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ABSTRACT

Synthesis and Electronic Transport in Sindlalled Carbon

Nanotubes of Known Chirality

Robert Mctor Caldwell

Since their discovery in 1991, carbon nanotubave proven to be a very

interesting material for its physical strength, originating from the pure carbon

lattice and strong covalent%sprbital bonds, and electronic properties which are
derived from the lattice structure lending itself to either aattieor

semiconducting nature among its other properties. Carbon nanotubes have been
researched with an eye towards industry applications ranging from use as an alloy
in metals and plastics to improve physical strength of the resulting materials to uses
in the semiconductor industry as either an interconnect or device layer for computer

chips to chemical or biological sensors.

This thesis focuses on both the synthesis of individual simgled carbon

nanotubes as well as the electrical propertiebasd tubes. What makes the work
herein different from that of other thesis is that the research has been performed on
carbon nanotubes of known chirality. Having first grown carbon nanotubes with a
chemical vapor deposition growth in a quartz tube usthgnol vapor as a

feedstock to grow long individual silegwalled carbon nanotubes on a silicon chip

that is also compatible with Rayleigh scattering spectroscopy to identify the chiral



indicesof the carbon nanotubes in question, those tubes were #msfetred with
a mechanical transfer process specially designed in our research lab onto a substrate
of our choosing before an electrical device was made out of those tubes using

standard electron beam lithography.

The focus in this thesis is on the wahlat went into designing and testing this
process as well as the initial results of the electronic properties of those carbon
nanotubes of known chirality, such as the first known electrical measurements on
single individual armchair carbon nanotubes a$ as the first known electrical
measurements of a single semiconducting carbon nanotube on thin hexagonal
boron nitride to study the effects of the surface optical phonons from the boron
nitride on the electrical properties of the carbon nanot#®aly a few research
projects are discussed in which carbon nanotubes of known chirality were used in
conjunction with first electrical tests on molecules, secondly on a prefabricated
complementary metalxide-semiconductor integrated circuit as an invertet a

lastly to study the photoconductivity generated by a synchrotron laser source to

identify thevalues for théow energy excitonic peak.
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Chapter 1

Introduction to Carbon Nanotubes



1.1- The Element Carbon Materials and Motivation

Carbon is a very versatile material that when combined in diffen@anners
will yield materials that have extremelgriedmechanical and electrical properties.
As the sixth element in the periodic table and sitting at the top of column IV,
carbon has 6 electrons, 2 of which occupy tHeafamic orbital; the last 4favhich
occupy the 22p” atomic orbitals. These last 4 electrons are referred to as the
valence electrons and yield orbitals that are labeled as 2s2@pand 2p. The
energy differences between these atomic orbitals is swiaith gives rise to the
possibility that these orbitals can mix with each other to form hybridized orbitals
called sp, s or sp depending on how many electrons from the p orbitals are
mixed with the electron from the 2s orbital. Examples of this hybridization process
are adollows: spg i C,H, (acetylene)sgf i graphite consisting of 3 covalent bonds
with neighboring carbon atoms,*spdiamond consisting of 4 covalent bonds with
the neighboring carbon atoms. A simple change in hybridization can lead to
materials thatdiffer vastly from each othersuch as diamond and graphite
Mechanically diamond isone of hardest materials known to man and is highly
transparentwhile graphite is dark in color and soft in farrilectrically, diamond
has very low electrical conductivitywvhereas graphite is a very good electrical
conductor Among group IV elements, carbon alone can have this kind of

versatility in forming varied hybridized orbitals due to the fact that it lacks more



than just theinner spherical core 1s orbital; silic@nd germaniunhave larger

cores of electronandprimarily only formsp® hybridized orbitals.

Carbon as a material has long been known to man since antiquity in 2 of its
naturally occurring forms of diamond and graphds well as in its amorphous
form such as charcaoalY et it was not until the late 1700s that carbon was labeled
as a fundamental element by the French scientists Claude Louis Berhollet, Gaspard
Monge and C.A. Vandermonde (1786) [1ln the intervening years pure carbon
materials have ndergone numerous transitions as man has searched for new
materials to drive technology ranging from Edison patenting the first incandescent
light bulb run on a carbon fiber filament in 18&) to the discovery of fullerenes,
specifically Cgo which is moe commonly referred to as a buckyball, in 1985 by
Richard Small ey, Robert CurlodKbtajfles Heatt
(Ceo is the zeredimensional form of carbon $fybridization or covalent orbital
bonding, with carbon nanotubes as the-dmeensional form{4] and a single sheet
of graphene as the twdimensional form[5], whereas graphite is a three

dimensional stacking of loosely bound graphene slasettiown in Figuré.1 [6])
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Figure 1.1: The figure shows how a sheet of graphene carabsformed into a
buckyball, carbon nanotube or a stack of graphite [6].

Six years later in 199[7] the official discovery of a buckytube, later known as a
carbon nanotube, with multiple walls was made by Sumio lijima with the use of an
arc discharge gwth method. In 19®two research groups located the first single
walled carbon nanotubes at roughly the same time; the firsBwao lijimawith

a variation of the same arc discharge growth method that was used in 1991 [4],
while the second group (D.Rethune et al.utilized an arc discharggrowth
method combined with a cobalt/nickel catalystproduce singlevalled carbon

nanotubes [8] The late 1990s saw the beginnings of electrical testing of single



walled carbon nanotubes (SWNT®hich were fist performed on large bundles of
SWNTs [9], and later on individual SWNTalong with the advancement of
chemical vapor deposition (CVD) growth produce ofchip SWNTSs that are clean

and isolated from each oth@a].

Sincethe late 1990s;arbon nanotioe research has exploded as experimental
data has shown that this material possesses incredible mecliibjcalectrical
[12], optical[13] and therma]14] properties that can be used in a variety of
industries and productsCNTs pssess an aspecticaof length to diameter of up
to 10 to 1 (greater tharlO centimeters in length to 1 nanometer in diam¢§té)
yetthey arestill one of the stiffest and lightest materials known to man with the
tensile strength measured up to 63 gigapa$ta]dueto the sp hybridized
bonding structure Carbon nanotubes have begun showing up in materials ranging
from tennis rackets to paiirt order toimprove their strength while not adding
significantlyto their weight. The electrical properties of carbon hames are no
less spectacular than the mechanical paed some of the top silicon chip
companies such as Intel and IBM have shown intense interest in replacing parts of
computer chips with SWNTs. A single metallic carbon nanotube can, in theory,
carry acurrent density up to ~ 1@/cm? [17] (a value of over 3 orders of
magnitude more than copper, which is limited by electromigration, commonly used
as an interconnect in modern electrohic& semiconducting carbon nanotube has
high on/off ratios of ~ @° [18] coupled with ballistic transport using Ohmic

palladium contact§l9], and a higkk dielectric[20] has been shown feerform on



par withsilicon transistors. Carbon nanotubes have also been studied extensively
as chemical and gas sensi@%] due to having every carbon atom on the outside of
the tubewhich leads to having a very highrface area. In order to understand
more about carbon nanotubes (essentially ralledheets of graphene), the

physical and electrical properties of graphene must first be understood.



1.2 - Graphene: Physical and Electrical Properties

Unit Cell Brillouin Zone

(a) “ (b) :
r.g ¢
-

L ka

Figure 1.2a:The crystal structure of graphene is shown, along with the unit cell
(dotted parallelogram) and basis atoms A, andig.and ceare the real space unit
vectors. Figure 1.2b: The reciprocal space lattice of graphene is shown with the
colored hexagon indicating the Brillouin Zon€, K, M represent the high

symmetry points of graphené®, and cPare the reciprocal unit vectors.

As shown in Figre1.1, graphite is the thredimensional stacking of a single
atomic layer of carbon atoms in theif $yybridized formthat arearranged in a
hexagonahoneycomb lattice structure called graphene. Tivesa&limensional
layers are only loosely bound to each other due to a much largelayegerspacing

of 3.35angstroms\() than the intrdayer nearesheighbor distance of 1.42 This



makes it possible to isolate a single layer of graphene to perform experiménts on
using a mechanical exfoliation proc@8]. The 3 sphybridized orbitals in
graphene form covalestbonds with thenearest neighbors situated 12@fart
which are arranged in a single plane, leading to a very strong two dimensional
physical structure. These electrons are tightly boand when considering the
solid state electronic properties of grapk one must look only to the last of the
four valence electrons located in theldealized 2p orbital located perpendicular
to the twaedimensional plane, forming a covalgnbond. Figurel.2shows the
two-dimensional crystal structure of a sheet of graphene where each pointis a
carbon atons-bonded to the 3 closest neighbors. The unit cell of graphene is
shown in Figurel.2aas a dotted rhombus with a two atom basislébA and B

with real space lattice vectofis x,y coordinateswritten ag23]:
w L, e Lah - (1.1)

Where®= Mo*a.. = 2.46v, and a.= 1.42 v as the nearesteighbor distance.

Figure1.2bshows the reciprocal lattice of graphene with the colored

hexagon representing the first Brillouin Zone with unit vecf83:

oP =h, @ —=h —, (1.2)



The lattice constarin the reciprocal space i€ fVioca Also shown in Figuré.2b
are the high symmetry points of graphe@g{, M corresponding to the center,

corner and center of the edge of the Brillouin Zone.

The energy dispersion relation for graphene wasdatkulated in 1947 by
P.R. Wallace using tightinding mode[24]. Rather than go through the full
derivation, we will simply state the approximation of the-wmensional equation

for the electronic structure of graphend24dj:
0O Qo op TATB— AT & tAI G- 7 (1.3)

The band structure of grapheselottedusing Equatiori.3in Figurel.3where
the top half of the graph is the abthndingp *band and is # conduction band of

graphenewhile the lower half is the bondirgband and is the valence band.
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E (ev)

Figure 1.3: The two dimensional energy dispersion relation for graphene, where
the upper half is the conduction band and the lower half is the valende Daea
two bands touch at the six K points located on the graph.

Due to graphene consisting of a two carbon atom basis with each atom donating
onep bond electron we end up with a situation where both electrons occupy the
lower valence band leaving gragte as a zergap semiconductor with no

electrons in the conduction band. From Figu@we can also see the two bands

touch at the & ( 'Kpoints at the corners of the Brillouin Zone. For small

momentum®around a K point, the energy dispersion mees linear/ conical

(hence theéerm theDirac Cone).
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1.3- Carbon Nanotubes Physical and Electrical

Properties

A singlewalled carbon nanotube (SWNT) can be portrayed as a1giedheet
of graphenegalthough the techniques to create carbon nanotubegesy different
processeand will be explained in detail in the next chapt8WNTSs typically
range in diameter from 0.5 up to 3 nanometers and can be Bfbtwehtimeters in
length[15]. Multi-walled carbon nanotubes (MWNTS) are made up of 2 or more
concentric SWNTs and can be as thick as tens of nanomiBtefSigurel.4 shows
how rolling a sheet of graphene and connecting different pointe physical
lattice can lead to carbon nanotubes with different chiral angles and electrical

propertiestiat can range from metallito semimetallic to semiconducting.
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Figurel.4a:A schematic diagram of how to fArol | ¢
a carbon nanotube and how to use the basis vectors to identify therchoes

(n,m). Figure 1.4b: From top to bottom; an armchair CNT, a zigzag CNT, a chiral

CNT.

By connecting an origin point (0,0) to any other point (n,m) one can form a carbon
nanotube out of the basis vectorgodphene witla chiral vector consisting of

[23]:

6P &d® Gy wherethy areintegersand s & 1.4)

These values of n and m are called the chiral indices and yield a number of
characteristics of the carbon nanotuéeging from the electrical type of the tube to

the diameteas will be shown belowThe vector that is perpendicular to the chiral

vector is called the translation vect®and is denoted bj23]:

Y —p  — P (1.5)
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WhereQ is the geatest common divisorofad € ,and ¢¢ & . The
resuling rectangle carved out by the chiral and translation vectors form the unit cell
of the carbon nanotube. The resulting diameter of the carbon nanotube can be

written ag[23]:

Q — - & & a4t (1.6)

The chiral angle is denoted as the angle between the chiral e@tand the basis

vector,wp, and can be denoted [@8]:

#1060 ———— (1.7)

The value of the chal angle can only range from 0° to 3fife to the symmetrical

nature of the hexagonal lattice.

From the energy dispersion relation of graphene, the band structure of
carbon nanotubes can be obtained by placing boundadjtons along the

circumference of the tube as we roll the sheet of grapidneh leads to a
guantization of wave vector associated with the chiral veafdbr The reciprocal

lattice vectorsyP, of carbon nanotubes can be taken from this quantization and are

found through the relation

Pz )P ¢* 7QQwith "GCas integers (1.8)
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Where'Yare the real space lattice vectors associated with the chiral and translation

vectorso Pand®respectively. Due to carbon nanotubes having diameters that are
usually significantly smaller than their lengths; a CNT that is considered infinitely
long will be continuous and the quantization will only occur in the perpendicular
direction and not along the CNT axis. This assumption leads to a series of one
dimensional energy dispersion relations that are €gessons of the two

dimensional graphenehd structure that can be statedi2a:

00 O ©— ‘0P, where ®atig-1,%® -N (1.9)

b

Where N is the number of hexagons in a single unit cell of a carbon nanotube;
consisting of 2N carbon atoms per unit cell which leads tomdimg and N arti

bonding orbitals and N pairs of caénensional energy dispersion relations.

From here it is interesting to note that if a cutting line ordineensional
subband passes exactly through the center of the K point on the cone fram the t
dimensional energy dispersion relation of graphene the carbon nanotylas thi
Fermi energyhave a finite density of states (DOS) and be metallic, whereas if the
cutting line misses the K point the carbon nanotube will possess a finite energy gap
between the valence and conduction bands and act as a semiconductorl.5igure
shows the cutting lines either hitting or missing the K pand the resulting

energy band.



(a)

(b)

E (ev)
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(c) K

(d) (7,0)
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E (ev)
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Figure 1.5a: The diagram shows the one dimensional subbands placed on the
hexagnal lattice structure and, for an armchair CNT, crossing the K pBigtre
1.5b: The band structure of a (5,5) armchair CNFigure 1.5c¢,d The figures
show the same set of allowed states missing the K point, indicating a (7,0)
semiconducting CNT alanwith the correspondin@l) band structure.

Or more simplyif the value of(n-m) equals a multiple of 3 where n,m are the

chiralindicesthe CNT will be metallicand ifnot, it will be semiconducting. The

energy gap of the semiconducting carbon naregwill be given by23]:

0 SS

(1.10)
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Whered s the center to center distance of the nearest neighbor carbon atom in
thecrystallattice,Q is the diameter of the carbon nanotube gnd the overlap

integral that comeBom tightbinding theory.

Similarly to obtaining the electric energy dispersion relation for carbon
nanotubes by quantizing the one of graphene, we can obtain the quantized phonon
dispersion relation (not including the radial breathing mode) by enmgidlye

same zondolding with appropriate boundary conditions. The relatid233:

~ ~
g g

1 Q 7 o— ‘0P |, where

b

=

s TR R- T - (1.11)

Wherg ® is the two dimensional energy dispersion relations for graphene.
Figurel.6shows theplot of the phonon dispersion relation of a carbon nanotube
where the three branches that intersect the zero eneirgygpe called acoustic

phonon modesand all other higher energy modes are called optical phonons.
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Figure 1.6: The phonon dispersiaelation for a (10,10) CNT. The lower three

lines that intersect the origin represent acoustic phonon modes, while the rest of the
lines are for optical phonons. The inset shows the phonon DOS for the CNT with a
dotted line to represent the phonon DO$maiphite and a datashed line

indicating the phonon DOS of graphene for comparison [25].

There are overall 4 acoustic modes; a double degenerate transverse acoustic mode
(TA) for the x,y directions, a longitudinal acoustic mode (LA) for the z direction
and a twisting mode (TW). Phonons and carbon nanotubes will be discussed in

more detail inChapter 5 of this thesis.
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1.4- Summary

Carbon has had a long history of being known to mankind in various forms, yet
it was not until recently (1991) that carbnanotubes were discovered. In the last
20 years, we have found that carbon nanotubes are a unique material that can be
either semiconducting or metallic based on the cimdites(n,m), which is
determined by the #Ar ol | agiapheneghea.tThis used w
fact is surprising given that carbon nanotubes derive their mechanical and electrical

properties from graphene, which is a zgaep semiconductor or semimetal.
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2.117 Motivation for the Growth of Carbon Nanotubes

In order to fully understand the bagihysical, electricaand optical
properties of carbon nanotubes it is useful to perform experiments on a single
isolated singlevalled carbon nanotuldWNT). Thedoly grailbof carbon
nanotube growth, with the study of basic properties in m&td,be able to grow
specific types or chiralities of cleaarbon nanotubg§€NTS) in specific places or
directions that are isolated enough from one another to be able to make an
electrical device with minimal difficulty. Other important typesyphthesigocus
on being able to create a growth entirely based on a single chirality of, GNTs
mostly a single chiralityand then being able to separate the CNTs by chirality after
the growthhas been completedComputer companies like Intel or IBM desire
metdlic carbon nanotubes as interconnects in their computer chips, but they would
need to have not just one CNJut a large bundle of the exact same chirality
metallic CNTs to form their interconnect to get the most out of their chips.
Similarly for usingsemiconducting carbon nanotubes as a device layer in computer
chips you would need to have all of the CNTs of the same chirality to ensure
shared threshold voltagandsharpon/off ratioswith a low subthreshold slope
Growth of carbon nanotubes can takany shapes and forms that each have pluses
and minuses associated with themd over the last 20 years many new types of

growth have been created in the pursuit of these goals.
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2.21 Types of Carbon Nanotube Growth

When carbon nanotubes were firgabvered in 19911] by Sumio lijima
the only known method for producing CNTs was one referred BiCearc
discharge or the carbon arc method. This procedure was first used in the 1980s to
mass produce large quantities of thg fGllerene[2], and it was later noted that
with minor adjustments it could produce muitalled carbon nanotub€sIWNTS)
along with very few singlevalled carbon nanotubes. The arc discharge procedure
is to place 2 graphitic rods, serving as electrodes, ranging from ~5 tdli2@eteirs
in diameter at a distance of around 1 mm in a vacuum chamber at ~ 500 torr of
helium. By placing a voltage of 2fb volts across the electrodes arfdGcurrent
of 50-120 amps across the electesgda temperature of up to 30008Ceached by
where the carbon from the graphitic rods are vaporized into a plashaarbon
6soo0t 6 is deposited on the negative el ect
with all other species of fullerenes and amorphous carbon material. The CNTs
would then need to bextracted chemically from the soot and cleaned before

further study on them could be performed.

In order to produce SWNTia any significant quantitysing the arc
discharge methqd metal catalyst would need to be present unlike the MWNT
growth whichrequired no catalyst. The first catalysts ysgdSumio lijima and

Toshinari Ichihashi [3]were iron fillings in a dimple of one of the carbon electrode
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rods while the chamber was filled with fidir of methane and 40 torr of argon.
With aDC current é 200 amps at 20 volts across the electrptiesiron would

melt and form a particle of iron carbide in the gas phase above the cathode and
would react with the methane in the chamber to form SWNTs. Another method
developed at the same tirog D.S. Betluneet al [4], was to bore a hole in one of
the graphitic rods and filling it with cobalt powderhich combined with a current
of ~100 amps in 10600 torr of heliumwould produce SWNTs. Figug&lshows
the transmission electron microscope (TEM) pesof both MWNTs and SWNTs

produced using the arc discharge synthesis



26

Figure 2.1a: The MWNTSs that resulted from the first growths using the arc
discharge method [1]Figure 2.1b: The first SWNTs from the arc discharge
growth method by lijima et aJ3]. Figure 2.1c:The SWNTSs from the arc
discharge growth by Bethune et al. [4].

Both of these methods for producing SWNTs also produced large quantities of
fullerenes and amorphous carbon materials that would need to be isolttat so
further studyof CNTs could proceed. The separation and purification techniques at
the time centered on filtering, chromatograpduyd centrifugation Careful

monitoring of the heating/cooling of the chamber and chemical cleaning all have

some drawbackslong with tte fact that the arc discharge method does not
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produce any significant quantities of SWNT8nly around 20% of the carbon
material formed turned out to be CNTgiich made fundamental studies of THI

difficult in the early years [5].

The first real breakirough in carbon nanotube synthesis came in 1896
A research grougRichard Smallet al.,perfected a method called laser ablation
that yielded around 70% of carbon material transformed into simgjled carbon
nanotubes that were salfganized ito ropes or bundles containing hundreds of

SWNTs as shown iRigure2.2

(a)

Figure 2.2a,b: Two examples of the ropes of SWNTSs that resulted from the first
set of growths using the laser ablation method [6].

This procedure consists of placing a neodymidtrium-aluminumgarnet laser at
one end of a long quartz tube and a water cooled copper collector at the other end,

in a furnace heated to around 1200°The laser would vaporize a graphite rod,
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containing a 50:50 mixture of cobalt and nickel powdertkdtan the center of the
furnace reaching temperatures comparable to that in the arc discharge method of
around 30084000°C. The collectowould then be annealed at 10@0hH vacuum

to remove as many of the unwanted fullerene and amorphous carbon rraterial

the SWNTs as possiblé&Jnfortunately this purification process also destroys

many of the CNTs as well. Later this process was supplemented by placing the
SWNTSs and residual carbon species in a nitric acid solution for extended periods of
time to emove the undesirable materifd$. This laser ablation method was the

first real synthesis procedure that produced large quantities of SWNTSs that could
readily be isolated from other carbon materials and be used to study the

fundamental properties of k@n nanotubes.

Unfortunately there were a few problems with the arc discharge and laser
ablation synthesis methods in the goal of producing clean isolated-sialigel
carbon nanotubes for electrical study. One of the main drawbacks associated with
these types of growths was that the SWNTs would need to be isolated from the
byproducts that they grew with so that electrical measurements could be performed
on an isolated SWNT{or more commonly at the time, on bundles of SWNTSs)
Once the CNTs were cleahand isolated from the other carbon species associated
with the synthesighey were dispersed in liquid and sonicated to break them apart
from each other before spinning the solution onto a silicon chip to form into an
electrical device. The consequengas that the long ropes or bundles of SWNTs

would be broken apart from lengths ranging from tens to hundreds down to



29

lengths that were at most geaf um. This length restriction was perfectly fine for
numerous tests and experimeitist in the enénother type of synthesis was
needed that could produce CNTSs of significantly longer lengths. Ideally this new
type of growth would need to have minimum amounts of amorphous carbon and
other fullerene contamination so that cleaning and purification wiilgreatly

reduced.

Chemical vapor deposition (CVD) has been around for a lot longer than
carbon nanotubes aihds beemised in the semiconductor industoy decadeso
create among other thingshin films, so it was only a matter of time until it was
used to create carbon nanotubes. While there are many different types of CVD
processes that have been used extensively for a variety of protiesgesus here
will only be on that associated with carbon nanotube synth€hislate 1990saw
the riseof CVD growth aghe preferred method for synthesizing SWNTs for
experimentg7]. While the process had many flaws associated with it in the early
yearsmany research groups, among whitbngjie Daiand his research group at
Stanford Universityworked fard to solvea lotof the initial issues with producing

largely defectfree CNTsin this manner

The basigrocedure irthis type of growth is to place a metal catalyst, often
iron nanoparticles or iramolybdenum nanoclusters in the early yegygically
supported on a material such as alungfthat has a high surface area to increase the

growth yield on aflat silicor/silicon dioxide substrate (normally possessing a
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uniform thickness of around 500 pum of silicon and 200 to 300 nanometers of
silicon diaxide) in a known position called a catalyst island that was created using a
lithographic process(All of the Si/SiQ substrates described in this thesis are of
those in the previous sentence unless otherwise notée.$i/Bi0;, chipis placed
into a lorg quartz tube in a furnace and a carbon feedstocloffas methane or
carbon monoxide in thearly years of CVD growth} turned oralong with
hydrogen One will therheat the chamber teetween 70A.000T and the carbon
nanotubes will grow from the tayst particles.Figure 2.3a shows a schematic of
the CVD growth system in the Hone lab at Columbia University as well as two
digital pictures of the setugrigure2.3bshows a scanning electron microscope
(SEM) picture of SWNTSs growing from a catalysiand on &i/SiO, chip from

CVD growthfrom the Dai group [7].
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Mass flow controllers and computer stack

(a)

Vent line

CVD oven

Figure 2.3a:A schematic diagram of the CVD oven in the Hone lab as well as two
digital pictures of the setugrigure 2.3b: The results of SWNTs coming from
patterned catalyst islantlsat were grown by the CVD method [7].
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The carbon nanotubes produced in this manner can be selectively grown to be
largely MWNT or SWNT depending on the type of groyghd in the early years
ranged in length up to tens of micrometers while being spreiaehough on the
Si/SiG; chip to pattern electrical devices out of a single CNT for further study

This provideda large step in the direction of tleoly grailbof CNT growth.
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2.37 How Chemical Vapor Deposition Synthesis of Carbon

NanotubesWorks

Even after years of intense study it is still unknown exactly how the carbon
nanotube forms around the catalyst particle. The leading hypothesis, at this time, is
that the carbon atoms are broken down by the high temperatures in the growth
oven, then satate the now liquid metal catalyst and once fully saturated form a
cap on one end of the catalyst particle from which the carbon nanotube begins to
form [8]. The two types of growth are tip based and base based as shown in Figure

2.4

(a) (b)

Base growth Tip growth

Figure 2.4: A schematic diagram for both tip and base growth of CNTs in a CVD
setup fecreated fron3].
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The tip based growth occurs when the metal catalyst particle floats free of the
surface as the CNT grows; the particle is responsible then for supplying the carbon
nealed for the CNT to grow. Base growth of the CdEEurswhen the metal

catalyst particle remains attached to the surface of the chip and the carbon required
to grow the tube is supplied at the base. Unlike arc discharge and laser ablation
synthesis meth&lwhere the diameter range of the resulting SWNTs are fairly

small, with all CNTs around 1.4 nm in diame®@WD growth yields a wide range

of diameters from as low as ~0.7 nm up to 3 nms for SWNTe size of the

catalyst particle often dictates theudheter of the CN;Imeaning that catalyst

preparation is highly important to the process.
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2.3.11 Parameters of Chemical Vapor Deposition Growth

CVD growth has proven over the years to be by far the most versatile of the
different synthesis proceduresadlable to experimentalists in providing different
types of CNTs. There are numerous different factors involved in the growth that

can be tweaked to dramatically change the type and the success of the growth:

type of catalyst

- support structure for the tzdyst

- ratio of catalyst to support material

- dispersal method for the catalyst

- feedstock of carbon atoms

- amount of time the feedstock gas is flowing
- temperature of the growth

- flow rates of the different gases

- ratios of the gases used in the growth

- pressuref the growth chamber

- type of substrate

Combining some of these parameters will yigtsbdgrowths, yet more often than
not they will bepoor. Using certain types of catalysts with certain carbon sources

can lead to less than ideal growths. Attemptongrow on various substrates can
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lead to vastly different results as well, such as the difference between trying to
grow on silicon dioxide versus silicon nitride. Silicon nitride typically leads to

very poor growthslue to the diffusion and migration thfe catalyst particles on the
surface; it is thought that the metal particles potentially migrate at high temperature
on silicon nitride surface to form larger catalyst particles than they do oraSiO

well as diffusing into the surface of the nitride

Having mentioned metal nanoparticles or molecular clusters being used as
catalysts for carbon nanotube growths useful to go into a little more detalil
about them. The most common metals used either on their own or in combination
with another metal ariron, nickel, molybdenunandcobalt among others. These
metals all share a few characteristics such as having high melting tempeeatdres
carbon diffusion rates and solubility. The metal used for the catalysts are often
obtained through one of agprocessesuch as carefully heating a thin film of the
metal to form nanopatrticles, obtaining molecular clusters of the nanoparticles
through dissolving salts in solvents to name two. Once the nanoparticles are
formed the next important step itkedispersal of the catalyst, both in placement on
the chip and in making sure that the nanoparticles are not too close together if the
goal is isolated long CNT growth. With a thin film of metal the oméyysto
control the size of the particles is to varg fiim thicknesgas well as various
thermal treatmentsput with nanopatrticles or molecular clusters that are suspended
in a solvent there are a few other options for uniform dispersal. One is to use

micelles to isolate either one or a few nanoparticiessmall packet, while another



37

is to mix a polymer in the solution that will keep the nanoparticles separated when
placed on &i/SiO, chip. If none of these steps are used to isolate the nanopatrticles
on the chipthen when the solvent dries the naatigles tend to cluster around

each other in &offee staibpattern This pattern will normallympede thegrowth

of long isolated CNTSs as they will knock each other back down to the surface, as
they try to grow, or the catalyst particles themselveslavfuse together to create a
much larger particle that will be too big to grow a CNT. Figure 2.5 shansffee
stairdpattern with the resulting CNTs from a growth using iron trichloride as a

catalyst and methane as a carbon feedstock.

1.0kV 11.7mm %250 SE(M) 2/13/06

Figure25:Aicof fee staindo pattern of <catalyst
the particles are suspended in dryingangd how it effects the growth
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Some of th&keysto a successful growth is to choose the correct gas flow
rates, growth time for a given catatisupport structur@nd carbon source along
with keeping the growth setup free of contamination. Along having the correct
parameters of catalyst with feedstock, it is useful to know that certain types of
carbon feedstock break down into carbon atonakfferent ratesand thereforgthe
flow rate should accommodate that fact so that the carbon decays right before the
sample. Hydrogen flowing in the chamber along with the carbon feedstock will
also convert some gases byprodusth as those frocarba monoxide, into
H>O which will prevent the accumulation of amorphous carbon on the CNTs as
well as helpingo avoid catalyst poisonin@]. (The addition of HO vapor into the
growth through a water bubbler will have a similar effe€ressure and flonate
can also be combined in the gas chamber to produce results that can vary from
achieving higher CNT yield with carbon sourcesch as carbon monoxide
combining low pressure with low flow rates to produce tlttrag CNTs of up to
centimeters in legth[10]. The diameter of the carbon nanotubes produced during
a growth can be manipulated through the amount of carbon atoms present by
selectively poisoning different sized catalyst particles. Small catalyst particles
become poisoned under conditimfhigh percentages of carbon atoms, while
large catalyst particles appear to lack enough carbon atoms under the opposite
condition [11] All of this is important in determining parameters that will

optimize the CNT growth. Oftgusthaving a growth rape that gave success to
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one research group was not enough to ensure suncesgparate lalwvhen tried
initially. Many attemptsvere necessary to filene a specific growth before the
expected results were achieved, proving that carbon nanotube ggdaitiirom a

settled science and involves a lot of trial and error.

A quick side note is that other types of CNT growth ex@3te of which is
another type of CVD growth called plastaahanced chemical vapor deposition
(PECVD) wherea plasma dischargeusrce consisting of a copper coil placed
around the outside of the quartz tube and operated at 13.56 MHz is placed upstream
from the catalyst and chip which will overall reduce the temperature at which
carbon nanotubes are normally gro]. Ohmic growth has been successfully
used to growth large quantities of CNTs on carbon paper with an eye towards

applications in solaand fuelcells[13].
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2.41 The Beginnings of Chemical Vapor Deposition

Growth for Carbon Nanotubes

When chemical vapor depostigrowth of carbon nanotubes became
popular in the late 1990s the carbon source of choice was methane, largely due to
success seen by the Dai group at Stanford University with growing single carbon
nanotubes out of patterned catalyst islands $1%O; chip that would reach
lengths of up to ~10Am [7]. The growth initiated by the Dai grotirough
lithographically defined catalyst islands 8iSiO, chips provided one of the first
real placemesstof carbon nanotubes a desired location, as shown paasly in

Figure 2.3and one step closer to the holy grail of carbon nanotube growth

I n the early 20006s carbon monoxi de ar
carbon feedstock for CVD growth with the work of Jie Liu and his research group
at Duke Univesity, where single CNTs were grown aligned to the gas flow up to
centimeters in length and providing samples for the first time that could help
researchers understand the length dependence of electrical characteristics of the
CNTs[14]. Thisresultwasahi eved t hrough a process of
catalyst on the silicon chips were kept outside of the oven inside the quartz tube
until the proper growth temperature was reached at which point the quartz tube slid

and the chip would end up in thenter of the hot zone of the oven. This type of
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6fast heatingd would create turbulence ar
that the tubgthrough tip based growth, would jump up into the gas flow and not be

knocked down by its nearest CNT neighdy thus allowing it to reach lengths in

the range of centimeters. The stability of the gas flow has proved to be very

important in producing tubes with ulttang lengths. Thegasflow must be

laminar[15], in the quartz tube as well as stable at téase, unlessne isusing a

fast heating technique. Growths that follow these steps will normally have long

CNTs that are aligned in the direction of the gas fihich proves immensely

useful for a variety of applications. Figuteés shows an examplef long carbon

nanotube growth from a carbon monoxide source using the fast heating method of

growth.
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Figure 2.6: A selection ofgrowths of long SWNTSs from Liu et al. by using the fast
heating technique [14].

Both methane and carbon monoxide growties/ed very robust and resilient in
producing carbon nanotubes with low defect densities and extremely long lengths
that proved very useful in electrical measurements, but due to the fact that both
carbon sources required highowth temperatures, aroun@®C, a lot of

amorphous carbon would be introduced on the GNT

In 2003 a research group in Japan lead by Shigeo Maruyama introduced a

carbon nanotube growth that used ethanol vapor as a carbon source and required a
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slightly lower temperature of onl§50°C [16]. While the first CNTs grown by this

method were short and clumped around the catalyst locations, other research
groups, among them the group | ed by Steph
tweaked the ethanol growth until it could replicateghdier methane and carbon

monoxide growths in terms of stability and growth of CNTs in the range of

centimeters of lengtfl7]. The main difference was that the lower temperatures

produced much less amorphous carbon on the CNilsappeared to give atber

yield of long CNTs along with lacking the health dangers of working with carbon

monoxide. Figur@.7shows long carbon nanotube growthr om t he OOGBr i en
using ethanol vapor as a carbon source with the CNTs aligned with the gas flow

direction.

(a) (b)

-

X168 188mm

Figure 2.7: Twogrowtrsof | ong SWNTs from OO0Brien et
vapor as a carbon feedstock gas [17].

o))

The year 02004 saw the introduction of a new type of carbon nanotube

growth with ethylene as the carbon soy@je By combining ethylenaith H,O
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vapor and using a thin film of iron evaporated onto a thin film eDAISumio
l'itjima and his research group were able t
nanotubes that vertically reached lengths of up to 2.5 millimeters in only 10

minutes of growth. Figur.8s hows a carbon nanotube O&6for e

lijima group using ethylene and water vapor

Figure 2.8:At ypi cal growth of a Aforesto of SWN
ethylene and water vapor as a feedstock [9].
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This typeof growthinspired an acetylene based synthesis where the resulting
carbon nanotube structures could then be taken off @itBeO, chip and woven

intoa 6yarnd that could then bé@&hereared i n
many other types of daon feedstocks that can be used to grow carbon nanotubes,
such as acetylerj@9], a mixture of methane and ethye [20]and even purified

vodka as it is mainly a combination of ethyl alcohol and waderpng others, most

of which will not be discussed bhetail in this thesis.
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25171 Results on Experiments in Carbon Nanotube Growth

All growths mentioned in this section weyges that performed at
Columbia University in one of three different research |&veféssorgione, Kim
and OO6uBimgifuemces with 10 quartz tubes in ov
zone of around 180 in | ength. Al t hough t
that was used over the yea®&ction 2.5.1 describehe primary growth recipe that
was used for carbon monoxideogth of carbon nanotubes in the Hdab at

Columbia University.
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2.5.17 Carbon Monoxide Growth

The catalyst that was used was two nanometer iron nanoparticles suspended
in hexane that was created in a similar manner to that used by the Dai group at
Stanford University{7]. The catalyst would then be spun ontoimade catalyst
islands on &i/SiO;, chip created with photolithography using ddoyer of PMMA
and SU8. The bilayer was necessary to block the nanoparticles from falling down
to the surfae and contaminating the growth as the PMMA dissolved in acetone to
remove the films and leave the silicon dioxide clean for growth. If the two
nanometer iron nanoparticles were not used as the catalyst for the carbon monoxide
growth, then a thin film ofiron ranging from as low as\iup to 7v in heightwas

used in a similar manner with thelaiyer process.

The furnace setup used in the growths were very similar to that shown
previouslyin Figure2.3for a normal CVD procesgxcept in the case of dam
monoxide there is an impurity in the gas in the form of-tarbonyl and would
require a smaller heated quartz tube to be placed upstream of the growth tube to
draw out the impurities before the CO gas reached the sample. Between each
growth the quar tubes would be cleaned wigopropyl alcohol (IPApr buned

out in pure oxygen at ~1000%o remove any organic material.
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The Si/SiO;, chip with catalyst would then be placed in the quartz tube in
the oven and the tempeure would be ramped up to®B® in oxygen for around
30 minutes where any remaining organic material on the chip would be burned
away. An argon purge would take place for five to ten minutes to remove the
oxygen from the growth chamber while the quartz tube is slid in the over so th
chip is now outside of the oven and out of the hot zone. At this point CO.and H
are introduced in equal quantities of 1000 SCCM each and the teéurpasa
ramped up to around 9207 When the desired temperature is reactiexdquartz
tube is quicklyslid so that the chip is in the center of the oveth growth will then
occur at 900C for 20 to 25 minutes using the fast heating method that originated
with the Liu group at Duke University. After the growth is done the CO is taken
away and the sampls allowed to cool down to room temperature in a pure
hydrogen environment to prevent the accumulation of amorphous carbon on the
CNTs. Figure2.9shows a few results of long single CNTs grown by using CO as a

carbon source for CVD growth.
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Figure 2.9: A typical growth of long SWNTs using carbon monoxide as a
feedstock gaswith catalyst islandsn the Hone lab at Columbia University.

As mentioned earliethe hydrogen present during the growth with CO gas
will combine with the byproducts t@fm H,O that will also prevent the
accumulation of amorphous carbon as well as keep the catalyst particles from
poisoning as fast as they would without the hydrogen gas present. Despite the
hydrogen present, carbon monoxide as a carbon source remains extremealydirt
produces an enormous amount of amorphous cdahaddepositdtself both on the
sample and on the quartz tube that would require a cleaning step between each
growth. Although carbon monoxide as a feedstock has quite a few factors in its
favor in erms of a very stable, consistent growth of CNTs that could reach very
long lengths as shown in the pictures of Figi& the health hazards of working
with CO and the dirtiness of the growth prompted the search for a better carbon

source for the growtbf CNTSs.
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2.5.21 Methane Growth

The earliest CVD growths were performed with methane as a carbon source
and while the Hone group did not actively do much of its own methane growth (a
small sample of ultréow flow rate growths with methane were perfornisgd
another lab memberthe Kim group at Columbia University specialized largely in
it and would share oven time with members from our research group. The recipes

that were largely used in their oven were as follows.

The main catalyst that was originallged in the methane growth at
Columbia University was the same two nanometer iron nanoparticles used in the
carbon monoxide growths, yet the catalyst that we focused on was iron (lII)
chloride suspended in DI water. 68 milligrams of Re@uld be mixedvith 8
milliliters of DI water to create a 0.05 M solution that could then be diluted down
to lower concentrations as necessary. A small piece of wood or toothpick would be
used to dip into the solution then draw the catalyst osit®0O, chip at one ege.

The growth itself was fairly straight forwaly heating the sample up to 980h
500 SCCM of argon. Once this temperature was reached the flow rates would
change to 200 SCCM of argon combined with 60 SCCM of hydrogen for 30
minutes. The argon wou thenbe replaced with methane at 100 SCG@kd the
growth would take 2 to 3 hours for ukl@ng CNTs. After the growth was

finished the quartz tube would be flushed with argon at 500 SCCM for 10 minutes
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at the growth temperature then allowed to coalbbom temperature in the same
argon flow before being taken out. Fig@r@0shows the results of methane

growth combined with Fegtatalyst.

1.0kV 11.3mm x300 SE(M) 2/11/06 100um

Figure 2.10:A typical growth of long SWNTSs using methane as a feedstock gas
with FeC} as a catalyst at Catubia University.

In order to improve theaminar flow inside the growth tube the Kim group
would place a smaller diameter quartz tube inside the normal one inch quartz tube

and place the sample inside of that as shown in Fiyate[21]
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(a)

/\/m/\_; in
el —faminarfow_ ﬂow
pr—— subs rate

outer tube inner tube

(b)

Figure 2.11a: A schematic diagram of the smaller quartz tube that was placed
inside the quartz growth tube to improve the Laminar flow of the oven by the Kim
group at Columbia Universityalong with(b) a few examples of the improved flow
producing straight, long SWTs[21].

This type of growth produced many long single CNatg with combining our

growth with Rayleigh spectroscopy which will be talked about more in the next

chapter, we found that the majority of the CNTs grown by this process were either

MWNTs or snall bundles of SWNTsand werecoated with large amounts of

amorphous carbofhis type of growth was discardég the Hone group in favor

of a growth being worked on by the O6Brie

used ethanol vapor as a carbon feedstoc
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2.5.31 Ethanol Vapor Growth

The ethanol vapor growth that will be discussed next in the end proved to
be the most successful of any of the growths tried during this thesis in providing
long, individualSWNTSs that were not bundled and were largely &fe@morphous
carbon deposition. Each CNT that was produced by this growth wasedueitk
using Rgleigh spectroscopy to determine its chirality and cleanliresg in the
end every CNT used in any project mentioned later in this thesis was grown using
one of the techniques described belddt.this point the flat Si/Si@chip that was
used for growth changed to accommodate the fact that Rayleigh scattering
spectroscopy required zero scattering from the background, and thus the Si/SiO
chips were etcheih KOH to produce a slit that went through the entire chip over
which the CNTs would be grown. This process will be explained more in the next

chapter.

The original ethanol vapor growth centered on usingMoosalts dispersed
in ethanol with a silica suppt structure as a catalyst using a thin film of
evaporated C{l7]. Both of theséypes ofcatalyst would be placed on one edge of
the silicon chip, at first using a toothpick similar to the style used in the
FeCk/methane growth and later appliedtwapolydimethylsiloxaneDMYS)
stamp to ensure greater consistency between growthbe case of the sali

would needa be baked for four hours at €Ddn a hotplate before then being
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placed in an opeair oven and ramped up to 5800ver a fourhourspan andit

would then sitat that temperature for another two hours before being ready for
growth. Once the chip was placed in the growth oven and the ethanol in a bubbler
surrounded by ice water to control the vapor pressure and ensure repgatatie

by having the same ethanol temperature on every growtbyérewould be

ramped up to 75@ in Ar/H, with 80/40 SCCM flow rates respectively over a one
hour time span before then bgiramped more quickly up to 88D for the growth
itself. The ga flow would then be switched to Ar{120/15 SCCM and pushed
through the ethanol bubbler for 20 minutes. After the growth the flow rateébend
direct flow, avoiding the bubblemwould be restored as the sample cooled to room
temperature. Figur2.12shows a sample of the types of CNTs growth through this

type of growth.
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1.0kV 11.6mm x250 5/3/05

.
=

Figure 2.12:A typical growth of long SWNTSs using @do salts as a catalyst and
ethanol vapor as a feedstock as performed by the Hone lab at Columbia University.

In the end thisype of growth produced numerous long CNTs that when
looked at in the Rdeigh setup would prove to be bundles of SWKArSVIWNTS)
around95% of the timeand due to the stamping procedure could still be quite dirty
from picking up bits of the salts thabwld break away from the rest of t6&Ts
located near the catalysAt this time it was determined that the Hone group would

set up their own ethanol oven for growth and a new type of catalyst was chosen.
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The new catalyst was a nanocluster of iron antybaenum, called Muller
catalysf22] after its creator, where 30 Fe Il atoms are surrounding 12

[(Mo)(Mo)s] pentagons as shown in Figl2d.3

Figure 2.13:A schematic diagram of tife=Mo nanocluster catalyst that was
created by Muller et al. [22].

Due to the outer bonds being acetate ligands the catalyst could be easily dispersed
in ethanoland once combined with a Pluronic polymer it would not clump when
dispersed on a silicon chip, providing long SWNT growth that is currently
supplying(as of lae 2010/early 20113round 3040% of long CNTs amdividual
SWNTs a significant improvement over the earlier ethanol growffss was

largely due to the work of Chenguang Lu at Columbia University.
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The growth recipe itself is very similar to thatdse by t he OO0 Bri en ¢
mentioned earlier. Ice would be placed around the ethanol bubbler to ensure a
stable ethanol vapor pressure. The catalyst would be placed on the growth chips
using a wooden toothpick and then placed into an opejuartz tube antleated at
450%C for one hour. A 20 minute purge of argon flowing at 450 SCCM would
precede the heating of the quartz tube and growth chip. The temperatudebe
slowly ramped up to 75 with flow rates of Ar/H 300/10 SCCM When it
reached 75 the flow rates would hold at Ar4A50/100 SCCM for 45 minutes to
reduce the catalyst particles. The pamature would then rise to 8&Dunder
Ar/H, 450/50 SCCM. At this point the flow would go through the ethanol bubbler
in concentrations of Ar/pH400/100SCCM for 1620 minutes before the sample
would be cooled to room temperature mfa/H, 50/50 SCCM flow rate
environment. This recipe was tweaked numerous times over the years but Figure

2.14shows a typical growth of long CNTsing ethanol vapor asf@edstock
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1.0kV 12.6mm x400 9/7/08 12:12

Figure 2.14:A typical growth of long SWNs using the C&o nanocluster

catalyst by Muller et al. [22] with ethanol vapor as a feedstock gas as performed by
the Hone lab at Columbia Universiithe picture was taken after a mechanical
transferstep)
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2.5.47 Ethylene Growth

The final type of growth thdtattempted during this thesis was using
ethylene and water vapor as a carbon source to create a large array of vertical
SWNTs that would entwine intouldvbaeht | ook ed
millimeters in height as was mentioned earlier in connection with the lijima group
from Japan in 200fB]. The catalyst for this growth was 1 nanometer of iron
evaporated on 10 nanometers of@J provided by atomic layer deposition (ALD)
on aSi/SiO, chip. A typical recipe for this growth is to have a DI water bubbler
filled about halfway and kept at room temperature. The oven with the growth chip
inside would be heated up to 780t Ar/H, 600/400 SCCM. Once this
temperature is reachetbO0SCCM of ethylene is added to 40 SCCM of argon
flowing through the water bubbler for a growth lasting between 10 and 25 minutes.
Once the growth is dona cool down to room temperature is conducted under
Ar/H, 600/400 SCCM. The water vapor is supposeketp the catalyst from
poisoning as it grows so that uli@l forests can be achieved. Fig@ré5shows a
typical growthof ten minutesinder these conditions as well agieture of avery
short growthwith only 1 min of growththat can show just hoguickly CNTs can

grow under the right conditions.
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. $4700 1.0kV 11.8mm x10
$4700 1.0kV 11.8mm x50 SE(U) 1/12/05 21:18

g 0. I
S4700 1.0kV 12.0mm x1.50k SE(M) 2/1/05 15:04 30.0um

Figure 2.15a: A typical 10 minutegr owt h of a Af oresto of SWN
ethylene and water vapor procedure designed by lijima et alF[§lire 2.15b: A

close up view of t heorSWYylos216dAone make up t
mi nute Aforesto growth that shows how fas
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2.61 Summary

There are numerous methods for synthesizing carbon nanotubes, ranging
from an arch discharge method, to a laser ablation methodheyatdst promising
growth for isolating long, single CNTs is the CVD method. This type of growth
yield vastly different results by tweaking the main parameters such as catalyst type,
carbon feedstock gas and growth temperat@eer many years of trial drerror,
we have found than ethanobasedgrowth using the Muller F&o nanocluster
catalyst suspended in a Pluronic polymer in ethanol suppliddghest percentage

of long, single SWNTSs.
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Chapter 3

Identifying and Transferring Carbon

Nanotubes of Known Chirality
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3.17 Optical Processes for Obtaining the Chiral Indices of

a Carbon Nanotube

CarbonnanotubgCNT) synthesis has come a long waythe lastwo
decadstowards producing individual singl&alled carbon nanotubes for research
purposes Growth techniques at this time still yield a large number of bundles of
singlewalled carbon nanotubeS\WNTS9 along with the fact that the chiralities
and typesmetallc or semiconductinggf CNTs that are grown are still random and
camot, at this time, be controlled any significant manner as was described in
more detail in the last chaptewith this in mindone must looKor another
methodof distinguishing thewrality of the CNTs that are grown antinecessary
for a given experimenfind a means to transfer or place the CNT in a desirable

location for further study.

Prior to 2004two of the most popular optical techniques to identify the
chiralindices(n,m) of a given carbon nanotube were to Regnan scatteringd] or
photoluminescence spectroscopy (I2]) Luminescend#uorescence
spectroscopy is a process whereby the lowestekcitonic state (the
recombination of electrehole pairs) will emita photon whose energyhich will
correspond to the barghp of semiconducting carbon nanotufids The

fluorescence of the carbon nanotubéhis manners limited only to the
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semiconducting CNTs due to the lack ofean@gap in metallic and sermetallic
CNTs, as well as suffering from the fact that the early measurements were
ensemble ones on suspended CNTSs in solution that made it difficult to pinpoint a
specific spectral peak for a given CNT.[4fluorescenceas well is limited in hat

the CNTsusedin the experiment must be isolated from each otlfethey are in a
bundle and one of the CNTSs is metallic, the semiconducting CNTSs in the bundle
will not fluoresce due to the metallic CN{tbe semiconducting CNTs would
transfer the energy that woube@ used for fluorescence to the metallic CNTs and a
nonradiative decay would take plad8]. Photoluminescence excitation (PLE) is
an offshoot of PL that can yield the values of the energies of the excited states
beyond that of just the lowest level;Fbandgap[5]. By combining the two
techniques, PL and PLE, one can determine the chdwes (n,m) of the carbon
nanotube in questioby using the emission from PL to obtaipy Bnd using an
excitation energy in PLE to obtain the higher level titeorss. Yet overall the
process is limited in that the background and environment of the carbon nanotube
can greatly affect the measuremesizectral peak shifts of up to 100 meV have
been seen for high energy transitions fjiisubsequententification of the
carbonnanotubeas well as the fact that these processes are only of use in CNTs

with diameters smaller than ~1.2 nm

Raman scattering spectroscopwisthempopular experimental procetisat
uses the inelastic scattering of phonons to yieddstructural information of a

carbon nanotube. Of the many varieties of Raman scattering spectroscopy the most
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useful in identifying the structures of carbon nanotubes is called resonant Raman
spectroscopy, which uses electronic resonances to enharsigrti¢l]. The

primary benefit of resonant Raman spectroscopy over fluorescethes Baman
spectroscopis able to work on both semiconducting and metallic carbon
nanotubes as well as being able to study not only the optical transition energies but
the vibrational modes of the carbon nanotube as[dellThe radial breathing
phonon mode (RBM) of the carbon nanotube is easily accessible with Raman
scatteringand can provide the diameter of a carbon nanotube to within a single
angstrom, providing aaluable tool in narrowing the search for the specific chiral
indicesof a given CNT[1]. In order to fully identify the CNT using Raman
spectroscopy one must acquire information about the electronic density of states
(DOS), as well as the RBM, of a giv@NT by tuning the energy of the laser and
isolating the resonant energies associated with the one dimensiofdbvan
singularities in the DO§L]. Raman spectroscopmas one large drawback, which

is the fact that it is a slow process for data acquis{tioe to its weak signagnd
requires a tunable broadband light source both of which limits the usefulness of

this type of structural identification of the CNT
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3.1.1- Rayleigh Scattering Spectroscopy

Rayleigh scattering spectroscopyhe thirdform of optical measurement
that will be discussed in this thediat can be performed on a carbon nanotube to
identify the chiraindicesandhence the physical structurRayleigh scattering
spectroscopyneasures the spectral dependeridb®elasticscatteringcross
section from a object that is much smaller than the wavelength of the incident
light [7]. Rayleigh spectroscomf CNTsrequires aright, broadband;ontinuous
white light sourceAlso, while the signal can be quite weak and drownecdgut
scattering from the background, if the carbon nanotube is isolated from the surface
(in our case suspended across a slit in the silicon chip as shown inFijuhe

signal can be quite easy to isolate and measure.
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(a) (b)

1.0kV 12.7mm x1.80k SE(M) 30.0um

Figure 3.1a:A schematic digram of the silicon chip used for growth showing the
slit that goes all the way through the chip and the carbon nanotubes grown over it.
Figure 3.1b: An SEM image of the CNTs growing over the slit.

The main advantag® Rayleigh scattering spectroscopyeo Raman
spectroscopy or fluorescence measurements is that Rayleigh spectroscopy is not
limited to a specific type of carbon nanotube; it can readily identify either
semiconducting or metallic carbon nanotylzesl discriminate betweeingle
CNTsandburdles[8]. Figure3.2shows the setup of a Rayleigh scattering
spectroscopy system whereby the stqutinuum white light source is focused
onto roughly a 22m by 2 pum area of the suspended carbon nanqtabd the
scattered light is collected in a condbarrangement at an oblique anglad fed to

a spectrometer.
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Super-continuum white light source

Scattered light

\\N\\,

Spectrometer

Carbon nanotube sample

Figure 3.2: A schematic diagram of how Rayleigh scattering spectroscopy works.

The final spectrm of the carbon nanotube is obtained by filtering out the scattering
from the background andimg the spectim from the reference signal to normalize
that from the CNT The result is that we see the intensity of the excitonic peaks

associated with the carbon nanotube as a function of the energy of the [8hoton

Thelight source/spectrometeombinationused in the Heinz laprovides
spectral information in the range of around 1.7 to ¥.7 Becauseahe carbon

nanotubes that are grown are roughly 1.4 to 2.4mdameter, the exciton peaks
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in the spectra for the carbon nanotube can be matohe&ataura plof9] (which
is the theoretical tight binding plot of the expected transition energies for all carbon
nanotubes as a function of their diameteishown in Figure 3).3The energies

scale roughly as 1jdwvhere dis the diameter of the CN

Kataura Plot
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Figure 3.3: A Kataura plot is the transition energies for carbon nanotubes versus

the diameter of the tubes. The blue circles represent metallic carbon nanotubes and
the red circles represent semiconducting carbon nanotubes where each point is a
spedfic (n,m) chiral index.The window in the shaded region represents the ares of
the Kataura plot that we could access with our growth and Rayleigh spectrometer
(Maruyama group)

A spectum containing two peak®ftenwith matching phonon sideband]
spaced roughly 200 meV from the central peaks (as well one can tell the family

pattern of mod 1 or 2 of the CNT from the intensity and separation of the two main
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peaks in the Rayleigh spectrum), will likely be matched to thar®l 34

transitions for a silg semiconducting carbon nanotub® split single peak will

usually correspond to the ¥ and M. transitions of a chiral metallic carbon
nanotubeand finally a single clear peak without any other features will often

belong to the M, peak of an armcliametallic carbon nanotube. The chiral

metallic carbon nanotube shows a split peak rather than the sharp single peak of the
armchair CNTs due to the trigonal warping of the JWI]. If there are more

peaks in the spectra than these mentipnedll | ikely belong to a bundle of many
singlewalled carbon nanotubes. Fig#d shows an example of the Rayleigh

scattering spectroscopy for edagpe of carbon nanotube
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Figure 34a-d: Rayleigh scattering spectra of two armchair carbon nanotubes (14,
14) and (16, 16), semiconducting carbon nanotube (20,7), and chiral metal carbon
nanotube12,6).

The optical energy transitions that are observed here occur close to the K
point of the graphene structuaiad can be categorized into family relations based
on their mod =0, 1 or.2For metallic CNTs (mod ¢m,3) = 0), a cutting line, as
discussed in Chapter 1, will cross the K point. The two nearest cutting lines will
form the basis for the first optical transitioniof and0  which occur aa
distance of 2/drom the K point. Semiconducting tubes can either be in the family

of mod 1 or mod 2 (as shown in Figure 3.3). In this case the cutting line misses the
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K point by a distance of 2/3tb the 3, transition and a distance of 4{3d theS,,
transition. The semiconducting CNTs (moén(r3) = 1) will have the closest
cutting line to the right of the K point while the semiconducting CNTs (med (n
m,3) = 2) will have the 3 transition on the left side of the K poitutp until this

point wehave assumed that the Dirac cone is a linear isotropic figure, but when
discussing the optical transitions this approximation falls apart. Near the K point
the contours of the Dirac cone appear circular but as one moves away from the K
point they becomeitingular. This effect is called trigonal warping and will cause
the energy transitions to deviate from the $é&ling from the Kataura plot in

Figure 3.3.For practical purposes this means thatdieal indiceswill form a V
shape around the 14dhe on the Kataura plot, as shown in Figure ®if) small

chiral angle or ziggag CNTs at the ends of the V with the chiral angle increasing
towards the center of the V. For metallic CNTs the inner chiral index will be an

armchair CNT.
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Figure 3.5: A section of a Kataura plot showing the family relations in a V shape
around the 1/dcaling line of the energy transitions as a function of the diameters
of the CNTs 12].

When assigning a (n,m) value to a given set of peaks from the Rayleigh
scattering pectroscopy, many factors come into play to assist in the designation.
The primary factor that is currently used to determine the dhioladesof a CNT is
to look at the values for the peaks and compare the rdtigare 36 shows a set of

expected rgo values for both semiconducting and metallic carbon nanotube.
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Semi-conducting tubes Errees

M, /M, =2

M,/M,=1.5

M, /M, =1.25

M, *-M, -~ cos (3 theta)/diam

S,,/S,,=1.8
S,.,/S,,=1.9 (depends on theta)

S,./S,,=1.25 (strongly depends on theta)

Figure 3.6: The expected ratios of both semiconducting and metallic carbon
nanotubes as measured through Rayleigh scattering spectroscopy.

Looking at the family trends of the susfegt assignment can also give clues as to
the actual (n,m) value. Figw8.7a and b show a plot of the peak values arranged

within their family trends.
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Figure 3.7a,b: A series of plots showing the family trends in the values of the
spectral peaks ofatbon nanotubes taken through Rayleigh scattering spectroscopy.
(arranged by Christophe Voisin)
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All of these excitonic peak values are matched up to a database that was
constructed in 2006 that combined Rayleigh scattering data with transmission
electron nicroscope (TEMElectron diffractioron the same CNT in order to verify

the results of the Rayleigh experimefit§].

While the normal Rayleigh scattering spectroscopy experiment requires that
the carbon nanotube be isolated from the surface of thersiitip, hence the fact
that the CNTs that we measure are suspended over a slit in the silicon chip, a group
at Cornell University headed by Jiwoong Park has in the last year produced a
system for measuring the Rayleigh scattering spectrum of a CNT arta qu
substrat¢13]. Theexperimenis performedising a darkield microscope with the
usual broadband laser source to minimize the background scattering along with
coating the surface of the quartz with glycerol to match the refractive index of
guartz. Being able to directly measure the Rayleigh scattering spectrum of a carbon
nanotube on a substrate without having to suspend the CNTSs is a powerfolitool
does have the drawback of being limited in the fact that when making an electrical
device out of given carbon nanotultee position of the CNT caot be changed.
With the silicon chips that we use in our experiments we can readily identify the
chirality of the carbon nanotupand with a simple mechanical transfer step we can

place the CNT with ncrometer precision on any surface/substrate that we desire.
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3.21 Exact Placement of Carbon Nanotubes

Carbon nanotube growth, as mentione@lvapter 2, is a process that will
yield quantities of CNTs that are mixtures of MWNTs, SWNTSs, semiconducting
and metallic in nature. Depending on the type of growth it can be quite difficult to
separate and isolate a single CNT to perform electrical measurementgton it
alonethe fact thatt is difficult to know what type of CNT was isolated urdfter
theelectricalmeasurements are performed. By combining the ethanol growth
mentioned earlier with the slit silicon chips to perform Rayleigh scattering
spectroscopy on the CNTs grown over the slit with a simple mechanical transfer
step our group has come wpith a method for growing long aligned SWNTSs that
can be identified and then transferred onto a target substrate of our choosing with
micrometer precision. To date this is one of only a handful of other types of
transfer techniques to place CNTs in a aeklocationand one of only two others
that can identify the chirahdicesof the CNT before the transfe©ur transfer is
the only one that offers all of these advantages wWiaileng the option okeeping
the CNT completely cleainom the resist scunayers associated with standard

electron beam or photolithography processing

One of the most popular early methods for attempting to have a CNT in a

desired location is to place a catalyst island in a specific location and grow the CNT
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using the gaddw in the CVD chambel14]. The advantages to this type of
placement is that all of the processing can be done in bulk with a photolithography
machine on a full 4nch wafer and the desired device can be selected after the
growth out of the thousandsathwere madeUnfortunately there is no way to

know if the CNT that you are measuring is either a single SWNT or a bundle since
atomic force microscope (AFM) measurements can only medsitestght of the
bundle but camot distinguish between a singl®/8IT and two SWNT bundled

lying next to each otherAlsothere is no way to know if the CNT is either
semiconducting or metallic until after you perform the electrical measurements. In
the end one must play the odds and create hundreds of devices eimndifamnd

that has the required characteristtmst when made in bulk with photolithography

it can beaccomplishedairly quickly.

Another method that has had some success over the years is to employ
surface chemistry to create a sticky region ofdhi@, using at times PMMAL5]
or selfassembled monolayer (SAN)6] an example of which is
(aminopropyl)triethoxysilane (APTS) tw functionalize the carbon nanotulde]
and attach it to a preordained section of the silicon chip. Both of these method
primarily use CNTSs that are suspended in a solution and sonicated to isolate them
from each othern the case of functionalization the CNT, a molecule is added that
will functionalize the CNTafter which, the solution will bepun onto the surface
of the silicon chip at which point the CNTs will selectively bind to certain pre

patterned areas. In the etite advantages of these two methods of precise
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placement of CNTs is that again one can perform the experiment in bulk as all of
this can be done witrbeam or photolithographgnd the desired device can be

used while the rest are ignored. The disadvantage is that as with the placement of
catalyst it is impossible to control what type of CNTs is at any given location or
even how many CNTs are in asgn location, with no way to know uhtine

performs the experiment, although recent advancements in purification has

provided solution of CNTs of which upwards of 99% have the same chirality [18].

Alternating curent dielectrophoresis (ACDEP)lLwill also yield similar
results to surface chemistry and functionalizatand is performed by running an
AC current between two pigatterned electrodes and a solution of CNTs is spun on
the surface of the silicon chip where the CNTs will-ssifemble betwedhe two
electrodes. While it is impossible to tell which type of CNTs will settle between
the electrodes, isolating a single CNT or bundle can be achieved with care, giving it
an advantagewer the last two methods. Similarly using an AFM tip to
mechanially pick up a CNT from a cartridge of CNTs and placed in a desired
location[20] will provide access with care to a single isolated CNT or bubdte
there is no way to know what type of CNT has been placed on the surface until the

measurement has beeerformed.

A research group at Champaign Urbana in lllinois headed by John Rogers
in 2007[21] developed a method for growing long aligned SWNTs on prepared

quartz substrates that was combined with a transfer technique can pick up large
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guantities of the aays of CNTs and deposit them on any target substrate. The
transfer method is to use an electron beam evaporator to deposit around 100
nanometers of gold onto the quartz substrate with the CNTs. Next spin on a layer
of polymide (polyamic acid) at 3000mpfor 30 seconds and bake it at 110 degrees
Celsius for 2 minutes. From here one can physically peel the film away bringing
the CNTs with it with near 100% transfer efficiency. The film can then be placed
on any target substratend the polymide can hen etched while the gold can be
chemically etched to make the CNTSs ready for electrodes and electrical
measurements. By itself this method will yield transfers of predominately SWNTs
onto a desired substrataut unlesst is combined with the owchip Raleigh
spectroscopy designed by the Park group at Cornell University that was described
earlier in this chapter, one qaot know the type of CNT that is being transferred

nor have more than rough control over where a specific CNT falls onto the target

subgrate.
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3.2.17 Transfer of Carbon Nanotubes with Known(n,m)

The mechanical transfer of carbon nanotubes that was developed in the
Hone group at Columbia Universipyovidesmicrometer precisioplacemento
any substrate and when coupled with Rayleighttering spectroscopy it is the only
known method at this time that will yield a single SWNT of known chir#tiat
can beperfectly clean. The original process designed in 22Ppalong with a few
of the subsequent procedures would yield a clean @NiTthe transfestep,
which used PMMA as a sticking layer to grab the CNT or a drop of PMMA
dropped through the slit on the backside of the chip which would force the CNT
onto the target substrate, thus resulting in a dirty transfer process. Aslong a
was using PMMA and electron beam lithography to make the metal leads for the
electrical device this scum layer on the CNT did not matter since it would have
been introduced during normal processiiigone desires a clean CNT, one can
make a dry trasfer of the CNT onto a target substrate and then use a shadow mask
technique to make the metal leads to the CNT, thus keeping the CNT from seeing
any PMMA in the entire process. One can also dry transfer the CNT onto premade
leads and have the CNT susged without seeing any PMMA processing as well.
Both of these techniques prove useful for probing the intrinsic properties of carbon

nanotubes where cleanliness matters



84

The basic process involved in this mechanical transfer is to take a silicon
chip andetch all the way through it to create a slit, normally between 50 and 100
pm wide, and then etch down from the top to create a platform around the slit as
shown earlier in Figur8.1 The platform is necessary for the transfer as it lowers
the overall suace area of the growth chip so a piece of dust or debris will not
hamper the transfer process unless it is located on the platform. The catalyst is then
placed on the larger upstream side of the platform near the edge of the slit and
grown using the etmol CVD process described in the last chapter. Rayleigh
spectroscopy is then performed on the CNTSs that do cross the slit and the positions
are marked for the single CNTs of known chirality that are to be transferred.
Originally the extra CNTs and bundlevere then burned out usinglifferent
higher powered argeion laser. (Ovetime this part of the process was suspended
in order to reduce the amount of time that was spent on each chip during this part of
the proces$ With the positions of all thesgle SWNTS and bundles known, one
can readily identify which is the desired CNT after the transfer by measuring the
distance between each CNT on the target chip after the transfer. After the optical
measurements to identify each CNT that is crossinglithéhe silicon chip is
placed upside down in the transfer setup located over the target chip and brought
very close to contact. As mentioned earlier in the original process one would then
take a single drop of PMMA and place it on the backside of tipeashdepicted in
Figure3.8 and turn on a local heater located under the target chip to cure the resist

and trap the CNT.
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resis w iz)ertur;

Figure 3.8: A schematic diagram of the original mechanical transfer process for
single carbon nanotubes that originated in theéHab at Columbia University
[23].

Oncethe temperature returned to close to 60 degrees Cdlstusyo silicon chips

can be taken apart and the CNT can then be written down to the surface of the
target chip using-beam lithography. We found thegirial process would drag a
lot of amorphous carbon located on the backside of the slit onto the surface of the

target chip when the PMMA was dropped from behind.

This process has later been refined to spinning a layer of PMMA onto the
surface of the targ chip and heated t6180 degrees Celsiu® make it softright
before the two chips are brought into contatiwhich point the CNT would be
trapped in the PMMA as the heater was turned off and the sample would cool

before being pulled apart as shoinrFigure3.9.
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Growth chip with CNTs

Heated stage .
Alignment marks
Thin film of PMIMA on target chip

Figure 3.9: A schematic diagram of the current mechanical transfer process for
single carbon nanotubes used by the Hone lab at Columbia Uniaositywith a
digital picture of the actual setup
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From here one can write a windowtire PMMA using ebeam lithography and

then rinsethe chip in first developgB:1 IPA: MIBK), then ethanol, dried in air

and finallyplaced inacetone to clean the PMMA off of the chip. Ethanol is used
because it possesses very low surface tension ahdowlbreak the CNT as it is

dried in air and dragged to the surface of the target chip. If ethanol was not used
we would often see that the CNT would float away in the acetone as it never
touched the surface of the target chip if a thick layer of PMMA used in the
transfer to ensure that the CNT was grabbed. If a thin layer was used the ethanol
step was unnecessary as the CNT would always attach to the soutase would

often lose the CNTs during the transfer as they never touched the PMMA.

Two other transfer techniquesside from the one developed in the Hone
lab at Columbia Universityexistthat will yield the chiral indices of a giverarbon
nanotubebeforethetransfer while still providing micrometer level precision of the
placement of th€NT onto the target substrate. The first was developed in 2007
[23] by a group in Isad headed by Yael Hanein and involves creating a chip with
pillars and growing the CNTs suspended across the pillars. From here one can
perform Raman measurements amap out the CNTs suspended across the pillars
and when finished one can turn the chip over and physically stamp the CNTs onto a

target substrate. As was mentiomadllier in this chapteRaman spectroscopy can
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be very slow and time consumirigut this nethod will yield CNTs of known

chirality in a desired location on a substrate.

The second method was developed in 2249 by a group in China headed
by Zhongfan Liyand requires one to grow CNTs on a silicon chip with alignment
marks etched into theigface. PMMA is then spun onto the top of the chip and the
entire PMMA film with the CNTs encapsulated within were lifted off of the silicon
chip using a KOH solution (1Mand the resulg film would be physically
transferred onto a target substratangs XYZ stage and microscope. This process
will conclude withmicrometer precisiom the placement of the CN‘&ndwhen
combinedwith Raman spectral mappin@fter the growth and before the tranfer
one can transfandividual SWNTsof known chiralityin a precise locatian
Similar to the last methadeveloped by Hanein et aRaman spectroscopy can be
quite slow and time consuming so thi®cedurecarries the same disadvantages as
the last method There is one other disadvantage in this procegshvigithat the
transferred carbon nanotuba&féen have a scum layer from the KOH that is very

hard to remove and will degrade the overall electrical performance of the.device
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3.31T Summary

When the work for this thesis began in 2003, there werefearynethods
for either identifying the chirahdicesof a carbon nanotube, and even less that
could be done so in a manner where electrical measurements were possible
afterwards. There were very few, if any, mechanical transfer techniques available
thatcould place a given carbon nanotube in a desired position, with high accuracy,
on a separate substrate. One of the biggest successes in this thesis has been to be a
part of the team, and to later refine the process to increase the success rate to
upwardsof 80 to 90 % whereby the chiraldicesof a given singlevalled carbon
nanotube could be identified by Rayleigh scattering spectroscopy and then
transferred onto a target substrate with micrometer precision so that an electrical

device could be made aedperiments performed on that same carbon nanotube.
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4.17 Introduction to Electron Transport in Carbon

Nanotubes

Individual singlewalled carbon nanotub@sea unique material in which to
study onedimensional electron transppwthereelectrical measurements of the
basic properties of th&@nglewalled carbon nanotubeS\WNTS9 are carried ot by
running either a direct or alternating current (DC or AC) through metal source and
drain contacts to either end of tb&bon nanotube>(NT) (that is either suspended
in air/'vacuum or lying on a dielectric surface such as)SiOhe charge densityfo
the CNTis varied (or conversely the energy bands in the conductance channel of
the CNT are shiftedoy a capacitie coupledpiece ofmetal called a gate electrade
Whenapplying a bias across the source and drain leads and placing a voltage on the
gatke, one willmeasue the resulting current throughe source and drain electrodes
Figure4.1shows a typical configuration used to measure the electrical properties of

CNTs in what is commonly called a fie&dfect transistor (FET) setup.
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. Source and drain electrodes
Bonding pads

===
Dielectric (SiO,)

\ o Sio, e
/ —\ Aon back gate

Silicon back gate
g Carbon nanotube

Figure 4.1 A schematic diagram of a carbon nanotube fedfeéct transistor. The
source, drain and gate electrodes are labeled, along with the dielectric material.

Fromsome ofthe initial electrical measurements perfornoadcarbon
nanotubesn the late 1990FL] researchers confirmed the theory that individual
carbon nanotubes can indeed have either metallic or semiconducting attributes
based on their chiral angle amdlices(n,m) as described near the endcCbhpter 1
(in which if -m = 3j in which j is an irgger the CNT will act as a metal whereas if
it does not then it will act as a semiconduggjy. In reality only armchair CNTs
are predictedby tight binding theoryo have a zero value band dap (armchair
CNTspossess a nerero Mott gap irtheir corductance valuewhich is described
in more detail later in this chapjarhile norarmchair metallic CNTs possess a
very small band gap around 10 to 100 meV due to the curvature of thevlikii
opersa small gap in the band struct(iz¢. An armchair cason nanotube does not
experience a gap due to curvature, because at the Fermi energy the bands that cross
are of different symmetries; likewise zigzag carbon nanotubes are also protected

from energy gaps due to curvature [Hemiconducting CNTs on thehar hand
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possess a section of their density of states that iswkich translates into a band
gap that is normally around 0.5 to 0.8 meV in size (tight binding theory states that
the energy gap of a semiconducting CNT can be calculated as royghyE

eV/d (nm) where dis the diameter of the CNTJ].

Also of noteis that researchers found that electrical transport in individual
SWNTSs can result in transport regimes that can be either classical or quantum in
nature due to the ordimensional nate of the CNT which result from the
guantization of the wave functions of the electrons in the circumferential direction
when they are confined by the small diameter of the CNT. From here one can take

the Landauer formula for conductance of a qgd&ssysem|[2]:

00 — 0§ 0°YO (4.1)

Where"Y'O represents the probability of transmission of the electron at the Fermi
level of the energy through the CNIRdD ‘O = 2 for a metallic carbon nanotube
with 2 bands availdb for electron transpartFrom here one can see that if there is
perfect transmission through the CNT ( a transmission probability of pimigy)

result will be what is called ballistic conduction in which the voltage drops will
only occur at the contagto the CNT as the electron goes from a 3D to a 1D
conductof2]. The resulting conductance value©f 1Q¥Qs called the
guantum conductance of the CNAhich corresponds to around 15S which can

in turn be converted into the quantum resistance of the CNT as R = 1/G yielding

Y "Ft'Q = 6.5 WN. The value of 4 in the equation’@ 1Q 7'Qcomes from
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the fact that the electron sees 2 1D subbands near the Fermi energy as it jumps
from the electrodes to the CNT due to the orbital degenetaghsubbanawill
alsobe able to possess an electron of spin up and spin down, yiéldmannels

that can contribute to the conductaifi@fe In order to reach a measured electrical
resistance that is close to 6 8/kone must create a device that is perfectly clean
with Ohmic contacts normally composed of palladium and measured at wery lo
temperatures on the scalemost a few Kelvin One of the earliest examples of

this type of experiment was performed by the Dai group at Stanford University in

2003 in which they were able to reach a low value resistance of around[4}. k

If thereis nortunity in the probability of transmissiofy'O , then one will
see what is called the diffusion regime of electron transport whereby a voltage drop
will not only occur at the contacts but over the length of the CNT as well. The
conductance will agn bethe sameas inEquation4.1,but when calculating the

electrical resistance one will result in this equafin

Y - = - = — — Y (4.2)

Wherel represats length of the CNT anal is the mean free path that yields the
average distance traveled by an electron in the CNT before it is scattered. In
metallic CNTs the value of the mean free path has been measured to be as high as
10 um at low temperatues whereas semiconducting CNTs have mean free paths on
the order of on@m [5]. The diffusive regime of electron transport, also called the

classical transport regime, is one in which the assumption is that & whereas



98

the ballistic regime is #hopposite in whick 0. One will recognize that the
first termin Equation 4.2s the quantum resistance of the CM/hereas the second
term relates to the scattering associated as the electron travels through the CNT
which is normally causedytthermal lattice vibrationsalledphonongwhich are
defects in the crystalline structure of the CNT as well as a twisted, strained or bent
CNT, other electrons as well as trapped charges in the oxide surface and other
impurities in the surrounding enemment of the CNJ; electronphonon scattering

as well as other types of scattering can alidomedasdisorderwhich will be

discussed in more detail in the next chapter
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4.27 The MetalT Carbon Nanotube Interface

The other main source of electlagesistance in carbon nanotulbeund
atthe interface between the metal electrodes and the carbon nanotube. There are
two types of contact resistances that can be found in CNT devibesfirst of
which is anytype of impurity that is found at theterface of the CNT and the
metal electrode such as residue from processingater molecules from being
exposed to air. Careful cleaning of the chip and CNT devidegass through
processings the easiest way to reduce this type of contact aemigtout it is
almost impossible to remove it entirelPne can alsperformthe experiments
either at low temperature and/or im@trahigh vacuum after a high temperature
bake out to remove water molecules from the contadtapurities such as thes
mentioned here can increase the electrical resistance of the device as well as block
certain physical features from appearing in the data by degrédirayerall

performance of the device.

The other type of contact resistance is what is called a 8ghuatrier,
which is caused by a misalignment of the bands at the interface between the metal
electrode and those in the CNT. In an equilibrium situation where no bias is
applied to the metal electrodes, the metal and CNT Fermi levels will have to align,

the mismatch of which causes a potential barrier. The energy height of that barrier
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is determined by the work function of the me(talﬁ ), the work function of the

CNT (% ), and the energy gap of the CNH)[3]:
i %0 — %o i %0 %0 — (4.3)

From this one can see ttsmiconducting CNTs have a muulgher Schottky
barrier than metal CNTs due to the size of their band gaptypgycontact will
result when the Fermi energy of the metal lines up with the valence band of the
CNT, resulting in a situation where the holes see no baifrereas the etérons
will see a very large barrier, which for a CNWhichis normally ptype will result

in what is called an Ohmic contact. If the Fermi level of the metal contact lies in
the middle of the band gap of the CNT then both p and n types of condudtion wi
see a Schottky barrier. Figute2 shows an example of how the work functions

and Fermi levels of the metal and the CNT create Schottky barriers in the device.
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Midgap Contacts

Metal CNT Metal CNT Metal CNT

P-type Contacts

Metal CNT Metal CNT

Figure 4.2ac: A schematic diagram of how a Schottky barrier height ((a)
unaligned to th height of the energy level of the CNT) affects the transport when
aligned (b) at the midgap of the CNT, and (c)type contacts [recreated from 3].

When creating a CNT electrical deviome can change the type of
conduction between n and p type é&h®sn which metals are used the electrodes
usingpalladiumas the metal for the electrodes will ldadx-type conduction where
holes are the primary carrigrst as usin@luminumwill lead to ntype conduction
where electrons are the primary carf@r In addition to the work functioof the
metal at the interfacereating a Schottky barrigthe type of metal chosen for the
contacts to the CNT can also have a difference in how well the metal wets and
adheres to the CNT thus changing how strotigyoverlapping orbitals for the
electrons in the metal and CNT are interactmigich canlead toavery different

result in the device performanc@&n example of this is the fact that palladium and
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platinum have similar work functionget lead to diffeent device characteristias
thatpalladiumelectrodesan lead to Ohmic contacts and platineadsusually
yields devices of high contact resistance due to poor wetting of the metal on the

CNT thus poor overlap orbitals for the electris
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4.37 Carbon Nanotube FieldEffect Transistors

For the vast majority of the work in this thesis the carbon nanotubes used in
the various projects came from the combined Rayleigh scattering spectroscopy and
mechanical transfer technique describe@lapter 3aswell as being grown by
the ethanol vapor CVD growth describeddnapter 2 This means that most of
our electrical measurements were made on individual SWNTs of known chirality.
As mentioned earlier in this chapter the typical device geometry is thdtedd-
effect transistor where the dielectric is usually silicon dioxidechntbethin
boron nitride as described in the next chaptarsuspended in air or vacuum for
measurements that are isolated from the surface of the silicon chip. In order to
make the metal electrodes and gate terminal, standard electron beam lithrography,
with PMMA as the polymer in the process, was used in combination with electron
beam evaporation to create palladium contacts to the CNT iRBalfadium was
usedin orderto achieve low contact resistance and in many cases Ohmic contact
The Pd leadsvere then brought out away from the CNT to larger Cr/Au or Ti/Au
leads and bonding pads tlzauld survive multiple wire bonding sessions to
connect the CNT to a chip carrierxdaour electrical probes. In certain cases such as
when looking for evidence of photoconductivigxplained in greater detail in
chapter $tunneling contacts were desirable so Cr/Au was used to contact the CNT

to create large Schottky barriers. Figdrgdshowsan optical microscope imagé
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adevicewhere thehalf of theCNT was contacted with Pd electroqéee other half
was contacted with Cr/Au leads to compare the performance between the two

metals) that then were contacted to the Cr/Au or Tildads and bonding pads.

Carbon nanotube

\ Cr/Au electrodes

Palladium electrodes

Figure 4.3: An optical microscope picture of a finished carbon nanotube field
effect transistor with palladium leads contacting half of the carbon nanotube that
are then brought out to larger Cr/Au leads and bonding pads. Aérehalf of the
leads are made from Cr/Au to compare the two metals as contacting material.

With thesource and drain leadsnnected to the CNT, the next step was to
create small windows around the leads and use an oxygen plasma step to remove
any unwarted CNTs that might have transferred with the desired CNT. From here
either the silicon chip itself was used as a global back gate to vary the amount of

charge in the channel of the FEOF a local gate was created using a different
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material as a dieledtr An atomic layer deposition (ALDpachine located at
Columbia University provided thin films @luminum oxide and hafum oxide for

a number of projects although they did occasionally produce films that leaked
electrically, which required multiple sgmes to be made at times to find one that
performed correctly These oxides would be placed over the device as a whole and
a top gate would be placed locally over the CNT along with the leads and was often
made of metalssuch as golghalladium or aluminm. Projects such as attempts in
high-frequency measurements of individual semiconducting CNTSs, as described
briefly in Chapter 6, as well as some unsuccessful attempts at placing a single CNT
on a thin flake of boron nitride and then placing a top gate the device utilized

this process. The final version of the boron nitride CNT dede&seribed here

involved a local back gate that was located underneath the carbon nanotube, as well
as the source and drain electrodes using the thin film of borodendsi the

dielectric material.

During every step of therocedure fomaking an electrical device out of a
single CNT of known chiralityfrom the growth to the transfer to the actual
processing done on the CNT, a premium was always placed on cleaahdess
keeping thesurface of th&€NT as pure as possible. Ultiret keeping the CNT
pristine can be difficulas PMMA forms a scum layer ondyfew nanometers thick
that is can only be removedthout destroying the CNWith a high temperature
Ar/H, anne&d Many hours went into attempting processing with various solvents

and chemicals to find one that would reduce the contacdtance from the scum
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layeras much as possibl&he tests ranged from usiogemicalssuch as acetone

andNR@9 resist removeptl,2dicholoetlane(DCE) in order toremove the PMMA

and reduce the scum layer as well as varying the time and temperature used in the
processingdo find the optimum conditionslt was found that in order to achieve

the best results in reducing the PMMAaum in such processing one would use

DCE heated to around 100 degrees Cel sius
step of creating an electrical device out of a CN'Et when the electrical devices

were tested it was found that the amount of PMMAnS when using acetone at

room temperature and | etting the o6lift of
reduce the contact resistance to an acceptably low.Vidteebest value we have

produced in our lab was a device resistance of 12/arka known armchair CNT

at room temperature (as will be shown later in this chapter in Figure 4.5).

When measuring a CNFET device one caperform thebasic DC
measurements in one of two mannerie first method is where oneould hold
the voltage onhe gate electrode steady at a single value, which can be anywhere
from O to over 100 V depending on how thick the dielectric layer is or if it is
measured while suspended in air or vacuum, and sweep the values of the voltage on
the drain electrode and nseae the current across the CNThé source electrode
would be grounded in this setypThe other method is to put a steady value of bias
voltage across the CNT, one can go as low as a few millivolts up to 8 to 10 volts
depending on the environment {8&IT is placed in (in air the CNT will normally

be destroyed at only a few volts while if the device is measured in an inert gas such
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as argon one can go higher in bias voltage before the CNT is destroyed) while

sweeping the voltage on the gate electrode.

In the standard FET configuration primarily used in the work in this thesis,
the normal values used for an IV sweep was to hold the gate voltage steady at
negative 10 volts to ensure the semicondu
and sweep the valge on the drain electrode from negative 100 mV up to 100 mV
For gate sweep measurements the bias voltage would be set at either plus or minus
10 mV, while the gate voltage was swept from negative 10 to positivelidto
avoidabreakdown of the siliaodioxide. Thes&inds oftests are called low bias
measurements. High bias measurements where the CNT can be taken up to many
volts in bias voltage are discussed mor€lapter 5. Figurd.4shows a
simplified band diagram that explains how-type £miconductor CNIFET
works (as well as the case for artype CNT),where the channel height can be
modified by the gate electrode and transport can be induced through the Schottky

barriers by increasing the bias voltage on the device.
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V¢: negative leads to p-doped V¢: positive leads to n-doped

Figure 4.4: A schematic diagram of how the bands bend in a G due to a
positive or negative gate voltage that will induce either ntypp conduction
respectively.

Oxygen dopingoccurs when theneasurementare taken in air aniehduce the CNT

to be ptype on eleaical measuremerj]. The voltage on the gate electrode, in
reality, creates an electric field that will increase or decrease the electrostatic
potential in the channel which moves the band up for a negative gate voltage with
positive charge in the chaglrand down for a positive one with negative charge in

the channel.
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4.47 Armchair Carbon Nanotubes and the Mott Gap

The earliest individual SWNTs of known chirality that came through this
kind of processing ereused primarily to identify that the Raigh scattering
spectroscopy did indeed work as intended by distinguishing between metal and
semiconducting CNTs as well as identifying the chimdlces (Carbon nanotubes
were latergrown ontransmission electron microscopy (TERNtds and were then
imaged by Rayleigh scattering spectroscopyfarally checkedby TEM to
confirm their physical structuf@].) Figure4.5shows the Rayleigh scattering
spectroscopy of an armchair metallic SWNT, a chiral metallic SWNT as well as a
semiconducting CNT wiit their corresponding gate sweépshowthattheir

electrical signaturenatches the conclusions from the Rayleigh measurements
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Figure 4.5ac: The Rayleigh scattering spectrum for(ai(18,18) armchair(b)

(12,6 chiral metal, andc) (20,7) semionducting CNTs with their corresponding

low bias gate sweeps. The gate sweeps for the chiral metal CNT are for a different
tube than that of the Rayleigh spectra.

All three types of CNTs show good conductance values indicating low contact

resisence anda clean, clear saturation region at either end of the gate sweeps

indicating that the conductance has reached its maximum value for the device in
guestion.Of more importance isthatdllhr ee t ypes of CNTs show
that in the metals appequite small and in the semiconductor appears large due to

the band gap of the CNTAt the time of these measurements in 2@t binding
theorypredictedthat chiral metal CNTs would possess a small;zeno, gap that

was due to the curvature of th&lT, whereas armchair CNTs would possess no
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gap at al[2]. The initial low temperature measurements performed on the

armchair carbon nanotubes presented a gap region that did not perform as the chiral

metal carbon nanotubes did. The armchair CNTs digrmts sess a Obott omb
gap when measured in temperature as shown in Figure 4.6, indicating a very

different mechanism for the gap than the curvature of the CNT that is responsible

for the gap of the chiral metal CNTH.is not fully understood at thitime why the

gaps in these two pictures behave so differently.
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Figure 4.6: A set of low temperature, low bias measurements on sections of an
armchair CNT and a chiral metal CNT indicating that the armchair CNT gap does
not Obott om o wadifferent meclsanigndos theegapsregiorgthan the
curvature induced gap present in the chiral metal CNTs. (graphs made by Bhupesh
Chandra)

The gap is even observed at high biases of up to 3V on the source/drain contacts,

indicating that it is not solelylaw bias voltage event (as shown in Figuré) 4.
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Figure 4.7: A set of high bias measurements on a (18,18) armchair carbon
nanotube indicating that the mysterious gap is present at all bias vo(trgess
made by Bhupesh Chandra)

Every armchair CN that was measured by our research group at the time showed a
small gap, so obviously the theasymissing a critical piece of information or

possesses a wrong assumption

The first thought was that the individual SWNTs that were imaged in the
Rayleighspectroscopy setup were somehow twisted or strained, as various tight
binding models had shown that this could be a mechanism that would open a gap in
the band structure of an armchair CNWe were later disproved of this thought as
theory excluded armetir carbon nanotubes from a gap induced by strain, although
it did hint at a gap that could be possibly induced by eleatectron interactions
[9]. Whether that strain or twist was introduced during the growth or transfer was

unknown Considerableffort went into attempting to deduce if this was in fact the
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case from looking into performing Rayleigh spectroscopy on the CNTs on the
surface of the silicon chip after a transtercompare it to the spectra from before
the transfer while it was suspendgmsilooking into modeling the growth itself to

look for evidence of strain as the CNTs fell on the surface. Another thought was
that the van der Waals forces between the CNT and the silicon dioxide surface
could be enough to deform the CNahd thus opea small gap in the band
structureas the theory suggests that if the mirror symmetry of an armchair carbon
nanotube is broken that it will open a small gap [1®hother thought focused on
the possibility of doping from an unknown source could be imgasigap on the
band structure as modeling shows that an armchair CNT on a hy¢vagenated
silicon surface with a dangling bond from a removed hydrogen atom would create a

band gagl1].

We have found that armchair CNTs are incredibly rare to comef autr
growth, with only a handful that survived transferring and processing to become
electrical devices, and thus are very valuable. While we possessed hints at what
may be causing a band gap in the electrical measurements of our armchaiitCNTs
wasdetermined that we needed more data before we could begin to truly
understand what was taking place. Those armchair CNT devices in question were
eventually used in a low temperature probe station that contained an oil leak that
ruined the chips for furthestudy before a solid answer could be obtained. It was

not until a few years after this that a research group at the California Institute of
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Technology headed by Marc Bockrath, with experiments performed by Vikram

Dedpande, found the answer to our quess in what is called a Mott g4p2].

Tight binding theory has beeme of thdeading methosifor modeling the
electrical behavior of carbon nanotubes since their discovery two decadesitago
it posseses a blind spot in that it gaot account for thenteractions between
electrons Although b first order this is not a large problethe theorydoes
indicate that armchair CNTs will have zero gaps in their band structure whereas we
know that this is not the case from experiments; in this case thy threaks down
when dealing with a metal whose energy bands are afilliati, a situation in
which there aretsong electrorelectron and Coulab repulsion effectgl2]. In
this situation the electrons find it energetically favorable to localhéch leads
the metal to form a Mott insulating stased thus a Mott gap of around 10 to 100
meVin the band structure. The CHllised in this experimenperformed by
Vikram Deshpandewyere incredibly clean suspended samiesvoid interference
from the sirface of the chipthat were then measured for the Mott gap in a
magnetic field to fully close energy gaps created by curvature or strain so that the
Mott gap itself could be isolated&ingle electron tight binding theory states that an
axial (or parall® magnetic field will open or close curvature induced gaps in chiral
metal CNTs as well as opening a gap in an armchair @R;IL{]. This shifting of

the gap size due to the magnetic field comes from replacing the electron
momentum term in the Hamiltomdromiptorp ‘WPFoowhere®is the vector

potentialn w® &) [2]. In other terms the axial magnetic field shifts the k
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states sideways and for a sufficiently large value of the field it will open or close a
gap. From here it is easy to s#wt if the gap in the armchair CNTs cannot be
closed by a magnetic field then the mechanism is beyond the single particle theory
and electrorelectron effects must be taken into consideration. Fig&shows a
schematic diagram of how a parallel magnéeld will change the size of the gap

in both armchair and chiral metal CNTSs.

Figure 4.8 A schematic diagram of how an axial magnetic fiaftbencesthe
band structure of both an armchair and chiral metal CNT by opening and closing a

gap.

Figure 4.9 shows a plot of the magnetic field versus the gate voltage on the CNT
devices in which one can see how the gap region of the CNTs open and close with
the magnetic fields well as a schematic diagram to help explain the results of the

experiment vesus the tight binding theoryl'he minimum value of the measured
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gap is the Mott gaplus an additional factor from the charging energy and a small

DE term

0.5 0.0 05 1.0 15 20 25 3.0

Holes Electrons

Tight binding theory Experimental results

AE
Armchair CNTs

24 B(T)

AE Chiral metal CNTs

B(T)

B(T)

Figure 4.9: A plot of the conductance, &%) versus the magnetic field, B(T), and

the gate voltage, V). The electron and hole sides of the graphs are separated by
an energy gap, of which the minimum value is the Mott gap plus a sntall fac

from the charging energy [12A schematic diagram is shown explaining the

results of the experiment.
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The additions to the gap from the charging energy anDEhterm have to

be subtracted from the minimum gap value to isolate the exact sizeNbthgap,

which is found to scale as ~ Awhere r is the radius of the CNT and a = 41

with g as the Luttinger parametefigure 4.10 shows how the size of the Mott gap

scales with the radius of the carbon nanotube.
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Figure 4.10a,b: A plot of thesize of the Mott gap versus the radius of the carbon
nanotube with an inset (i) showing how the gap scales with the magnetic field

[12].



118

4.51T Summary

Carbon nanotubes are a unique material in that one can truly measure
physics in a onglimensiamal channel. In a carbon nanotube fieftect transistor
one can see the effects of the quantization of the electron waves and how a
guantum resistance is set in place through a limited number of channels for electron
transport as well as seeing how amatch in the work function of the metal
electrode to that of the carbon nanotube creates what is known as a Schottky
barrier. The conduction in a carbon nanotube can be manipulated to either n or p
type based on which metal is used for the leads. FHavhtais the first electrical
measurements on individual armchair carbon nanotubes of known chirality showed
a small norzero gap in the energy band structure, the reason of which proved

elusive until it was shown years later that each carbon nanotsbegsed a Mott

gap.
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Chapter 5

Surface Optical Phonons and the Effect on

Electron Transport in Carbon Nanotubes
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5.1- Electron-Phonon Scattering in Carbon Nanotubes

Electron transport in carbon nanotulf€dTs)can either in the ballistic
regime where an electron does not undergo a scattering event while in the carbon
nanotube, or diffusive regime, where an electraroanters at least one scattering
event as it travels in the carbon nanot[lje These interruptions to the path of the
traveling electron are called scattering events, or disorder, and can come from a
variety of sourcessuch asdefects in the latticesicture of the carbon nanotube
itself, dangling bonds wiech normally occur during growth, subsequent poor
handling or fromtrapped chargen the surface that the carbon nanotube is lying
on which can result in either short and long range dis¢2dlefThe last main
source of scatterinfpr electron transport in carbon nanotubes is from the
interaction between the electron and a phd2prwhich is a vibration of the
physical lattice of the carbon nanotube. All of these sources of scattering lead to
reducing the mean free path of the electron, the average distance traveled by the
electron before it encounters a scattering event, in the carbon nanotube which

degrades the overall device performance.

In a perfect metallisinglewalled carbon nanotubéSWNT) devoid of
defects and isolated from the surface or environment, the main source of scattering
is from the electroiphonon interactionf3]. When low voltages are applied to the

samplethe acoustic phonon tekedominantonein determining the resishce of
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the device as it scales linearly with temperaf@te An acoustic phonon is a low
energy vibration of the lattice spread over many unit cells in which the electrons are
scattered elastically during events that occur near the K, paaintating bw to

moderate momentum phonons that occupy various phonon modes whose velocities
are much smaller than the Fermi velocity of the electrahgch is modeled

primarily through the use of a deformation potential as described by Suzuura and
Ando [4]. Inelagic scattering of the electrons due to phonons are caused by high
energy, zero momentum shift modes called optical phgndmsh are the primary

factor in limiting electrical transport at high bias voltafig$] by setting a

maximum on the amount of cemt the SWNT can carrgnd occur primarily

within a single unit cell. A third form of phonon is called a zboendary phongn

which can scatter an electron across the boundary between the cells and is both a
high energy and high momentum proceBgjure5.1shows a schematic diagram

of the energy bands near a K point for the carbon nanotube and each type of

scattering process from an acoustic, optical and-boo@dary phonon.
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Figure 5.1ac: A schematic diagram of the three types of eleerbonon
scattering: (a) is due to acoustic phonorb) is due to optical phonons, afd is
due to zone boundary phonons. (Recreated from [3])
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Optical phonons can be very effective at limiting the conductance of a
carbon nanotube sampighile acoustic phonorare very weak scattering centers
especially for metallic carbon nanotubélhe weakness in the scatteringlie to
the fact that the deformation potential formed by the lattice vibratudhenly
vary slowlyin time,which is caused by the fact thaetbands are orthogonal from
each othe[7]. (The fact that the massless bands are orthogonal leads to a situation
where, in metallic CNTs, backscattering is suppressed and it is only
semiconducting CNTSs that are susceptible todape disorder.)The ®lection
rules governing the scattering in this case is further limited by the fact that a carbon
nanotube is a oreimensional channgineaningthat thescattenng is limited to
forward or 180%ackscattering Two-dimensional objects such as graphene can
have backsctring at angles other than 1808 consequence of these selection
rules is that the intedpand transitions yield a scattering process in which an
electrical resistance is not introduced due to the fact that the direction of motion

and velody is conserveds8].
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5.21 Experiments with Carbon Nanotubes on Silicon

Dioxide

Experiments performed on individual singlalled carbon nanotubes
whenlooking at the electrophonon coupling relationtave focused on two
particular device configations:the carbon nanotubes are either lying on a silicon
dioxide substrateor suspended in air (which will not be discussed in this thesis).
In both cases one of the primary means of studying the elqaii@mon
interactions is the mean free path g £lectron in the carbon nanotube. In order
to extract the value for the mean free path, one would usually measure the
resistivity (r ) of the carbon nanotube as it is a constant value for a given CNT

operating in the diffusive regime of transppmiodified from 3]
b — Z- (5.1)

The method that is normally used to isolate the resistivity of a Chbltéke gate

sweep measurements at a number of channel lengths (such as 500 nm mm}o 10
and isolate the resistance of the CNT at each channel length. The slope of the
linear region of the R versus L graph will be the resistivity of the GNAis

process is shown a little more clearly in Figures 5.2 and 5.3 later in this chapter)
The measurement of the resistivity of a carbon nanotube will separate the effects of

the contacts, such as Schottky barrjetsand scum layers of PMMA, and allow



126

the resegher to focus solely on the underlying physics of the canamotube.

Thisis accomplished by measuring the resistance of the carbon nanotube device at

a variety ofdifferentchannel lengths on the same CNMiid comparing them to

each other. The slomdbtained while plotting the resistance of the device versus

the length of the channels measured will be the resistivity of the deAro®her

method to looking at electrgshonon scattering is to view it from the perspective

of the scattering rate of tledectrons due to either acoustic or optical phonons. By
combining Fermids golden rule along with
earlier [4] that the electron sees due to the vibrations of the lattice, and considering
acoustic phonons populated sgléirough temperature, Park et al. came to the

following scattering rate for electrons due to acoustic phonons [3]:

- cZTZf] zZ — (52)

Wherets = WY/q is the velocity of the acousticprmm waves, 2 is the
potential,r is the mass density of the CNT ahds the Fermi velocity. For a

deformation potential of ~5 eV and a diameter of 1.8 nm, they arrive at a scattering
rate oft .~ 3*10*? seconds which leads to a mean freth [@dl,c~ 2.4 um. In the

case of scattering due to optical and zone boundary phonons the scattering rate

equation will be [3]:

— =290 9s 2 pTCt (5.3)
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WhereO j, is the eleabn-phonon Hamiltonian. Park et al. approximate it to be
~12.8 eV for the optical phonons, leading §p~ 2.3*10"% seconds anth, ~ 180

nm. The Hamiltonian for the zone boundary phonons gives a value of ~25.6 eV
which leads to &, ~ 4.6*10™ second and J, ~ 37 nm. These values indicate that
the scattering at high bias voltages from zone boundary and optical phonons for
metallic carbon nanotubes limit the mean free path much more than the acoustical

phonons do at low bias voltages.

Figure5.2shows a plotof the electrical resistance versus the channel length

on a (18,18) armchair CNT at room temperature
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(18,18) Armchair CNT at room temperature
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Figure 5.2: A plot of the electrical resistance versus channel length for a (18,18)
armchair CNT at room temperature. The slope of thalifiegives the value for
the resistivity.

By taking the linear fit of this graph, one can extract the value for the resistivity
(the slope of the fit) to be 7.82\mm. Using Equation 1, we find that this carbon
nanotube has a room temperature meag pegh offb Y oge & These
valuesare quite close to the best resistivity measurements t@rdatellic CNTs
usually possessraom temperatureesistivity of around 10 to 12/um), which
lead to aoom temperaturmean free path that is wly measured arounddm in

length[10] (at low temperatures this value can approach lduength.
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Semiconducting CNTeaveroughlyan order of magnitude smaller mean free path

of around Jum, at low temperaturedue to being more susceptible to asto

phonon scatterinfll0]. The measurements for these devicesawarried out by

performing the simple IV and gate sweeps described in chapter 4 at various

temperatures in a low temperature probe station (allowing sufficient time between
temperature raps for the temperature of the device to fully stabilize). The values

for the conductanc@nd hence the resistanée £ 1/R), were taken from each gate

sweep either at or as close as possible t

ensure a stdb value at each temperature.

In order to fully understand how electrphonon interactions inhibit
electron transporbne must now look at how the phonon populations change
versus the change temperature. As mentioned earigght-binding theory &tes
that the scattering from acoustic phonons will be linear in temperature. bi§are
shows a similar plot of the electrical resistance as a function of the channel length
of a metallic carbon nanotube for a few different temperatures [10]. Fidilres5
theplot of the resistivityof that same metallic CNT versus temperature, where one
can see that the resistivity is indeed linear but only up to around a temperature of ~

100K, after which it deviates sharply [10].
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Figure 5.3a A plot of the elecical resistance versus the channel length of a
metallic CNT at various temperaturdsigure 5.3k A plot of the resistivity versus

temperature for the same metallic CNT [10].
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5.31 Surface Optical Phonons and Carbon Nanotube

Devices

Up to this pointhe surface that the carbon nanotube is lying on has been
mentioned as a potential source of scattefug has largely been ignored in
interpreting the data. In the last few years th¢bty 12]and then experiments
(starting on graphene but later aarlon nanotubes) has shown that the optical
phonons in the surface of a polar substrate such as silicon dioxide can be a large
and potentially primary factor in determining the overall transport of electrons in a
carbon nanotubeSome of he original workperformedn 2008on graphenéy
Bolotin et al. at Columbia University [L3hows that once the device is suspended
above the surfacéhe resistivity becomes linear above 100 K and the mean free
path increases dramatically his result indicatethat the surface of the silicon
dioxidegreatly affect the performance of the devipeor to its removal, as shown
initially by the Fuhrer group at the University of Maryland on graphene [Thg
theory associated with the surface optical phonons state tiadtowcurs is that the
polar nature of the surface creates a local electric field from the high energy
oscillations of the optical phononshich require a small distance from the carbon
nanotube to dominate the electronic transport in the device. Tthaaksetween

the CNT and the surface is ultimately dictated by how flat the surface is, as a rough
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surfacewill change the average distance between the surface and the CNT more

than a smooth surface.

A former lab member of the Hone group at Columbia Unsitye (Bhupesh
Chandraperformed the first experiments on carbon nanotube devices in which the
goal was to investigate the effect of the surface optical phonons on carbon nanotube
device performance. Figuked shows a plot ofesistivityversus temperate for a
(26,11) CNT [15]the original tight binding theory dictated a linear relation in the
acoustic phonon scattering as denoted bytkenline, while the red line
represents a theoretical fit including the expected scattering from the surfaeé opti

phonons



133

0 100 200 300 400 500
T(K)

Figure 5.4: A plot of the resistivity versus temperature for (26,11) CNT, that
shows a linear relation until ~ 100K where it deviates sharply. The green line
represents the contribution solely from acoustic phonon scattering, whikedthe r
line represents a fit that includes scattering from the surface optical phonons [15].

One can clearly see that the red line is a direct fit to the measured data indicating
that above 100 K the optical phonons of the silicon dioxide become the primary

scattering mechanism in carbon nanotube devices.

Later experiments performed by the same lab member focused on a single
carbon nanotube that was transferred across stripes of hafnium(@xigle; »=
19.42, 52.87 meVjnd aluminum nitride] so 1= 83.60, 104.96 meV) [16]. The

goal of the experiment was show how higher energy optical phonons in the
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surface will delay the temperature at which they begin to dominate the transport in
the device. The data obtained in the preliminary experiments were ultimately
inconclusive as the roughness of the hafnium oxidet®ns likely threwoff the

result of thefiturn ord temperaturevaluefor the optical phononsBut the results
forthealumimm ni tride did show a higeer O6turn
around 125 to 150 K versus around 100 Rhe temperature at which the surface
optical phonons took over the scattermgs no different than that of silicon

dioxide, despite the fact thatéhenergies for the surface phonons were much higher
in value than those of silicon dioxi¢® so1,.=59.98, 146.51 meV [16]).

Ultimately a surface is needed for carbon nanotube devices whose optical phonon
energies are high enough that they will nehtan and dominate the electron

transport at room temperature.
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5.47 Boron Nitride as a Surface for Carbon Nanotube

Field-Effect Transistors

Recent experimental and theoretical work [11, 12] has demonstrated that
oxide dielectrics, such as Sixan subtantially degrade the performance of
electronic devices made from carbon nanotube and graphi&eesurface polar
phonons (SPP) of Sitrongly scatters electrons; due to their relatively low
energies,q so1.2=59.98, 146.51 meV [15]), the SPP modes turn on above ~
100K and provide the dominant contribution to the resistivity at room temperature
[11]. In addition, the surfaces of oxides suffer from charge traps and dangling
bonds, which lead to larde/steresis, disorder, and scattering due to charged
impurities [14, 1719]. Suspending the CNT [20] or graphene [13] above the
substrate can eliminate these problems but it is not useful fopleigbrmance
electronics due to weak gate capacitance ajtayhfragile samplesLocal top
gatingwith thin highk dielectrics deposited though atomic layer deposifiirD)
has shown to be very successful in reducgmgne otthese issuel1]. However,

ALD processing can still lead to impurities and trapped charges,aadg
common dielectricssuch as hafnium ode (3] so12=19.42, 52.87 meV [16])

possess low SPP energies.



136

Hexagonal boron nitride {BN) hasrecently emerged as an alternative
dielectric material with many advantages compared tg [Ri€). It has comparable
dielectric propertieshreakdown vdhge of 0.7 V/nma band gap of ~ 5.9 eV [23],
and a dielectric constard)(of 3-4. However, its SPP energies are almost twice as
high. Furthermore, as a layered crystalline material, it should not have surface
states and charge traps that lead to deoand hysteresis. In fact, our recent work
has demonstrated that graphene devices on BN show markedly improved
performance, with higher mobility, lower charged impurity density, and no
hysteresis. The resistivity of graphene on BN is linear in temperap to room
temperature, and SPP phonon scattering is only evident at elevated temperatures.
Other work has recently provided direct demonstrations of greatly reduced disorder
for graphene on BN [24]. Therefore, there is strong motivation to exah@nese

of BN as a dielectric material for carbon nanotubes.

Figure 5.5 depicts the method used to fabricate the device used for this
study. Nanotubes were first grown across-fi@0®wide slits etched through Si

wafers [25].
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Microscope slide
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Figure 5.5: A schematic diagam of the process used to select a singdHlake
and transfer it to a target chip by using dayer of PVA and PMMA to life the

thin film of PMMA off in DI water. The bilayer of PMMA and SLB on the target
chip will isolate the desired flake. TINT is then transferred onto the desired
flake using a thin layer of PMMA to grab it before then opening a window using
electron beam lithography and letting the CNT fall to the surface.

Although it was not used for this specific carbon nanotube, Rayseigttering
spectroscopy [26, 27] can be used at this step to assigniidjo®sto each

suspended nanotube. In parallel, BN flakes were exfoliated frorrgiglity h

BN single crystals [28] onto a separate chip coated with PMMA and a thin layer of
water-soluble polyvinyl alcohol (PVA) as a release layer. Optical and atomic force

microscopy were then used to identify a thin, flat, and clean BN flake suitable for
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use as a gate dielectric. A third chip, with a metal (2 nm Ti, 8 nm AuPd) back gate
and &ignment markers on a Si/SjQubstrate, was patterned by electron beam

lithography for use as a substrate for the final device.

Next, the BN flake was transferred onto the metal back gate. This transfer
was accomplished by releasing the PMMA layer inenahen inverting the
PMMA film and placing it onto the substrate chip with the chosen BN flake aligned
over the back gate. A particular fabrication challenge was the need to transfer only
the BN flake of interest onto the substrate, because spuriotiaigd were found
to prevent subsequent nanotube transfer. Therefore, a bilayer of PMMA a®d SU
photoresist, with a 40 x 40 um window patterned above the back gate, was used to
block the transfer of BN outside of the target area. The PMMA is usedliteena
lift -off of the SU8 hard mask, after transfer of the BN, yielding a clean surface.
As an example of the success of this technique, Figure 5.6a shows an optical
micrograph of exfoliated BN on the PVA/PMMA, and Figure 5.6b shows a single
flake transfered to a target substrate (with no back gate); the PMMAS3&yer

ensures that only a single flake is transferred.
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Figure 5.6a:An optical microscope picture of a silicon chip littered witBK
flakes from the mechanical exfoliation proceEggure 5.6b: An optical
microscope picture of the target chip after a singB\nhflake has been isolated.
Figure 5.6¢: An optical microscope picture of the final CNFET device on the-h
BN flake at a magnification of 100x

Finally, the suspended nanotube was gdbgnto the BN flake by a
previouslydescribed mechanical transfer process [29]. For the nanotube used in
this study, we used atomic force microscopy to measure a diameter of ~1.8 nm, on
a 3 nm thick flake of crystalline-BN, and scanning electron micomgpy was used
to confirm that the CNT did indeed land on the BN flake. Electron beam

lithography was then used to pattern source and drain electrodes (0.8 nm Ti/ 22 nm
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Pd), leading to bond pads (1 nm Ti/70 nm Au). Between each processing step,
PMMA residue was removed by annealing ig/Ar (2/48 SCCM, 350 °C, 3.5
hours). Figure 5.6¢c shows an optical microscope picture of the final device taken at

a magnification of 100x.

Electrical transport measurements were carried out in a low temperature
flow cryosat at 10° mTorr and at temperatures from 8K to 450K. Lbias tests
were performed twice: once before and once after vacuum annealing at 450K for
one hour. Higkbias tests were performed after the annealing anélas/tests.

All measurements were germed on a 1 um segment of the carbon nanotube.

Figure5.7 showstwo low bias gate sweeps of thguin channel device on
the BN at room temperatungerformed before (red line) and after (black line) the
annealing stepAlso plotted is the linear subtlsieold slope of the device, from
before and after the annealing step, where it rises from a value of 120 mV/decade to
190 mV/decade, as well as showing a clear reduction in electrical hysteresis from

one step to the next.
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Room Temperature gate sweeps Post anneal

120 mV/decade

0.1
190 mV/decade

Conductance (nS)

Figure 5.7: A set of lowbias gte sweeps of the CNT device on thBN flake,

using the local back gate, at room temperature before (red line) and after (black
line) the 450K anneal. The measurement performed before the annealing step
shows a subthreshold slope of 120 mV/decade ewthé measurement after the
annealing step shows a subthreshold slope of 190 mV/decade.

All low bias tests fronthe set of experiments that were carriedlmfore the 450
K anneaig stepwere performed witla bias voltage of5 mV (+50 mV for the

secondset of measurements after the annealing stpe sweeping the local back

gate from3 Vto3V.

The value othesubthreshold slopef the device before the annealing step

(120 mV/decadat room temperaturé3 among the best reported values for
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untreated carbon nanotube devitieat are not encased in another material. Wind et
al. reported two devices, one of which was encased in thermabB@tween 15

and 20 nm in height with a local top gate [30], and another device which was
located on very tin SiO, of only 2 to 20 nm in thickness to the global back gate
[31], where they observed values for the subthreshold slope at 130 mV/decade to
160 mV/decade respectivelyhis type of thin Si@film was isolated by using a
sacrificial layer of SiQwith a mask layer of silicon nitride to section off an active
device area whose bare silicon surface was then oxidized to a thickness of around
110 nm before a high quality oxide was grown for the FEHigure 5.8 shows a
schematic diagram of their CNHET devce along with the low bias

measurements.
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Figure 5.8a: A schematic diagram of a CNHET using a very thin layer of S}O
over a local back gate to improve the performance of the deFigerre 5.8b: A
series of gate sweeps showing the subthreshoy sif the series of devices for a
range in the thickness of the dielectf{l1]

Pisara et al. used a thick (200 nm) ScOmbined with the global back gate to
achieve a subthreshold slope of around 113 mV/decade by airing the sample for
over 2 months tancrease the work function of the Cr contacts and thus reduce the
Schottky barrier for the device [32]. One of the best reported values for the

subthreshold slope was obtained by the Dai group at Stanford University with a
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reported value of ~80mV/decatea device made with a local top gate using
hafnium oxide as a higk dielectricwhich was deposited with an atomic layer
deposition proceg83]. Figure 5.9 shows a schematic diagram for this process

along with the low bias gate sweeps to show the setold slope.

(a) (b)

wo, )
\ _[Topcaerm

S (Pd) D (Pd)

' ' '
™" S -2 -1 0

Vastop (V)

Figure 5.9a: A schematic diagram of the CNHET used in conjunction with a
thin layer of hafnium oxide as a dielectric and an aluminum top gate structure.
Figure 5.9b: The low bias gate sweep of this CNFET device using the local top
gate. [33]

The valuethat we found in our4BN device of around 120 mV/decade can likely
be improvedas ourvalue is almost certainlyigher than it could bdue to a large
accumulation of PMMA scum on the CNT from standafzkam lithography.
AFM measurenents show PMMA sticks readily to the surface -@h and while it

did burn off in 350°C anneals irthe CVD ovens that were performed in between
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each processing step-urthertests will likely need to be done using shadow
masking to put down metal fors@e and drain electrodes in order to reduce the

contact resistance to the CNT and improve the cleanliness of the device in general.

Figure 5.7 showhow the annealing done at 450 K in vacuum &t T orr
for 1 hour drastically reduces the electricadteyesis. Likely this is due to the high
temperatureén theanneahg stepremoving the last of the PMMA scum on the
exposed sections of the CNT along with any water residue remaining on the chip in
vacuum. Thecrystalline structure of the-BN with itslack of trapped charges,
vacanciesand inert natureontributego the reduced hysteresis with minimal
treatment. This can also be tesitedhore detail on a device that is made using
shadow masking for the leads to avoid PMMA on the Céi&ating a more

pristine device.

Low bias gate sweeps of thguin CNT device on BN was done using the
local back gate at temperatures ranging from 8 K to 450 K. By taking the value of
the conductance at the highest level for each temperature we can see that the
eledrical resistance of the device is mostly flat until it reaches a value around 250
K to 300 K at which point it rises swiftly in a nelmear fashion as shown in

Figure5.10.
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Figure 5.10: A plot of the electrical resistance of the device as a funcfion
temperature. The resistance showed almost no change until room temperature at
which point it rose exponentially.

With a SiQ substrate we see the nbmear rise in the resistivity of aNlT device

to occur as low as 100 K. his is the point where éhsurface optical phonons begin
to dominate the scattering and decrease the carrier mobility of the fEljicén
order to avoid overloading the sample and breaking through B¢ flake, we

were unable to take our gate voltage high enough to ensteengleratures

reached saturation to take these galuBut even going out to only negatBM on
the gate, saturation was achieved at almost every temperature. Unforiumately

were unable to acquire a true value for the resistivity dtieetother length
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segments on the CNT device not surviving the processing that this chip went
through We are unable to fully correlate our result of a mostly flat resistance up to
300 K followed by a sharp increase at higher temperatures withadefons of
Pereleinos et al. [11§howing the optical surface phonon tamin SiQ to be

around 100 K. Further work will need to be done to definitively show tiBMN is

a far superior surface to Si@ this regard.

At the conclusion of the low electrical bias temgiare tests, the CNT on h
BN device was put through a series of high electrical bias tests to study the effects
of a large voltage across the CNT situated on the thin dielectric. Five tests were
performed in seriegach increasing in bias and gate vgdtaintil the electrical
characteristics of the CNT device changed and were irreversible. Bigtre

shows the IV curves dhe first highbias test
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Figure 5.11: A series of IV sweeps at high electrical bias indicating the saturation
currents for amumber of gate voltages with an inset showing a plot of the saturation
current of the device at high electrical bias as a function of the gate voltage. The
linear response fromd(V) = -1.5 V and higher is consistent with the device
operating in the velaoty saturation regime discussed by Fuhrer et al. [F4e

slope of the line in the inset of the graph yields the saturation transconductance

with a value of ~In8.

All tests were performed abom temperature in vacuum atl@Torr. Our testing
showedthat the device survived without change until a voltage 36 V was
placed on the gate in conjunction wit8V on the source/drain. Following the
work performed by Fuhrer et §B4], we proceeded to take the saturation vabfes

the current and pldhem versus the gate voltage as showthéninset of Figure
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5.9 While we were unable to extract further high electrical bias information from
this deviceagain likely due to large amounts of residual PMMA underneath he
contacts leading to high contaesistancewe were able to prove that this device
operates in the velocity saturation regime due to the linear nature of the current
saturation versus the gate voltage which was the sasult seen by Fuhrer et al.
The linear fit of the inset of the gph in Figure 5.9 yields a saturation

transconductance for the device of

In order to calculate the geometrical capacitance of our device we take the

eqguation used by McEuen et al. [35]:

0 " -2 z{ (54

Whereeis the dielectric permittivity, h is the thickness of thBM flake,d is the
diameter of the CNT and L is the length of the chanblsing Equation5.4 we can
calculate that with the device geometry that we are employing that we get a value
for the geometrical capacitance to be around 88 to 117 aF using 3 nm forim, 1.8 n
for d ande ~ 3-4e,. This value compares favorably to that of the devices that
McEuen et al[35] foundin their experimentsvhere theysaw aheavy influence by
guantum capacitance effects. The theoretical value for the quantum capacitance is

[36]:

8 cin T (55)
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Wheretfisthe numberofDs ubbands, h is Plsthakekmbs const
velocity of the electrons in the carbon nanotube. For a single subband and a Fermi

velocity of 8.1x18 m/sec we obtain a value ftite quantum capacitance of around

95.6 aHAm, which compares very favorably to our measured value ofdsst 88

and 117 aF for a one pdevice. It is likely that thin 48N flakes used as a

dielectric for a local back gate would prove to be a valuablediydevice to study

guantum capacitance effects.
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5.5T Summary

In conclusionwe have reported the first results for a carbon nanotube
device using ah-BN flake as a dielectric showing thaBN leads to a negligible
electrical hysteresis and improveevice performance due to a lack of trapped
charges or impurities in the crystal surfa@ieto looking at the electrical
resistance of the device rather than the resistivity, the surface optical phonons of the
h-BN did not appear to dominate the carnesbility until near room temperature
which if true would show that-BN is far superior to Si@in studying the intrinsic
nature of the carbon nanotube to higher temperatures. Our high bias testing was
largely inconclusive as welyet did show that thidevice operates in the saturation
velocity regime. Ultimately we have found that standab&@m lithography leads
to an inordinate amount of PMMA scum on thBN flake surrounding and
encasing the CNT which leads to an increased contact resistantecaedsed
device performance. We suspect this was the leading cause for not having a value
of the subthreshold slope closer to the theoretical limit of 60 mV/deaadevhy
our high bias testing was less than ideal. Future work will have to find a way
around this by perhaps using shadow masking to create the leads to the CNT along

with using a CNT identified using Rayleigh scattering spectroscopy.



152

References

1. Saito, R.; Dresselhaus, G.; & Dresselhaus, MPBysical Properties of
Carbon Nanotubed.ondon; Imperial College Press, 1998.

2. Biercuk, M.J.; et al -walflElceacrtbroinc anla ntortat
Topics in Applied Physicd11; 455493. (2008).

3. Par k, J. Y. ;-pheron szdttering infinethllee singheabed
car bon n bhanolettets&33; 61,/520. (2004).

4, Suzuura, H.; & Ando,-phdnonscafiecRigmnons and
car bon n Rhysical RdviewsE55(23); 235412. (2002).

5. Yao, Z.; Kane, C. {fieldelec&icalirarisgorein , C. , A Hi

singlewall carbam  n a n o Rhysica Review Letter84(13); 29412944,

(2000).
6. Perebeinos, V. ; Ter sotfphononinteracioR Avouri s
and transport in semiconducting carbon

Letters;94(8); 086802. (2005).

7. McEuen,P.L.;etla. , ADi sorder, pseudospins, anc
nan ot BHyskcal BReview Letter83(24); 50985101. (1999).

8 Schonenberger, Cc. , ABandstructure of g

exercise in condensed matter physicso,



153

9. Heinze, S.; etal, ACarbon nanotubes as SchottKky
Physical Review Letter89(10); 106801. (2002).

10.Pur ewal , M. S. ; et al ., AnScaling of res
singewal | ed «c ar b Bhysical Raview Letier68618);,186808.
(2007).

11.Perebeinos, V.; et al., NAThe effects o
transport i n Naaglbters9(l) 312346 2009.s O ,

12Petrov, A. G. ; & Rotkin, V., itiah er gy r e
carbon nanotubes by sureac opt i c al phonadB™® of the su
Letters 84(3); 156160. (2006).

13.Bol ot i n, K. | . ;-dependemnt transportin Buespepdedr at ur e
g r a p hRhysieabReview Letterd01(9); 096802. (2008).

14.Chen, J.H.; et al ., dntedimits ofgraphece and e xt

devices on Sigd Nature Nanotechnolog(4); 206209. (2008).

15.Chandr a, B., fAiSynthesis and electronic
wal | car b o RhDAlesisColumbiz University. (2009).
16.Konar, A.; Fang, T.; &Jen®& . , f Ef f-lediekectriosfon dnargg h

transportingrapheAle a s ed f i el d @liySicalikéeviewB ansi st or
82(11); 115452. (2010).
177Ando, T. ; nScreening effect and i mpur.i

g r a p hJeurnal @f,the Physical Society ofpty 75(7); 074716. (2006).



154

18Hwang, E.H.; Adam, S, & Das- Sar ma, S. ,
di mensi onal ¢hysigahReview Lektead3(£8); $86806.
(2007).

199Fratini, S. ; & -ligited elexteon dyramicsini Sub st r at e
g r a p hRhysi@lReview B77(19); 195415. (2008).

20Muot h, M. ; e {freemperation di ddspenteel cagbsninagnotube
t r a n s NauredNarmtochnolog(8); 589592. (2010).

21.Yang, M. H. ; et a-ate,highk diedecticcarbarg e s of t op
nanotube fielee f f e ct tApaliedPhysics bettes88(11); 113507.
(2006).

22.Dean, C.R.; et al ., nBuwitjgraphenet ri de sub
e |l e ct rNature Nasotechnolog¥(10); 722726. (2010).

23.Wat anabe, K. ; Tani gu c-bandgap fdraopertieandK a n d a ,
evidence for wultraviolet | asing of the
Nature Materials 3(6); 404409. (2004).

24 Xue, J.; et al ., AScanning tunneling m
flat graphene on hexagonal boron nitdddature Materials 10; 282-285.
(2011).

25.Huang, L. M.; Jia, Z.; & OO6Bwaledn, S., i
carbon nanot ub eXurrmloidMater@lp Chensistit i on s o0,

17(37); 38633874 (2007).



155

26.Sfeir, M. Y. ; et alitonsinfiinBvidadbdarbomy el ectr on
nanotubes by R®&gdna30§3701y 15401543 (R004).9 0 ,

27.Sfeir, M. Y.; et al ., #fHAOpt-waledtarbenpectr os
nanotubes of defScianeeBl26773);55356.st r uct ur eo
(2006).

28.Tani guchi, T. ; & Wat apurayberon nikide, ASynt he
single crystals under high pressure by usingBBd s o | Jouenal bfo |,
Crystal Growth 3032); 525529. (2007).

29Huang, X.M.H.; et al., fAControlled pl a
nanot b e Maag, Letters5(7); 15151518. (2005).

30Wind, S.J.; et al., fnFabrication and e
singlewall carbon nanotube field f f e c t t Joumnal ®fiVactuonr s 0 ,
Science & Technology; B0(6); 27982801. (2002).

31.Wind,S.J, et al ., #ATransistor structures
n an ot JobreakodVacuum Science & Technology2B6); 28562859.
(2003).

32.Pi sana, S.; et al., fAEnhanced-subthres
wall carbon nanotube fieldffectt r a n s IEEE Toansaaiigns on
Nanotechnology7(4); 458462. (2008).

33.Javey, A.; et al -effectiirdhgistots with integrtatedt ub e f i
Ohmic contacts and highh g at e dNagd Letters4(3); 445460,

(2004).



156

34.Chen, Y.F.; & Fuhretv. S . , fi&d-deperident chargearrier
velocity in semicon @hyscalRevigwleteisbon nano
95(23); 236803. (2005).

3.1 1 ani, S.; et al ., AfMeasurement of the
el ectrons i n Nawrelshgsits 2(1@);r68#69.{2006)0 |,

36.Yyamacli, S.,; & Avci, M. , AA -met hod for
dependent quantum capacitance of carbon nanotubes using ab initio

s i mu | aRhysicarSsripta82(4); 045705. (2010).



157

Chapter 6

A Collection of Other Projects using Single

Walled Carbon Nanotubes of Known Chirality
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6.17 Introduction

Rayleigh scattering spectroscopy combined with the mechanical transfer of
carbon nanotubgslescribed irdetail in Ghapter 3 gave the Hone lab at Columbia
Universitya unique opportunity to create custom made devices with carbon
nanotubegCNTs)of known chirality placed with micrometer precision on a
substrate of our choosing. The first fewperimentsghat were identified that could
make use of these techniquesu®sed mainly on the ability of the Rayleigh
scattering spectroscopy to identdither ametallicor semiconductig single
walled carbon nanotubes (SWNT) for a specific projetile later projects were
discussed and are still being looked at that focledyson using this process for the
specific chirality differences between CNTs and how that effects their electrical
properties. The first two projects that utilized single CNTs of known chirality were
a highfrequency project using semiconducting CINWhile the metallic CNTs

were used in a single molecule transport project.
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6.21 High-Frequency Measurements on a Single

Semiconducting Carbon Nanotube of Known Chirality

The highfrequency project focused on transferring semiconducting CNTs
of known clirality onto a quartz substrate and using an tdigitated finger pattern
of palladium to increase the total current of the device for the electrodes with a thin
atomic layer deposition of AD; coupled with a local top gate made of gold.
Ultimately wewere able to make a device with one of these semiconducting.CNTs
Due to the parasitic capacitance of the dewieewere unable tobservea signal
higher than around 150 mega Heuizhich even back in 2004 was not very high
since at the time the besttdacquired showed a signal from the direct
measurement of the frequency response of a carbon nanotubeffieeldtransistor
up to 580 MHZ1], while indirect measurements using a resonant impedance
matching circuit that showed a frequency responseéaBRiz[2].) Since2004
research groups have seen direct frequency responses efETNsTof up to 80
GHz[3]. Figure6.lashows an optical microscope image of the folice.
Figure 6.2b showthe signal data from the device and the signal data frem th
dummy device (same structure as the actual device but without the CNT which is
used to subtract out the parasitic capacitance from the final data) in which one can

see a change from the two graphs only up to 150 MHz.



160

(a) (b)
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Figure 6.1a:An optical microscoe picture of a finished higlrequency device
involving a single semiconducting carbon nanotube of known chirdfiure

6.1b: The frequency response of the real high frequency device, and the frequency
response of the dummy device. There is an obsknggnal up to 150 MHz

before the parasitic capacitance drowns the signal.
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6.31 Electrical Measurements of a Single Molecule

Connected to Carbon Nanotubes

The single molecule transistor project, on the other hand, was wildly
successful in using sitgSWNTSs or bundles of SWNTSs as electrodesafor
molecule. Originally metallic SWNTs of known chirality that originated from the
Rayleigh and transfer process were usgthe source and drain electrodes for the
moleculebefore being deemed too valualdaed at that point ethanol growth of
long SWNTswhich consistecprimarily of bundlesof carbon nanotubesere used
instead of the SWNTs of known chiralityfhe project itself focused on taking
these long CNTs and cutting a smab 2m section of the CNTha placing a

single molecule in the gap to measure the electrical properties of that migcule

Transistors based on a single molecule has been a long sought goal of the
semiconductor industry in order to shrink the size of their#dlect transigirs yet
attempting to connect a nanometer sized object to macroscopic metallic leads is a
very challenging goal. One of the first big breakthroughs came in[59®Y a
research group at Yale University by Reed et al. where a gold wire on a flexible
subgrate was coated with benzehgl-dithiol to form a seHassembled monolayer
(SAM) on the surface of the gold wire. A mechanically controllable break junction

(MCB) would be performed which would leave the gold wire in two pieces. At this
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point one can $e a piezoelectric component to slowly bring the two pieces back
together until the first electrical contact is established, which due to the fact that the

two gold pieces are coated in a SAM the electrical signal would be from the SAM.

While this proces did yield electrical measurements on single molecules
there are quite a few problems that can arise from the MCB experiment. The first
is that it can be difficult to control the break which could result in multiple contact
points that are restablishd as the two gold wires are brought back together rather
than a single contact poinAnother is that the molecule might pkaced at an odd
angle between the two gold contacts and would thus develop a strain which would
change the electrical measuremeridaring the next decade a number of methods
were devised to create nasized gaps for placing molecules in to measure the
electrical properties, ranging from using a gold coatathning tunneling
microscopgSTM) tip and crashing it into a surface ceditwith the desired
molecules and measuring the electrical properties as the tip pulled away until
contact was brokef6], to using angled shadow mask evaporation to create a small
gap inbetween twaelectrode$7] in which a single molecule could be placed. All
of these processes share the issues with the MCB experiment mentioned above
What was needed was to limit the size of the leads and to create more stable and

reproducible gaps in which to place the desimedlecules.

Carbon nanotubes were first used as leads for organic magadhlas

pentacengn 2004[8] primarily by the Dai group at Stanford Universityhey
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used grocesof electrical breakdown on mulvalled carbon nanotubes first

devised a few gars earlier by the Avouris gro{§] in which using high currents
through the MWNTSs in air would eventually breakdown each shell in turn until a
gap ranging from-50 nanometers was created in the CNT. Organic material, such
as pentacene or DNAOQ], coud then be grown or placed in the gap to create a
molecular transistor. One of the biggest problems with this method of creating
gaps in CNTs for molecular electrical devices is that it is very difficult to control
the size of the gap reliably and reprothlly, and a number of devices would need

to be created to ensure a gap of the desired size.

The process at Columbia University developed between the Nuckolls, Kim
and Hone groupg!] focused on taking either individual SWNTs or bundles of
SWNTSs, coatinghem with a layer of PMMAand using standard electron beam
lithography to open a small 10 nanometer sized gap at which point a controlled
oxygen plasma step would cut & 2im sized gap in the CNT based on how long
the plasma was running. From here amaild use the carboxylic acid coated ends
of the CNTs to perform a dehydration reaction to form an amide linkage between
the ends of the CNThus creating a single molecular junction to perform electrical
measurements. Figuée2a shows aAFM image of acut CNT, while Figure 6.2b
shows a gate sweep of a finished de¥ioen before and after the cutting of the

CNT along with the electrical measurements of the molecule after reconnection.
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Figure 6.2a:An AFM image of the cut in the CNTFigure 6.2b: The gate sweep
for a finished device with sweeps for before and after cutting of the CNT as well as
the data for a single molecule after reconnection [4].
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6.47 A Hybrid C omplementary M etal-Oxide-

Semiconductor-Carbon Nanotubelnverter

Similar to the hot grail of carbon nanotube growth of being able to
selectively grow individual singlevalled carbon nanotubes with a given chirality
in a given location, there has long been interest in utilizing carbon nanotubes in
normal CMOS technology and integratifgen into computer chips both as
interconnects (metallic CNTsnd as a device layer for fie&dfect transistors
(semiconducting CNTS). In order for CNTs to compete with standard silicon
materials used for these purpgs@ase must acquire large bundlddaentical
CNTs of a given type (metallic or semiconducting) based on which process is
desired. As explained @hapter 2 at this time there is no known growth method
that will yield these resulsnd as suchresearchers have instead been looking at
how smaller samples of CNTs (individual or small bundles of mixed CNTSs) will
work with existing CMOS technology in order to extrapolate how well CNTs could
work in a realworld setting once the desired growth or selections methods present

themselves.

One citical issue in working with even a small number of CNTs in a
CMOS process is that the temperature at which CNTs grow is well above the

melting temperature for many of the metals standardCMOS chip[11],
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meaning the CNTs must be grown separatelythed added to an existing CMOS
chip. One of the earliest tests on CNTs on a CMOS chip was performed by the Dai
group at Stanford University in 200#2], but rather than using a standard CMOS
chip, one was created with metals (in this case molybdenutmdbll withstand

the growth temperatures of 876 that theyused in their experiment. Carbon
nanotubes were grown on chip to connect the various devices and largely
functioned as a demonstration of a scalable method for integrating CNTs and
CMOS chipswhich did lead to a large and still ongoing attempt to grow CNTs on

CMOS chips of specialized metdis3].

The other method for combining CNTs and CMOS technology is to grow
the CNTs on another substraa@d then transfer them onto the CMOS chip after
the growth. The primary method used for this process is to suspend the CNTs in
solution, sonicate and functionalize theand disperse them onto CMOS chips
which have target areas that will grab the CNiish as théielectrophoresis
method [15] describeih Chapter 3. This prockireis a scalable process for large
scale productionyet suffers from inconsistent numbers of CNTs in a given location
on the CMOS chip as well as breaking the CNTs into short segments due to

sonication.

The method developed ablbmbia University in the Shepard and Hone
research labs is one in which the Rayleigh scattering spectroscopy and mechanical

transfer method described@hapter 3 is used for semiconducting CNTs of known
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chirality to serve as a device layer in creatingraserter on a industry built
CMOS chip[16]. Due to the uneven surface of the CMOS chgshown in
Figure 6.3the transfeof the carbon nanotuloved difficult as the chip had
swings of many micrometers in height at which the CNT would rarelthgee

surface during the transfer and would often wash away.

Topography of CMOS chip

T ~1.5 pm

74

Target area for CNT to transfer

~3 um

Source Pad Drain Pad

Figure 6.3: A schematic diagram of the surface topography of the CMOS chip that
was used in the hybrid CMGSNT inverter device.

At the time of this project the mechanical transfer involvegbping a
small amount of PMMA through the back of the growth chip through the slit used
for Rayleigh scattering spectroscopy while the growth chip was in contact with the
target chip (in this case the CMOS chip) before then curing the resist and breaking
the two chips apart. Since the surface of the CMOS chip was so uneven the
PMMA that was dropped from the back had numerous directions to flow in rather
than sit trapped in the slit area of the growth chip and would almost always drag the

desired CNT away ith it. Due to the unevenness of the surface and the
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topography of the growth chips, we were forced to etch a smaller platform on top
of the growth chip that would fit inside the raised pads on the CMOS chip in order
to ensure contact of the CNT to thefage. Figure 6.4 shows a series of SEM
pictures that show the small raised platform and some carbon nanotubes grown on

it.

(a) (b)

1.0kV 12.8mm x900 SE(M) 1.0kV 12.8mm x2.50k SE(M)

()

1.0kV 12.8mm x2.50k SE(M) 20.0um

Figure 6.4ac: A series of SEM pictures to show the platform used to transfer the
CNT into the groove between the raised padgerCMOS chip.

In the end we were unable to successfully transfer a semiconducting carbon

nanotube of known chirality in the desired location (as shown in Figbiyebbit
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another single semiconducting carbon nanotube that did not go through the
Rayleighprocess was transferred into the desired location on the CMO&rdhip
by using standard electron beam lithography we were able to connect the CNT to

the existing CMOS pads and create a working inverter device.

1.0kV 10.5mm %300 SE(M

Figure 6.5: A SEM image of the CNT on ¢hCMOS chip [14].

A quick aside to the-beam lithography process is that writing on a CMOS
chip with an ebeam system is incredibly difficult as the metal underneath the
surface of the chip would cause massive charging requiring the use of a discharge
layer of around ten to 15 nanometers of evaporated aluminum (later removed after

the writing and before the developing step with a quick ten second rinse in NaOH)
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that could be grounded to the stage in order for t#bheagn writing to work
successfully. Tis type of discharge layer is also necessary when performing e
beam writing on a quartz substrate, and instead of evaporated aluminum one can
use the water soluble product called Aqua Sauee lead design was that of an
inter-digitated finger pattern coposed of palladium connected to Cr/Au pads to
increase the total current of the device on which a 30 nanometer thick layer of
Al,O3 was placed as a dielectric for a local top gate made of alumifigare 66

showsan optical microscope picture of theifhed device.

Figure 6.6: An optical microscope picture of the finished CMOST device [14].
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The device was far from ideal as the drain current did not saturate at the
biases we were able to apply to the device, as well as the fact that this ocess
scalable and was only intended for demonstration. Figdeec shows thdow
bias IV and a gate sweep of the GRET as well as theoltage transfer

characteristicef the hybrid CMOSCNT device

14
a b
( ) 12 94 ( ) Vgp=SmV
Veo o 10V
L O LT
! 0/ .,G" Txmpn
e}!’ Nz w Ray
- 08 e 9'50 j . 10€-7 Xy
< o & ~ g “x
B ob e/‘a/ /o«O 'YSG'W ] o L
7?0 v, =av '
o < 6 -
04 /a,c’ lO °_°,~ ] s
g W 0,0‘ V56=2V ¢ - _
& 875 27 o0 0% _ o4 7068 P
075 07 s:ge-—O V.. =0V
é Se 8=33:8$5 G
% gomo",c 004 006 0.08 o) 6 4 2 2 4 &
Vs VesW
(c) . oV, (high © Tow) ||
——V,, (low to high)
02 CH p-FET
N\
2 0.15
>§ =
0.1
|
0.05 /
Sin-FET
% 1 2 3 r 5

Figure 6.7a: The low bias IV curves of the CNFET for different gate voltages.
Figure 6.7b: The low bias gate sweep of the CIFRET. Figure 6.7c: The voltage
transfer characteristics of the final device operatingpat=/0.26 V [14].
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Future work is needed to create a device with better eleqgtricpértiesyet in the
end the device did works a proof of concept alryd CNT-CMOS inverter on a

standard CMOS chip.
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6.51 Photoconductivity on a Single Semiconducting

Carbon Nanotube of Known Chirality

Measuring the photocurrent in a carbon nahetis one of the prime
methods for studying the properties that are located in the near-iofraictd
regime where some of the lower energy optical transitions occur for carbon
nanotubes of moderate diameters. Previous experiments, as far back ag 2001 b
research group in Japan [17] and in 2003 by Levitsky and Euler [18], have focused
primarily on essentially measuring the photsponse of thin films of SWNTs as a
function of the energy as a proof of concept that SWNTs can generate a
photocurrent whea low source drain bias is applied in coordination absorption of
light in the infrared regime. At this time a research group, headed by Phaedon
Avouris at IBM, began to make photoconductivity measurements on individual
SWNTs in the same manner in an @i to look at the optical peaks for a single
CNT rather than an ensemble of various CNTs [19], and what was found was that
the photons from the laser would spark a transition that would create an exciton
that could then be broken by an electric field tzddy a small bias voltage on the

leads connected to the SWNT and a photocurrent could be measured.

Theproject that was carried out jointly at Columbia University and

Brookhaven National Research Laboratory involved using individual
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semiconducting sgle-walled carbon nanotubes of known chiral{fyom the
combined Rayleigh scattering spectroscopy combined with the mechanical transfer
described irChapter 3 were first identified by their and Q4 peaks in the
Rayleigh setup then transferred ontaoamalSi/SiO, chip. After standard electron
beam lithography created electrical leatsmposed of Cr/Au to create large
Schottky barriers to induce tunneling contaotthe CNT an experiment called
Fourier transform photoconductivity (FTPC) was carioeit to determine the
values of the spectral peaks for the &d E» transitions of the semiconducting
CNT, thus giving a picture of thegEhrough B4 and in some casesdalso from
Rayleigh scattering spectroscopy) excitonic peaks for the firstdima single

CNT [20]. This experiment also showed that mdiody effects in CNTs of small
diameter, where curvate effects are significant, caot be ruled out in that they

play an important role in determining the position of the spectral peaks.

The experiment itself consists of directing synchrotron radiation focused
with an optical microscope and combined with a Fourier transform spectrometer
onto the CNT device which is under bias to create a photocurrent. The beam from
the synchrotron will craa an exciton which will then be broken by the strong bias
on the source and drain of the FET device, aritth the semiconducting CNT
turned t o t,thephdtacdrrendcarpbe measuread. Without a very flat
6off & region i n Tttheehotwarnent wibbe tbst im the rangomC N
noise of the devicas well as any gate leakage above the single digit picoamp range

will result in measuring the photocurrent induced in the silicon of the chip itself
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rather than the CNTlnitially the incaming light was mechanically chopped at 100

Hz in order to check that there was no damping or shifting of the peaks due to the

RC response of the photocurrent circuit. The data was collected using a rapid scan

in which hundreds of scans were averaged tegdb form the final spectral image

(each scan would last for a few seconds as at that point the device would drift away
from the Aoffo region of the semiconduct.i
lost). Figure6.8ashows an optical microscope imageaafevice used in this

project; Figure @b shows a DC gate sweepthe FET device Figure 6.8c shows

the photocurrent of the device as measured at the arrow in (b) chopped at 100 Hz.

Figure 6.8d shows the photocurrent interferogram of the device.
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Figure 68a: An optical microscope picture of the device made from a single
semiconducting carbon nanotube of known chirality that was used for the
photoconductivity measurementBigure 6.8b: The gate sweeps from the DC
measurements performed on the deviegure 6.8c: The measured photocurrent
as a function of time chopped at 100 Heigure 6.8d: The photocurrent
interferogram of the devida8].

Figure6.9 shows the results of the experiménttwo semiconducting carbon
nanotubesin which one can sethevalues of the peaksom the photoconductivity

measurements red and those frortihe Rayleigh scattering spectroscapylack



