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ABSTRACT

 The hysteresis in carbon nanotube field effect transistorʼs (CNTFET) current vs. gate 

voltage curves can be used for memory devices.  Testing possible changes to device 

structure and design, could improve both their endurance and switching speed 

characteristics.  Preliminary work in the literature shows that the type of dielectric layer 

is a large factor in the device switching speed.  Here, a new dielectric layer and a 

different device design will be tested to study  how they affect the device performance.  

Results are compared to devices that are commercially available.
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INTRODUCTION

 In present day  technology transistors are used as basic building blocks.  In 1959, 

Moore predicted that the number of transistors on a computer chip  will double every two 

years [1].  However, due to the growing demand for miniaturization of computing 

devices, for this trend to continue, the physical dimensions of the transistors themselves 

has to decrease.  In order to attain faster and more energy efficient devices, scientists 

must shrink the transistor size and find new methods of fabrication.  The ability  to write 

features by photo-lithography is becoming more challenging for these smaller scale 

transistors because this patterning method is limited by the wavelengths of ultraviolet 

light (240 - 355 nm) [2].  In extreme ultraviolet lithography, the wavelength of photon 

used is 13.5 nm [2].  This apparatus is complicated and costly.  By contrast, in electron 

beam lithography, an electron wavelength as small as 0.1 nm can be obtained [3].  This 

process however is limited by the throughput, since areas are exposed one pixel at a 

time.      

 It is also important to understand new effects due to reduced dimensions.  The 

discovery of carbon nanotubes (CNTs) gave scientists the opportunity to explore how 

fundamental properties of physical systems are affected by reducing their size 

dramatically.  A CNT is essentially  a sheet of graphene rolled into a cylinder, making it 

structurally stable and giving it high tensile strength.  How the cylinder is rolled 

determines the electrical and transport properties of the CNT, namely whether they  are 

metallic or semiconducting.  A  semiconducting CNT can be used as a small channel in 
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transistor structures.  In a typical CNT transistor, source and drain electrodes are 

connected to each end of the tube.  To control the flow of current from the source to 

drain electrodes through the CNT, a third electrode, the gate, is capacitively coupled to 

the device.  A voltage is applied to the gate, which creates a field that changes the 

conductance of the channel by depleting or attracting electrons.  This is called a field 

effect transistor (FET).  

 CNT transistors are very sensitive: their conductance changes due to environmental 

changes including exposure to gases and temperature.  This makes CNTs ideal for 

different types of sensors, but can also cause unwanted changes in the electrical 

characteristics of the transistors.  

 Another application of CNTFETs is flash memory.  Semiconducting CNTs can be 

used as a small channel in transistor structures, and this gives a characteristic ON and 

OFF state for memory devices.  Good flash memory  has a fast switching speed, stable 

charge retention, and long endurance.  Coming to the market today  is flash memory by 

SanDisk with a 19 nm process [4].  The dimensions in the transistors are becoming 

closer to the dimensions of single-walled CNTs, which is 1-3 nm [5].  

 In this thesis I will study  applications of CNT transistors as memory devices.  Many 

CNTFET devices show a hysteresis when the source-drain current is held constant 

while varying the gate voltage.  This means that there is a path dependence for how the 

gate voltage is swept.  This “memory” has been exploited to create a switch.  Previous 

studies have determined that one of the factors affecting this behavior is the material of 

the dielectric layer.  I will test how the dielectric layer affects the device properties.  In 
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the Georgetown Superconductivity and Nanotechnology Laboratory I prepared different 

device designs for CNTFETs.    

 Chapter one gives a background on the structure, synthesis, and basic transport 

properties of CNTs, including a brief summary of the types of CNT devices studied by 

other groups.  A literature review and discussion on memory devices fabricated and 

characterized in other research groups is also provided at the end of this chapter.    

 Chapter two discusses the fabrication procedure for the devices used in this project.  

I will also describe what challenges arose in the fabrication process and how I changed 

the design to address these challenges.  At the end of this chapter, I will describe the 

measurement used to test and characterize these devices.  

 Chapter three is an analysis of the results of the CNT memory devices studied, as 

well as a comparison to memory devices fabricated and measured by other research 

groups and to memory devices commercially available.  This is key to the improvement 

of these types of devices and shows where the advantages and disadvantages lie.  In 

addition, there is a summary of what was learned from this project, and 

recommendations for the focus of future work.
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CHAPTER 1
BACKGROUND

 Carbon materials have recently been a hot topic for research in Physics, Chemistry, 

Materials Science, and Medicine.  CNTs were first observed by  S. Iijima as a byproduct 

of C60 fabrication by arc vapor deposition.  Analysis of these tubes showed that they 

were multi-walled CNTs, namely tubes made of layers of carbon atoms nested into each 

other.  S. Iijima tried other materials, such as transition metals, for the growth process, 

and successfully  synthesized single walled CNTs.  Scientists began to study and 

characterize CNTs, once a reliable process was shown to produce this material.[5, 6]

1.1 THE STRUCTURE AND SYNTHESIS OF CARBON NANOTUBES

 CNTs are formed from a single atomic layer of crystalline graphite, known as 

graphene.  The carbon-carbon bonds form a honeycomb lattice across this sheet of 

graphene.  When the sheet is rolled into a seamless cylinder and is capped at the ends 

by hemispherical structures, this forms a single-walled CNT.  The diameter of a single-

walled CNT is typically 1-3 nm.  Greater than this, the CNT structure becomes unstable, 

and collapses.  Multi-walled CNTs are many sheets rolled on each other, and their 

diameters can be much larger.[5]  

 With 400 ways to roll a graphene sheet to form a stable CNT, there needs to be 

methods for separation and purification of CNTs.  There are three main categories for 
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CNTs: armchair, zigzag, and chiral (see figure 1-1).  Each differ in how the graphene 

sheet is rolled, and electrical characteristics.  CNT metrology is an ongoing project for 

groups at National Institute of Standards and Technology in Gaithersburg, MD.  Since 

any change in aspect ratio, shape, or chirality  influences the behavior of CNTs, it is 

beneficial to be able to separate each type.  One obstacle is the difficulty to control the 

chirality  during growth.  CNTs grown with the same process can have very different 

chirality  and diameter.  Now it is possible to separate lengths and electronic type 

(metallic and semiconducting) by means of centrifuges (separating the densities).[5, 7]

 Since methods to separate CNTs with different chiralities can be difficult, it is 

interesting to study the growth mechanism by determining how much of an effect the 

catalyst has on the growth process and the outcome of the CNTs.  Other studies have 

seen that the length and size of CNTs is determined by the size and type of catalyst 

particle, and the pressure and temperature of the feedstock gases for the growth 

process.  In chemical vapor deposition (CVD) the catalyst breaks down the gas to 

support the growth of the CNT.  One such study, used a floating catalyst CVD method, 

the diameter and the amount of the catalyst particles was changed for different growths.  

Nickel and iron were used as the catalyst.  It was found that changing the diameter for 

Ni did change the CNTs.  For smaller catalyst particles (2.2 nm) , more SWCNTs were 

grown.  For larger catalyst particles (3 nm), more MWCNTs were found.  Increasing the 

iron in the catalyst produced a shift towards more semiconducting CNTs.  Even with 

changing the particle sizes for the catalyst, there will always be different chiralities 
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grown.  This study  gives confirmation that the growth process for CNTs is very  sensitive.

[8]

 In our laboratory we grow CNTs by CVD using a catalyst synthesized by Rama 

Balasubramanian at Roanoke College.  More details about this process will be 

discussed in chapter 2, Procedure.

 As mentioned above, there are various ways that a graphene sheet can be rolled, 

and this creates distinct types of CNTs specified by the chiral vector which is the vector 

in the graphene plane along which the CNT is rolled (figure 1-1).  The chiral vector can 

be expressed in terms of the primitive lattice vectors â1 and â2 as:

     Ch = nâ1 +mâ2     (1.1)

The magnitude |Ch| is equal to the circumference of the CNT.[5]  
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Fig. 1-1: The angle between the bisector of the two unit vectors (a1 and a2) and the 
chiral vector (Ch) defines the structure type of the CNT.  Armchair occurs when the chiral 
vector is along the bisector, therefore, the angle is 0 degrees.  Zigzag occurs when the 
angle between the chiral vector and the bisector is 30 degrees.  When the angle is 
0<θ<30 degrees, this is simply known as a chiral CNT.[5,9]  

 The z axis is defined along the length of the CNT.  The wavevector of the electronic 

wavefunction has two components in reciprocal space.  The first component is along the 

axis of the tube, kpar and the second is along the circumference, kperp.  We can assume 

periodic boundary conditions for each component.  This yields kperp=2πν/|Ch| and 

kpar=2πν/L, where L is the length.  Since L>> |Ch|, the spacing of the kpar values is much 

smaller than the spacing of kperp values [5]. 

 As a result, CNTs are effectively one-dimensional structures [10] because for every  

fixed value of kperp there will be a set of values of kpar forming a 1D energy band.  The 

reduced dimensions of CNTs has an effect on many of the basic properties, such as 

physical, magnetic, electrical, and optical.  CNTs give scientists a unique system in 
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which to study these fundamental properties [10].  The dispersion relation of graphene 

close to the Fermi energy can be represented by vertical cones, as shown in figure 1-2.  

The 1D bands can be constructed from the intersection of planes with kperp=constant 

with these cones.  Depending on whether the bands cross the Fermi energy or not, 

CNTs can be either metallic or semiconducting.  Therefore the electronic properties 

depend on chirality.  In order to characterize a CNT, measurements of a transistor 

device can be performed as explained in the next section. 

Fig. 1-2: This is the Dirac disperson cone.  Kpar is along the length of the CNT, and kperp 
is along the circumference of the CNT.[9]  The 1D bands can be constructed from the 
intersection of planes with  kperp = constant.  Depending on whether the bands cross the 
Fermi energy or not, CNTs can be either metallic (a) or semiconducting (b).  

1.2 ELECTRONIC PROPERTIES

 As mentioned in the previous sections, the chirality  of the CNT affects the energy  

band structure, and actually determines the electrical properties of the CNT.  The basic 

theory for the energy band structure of CNTs is based on the theory of graphene, 

although curvature effects should be considered for more accurate treatment.  
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 If the 1D bands do not cross the Fermi energy, then the CNT has a band gap and is 

semiconducting.  CNTs have a direct bandgap.  The transition of a hole or electron 

between the two bands does not require a change in momentum [9,10].  The bandgap 

depends on the CNT diameter according to the relation:

          (1.2)

where γ0 is carbon-carbon tight binding overlap energy and ac-c is the distance between 

the carbon atoms, and d is the diameter of the CNT (this comes from the tight-binding 

model for CNTs) [11,12].  The energy gap is about 0.7 eV for a CNT with 1 nm diameter 

[11].  

 If the 1D bands cross the Fermi energy, then the CNT is metallic.  Distortions or 

defects can however introduce a small bandgap in these CNTs[13].  In order to identify 

and characterize the kind of CNT, it can be connected for electrical measurements.  

Studying a type of light emission due to inelastic scattering of photons, known as 

Raman scattering, can be also used to identify the chirality.  This is known as Raman 

spectroscopy.[14]

 A CNT transistor consists of three terminals, a source and drain electrode on the two 

ends of the CNT, and a gate electrode separated from the device by a dielectric layer.  If 

a voltage difference is applied to the source and drain electrodes, a current flows 

through the CNT.  An applied gate voltage shifts the potential in the CNT, and the Fermi 

energy can be shifted from the valence or conduction band (hole or electron current 
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flowing through the tubes, CNT ON) to the gate gap (no current flowing to the tube, 

CNT OFF).  This creates a FET.

 If the conductance is measured as a function of the gate voltage and with a fixed 

source-drain voltage, then the presence of a bandgap  shows in the graph as a dip  in the 

conductance [13].  For truly metallic CNTs, the conductance vs. gate voltage is 

constant.  Temperature dependence measurements of the OFF current can be used to 

extract a value of the gap  using a thermal activation model.  The ON current can be as 

high as 25 μA, for CNTs with good contacts.  For large source-drain voltage, Joule 

heating can cause the CNT to break due to oxidation.

 When a CNT is contacted to metal for measurements, the interface between a 

semiconducting CNT and the metal contacts affects the position of the Fermi energy 

with respect to the CNT bandgap.  If the metal and the semiconductor have different 

workfunctions, the Fermi levels are not lined up.  Upon contact, charges transfer from 

the material with higher Fermi energy to the material with the lower Fermi energy; until 

the Fermi levels are aligned.  This creates a charge imbalance and a potential barrier at 

the interface, as well as a bending of the band edges (figure 1-3).
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Fig. 1-3: The graph above is a typical response for a semiconducting CNT at room 
temperature.  Here the CNT is in the ON state in when negative gate voltage is applied 
and in the OFF state when positive gate voltage is applied.  The energy bands bend 
upward for a negative gate voltage (a) and downward for a positive gate voltage (b).  
When the Fermi energy is in the bandgap, there is no current flowing in the CNT.[15]

1.3 CNT DEVICES AND MEASUREMENTS

 The measurements to probe the characteristics of the CNTs are performed on a 

custom probe station in the Barbara Lab.  Three probes are used to contact the source, 
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drain, and gate electrode.  A small bias voltage is sent through the source and drain 

electrode.  Current through the CNT is read by an ammeter connected to the circuit in 

figure 1-4.  

Fig. 1-4: Side-view of a CNTFET.[16]  The source and drain electrodes are connected to 
the CNT.  This is separated from the gate electrode by a dielectric layer.  Here, the Si 
substrate is used for the gate electrode.  This configuration is called a back-gate device.  
The source-drain voltage (VDS) is measured by  the ammeter (A) while varying the 
voltage sent through the gate electrode (Vg).  

A variable voltage is sent through the gate electrode.  This sweeps through set steps of 

voltage.  Plotted is the drain current vs. gate voltage or the conductance vs. gate 

voltage (see figure 5).  Gate voltage is the independent variable.  For a semiconducting 

CNT at room temperature, a typical response can be seen in figure 1-5.  Here the CNT 

is in the ON state in when negative gate voltage is applied and in the OFF state when 

positive gate voltage is applied.  When there is good contact between the metal 

contacts and the CNT, then the resistance in the ON state is lower, which will produce 
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higher conductance or current through the CNT.  Since the bandgap is the forbidden 

region, there will be no current flowing in the CNT.  Shown is also a hysteresis loop.  For 

CNT electronics, this is usually an undesired property.  This path dependence is 

displayed in CNTs as a memory of the previous gate voltage applied; therefore, the 

direction in which the gate voltage sweeps changes the response of the CNT.  In an IVg 

curve, the hysteresis creates two different threshold voltages depending on the direction 

of voltages applied.  When the gate voltage has a decreasing sweep (becomes more 

negative), current through the CNT increases to a point, and then plateaus at that 

current (goes to the ON state).  When the gate voltage has an increasing sweep 

(becomes more positive), the current through the CNT decreases (goes to the OFF 

state) along a different curve.

Fig. 1-5:  The transfer characteristics of this CNTFET show memory, which is seen as a 
hysteresis.  This hysteresis is counter-clockwise, and is 3 V wide.[17]
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 In a good semiconducting CNT, the current will decrease to zero for the OFF state.  

Essentially, the CNT has “memory”.  Depending on whether the previous voltage is 

higher or lower than the current voltage, the CNT will display a different current for each 

case.  The causes of the hysteresis have been discussed in many papers and are still 

unclear.  If it is purely a surface interaction, the cause could be attributed to the material 

that is at the interface of the CNT or from the environment itself.  In this case the 

hysteresis should strongly depend on the pressure and type of chemicals to which the 

CNT is exposed.  However, environmental changes often also cause other changes in 

CNT transport properties due to charge transfer between molecules and the CNT or 

changes in metal workfunction and Schottky barriers.  Due to the sensitivity  of the 

CNTʼs response to its environment, it is difficult to discover the root cause of the 

hysteresis because the environmental conditions are not always controlled.  In order to 

fabricate devices with reproducible results, the influence of all these mechanisms must 

be understood.  

 There are many possible causes for hysteresis seen in CNT devices from the 

literature.  In a 2002 paper in Nano Letters by M. S. Fuhrer[18], it was proposed that the 

hysteresis is counter-clockwise due to the electric field being higher at the nanotube 

surface causing an injection of charges into the dielectric (as did Radosavlijevic et al 

2002 [19]).  These electrons remain trapped until the polarity  is changed.  Many groups 

suspect this filling of electron traps in the dielectric [18,19].  This mechanism explains 

why the hysteresis strongly depends on the material of the dielectric and its defects 

acting as charge traps. 
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 It has been seen that with a larger gate voltage sweep, the hysteresis can be 

increased (or widened) [20].  In dielectric materials, there is a breakdown voltage; a 

voltage at which part of the dielectric becomes conducting.  Electrons can then tunnel 

through and short the device.  

 It has also been shown that water absorbs on the surface of SiO2 and the CNT.  L. 

Rispal et al (2008) tried to remove the hysteresis due to adsorbates with a PMMA 

passivation layer [21, 22].  The hysteresis was not completely eliminated.  They believe 

that this hysteresis was left from either water molecules around the CNT, ion 

contamination from the processing, or injected charges or charge traps in the SiO2. 

 A 2010 paper from M. Muoth et al. reports a suspended CNT transistor that is 

hysteresis free.  Having the CNT suspended will avoid both adsorption of contaminants 

on the surface of the dielectric and charge traps in the dielectric.  The “contamination” of 

the CNT is through all of the processing that occurs during the growth and fabrication of 

the device itself.[23]

 Memory switching in CNTs were first demonstrated by scientists in 2000 by Lieberʼs 

group at Harvard University.  It was shown that a suspended CNT crossbar array could 

be used as an electromechanical switch.  Charging the CNTs creates an attractive or 

repulsive electrostatic force at the point where the CNTs cross over each other, which 

displays as an ON or OFF state with a switching time of 10-11s (0.01 ns).[24]

 The hysteresis can be exploited to use a CNTFET as a memory device [18, 22, 

25-29].  Due to hysteresis, at a specific gate voltage, the CNT is in the ON or OFF state 

depending on the corresponding hysteresis branch.  Pulsing back and forth between 
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these gate voltages “writes” or sets the CNT in one of these states.  This was studied by 

Fuhrerʼs group in 2002 at University of Maryland at College Park.[18]

 Improving upon the device characteristics, such as the switching speed and the 

charge retention time, has been the main focus of many research groups for the past 

decade, while trying to explain the exact cause of the CNT hysteresis.  Since either 

charge traps in the dielectric or water adsorbed on the surface are the cause of the 

hysteresis, the dielectric layer is an important component for memory device 

architecture[22].  Törmäʼs group at University of Jyväskylä in Finland has demonstrated 

a CNTFET device with a switching speed of 100 ns and an endurance time that 

exceeds 104 write/erase cycles.  They used a high-k gate dielectric, HfO2, between the 

CNT and the SiO2 layer, and as a passivation layer over the entire device.[16]  

 In a paper by  Barbaraʼs group at Georgetown University  published in 2010, a 

different material was used for the leads, Pd/Nb, to achieve a good contact and 

demonstrate a record endurance of over 105 operating cycles.  The good contact 

between the Pd/Nb leads and the CNT and the good quality of the CNT channel were 

factors of this improvement in the endurance of the device.[25]  The switching time 

however was still too slow for practical memory devices.  Here we focus on improving 

the switching time by using a different dielectric.  

 In another paper by Barbaraʼs group, also published in 2010, PMMA was used to 

cover a CNT network memory device.  The PMMA improved charge retention and is 

believed to be a factor in the stability of the ON/OFF states.[28] 
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CHAPTER 2
PROCEDURE

 The main processes used for this project are chemical vapor deposition (CVD) for 

CNT growth, electron beam lithography, and sputtering of thin films.  All devices were 

fabricated in the Georgetown Nanoscience and Microtechnology Laboratory (GNuLab).  

2.1 DEVICE DESIGN

 The project focuses on testing the switching time of CNT memory devices, by using a 

new design that has not been studied by others.  CNTFETs previously  tested as 

memory devices were fabricated using CVD growth of CNTs on a doped Si substrate 

which is capped with an insulating SiO2 layer (figure 2-1).  The doped substrate was 

used as a back-gate and the SiO2 as a gate dielectric.  Source and drain electrodes are 

typically  patterned by electron beam lithography with a scanning electron microscope 

(SEM).  All imaging of samples is also performed with a SEM.  Metal is the deposited 

onto the sample by a sputtering instrument for the electrodes and contact pads; this 

completes the device seen in figure 2-1.
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Fig. 2-1: Here is a basic design of a CNTFET with a back-gate.  The CNT is grown on a 
SiO2/doped Si substrate.  Metal source and drain electrodes are patterned on the CNT.  
The doped Si substrate is used as a back-gate.

If a top-gate is used (figure 2-2), a dielectric layer is deposited on top  of the source and 

drain electrodes.  Above this layer, metal is then deposited to be used as a gate 

electrode.  The SiO2 often remains a part of this device, and in turn, may influence the 

response of the CNT.  

Fig. 2-2: Here is a design of a CNTFET with a back-gate and a top-gate.  The CNT is 
grown on SiO2/doped Si substrate.  Metal source and drain electrodes are patterned on 
the CNT.  The dielectric covers the entire device to insulate it from the top-gate.

 One of the key differences in the new design proposed here is to eliminate the SiO2 

from the device architecture.  We will use two different types of dielectric.  The first is a 

polymer, PMMA, and the second is alumina.  These dielectrics have not yet been 

explored for memory devices and the goal of this work is to test their properties for this 
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type of application.  PMMA can be readily used in the lab  and is easily spun onto 

samples.  It is a negative resist, but when overexposed by the SEM, it acts as a positive 

resist (exposed area remains on the sample).  The overexposure makes the polymer 

resistant to dissolving away.  This is called cross-linking.[29]  Above the cross-linked 

PMMA, a metal is sputtered for the gate electrode, as shown in figure 2-3.

Fig. 2-3: Here is a cartoon of the original design for a CNT memory device for this 
thesis.  The CNT is on an undoped Si substrate with patterned metal source and drain 
electrodes.  The dielectric covers the entire device to insulate it from the top-gate.  

 When PMMA is used as a gate dielectric, it has to be placed on top of the CNTs 

previously grown by CVD because it is not suitable for high temperature processes.  

The temperature used for CVD is above the maximum temperature of PMMA.  The 

samples made with alumina used a back-gate configuration, and Al2O3 grown by atomic 

layer deposition (ALD) on a doped Si substrate.  

2.2 SAMPLE PREPARATION

2.2.1 CVD GROWTH

 The substrates we normally  use are doped Si with 300 nm of SiO2.  As mentioned 

above, for most of our samples we would like to remove the SiO2 layer.  However, if the 
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SiO2 is etched away, any CNTs on a doped Si substrate would be shorted since doped 

Si is a conductor.  Therefore, the substrate needs to be undoped or intrinsic silicon.

 I used an intrinsic silicon substrate simply as a platform for the device.  However, 

growing CNTs on undoped Si was tried by other members in Paolaʼs lab group  a few 

times with little success.  Therefore, I tried two other methods to achieve CNTs onto the 

substrate: 1) transferral of CNTs from a network of CNTs grown by Dr. Zakhidovʼs group 

at the University of Texas at Dallas; 2) CVD growth of CNTs on an intrinsic Si substrate 

with a layer of SiO2 and then etch the SiO2 in buffered hydrofluoric acid (BHF).

 These two different methods use the same processing steps once the CNTs are on 

the Si substrate.  The two types of substrates are cut by diamond scribe to be a 

standard size for our chip  carriers, 7 mm by 9 mm.  They are then cleaned with 

trichloroethylene (TCE), acetone (ACE) and isopropyl alcohol (IPA).  TCE removes 

organic material.  ACE and IPA removes other contaminants.

 For the first method, the CNTs need be transferred from a paper, where the CNT 

network had been deposited, to the Si substrate.  Pressing the paper to the Si substrate 

is not very controlled, and leaves too many CNTs on the substrate.  A type of stamp  was 

made for this purpose.  A smaller Si substrate was cut (~1 mm by 2 mm) and glued to 

the end of a screw.  This was pressed onto the paper, and then pressed onto the actual 

Si substrate for the device.  While the stamp  gave better control over the placement of 

the CNTs, it sometimes left large scratches on the surface of the substrate.  It was also 

noticed later in the processing that these CNTs moved, which means that there was not 

very good contact with the surface.
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 For the second method, CNTs were grown by CVD in a controlled gas ambient quartz 

tube Lindberg furnace.  CVD involves heating a catalyst to high temperatures and 

flowing a hydrocarbon gas [5].  The catalyst we use includes the transition metal iron.  

Alumina is sometimes added to the catalyst solution when the catalyst needs to be 

patterned in the shape of islands and placed in specific locations on the substrate.

 To prepare the catalyst, powder is weighed and then suspended in either ACE, 

methanol or IPA in order to be easily spun onto a sample.  The catalyst powder used 

here, NG2B, was provided by Dr. Rama Balasubramanian at Roanoke College.  It is a 

type of iron oxide (goethite) made with iron chloride and potassium hydroxide.

 The catalyst suspension is spread over the entire surface of the substrate by  spinning 

or dropping.  The IPA dries with little residue left on the surface, unlike ACE.  The 

sample is then baked on a hot plate at 85℃ for three minutes.

 The furnace I used (figure 2-4) to heat the catalyst has three temperature zones.  The 

outer two zones are set at 750℃ and the inner zone (where the samples are) is set at 

900℃.  Three gases are used for the furnace, hydrogen, methane, and argon.  

Hydrogen and methane are used during the growth process while argon is used when 

heating or cooling the sample, to avoid oxidation or other chemical reactions.  The CNT 

growth starts when hydrogen and methane flow through the tube, after the catalyst has 

reached the target temperature.
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Fig. 2-4: The CNT furnace consisted of a quartz tube with three temperature zones and 
connections to three gases (argon, hydrogen, and methane).  A  small quartz tube was 
used as a boat to hold samples (center).  In this boat, a large piece of Si was used to 
hold samples in the boat.  This created two sections to produce preferential growth of 
CNTs parallel to the flow of the gas. 

 The metal in the catalyst acts as a nucleation site for the carbon atoms from the 

methane to initially  bond and start CNT formation [7].  It was thought that a CNT forms 

instead of a sheet of graphitic sheets because it has the lowest energy and is therefore 

more stable also [5], but today, graphene can be grown by CVD.  It depends on the 

catalyst shape and temperature conditions [8].  Before growth, once the growth 

temperature has been reached, the argon flow is shut off, and hydrogen flows for 5 

minutes at 27 scfm.  Then methane at 32 scfm is added to the hydrogen and both gases 

flow for about 25 minutes, during which time CNTs are grown.  After the growth, the 

furnace is cooled down while flowing argon at 30 scfm.

 The CNTs can grow from the catalyst in any direction on the sample to form SWCNTs 

or MWCNTs (depending on the type of catalyst).  In our system, we use a method to 

increase preferential growth in one direction by creating a stacked configuration of 

substrates in the cylindrical CNT boat to favor laminar flow.  This creates a preference 
22



for the CNTs to grow parallel to the direction of gas flow in the furnace due to the 

confined flow of the gases.

 After the CNTs were grown on the undoped Si substrate with SiO2, I used BHF to 

etch through the SiO2.  One concern of this method is that the CNTs will float away in 

the solution while being etched.  The hope is that if the etching process is left relatively 

undisturbed, by  avoiding shaking the substrate during the etching, then the CNTs will 

simply “fall” to the surface of the Si substrate, due to the Van der Waals interaction.  

This interaction is what gives a strong contact between the CNT and the substrate.[29]

 If the substrate is not being shaken during the wet etching process, will all of the SiO2 

etch properly?  This is another concern.  I found that the sample should be left in the 

etchant for a longer time.  BHF hardly etches Si at all, and it should not damage the 

CNTs.  However, over time, the BHF etchant slows the etching rate due to the HF 

reacting with the SiO2, which produces H2SiF6 and water.  The H2SiF6 is soluble in 

water, therefore, over time, there is less HF.

 The substrates used to test this process had ~700 nm of SiO2 on the surface.  If the 

BHF etches at a constant rate (which will not be the case here because the substrate 

will not be disturbed during the etching process), then, with a rate of 70 nm/min, the 

etching process should take approximately 10 minutes.  The etching rate was tested on 

a plain sample by removing the sample every 1-2 minutes to use reflectometry  to 

measure the thickness of the SiO2 layer.  After the first minute, the etching rate was 

close to 70 nm/min, however after 5 minutes, the etching rate had decreased to ~58 nm/

min, and to 52 nm/min after 7 minutes.  Most of the SiO2 was gone for this sample after 
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17 minutes.  Since the thickness might vary slightly  for different samples, it would be 

best to etch for a longer time.  After 25 minutes, a sample appears to have all of the 

SiO2 etched away.  The actual samples, which had ~1600 nm of SiO2 were left in BHF  

for 30-35 minutes.  After, the sample is placed in DI water and then dried.

 CNTs were left on the sample after this procedure for the BHF etch method.  

However, there is a lot of residues left on the surface from the etch.  This may be a 

byproduct of the etching, which is most likely SiO2.  Perhaps a longer etching time might 

remove the left over SiO2, or a change of BHF solution at the end of the etching 

process.  The CNTs are relatively straight and are all over the sample (center and 

edges).  SU8-2, which is a negative photoresist, was also used under the contact pads 

to limit the amount of current flowing through the substrate (intrinsic Si is a 

semiconductor, not an insulator, therefore there is a small but measurable current 

flowing through the substrate at room temperature).

 In our research group, Yanfei Yang was able to grow CNTs on an undoped Si 

substrate by using catalyst islands, which restrict where the catalyst is placed on the 

sample.  Catalyst islands require an extra step of electron beam lithography to pattern 

areas for the catalyst.  This catalyst solution contains alumina (Al2O3), which helps the 

adhesion of the catalyst to the substrate so that during the lift-off process, the catalyst 

remains in the patterned areas.  The solution is dropped onto the substrate and then 

baked for three to five minutes at 85℃.  The PMMA/MMA is then removed with 

acetone.
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 CNTs on undoped Si are very  difficult to image.  On an insulator, such as SiO2, there 

is more of a charging affect around the CNTs, and this causes the diameter to appear 

larger.  On undoped Si, the imaged diameter is closer to the actual CNT diameter, and 

to the resolution of our microscope.

 I also fabricated a few samples that use the same steps as those described in the 

above process, just in a different order.  A larger sample of SiO2/undoped Si is cut and 

cleaned.  Windows are patterned with the electron beam, then a BHF etch is performed.  

This is to prevent the leftover residues on the substrate (CNTs are not there yet).  With 

this process, I can agitate the BHF solution more during the etch to obtain a cleaner 

surface because there are no CNTs on the substrate yet.  After this step, catalyst 

islands are patterned in the windows, catalyst solution is dropped on the sample, and 

then CNTs are grown (figure 2-5).    

Fig. 2-5: SEM image of one window etched into SiO2 to the undoped Si substrate.  In 
the center of the window are catalyst islands. 
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2.2.2 PATTERNING OF ELECTRODES

 With CNTs on the substrate, electrodes must be patterned by lithography.  Before this 

step, alignment marks are patterned around the CNTs that will be used for devices.  

 Lithography is similar to using or creating a stencil.  However, the pattern is “drawn” 

onto a resist.  This patterned resist is then used as a mask to protect sections of the 

surface of the substrate from other processing steps such as a dry or wet etching or 

material sputtering.  There are two main different types of lithography: photo-lithography 

or electron-beam lithography, depending on whether the resist is patterned by an 

electron beam or a short wavelength light.  One of the main differences in the output of 

lithography is the feature size.  The electron beam can generate patterns on the resist 

with a smaller feature size than using an ultraviolet light source.  Using common light 

sources, the smallest feature by photo-lithography is 0.5 μm [30].  The limit is due to the 

wavelength of light used, and whether the mask is in contact with the resist or it is 

projected onto the resist.  The smallest feature by electron beam lithography is under 20 

nm wide.  This limit is due to the control of the size of the electron beam.  In lithography, 

a smaller wavelength can produce smaller features.  The wavelength of the electron 

wavefunction in an electron beam can be reduced by accelerating the electrons.  

 Besides the feature size, a reason for using one type of lithography over the other is 

that different resists and developers are used for each type of lithography due to the 

different sensitivities of the materials.  The resists also have different thicknesses and 

adhesion.
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 A pattern is transferred to a sample by using a light source or an electron beam and a 

resist that covers the sample.  When the resist is exposed, a chemical change occurs.  

There are two different categories of resist, positive and negative.  A negative resist 

means that the exposed resist will stay on the sample after being developed.  A positive 

resist means that the source will break bonds in the resist to remove that area of resist 

after being developed.  Optical lithography uses a mask that blocks the radiation source 

in some areas to create the pattern on the substrate.  Electron beam lithography has the 

electron beam expose selected parts of the resist according to a design.[31]

 For my samples, once the CNTs are on the substrate, I design a device pattern using  

the Nanometer Pattern Generation System (NPGS).  First, I design alignment marks in 

a grid pattern. 

 

Fig. 2-6: Images taken of CNTs grown on samples are imported into the DesignCad 
program.  The CNT is through the center of the image with two electrodes designed.  
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This makes the device design electron beam writing step  easier and more accurate.  

Figure 2-6 is an image of the CNT after alignment marks have been designed and 

written on the sample.  This image must be imported into DesignCad for the designing 

of the electrodes across the CNT.  This part of the designing process is done after the 

alignment marks because the writing could have been shifted on the sample during the 

electron beam lithography process.  

 For my samples, I spin the electron beam resist using a microprocessor controlled 

resist spinner (Headway Research PWM32), at 4000 rpm.  Then the resist is baked on a 

hot plate at 180℃ for 2 minutes.  I used a two-layer process with the same spinning and 

baking parameters.  The first layer is MMA, followed by a second layer, PMMA (see 

figure 2-7 (a)).  MMA exposes faster than PMMA, and this creates an undercut, when 

the resist is developed (see figure 2-7 (b)).  The metallic layer is then deposited on top 

of the double resist layer (see figure 2-7 (c)).  The sample so prepared is placed in 

acetone, which will dissolve the PMMA/MMA bilayer and also remove the metal on top 

of it.  The metal in contact with the substrate will stay on the sample (see figure 2-7 (d)).  

This process is called lift-off.  Using the lift-off process can be difficult if the adhesion of 

a metal on the substrate is not good.  If the metal forms a continuous coating along the 

step of the PMMA/MMA bilayer the whole metal layer can easily come off.  The undercut 

will prevent this from occurring because it will break the metal layer along the step  into 

separate pieces.  However, the resulting pattern is slightly larger than the designed 

pattern, but the pattern is consistently left intact after lift-off.
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Fig. 2-7: Pictured above are steps for the electron beam lithography process.  (a) Resist 
is spun onto the surface of the sample.  Here, MMA is first spun on and then baked at 
180℃ for 1 minute, then PMMA is also spun on and then baked at 180℃ for 1 minute.  
(b) The sample is exposed, in this case, by the electron beam, and then developed in 
MIBK developer.  Since MMA exposes faster than PMMA, an undercut is formed.  After 
the developing process, areas exposed by the electron beam are washed away.  (c) The 
sample is sputtered with a metal, which covers the entire surface.  (d) Electron beam 
resist can be washed away with ACE.  The areas where there is still resist will lift away 
in a process called lift off, leaving metal in the desired pattern areas. 

 After this step, the device will consist of a source and a drain electrode connected by  

a CNT (which is shown in figure 2-8).  The device can be tested to determine if the CNT 

is semiconducting, and should be continued in the fabrication process.  
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Fig. 2-8: (a) An unfinished device with patterned contact pads with source and drain 
electrodes.  The center contact pad is the gate, which is not yet connected.  (b) A close 
up of the source and drain electrodes contacting the CNT.  

The next step is to put a top-gate onto the device.  For the devices with PMMA 

dielectric, the sample will have electron beam resist, PMMA, spun onto it again, 

however by a different method from the first.  This next electron beam lithography 

pattern will remain on the sample as a gate dielectric.  For this purpose, the resist over 

the source and drain of the device will be cross-linked by the electron beam, this means 

that the dose of the electron beam will be high enough to harden the resist on the 

sample to prevent it from being washed away.  The rest of the resist can instead be 

removed with ACE.  An image of this step is shown in figure 2-9.
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Fig. 2-9: This is an image of source and drain electrodes contacting a CNT.  The dark 
square is cross-linked PMMA to form the dielectric.  

For the top-gate, the process will be the same as the first electron beam lithography 

process and the metal sputtering process.  A finished device is shown in figure 2-10.  

Fig. 2-10: An image of the completed device, Si_1_22.  The dark square is the cross-
linked PMMA.  On top of this is the gate, which is connected to the center contact pad.  
The source drain electrodes are on the left and right of the gate electrode.
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 For metal deposition, I used two sputtering systems: CVC  and Oxford AJA.  A  

sputtering system consists of a vacuum chamber with a large target made of the 

material you want to deposit.  Pulsed DC  power is applied to start an argon plasma, 

which is used to sputter particles onto the surface of the substrate.

 Pd gives good (ohmic) contact to CNTs, whereas, Au is sputtered on top  because it is 

easier for imaging and wire bonding.  Usually the source and drain of the devices are 

masked for the Au sputtering, so the Au is only on the large pads.

 I created the designs for the electron beam lithography  in DesignCad, to be used with 

a program called Nanometer Pattern Generation System (NPGS).  All the devices for a 

sample are designed in a single file (see figure 2-11).  Each device design is then 

separated into its own file (see figure 2-12).  These are broken down further because 

the electron beam can only write over a certain area size for each magnification.
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Fig. 2-11: A  DesignCad image of all devices on a sample.  The devices are in a 3x5 
matrix of alignment marks (in orange).  Matrix element 11 is in the lower left corner.  The 
black squares and rectangles are write field boxes.  This is how the designs are broken 
into smaller files.  The purple rectangles are the contact pads, which are connected to 
the leads, shown in blue.  Each lead is connected to a finger that connects to the CNT 
(cyan and red, respectively).  This is sample design for AC60.
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Fig. 2-12: A DesignCad image of the device pattern.  The source-drain electrodes are in 
cyan with dark blue leads that connect to the contact pads.  Two contact pads are 
shown in purple.  The lowest orange alignment mark is the origin, which is already on 
the sample.  This is the position where the electron beam starts for the pattern.  
Distances in the design from the origin are used to to move the stage under the electron 
beam for patterning the resist on the sample.  This is the first write field box for the 
device in the upper left-hand corner of figure 2-11, AC60_31.  

 RemCon32 connects the NPGS program from a separate computer to the program 

controlling the SEM.  This works with a Raith beam blanker, which will essentially turn 

the beam on and off during the writing process.  In NPGS, DesignCad is used to create 

a pattern.  NPGS uses runfiles to make the lithography process more automated.  

Saved in the runfile are the DesignCad file information as well as many parameters that 

control how the pattern is written, such as aperture size and stage movement.  In order 

to cut bonds or cross-link the resist, the electron beam exposes for an amount of time, 
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which is calculated by NPGS depending on the dosage input.  The dosage is usually 

determined by testing the writing process on a test sample.  The dosage can be 

different due to variations in the beam current (the amount of energy at the surface of 

the sample from the electron beam) and in the thickness of the resist.

2.3 MEASUREMENT

 All measurements were performed on a probe station created by Dr. Paola Barbaraʼs 

Georgetown Superconductivity and Nanotechnology Laboratory.  Needle probes were 

used to contact the source, drain, and gate electrodes.  A Hewlett-Packard DC  voltage 

source was used to sweep across the gate with a variable voltage and for a bias 

voltage.  This was connected and controlled by a Labview program to record resistance 

and current through devices.  For the memory  measurements, there were additions 

made to the circuit, which will be explained in section 2.3.1, Electrical Characterization.  

 I first performed some preliminary measurements to characterize the substrates for 

this project.  The undoped Si substrate is not an insulating substrate.  In particular, the 

resistivity may not be high enough when compared to the CNTFET, and a non-negligible 

fraction of the current may propagate through the substrate.  This can be checked by 

using a probe station to measure the substrate conduction.  Figure 2-13 shows the first 

design of devices; all contact pads are on the Si surface.
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Fig. 2-13: The design for the first devices fabricated had all contact pads on an undoped 
Si surface.  The left image is a top view and the right image is a side view. 


 To test the substrate, I prepared a special sample, where I patterned the source and 

drain electrodes on the Si substrate with no CNT connecting them.  When applying a 

voltage across source and drain electrodes, any current measured will flow through the 

substrate.  The resistance of the substrate can then be measured.  If this resistance is 

comparable or lower than the CNT resistivity, then extra precautions need to be taken to 

lower the amount of leakage from one pad to the next.  One obvious precaution would 

be to change the design entirely to place the pads on an insulating layer.

 A substrate test was performed by probing two contact pads on an undoped Si 

substrate (see figure 2-14).  A current through the substrate was measured to be on the 

order of ~10-9A.  The resistance of the substrate was determined to be ~20 MΩ.
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Fig. 2-14: For the substrate test, the circuit is different than when measuring a device.  
Only  two probes are needed.  Voltage is swept across two areas on the surface, here, 
probes are contacting two metal pads.  Any  current measured is the current moving 
through the substrate.


This was compared to the leakage through a doped Si substrate with a layer of SiO2.  

Two areas close together on the SiO2 were probed.  The current through the SiO2 is 

~2x10-10A.  The resistance of this substrate is ~100 MΩ.

 One other important issue for fabrication of our device is that the gate dielectric must 

have good insulating properties.  A leakage test was also performed on PMMA.  A top-

gate was fabricated without a CNT.  Above a certain breakdown voltage, the PMMA 

would develop  a gate leak, which is shown in figure 2-15.  A gate leak is a shorting 

between the gate and device rendering the device unusable.
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Fig. 2-15:  The graph shows a gate leak through the dielectric since there is a negative 
current.  This design was used to test leakage through the PMMA dielectric layer.  The 
thickness of the PMMA layer is ~300 nm.  


 Another problem that may arise during CNTFET measurements, is that the CNT may 

break.  When the CNT breaks down, the current drops to zero.  In the graph below 

(figure 2-16), the CNT broke down at -2 V (arrow 2), which is seen by the sudden drop 

in current.  However, a current is then suddenly  measured at 4.5 V, when continuing to 

sweep the gate voltage, as is seen from 3-4.5 V (arrows 5-7).  This is a clear sign that 

the PMMA has broken down.

 

Fig. 2-16: Device Si_3_34 with top-gate has three issues that can be seen in its IVg 
curve: bad contact (arrow 1), CNT break down (arrow 2), and gate leak (arrows 5-7).
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 Another issue to be wary of: pinholes in the PMMA dielectric layer that may short the 

top-gate to the CNTFET.  What can occur is the PMMA layer may not be of uniform 

thickness everywhere along the surface.  If the PMMA is thinner in one area, it may 

compromise the insulation of the layers and allow the current to conduct through. 

 Once a device has been completed, its characteristics and all the possible problems 

due to the issues described above can be tested using a probe station.  We note that 

the contact between the probes and contact pads is not always good from day to day 

and initial device measurements can be very noisy and unstable.

 As discussed earlier, for these devices to work as memory devices, there needs to be 

a large hysteresis.  If there is no hysteresis, then the two source-drain currents for the 

read value are too close to be distinguished from each other in any measurements.  The 

plot below shows an example from one of the samples fabricated by Mohamed Rinzan 

and Yanfei Yang with Al2O3 dielectric and a very small hysteresis ( see figure 2-17).

 

Fig. 2-17: This device does not have a wide enough hysteresis to use for memory 
measurements.
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 This is obviously  not a good device to try to cycle or do the switching speed test.  

This device has a common top-gate with a few other devices.  Many of Rinzanʼs top-

gates end up with little to no hysteresis.



2.3.1 ELECTRICAL CHARACTERIZATION

 We typically  measure the source-drain current at fixed source - drain voltage as a 

function of the gate voltage.  A diagram of the circuit for this measurement is shown in 

figure 2-18.  The types of curves we obtain from these measurement are IVg curves 

(see figure 2-19).  We choose devices that do not have gate leaks and show a high 

(>10) ON/OFF ratio, as well as hysteresis.

 

Fig. 2-18: The general circuit used for a CNTFET with a back-gate.
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 The next step is to perform memory device measurements using a Labview program.  

All programs used were written by Mohamed Rinzan.  There are three types of 

measurements to be done.  From the first IVg graph, three values must be noted for the 

memory device measurements.  These values are to specify at what gate voltage the 

CNT is in the ON and OFF state, which will be the erase and write, respectively.  The 

third value chosen is the read value.  This is the value of gate voltage showing the 

greatest difference in source-drain current on the two branches of the hysteresis curve.  

In figure 2-19, the best read value to use is 5 V.  A dashed black line shows that the 

read value has two current values.



Fig. 2-19: The device that produced this IVg curve has a large counter-clockwise 
hysteresis.  The write and erase values are at 10 V and -10 V, respectively.  The read 
value is chosen at the greatest different in source -drain current between the two 
branches of the hysteresis, which is at 5 V here.  
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These two values of the current will correspond to the ON/OFF states.  Devices can 

have different read values.

Fig. 2-20: Labview will send three values to the device: write, read, and erase.  The 
order of the values sent is shown in a time vs. gate voltage graph.  After each write or 
erase, the device is sent the read value.   

The program will send the selected gate voltage values for write, read and erase, as 

shown in figure 2-20.  Only these three values are used for the gate voltage, and they 

are pulsed at different times, as shown.  The read value is sent after each write or erase 

pulse to observe how the device changes.  In the program, this graph is accompanied 

with drain current over time.  When the read pulse is applied, memory can be seen if the 

drain current for the read after the erase pulse and the read after the write pulse are 

different current values, and correspond to the OFF/ON current read values from the 

hysteresis.  

 To test the device for memory properties, three separate tests must be performed.  

The first type of measurement performed is called charge retention.  This tests the 
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device to observe how long a current value on one of the two branches can last in the 

same state.  The read value is pulsed for a specific length of time.  If the signal 

degrades after a short time, then the device is not good for charge retention.  The 

second type of measurement performed is called switching speed.  A very short pulse is 

used to test the response of the device.  In this test, we are looking for distinguishable 

responses from the device from the pulses that are increasingly short.  The pulse width 

below which the device does not respond is a measure of the switching time.  The third 

type of measurement is the endurance test, which cycles through these three values.  

The objective of this test is to observe how many cycles can be performed on the 

device.  Since this could potentially  destroy the device, this is the final memory device 

test.  To be competitive with other devices on the market, the devices here must be able 

to cycle for at least 10,000 cycles, have switching time shorter than 100 ns, and have 

charge retention time greater than 104 s [16].  

 We have two different pulse programs to use for these measurements.  An image of 

the screen of the program is shown in figure 2-21.  One sends a single pulse, and the 

other one sends multiple pulses.  In the pulse program, we choose the width of the 

pulse to send, then we control the height of the pulse with a separate potentiometer that 

we added to the circuit.  This is a factor of the circuit set up, which can be seen in figure 

2-22.  
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Fig. 2-21: The Labview program was designed by Mohamed Rinzan.  In this program, 
memory properties can be tested.  Three values corresponding to write, read, and erase 
can be entered with a length of time for each to test charge retention and cycling of the 
device.  In addition, one value (read) can be sent while sending a short pulse to test the 
switching speed.  The top graph displays gate voltage over time, and the bottom graph 
displays drain current over time.  Here, a pulse was sent to the device.  The switch is 
seen in the bottom graph.  The top  graph shows that the read value is continuously 
sent.  The black dashed line is the point at which the short pulse is sent to the device.  
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Fig. 2-22: The circuit to test the memory properties of CNTFETs.  A program in Labview 
sends a pulse by using a NI DAQ board.  The breakout box sends the pulse through 
counter 0.  A 50 Ω terminator is connected to the pulse to remove any offshoots in the 
signal.  This is connected to the gate electrode of the device.  The analog output 0 on 
the breakout box sends the read value continuously to the device to check for a change 
once the pulse is sent.  What is sent to the device are two sources mixed together: dc 
source and short pulse.  Since two sources cannot share the same ground, we use the 
pre-amp to separate the sources.  
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CHAPTER 3
RESULTS

3.1 SAMPLES

 All devices on each sample were designed in a 3x5 matrix of alignment marks in the 

center.  The initial design of the device is shown as a side view in figure 3-1.  The first 

devices used CNTs from a network on a paper.  The transfer process from the paper to 

the undoped Si substrate was done by using a stamp.  Alignment marks were sputtered 

onto the sample before stamping.  This was necessary  for the stamping process, and 

later for patterning the electrodes.  Four samples were made using this method.  The 

metals used were Ti and Au.  A completed device is shown in figure 3-2.

 

Fig. 3-1: Side view of a device on an undoped Si substrate.  The cross-linked PMMA is 
the dielectric separating the device from the gate electrode.
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Fig. 3-2: (a) This is sample SI_3_13 with the top-gate.  The outer two leads are the 
source and drain electrodes.  The center lead is the gate.  The darker square is the 
cross-linked PMMA. (b) This is sample SI_3_13 after the source and drain electrodes 
were deposited and before the dielectric and top-gate.


 One issue that arose in the testing stage was that the current through the substrate 

was too large, i.e. its impedance was too low compared to CNTFETs.  The circuit for a 

top-gate CNTFET is shown in figure 3-3.  In any undoped Si substrate, there are 

impurities which can conduct.  We determined that the resistance was lower than the 20 

MΩ resistance we measured between the source and drain electrode because of the 

large gate pad contacting the substrate surface.  In order not to lose some of these 

samples, we tried to put a layer of SU8-2 on the outer areas of the sample to electrically 

isolate all the pads from the substrate.  These samples had to have less than a minute 

BHF etch to remove any native oxide (which would be under 15 nm) for the SU8-2 to be 

spun on.  SU8-2 does not spin on any layer of SiO2 well.
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Fig. 3-3: Circuit design for a device with a top-gate is simply  reversed from the the 
circuit design for a device with a back-gate.

 Since SU8-2 is a negative resist, a simple pattern of a rectangle the size of the grid 

pattern to protect devices was created for the ultraviolet lithography process (see figure 

3-4).  After, there was a layer of SU8-2 spun around the center grid pattern, and pads 

could be put on this layer.

  

Fig. 3-4: (a) This is the mask used for ultraviolet lithography of SU8-2.  The center 
rectangle is to protect the center grid of potential CNTs for devices.  The white area is 
clear on the mask, and when the sample covered with SU8-2 under this area is 
exposed, the SU8-2 cannot be removed.  (b) A cross-section of this type of CNT device.  
The SU8-2 left on the substrate is underneath the largest sections of metal, the source, 
drain, and gate contact pads.
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 To get around all these problems, the fabrication process was changed several times 

throughout the project.  Another method to fabricate samples for this project done in 

parallel with the CNTs grown by Dr. Zakhidov was to use an undoped Si substrate with a 

1600 nm layer of SiO2.  CNTs could be grown by CVD on the surface of the SiO2.  The 

NG2B catalyst was used, and spread all over the surface of the sample.  In the first 

series of these types of samples, all of the oxide was etched in BHF for 30-35 minutes.  

While etching, these samples were not agitated in the solution so the CNTs would not 

leave the sample.  With a large network, the entire network would come off of the 

sample.

Fig. 3-5: Imaging sample HF1 after the BHF etch showed SiO2 left on the surface of the 
sample, including on the CNTs.  This CNT is 8 μm.


 Unfortunately, these samples faced the same issue of a low resistance substrate as 

with the samples using Dr. Zakhidovʼs CNTs.  Another issue with these samples was 

that oxide from the BHF etch collected on the surface and on the CNTs (see figure 3-5).  

This was probably due to the sample not being agitated during the etch.

 To prevent the substrate issue, the etching of the next set of samples was done in a 

grid pattern of squares after the CNT growth.  A side view of the new design is shown in 
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figure 3-6.  Images of the etched squares with CNTs on the undoped surface is shown 

in figure 3-7.  There was also oxide left in these areas and on the CNTs.  The oxide in 

the other areas protected the contact pads from the undoped Si substrate.

 

Fig. 3-6: A side view of a SiO2/undoped Si sample that had CNTs grown on the surface, 
and then squares of SiO2 etched to the underlying undoped Si.  CNTs within these 
squares were used for devices.  The contact pads for the source, drain, and gate were 
fabricated on the areas of SiO2 left on the surface.  

Fig. 3-7: On sample HF2_9, squares were etched into the SiO2 with BHF after CNT 
growth.  (a) Shows a square etched all the way through the SiO2.  CNTs can be seen on 
the undoped Si and still on the SiO2.  (b) Here is a close up  of a 71 μm CNT on the 
undoped Si surface.  Small white spots can be seen on the CNT, which could be SiO2 
left after the etch.
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 To avoid SiO2 residue left after the BHF etch, windows were etched before the CNT 

growth in the next series.  The CNTs were grown from patterned catalyst islands (see 

figure 3-8).  It was found that CNTs could be grown on an undoped Si surface.  They 

were just very difficult to image.  Since oxides are insulators, CNTs on this surface start 

charging during imaging.  They are larger in images due to this charging.  An undoped 

Si surface, will cause less charging.  Therefore when these CNTs are imaged, they are 

more true to their actual width.  When catalyst islands are used, it is easier to find CNTs 

on the substrate, this is why I chose to use patterned islands when growing CNTs on Si.

 

Fig. 3-8: Sample HF_2_11 after etching of squares and catalyst growth of CNTs.  The 
CNTs were difficult to image due to being on the undoped Si surface.  The CNT with 
length of at least 13.2 μm is left of the dashed white line.


 However, these samples were difficult to image and design due to the contrast 

difference between the undoped Si and the SiO2 (which was ~1600 nm thick).  Leads 
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had to start from the CNT and reach past the edge of the SiO2 before meeting the 

contact pads.  Any part of the gate lead from above the device to the edge of the SiO2 

had to have a layer of cross-linked PMMA underneath, otherwise there would be 

leakage through the undoped Si substrate.

 Since we were having difficulty with all the designs having PMMA as a gate dielectric, 

we tried another dielectric.  Samples with Al2O3 deposited by atomic layer deposition 

were available from Cambridge NanoTech and Naval Research Laboratory.  There were 

two different thicknesses (30 nm and 60 nm) on doped Si substrates.  I tried two 

methods for the catalyst, catalyst islands and spin on, by using the NG2B catalyst 

solution.  CVD was performed to grow CNTs.  After the treatment in the nanotube 

furnace, the Al2O3 surface was nonuniform and showed some round features.  We were 

not sure if these were actual deformations, like bubbles, or catalyst in some instances.  

A side view of the types of devices created with these substrates is shown in figure 3-9.

 

Fig. 3-9: The side view design of samples with the Al2O3 dielectric layer.  These samples 
used a back-gate.
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Fig. 3-10: An image of AC30_21 shows the circles that appeared after CVD.  This 
sample has a 30 nm layer of Al2O3.

 The catalyst islands provided CNTs for possible devices (see figure 3-10).  With the 

spin on catalyst, it was too difficult to find CNTs.  To avoid possible shorts through the 

defects in the Al2O3, I put a layer of SU8-2 on the edge around the devices for the 

contact pads.

 I found that the contact pads on the SU8-2 either had gate leaks or did not contact 

well.  A  few pads were left on the Al2O3 surface, and most of these gave better 

measurements.  With these devices, I had difficulty in contacting the probes with the 

contact pads; either the signal was noisy or I got an open circuit.  Ultimately, the 

hysteresis was small for all of these devices.

 Other samples used for this project were originally fabricated by Yanfei Yang.  They 

were two devices, each with a SWCNT.  Mohamed Rinzan then put a 100 nm layer of 

ALD Al2O3 over both devices to be used with a top-gate.  One device (device C, shown 

in figure 3-11) showed better measurement curves, and it was this device that was 

ultimately  used for most of the memory device measurements, as a preliminary test of 

switching properties with Al2O3 dielectric.  We note that in this sample there is a layer of 
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SiO2 dielectric underneath the CNT as well.  A side view of this sample is shown in 

figure 3-11.

Fig. 3-11: Side view of the sample fabricated by  Yanfei Yang and Mohamed Rinzan.  
This is a device on a doped Si substrate with a 300 nm layer of SiO2.  On this device a 
100 nm layer of Al2O3 was grown by ALD for a top-gate.  This device can be used with a 
top-gate and a back-gate.


3.2 MEMORY MEASUREMENT RESULTS

 Labview programs were used for these measurements.  The memory device program 

used was improved upon throughout these measurements.  I will start describing the 

characterization of a few types of devices fabricated.

 Figure 3-12 shows a measurement of device AC60_25.  This device has 60 nm of 

Al2O3 as the dielectric, and a back gate.  We can see that the contact made with the 

probes is not good.  There is some hysteresis, but it is noisy.  The device is in the ON 

state at ~1x10-7 A  starting at a -2 V gate voltage.  The OFF state is very good since it is 

close to zero current.  The measurements do not go above a 3 V gate voltage due to 

the possible breakdown of the Al2O3 dielectric.  The source drain voltage remained fixed 

at 20 mV.  Although the signal is noisy  (a better connection was achieved by working on 
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the contact between the probes and the contact pads) this device showed good promise 

for large hysteresis.  Unfortunately it later developed a gate leak.  

Fig. 3-12: IVg curve for device AC60_25.  The connection is not very good (arrows 2-5).

 I measured other devices with a similar layout, doped Si as back-gate and Al2O3 as 

gate dielectric (see figure 3-13).  Here, I added SU8-2 under most of the contact pads to 

prevent possible gate leaks due to damaged Al2O3.  All devices showed a small 

hysteresis.  These devices were made from four out of six sections of the same CNT.  A 

shorter length of CNT gave a very small hysteresis, while a longer length of CNT gave a 

larger hysteresis.

Fig. 3-13: The electrodes on a CNT on 60 nm of Al2O3.  Measurements between 
different electrodes can test different lengths of the CNT.  The yellow line is the length of 
CNT that could be measured.  The resistance of these devices is 4-6 MΩ.

55



Fig. 3-14: These graphs are measurements of two of the devices from the sample 
shown in figure 3-12.  We see that with a longer length of CNT used, the hysteresis is 
wider.  (a) IVg curve for the device between contacts 25 (shown in figure 3-13).  The 
length of CNT between these contacts is ~1 μm.  (b) IVg curve for the device between 
contacts 24 (shown in figure 3-13).  The length of CNT between these contacts is ~10 
μm.
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 The graph in figure 3-14 (a) is measured between leads 2 to 5 of the device shown in 

figure 3-13.  This is the shortest length that can be measured since electrodes 1-3 are 

connected, acting as one  The graph in figure 3-14 (b) is measured between leads 2 to 

4.  This is the longest device that can be measured.  We see that the device with the 

longer CNT gives a larger hysteresis.  The data is noisy, which is probably due to poor 

contact to the large pads with the probes.  On the outer edge is SU8-2 because of the 

deformations in the Al2O3.  This was to prevent gate leaks.  However, due to the many 

finger pattern, not all of the contact pads could be on the SU8-2.  These measurements 

taken are on pads and the part of pads that are not on the SU8-2.  Unfortunately, the 

SU8-2 seems to hinder measurements: a good contact could not be made, or a gate 

leak was quickly formed from the attempt.

 

Fig. 3-15: Sample AC60_31_56 IVg curve that was used for memory measurements.  
The write, read, and erase values were chosen from this graph.  These memory 
measurements are shown in figure 3-16.  
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 From the IVg curve in figure 3-15, I chose the write, read, and erase values.  The 

write value is chosen at 1 V because this is the lowest current for the OFF state.  The 

erase value is chosen at -4.5 V since this is where the ON state is.  The hysteresis is 

small, but the greatest difference in the currents is at -1.5 V.  Therefore, this was used 

for the read pulse.  Figure 3-16 shows the memory measurements for testing the 

switching of the device.  The difference in current between ON and OFF states is hard 

to measure.

 

Fig. 3-16: This graph shows memory measurements testing the write, read, and erase 
values for sample AC60_31_56.

A charge retention test was attempted on this device, which is shown in figure 3-17.  

The signal starts to degrade quickly, and then stabilizes at a lower value and continues 

to slowly degrade.  This was measured with the previous set up, which had longer 

cables, which could have caused a parasitic capacitance.  
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Fig. 3-17: A charge retention test of sample AC60_31_56.  The device was written, and 
then pulsed at the same voltage.  Unfortunately, the device does not hold the ON state 
for a long period of time.  

 The device AC30_32_23 IVg curve shows a better hysteresis of 0.5 V wide (see 

figure 3-18).  From the IVg curve, we can determine the best write, read, and erase 

values.  The value of the gate voltage at the widest part of the hysteresis is 0.5 V.  The 

ON state read value is 33x10-9 A, and the OFF state read value is 2x10-9 A.  The write 

and erase gate voltage values are 1.5 V and -1 V, respectively.  With these values, the 

ON state current is 64x10-9 A, and the OFF state current is 0 V.
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Fig. 3-18: Device AC30_32_23 IVg curve shows a hysteresis of 0.5 V wide.  Write, read, 
and erase values are chosen from this curve.  The erase voltage is chosen when the 
device is in the ON state.  The write voltage is chosen when the device is in the OFF 
state.  And, the read voltage is chosen at the widest part of the hysteresis.  This will give 
two current values, the ON read current and the OFF read current, which will show 
whether the device has been written or erased.  
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Fig. 3-19: Device AC30_32_23 was used for memory device measurements.  (a)The 
drain current of the device in response to the gate voltage being pulsed at the write, 
read, and erase values.  (b)The values over time at which the gate voltage was pulsed.  
Three cycles of the device are shown in each graph.

 Once the write, read, and erase values are chosen, these were entered into the 

Labview program to test the memory properties of the device.  Figure 3-19 shows three 

cycles of the memory device measurements.  Unfortunately it is difficult to see 
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switching.  It is possible that the hysteresis could have shifted, therefore changing the 

read value.

 Making adjustments to the set up, and writing two new programs in Labview gave 

better control over the device measurements.  The Labview program sends a pulse 

which appears in the control output of the NI DAQ.  The idle state in the program is low.  

A continuous stream of high and low values of the pulse are sent.  We tried a high of 

0.01 s and a low of 0.1 s.  An initial delay can also be set in the program to give time to 

step back away from the apparatus.  We used a digital oscilloscope to make sure the 

pulse is sent through the system, and it is of the correct width and height that was 

applied from the program.

 We found that a 20 ns wide pulse is the limit.  This will not show up  on the 

oscilloscope.  When the termination, which is essentially  a resistor, is placed on the 

other side of the input, the overshoot is gone.  The voltage applied drops by ~0.5 V, but 

this is good for this project because we can not use a high voltage for the devices.

 There is noise in the graphs that is due to the open environment of the apparatus 

(this is apparent in figure 3-19 (a)), and all of the electrical noise can be seen in the 

measurements.  In addition, parasitic capacitance from the cables interferes with some 

of the measurements.  Also, in the memory measurements for this device (figures 3-19 

and 3-22), the zero state is moving up.  This OFF state retention issue has been seen in 

other papers [25].  Testing the devices also showed another issue, that the hysteresis 

can change over time or from day to day.  Figure 3-20 shows IVg curves of the same 

device.  Figure 3-20 (a) was measured at the beginning of a measurement session.  
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Memory device measurements were taken after.  At the end of this session, another IVg 

curve was taken (figure 3-20 (b)), showing that the hysteresis had shifted to the left, 

therefore the read value had changed.



Fig. 3-20: (a) Device C with top-gate before any memory measurements. (b) Device C 
with top-gate after memory measurements.  This is a measurement of device C 
sometime after the graph in (a).  We see that the same read voltage cannot be used.  A 
read value of 0 V could be used from the graph in (a), however the read value from the 
graph in (b) is -1.25 V.
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Measurements for this device were over a few days.  The contact between the probes 

and the contact pads would have been different.  Even during measurements, the 

probes were changed for better contact to devices.  We can see the difference in the IVg 

curves before memory measurements and after memory measurements.  The contact 

between the probes is better for the second IVg curve because it is less noisy, and the 

source-drain ON current is higher.  All these issues might explain why the previous 

measurement did not work.  
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Fig. 3-21:  Memory measurements of device C with top-gate with a bias of 20 mV.  (a) 
The ON read current is 5x10-8 A.  The OFF read current is 3.2x10-8 A.  (b) The values 
over time at which the gate voltage was pulsed.  The device was erased at -2.5 V, 
written at 2.5 V, and read at 0 V. 

This is a successful switch measurement.  The read current values are very close to the 

read current values in the first IVg curve.  I tested pulsing with short pulses on this 

device, but did not see a switch, due to the change in the IVg curve.  The threshold 

voltages moved to the left, changing the gate voltage of the read value.
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 When a memory test is successful, the switching can be seen.  The graph in figure 

3-21 shows this current change when the device is switched.  The device was erased at 

-2.5 V, written at 2.5 V, and read at 0 V.  The long plateaus are the read pulses.  The 

second plateau is lower than the first, indicating this switch.  From the graph in figure 

3-21, we see that at 0 V, the on read state is at 5x10-8 A, and the off read state should 

be at 2x10-8 A.  This is consistent with the IVg curve of this device in figure 3-20 (a).  

 After checking that the device could switch between the the write, read, and erase 

values, the speed of the device was tested with a short pulse.  The device (device C 

with top-gate) had to be erased before the pulse was applied.  We started with larger 

pulses and systematically lowered the pulse by factors of 10 for each measurement.  

The pulse was reduced until we could not see a switch in the device. 
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Fig. 3-22:  After a 10 ms pulse, the device switched to the ON read current.  Here it is 
1.6x10-8 A.  This is not consistent with the IVg pulse curve of the device from figure 3-20 
(a) and (b).  Therefore, the hysteresis may have shifted.  

The ON current for the device in this measurement is 6.4x10-8 A.  The device (device C 

with top-gate) was erased at 0.01 s with a 20 mV bias.  Figure 3-22 shows the device 

when a 10 ms pulse is applied.  The shift is very small, which could be an indication that 

the hysteresis of the device shifted.  We could be trying to read at a small difference in 
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the two branches of the hysteresis.  Figures 3-23 to 3-26 show the close-up graphs of 

device response to pulses applied.  Progressively smaller pulses were applied in 

succession.

Fig. 3-23: The short pulse to test switching speed was applied with a width of 0.1 s and 
a 20 mV source-drain bias.  The OFF read current is 7.3x10-8 A and the ON read current 
is 7.6x10-8 A. 

Fig. 3-24: The short pulse to test switching speed was applied with a width of 1 ms and 
a 20 mV source-drain bias.  
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Fig. 3-25: The short pulse to test switching speed was applied with a width of 0.5 ms 
and a 20 mV source-drain bias.

 

Fig. 3-26: The short pulse to test switching speed was applied with a width of 0.4 ms 
and a 20 mV source-drain bias.

The 0.4 ms pulse was applied with a 20 mV source-drain bias (figure 3-26).  There was 

a small peak in the current for 6.86x10-8 A, however the states do not remain 

distinguishable after the pulse.  In addition, the current for the ON and OFF read states 
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are not what was read off of the IVg curves (85x10-9 A and 14x10-9 A).  This was the 

shortest pulse for which we could discern a change in current.  Through these 

measurements, the charge retention is not good, and the source-drain currents are not 

correct.  This could be due to the hysteresis shifting again.  The source-drain bias was 

the same (20 mV) in all of the memory measurements for device C (figures 3-20 to 

3-26).  We may not have been sending the correct read value.

 In future measurements, it would be best to take an IVg curve before and after each 

memory measurement to check the status of the hysteresis.  If it has shifted, then a new 

read value must be chosen.  If the hysteresis has become smaller, then perhaps a 

larger sweep of the gate voltage must be done.  If it has shifted, the read, erase, and 

write values should be changed.  
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CONCLUSIONS

 We have shown that a device with an Al2O3 dielectric can switch from the OFF state 

to the ON state with a 0.4 ms pulse.  This device is comparable to the 10 ms switching 

speed of conventional CNTFETs [16, 25, 28].  Conventional Si based memories have a 

switching speed of 100 μs, which is 4 times shorter than our device.  Devices made with 

the high-k dielectric HfO2 were reported to switch with a 100 ns pulse, which is 4000 

times shorter.  We conclude that the Al2O3 dielectric is better than the SiO2 dielectric, 

but not better than the HfO2 dielectric.[16] 

 To fabricate better memory devices, we would have to fix some of the issues seen in 

the devices of this project.  We observed that a thicker dielectric allows larger gate 

voltages to be used, which produces a larger hysteresis.  The larger hysteresis is better 

for memory devices since there is a greater source-drain current difference for the read 

value.  The thicker dielectric would also provide a better insulator between the gate and 

the device and substrate.  The issue of charge retention would have to be addressed, 

as well as, the small difference between the ON and OFF states.  This possibly could be 

improved by a thicker dielectric or a change in device design, such as a passivation 

layer for devices using a back-gate.





71



BIBLIOGRAPHY

1.   J. P. Colinge and C. A. Colinge, Physics of Semiconductor Devices. Kluwer 

Academic Publishers: Boston, MA (2002), 165

2.   B. Arnold, IEEE Spectrum. 45, 27-28 (2009)

3.   J. D. Plummer, M. D. Deal, P. B. Griffin, Silicon VLSI Technology Fundamentals, 

Practice and Modeling. Prentice Hall, Inc.: New Jersey (2000), 273

4.   G. Halfacree, “SanDisk and Toshiba shrink NAND flash to 19nm.”  thinq_, April 21, 

2011, www.thinq.co.uk

5.   M. S. Dresselhaus, G. Dresselhaus, and Ph. Avouris (Eds.), Carbon Nanotubes 

Synthesis, Structure, Properties, and Applications. Springer: New York (2001),

1,3-7,115

6.   S. Iijima and T. Ichihashi. Nature 363, 603 (1993)

7.   A. Jorio, M. S. Dresselhaus, and G. Dresselhaus (Eds.), Carbon Nanotubes. 

Springer: New York (2008), 103, 456-458

8.   W. H. Chiang and R. M. Sankaran. Applied Physics Letters, 91, 121503 (2007)

9.   J. W. G. Wildöer, L. C. Venema, A. G. Rinzler, R. E. Smalley, and C. Dekker. Nature 

391, 6662 (1998)

10.  C. Kittel, Introduction to Solid State Physics 8th Ed. John Wiley & Sons, Inc.: New 

Jersey (2005), 517-519

11.  R. Saito, G. Dresselhaus, and M. S. Dresselhaus, Physical Properties of Carbon 

Nanotubes. Imperial College Press: New Jersey (1998), 69

72

http://www.thinq.co.uk
http://www.thinq.co.uk


12.  T. W. Odom, J.-L. Huang, P. Kim, and C. M. Lieber. Nature 391, 62-64 (1998)

13.  A. Jorio, M. S. Dresselhaus, and G. Dresselhaus (Eds.), Carbon Nanotubes. 

Springer: New York (2008), 103, 456-458

14.  J. Z. Zhang, Optical Properties and Spectroscopy of Nanomaterials. World 

Scientific: New Jersey (2009), 145-146

15.  S. J. Tans, Alwin, R. M. Verschueren, and C. Dekker. Nature 393, 49-52 (1998)

16.  M. Rinkiö, A. Johansson, G. S. Paraoanu, and P. Törmä. Nano Letters 9, 643 

(2009)

17.  M. Rinkiö, A. Johansson, M. Y. Zavodchikova, J. J. Toppari, A. G. Nasibulin, E. I. 

Kauppinen, and P. Törmä. New Journal of Physics 10, 103019 (2008)

18.  M. S. Fuhrer, B. M. Kim, T. Durkop, and T. Brintlinger. Nano Letters 2, 755 (2002)

19.  M. Radosavlijević, M. Freitag, K. V. Thadani, and A. T. Johnson. Nano Letters 2, 

761 (2002)

20.  M. H. Ervin, A. M. Dorsey, and N. M. Salaets. Nanotechnology 20, 345503 (2009)

21.  L. Rispal, T. Tschischke, H. Yang, and U. Schwalke. Japanese Journal of Applied 

Physics 47, 3287-3291 (2008)

22.  W. Kim, A. Javey, O. Vermesh, Q. Wang, Y. Li, and H. Dai. Nano Letters 3, 193 

(2003)

23.  M. Muoth, T. Helbling, L. Durrer, S.-W. Lee, C. Roman, and C. Hierold. Nature 

Nanotechnology 5, 589-592 (2010)

24.  T. Rueckes, K. Kim, E. Joselevich, G. Y. Tseng, C.-L. Cheung, and C. M. Lieber. 

Science 289, (5476), 94-97 (2000)
73



25.  A. Di Bartolomeo, Y. Yang, M. B. M. Rinzan, A. K. Boyd, and P. Barbara. Nanoscale 

Research Letters 5, 1852-1855 (2010)

26.  J. Yao, Z. Jin, L. Zhong, D. Natelson, and J. M. Tour. ACS Nano 3, 4122-4126 

(2009)

27.  W. Fu, Z. Xu, X. Bai, C. Gu, and E. Wang. Nano Letters 9, 3, 921-925 (2009)

28.  A. Di Bartolomeo, M. Rinzan, A. K. Boyd, Y. Yang, L. Guadagno, R. Giubileo, and P. 

Barbara. Nanotechnology 21, 115204 (2010)

29.  I. Zailer, J. E. F. Frost, V. Chabasseur-Molyneux, C. J. B Ford, and M. Pepper. 

Semiconductor Science and Technology 11, 1235-1238 (1996)

30.  Stephen A. Campbell, Fabrication Engineering at the Micro-and Nanoscale, 3rd Ed. 

Oxford University Press: New York (2008), 181

31.  S. M. Sze, Semiconductor Devices Physics and Technology. John Wiley & Sons: 

New York (1985), 14, 444

74


