes, and this better gate control can be attributed to larger gate capacitance[52].  

In our device, we use Atomic Layer Deposition (ALD) to deposit Al2O3 as the 

dielectric layer of our device, the thickness of Al2O3 is about 70nm, and the electric 

constant is around 8. These two facts can contribute to higher transconductance as 

well as better gate control. 

Figure 2.4 shows schematic drawing of the structure of a top gate CNTFET. 

The reason that double channels are used is because this will enable the use of a 

ground-source-ground probe geometry which is readily available for high frequency 

measurements. For a majority of our measurement, the input RF signal is through the 

gate, while the output signal is read from the drain.  
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Figure 2.4 Schematic drawing of a carbon nanotube field effect transistor. (a) the 

layer by layer device process procedure from bottom to top (b) the completed device   

(a) 

(b) 
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Figure 2.3 shows the fabrication process step by step. We begin with the ST-

cut quartz substrate. After the substrate being annealed in the open air at 880ºC for 

12hrs, a 0.5nm thick Fe thin film is deposited on the substrate, the Fe thin film 

deposited area is defined by photolithography. Within the same step, we also put 

down the alignment marker with 30nm Ti for later alignment requirement. The 

sample is then heated at 690 ºC in the open air for 10min, leading to the formation of 

Fe nanoparticle in the defined area. After cooling down to room temperature, CNT 

growths are conducted at 790 ºC with CH4, H2 and H2O as reaction gas. Next step is 

deposition of source and drain. For a typical Pd contact device, 1nm Ti and 50nm Pd 

is deposited onto photolithography defined area using e-beam evaporation. After 

liftoff, the next step is using Reactive-ion Etching (RIE) to remove the carbon 

nanotubes outside the source/drain channel. The Al2O3 dielectric layer is deposited 

using ALD at 160 ºC, followed by 100:1 HF dip wet etching to expose the source and 

drain. The last step is defining gate using photolithography, with 5nm Ti and 50nm 

Pd. 

 Figure 2.5 shows the optical images of CNTFETs and SEM image of the 

carbon nanotubes in the channel. Figure 2.5 shows the optical image of an individual 

carbon nanotube field effect transistor with channel length of 4μm and gate length 

4μm. (b) shows arrays of CNTFETs and we have over 60 individual devices with 

different geometry parameters on a single piece of quartz substrate. (c) shows the 

SEM image of carbon nanotubes in the 4μm channel of the device. Carbon nanotubes 

in the channel show good alignment and keep the high density from as grown 

nanotubes. 
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Figure 2.5 (a) Optical image of an individual carbon nanotube field effect transistor (b) 

Optical image of carbon nanotube field effect transistor array (c) SEM image of the 

carbon nanotubes in a 4μm channel device 

  

5μm 

(c) 

(a) (b) 
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2.3. DC operation of field effect transistors 

1. Field effect transistor operation 

A field effect transistor operation (FET) controls the flow of carriers from the 

source to drain by affecting the “conductive channel” created and influenced by the 

bias between gate and source. There are several kinds of FETs based on how the gate 

is physically built or connected to the conductive channel. In our work, the devices 

have MOSFET structure, this structure is widely used to incorporate low dimensional 

materials as the channel materials in FETs, for example, MOSFET structure graphene 

transistors[53] and MoS2 transistors[54].  

In our CNTFETs, the semiconducting materials are semiconducting nanotubes 

in the channel. The gate voltage will move the Fermi level of semiconducting 

nanotubes. Based on the diameter and chirality of the nanotubes, and the metal 

contact as well as the dielectric materials (Al2O3), carbon nanotubes show mostly p-

type conduction, with less significant conductivity on the n-side. However, larger 

diameter nanotubes can lead the device to have relatively symmetric ambipolar 

characteristics. Most of our devices show p-type conduction at negative gate voltage, 

as the gate voltage increase, ambipolar conduction shows up before the devices turn 

into n-type conduction with a smaller conductance than p-side. This means the Fermi 

level of our device lies closer to the valence band of the semiconducting tubes, which 

is usually seen with devices exposed to air and with Al2O3 as dielectric materials.  

However, the fact that metallic carbon nanotubes also bridge the source and drain 

cannot be neglected. The metallic tubes have no gate effects, but will still contribute 

to conductivity between source and drain whenever there is a voltage difference.   

2. MOSFET DC operation classic equations 
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The classic MOSFET operation theory is based on bulk semiconductor transistors. 

Although the transport mechanics of bulk semiconductor is different from 1D 

semiconductor, which is carbon nanotube in our discussion, we will use the 

terminology and basic DC operation equations as a start of the description of 

CNTFETs DC operation. A MOSFET (n-type) can be operated in three different 

regions: 

The first operation region is the subthreshold, or cutoff region, this happens when 

𝑉𝑔𝑠 is smaller than 𝑉𝑡ℎ, where 𝑉𝑔𝑠 is the gate to source bias and 𝑉𝑡ℎ is the threshold 

voltage. The current in the channel is very small and sometimes are treated as the off-

state of the transistor. However, taking a more accurate prospective, there is weak 

inversion current due to the high energy carriers, and this will result in a subthreshold 

current exponentially related to gate-source voltage. 

The second operation region is the triode mode, or linear region, where 𝑉𝑔𝑠 > 𝑉𝑡ℎ, 

and 𝑉𝑑𝑠 < 𝑉𝑔𝑠 − 𝑉𝑡ℎ. Here 𝑉𝑑𝑠 is the source to drain bias. The transistor in active 

mode at this region, and the current in the channel is a function of both 𝑉𝑑𝑠 and 𝑉𝑔𝑠. A 

classic equation to describe the current-voltage relationship is  

𝐼𝑑𝑠 = 𝜇𝑛𝐶𝑜𝑥
𝑊

𝐿
[(𝑉𝑔𝑠 − 𝑉𝑡ℎ)𝑉𝑑𝑠 −

𝑉𝑑𝑠
2

2
] 

Where 𝜇𝑛 is the carrier mobility, 𝐶𝑜𝑥 is the gate capacitance per area, W is the 

channel width and L is the channel length.  We also need to introduce two parameters 

that will be mentioned a lot, the transconductance 𝑔𝑚 and dynamic conductance 𝐺𝑑, 

𝑔𝑚 =
𝜕𝐼𝑑𝑠
𝜕𝑉𝑔𝑠

𝐺𝑑 =
𝜕𝐼𝑑𝑠
𝜕𝑉𝑑𝑠

 

In the linear region, 𝐼𝑑𝑠 is changing linearly with gate voltage and 𝑔𝑚 is constant. 



 27 

 

 The third operation region is the saturation region, where 𝑉𝑔𝑠 > 𝑉𝑡ℎ, and 

𝑉𝑑𝑠 ≥ 𝑉𝑔𝑠 − 𝑉𝑡ℎ. In this region, the approximate equation is as following 

𝐼𝑑𝑠 =
𝜇𝑛𝐶𝑜𝑥
2

𝑊

𝐿
(𝑉𝑔𝑠 − 𝑉𝑡ℎ)

2
 

where 𝐼𝑑𝑠 is following the square law. 

 In terms of our CNTFETs, it can be operated in all three regions. However, 

with the existence of metallic nanotubes, it is hard to determine the threshold voltage 

and the turning point between linear region and saturation region. Further, these 

operation equations are based on bulk or planar silicon MOSFETs, the electronic 

transport mechanism is different from the 1D electronic transport in carbon nanotubes. 

It has been shown that based on the physical parameters extracted from a single wall 

carbon nanotube FET, the classical MOSFET operation equation is applicable only in 

small voltage region, and the performance of the device then violates the square law 

at larger voltage[55]. This is the reason why we are going to develop our own model 

which includes 1D transport characteristics. 

 

3. Nonlinear behavior in CNTFETs 

The nonlinear behavior in CNTFETs has drawn a lot of attention since it is crucial for 

the potential application of high frequency amplifier and mixers. For high frequency 

amplifier, linearity is valuable so that signals with information can be transmitted 

with higher power and do not interrupt with each other or with the higher order 

harmonics generated. On the other hand, nonlinearity is the prerequisite for a mixer, 

because linear IV curve will not offer any higher order terms in the Taylor expansion. 
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So for different high frequency circuit components, the desired linear (nonlinear) 

behavior of the device also differs. 

 The most noticeable nonlinearity source of CNTFETs is the nonlinear 

transconductance, in other words, it is the nonlinear response of conductivity of 

carbon nanotubes to the change of gate to source voltage that introduces the nonlinear 

behavior.  It has been proposed that, for very shot channel length CNTFET, shorter 

than the mean free path of carrier, there is inherent linearity in the current/voltage 

relationship[56]. However, the requirement to achieve the ballistic transport is hard to 

achieve. Although carbon nanotubes have long mean free path, which is larger than 

100nm[57], it requires e-beam lithography commonly to achieve such a short channel 

length, and this means no scalable fabrication of devices. And even though we can set 

our step into the ballistic region, there are still other factors that will hinder us from 

taking advantage of the high linearity, for example, nonlinear quantum capacitance of 

carbon nanotubes[58]. Based on what we mentioned about building high frequency 

transistor, linearity is one issue, and the other issue is getting gain out of the transistor 

at higher frequency. But the influence of parasitic capacitance increases when we get 

shorter channel, since the gate capacitance from the coupling between nanotubes and 

gate is smaller, however, the parasitic capacitance is not influence by the channel 

length, and is more about the width of the channel. So if we want to pull out gain 

from CNTFETs, it requires novel device structure that mitigates the effect of parasitic 

capacitance.  

 In our device, the channel length is from 2𝜇𝑚 to 10𝜇𝑚, and that means we are 

still in the acoustic phonon scattering region. So there are probably nonlinear 



 29 

 

behaviors arousing from the scattering of carriers, which will be taken into account 

when we try to model the carrier transport in CNTFETs. The dielectric layer 

thickness of the devices is around 70nm, and the capacitance from the geometric gate 

coupling is much smaller than the quantum capacitance. So the dominating 

capacitance is still the geometric gate capacitance.  

 When it comes to nonlinearity contributions from the source/drain, one thing 

needs to be taken into consideration is the Schottky barrier between the 

semiconducting nanotubes and the metal contacts[59][60][61]. There is also research 

work studying the transition between Schottky and Ohmic contact to CNTs[62]. 

Devices have been built based on individual carbon nanotube with schottky 

contacts[63]. For our devices, we have multiple source/drain metal selections. Ti/Au 

and Pd are the most common contacts we use. It has been proven that Pd can actually 

form ohmic contacts to carbon nanotubes due to its high work function[64]. Even 

Ti/Au can form small Schottky barrier and sometimes ohmic contacts to carbon 

nanotubes. We also made devices with different metals contacts as source and drain, 

exploring Schottky barriers effect on the nonlinearity of the device.  

 

4. DC characterization of CNTFET 

Figure 2.6 (a) shows the transfer curve of a CNTFET. The device is a 4𝜇𝑚 

channel length and 100𝜇𝑚 channel width CNTFET with gate length of 3.5𝜇𝑚. The 

voltage between source and drain is 1V. In the transfer curve, we can identify three 

different conduction regions. From negative gate voltage to positive gate voltage, we 

have p-type conduction region, ambipolar conduction region and n-type conduction 
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region respectively. The transconductance, which is the 1
st
 derivative of current with 

respect to gate voltage, is ~0.3mS in p-type conduction region and ~0.1mS in the n-

type conduction region. The transistor cannot be fully turned off, the on/off ratio is 

larger than 2, and can further be improved if we bias gate voltage more negative. The 

main reason that the transistor cannot be turned off is because of the existence of 

metallic nanotubes in the channel. And the portion of metallic nanotubes is about one 

third, which should give an on/off ratio around 3.  

 Figure 2.6 (b) is a schematic drawing of the transition from p-channel to 

ambipolar channel then to n-channel. The reason we can tune the transistor from p-

type conduction channel into n-type conduction channel is mainly because of the 

small band gap of the nanotubes in the CNTFET. Although the band gap of carbon 

nanotubes depends on the chirality nanotubes, it generally reversely related to the 

diameter of carbon nanotubes. We can describe the transition between different 

conduction regions as following: (1) the carbon nanotube in the channel is p-type 

doped due to oxygen absorption, so the Fermi level is close to the valence band. 

When the gate voltage is negative, Fermi level move downwards below valence band, 

this encourages p-type conduction. (2) When the gate voltage moves to less negative  

region, the Fermi level moves into the middle of the band gap, due to the small band 

gap of carbon nanotubes, both holes and electrons can be responsible for carrier 

transport, and this is the ambipolar region. (2) At more positive gate voltage, Fermi 

level leaves the band gap and moves into conduction band, electron becomes the 
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Figure 2.6 (a) Transfer curve of a CNTFET, with color differentiate p-type, ambipolar 

and n-type conduction region (b) schematic diagram of explanation for ambipolar 

conduction 

 

(a) 

(b) 
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majority carrier and this is the n-type conduction region. Since we are going to take 

advantage of the ambipolar region when use CNTFETs as frequency mixer, we are 

going to explain more about ambipolar conduction regime. For a single conduction 

channel transistor, either p-type or n-type, the point where the extended line of linear 

conduction region intercept with zero current axis is the threshold voltage.  Threshold 

voltage is an important turning point where the transistor is considered stepping into 

linear regime. For an ambipolar transistor, it can be pictured such that p-channel 

having a threshold voltage larger than that of n-type threshold voltage, which means 

when gate voltage changing from negative to positive, n-channel opens before p-

channel is closed and the region between n-/p-type threshold voltage can be viewed 

as ambipolar region. So ambipolar is not a proper of materials but rather a 

characteristic for certain device. In Figure 2.6 (b), the red line represents the current 

carried by holes and blue line represents the current carried by electron. It is clear that 

the ambipolar region is the result of overlapping the n-channel and p-channel current. 

Outside the ambipolar region, p-channel and n-channel do not influence with each 

other, and this is also the case for our CNTFETs.  

 Figure 2.7(a) shows the output curve in the p-type conduction region. 𝑉𝑔𝑠 

changes from -10V to -2V. Still, we do not have sub-threshold in the output curve 

because of the existence of metallic nanotubes in the channel. Figure 2.7 (b) is the 2D 

view of the absolute value of current plotted vs. both  𝑉𝑔𝑠 and 𝑉𝑑𝑠. The largest current 

in the channel is over 6.5mA, and no obvious saturation is observed. The high current 

carried by our CNTFETs can be attributed to two reasons: the first reason is the 

relatively high density of carbon nanotubes in the channel, and the top gate structure 
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also makes the transistor stay robust. The second reason is the Pd contacts, which 

forms ohmic contacts with the carbon nanotubes. The contact resistance between 

carbon nantobues and metal contacts is also low due to good wetting property of Pd. 
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Figure 2.7 (a) Output curve of a CNTFET at different gate to source voltages (b) 

absolute value of current plotted vs. both  𝑉𝑔𝑠 and 𝑉𝑑𝑠 in a 2D view 

 

 

(b) 

(a) 
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Chapter 3: Harmonic generation from CNTFETs 

3.1. Harmonic generation theory 

First look at the Taylor expansion of drain current. The current between 

source and drain 𝐼𝑑𝑠 is a function of both 𝑉𝑔𝑠 and 𝑉𝑑𝑠, which are the gate to source 

voltage and bias between source and drain. We can then write the equation 

𝐼𝑑𝑠 = 𝑓(𝑉𝑔𝑠, 𝑉𝑑𝑠) 

Take this equation and do the Taylor expansion around a given voltage operation 

point with small AC signal  (𝑣𝑔𝑠, 𝑣𝑑𝑠) 

𝐼𝑑𝑠 = 𝑓(𝑉𝑔𝑠 + 𝑣𝑔𝑠, 𝑉𝑑𝑠 + 𝑣𝑑𝑠) 

= 𝑓(𝑉𝑔𝑠, 𝑉𝑑𝑠) +
𝜕𝑓

𝜕𝑉𝑔𝑠
∙ 𝑣𝑔𝑠 +

𝜕𝑓

𝜕𝑉𝑑𝑠
∙ 𝑣𝑑𝑠 +

𝜕2𝑓

𝜕𝑉𝑔𝑠
2 ∙
𝑣𝑔𝑠

2

2!
+
𝜕2𝑓

𝜕𝑉𝑑𝑠
2 ∙
𝑣𝑑𝑠

2

2!
 

+
𝜕2𝑓

𝜕𝑉𝑔𝑠𝜕𝑉𝑑𝑠
∙
𝑣𝑔𝑠𝑣𝑑𝑠

2!
+ ⋯ 

Use the definition of transconductance and dynamic conductance here,  

𝑔𝑚 =
𝜕𝐼𝑑𝑠
𝜕𝑉𝑔𝑠

𝐺𝑑 =
𝜕𝐼𝑑𝑠
𝜕𝑉𝑑𝑠

 

We have 

𝐼𝑑𝑠 = 𝑓(𝑉𝑔𝑠 + 𝑣𝑔𝑠, 𝑉𝑑𝑠 + 𝑣𝑑𝑠) 

= 𝑓(𝑉𝑔𝑠, 𝑉𝑑𝑠) + 𝑔𝑚 ∙ 𝑣𝑔𝑠 + 𝐺𝑑 ∙ 𝑣𝑑𝑠 +
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
𝑣𝑔𝑠

2

2!
+
𝜕𝐺𝑑
𝜕𝑉𝑑𝑠

∙
𝑣𝑑𝑠

2

2!
 

+𝑔𝑚𝐺𝑑 ∙
𝑣𝑔𝑠𝑣𝑑𝑠

2!
+ ⋯ 

And furthermore, if we are only applying AC signal from the gate, all the derivatives 

related to 𝑉𝑑𝑠 can be omitted. And what we get is  
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𝐼𝑑𝑠 = 𝑓(𝑉𝑔𝑠, 𝑉𝑑𝑠) + 𝑔𝑚 ∙ 𝑣𝑔𝑠 +
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
𝑣𝑔𝑠

2

2!
+
𝜕2𝑔𝑚

𝜕𝑉𝑔𝑠
2 ∙
𝑣𝑔𝑠

3

3!
+ ⋯ 

Since the 𝑓(𝑉𝑔𝑠, 𝑉𝑑𝑠) is the DC operation current of the transistor, let us define it as 

𝐼𝑑𝑠0, and we have our Taylor expansion equation when the AC signal is applied 

through the gate of our CNTFETs, 

𝐼𝑑𝑠 = 𝐼𝑑𝑠0 + 𝑔𝑚 ∙ 𝑣𝑔𝑠 +
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
𝑣𝑔𝑠

2

2!
+
𝜕2𝑔𝑚

𝜕𝑉𝑔𝑠
2 ∙
𝑣𝑔𝑠

3

3!
+ ⋯ 

The small signal AC current is then  

𝑖𝑑𝑠 = 𝑔𝑚 ∙ 𝑣𝑔𝑠 +
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
𝑣𝑔𝑠

2

2!
+
𝜕2𝑔𝑚

𝜕𝑉𝑔𝑠
2 ∙
𝑣𝑔𝑠

3

3!
+ ⋯ 

Assuming that the AC signal have a cosine wave form,  

𝑣𝑔𝑠 = 𝐴𝑐𝑜𝑠𝑤𝑡 

where A is the amplitude of the AC signal and w is the angular frequency. The square 

and cube of  𝑣𝑔𝑠 are 

𝑣𝑔𝑠
2 = (𝐴𝑐𝑜𝑠𝑤𝑡)2 =

1

2
𝐴2 +

1

2
𝐴2𝑐𝑜𝑠2𝑤𝑡 

𝑣𝑔𝑠
3 = (𝐴𝑐𝑜𝑠𝑤𝑡)3 =

1

4
𝐴3𝑐𝑜𝑠3𝑤𝑡 +

3

4
𝐴3𝑐𝑜𝑠𝑤𝑡 

So as long as the derivatives before higher order terms are not 0, we will have double, 

triple and multiple frequency harmonics generated. However, taking a close look at 

the equation, besides the second order in the square equation, we also have a constant 

with the amplitude of 
1

2
𝐴2, and this corresponds to a DC current generated at by the 

applied AC signal. Similar to the square equation, for the cube equation, we also have 

additional 
3

4
𝑐𝑜𝑠𝑤𝑡 with the same frequency of fundamental signal. But since the 
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assumption here is 𝑣𝑔𝑠 is very small compared to the DC voltages, so the amplitude A 

is also very small. So the main contribution to higher order harmonics is still from the 

corresponding equation with same exponential order. The complete analysis of 

harmonic generation from electronic devices needs the utilization of Volterra series. 

However, since our main approach of relating the data to theoretical model is taking 

numerical derivatives of raw data, which makes higher order contributions very 

noisy, and for this reason, we will not use the full analysis of harmonic generation 

including more higher order terms. 

 So based on the two assumptions we have here (i) only the nonlinearity of the 

transconductance affects the harmonic generation since the RF signal is only applied 

to the gate; (ii) the harmonics in the output power is mainly contributed from a 

corresponding single exponential term in the Taylor expansion. We will investigate 

the 1
st
 harmonic generation from our CNTFETs and compare the transconductance 

nonlinearity with the 1
st
 order harmonic amplitude. The second order term in the AC 

current is 

𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
𝑣𝑔𝑠

2

2!
=
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
(
1
2 𝐴

2 +
1
2𝐴

2𝑐𝑜𝑠2𝑤𝑡)

2!
 

So the small current 1
st
 order harmonic amplitude is  

1

4
𝐴2
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

𝑑𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒𝑜𝑓𝑡𝑟𝑎𝑛𝑠𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 

Based on the above equation, we will set up single tone excitation measurement on 

both CNTFETs and control devices to confirm the generation of harmonics, conduct 

mapping measurement of 1
st
 order harmonic amplitude and compare it to the 

numerical derivative of transconductance to gate voltage. 
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3.2. Single tone excitation measurement 

The experimental setup of single tone excitation measurement is shown in the 

following block diagram 

 

 
 

Figure 3.1 Experimental setup of single tone excitation measurement 

 

The set-up components are listed below: 

Agilent MXG Analog Signal Generator (N5183A): 100 kHz ~ 40 GHz 

Agilent EXA Series Spectrum Analyzer (N9010A): 10 Hz ~ 44 GHz 

Agilent ENA Series Network Analyzer (E5071C): 300 kHz~20 GHz 

Keithley 2400 Source-Meters: DC 

Anritsu K250 Bias Tees: DC ~ 40 GHz 

Picoprobe 150 μm pitch microwave probes 

For a typical single tone excitation setup, a 10GHz single with the power of 

5dBm is generated from the signal generator, after coupling with the DC bias using 

the bias T, transmitted into the CNTFET from the gate side. The DC bias will let the 

device operate in different conduction type region (p-type, ambipolar or n-type).  The 

voltage between the source and drain is controlled using the source meter #2 through 

the bias tee. The output signal containing both the fundamental signal and harmonics 
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generated by the CNTFETs will be passed into the spectrum analyzer, where the 

relationship between harmonic amplitude and DC voltages will be measured. 

Besides conducting measurements on CNTFETs, we also conduct the same 

measurements on the control devices, which share identical device structure with 

CNTFETs but do not have carbon nanotubes in the channel. By conducting such 

control measurements, we can confirm that the harmonics generated are due to the 

nanotubes in the channel instead of the device structure itself. 

3.3. Single tone harmonic generation data  

Based on the single tone excitation measurement setup mentioned above, we conduct 

the measurement to observe the output spectrum when a 15dBm power is sent into the 

gate. In Figure 3.2, the device under test is a 4𝜇𝑚 channel length and 100𝜇𝑚 channel 

width CNTFET with gate length of 3.5𝜇𝑚, and the input signal is 15dBm at 10GHz, 

with the gate voltage and drain/source biases both as 0V. So the device is actually 

working passively. However, even with the passive working condition, we observed 

extra harmonic generation besides the fundamental signal at 10GHz, the 1
st
 order 

harmonic at 20GHz and the 2
nd

 order harmonic at 30GHz is obvious on the output 

spectrum.  
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Figure 3.2 Output spectrum of single tone excitation measurement. The input power 

is 15dBm at 10GHz. Fundamental signal, 1
st
 order and 2

nd
 order harmonics are 

labeled. 

The next measurement is the comparison between devices with nanotubes in 

the channel and without nanotubes in the channel while scanning the gate voltage of 

the device. For this measurement, the device is a 5𝜇𝑚 channel length and 100𝜇𝑚 

channel width CNTFET with gate length of 5𝜇𝑚, and the input power is 10dBm at 

10GHz, with gate voltage from -8V to 8V. However, no source/drain bias is applied. 

The data is show in Figure 3. 3. We can extract two facts from the plot: (i) first, the 

extra harmonic generations at 20GHz and 30GHz are definitely due to the carbon 

nanotubes in the channel instead of from our blank device structure, since the output 

signals measured at 20GHz and 30 GHz from the control device are down to noise 

floor (ii) the second important fact is that the generated harmonic signal can be 

Fundamental 

1
st
 order 

2
nd

 order 
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modulated by applied gate voltage, even when the device is working passively (i.e. no 

source/drain bias applied). Also, the 1
st
 and 2

nd
 order harmonics are influenced by the 

gate voltage in different ways. This may either due to different nonlinear sources or 

same nonlinear source with different second and third order derivatives.  

 

Figure 3.3 Output power measured at 20GHz and 30GHz when a 10GHz signal is 

applied to the CNTFET. Black and blue dots represent harmonics measured from 

device with nanotubes in the channel. Red and pink dots are data measured from 

control group without carbon nanotubes in the channel. 

 

 Note that we do not apply source/drain bias across our CNTFET channel in 

the previous measurements. In order to analyze how the active transistor behavior of 

the device influences the harmonic generation, we conduct a 2D (Vgs, Vds) mapping 

test. In this measurement, the device under test is a 4𝜇𝑚 channel length and 100𝜇𝑚 

channel width CNTFET with gate length of 3.5𝜇𝑚, the input RF power is 5dBm at 
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10GHz. Figure 3.4 (a) shows the current mapping of the device in the voltage range 

of , Vgs from -8V to 8V and Vds from -2V to 2 V.  Similar to previous DC tests, the 

device shows stronger p-type conduction with some extend of ambipolar conduction.  

Figure 3.4 (b) is the mapping measurement results of 1
st
 order harmonic 

amplitude at 20GHz. Since the way we do the mapping is scanning gate voltage for 

different source/drain biases, we get some shifting lines in the middle of the 

measurement. However, this will not influence the analysis of 1
st
 harmonic 

generation. The figure shows that, the strongest 1
st
 harmonic generation is within the 

gate voltage range of from -4V to 4V range. And in terms of source/drain bias range, 

it is small in around 0V bias line in the middle of the figure and gets stronger once it 

has a relatively large value, which means that the device is working as a transistor.  

Comparing the influence between Vds and Vgs on the amplitude of 1
st
 order 

harmonics, Vgs has a larger impact, and this is consistent with our experimental setup 

and theory, because the input signal is introduced through the gate, so nonlinear 

transconductance rather than nonlinear dynamic conductance will be the dominant 

role. Taking a close look at the mapping measurement data, the small 1
st
 harmonic 

amplitude is from -8V to -4 V and from 4V to 8V, and within this range, the transfer 

curve of our CNTFETs is relatively linear, which means the second order term in the 

Taylor expansion or any higher order terms is small compared to the ambipolar 

region. We will further prove this when comparing the numerical derivatives of Ids to 

the amplitude of harmonics. 
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Figure 3.4 2D view of (a) absolute value of current and (b) 1
st
 order harmonic 

amplitude plotted vs. both 𝑉𝑔𝑠 and 𝑉𝑑𝑠 in single tone excitation measurement  
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Based on the previous mentioned harmonic generation theory, the 1
st
 order harmonic 

amplitude in the small AC signal is    

1

4
𝐴2
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

𝑑𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒𝑜𝑓𝑡𝑟𝑎𝑛𝑠𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 

So we further calculate the numerical derivative of transconductance with respect to 

gate voltage and compare the value with the amplitude of 1
st
 order harmonic. 

However, taking numerical derivative directly from raw data will produce significant 

noise, especially in our case where second derivative will be calculated based on raw 

data. So here we use the moving box method to take the numerical derivative. The 

method is described below. The measure current data 𝐼𝑑𝑠 is a matrix related to 

𝑉𝑔𝑠and𝑉𝑑𝑠, 

𝐼𝑑𝑠 = (

𝐼𝑑𝑠1,1 𝐼𝑑𝑠1,2 𝐼𝑑𝑠1,3
𝐼𝑑𝑠2,1 𝐼𝑑𝑠2,2 𝐼𝑑𝑠2,3

⋯ 𝐼𝑑𝑠1,𝑚−1 𝐼𝑑𝑠1,𝑚
⋯ 𝐼𝑑𝑠2,𝑚−1 𝐼𝑑𝑠2,𝑚

⋮ ⋮ ⋮
𝐼𝑑𝑠𝑛,1 𝐼𝑑𝑠𝑛,2 𝐼𝑑𝑠𝑛,3

⋯ ⋮ ⋮
⋯ 𝐼𝑑𝑠𝑛,𝑚−1 𝐼𝑑𝑠𝑛,𝑚

) 𝑉𝑑𝑠 = (

𝑉𝑑𝑠1
𝑉𝑑𝑠2
⋮

𝑉𝑑𝑠𝑛

) 

𝑉𝑔𝑠 = (𝑉𝑔𝑠1 𝑉𝑔𝑠2 𝑉𝑔𝑠3 ⋯ 𝑉𝑔𝑠𝑚−1 𝑉𝑔𝑠𝑚) 

For each 𝑉𝑑𝑠𝑘, 𝐼𝑑𝑠 will be an array with same length as 𝑉𝑔𝑠. Take the first 5 elements 

in this array and linear fit, and assign the slope of the linear fit as the 1
st
 derivative 

for element 𝐼𝑑𝑠𝑘,3. Take the 𝐼𝑑𝑠𝑘,2 to 𝐼𝑑𝑠𝑘,6, do the linear fit and assign the slope as 

the 1
st
 derivative for element 𝐼𝑑𝑠𝑘,3. Keep doing this until we have the 1

st
 derivative 

assigned for element 𝐼𝑑𝑠𝑘,𝑚−2.  Repeating this for every 𝑉𝑑𝑠 until we have all the 

rows covered. By doing this, we are considering 5 points instead of 2 points, which 

will lower the degree of noise to a great extent. We lose the derivative value for both 

first two and last two points, in comparison with only losing the first and last point 

in the array; this is the trade-off for lower noise. 
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Figure 3.5 2D view of (a) transconductance and (b) logarithm of ∂gm /∂Vgs plotted vs. 

both Vgs and Vds  
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After conducting moving boxcar method to get the 1
st
 derivative, we conduct moving 

boxcar method again to the 1
st
 derivative matrix, and get the second derivative of 

current with respect to gate voltage, which is the derivative of transconductance with 

respect to gate voltage.  

 The numerical derivatives achieved by moving boxcar method are shown in 

Figure 3.5. In Figure 3.5 (a), the absolute value of transconductance is plotted vs. 

both Vgs and Vds. Thanks to the moving boxcar method, the data shows smooth trend 

without noise spikes. The maximum of transconductance is in the p-type conduction 

region, with a value of ~0.35mS. Figure 3.5(b) shows the logarithm of  ∂gm /∂Vgs 

plotted vs. both Vgs and Vds. The reason it is in logarithm scale is for the comparison 

with 1
st
 harmonic amplitude, the unit of which is dBm. Even with moving boxcar 

method, we still have some extend of noise in (b), however, it is good enough for us 

to tell the trend. Compare Figure 3.4(b) with Figure 3.5(b), we notice that the larger 

∂gm /∂Vgs value corresponds to strong 1
st
 order harmonic. This justifies our theory 

and suggests that the harmonic generation should be attributed to the nonlinearity of 

transconductance. This means that we can relate the different regions in DC transfer 

curve to the amplitude of harmonics. 

Some differences are still seen. One possible reason is that higher order terms 

in the Taylor expansion also contributes to 1
st
 order harmonics. However, based on 

the similarity between the two figures, 2
nd

 order term in the Taylor expansion with 

coefficient of ∂gm /∂Vgs, is dominant in the generation of 1
st
 order harmonic. 
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3.4. CNTFETs operated as frequency doubler 

All the above single tone exciation measurements are conducted at several 

GHz regime, which is beyond the expected cut-off frequency of our CNTFETs. At 

lower frequency, the fundanmental output signal will be greatly modulated by the 

gate voltage. Based on the harmonic generation theory, the fundamental signal in the 

output spectrum is 𝑔𝑚 ∙ 𝑣𝑔𝑠. From Figure 3.5 (a), the minimum of transconductance 

lies between 0V to 1V gate voltage, which is around the minimum current point. If 

the CNTFET is working around this gate voltage point, the fundanmental output 

signal will be greatly suppressed and even smaller than the 1
st
 order harmonic, which 

makes the signal with double frequency dominates the spectrum[65]. Thus an 

effective frequency doubler can be built with CNTFET[66]. 

Figure 3.6 shows the output spectrum of a CNTFET operated as frequency 

doubler. The input signal has frequency of 5MHz and amplitude of 10dBm. The 

transistor is biased to 𝑉𝑔𝑠 = 0.5𝑉 and 𝑉𝑑𝑠 = 1.5𝑉. As is expected, the fundamental 

signal is greatly suppressed, but the 1
st
 order harmonic is within its strong 𝑉𝑔𝑠 regime. 

Thus, we observe a doubled frequency signal that is about 15dBm larger than the 

fundamental signal. An effective frequency doubler normally requires the double 

frequency signal to be at least 10dBm larger than the fundamental output signal. And 

our CNTFET certainly meets this requirement. The capability of CNTFET to be 

operated as frequency doubler is due to the shape of transfer curve in the ambipolar 

region. Near the minimum current point, the transfer curve is near the shape of a 

parabola, whose 1
st
 derivative around minimum current point is 0 and has a large 

second derivative. The reason we still have considerable fundamental signal in the 

output spectrum is because the shape of 
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Figure 3.6 Output spectrum of CNTFET operated as frequency doubler. The input 

signal is at 5MHz with the amplitude of 10dBm.  

 

the transfer curve is not perfect parabola, which lead to a non-zero 1
st
 derivative at the 

operation point. The 15dBm difference between double frequency signal and 

fundamental output signal is sufficient. 
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Chapter 4: Elementary model of nonlinearity in CNTFETs 

4.1. Drude Model 

Drude model is a classical model to explain the transport properties of electrons in 

materials. And in the model, it introduced important concepts such as mean free path. 

The simplest analysis of the Drude model assumes that electric field E is both 

uniform and constant. It assumes that electrons collide with scattering centers and 

regain momentum after colliding with another scattering center, and τ is the average 

time between collisions. Within τ, the average momentum electron gains is 

∆〈𝒑〉 = 𝑞𝑬𝜏 

During its last collision, this electron will have been just as likely to have bounced 

forward as backward, so all prior contributions to the electron's momentum may be 

ignored, resulting in the expression 

〈𝒑〉 = 𝑞𝑬𝜏 

After that, substitute the classical kinetic equation 

〈𝒑〉 = 𝑚〈𝒗〉 

and current density equation 

𝒋 = 𝑛𝑞〈𝒗〉 

This results in the formation of Ohm’s law equation 

𝒋 = (
𝑛𝑞2𝜏

𝑚
)𝑬 

As is mentioned, even though this is a very simple case of Drude model, it opens 

up questions when electron transport happens in extremely small objects, where it is 

even smaller than the mean free path of electron. As is shown in Figure 4.1, there are 

two important lengths when considering whether the carrier is following ballistic or 

diffusive transport characteristics. The first length is mean free path of the electron 
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(holes), which is defined as distance an electron travels until its initial momentum is 

destroyed, named as 𝐿𝑒. The second length is the channel length between contacts, 

named as L.  

(i) When 𝐿 > 𝐿𝑒, carriers display diffusive transport characteristics, which is shown 

in Figure 4.1(a). Scattering is the main contribution to the resistance of the channel. 

(ii) When 𝜆𝐹 < 𝐿 < 𝐿𝑒, carriers display ballistic transport characteristics, which is 

shown in Figure 4.1(b). Contacts are the main contribution to the resistance of the 

channel. 

 

Figure 4.1 Schematic drawing of diffusive and ballistic transport characteristics. 

(a) shows diffusive transport when 𝐿 > 𝐿𝑒 , and (b) shows ballistic transport when 

𝐿 > 𝐿𝑒 
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4.2. Ballistic electron transport 

Generally, ballistic transport will happen when the length of the channel is smaller 

than the mean scattering length. Consider a conductor connected to two electrodes, as 

is shown in Figure 4.2, the length of the conductor is L. 𝐸𝐹1 and 𝐸𝐹2 are the Fermi 

level of electrode #1 and #2, which are kept as constants. Due to the quantization of 

wave vectors k perpendicular to L direction, there are several subbands that will 

contribute to the total current, and M is the number of subbands, also called number 

of channels. The velocity of electron is  

𝑣 =
1

ћ
(
𝜕𝐸

𝜕𝑘
) 

where ћ is the reduced Plank constant. Current can be written as 

𝐼 = 𝑞/𝑡𝑡 

𝑡𝑡 = 𝐿/𝑣 

𝑡𝑡 is the carrier transit time and q the charge of carrier. Based on this, the total current 

is 

𝐼 =
𝑞

𝐿
∑

1

ћ
𝑀,𝑘

𝜕𝐸

𝜕𝑘
[𝑓(𝐸 − 𝐸𝐹1) − 𝑓(𝐸 − 𝐸𝐹2)] 

=
𝑞

𝐿
× 2 ×

𝐿

2𝜋
∑∫𝑑𝑘

1

ћ
𝑀

𝜕𝐸

𝜕𝑘
[𝑓(𝐸 − 𝐸𝐹1) − 𝑓(𝐸 − 𝐸𝐹2)] 

=
2𝑞

ℎ
∫𝑑𝐸[𝑓(𝐸 − 𝐸𝐹1) − 𝑓(𝐸 − 𝐸𝐹2)]𝑀 

≈
2𝑞2

ℎ

[𝐸𝐹1 − 𝐸𝐹2]

𝑞
𝑀 

=
2𝑞2

ℎ
𝑉𝑀 
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where f stands for Fermi function. In the conversion from sum of k to integral, the 2 

comes from the spin degeneracy and 
𝐿

2𝜋
 is the inverse of the level spacing. 

[𝐸𝐹1−𝐸𝐹2]

𝑞
 is 

substitute into V, the voltage between two contacts. In the case of coherent transport, 

where the phase and amplitude of wave function at electrode #2 can be achieved from 

electrode #1. A new parameter is introduced, which is the transmission probability, T. 

It stands for the transmission probability for a channel extending from #1 to #2 

electrode. Thus the conductance of the channel is  

𝐺 =
𝐼

𝑉
𝑇 =

2𝑞2

ℎ
𝑀𝑇 

the equation is called Landauer formula. It illustrates the origin of resistance even 

when the material in the channel is shorter than the mean free path of the carrier. 

Ballistic CNTFETs have been fabricated and studied[55][67][68], and show superior 

performance both from experimental work and theoretical projection[69][70][71]. 

Our CNTFETs have longer channel than the mean free path of carriers, so ballistic 

transport is not applicable. But we can still use the 1D conductance equation. 
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Figure 4.2 Schematic drawing of ballistic transport in a short channel. The length of 

the channel is L. #1 and #2 contacts have Fermi energy of 𝐸𝐹1 and 𝐸𝐹2. M represents 

the number of sub-bands in the conducting channel. 

 

4.3. Inherent linearity in CNTFETs 

There are few studies on the linearity of CNTFETs[72][73], and one of them 

is a simplified calculation of current in the channel following two assumptions: (1) 

the contacts between carbon nanotubes and the metal contacts are Ohmic contacts (2) 

the electronic transport in the carbon nanotube is ballistic[56]. Among these two 

assumptions, Ohmic contacts can be achieved using Pd as contact metal. By using e-

beam lithography to define the channel length of CNTFET, ballistic (or quasi-ballistic) 

transport can be achieved. Here we are going to examine the linearity of CNTFET 

following their path. 

 Since we assume ballistic transport, the schematic model is still Figure 4.2. 

However, we now name #1 and #2 electrodes as source and drain. Define the 

electrostatic potential of source, drain and carbon nanotubes as 𝑉𝑠, 𝑉𝑑, and𝑉𝑐𝑛𝑡, and 

the gate capacitance as 𝐶𝑔, the gate to source voltage as 𝑉𝑔. Laudauer formula 
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indicates that it requires energy for electron to enter the channel. And we name the 

energy required to enter the channel from source as channel potential 𝜇. We now have 

the equation 

−𝑒𝑉𝑠 = −𝑒𝑉𝑐𝑛𝑡 + 𝜇 

The applied gate voltage will cause a linear distribution of charge in the channel 

𝜆 = 𝐶𝑔(𝑉𝑐𝑛𝑡 − 𝑉𝑔) =
𝐶𝑔

𝑒
(𝜇 − 𝑒𝑉𝑔) 

where 𝜆 is the linear charge distribution induced by applied gate voltage. On the other 

hand, we also have  

𝜆 = −𝑒∫𝑑𝐸𝐷(𝐸)𝑓(𝐸 − 𝜇) 

where D(E) is the density states of the lowest subband, 𝑓(𝐸) is the Fermi function 

and define 𝑓(𝐸)−1 ≡ 1 + exp(𝛽𝐸), where 𝛽 is 1/kT, 

𝐷(𝐸) =
4

ℎ𝑣𝐹

𝐸

√𝐸2 − (
𝐸𝑔
2 )

2

 

where 𝐸𝑔 is the bandgap of carbon nanotube, 𝑣𝐹 is the Fermi velocity of carbon 

nanotube. Notice that here we need E larger than half of 𝐸𝑔. Combine all the above 

equations together and we can get  

ℎ𝑣𝐹
4𝑒2

𝐶𝑔(𝑒𝑉𝑔 − 𝜇) = ∫
𝑑𝐸

1 + exp[𝛽(𝐸 − 𝜇)]

𝐸

√𝐸2 − (
𝐸𝑔
2 )

2

∞

𝐸𝑔
2

 

Based on this equation, we can solve the potential in the carbon nanotube channel 𝜇. 

Use the definition of quantum capacitance,  

𝐶𝑄 =
4𝑒2

ℎ𝑣𝐹
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We have 

𝐶𝑔

𝐶𝑄
(𝑒𝑉𝑔 − 𝜇) = ∫

𝑑𝐸

1 + exp[𝛽(𝐸 − 𝜇)]

𝐸

√𝐸2 − (
𝐸𝑔
2 )

2

∞

𝐸𝑔
2

 

 

And further utilize the 1D electron transport relationship 

𝑣 =
𝜕𝐸

ћ𝜕𝑘
=
𝐿

ℎ
𝐷(𝐸)−1 

We can write down the current I as a function of 𝜇 

𝐼(𝜇) =
4𝑒

ℎ
∫ 𝑑𝐸 ∙ 𝑇 ∙ 𝑓(𝐸 − 𝜇)
∞

𝐸𝑔
2

 

=
4𝑒

ℎ𝛽
ln(1 + exp[𝛽(𝐸 − 𝜇)]) 

T is the transimission probability and here we can assume it is one. The analysis 

remains valid as long as T is independent of energy. Furthermore, if we consider that 

we have very high-k materials as dielectric gate oxide, 𝐶𝑔 can be greatly larger than 

𝐶𝑄, and the solution to 𝜇 is limited to 𝜇 ≈ 𝑒𝑉𝑔, this makes the current expressed as 

𝐼 =
4𝑒

ℎ𝛽
ln(1 + exp [𝛽(𝑒𝑉𝑔 −

𝐸𝑔

2
)]) 

Notice that this is logarithm of an exponential. It will become linear when very small 

gate voltage is applied, 𝛽 will be cancelled. So we got the inherent linearity of 

CNTFETs 

𝐼 =
4𝑒2

ℎ
(𝑉𝑔 − 𝑉𝑇) 

where 𝑉𝑇 is the threshold voltage and 𝑉𝑇 =
𝐸𝑔

2
/𝑒. 
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 So far, we get the inherent linearity of channel current’s dependence on gate 

to source voltage. However, there is discrepancy within the assumption that 𝐶𝑔 can be 

greatly larger than 𝐶𝑄. Even with HfO2 as gate dielectric layer, and using atomic layer 

deposition to form very thin oxide films, we cannot get such a large gate capacitance. 

So the linearity will be deteriorated due to this, and in the most practical case, 𝐶𝑔 is 

only a fraction of 𝐶𝑄, which makes to total capacitance depends on 𝐶𝑔 more. 

Besides the capacitance assumption, there is another reason that the inherent 

linearity model cannot fit perfectly to our case. One of the assumption is carriers in 

carbon nanotube display ballistic transport characteristics. In our device, the channel 

length is from 2𝜇𝑚 to 10𝜇𝑚. The mean free path of electrons in carbon nanotubes is 

only several hundred nanometers. So scattering is crucial to the transport of carriers in 

our CNTFET device. We will modify the ballistic model and combine it with the 1D 

Drude model to calculate the current in the channel. 

4.4. Modeling the current transport and nonlinearity in CNTFETs 

We start with the conductance of 1D diffusive transport with 4 channels[74], since we 

have relatively long carbon nanotubes in comparison with the mean free path, and the 

conductance G is 

𝐺 =
4𝑒2

ℎ

𝐿𝑚
𝐿𝑐

 

where 𝐿𝑚 is the mean free path length and 𝐿𝑐 is the channel length of the CNTFET. 

The conductivity 𝜎 is then a function of the length x along the tube, define it as 𝜎(𝑥).  

𝜎(𝑥) =
4𝑒2

ℎ
𝑙(𝑥) 
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where 𝑙(𝑥) is the mean free path at x. For 1D conductor, the scattering rate is 

proportional to density of states[75][76]. So we write 

𝑙(𝑥) = 𝑙0 (
𝑣(𝑥)

𝑣0
)
2

 

where 𝑣(𝑥) is the Fermi velocity along the channel and 𝑣0 is the Fermi velocity at 

high energy. 𝑙0 is the mean free path at high energy, 𝑙0 = 𝑣0𝜏0. 𝜏0
−1 is the total 

scattering rate and  

𝜏0
−1 = 𝛼

𝑇

𝑑
 

where T is temperature and d is the diameter of the carbon nanotube. The value of 𝛼 

is experimentally measured, and have the value of about 12mK
-1

s
-1

[77]. Using the 

relativistic band structure of carbon nanotube[78], which is 

𝐸 = ±√(𝑚∗𝑣0
2)2 + (ћ𝑘𝑣0)2 

we can have the relation between v(x) and k,  

(
𝑣(𝑥)

𝑣0
)
2

=
(
ℎ𝑘
𝑚∗𝑣0

)
2

1 + (
ℎ𝑘
𝑚∗𝑣0

)
2 

Here, 𝑚∗ is the effective mass of the carrier and we can also relate k with the applied 

gate voltage 

𝑘(𝑥) =
𝜋

4

𝐶𝑔

𝑒
(𝑉𝑔 − 𝑉(𝑥)) 

where 𝐶𝑔 is the gate capacitance and 𝑉𝑔 is the gate voltage applied. Distinguish this 𝑉𝑔 

with the one in the inherent linearity of CNTFETs, since this 𝑉𝑔 is the gate voltage to 
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ground, and source is grounded. And then we can finally write down the current for 

one carbon nanotube in the channel, 

𝐼𝑑𝑠 =
1

𝐿𝑐
∫ 𝜎(𝑥)𝐸(𝑥)𝑑𝑥
𝐿𝑐

0

=
1

𝐿𝑐
∫ 𝜎(𝑉)𝑑𝑉
𝑉𝑑𝑠

0

 

Our model of calculating the current in the channel is based on this equation. And 

the method we use to characterize the nonlinearity is taking derivatives of current 

with respect to gate voltage. Also, we treat the capacitance of arrays of carbon 

nanotubes as sum individual carbon nanotubes. This is because the distance between 

our nanotubes in the channel is about 0.3𝜇𝑚 and this is very large compared to the 

diameter of carbon nanotubes and the thickness of dielectric layer (60nm).  

Three other points deserve attention: 

 (1) the number of carbon nanotubes in the channel is ~2 per micron, which 

makes a 100𝜇𝑚 double-channel device have 400 nanotubes responsible for the total 

current, it is very hard to characterize or model the electronic transport for each 

carbon nanotubes and put them together. So we simplify the problem by assuming all 

semiconducting nanotubes having the same band structure, and this will be reflected 

on the value of effective mass 𝑚∗ . By treating the 𝑚∗ as a fitting parameter to get the 

most alike current transport mapping with the measurement, we are averaging the 

influence of different chirality and band structure. Another averaging is on the 

diameter of carbon nanotubes. It requires a lot of work to accurately measure the 

diameter of the carbon nanotubes and treat them separately. There is research work 

studying the averaging effect of nanotube diameters and statistics effect on the 

performance of CNTFETs[79][80]. In order to model the group behavior of carbon 
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nanotubes in the channel, a certain diameter is assigned and values around 1.5nm is 

viable based on the catalyst layer thickness and CVD growth conditions. 

(2) Our CNTFETs are built based on CVD growth, which gives about one third 

of the nanotubes as metallic. But metallic nanotubes will not display gate control, nor 

will they be responsible for nonlinearity of the CNTFETs. So we do not consider the 

current from metallic nanotubes. The ignorance of metallic nanotubes will lead to 

difference between measured DC current and the modeled current, but will not 

influence the study of nonlinearity of CNTFETs.  

(3) Quantum capacitance is not taken into consideration. This is because that, 

based on the structure of our device (60~70nm Al2O3 as dielectric layer, nanotubes 

have a diameter between 1nm to 2nm), the gate capacitance between carbon 

nanotubes is small compare to quantum capacitance of carbon nanotubes. A 

comparison between with/without quantum capacitance will show that there is 

basically no difference for our CNTFETs. 

 

4.5. Modeling data 

For all the modeling data, the calculation is only based on a single 

semiconducting carbon nanotube. The reason is that, the number of carbon nanotubes 

in the channel is only an approximation, so multiplication of the total number of 

nanotubes with the single nanotube characteristics will only add another fitting 

parameter. Based on our assumption that individual carbon nanotubes are not 

interacting with each other due to the large distance between tubes in comparison 

with the diameter, the trend displayed by an individual nanotube can represent the 
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overall behavior of CNTFET. And this is especially true when we plot our modeling 

current data with respect to both 𝑉𝑑𝑠 and 𝑉𝑔𝑠. The difference in quantity in DC 

characteristic also does not affect the trend when comparing derivatives of current 

with respect to 𝑉𝑔𝑠 and the measured harmonic amplitude.  

Figure 4.3 shows the DC characteristics for an individual semiconducting nanotube 

FET.  The length of the carbon nanotube is set to 4µm, same as in the measurement 

below. The effective mass 𝑚∗ is set to 0.75𝑚𝑒 and the diameter is 1.5nm. 𝑣0, Fermi 

velocity at high energy is set to 8 × 107𝑐𝑚/𝑠. The dielectric is 𝐴𝑙2𝑂3 with the 

thickness of 70nm, the relative dielectric constant is set to 9. In (a), it shows the 

output curve of the single tube at different gate to source voltages. From -8V to -2V 

with 2V as step, the current decreases accordingly, as is expected when the CNTFET 

is working in the p-type conduction region. The upper limit of 𝑉𝑑𝑠 is set to 2V, the 

same as in measurement. The largest current is at 𝑉𝑑𝑠 = 2𝑉 and 𝑉𝑔𝑠 = −8𝑉, with the 

value of ~17µA. The output curve mainly stays within the linear region of  transistor 

operation, and this is also expected since the channel length is 4µm, so the maximum 

electric field is only 0.5V/ µm, which is not strong enough to cause saturation in the 

CNTFET. Figure 4.3 (b) shows the transfer curve of the individual carbon nanotube 

FET, with a constant 𝑉𝑑𝑠 = 1.6𝑉, and gate to source voltage sweeping from -8V to 

8V. The transfer curve also shows three different conduction regions, which are p-

type region, ambipolar region and the n-type region. Note that the minimum current is 

very close but not zero, and this is because of the small bandgap in our modeled 

individual nanotube. The threshold voltage of p-type conduction is larger than that of 

n-type conduction, so that within the ambipolar region, the minimum current point the  
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sum of subthreshold current of both p-type and n-tpye region. In terms of linearity, 

the transfer curve show good linearity at moderate bias voltage outside ambipolar 

reigion. However, at large gate to source voltage, for both p-type and n-type 

conduction regions, the transfer curve shows some extend of saturation. One possible 

reason for this saturation is the assumption that only one subband contribute to the 

conduction. In our calculation, we only considered the first subband, but it is very 

likely that at larger gate bias, another or even multiple subbands will contribute to the 

total current. Including another subband will make the slope at larger gate bias larger, 

and instead of saturation, it may keep displaying good linearity. 
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Figure 4.3 DC characteristics of a single semiconducting nanotube calculated from 

model. The effective mass 𝑚∗ is set to 0.75𝑚𝑒 and the diameter is 1.5nm. (a) shows 

the output curve with 𝑉𝑔𝑠 changing from -8V to -2V (b) shows the transfer curve at  

𝑉𝑑𝑠 = 1.6𝑉. 

 

 

𝑉𝑑𝑠 = 1.6𝑉 

𝑉𝑔𝑠 = −8𝑉 

−6𝑉 

−4𝑉 

−2𝑉 

(a) 

(b) 
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In order to compare the overall current vs. voltage relationship, we calculate 

the current at different 𝑉𝑑𝑠 and 𝑉𝑔𝑠, and plot the data in a 2D mapping manner. Figure 

4.4 (a) shows the calculated current vs. 𝑉𝑑𝑠 and 𝑉𝑔𝑠 based on the model from an 

individual carbon nanotube FET. In the color mapping, red stands for high value of 

current, and blue for low. The information we can extract from the map is that the 

individual nanotube FET have a stronger p-type conduction region than n-type. The 

minimum current point with respect of 𝑉𝑔𝑠 is around 1V. In Figure 4.4 (b), it is the 

measured current plotted vs. 𝑉𝑑𝑠 and 𝑉𝑔𝑠. This is a CNTFET with a channel length of 

4𝜇𝑚, a channel width of 100𝜇𝑚 and a gate length of 3.5𝜇𝑚. The dielectric is 𝐴𝑙2𝑂3 

with the thickness of 70nm. At first glance, the most significant difference between 

(b) and (a) besides the scale is around 𝑉𝑔𝑠 = 1𝑉 region. In Figure (b), around 1V gate 

voltage, the current increases as the source/drain bias getting larger, which is not the 

case in Figure (a). This is due to the existence of metallic carbon nanotubes in the 

CNTFET under test. Around one third of the total nanotubes are metallic, and even at 

the minimum current point, where the current should not, or only slightly on the 

source/drain bias for semiconducting nanotubes, metallic nanotubes will carry current 

increasing linearly with the source/drain bias. We can do a simple estimation of the 

influence of metallic nanotubes, the largest current in (b) is 4.3mA, and if one third of 

them is from metallic nanotubes, the current carried by semiconducting nanotubes is 

4.3mA*2/3=2.87mA. The individual semiconducting nanotube in the model carries 

17𝜇𝐴 current as maximum. So the approximate number of semiconducting nanotubes 

in the channel is 2.87mA/17𝜇𝐴=~170. And this is a plausible number of 

semiconducting nanotubes in the channel based on the density of carbon nanotubes. 



 64 

 

Besides the difference around minimum current point, the model can predict the trend 

of the relationship between current and voltage when compared to the measured data.  

The next step is to compare the nonlinearity in the model with what the 

amplitude of harmonics in the single tone excitation measurement. First, let us recall 

our derivation of harmonic generation. The small signal AC current from output 

signal is 

𝑖𝑑𝑠 = 𝑔𝑚 ∙ 𝑣𝑔𝑠 +
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
𝑣𝑔𝑠

2

2!
+
𝜕2𝑔𝑚

𝜕𝑉𝑔𝑠
2 ∙
𝑣𝑔𝑠

3

3!
+ ⋯ 

where 𝑔𝑚 is the transconductance and is defined as  

𝑔𝑚 =
𝜕𝐼𝑑𝑠
𝜕𝑉𝑔𝑠

 

Assuming that the AC signal have a cosine wave form,  

𝑣𝑔𝑠 = 𝐴𝑐𝑜𝑠𝑤𝑡 

where A is the amplitude of the AC signal and w is the angular frequency. The square 

of  𝑣𝑔𝑠 is 

𝑣𝑔𝑠
2 = (𝐴𝑐𝑜𝑠𝑤𝑡)2 =

1

2
𝐴2 +

1

2
𝐴2𝑐𝑜𝑠2𝑤𝑡 

The second order term in the AC current is 

𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
𝑣𝑔𝑠

2

2!
=
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
(
1
2 𝐴

2 +
1
2𝐴

2𝑐𝑜𝑠2𝑤𝑡)

2!
 

 

So the 1
st
 order harmonic amplitude is  

1

4
𝐴2
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

𝑑𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒𝑜𝑓𝑡𝑟𝑎𝑛𝑠𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 
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Figure 4.4 DC current mapping vs. 𝑉𝑑𝑠 and 𝑉𝑔𝑠 from (a) model and (b) measurement. 

In (a), the model still only calculate the current in a single carbon nanotube. In (b), 

the CNTFET under test has both metallic and semiconducting nanotubes in the 

channel 

 

 

I (µA) 

I (mA) 

(a) 

(b) 
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And the comparison we are going to make is between 
𝜕𝑔𝑚

𝜕𝑉𝑔𝑠
 and the amplitude of 1

st
 

order harmonic amplitude. Use the definition of transconductance 

𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

=
𝑑2𝐼𝑑𝑠

𝑑𝑉𝑔𝑠
2⁄  

 Figure 4.5 shows the comparison between logarithm of second derivative of 

current with respect to gate voltage in model and the measured amplitude of 1
st
 order 

harmonic from single tone excitation measurement. The reason we are taking 

logarithm of 
𝑑2𝐼𝑑𝑠

𝑑𝑉𝑔𝑠2
⁄  is because the amplitude of 1

st
 order harmonic is measured in 

dBm, which is a logarithm scale unit. Still, in the model, calculation is based on 

individual carbon nanotube.  In Figure 4.5 (a), which is the nonlinearity calculated 

from the model, the important information is that, the value of 𝑙𝑜𝑔 (
𝑑2𝐼𝑑𝑠

𝑑𝑉𝑔𝑠2
⁄ ) is 

large near small absolute value of gate to source voltage, and at higher gate bias, the 

linear relationship dominates. Compare this to Figure 4.5 (b), which is the measured  

1
st
 order harmonic amplitude. The single tone measurement uses a device having 

identical device parameters with the modeling. And the input power is 5dBm at 

10GHz. The measured 1
st
 order harmonic has the frequency of 20GHz. The larger 

amplitude shows near small absolute value of gate to source voltage and at larger gate 

bias, the 1
st
 order harmonic is suppressed to relatively small value, around   -55dBm.  
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Figure 4.5 Comparison between (a) logarithm of second derivative of current with 

respect to gate voltage in model log(𝑑
2𝐼
𝑑𝑉𝑔𝑠

2⁄ )and (b) the measured amplitude of 1
st
 

order harmonic.  
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(b) 

lo
g(
𝑑
2
𝐼
𝑑
𝑉 𝑔
𝑠2

⁄
)

(A
/V

^
2

) 
1
st

 o
rd

er
 h

ar
m

o
n
ic

 (
d
B

m
) 



 68 

 

 In terms of the difference between the two figures, the obvious aspect is the 

scale. Because the amplitude of 
𝑑2𝐼𝑑𝑠

𝑑𝑉𝑔𝑠2
⁄  is calculated based on individual 

nanotube, in order to get the total value for the CNTFET, the number of nanotubes in 

the channel should be multiplied, which will increase the amplitude. On the other 

hand, the harmonic measurement measures power, so if we want to convert Figure (a) 

to (b) with the same unit and scale, we need to multiply 𝑣𝑔𝑠
2 in order to get the 

second term in the small signal equation, and then, multiply 𝑣𝑔𝑠 again to get the 

power. We also need to take phase shift when calculating the power. The value of 𝑣𝑔𝑠 

is relatively small, so the multiplication will decrease the amplitude in (a). 

 Another feature shown in (a) but not in (b) is the small amplitude vertical line 

started around 𝑉𝑔𝑠 = −1𝑉. There are two possible reasons that it does not appear in 

(b). The first reason is due to the resolution of the mapping test, we have step of 0.2V 

in the single tone excitation measurement, and this is much larger than the gate 

voltage step in the model, which is 0.01V. So the measurement will not be able to 

show small features. The second reason is the assumption we made about which term 

in the derivative sequence of transconductance will contribute to the amplitude of 1
st
 

order harmonics. Remember we are only taking the 2
nd

 order term in the small signal 

equation into consideration, which means the contribution to 1
st
 harmonic amplitude 

from higher order terms are neglected. But if we include the contribution from these 

higher order terms, it is very likely that they bring in small contribution around the 

small amplitude line near Figure (a). Since the data is plotted in logarithm scale, a 
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fraction of contribution will end up bring the blue and green low amplitude parts into 

yellow and orange high amplitude parts. 
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Chapter 5:  High frequency mixing based on CNTFETs 

5.1. Two-Tone Mixing theory 

Two-tone mixing measurement is a powerful measurement setup to examine 

the nonlinearity of devices can help us extract useful figures of merit for the purpose 

of RF applications.  

Instead of one signal input into the device, two signals with a slight difference 

in frequency are applied. Name the first frequency as 𝑓1 and the second frequency as 

𝑓2, and the difference in frequency between the two signals as 𝛿𝑓. First consider the 

case where the amplitudes of the two signals are the same, and a normal output 

spectrum of the two tone mixing test will be like in the following figure. 

Figure 5.1 shows the output spectrum of a two tone measurement on our 

CNTFETs. The device under test has a channel length of 3𝜇𝑚, a channel width of 

100𝜇𝑚 and a gate length of 2.4𝜇𝑚. The two signals are with the same amplitude of 

10dBm and at different frequencies, 0.95GHz and 1.05GHz respectively. Among all 

the signals in the output spectrum, only the two signals at 0.95GHz and 1.05GHz are 

the direct output from input signals. All the other signals are either harmonic 

generated from the fundamental signals or intermodulation signals.  

If we follow the same way as the derivation of harmonic generation, where we 

can get the output small AC signal amplitude as a function of the input signal, the 

equation will be 

𝑣𝑜𝑢𝑡 = 𝑎1𝑣𝑖𝑛 + 𝑎2𝑣𝑖𝑛
2 + 𝑎3𝑣𝑖𝑛

3 +⋯ 

where 𝑎𝑛 is a function of the partial derivative of current in the channel to the gate 

voltage. If now we substitute 𝑣𝑖𝑛 with two different signals, say 
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Figure 5.1 The output spectrum of two-tone mixing experiment based on a CNTFET, 

where the two input frequencies are 0.95GHz and 1.05GHz 

 

𝑣𝑖𝑛 = 𝑣1 cos(2𝜋𝑓1𝑡) + 𝑣2 cos(2𝜋𝑓2𝑡) 

and what we get for the expansion of 𝑣𝑜𝑢𝑡 will be a sequence of cosine waves. 

However, since the 𝑎𝑛 sequence tends to converge to zero very quickly, in the 

following derivation, we will limit the order of 𝑎𝑛 not larger than 3. The expansion 

will contain signals with frequencies of 𝑚𝑓1 + 𝑛𝑓2, and (m, n) can be any integers, 

Table 5.1 shows the amplitude of different sets of frequencies up to the order of 3, 

this chart is adapted from Ref[56].  

 Now if we look back at Figure 5.1, we can label the order of the signals. The 

input signals at 0.95GHz and 1.05GHz are 𝑓1 and 𝑓2 respectively. And the second 

1
st
 order 

2
nd

 order 
3

rd
 order 
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order terms are the double frequency peaks and the sum and difference of frequency 

terms. The third order terms are also labeled. One thing to notice is that, the order is 

different than what we talked about in single tone harmonic generation test. In single 

tone harmonic excitation test, the 1
st
 order harmonic corresponds to signal with 

double frequency as the fundamental signal, and the 2
nd

 order harmonic corresponds 

to signal with triple frequency as the fundamental signal. While in the two-tone 

mixing test, the order corresponds to the expression of 𝑣𝑜𝑢𝑡 as a function of 𝑣𝑖𝑛. So in 

Figure 5.1, the 1
st
 order terms represent that they are coming from the linear 

transformation of input signal, and 2
nd

 order corresponds to the square term of 𝑣𝑖𝑛. 

Carry this difference in mind and do not get confused when we talk about 2
nd

 order 

term in this chapter. 

Table 5.1 Output spectrum of a nonlinear amplifier 

Order Frequency Amplitude Frequency Amplitude 

1 𝑓1 𝑎1𝑣1 𝑓2 𝑎1𝑣2 

2 2𝑓1 1

2
𝑎2𝑣1

2 
2𝑓2 1

2
𝑎2𝑣2

2 

2 𝑓1 + 𝑓2 𝑎2𝑣1𝑣2 |𝑓1 − 𝑓2| 𝑎2𝑣1𝑣2 

3 3𝑓1 1

4
𝑎3𝑣1
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5.2. Two-tone mixing measurement setup 

 

 
 

Figure5.2 Schematic diagram of two-tone mixing measurement setup  

 

Agilent MXG Analog Signal Generator (N5183A) × 2 : 100 kHz ~ 40 GHz 

Agilent EXA Series Spectrum Analyzer (N9010A): 10 Hz ~ 44 GHz 

Keithley 2400 Source-Meters: DC 

Anritsu K250 Bias Tees: DC ~ 40 GHz 

Picoprobe 150 μm pitch microwave probes 

 

The two tone mixing measurement setup we use is shown in Figure 5.3. Similar to 

single excitation measurements, the RF signal goes into the gate and the output signal 

is read out from the drain, while source is the common ground. The difference from 

the single tone excitation measurement is that we now have two signal generators, 

and after the two signals are combined via a power combiner, they are combined with 

the DC gate voltage. On the drain side, another bias tee is used to change the bias 

between source/drain, while the output RF signal is analyzed through a spectrum 

analyzer.  

This two tone mixing measurement setup is used in the third order intercept 

point measurement and in the characterization of controllable mixing through gate 

control with CNTFETs. Compare our setup to a standard mixer, where the two input 
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signal will act as RF (radio frequency) and LO (local oscillator), while the mixed 

signal is read from the output spectrum.  

For a typical two-tone mixing measurement, two signals with frequency of 

4.8GHz and 5.2GHz are generated by the two signal generator, where the 4.8GHz 

signal is the RF and 5.2GHz signal is the LO. Generally, at least 0dBm amplitude is 

required in order to observe the harmonics and intermodulation terms in the output 

spectrum. Two important signals are observed and tracked in the output spectrum, the 

intermediate frequency (IF) signal which is at 0.4GHz and RL+LO signal, which is at 

10GHz. The DC modulation of gate voltage and source/drain bias is Vgs  from -8V to 

8V with a step of 0.2V, and Vds from -2.5V to 2.5V with a step of 0.05V.  

 

5.3. Frequency Mixer 

A frequency mixer is a 3-port electronic circuit. Two of the ports are “input” 

ports and the other port is an “output” port. The ideal mixer “mixes” the two input 

signals such that the output signal frequency is either the sum (or difference) 

frequency of the inputs. The nomenclature for the 3 mixer ports are the Local 

Oscillator (LO) port, the Radio Frequency (RF) port, and the Intermediate Frequency 

(IF) port. Conceptually, the LO signal acts as the “gate” of the mixer in the sense that 

the mixer can be considered “on” when the LO is a large voltage and “off” when the 

LO is a small voltage. The LO port is usually used as an input port. 
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Figure 5.3 (top) inputs and outputs of a frequency mixer (bottom) down-conversion 

operation of a frequency mixer 
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Figure 5.3 shows the inputs and outputs of a frequency mixer on top. And the 

bottom half shows the down-conversion of a frequency mixer, where the output is the 

IF signal, and the frequency of the output signal is the difference between LO and RF 

signal. In principle, any nonlinear device can be used to make a mixer. As it happens, 

only a few nonlinear devices make “good” mixers. The devices of choice for modern 

mixer designers are Schottky diodes, GaAs FETs and CMOS transistors. The choice 

depends on the application. FET and CMOS mixers are typically used in higher 

volume applications where cost is the main driver. 

One important mixer metric is conversion loss. Conversion loss (CL) is 

defined as the difference in power between the input RF power level and the desired 

output IF frequency power level. In other words: 

𝐶𝐿 = 𝑃𝑅𝐹 − 𝑃𝐼𝐹 

where PRF and PIF are in dBm and CL is in dB. For example, if the input RF is -10 

dBm and the down-converted IF output signal -17 dBm, then the conversion loss is 7 

dB.  

In the following measurements, we will treat the higher frequency signal as 

the LO and the low frequency as RF. And in the output spectrum, we will select the 

RF+LO signal, which is has the sum of frequency, as the indication of how effective 

the mixing is.  

5.4. Two Tone Mixing Data 

Figure 5.4 shows the output spectrum of a two tone mixing measurement 

results.  The device under test is a CNTFET with a channel length of 3𝜇𝑚, a channel 

width of 100𝜇𝑚 and a gate length of 2.4𝜇𝑚. The two input signals are 0dBm  
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Figure 5.4 Output spectrum of a CNTFET operated as frequency mixer. The DC bias 

condition is (a) 𝑉𝑑𝑠 = 1.5𝑉, 𝑉𝑔𝑠 = −3𝑉 and (b) 𝑉𝑑𝑠 = 1.5𝑉, 𝑉𝑔𝑠 = −8𝑉 
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amplitude at 4.8GHz and 10dBm at 5.2GHz, and the two signals are labeled as RF 

and LO respectively. In the output spectrum, mixed terms besides signals having the 

same frequency as the input signals are also labeled.  

In Figure 5.4 (a), the DC voltages applied are 𝑉𝑑𝑠 = 1.5𝑉, 𝑉𝑔𝑠 = −3𝑉. The 

output spectrum is a standard output for two-tone mixing with a nonlinear device. The 

RF+LO signal is at the frequency of 10GHz and the 2LO signal is at 10.4GHz. The 

2RF signal was not obvious in the output spectrum mainly because the amplitude of  

RF signal is 0dBm, which is even smaller after passing through the CNTFET. With 

larger amplitude of RF signal, the 2RF term will be seen. However, this will not 

inflect our observation and comparison since we will take the RF+LO signal as the 

main indication of the strength of the mixing.  

In Figure 5.4 (b), the DC voltages applied are 𝑉𝑑𝑠 = 1.5𝑉, 𝑉𝑔𝑠 = −8𝑉. 

Compared to (a), the RF+LO and 2LO signals are no longer seen in the output 

spectrum, and the LO-RF signal is also 10dBm lower than (a). The reason for the 

strong depression of mixed terms is the change of gate voltage. At 𝑉𝑔𝑠 = −3𝑉, the 

CNTFET is near the ambipolar region and the nonlinearity of the device is strong, 

and as expected, we observe the extra mixed terms in the output spectrum. However, 

when we change the gate voltage to 𝑉𝑔𝑠 = −8𝑉, the device is in the p-side linear 

region, and the parameters 𝑎𝑛 in the output sequence is very small for 2
nd

 or higher 

order terms, which leads to the strong suppression of the mixed terms. The following 

measurements of RF+LO signal amplitude vs. the gate voltage will further clarify the 

relationship. 
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Figure 5.5 (a) shows the amplitude of RF+LO and 2LO signals vs. the gate 

voltage. The device under test is the same as the above measurement, a CNTFET with 

a channel length of 3𝜇𝑚, a channel width of 100𝜇𝑚 and a gate length of 2.4𝜇𝑚. The 

source/drain bias is set to 1V and gate to source bias is from -10V to 10V. The 

important information from the figure is that between the gate voltage range of 6V to 

10V and -10V to -5V. The amplitudes of both the signals are very small and down to 

the noise floor around -65dBm. At around -5V, the amplitudes of the mixed terms 

shows up rapidly, and reach the maximum at around -2V. The difference between the 

maximum of mixed signals and the minimum is about 8dBm and 12dBm for RF+LO 

and 2LO respectively.  

 Figure (b) is the transfer curve measured from the same device under the same 

bias conditions, and the DC data is taken at the same time with the mixing 

measurement. Compared to (a), to the left of the vertical red line, it is the p-type 

conduction linear region, and this region corresponds to the negative gate voltage side 

mixed signal suppression. Between the red and blue vertical lines, it is the ambipolar 

nonlinear conduction region, and the high nonlinearity of the IV relationship 

contributes to strong mixing. To the right of the blue vertical line, it is the n-type 

conduction linear region, which also suppress mixing. Close to the n-type conduction 

region, the transmission between strong mixing and noise floor is not as sharp as it is 

on the p-type side, and this can be attribute to the high linearity of the p-type 

conduction. 

  



 80 

 

 
 

Figure 5.5 (a) LO+RF and 2LO signals amplitude plotted vs. gate voltage (b) transfer 

curve of the same device under same DC bias conditions 

(a) 

(b) 
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5.5. Controllable radio frequency mixer based on CNTFETs 

For a standard mixer, the “gate” of the mixer, which determines whether 

mixed signals are generated in the output spectrum, is the LO signal amplitude. When 

the amplitude of LO signal is strong, mixed signals with frequencies at RF+LO and 

LO-RF can be detected. On the other hand, when the LO signal is turned off, only 

2RF frequency signal exists in the output spectrum.  

Based on the gate voltage scan measurement, it is reasonable to justify that 

there are certain regions in the (Vgs, Vds) plane where mixing is suppressed, while in 

other areas, mixing is strong. Figure (a) shows the amplitude of RF+LO mixed 

signals vs. Vgs &Vds. The device is the same CNTFET with a channel length of 3𝜇𝑚, 

a channel width of 100𝜇𝑚 and a gate length of 2.4𝜇𝑚. Red colors represent large 

amplitude of RF+LO signal and blue stands for small amplitude. As is expected, the 

linear regions in transfer curves, which are the far negative and positive gate voltage 

regions, suppress the mixing. While in the ambipolar regions, mixing is strong. The 

difference between the strongest mixing signal amplitude and the general background 

is more than 15dBm. Thus a large difference can be treated as the on and off state of 

the mixer, and by doing so, we have a method to control the CNTFET mixer via gate 

voltage instead of using LO signal amplitude. Furthermore, the control from gate 

voltage over the amplitude of RF+LO signal amplitude means, we are controlling the 

mixer by changing the DCgate bias instead of changing AC power, and this novel 

concept of controllable mixing will enable more vesatile radio frequency circuit 

components and the realization of multifunctional RF device based on CNTs. 
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Figure 5.6 (a) Amplitude of RF+LO signal in the output spectrum of two-tone mixing 

measurement (b) logarithm of the second derivative of current with respect to gate 

voltage. The comparison between (a) and (b) relates the nonlinearity of 

transconductance to the generation of intermodulation terms.  
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An asymmetric region in the negative gate voltage region and negative 

source/drain bias region is notified. We cannot thoroughly understand the asymmetric 

behavior. Some of the possible reasons could be the small misplacement of the gate 

when conducting photolithography or this is due to the device structure. If we want to 

further understand the cause of the asymmetric behavior, an HFFS model is needed in 

order to speculate the influence of the device structure on the propagation of 

electromagnetic waves. 

In order to understand the relationship between intermodulation terms and the 

DC nonlinearity of CNTFETs, we will specifically look at the first three orders in the 

output spectrum of a frequency mixer. Similar to the harmonic generation theory, we 

will start with the DC operation equation 

𝐼𝑑𝑠 = 𝑓(𝑉𝑔𝑠, 𝑉𝑑𝑠) 

Take this equation and do the Taylor expansion around a given voltage operation 

point with small AC signal  (𝑣𝑔𝑠, 𝑣𝑑𝑠), and use the definition of transconductance 

and dynamic conductance, 

𝐼𝑑𝑠 = 𝑓(𝑉𝑔𝑠 + 𝑣𝑔𝑠, 𝑉𝑑𝑠 + 𝑣𝑑𝑠) 

= 𝑓(𝑉𝑔𝑠, 𝑉𝑑𝑠) + 𝑔𝑚 ∙ 𝑣𝑔𝑠 + 𝐺𝑑 ∙ 𝑣𝑑𝑠 +
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
𝑣𝑔𝑠

2

2!
+
𝜕𝐺𝑑
𝜕𝑉𝑑𝑠

∙
𝑣𝑑𝑠

2

2!
 

+𝑔𝑚𝐺𝑑 ∙
𝑣𝑔𝑠𝑣𝑑𝑠

2!
+ ⋯ 

Drop all derivative terms related to 𝑉𝑑𝑠 since we only apply RF signal to gate, 

𝐼𝑑𝑠 = 𝐼𝑑𝑠0 + 𝑔𝑚 ∙ 𝑣𝑔𝑠 +
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
𝑣𝑔𝑠

2

2!
+
𝜕2𝑔𝑚

𝜕𝑉𝑔𝑠
2 ∙
𝑣𝑔𝑠

3

3!
+ ⋯ 

Then we have the small ac signal  
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𝑖𝑑𝑠 = 𝑔𝑚 ∙ 𝑣𝑔𝑠 +
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
𝑣𝑔𝑠

2

2!
+
𝜕2𝑔𝑚

𝜕𝑉𝑔𝑠
2 ∙
𝑣𝑔𝑠

3

3!
+ ⋯ 

Now, instead substitute 𝑣𝑔𝑠 with a single cosine wave, we will put in the sum of two 

cosine waves with different amplitudes and different frequencies, corresponding to 

the most general case 

𝑣𝑔𝑠 = 𝐴1𝑐𝑜𝑠𝑤1𝑡 + 𝐴2𝑐𝑜𝑠𝑤2𝑡 

where 𝐴1 and 𝐴2 are the amplitude of two signals,  

𝑖𝑑𝑠 = 𝑔𝑚 ∙ (𝐴1𝑐𝑜𝑠𝑤1𝑡 + 𝐴2𝑐𝑜𝑠𝑤2𝑡) +
𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
(𝐴1𝑐𝑜𝑠𝑤1𝑡 + 𝐴2𝑐𝑜𝑠𝑤2𝑡)

2

2!
+
𝜕2𝑔𝑚

𝜕𝑉𝑔𝑠
2

∙
(𝐴1𝑐𝑜𝑠𝑤1𝑡 + 𝐴2𝑐𝑜𝑠𝑤2𝑡)

3

3!
+ ⋯ 

For the second term 

𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
(𝐴1𝑐𝑜𝑠𝑤1𝑡 + 𝐴2𝑐𝑜𝑠𝑤2𝑡)

2

2!
 

=
1

2

𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

(𝐴1
2𝑐𝑜𝑠2𝑤1𝑡 + 𝐴2

2𝑐𝑜𝑠2𝑤2𝑡 + 2𝐴1𝐴2𝑐𝑜𝑠𝑤1𝑡𝑐𝑜𝑠𝑤2𝑡) 

=
1

2

𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

{
1

2
(𝐴1

2 + 𝐴2
2) +

1

2
(𝐴1

2𝑐𝑜𝑠2𝑤1𝑡 + 𝐴2
2𝑐𝑜𝑠2𝑤2𝑡)

+ 𝐴1𝐴2[cos(𝑤1 − 𝑤2) 𝑡 + cos(𝑤1 + 𝑤2) 𝑡]} 

where the cos(𝑤1 − 𝑤2) 𝑡 term corresponds to the IF signal of two-tone mixing 

measurement and cos(𝑤1 + 𝑤2) 𝑡 term corresponds to the RF+LO signal from the 

two-tone mixing.  Take out the  cos(𝑤1 + 𝑤2) 𝑡 term and related coefficients since 

we are observing RF+LO signal, the absolute value is 

𝑅𝐹 + 𝐿𝑂 =
1

2

𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

𝐴1𝐴2 cos(𝑤1 + 𝑤2) 𝑡 ∝ 
𝑑2𝐼𝑑𝑠
𝑑𝑉𝑔𝑠2

 



 85 

 

So the amplitude of RF+LO signal is proportional to the second derivative of 

current with respect to gate/source bias. Actually, not only 2
nd

 order term contains 

cos(𝑤1 + 𝑤2) 𝑡, all higher even order terms will generate cos(𝑤1 + 𝑤2) 𝑡 term, but 

the main contribution still comes from the second order term. We will further 

calculate the third order term to make sure the contribution is from higher order terms 

but not the third order. The third order term is 

𝜕2𝑔𝑚

𝜕𝑉𝑔𝑠
2 ∙
(𝐴1𝑐𝑜𝑠𝑤1𝑡 + 𝐴2𝑐𝑜𝑠𝑤2𝑡)

3

3!
 

=
1

6

𝜕2𝑔𝑚

𝜕𝑉𝑔𝑠
2 {(

2

3
𝐴1

2𝐴2 +
3

4
𝐴2

3) 𝑐𝑜𝑠𝑤2𝑡 + (
2

3
𝐴1𝐴2

2 +
3

4
𝐴1

3) 𝑐𝑜𝑠𝑤1𝑡

+
3

4
𝐴1𝐴2

2 cos(2𝑤2 − 𝑤1) 𝑡 +
3

4
𝐴1

2𝐴2 cos(2𝑤1 − 𝑤2) 𝑡

+
3

4
𝐴1

2𝐴2 cos(2𝑤1 + 𝑤2) 𝑡 +
3

4
𝐴1𝐴2

2 cos(𝑤1 + 2𝑤2) 𝑡

+
1

4
𝐴1

3𝑐𝑜𝑠3𝑤1𝑡 +
1

4
𝐴2

3𝑐𝑜𝑠3𝑤2𝑡} 

There is no cos(𝑤1 + 𝑤2) 𝑡 term in the third order expansion, which means the 

contribution to RF+LO signal besides 2
nd

 order term is from 4
th

 order and higher. And 

it is reasonable for us to compare the second derivative of current to the amplitude of 

RF+LO signal.  

 Based on the calculation above, we further move on to numerically 

differentiate current with respect to gate voltage and make the comparison between 

these two. If the similarity is high between these two data sets, it will not only justify 

the application of generic mixing theory on our CNTFET mixing measurement, but 
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also deepen our understanding of the working mechanism of our controllable 

frequency mixer. 

Figure 5.6 (b) shows the logarithm of the absolute value of second derivative 

of 𝐼𝑑𝑠 with respect to 𝑉𝑔𝑠. The method used to extract the second derivative is moving 

boxcar numerical fitting. The method is illustrated as following. Take the 𝐼𝑑𝑠 as a 

whole matrix indexed by 𝑉𝑔𝑠 and 𝑉𝑑𝑠, and for every 𝑉𝑑𝑠, 𝐼𝑑𝑠 is an array indexed by 

𝑉𝑔𝑠, take the first 5 elements in the array and fit it to a parabola, and take the second 

order coefficient as the second derivative at the third element point. After that, take 

second to sixth element and do the same fitting, and the second order coefficient is 

the second order derivative value for the fourth element. Do the same thing for the 

whole array of 𝐼𝑑𝑠 at a certain𝑉𝑑𝑠, and then cover every 𝑉𝑑𝑠. This method will not get 

you the derivatives for the first and last two elements in each array, which means we 

do not have second order derivatives for the first and last two gate voltage values. The 

reason we need to use moving boxcar fitting is that the 𝐼𝑑𝑠 value is from raw data, and 

taking second order derivative from raw data directly will produce unwanted 

numerical noise.  

 Even though moving boxcar method suppresses the noise level in the 

numerical derivatives, we still get considerable noise in our map of second derivative 

of 𝐼𝑑𝑠 with respect to 𝑉𝑔𝑠. However, through the noisy data set, we can observe the 

trend. As expected, the linear transfer region on both p-type and n-type conduction 

regions have small value of second derivatives. And in the ambipolar region, the 

second derivative shows up strongly and match the region where the RF+LO signal is 

larger. Notice that we do not have asymmetric region across source/drain voltage at 
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negative gate voltage region, which at least confirms that the DC characteristics are 

not the cause of this asymmetric behavior. 

5.6. Measurement of third order intercept point at linear region 

 There are several ways to confirm that the high linearity of our CNTFETs in 

the p-type and n-type conduction region. Third order intercept point, also referred to 

as IP3, is a widely accepted figure of merit to characterize the linearity of a RF 

transistor. The concept of third order intercept point is that, when the input power 

increases, both the fundamental signal power and the third order signal power will 

increase, however, the third order signal power will increase faster. Actually, when 

scale is in dBm, the third order signal power will increase three times as fast as the 

fundamental signal power. Since the fundamental signal output power vs. the input 

power always has a slope of 1, the third order signal power vs. input power will have 

a slope of 3. And as the input power goes up, compression might happen, that is when 

the nonlinear transfer characteristics are introduced. However, the linear region 

extended line of the fundamental signal and the third order signal will intercept with 

each other at a higher power, and the input power of this point is defined as input 

power of third order intercept point (IIP3). As is shown in 5.7, fundamental single 

power intercept with third order signal power at IP3. 
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Figure 5.7 Schematic figure showing the concept of IP3, OIP3 and IIP3 

 

 The experimental setup of measuring IP3 is the same as the two-tone mixing 

measurement. The device under test is the same CNTFET with a channel length of 

3𝜇𝑚, a channel width of 100𝜇𝑚 and a gate length of 2.4𝜇𝑚. One particular thing 

about measuring IP3 is that, the two input signals have the same power, with the 

frequency of 𝑓1 and 𝑓2 (𝑓2 > 𝑓1). The third order output power are measured at the 

frequency of 2𝑓2 − 𝑓1 and 2𝑓1 − 𝑓2, as the power of both input signals are increased, 

the output powers of fundamental signals and third order signals are measured. The 

two input signals are at 4.8GHz and 5.2GHz, which is identical to that of the two-tone 

mixing measurement. The two measured third order signals are at 4.6GHz and 

5.4GHz. The DC operation point of the measurement is 𝑉𝑑𝑠 = 1𝑉, 𝑉𝑔𝑠 = −6.5𝑉, 

which is biased to the linear p-type conduction region in the transfer curve.   
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 The measured fundamental signal and third order signal powers are shown in 

Figure 5.8. The slope of both the linear fit for the linear parts are close to theoretical 

values (i.e. 1 and 3). The IIP3 of our device is about 26dBm, which is comparable to 

CNTFETs with a shorter channel length[20]. This high IP3 confirms that the AC 

linearity of consistent with our observation on DC transfer curve, and in another way 

justify the high linearity of our CNTFET when working in the linear transfer region. 

 

 
Figure 5.8 Third order interception point measurement data. The black and red dots 

represent the fundamental and third order signal output power. The black and red 

lines represent the linear fit of the linear part of fundamental and third order signal 

output power, respectively. 
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5.7.  Mixing in the 75-110GHz range 

Figure 5.9 shows the measurement setup in the 75-110GHz range. It is similar to the 

previous mentioned two-tone mixing in the K band range (under 40GHz), the 

difference is that the input signals are at higher frequencies, usually between 38GHz 

to 40GHz, the harmonics in the output signals are out of the range of our spectrum 

analyzer, which has a upper limit of 44GHz. So an external mixer is used to detect 

and measure the amplitude of the 1
st
 order harmonics in the 75-100GHz range. 

However, the lack of W band bias tees limits our measurement to only passive 

mixing, i.e. there is no voltage applied between source and drain.  

 

 
 

Figure 5.9 Schematic diagram of the experimental setup of mixing measurement in 

the 75-110GHz region. Components used are listed below. 

 

Agilent MXG Analog Signal Generator (N5183A) × 2 : 100 kHz ~ 40 GHz 

Agilent EXA Series Spectrum Analyzer (N9010A): 10 Hz ~ 44 GHz 

Agilent M1970 Series Smart Harmonic Mixers: 75-110GHz 

Keithley 2400 Source-Meters: DC 

Anritsu K250 Bias Tees: DC ~ 40 GHz 

Picoprobe 150 μm pitch microwave probes 
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 The two input signals are chosen as 38.5GHz and 39.5GHz. The upper limit of 

our signal generator output is 40GHz, so this is basically the highest we can pull out. 

Take the 38.5GHz input signal as RF and the 39.5GHz signal as LO. The power of 

RF and LO signal is 15dBm and 18dBm. The reason we set the input power so high is 

because at such a high frequency, the attenuation through the CNTFET mixer is very 

large, input signal below 10dBm generally cannot produce enough output single 

power for the observation. Frequency of 2RF, RF+LO and 2LO output signal is 

77GHz, 78GHz and 79GHz respectively. The amplitude of 2RF, RF+LO and 2LO are 

plotted in Figure 5.10. The important information we get from the plot is even at such 

a high frequency, both harmonics and intermodulation terms are still affected by the 

gate bias effectively. The difference between the maximum and minimum in the 

amplitude of RF+LO signal is close to 15dBm. A closer look at the 3 set of data, they 

are following the same trend, especially between 2LO and LO+RF. The 2RF signal 

might be too small to show up in the positive gate voltage range. This makes sense if 

our measurement is active mixing, because from the two-tone mixing theory part, the 

second order term is  

𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

∙
(𝐴1𝑐𝑜𝑠𝑤1𝑡 + 𝐴2𝑐𝑜𝑠𝑤2𝑡)

2

2!
 

=
1

2

𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

(𝐴1
2𝑐𝑜𝑠2𝑤1𝑡 + 𝐴2

2𝑐𝑜𝑠2𝑤2𝑡 + 2𝐴1𝐴2𝑐𝑜𝑠𝑤1𝑡𝑐𝑜𝑠𝑤2𝑡) 

=
1

2

𝜕𝑔𝑚
𝜕𝑉𝑔𝑠

{
1

2
(𝐴1

2 + 𝐴2
2) +

1

2
(𝐴1

2𝑐𝑜𝑠2𝑤1𝑡 + 𝐴2
2𝑐𝑜𝑠2𝑤2𝑡)

+ 𝐴1𝐴2[cos(𝑤1 − 𝑤2) 𝑡 + cos(𝑤1 +𝑤2) 𝑡]} 
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In the equation,  𝑐𝑜𝑠2𝑤1𝑡, 𝑐𝑜𝑠2𝑤2𝑡 and cos(𝑤1 + 𝑤2) 𝑡 are sharing the same 

coefficient 
𝜕𝑔𝑚

𝜕𝑉𝑔𝑠
, so that the corresponding 2RF, 2LO and RF+LO will follow the same 

trend when tuning gate voltage.  

 
Figure 5.10 Amplitude of harmonics and intermodulation terms of passively two-tone 

mixing measurement in the 75-110GHz range 

 

 However, our mixing is based on passive CNTFET without source/drain bias. 

One possible reason for the similarity to active mixing is the DC component caused 

by the applied RF signal. Looking at the second order term expansion, the applied RF 

and LO signals will induce a DC current in the channel, and the amplitude is  

1

2
(𝐴1

2 + 𝐴2
2) 
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And even though the DC current is caused by the AC signal, it will be influenced by 

gate voltage since the conductance of the channel will be changed when adjusting 

gate voltage. Thus the CNTFET is actually working with voltage difference between 

source and drain due to the DC component from AC signal. In general, our CNTFET 

is used as a passive frequency mixer at W band (75-110GHz) and this is the first 

observation of mixing based on carbon nanotube devices to date. 
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Chapter 6:  Summary 

6.1. Summary of dissertation  

 

In this dissertation, field effect transistors based on horizontally aligned 

carbon nanotubes are fabricated and built into various radio frequency circuit 

components including frequency doubler and active/passive mixer. The passive mixer 

can work up to the 75-110 GHz, which is the highest frequency range to date. The 

active mixer can be operated as a novel controllable mixer, through which the mixing 

can be turned on/off by adjusting the gate voltage. 

We first describe the CVD growth of horizontally aligned carbon nanotubes 

on quartz substrate and the advantage of building radio frequency transistors based on 

these nanotube arrays. The carbon nanotubes array has a density of ~3 tubes/µm and 

the majority of the nanotubes are aligned perfectly. Since our device fabrication uses 

only photolithography, the process is highly scalable. 70 transistors are fabricated 

together on a single chip of quartz substrate and the only limitation of numbers of 

transistors is the requirement of processing tools and size of the substrate.In depth DC 

characterization is conducted for the CNTFETs, which shows different conduction 

region in the transfer curve. The three regions include p-type, ambipolar and n-type 

conduction region, with p-/n-type conduction region armed with good linearity and 

ambipolar region with strong nonlinearity.  

We then introduce the single tone excitation experiment and how we use the 

experimental set-up to study the harmonic generation based on our CNTFETs. The 

way we conduct single tone excitation experiment is introducing RF signal to gate 

and analyze the output signal from drain. Source is set to be common ground. Before 
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applying source/drain bias and gate voltage to the transistor, we simply apply RF 

signal with the amplitude of 10dBm at 10GHz. Even though the device is working 

passively, we can clearly observe the generation of 1
st
 order harmonic at 20GHz and 

2
nd

 order harmonic at 30GHz from the output spectrum. Next, we apply gate to source 

voltage while still not biasing source/drain, we observe the modulation of the 

harmonic amplitude as a function of gate voltage. This experiment is conduct on both 

CNTFETs and devices with identical structure but without nanotubes in the channel. 

Harmonics are not found from the output spectrum of control devices, which confirm 

the harmonics are due to active part of the device, i.e. carbon nanotubes in the 

channel. The last set of experiment is applying both gate/source voltage and 

source/drain bias, making our device work as an active transistor. We plot the 1
st
 

order harmonic amplitude vs. both 𝑉𝑑𝑠 and 𝑉𝑔𝑠 in a 2D “heat map”. The mapping 

shows that the 1
st
 harmonic is strong within ambipolar region and weak in the p-type 

and n-type linear conduction region. Based on the harmonic generation theory, the 

main contribution to 1
st
 order harmonic is from the 2

nd
 order term in the small signal 

equation with the derivative of transcondutance as coefficient. Comparison between 

the amplitude of 1
st
 order harmonic and the derivative of transconductance shows 

similarity, strong within ambipolar region and weak in linear transfer region, which 

supports the conclusion that the harmonic generation from CNTFETs are mainly from 

the nonlinearity of transconductance.  Utilizing the ambipolar characteristic, we 

further develop a frequency doubler working at 5MHz based on CNTFET. By biasing 

the gate/source voltage to the minimum current point on transfer curve, where the 

local current-voltage relationship can be approached as a parabola, the fundamental 
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signal is suppressed and the 1
st
 order harmonic shows up strong. The signal amplitude 

at double frequency is over 15dBm higher than the fundamental signal, which is 

sufficiently large as for a frequency doubler.  

In order to thoroughly understand the nonlinearity of our device, we then start 

to build an elementary model of electronic transport in CNTFETs. The model 

combines Drude model with 1D electron transport, and by making average diameter 

and effective mass assumptions about our carbon nanotube arrays, we are able to 

calculate the current carried by individual nanotubes in the channel. DC 

characteristics from the model also show three different conduction regions in the 

transfer curve. The difference between the model and measurement lies in the 

existence of metallic nanotubes in the actual device, which is not taken into 

consideration since they will not affect the nonlinearity of the device due to no gate 

control. Besides this, the model can describe the DC operation of the device very well. 

We then start the comparison between the nonlinearity within the model and the 

amplitude of first order harmonics from single tone excitation measurement. The 

second derivative of current with respect to gate voltage is calculated based on the 

model, the strong part lies around small gate bias region, which is the ambipolar part 

in actual device. The contour profile of large amplitude in 1
st
 order harmonics is 

similar to the strong part of second derivative of current in the model. The elementary 

model points out the origin of nonlinearity in CNTFET, which in our case is the 

combination of diffusive electronic transport and unique 1D electronic transport in 

carbon nanotubes.  
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 Since the origin of the nonlinearity is clear, we utilize the control of gate over 

nonlinearity to build radio frequency mixers. Two-tone mixing experiment and 

generic mixing theory are introduced. Instead of a single signal flow into the gate, we 

now introduce two signals with close frequencies into the gate. And name these two 

signals following mixer terminology as RF and LO. Besides the harmonic generation 

at 2RF and 2LO frequency, a signal at the frequency of RF+LO is observed, which is 

the intermodulation term. The most interesting part is we can actually tune the 

amplitude of RF+LO signal by changing the gate bias, instead of the normal control 

of RF+LO signal amplitude via the amplitude of LO signal. In the linear conduction 

region, especially the p-type conduction region, where the linearity is superior, both 

the harmonics and intermodulation terms are suppressed to noise floor, which 

corresponds to the “off” state of the mixer. In the ambipolar region, where strong 

nonlinearity shows up, especially the second order term in the small signal Taylor 

expansion, the RF+LO and harmonic signals shows up strong, which correspond to 

the “on” state of the mixer. The difference between the large amplitude of 

intermodulation term and the “off” state noise floor is larger than 15dBm, which is 

large enough to be operated as a controllable mixer. Our CNTFET device can also 

work as a passive mixer at very high frequency. We conduct two-tone mixing test in 

the 75-110GHz range while changing the gate bias. Similar to lower frequency range 

operation, gate voltage still have control over the amplitude of intermodulation term 

even when there is no bias applied between source and drain. This is among the 

highest frequency range mixing experiment based on CNTFETs. 
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6.2. Possible future work 

In terms of further work, we can expect improvement of radio frequency 

operation of CNTFETs from several aspects. The first aspect is from the carbon 

nanotube array itself. (1) Increasing the density of carbon nanotubes in the 

horizontally arrays will improve the radio frequency behavior of the device 

dramatically. Because a higher density means larger transconductance and less 

parasitic capacitance per tube, and this will increase the cut-off frequency of the 

CNTFET greatly. A higher cut-off frequency will enable us to build frequency 

doubler working at a higher frequency. Several methods are viable for increasing the 

carbon nanotube density: multi-cycle growth of carbon nanotubes with H2O as 

etchant to amorphous carbon and post-growth transfer printing of carbon nanotubes. 

It has been demonstrate that these methods can greatly increase the density of carbon 

nanotubes easily to ~10tubes/μm and even higher to ~30 tubes/μm[81]. (2) It will 

also be very interesting if we can have control over the chirality of carbon nanotubes 

in the channel, because we will not need to consider the average effect when building 

the electronic transport model. Certain chirality corresponds to identical diameter and 

band structure among nanotubes, which makes generalization from individual 

nanotube to nanotube arrays more convincing. There are some attempts to control the 

chirality of carbon nanotubes including vapor phase epitaxy and catalyst 

nanostructure control[82]. However, these attempts suffer from low carbon nanotube 

density. So there is still a long way to go in terms of optimize the properties of carbon 

nanotube arrays. 

The second aspect is scale down the device. Our CNTFETs have channel 

length between 2μm and 10μm. Compare the channel length with the mean free path 
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of carriers (several hundred nanometers, 300nm is often referenced) in carbon 

nanotubes sort our device into diffusive transport region. If we can shrink the channel 

length from micron scale into nanometer scale, say 200nm, the electronic transport in 

carbon nanotubes will transform into ballistic transport. Based on the inherent 

linearity analysis, ballistic transport is a prerequisite for superior linearity. Such short 

channel length is beyond the resolution of processing tools using photolithography in 

our lab, however, we can use e-beam lithography to fabricate short channel device. A 

viable device fabrication process will include self-aligned source and drain. Basically, 

after the growth of carbon nanotubes, e-beam pattern 200nm width Al as gate, and 

self-oxidation of Al will form ultra-thin dielectric layer. After that, using the Al gate 

as self-aligned mask, deposit thin layer of Pd (10nm) to form source and drain. A 

concern with this device structure is the large parasitic capacitance between 

gate/source and gate/drain. But shorter channel length will compensate and still 

achieve good radio frequency performance.  

At last, in terms of measurement, it will be nice to cover the 40-75 GHz range 

which is left blank in our measurement. By doing this, we can cover the whole 

frequency range from sub-GHz to 110GHz. We are not able to conduct mixing at 75-

110GHz range due to lack of experimental setup component, which is a bias tee at 75-

110GHz range. Even though we lack the data, the controllable mixing by changing 

gate bias is still expected. Another aspect we can do with measurement is building 

matching network. Even though the device structure is designed to have a 50Ω 

impedance, due to the lack of control over the number of carbon nanotubes in the 

channel, it is always off the desire value. What we can do is measuring the impedance 
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of the device at certain frequency, which is center frequency we want to conduct 

mixing experiment, and based on the impedance of the device, we can design the 

matching network and conduct fabrication using standard lithography. The matching 

network will be able to enable more power delivered to the device and increase the 

radio frequency performance of the device.   

 

Figure 6.1 (a) Device geometry schematic of a carbon nanotube Schottky diode based 

on TiO2 hole blocking layer and (b) the current/voltage plot showing rectifying effect 
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Another interesting experiment we conduct was the fabrication of carbon nanotube 

Schottky diode using 𝑇𝑖𝑂2 as hole blocking layer. Figure 6.1 (a) shows the device 

geometry schematic of a carbon nanotube Schottky diode based on TiO2 hole 

blocking layer and (b) shows the current/voltage plot. The TiO2 hole blocking layer 

exclude the contribution of metallic nanotubes and making semiconducting nanotubes 

sole responsible for carrying the current in the channel[83]. This device geometry not 

only allow us to study the current transport proper of semiconducting nanotubes, the 

rectifying effect will also allow us to build frequency doubler and mixer working 

around 𝑉𝑑𝑠 = 0𝑉. Combined with the gate controllable mixing we demonstrated, we 

can build up a carbon nanotube based radio frequency circuit, where we have control 

over the mixing product via both 𝑉𝑑𝑠 and 𝑉𝑔𝑠.  
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