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Carbon nanotubes (CNTSs) provide an ideal mediuntefting the behavior of
one-dimensional electron systems and are promésngdidates for electronic
applications such as sensors or field-effect tetoss. This thesis describes the use of
low frequency resistance fluctuations to measuth the properties of the one-
dimensional electron system in CNTs, and the ggitgibf CNT devices to their
environment.

Low frequency noise was measured in CNTs in feftdct transistor (FET)
geometry. CNTs have a large amount of surfaceratative to their volume and are
expected to be strongly affected by their environinkeading to speculation that
CNTs should have large amounts of 1/f noise. Mysusaments indicate that the
noise level is in the same range as that of tawhli FETS, an encouraging result for
possible electronic applications. The temperategeddence of 1/f noise from 1.2 K

to 300 K can be used to extract the characteestargies of the fluctuators



responsible for the noise. The characteristic eagsr@lows for the elimination of
structural and electronic transitions within the Citself as possible sources of 1/f
noise in CNTSs, leaving the motion of defects inglage dielectric, or possibly
strongly physisorbed species, as the likely cudprit

Another form of low frequency noise found in CN$sandom telegraph
signal (RTS), which manifests as the alternatiamben two current states at a stable
voltage bias. In CNTSs, this phenomenon occurs dulee tunneling of electrons into
and out of the CNT from a nearby defect, and thosides a way to probe the
tunneling density of states of the CNT itself. Taeneling density of states in turn
provides information on the strength of the elattetectron interaction in CNTSs.
Due to the one-dimensional structure of CNTs thkgctronic state is expected to be
a Luttinger liquid, which should manifest as a po¥asv suppression of the tunneling
density of states at the Fermi energy. The pdawerexponent is measured in both
the temperature dependence and energy dependetieetahneling rates. In
agreement with theory, the power-law exponentgricantly larger in
semiconducting CNTs than found in previous expentsien metallic CNTs. The
RTS can also be used as a “defect thermometeroloepthe electron temperature of
the CNT. The effect of the bias voltage on thetetectemperature provides a means

to determine the energy relaxation length for tleeteons in the CNT.
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Chapter 1 Introduction to carbon nanotubes

1.1 Carbon nanotube overview

Carbon nanotubes (CNTSs) are hollow tube-shapedtstes with all of the
carbon atoms bonded together b§lspnds in a honeycomb lattice identical to that of
graphene. Conceptually, the CNT may be thoughsat single sheet of graphite
(termed graphene) curved into a seamless cylintikese structures were first
identified by ljima[1]. Initially the CNTs were ekesively multi-walled, meaning that
they consisted of several concentric cylindersufautesearchers were able to
develop methods capable of producing single-wallBd's of varying lengths[2-4],
and some CNTs have been grown that are centimatisgth[5, 6]. CNTs have
diameters from just under a nanometer[4] to dooémanometers[1] and hence have
very large aspect ratios.

CNTs are characterized by many impressive praggerindividually they have
extremely high mechanical rigidity and toughnesading to many hypothetical
applications for ropes and fibers[7], including thenous (or infamous) space
elevator[8]. Networks of CNTs have been found teehaumerous interesting
properties including the ability to form fire refsiat material[9] and liquid crystal
suspensions[10]. CNTs also have a powerful Van/deals attraction[11] with
surfaces allowing them to be used as an adhesiteriaidetween paint and

plastics[12].



One of the main interesting properties of CNTsnaigally and electronically
is that every atom is a surface atom, and is @pudally “in series” with every other
atom in the CNT. This could be useful for creatthgmical sensors that are able to
detect very low amounts of contaminants[13]. Ths® d&eads to concerns about
fluctuations and noise in CNTs[14]. CNTs can alsdunctionalized by many
interesting molecules[15], including DNA[16], inglnope of enabling bottom-up
construction of micro- and nano-structures.

CNTs also have fascinating electrical propertied tlerive from their
graphene origin, as discussed below. CNTs arerestmaiconducting or metallic[17-
20], depending upon the relative direction of tié¢TGaxis with respect to the
graphene lattice. Obviously this and their nanassale makes them a speculative
candidate for future electronics technologies,asuof now the difficulty of
producing, orienting and contacting the CNTs hawstl the realization of this
application. However, individual single electroartsistors[21] , high mobility
transistors[22] and other electronic devices haanlrealized using CNTSs.

In one dimension, electrostatic interactions betwelectrons are strong, and
the electrons form a correlated state termed thenger liquid[23-25] (LL). This
state of the electrons differs in many ways froat found in bulk conductors where
the electrons are able to re-arrange themselvdy e&aseduce the energy of the
interaction amongst them. This state should onigtex 1-D materials and thus

CNTs offer an excellent opportunity to study LL glos.



1.2 Electronic band Structure

The ability of CNTs to form metallic and semicorting devices derives
from the band structure of graphene[26-28]. As moaed above, CNTs can be
thought of as strips of graphene sheets that #esirop to form a seamless cylinder.
The CNT will have different properties dependin@uiits helicity and diameter.
Graphene is a honeycomb lattice, a two dimensioaghgonal Bravais lattice, with a
basis of two carbon atoms as seen in Fig. 1-1.dl$tance between nearest neighbors

in the carbon lattice is 0.142 nm.

Figure 1-1. Hexagon lattice for a graphene shdwt.Basis vectors are indicated in
the bottom left and a rolling vector for cuttingetbheet into a strip in the middle.

When rolled into a cylinder the strip would fornCalT.

Since the method of rolling the CNT up from a dirape strip determines the

properties of the resulting CNT, the vector thahofrom an atom to the atom it will



roll into is called the rolling vectoR = na; + may, wheren andm are integers anah
anda, are the graphene unit lattice vectors; this vealso defines the circumference
of the CNT. The strip is defined by the dasheddiperpendicular to the beginning
and ending of this vector as in Fig. 1-1. The restifolling up the sheet is shown in

Fig. 1-2.

Figure 1-2. A single walled CNT. This CNT has (nn(5,5), and is metallic (see

text). (courtesy R.E. Smalley)

The electronic structure of the CNT may be wefiragimated by starting
with the band structure for graphene[29] and qaandiit so that the electronic wave-
function is single valued around the circumfereatthe CNT. The quantization
condition isR<k=211 wherei is an integer ank is the wave vector. The result is that
the two-dimensional band structure for graphermiisalong a series of equally
spaced parallel lines to form a number of one-dsieral subbands.

The graphene band structure itself may be appm@tedaginear[29]:

E(q) = E i% (1.1)



Figure 1-3. Metal CNT band structure. Slices thtotlge band structure for graphene
that determine the band structure for a metallicfCNhe lowest two subbands are

depicted in the band diagram at right.

TE 00meV
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Figure 1-4. Semiconducting CNT band structure.eSlitirough the band structure for
graphene that result in a semiconducting CNT. [dhest two subbands are depicted

in the band diagram at right.



whereq =k - K is the wave vector measured from K@oint,y, the nearest-neighbor tight-
binding integral, and the graphite lattice constant. Thus bi@nd structure for graphene
looks like a grid of cones with the tips at thetios of the hexagonal Brillouin zone
as show in Figs. 1-3 and 1-4. Since the bands@wolys the Fermi surface at this
point, theK point, only those CNTs which haiReK =211 will be metallic. All other
CNTs will have a bandgap and be semiconductings ¢bindition can be expressed
asn - m= 3q whereq is an integer.

The values calculated via this method, e.g. thenFeelocity, band gap, etc.,
agree very well with experiment, especially fogkardiameter (d > 1 nm) CNTSs, so
we will use this approximation.

The dispersion relation of the lowest-lying subignan be written:

E(k)=+/22 + (av k)? (1.2)

where? is Planck’s constant: the Fermi velocity of graphene, afAd= O for
metallic CNTs, and for semiconducting CNTs

E, =2A= 2),a - 830meV
J3d  d[nm]

(1.3)

whered is the diameter of the CNT.

1.3 Electronic device properties

A field effect transistor (FET) may be constructeain a CNT by contacting
the CNT with two metallic (source and drain) eled#&s, and employing a third

metallic electrode, separated from the CNT by &didc, as a gate (Chapter 2 will



discuss some fabrication methods for CNT FETSs taije Experimentally, it is
difficult to determine the wrapping vector for amividual CNT. However, once a
FET is constructed from an individual CNT two typddehavior are observed,

which are identified with metallic and semicondaogtiCNTs[19, 30].

2.0x10"
1.5x10"
150 K
vV, =100mV
< 1.0x107 1
N
5.0x10°
0.0
[ I [ I [
10 -5 0 5 10

Vgate (V)

Figure 1-5. Current vs. gate voltage for a CNTiéhdf effect transistor geometry.

Fig. 1-5 is a typical data curve from a semicortithgcCNT FET. The current

depends strongly on gate voltage, being finitenfegative gate voltage (p-type FET

behavior) and dropping to near zero for positivie galtage. Metallic CNT FETs



show nearly constant conductivity vs. gate voltageof the work in this thesis was
done on semiconducting CNTSs.

In my dissertation | will explore low-frequencyeetronic noise in CNT FET
devices and the insights it gives about the bemafielectrons in one-dimensional
systems. In Chapter 2 | will present the basicSNT growth and device fabrication,
followed by an explanation of the experimental peta Chapter 3 | will review the
state of knowledge onflihoise in traditional systems and in CNTs. Thid piibvide
the theoretical and experimental background neéatedhapter 4 where | will
present the work of our group on the temperatupedeence of 1hoise in CNT
FETs.

Chapters 5-7 will investigate a different typda#&-frequency noise, the
random telegraph signal (RTS), in CNTs. RTS in Ckgsaulting from the tunneling
of an electron between the CNT and a nearby defddbe used to study the
Luttinger liquid state in CNTs. Chapter 5 williatluce the expected Luttinger liquid
state for electrons in CNTs, followed by previoup@&imental work on Luttinger
liquids in metallic CNTs and then a descriptiorpoévious work using RTS to extract
information on the correlated electron system afisenducting materials. Chapter 6
presents the use of RTS to determine the temperafihe electron system and the
energy relaxation length of electrons in CNTs. Gbap analyzes the gate-voltage
and temperature dependence of the RTS to extfacmation about the Luttinger
liquid state in semiconducting CNTSs.

The information in Chapter 4 and in Chapters 6-@urrently being prepared

in the form of two publications, respectively, ® $ubmitted to peer-reviewed



scientific journals. The material on room tempemtuoise in Chapter 4 has been

published.[31]



Chapter 2 Sample fabrication and measurement

Carbon nanotubes (CNTs) grow robustly in manyasituns where high
temperature and carbon meet. CNTs have even beémesized from heated plant
matter[32] (including hemp!). The details of narmgrowth are still not fully
understood but | will give a brief overview of th&in techniques used to grow
carbon nanotubes and then a description of the icaéwapor deposition (CVD)
method that was used to produce all of the CNTisatediscussed in this thesis.

Device fabrication consists of growing the CNTs)0,/Si substrates, and
using photolithography or electron-beam lithografBBL) to establish contact to the
CNTs with metal electrodes. Afterwards the compléI®\NT devices are placed in a

cryostat for measurement of their electrical prapsrat low temperature.

2.1 Growth methods

Synthesis methods for production of small-diamé&ergle- or few-walled)
CNTs share in common a source of atomic carboana-particle catalyst (typically
a transition metal or alloy of transition metal)d high temperature. Laser
ablation[3] and arc discharge[1, 4] both use grapas the source of carbon atoms. In
the arc-discharge technique, a high current betwemarbon cathode and an anode in
an inert gas, e.g. helium, creates carbon-contiplisma, and if catalyst metal is
added to the graphite electrodes, CNTs grow fromdroplets of metal coalescing

from the plasma. The laser ablation techniqueliresostriking a piece of graphite

10



with intense laser pulses. Again, the graphitenigregnated with transition-metal
catalyst to produce single-walled CNTs. One ofdrewvbacks of these techniques is
that the CNTs are generally produced in bundlegpgssed to individual CNTs. This
is a major drawback if one hopes to investigatectbetrical properties of an
individual CNT. The CNTs also must be removed fittvn growth chamber, put in a
liquid suspension or solution, and then spun orabipa before electrical
measurements can be made. The CVD method allows@Nde grown directly on a

silicon chip.

2.2 Chemical vapor deposition

Chemical vapor deposition is initiated by creativamo-particles of a metal
catalyst on the surface of an oxidized silicon qRip33] In my work, iron nano-
particles were obtained by dipping a silicon cmiferric nitrate solution and then
into hexane to force the ferric nitrate to pre@f®tout on the surface of the chip. The
density of the ferric nitrate is important for deténing the density of nanotubes that
will be present on the chip after growth, values @nge from 0.1 - 10@g/ml with
lower values typical for single CNT devices andhigigvalues used to obtain dense

films of CNTSs.

11



temperature controller  multi gas flow meter

coil

quartz tube

Figure 2-1. CVD furnace for CNT growth in the Fuhliaboratory. The flow meters
on the wall control the amount of carbon contairfegdstock gases through the
system. The silicon chips are placed inside thetgwabe and after the oven lid is
closed the coils heat the oven to 860for the nanotube growth. Image courtesy Y.

Chen.

After the chips are catalyzed, they are placed amjuartz boat and set in a
guartz tube oven; the growth recipe that | usemlined in Table 1. The oven (see
Fig. 2-1) is heated to 85C while flowing argon through the tube. At thiage, or
shortly after introduction of hydrogen during gromvthe ferric nitrate particles are

reduced to iron. Once the oven has reached itstBngperature, carbon-containing

12



feedstock gases (methane, ethylene) and hydrogeecthrough the quartz tube.
The ratio and flow rate of the gases (see Tablrd pdapted from the Dai group[34]
and have been optimized to produce long CNTs. hege the nanotubes will be
oriented along the direction of the gas flow, buterous exceptions can be found on
any given chip, including CNTs that form arcs, l@scor are perpendicular to the gas

flow direction.

Table 2-1. Typical recipe for CNT growth.

Growth Gas Flow Temp Time
Recipe (sccm’) (°C) (minute)
Purge Ar 730 Room 5
Temperature
Heat Ar 730 RT —650 15
Soak Ar 730 650 5
Heat Ar 730 650—730 2
Soak Ar 730 730 3
Heat Ar 730 730—3800 3
Soak Ar 730 800 3
Heat Ar 730 800—850 5
Soak Ar 730 850 10
H, 1900 850 10
Nanotube CH4 1300
Growth CoHa 36
Cool Down Ar 730 850—200 wait until cool

*sccm=standard cubic centimeters per minute

2.3 Locate and contact

The CVD growth method described above producestnaes distributed
randomly on the surface of the chip. The next sfdpe process is to create

alignment markers on the surface of the chips teesas guides for locating and
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creating contacts to the CNTs themselves. An atera process[35], described in
the next section, uses patterned catalyst and lihoigraphy aligned to the catalyst
locations. Photolithography is a more reliable gaatker process than EBL, but EBL
does have the advantage of allowing maximal fléixyhin creating devices of any
length up to the length of the CNT.

A standard e-beam process, depicted in Fig. 2a8,wged to create the grids
on the surface of the chip and is depicted in &i§. This involves spinning resist
layers on a chip followed by baking them on a Hate First the methylmethacrylate
(MMA) is spun on at 4500 rpm for 45s and bakedSfonin at 150C, and then the
polymethylmethacrylate (PMMA) is spun at 6000 rpm45s and baked for 5 min at
150 C. A modified scanning electron microscope (SEdhien used to create a
pattern in the resist layers; this is caused byetbetron beam weakening the bonds in
the polymer structure of the resist. After writitige chip is developed in
methylisobutylketone / isopropanol (MIBK/IPA) (3:fgr around 30 s to remove the
written areas. Finally the chip is placed in a wanwchamber where the resist acts as
a stencil mask for the thermally-deposited metatduo create the pattern. The two
layers of resist help create undercut; the MMA digye faster creating a tiered
structure seen in Figure 2-2e. The undercut segmthhe metal on the surface of the
resist from the metal on the SiGurface, allowing the unwanted metal to be removed
cleanly during lift-off. MMA is also more solubla iacetone which allows for better
lift-off after deposition. Lift-off is accomplislieby soaking the chip in acetone to

remove the remaining resist and the metal on tap of

14



Figure 2-2. E-beam lithography process. (a) Ne®iS¥ chip. (b) Chip coated with
MMA and PMMA (c) Section of resist exposed in tHeNs (d) After exposed section
is developed in MIBK. (e) Metal film deposited onig (f) After lift-off. (Courtesy

Tobias Durkop)
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Figure 2-3. Electron micrograph of the square atignt marker pattern (array of
small squares and symbols) and the electrodes(l&gtures leading off the edge of
the image) for the individual CNTs. The four largarkers in the corners are used
during the second stage to allow for proper aligrohthe two e-beam stages.
Nanotubes can be seen individually and forming siiaped patterns radiating from
clumps of catalyst in the top middle of the imagé &he extreme lower right

indicated by letters A and B.

The alignment mark pattern can be used to locat€San contact electrically.

The SEM can be used in this “find” step to locaa@atubes with reference to the

grid[36]. After the CNTSs are located relative te tlignment marks, EBL resist must
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then be spun and baked on the chip again and thputer assisted drawing (CAD)
program can be used to create electrode patteaharh referenced to the grid.
Typically the metal deposited on devices in ourugres Cr/Au with 1nm of Cr and
30nm of Au.

The EBL technique allows for creating metallicattedes at any given
separation (up to the length of the nanotube) wiran@ CNT is found near the grid
markers, this can be seen in Fig. 2-3. The devoeld be re-imaged after the leads
are made to make sure that only one nanotubetieijunction area, as in Fig. 2-4,
due to the fact that CNTs are often more visibterdfeing contacted by metal; some
CNTs may have been overlooked in the initial imgd®6] At minimum, two
electrodes contact the CNT. The heavily dopedailisubstrate under the Si@cts
as a third or “gate” electrode, creating a fielteef transistor (FET) geometry.
Satisfactory electrical contact to the gate cambee either by creating a scratch
somewhere on the surface of the chip and usindteasanic wire bonder to attach a
wire to the scratch or to silver paint placed om sbratch, or by contacting silver
paint that is touching the side of the chip. Theewonder is also used to make

electrical connections to the lithographically-patied electrodes on the chip.
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Figure 2-4. Close up image of a CNT under contddis.individual grid markers can
be seen as well as an extra tube that almost draateo-tube device. The devices
need to be imaged after creation to ensure thiagtetube was contacted in the

junction.

2.4 Georgetown technique

The entire process outlined above is called thed*and—wire” approach to
creating devices. If patterned catalyst is usesiiteddes can be created aligned to the
catalyst, where one expects the CNTs to be, amdttieechip can be inspected to see

if the CNTs were contacted by the electrodes. hsbeen called the “wire-and-
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find” approach, and was used by the group of PBalbara at Georgetown
University[35] to create some of the devices stddiethis thesis.

The wire-and-find technique utilizes a patterneaingh method that allows
for the growth of nanotubes only at certain logagion the chip. The other attractive
feature of the process is that it is done solebpwhotolithography which removes
the need for an SEM (costly apparatus!). The §itsp involves creating a
photolithographic pattern for the catalyst islanfise chip is then immersed in
catalyst solution, which can only reach the surfaicine chip through the
photolithographic mask. When the mask is removel acetone, the catalyst is only
left in small islands on the chip’s surface. Aftegowing CNTSs, another
photolithography step is done by aligning to thistfpattern. This step puts electrodes
down that are matched to the catalyst island lonatiThe electrodes for the CNT
samples used in this study were Pd/Nb metal. P tmégh work function and a good
wetting interaction with the tubes[37] so it is@od choice for FET devices, the Nb
was deposited to allow for superconductivity measwents done by the Georgetown

group[38].

2.5 Experimental Setup

This thesis concerns electrical measurements m@NT devices in the
field effect transistor (FET) configuration. Thencluctance measurements are made
in two-probe configuration which is acceptable gitke devices’ high resistances

(>100 KQ). It is also difficult to make four probe measusaits of nanotube devices
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due to their complicated interaction with conta@®] Commonly the electrons will
completely leave the CNT and enter the contact,imgatke flow of current through a
four-probe device more like three two-probe devioeseries.

The DC drain and gate voltages are sourced frolatenal Instruments
BNC-2090 data acquisition device (DAQ), as depidteHig. 2-5. The source current
is measured by an Ithaco 1201 current preampliflech converts the current to a
voltage that is measured by either a National imsénts board for telegraph signal
measurements or a Stanford Research Systems SP&&busn analyzer for low-
frequency noise measurements. The control of thev@ltages for the device and
gate bias and the spectrum analyzer and A/D board accomplished using
programs created in LABVIEW.

All of the measurements were done inside of a B&myogenics'He flow

cryostat. The accessible temperature range is 12325 K.
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Figure 2-5. Schematic of the electronic setup uiséke cryostat. The computer
controls the bias and gate voltages as well addheecollection parameters. For low-
frequency noise the spectrum analyzer is triggaretithe frequency span is set by
the computer, for telegraph signals the computarstan time series from the A/D
board.Vyiasis the bias voltage and.p in the current flowing from the source to the

drain.
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Chapter 3 1/f noise

1/ noise is the part of the spectrum at low frequesierthere the noise power
versus frequency approximately exhibitsdépendence. flhoise is found in such a
wide range of physical phenomenon that it criestouany people for a universal
cause. How can traffic flow and ocean tides andhoenic music all have flhoise
inside? However we are left with the simple faettttiespite its bizarre universal
presence no universal theory can account for it fA4@n more discouragingly,
instances where theory and experiment are ablestgerthe most satisfactorily occur
where the mechanism clearly is of a non-univeraglne[40].

For years ¥/noise in condensed matter systems was not comnstardyed.
This attitude prevailed up until the 1970’s whemsgpeople noted that, despite the
advances of solid state physics, it was difficalexplain the noise that appeared in a
truly simple circuit comprised of a metal film aad/oltage bias.[40] The spectral
current noise power of such a circuit has a wetlaratood frequency-independent
contribution from the thermal or Johnson noise titahinates at high frequencies,
however at low frequencies the noise typically bxkia 1f spectrum.

In this chapter | will explain the basics of nog®d introduce fhoise. Then |
will present a theoretical framework within whidrettemperature dependence of the
1/f noise can be related to the energy spectrum dfubtiators that are responsible

for the 1f noise.
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3.1 Introduction to noise

We first consider the circuit in Fig. 3-1 whichpilets a sample to be tested
connected to a current amplifier.

When the voltage bias is zero the frequency spectiithe voltage noise
across the resistor will be white (frequency indefant) and have a magnitude
proportional to the magnitude of the resistances fbise is called thermal or
Johnson noise and is caused by the thermally loiged velocities of the charge
carriers. It is found in any resistive element anchany other systems that can be
thought of as involving energy loss to a randontpss (e.g. water flow through a

pipe). Johnson noise is given by
S (f)=4kT/R (3.1)

Herek, is the Boltzmann constant aBdis the current noise power per unit frequency

(A%Hz), T is the temperature aflis the resistance.
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Figure 3-1. Noise circuit. This schematic illusésthe basic setup used for noise
measurements. The op-amp is shown in a trans-imgedaonfiguration which
converts the current to a voltage for the spectanalyzer to perform a fast-fourier
transform (FFT) on. The bottom graph is an illustra of the three main types of

noise to be expected in such circuits.

Once the voltage is non-zero two other types igenappear. One is called
shot noise and is caused by the finite size oktletrical charge, which leads to
statistical fluctuations in the current crossingraction, for example, electrons
moving through the leads connected to the nanatabwle. This noise is also white

and is commonly given by
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S(f)=2el (3.2)
wheree is the electron charge ahds the current through the device. The dominant
noise at low frequencies, however, will have farBquency dependence and its
nature is still poorly understood for the majotysystems.

Unlike Johnson noise or shot noise, there is n@egn that is derived from
physical principles that can predict the magnitafithe 1f noise in a conductor. A
strictly phenomenological equation that | will fresntly use as a tool was proposed
by Hooge[41, 42]

S, (f)=AV*F [ {* (3.3)
In this equation, known as Hooge's lay,is the voltage noise power {#z), A is
the noise magnitude (and is dimensionless as Isfitfdandz=1), V is the bias
voltage and is again the frequency where the noise is beingsuned. The quadratic
dependence of the noise on voltage indicates hleafiuctuations are not current
driven but are actually due tof fluctuations in the value of the resistance[40)obe
setA= /N, whereN is the number of carriers, to attempt to creaiaigersal
parameterd, for 1k noise where the size of the sample led to diffevafues ofA. If
Lis zero ana is one,( is dimensionless.

Hooge proposed thgtwas a universal quantity that would describe mihy
processes in simple metals and semiconductorgial lanalysis was heartening:
Many semiconductors showed valuegafear 2 x 10. Unfortunately it was found

that the value can vary greatly even amongst sanfaleicated in the same

25



batch.[42] Choosing the value Nfto use in the equation can also be difficult; it &
not clear how many of the carriers are particigpimthe noise process. It is also
hard to separate out the contact-dependent pastitve 1f noise. However the
guadratic voltage dependence and the inverse depeeaaf the noise on the number
of carriers (noise inversely proportional to théwwoe of the system) are commonly
observed in T/systems. Bulk conductors commonly have a noiseighaversely
proportional to their volume and gated transistans be seen to have a noise that
varies with the gate voltage, indicating that tnenber of charge carriers is
determining the noise magnitude.[43]

It should be noted that Hooge’s law is strictlepbmenological and that
many exceptions are knownf hbise processes can be current driven in some
systemsz may differ from one, and the noise can be a sarédfect in some systems,
removing theN dependence[40]. Furthermore it is obvious at seeng low
frequency the noise must stop following this bebraer the total noise power
integrated over all frequencies will diverge, whishunphysical. Hooge’s law does
however prove to be a useful tool in many situatiand will be referred to

frequently.

3.2 Semiconductors and transistors

Pure homogeneous semiconductor materials havedbedied extensively. In
semiconductorg values vary from 18to 10° for Si, Ge, GaAs and other common

semiconductors that have been measured.[42] Umiately the uncertainty for any
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given material is usually about one order of magietdue to variability between
samples. Assuming tha=0 and z1, we can see that the equation from Hooge, Eq.

3.3, becomes
— A2 _i 2
S (f)=AI%/f=21%/f (3.9)

which is a powerful way to parameterize the nowecbmparison purposes.
Measurements taken at different biases, currerfteguencies can be used for
comparing the magnitude of the noise.

In transistor devices a good deal of work has luksTe to discern whether or
not the source of the noise is fluctuations inieamumber or carrier mobility.[43]
Since the observable is conductance fluctuatiodscanductance is=pine, whergu
is the mobility and n is the number of carrierssihot immediately clear which is the
source (or if both are the source), but each assammakes a different prediction
for the way the noise should change with the gat@age. For number fluctuations
the value of¢ should vary with gate voltage but for mobility ftuations it should
remain constant. It appears that for many semicctods, n type transistors exhibit
number fluctuations and p type transistors haveiliypfuctuations.[43] In the next

chapter data and discussion will be presenteddootube transistors.

3.3 Basic noise model

Dutta and Horn present a theory that connectsnite commonly used model

for 1 noise with the energy spectrum of the fluctuatesponsible for the noise.[40]
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| will start off by presenting the relevant begingimodel and then will show the
modifications to it to make it more physically pslole. The process is outlined
pictorially in Fig. 3-2.

First | begin with the most basic of fluctuatdtse two-level system. A two-

level fluctuator will have a Lorentzian spectrunj44

S(w) U ——— a)zr 1 (3.5)

wherewis the angular frequency amds the characteristic time of the process. If we

integrate this function over a distribution of twexel fluctuators we get
S(w) Dj ;P(Oadr (3.6)

where Df) is the density of states for the fluctuators.clear up some confusing

notation,

D(r) =" D (E) =
dE (3.7)

D' (E)xd—E— D(7)

wheren is the density of electrons. The density of stetes operator that takes a

derivative with respect tB or 7, this should not be taken to mean that.
Unfortunately by varying the distribution of fluettors this equation can be

used to produce many kinds of frequency spectrd®suming that the fluctuators

are inhomogeneous, and in particular the they istaltited as
D(r)Or™ (3.8)

leads to a noise spectrum that is
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S(w)Ow™ 3.9)
We are now left with the problem of justifying thisstribution of fluctuators. A first
step is to think of the fluctuators as being caused thermally activated process.
Thenr=rexpE/ksT) and the required energy distribution would BEHp = const for
all energies. For example if noise in a semicotmuwere caused by trapping and
detrapping in the oxide, which modulated the cadansity, we would expect this
kind of thermally activated process. Thus if ovevide range of energies all trap
energies were equally probable, we would have aistant explanation.

Unfortunately these assumptions lead to a linepeddence of the spectral
noise power on temperature, which is usually nehse semiconductors (or many
other conductors, namely most metals). The fldtibigtion of the energies of the
traps also cannot extend to arbitrarily low anchhegergies, which will be the topic

of the next section.
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Figure 3-2. 1/f noise formation. This schematicidisphow the noise from many
two-level systems can be summed to creaté spectrum. The transform of the
telegraph signal from a two level system is a Ltriam, it has a flat spectrum
followed by a knee and then &Idependence. If these are summed over an

appropriate distribution of energies the resu#t Isf spectrum.

3.4 Theory for temperature dependence

A better model for noise would not force the dlsition of energies to be flat
for all values, a clearly non-physical requiremdid.correct the unphysical nature of

the assumption of an infinitely wide and flat distition of fluctuators being
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responsible for the noise, Dutta and Horn inseategectrum of two level fluctuators
that is limited in energy distribution. This alteom removes the strictly flhature of

the noise by creating an exponent that should raegeeen 0.8 and 1.4 and should
also vary slowly with temperature and frequency@s, The most significant result

is that the spectrum of the fluctuators can bectlyeelated to the noise power,

k. T .,
°—D'(E) (3.10)
w

S(w, T) O

whereE"=-kTIn(wrp). This is the first term of a Taylor series expanf Eq. 3.6,
with D" (E’) allowed to be a smoothly varying function of Hhis allows for the
observation of the energy of the fluctuator thategsponds to the noise features at a

given temperature through
E', = —kgT, In(ar,) (3.11)

This shows that a maximum at any temperature vaj és correlated with a
maximum in the energy of the fluctuatoks,. 7, is the characteristic attempt time for
the fluctuators of order 19 s (i.e. inverse of a typical phonon frequencyhe Th

term is of the order 30 for frequencies betweera®dd 100Hz. The exponent of the
1/f noise also varies with frequency and temperaturethe deviation from unity is
proportional to 1/In(&f 7,) and is therefore small and hard to measure exeetally.
Data from Dutta and Horn[40] is shown in Fig. 3rlallustrates the peak in noise
and then extracts a peak energy for the fluctuahaisare responsible for that noise

in Fig. 3-3c.
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Figure 3-3. Graph from Dutta and Horn[40] illustngtthe temperature dependence
of the noise in a Ag metal film. The line is thednetical prediction for the data and
the points are the experimental values. (a) Tha eshibits a peak in noise at a
temperature around 400 K. (b) The theory also pte@ small shift in the power of
the 1f dependence with temperature. The predicted shifoim 1f **and 1 %2 The
y-axis is the exponent, denoted as z in this cingp}erhis is the calculated density of
states corresponding to the noise data in (a).nbise peak corresponds to a peak in

the noise at an energy around 0.9 eV.

3.5 Previous results in nanotubes

Nanotubes present an interesting medium for shgdyf noise for several

reasons.[13, 14, 31, 47-49] The strongsmded carbon atoms in the nanotube
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lattice should not be able to move around eadliyieating a source of noise
commonly considered in typical bulk metals. Thearaater diameter of the material
presents the first straightforward opportunity teasure the phenomenon of ddise

in a 1-D conductor. The nanotube also has allsohibms as surface atoms, which has
led to the prediction that one-dimensional systehmuld intrinsically have morefl/
noise than their higher dimensional counterparis[dldnotubes also have a one-
dimensional current, so any contaminant or adsertbett interacts with an atom on
the tube is interrupting the flow of current. Imtest, in 3-D systems the removal of
a single atom in the bulk of the material will haveaegligible impact on the
conductivity of the device. Finally flhoise is considered to be a bulk effect in most
materials due to its lWdependence on the number of carriers in the systammmost
famous paper in the field is titled fINoise is no surface effect’[41] - but nanotubes
can be viewed as a material that is all surfaces has led to several papers on the
magnitude of the noise in individual carbon nanetdbvices and some of the
relevant past work will be discussed here.

The first work on nanotubefliioise was from the Zettl group.[14] Their data
indicated that the noise in the devices was stsooghnected with the total device
resistance for samples including bulk collectioh€NTs (3D), “mats” or thin films
of CNTs (2D) and devices constructed from individaraperhaps small bundles of
CNTs (1D). They determined thatR=10"'Q* which for typical single tube devices
gives a value foA of 107. This value is extremely high, four to ten ordefs
magnitude higher than that for most typical resstdhis led the group to conclude

that nanotubes may indeed be fulfilling the praditthat 1-D conductors would be
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unusually noisy due to all of the atoms being stefatoms. The paper attempted to
create an estimate fgtby taking the number of carriers as the numbetaoms. This
led to a value foy=0.2 which is 100 times as high as Hooge propésed
semiconductors, and up to 10,000 times as high esmmonly seen in high quality
semiconductor devices. This was further validatmrthe view that nanotubes (and
perhaps all 1-D systems) are exceptionally noigytle calculation of the number of
carriers as being equal to the number of carbomsiia the device is probably
inappropriate; it would certainly overestimate tdagrier number in semiconducting
CNTs.

In the next chapter | will present our group’suleson noise in hanotube

transistors, first at room temperature and thea fasiction of temperature.
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Chapter 4 Temper ature dependence of 1/f noisein carbon

nanotubetransistors

This chapter will present the results of measurgmperformed on individual
semiconducting CNTs in FET geometry. The most esttenmeasurements were
taken on two FET devices provided by our Georgetoaltlaborators; the fabrication
procedure for these devices is described in Ch&pter

In the first three sections | will present the lgsis techniques used to extract
the noise parameters. In section 4, | will desctif@eresults of the initial work done
by our group on CNTs in FET geometry at room terapge and all the data will be
from Ishigamiet a[31]. In the last section | will discuss the belwaof the noise
parameteyat temperatures from 1.2 to 300 K, and the impbeos the data has for
the origin of the X/noise in the devices.

As discussed in the last chapter, perfechaise would require a perfectly flat
spectrum of fluctuatorB(E) at all energieg. If this were true the pre-factgtin
equation 3.4 would show a linear dependence ondeatyre. However, if the
spectrum of fluctuator®(E) is smoothly varying, it results in a temperature
dependence for thefldoise with the same functional formB&E), as indicated by
equation 3.10.

All the data presented in this chapter (excepiiged.4 which is from a

separate set of devices) were taken on two CNTcds\rom the Georgetown group.
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The data for all the plots in this chapter was tee a 3 um long CNT with a
diameter of 1.4 nm and will be referred to in thesis as Sample 1. Data from the
second device only appears in the final resultention 4.5 and is also 3um long

CNT with a diameter of 1.9 nm and will be refertedn the thesis as Sample 2.

Table 4-1. Device Characteristics

Device Diameter (nm) Contact Metal Device Length
(um)

Sample 1 14 Pd/Nb 3.5 nm /215 nm 3

Sample 2 19 Pd/Nb 3.5 nm /215 nm 3

4.1 Noise signal

Several methods are available to determine theermarameter associated
with a given noise spectrum. As a reminder fromldsé chapter we want to

determineA where

S,/ (f)=Av?/t’

S(f)=A%/f’ 0
if 3=0. The two equations demonstrate the fluctuatoc@msbe measured as a function
of either electrical parameter, in this thesisabhgent noise is always being
measured. All of the data were generated on agpeanalyzer that simply performs

an analog-to-digital conversion of the incomingnsigand then performs a fast

Fourier transform (FFT) on the digital signal.
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Figure 4-1. Dependence of noise on current biasétator of the Hooge equation
plotted vs. current to check on the expected sguaependence of the noise. The

slope is 2.03 0.03 on data from sample 1.

As a first check to see if our data follows Hoagkaw, | will show that the
noise spectral power is indeed quadratic in curmhich is expected for resistance

fluctuations.

i:f/AP:Bf (4.2)
SI
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Eqg. 4.2 is a simplified version of Hooge’s law (B¢3) wherg3 = 0 andz= 1. A plot
of 1/B vs. current should display #hdependenc&his is done in Fig. 4-1 for sample
1 at 260 K and y=-8 V.

It is also useful to think about a form of Hoogksi®/ more suitable to

transistors,

S (f)=AI%/f’ %lz/fZ:le/fz (4.3)

C.V,/e
where the last step is applicable if the bias gdtes held constant and the gate is
varied in the linear regime of the transistor, st N=CsVc/e.

Next, | will turn to a careful examination of threquency dependence; i.e.
can the frequency dependence be described & [f/z varies from unity then the
constantA is no longer dimensionless, which means variatioh will depend on the
frequency of the measurement. In many of the spécttave taken at the same bias
temperature and bias voltage the exponent vaioes @.9 to 1.1 between scans at
different gate voltages, making it difficult to deée whether it is acceptable to ignore
the variation when trying to determine the prefesfoor {. Furthermore the data is

sometimes influenced by the presence of telegraptalswhose spectrum is

bl?

. £Y (4.4)
+| —
f0

where b is a constant. Hopefully the magnitudéhis moise is small, or a region in

S(f)=

frequency space can be found where its effectaegkgible. | will go through the
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data analysis methods that | used to try to gaifidence that the trends observed in

the variation ofA with temperature and carrier number are real.

4.2 Data analysis techniques

| attempted to analyze the noise spectra by senerthods described below.
Each method assumes a certain functional formhi®ispectra, and so may introduce
systematic errors in the dependence of the noesdgator on temperature. | will

discuss the advantages and drawbacks of each method

4.2.1 Power-law method

A first way to think about extracting the valuefofor a given noise spectrum
is to plot the noise power vs. frequency on a lmglot as in Fig. 4-2. Then the
slope d(Ir8)/d(Inf) gives the value af, and the value oAl is the given byg at f = 1
Hz. Since the value afvaries for different noise plots, the constans no longer
unitless. This may cause problems for the comparidgalifferent spectra; for
example, the temperature dependence would in pitendepend on the measurement

frequency. The value & is also very sensitive to the errors in the slope.
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Figure 4-2. Current noise versus frequency. Thddgglot allows for a linear fit to

extract the values of A and z for the spectrumeter 2.67x1¢ and z = -1.11

4.2.2 Inverse noise method

Another useful way to display the data is to piat reciprocal of the noise

power versus frequency as in Fig. 4-3. Since thigikl now be a proportional

relation if the exponerg= 1, the parameteX is straightforward to extract; the

reciprocal of the slope il°. The advantage of fitting the data with a linéhiat it

forces all of the plots to hawe= 1 and therefore have a dimensionl&s$his means

that comparison should be on a more equal footirte difference between this and
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the power law method, and a crucial factor to adersin fits in general, is that the
data will be weighted differently in these diffetenethods. The default for most

fitting programs is to assume that there is a @rigtercentage uncertainty in the
data entered into the routine. Taking the recigrot&he data without altering the

uncertainty will lead to different values for thesf

6x10°" 1

5x10%" 1
T=1.2K, Vbias= 0.1V, Vgate= -7.15V "

N
-

)

N
&
o

1/S (Hz/A®
2
6‘I\)

Frequency(Hz)

Figure 4-3. Plot of 1/SI versus frequency. Hereftaguency dependence becomes
linear and fitting a proportional relation to thata forces z =1. For this spectrum A =

1.36x10°
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4.2.3 Inverse noise plus telegraph method

Some of the noise spectra appear to have a Loaerdtke component, which
could be due to telegraph noise from a single @latr. If this is the case then it
would be desirable to account for the telegraphrdmstion by fitting a sum of the

telegraph noise spectrum and thiesplectrum to the data set[31], i.e.

AI2+ BI?

f ( f jz (4.5)
1+

| attempted this in the following manner. In titetlie value of the knee frequency in

S(f)=

the telegraph Lorentzian and the magnitude of tharid telegraph noise are allowed
to vary but the value fis fixed at 1. This is for two reasons: If thewalofzis
allowed to vary the fitting process commonly fadsconverge and the data needs to
be successfully fit over a large range of datatierexponent’s deviation from one to
be fit accurately. There is an additional diffiguihat, in introducing an additional
component of the noise in the fit, that there Wéla systematic reduction in the
magnitude of the 1hoise obtained in the fit (because the best fih&onoisy data set
will always include some positive Lorentzian terniigs. 4-4 and 4-5 show this
technique being applied to the reciprocal of thsepower and to the noise plotted

directly.
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Figure 4-4. A nonlinear fit for 1/noise versus fuegcy. The added telegraph term

has a knee at 10 Hz and its effect is best see¢hebfjts bend at low frequencies.
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Figure 4-5. Noise power versus frequency with dinear fit. Same data as for the

reciprocal fit Fig. 4-4.

4.2.4 “Show all the data” method

Because of the difficulties discussed for the rmdthabove, | developed a
new method that uses each data point of the specsuan independent measuré\of
that is shown in Fig. 4-6. For each point | deterera value of B = 1%/fS; this way
each data point in the spectrum produces a valub/Aanstead of the spectrum as a

whole. Then | can examine the dependenceAfla particular frequency on gate
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voltage and temperature, and determine whethee thex significant dependence on

the frequency.

1.4x107 1
1.2x107, .
— 1.0x107 = a)
8.0x10°_ .
& 6.0x10° {m"
<L 4o0x10°] ™A =
) 2.0x10°-
0.0 ,
1.0x10"
8.0x10° - b) L N
» s {= s " =
P 60x106 - L o

0 | 1CI)O | ZCI)O | 3(I)0 | 400
Frequency (Hz)
Figure 4-6. “Show all the data” plot. a) Spectruii noise from a CNT FET at a
bias voltage of 100 mV, a gate voltage of -8 V, andmperature of 150 K, shown on
linear-linear scale (main panel) and log-log s¢aiset). The solid line in the inset
indicates a slope of -1. b) Presentation of theespectra with the values
recalculated to give the value of the constaAt=1(I%/fS) at each frequency, as
discussed in the text. Colors indicate the valuineffrequency the data is taken at

and the points are separated by 1 Hz.
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4.3 Gate dependence

The observed gate dependence of the nanotubeiadisst plotted as A/

versus gate voltage. Since the graph is linearaasy to extract the value jofrom
C.\V, /e
AIZ/fZ:%IZ/fZ:ﬂ/A:GTG/ (4.6)

This dependence indicates that the transistortisarinear regime where the gate
voltage linearly increases the number of carrierthe nanotube. By comparing the
1/A vs. gate curve with the current vs. gate curvéign 4-7 it is clear that the current
is not linear with gate voltage while the inver$éhe noise magnitude is. This is an
indication that the data is described by Hoogels ks seen in Eq. 4.6 it is expected
that 1A o« N. This is also strong evidence that the fluctuatiare in mobility, not
carrier number.

Specifically, a model of random potential flucioas[50] that has been used
to explain the noise in short, Schottky-barrier-dlwated CNTs[51] predicts a much
stronger dependence ofAlénV,. Thus we can eliminate charge fluctuations in the
dielectric as a source of noise in our CNT devie¢$east in the linear regime.

Data were taken at different temperatures to deter the evolution of.
Another benefit of our use g@fis that it also compensates for changes in threskwid
voltage at different temperatures and for the ckandhe Fermi energy versus gate

voltage; this is due to using the rate of changé/afvs V;y as seen in Eq. 4.6.
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Figure 4-7. Reciprocal of the noise prefactor 1/K/fS (colored squares) and current
(filled squares) versus gate voltage for sample1sa K. Current data are taken with
drain voltage of 100mV. TheA/Mdata are color-coded according to frequency as in
Fig. 4-6. The open squares indicate the mean valu&# at each gate voltage, and
the dotted line is a linear fit to these pointse Btiandard deviation of the mean for
these points is smaller than the size of the sguased to indicate the mean value.
Note that larger B values correspond to less noise. A benefit oftipigtthe data

using this technique is that all of the data frév@ $pectra are presented.

The main benefit of the show-all-the-data metlsothat all the data from the

noise spectra can be displayed in&érsus gate voltage graph, and is all used to
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determine the value @ The method does assume implicitly that1, however the
value is predicted to only vary slightly even fon@n-constanD(E) as discussed in
Chapter 3. The particular frequency range doesigaificantly alter the magnitude
of the value of/. This can be seen by observing the color codintgetiata. The
frequency range chosen does not affect the valtigeatlope obtained from theAl/

vs Vg plot.

4.4 Noise in semiconducting devices at room tenipega

Two papers on Lhoise in individual semiconducting devices came ou
concurrently in 2006, one from Maryland[31] and teo from the IBM group[51].
Both papers revealed several significant aspediseofioise in CNTs and both found
that the reciprocal of the noise amplitude is Inedh gate voltage. In this section |
will explain the results of the Maryland[31] paerd both of the plots, Figs. 4-8 and
4-9, are taken from that paper.

Assuming that the transistor is in the linear megiwe again use Eq. 4.6. We
calculate the capacitan€q = c4L, wherecy is the gate capacitance of the device per

unit length L is the length of the CNT and, is the applied gate voltage. For our

. 2IE E . . . .
CNT devices,c, [1———=x with &g, the dielectric constant of the oxidehe
9 “In(2t/d)

thickness of the oxide ardtis diameter of the CNT.
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Figure 4-8. Noise data from Ishigaetial[31] Measurements taken on devices at a
range of lengths to demonstrate that the sourtieeafoise is the channel resistance
not the contact resistance. If the noise was b&ingced at the contacts it would be
expected that the low length limit would be domauthby a contact term, while the
longer CNTs would be dominated by noise from theTCNowever, the behavior is

linear over the entire range indicating that themsaurce of noise is the CNT.

After seeing that the noise parameté \ldries linearly with the gate voltage
as | have also shown for my data in Fig. 4-7, tkgeements verified that the noise
being measured in the two contact geometry is datadthby noise created in the

CNT and not noise from the contacts. This was diynglotting the quantit =
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cgL/eyvs. length for several different devices with ldrsgranging from 2 to 30m,
shown in Fig. 4-8. The linear behavior verifiestttige noise is coming from the
fluctuations of the length-dependent resistanab@CNT. The value fof obtained
from this is 9.%10°, comparable to traditional FET devices. This meaas
nanotubes are not excessively noisy; but since diodyave far fewer carriers than
normal semiconductors individual CNT devices wdlk largeA values. All of this
data was taken in ultra-high vacuum (UHV).

Data were taken on the same device in UHV and emlpressure to test the
prediction that physisorption of gases was a ptessiduse of noise in CNT. The
results of this indicate the reverse phenomenan tiwat expected if physisorption
were the source of noise: The CNT is actually moisi UHV as shown in Fig. 4-9. It
is important to remember when looking at the grtgatt 1A is the reciprocal of the

1/f noise magnitude, so larger values indicate |lessalse.
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Figure 4-9. Comparison of inverse noise amplitudevs gate voltag®, — Vi, for
the same semiconducting CNT device in UHV andiifram Ishigamiet al[31] at
room temperature. The amplitude of theridise in air is three times smaller than in

UHV.

4.5 Temperature dependence

Fig. 4-10a shows the temperature dependengdaftwo CNT devices.

Device 1 has a diameter of 1.4 nm, and Device 2atdiameter of 1.9 nm. The
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Hooge’s constang, whereA={ /N, has an exponential dependence on temperature
from 1.2 K to 150 K, with a change of about an ormfemagnitude, and is much less
temperature dependent at temperatures greatefl 8taK. As described in the
previous chapter, we can use the temperature depeaaf to gain information
about the density of states of the fluctuators éinatcausing the 1/f noise. This is
done by using the Dutta and Horn result Bat -In(2rfto)ks(T) ~ 0.4 eV forf = 1

Hz andr = 10" s (this value is introduced in Ch. 3 and Eq. 3.AhpT =150 K.

The noise versus temperature data then indicatdhé fluctuators responsible for
the 1/f noise are mostly at and above 0.4 eV. Thgaland Horn model also connects
the exponential dependence of the noise to an exp@ahrise in the density of states

responsible for the fLhoise.
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Figure 4-10. Noise vs temperature (a) Temperateperdence of the Hooge

parameter for two CNT devices. The data points are calcdlatging the slope from

<1/A> vsVg, as shown in Fig. 4-7. The significant upward ér&etween 1.2 K and

about 150 K is seen in both samples. (b) Distrdoubf activation energies of the

fluctuatorsD(E) responsible for 1hoise, calculated as described in text. Filled

squares and circles correspond to Device 1 andcBevr

(b)

espectively, in both (a) and

For another way to plot the data that allows foeasier identification of the

peak we can use a formula from the previous chapter

%L o(E)
w

S(w, T) O
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which means thaf /T is proportional to the density of states, sig¢e also a measure
of the magnitude of the noise. This is plottedig B-10b. This is the same data set
as in Fig. 4-10a, but this more clearly shows tuation of the peak.

It is not surprising to see a spread betweenvtbertaces for the different
samples, even though they were prepared identjaailly the same contacts and
similar lengths. Individual defect contributiong tbe two devices could be very
different, as random structural defects could \gaeatly between the tubes. The local
density of defects in the oxide should also plajrang role in determining the
strength of the fhoise.

The main feature of Fig. 4-10 is the pealDfk) atE ~ 0.4 eV. This feature
is responsible for the majority of the room-tempearm noise. The characteristic
energy scale allows us to rule out some possdslitor the source of the noise. The
energy scale is comparable to the bandga@.b eV andx 0.37 eV for Devices 1 and
2 respectively) and therefore we can rule out sdeat excitations (e.g. defect
ionization, etc.) within the CNT itself as the majwise source; such mechanisms
should have characteristic energies less than aaelew half the bandgap. As
discussed above, we also rule out potential fluina due to the motion of charged
defects in the dielectric. Structural fluctuatimigdefects in the CNT lattice itself are
also ruled out, as they have very high characterstergies. The energy 4510 eV
for Stone-Wales defect formation[52, 53] which ias one of the hexagons of the
lattice losing a carbon atom to become a pentagon.

Unfortunately the characteristic energy 0.4 eV does not provide enough

information to pinpoint what is causing the noiddowever, the fact that the noise
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magnitude is comparable to conventional MOSFETge&sitg that the noise may in
fact result from similar processes in CNT-FETSs, metion of defects in the dielectric
or at the dielectric/CNT (or dielectric/vacuum)arface. Still, other processes, such
as binding and unbinding of strongly physisorbedcggs cannot be ruled out; the
binding energies for Cand HO, for example, lie in this range[51, 54]. Thougir
measurements are carried out in helium gas witexénemely low partial pressure of
atmospheric components, it is possible that presheadsorbed water is still present
on the SiQ surface and could be responsible for the noise.

To summarize, we have measured the Hooge paramjéigrat temperatures
between 1.2 K and 300 K. The room temperature y&I360 K) ~ 10° we observe
is comparable tax( 7= 300 K) found in traditional FETs indicating that CNT-FETs
are not afflicted by inherently large noise at rommperature. | use(T) to estimate
the distribution of activation energies of the fuetors D(E) responsible for the
noise D(E) shows two features: a rise at low energy withcharacteristic energy
scale, and a broad peak at energy of order 0.4 B using the theory presented in
Chapter 3, | determined that the latter featunesponsible for the room temperature
noise. Electronic excitations and structural fiattons within the CNT itself can be
ruled out as the source of this feature. Fluotunatiwithin, or at the surface of, the
amorphous dielectric are likely responsible for them temperature flhoise in
CNT-FETs on Si@ though some physisorbed species (ef,HCO,) have similar
binding energies[54] and could be responsibleHerrbom-temperature noise.

To further test whether the noise is coming frbwa dxide, the oxide layer

under a CNT could be etched away. A particulatyminating experiment would
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create four leads on one CNT, measure the noigeitwo devices created this way,
and then etch out the oxide under one of the devilieis would eliminate tube to
tube variation and make sure that the etching gode&n’t damage the CNT. Other
possibilities include testing devices on differsabstrates and treating the surface
with chemicals that should passivate the trapbersubstrate.

As a result of the work here at Maryland[31] aB#M[51] it is now clear that
semiconducting CNT devices have a noise level semyar to that of traditional
semiconductors. The value fprs in line with many other materials and devicey]
the high values foA obtained by early experiments[14] was merely alicator of
the small number of electrons in the material,aroindicator of an extraordinarily

noisy material.
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Chapter 5 Introduction to 1-D physics and telegraph signal

CNTs are an ideal laboratory for studying one-disienal (1-D) electron
behavior. This behavior is expected to differ frthrat in three-dimensional systems
due to the inability of electrons to re-arrangentBelves to minimize electron-
electron interactions.[55-57] This chapter will bely motivating the need for a new
description of the electron state in CNTs. Theuilitintroduce the technique we
intend to use to study the phenomenon in semicdimdu€NTs. The chapter will
conclude by explaining how the hysteresis in CNEkes it possible to uncover the

state of the electrons in semiconducting CNTSs.

5.1 Drude and Luttinger

The initial successful description of electronsatids was produced by
Drude[58, 59]. This model for electron behavionemsss that the electrons do not
interact at all with each other, termed the indeljgem electron approximation. In fact
it is assumed that the electrons only interact withion cores through hard core
scattering processes, resulting in a charactessttiering time and length for a given
conductor. This assumption proves to be very gooanost metals where the
distance between electron-electron scattering ewart be in the millimeter
range.[59] This is the origin of the term electgas, since the electrons are behaving
like gas molecules in the ideal gas model. Thetamdof another electron, for

example through tunneling, to the electron ga®ssiple at the energy of the highest
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occupied state, as the other electrons will edoslpable to re-arrange themselves to
eliminate interactions. This means that there ao#ted states present just above the
highest occupied electron state; there is no engagyin the density of states for
adding an electron, termed the tunneling densistates (TDS). Superconductors
are a good example where electron-electron interactesult in a correlated electron
state which exhibits an energy cost to add analestron to the system; adding an
unpaired electron to the superconductor requira@sgithe electron an additional
energy above the energy of the highest occupied.g8] It is important to keep in
mind the distinction between the density of st&és) for the system and the
tunneling density of states (TDS). The TDS meastive€nergy distribution of
excited states for the sudden addition of one mladb a system initially containing
N electrons, i.e. a transition frofh— N+1 electrons, while O¥) corresponds to the
energy distribution of single-particle states afyatem withN electrons. For non-
interacting electron systems the two densitiegaies are equivalent, but for
interacting systems they can be very differentis Thapter will deal will almost
exclusively with the TDS and not BY for electrons already in a system.

It may seem obvious that there will be situationghich ignoring the
electron-electron scattering is no longer feasiBlainking the number of dimensions
in the system should begin to cause problems todheept of the electrons being
free from interacting with each other. A first mfscktion of this theory is the Fermi-
Liquid theory[59, 61, 62]. In this theory the elexts do have some small interaction
with each other; however, it is assumed that titesraction can be treated as a small

perturbation to the original free electron gasestaT his results in the requirement of
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using an effective mass to calculate the new waatevs and energies, but the TDS
is still free-electron like; there is a one-to-aw@respondence between non-
interacting electron states and the new interacgugsiparticle” states.

In one dimension it seems reasonable that thisoapp should fail. The
electrons will have to interact strongly with eaxther as they are confined to stay
along the line defined by the 1-D conductor. Irs thituation Tomonaga and Luttinger
predicted that the electrons would form an intengcelectron state where the
perturbative terms used in the Fermi-Liquid thewould diverge[63], this state is the
Luttinger liquid state[55-57] (Tomonaga actuallygonated the concept of the new
state, but only for a restricted set of conditidngtinger showed that it should occur
in any arbitrarily weakly interacting 1-D electrsetate). The Luttinger state was first
described in the 60’s but no experimental attertgpteeasure the signatures of this
state were successful (or at least published) L8856 for constricted AlGaAs/GaAs
heterostructures[64-68] followed closely in 19989 @NTs[69, 70].

As opposed to the independent electron assumgehaps visualized as a
few ping-pong balls bouncing around the Grand Canttee Luttinger liquid model
could be thought of as the executive desk toy, e/leach electron knows exactly
what the rest are doing, as depicted in Fig. 5kls Will obviously create a different
TDS spectrum than in the previous model, as eadireh will have formed a
coordinated lowest energy with all the other el@tdrin the system and each electron
will have to be disturbed in order for an extrecaien to enter the system. The result

is that a finite energy is required to add an etecto the system; dt=0 it is
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impossible to add an extra electron to the systeexactly the Fermi level, and the

TDS has a power law behavior.[63]

Drude model Luttinger model
® o e ofmmhe
o 1D e-e interactions

3D no e-e interactions

Figure 5-1. Drude vs Luttinger. This is a visuapidéion of the electron behavior in
the two different models. In the Fermi gas the tetets act independently from one
another, but in the Luttinger model electron-el@ctinteractions should cause a

bosonic state to form that would alter the physicthe system.

This power-law behaviof,DSE) « (E-Ef)® is depicted in Fig. 5-2. This can
be measured experimentally in a tunnel junctionvben the Luttinger liquid and a

Fermi liquid or another Luttinger liquid; such aagtion shows a power-law behavior
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for the zero-bias conductivity versus temperatue @ifferential conductance bias

voltage[63],G(T) « T* and dI/dV « V °.

E=E, E=E,
m m
)] 7))
A A
= =
Energy Eneray
Fermi gas Luttinger liquid

TDS(E)~(E-E)*

Figure 5-2. Tunneling density of states. The leftplp depicts the availability of TDS
just above the Fermi energy in a system descrilgdeebmi statistics. On the right is
a graph of the TDS for a Luttinger system, withctsracteristic dip at energies near
the Fermi Energy. This TDS leads to tunneling oletgles for the zero bias
conductivity versus temperatu@T)~T“, and for the conductivity versus bias

voltage, d/dv~V“.

There is a further complication for determining ffDS. The unitless

parameten that describes the experimentally measurable tsfiecetermined by the
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interaction parametey; a unitless variable that describes the amouateaftron
interaction in the systeng.should always be the same for a given one-dimaatio
system, butr depends on the geometry of the experiment, i.ethen the electron is
tunneling into the “end” of the one dimensionalteys or the “bulk”. This will be
illustrated in the next section where | descriteitiitial experiment on the Luttinger
state in CNTs. g ranges from 1 to 0 with smallduea indicating stronger

interactions.

5.2 Previous measurements in carbon CNTs

The original measurements performed on the Lugtirsgate in CNTs were
performed by Bockratht al[69] on metallic CNTs in two different geometriesetal
electrodes on top of or below the CNT. The sigatfice of doing this is that different
tunneling behaviors are observed for the two cdrdiications. When metal leads are
first placed on the chip and then CNTs are placetbp of the leads, the device is
referred to as having bottom contacts. This corgaommetry usually results in higher
contact resistance due to a weaker coupling bettvee@NT and the metal contact.
In essence the CNT is just resting on top of theatielead. This results in the
electrons having the opportunity to tunnel into payt of the CNT that is lying above
the contact, or the “bulk” of the CNT.

When the CNTSs are first placed on the chip and thetal leads are created
on top of the CNTSs, as in the devices used inth@sis, the devices are said to have

top contacts. In this situation the presence ohtle¢al electrode “cuts” the CNT
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electronically; electrons in the CNT impinging ¢retmetal electrode have essentially
zero probability of continuing under the electradéhe CNT. Thus the electronic
current from electrode to CNT essentially remamisrely within the metallic lead

until it is forced at the last moment to exit tkad and tunnel into the CNT, and the
geometry approximates tunneling into the “end”had tuttinger liquid. This picture

is born out by low temperature measurements othiaeging energy of devices in
both configurations[71, 72]; CNTs with top contalsts’e energies determined by the
length of the CNT between the leads while CNTs Wwitkitom contacts have a
charging energy determined by the entire lengtih@{CNT. The equations for the

exponent in the two different geometries are[73, 74

1,
o =9
14 (5.1)
7+g—2
g
a =
bulk 8

As a result of performing both temperature depeh@&sro bias conductivity
vs. T), as in Fig. 5-3, and bias voltage depen@#idV vs. Vyia9 measurements on
CNTs of both geometries; Bockraghal. were able to extract values for the
exponents in both geometries= 0.3-0.4 and.nq= 0.5-0.7. The values are in good
agreement with theory which predigts: 0.28 and,yx = 0.24 andieng= 0.65. Fig 5-

3. is a plot from Bockratbkt al[69] depicting the power law behavior of the
conductivity, which allows for the extraction okthalues for and g. Later
experiments were able to see this behavior in etbssetallic CNTs[25, 75],

providing another example of bulk tunneling. Anatbgperiment with a kinked
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metallic CNT[25] saw behavior of end-end tunnelirgm one 1-D system to

another.
a T T b T —— T
1 , i )l-()( OOC'} ] . ,
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Figure 5-3. Plot from Bockratét al[69] showing the Luttinger liquid dependence of
the conductance G against temperature T. The plth@left shows tunneling into
the bulk with the leads under the CNT and the piothe right shows the opposite
scenario with the leads on top. The effects ol¢ad placement are discussed in the
text. The log-log plot shows the power-law depemeesxpected for Luttinger
liquids, with the solid lines representing the data the dashed lines taking into
account a correction for Coulomb charging at lompgeratures. Open circles in the
inset indicatex values for end contacted samples and crossestedialues for bulk

contacted samples.
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It might not be obvious why attaching 3-D metaléads to a metallic CNT
results in a tunnel junction even at high tempeesuThe exact nature of the barrier
in these and many other experiments on CNTs remaidear. However, the fact
that some processes can produce contacts withrranfost no) barrier[37, 76, 77]
indicates that the barrier is an extrinsic propeftynetal-CNT junctions. Itis
fortuitous that this accidental barrier has goaapprties for studying the energy-
dependent tunneling into CNTSs; the barrier itsalistrhave relatively energy-
independent transmission.

Unfortunately semiconducting CNTs can’t be studisthg the same
techniques. Semiconducting CNTs form contacts whrehmore complicated than
metallic CNTSs, although a direct measurement invékie of Bockrathet al has been
tried on multi-walled CNTs[78]. Schottky barrier§]/may form for semiconducting
CNTs and have temperature, bias-voltage, and gatage dependences of their
own. Semiconducting CNTs also can be doped by geambitaminants. This doping
level will also have its own temperature dependembese effects will mask the
possible Luttinger effects on tunneling dependeibe.rest of this chapter will set
up a path to avoid the need to consider metallntaszis for probing the Luttinger
liquid in semiconducting CNTSs.

Other experiments have also measured the Luttipgiemeter with
photoemission studies on bundles of CNTs[70]. WWhatissing is a direct method of

measuring the tunneling in a single CNT device auttmixing in the effects of the
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contacts. In the next two sections | will outlin@ahtelegraph noise and hysteresis in

CNTs allow us to observe the tunneling of individeigctrons into the CNT.

5.3 Hysteresis in CNTs

Many semiconducting CNTs in an FET geometry shgstdresis in the
current versus gate voltage curve.[80] This effext been used to make memory
elements from CNT devices and, since it involvesttansfer of electrons from traps
to the CNT, it is a useful tool to study tunnelingp the electron system of the CNT.
First I will discuss how it was used as a memonyickeand how that indicated it

could be used for my purposes.
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Figure 5-4. Semiconducting CNT hysteresis. The depiction of the stages of
hysteresis in the I-ycurve for a CNT-FET. The charge traps around tN&-EET

act as an additional gate for the circuit, andrtlogig life creates a memory effect for
the current state of the device. As can be sete ifjate voltage is swept to a
negative value, holes will be present in nearbgdréf the gate voltage is returned to
zero then the current will be suppressed by tHd @eeated by these traps. The

opposite effect is seen if the gate voltage is $wepositive gate voltages.

As can be seen in Fig. 5-4, there is a large hgsi®in the |-\ graph for

CNTs. To think about what the source of this migdtt is useful to think about the
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strength of the electric fields near the CNT whategroltages of -10V are applied to
one of the devices.

E=V,/KR In(p,/p) (5.2)
Wherep ~ 1 to 2 nm is the CNT radiugy ~ 500 nm is the dielectric thickness, and
K = 3.9 is the dielectric constant of SiQhis gives us field strengths in the range of
0.1 to 1 V/nm which is on the order of the breakddigld of SiQ (about 0.2 V/nm,
but varies depending upon quality and growth tegpinifor the Si@). This suggests
that a likely explanation for the hysteresis isrgeareordering from traps near the
CNT to the CNT.[80] It might be thought the chargarrangement occurs between
two traps near the CNT and not actually with theTGtdelf. However, this would
result in the hysteresis loop having the opposge: $ositive gate voltage increasing
the threshold voltage indicates that the electempsactually entering and leaving the
CNT. If the hysteresis were due to charges moviogftrap to trap in the substrate
we would expect the opposite sign for the hysteriesip.[80]

In effect, the moving charge is acting as an egate voltage, meaning that
the field the CNT is affected by is not just thapked through the gate, but also that
created by the charge dislocated from the trapss. Mleans that the hysteresis is
caused by a number fluctuation. If instead the ggsmoving around created a
mobility change by altering the scattering prodaskie CNT we would expect a
completely different type of behavior to be seethml-Vy curves. Instead of having
a horizontal shift of the curves, the thresholdagé would remain constant and the
conductivity would shift up and down as the movalgrges altered the mobility of

the device.
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This can be used as a memory device by placingdteevoltage a¥;=0 since
the current state will depend upon whether the galtage was ramped up or down
to get to that point.[80] The high current and lowrent states are both very long
lived (~10,000s) another important attribute faonamory bit. The state can be
written, erased, read and rewritten repeatedly.

The important part of the story for my thesishiattthis hysteresis implies that
there is tunneling occurring between two differeamber states of the CNT, and that
if this tunneling happens on an appropriate tirsesee can measure the tunneling
rates to gauge the TDS in the CNT. This will barahcation of whether the
electrons in the semiconducting CNT are followihg tuttinger liquid or Fermi gas

model.

5.4 Random telegraph signals

If the bias voltage and gate voltage are left taoms the same tunneling that
results in hysteresis can instead give rise todam telegraph signal (RTS) as in
Fig. 5-5. This means that the system switches badkforth between (hopefully two)
discrete states. These sorts of signals have Isszhin the past to understand the
behavior of other novel electron systems.[81] Hewdl discuss the concepts
necessary to proceed from the observation of astat® RTS to an understanding of
the TDS in the CNT.

In particular RTS has been used to discern tharelgic state of a transistor

built from a two-dimensional electron gas (2DEG][&1ith an electron assumed to
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be tunneling from a defect to the two-dimensiores which allowed for the
confirmation of the theoretical prediction for thlectronic state of the electron
system. This experiment by Cobdetral[81] was a direct inspiration for the work in
the next chapters of this thesis, not only dudéirtuse of telegraph signal to provide
insight into the electron system of a novel matebat also in terms of understanding
the evolution of the TDS with temperature. In thiB system the TDS at the Fermi
level exhibits a maximum and follows a power lavihndgor with an exponent of
about -0.8, i.e. the tunneling rate is proporticoaE:-Eg) *2. This is very analogous
to the Luttinger liquid case where the TDS vanishiethe Fermi level as a power
law, so it provides an immediate starting pointtfoe theoretical analysis for the

semiconducting CNT situation.
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Figure 5-5. Previous RTS experiment. Taken fromdeolet al[81] )4 and)s are the
rates for each stateg 5 the donor level and: s the Fermi energy. The upper left
image depicts the effect of shifting the gate \gdtan the relative energy between the
defect and the Fermi energy and the semiconduther upper right image depicts the
telegraph signal for a single gate voltage, theagetime in each state is used to

determine the transition rate. The data at theobotlepicts the rates for the switcher

at two temperatures, as described in text.

71

6.66 667



In Fig. 5-5 the lower left plot shows the datadadevice at 1.2 K. The

detailed balance equation for a system at theronalilbrium is

A
Y

— [_(Ed_Ef )/kT]
=€ (5.3)

Here )4 and s are the rates for each state (the reciprocaleofitban lifetime for each
telegraph statef4 is the defect energ¥; is the Fermi energy andis the
temperature. The straight line in the log plot shalae ratio of the rates for the two
states, this indicates that the system is at thieemalibrium with the defect and that
the gate voltage is shifting the energy of the cief@bove this is the plot of the

individual rates for each of the states.

y, = 21/ h)DA* f (E,)
¥, = 27t/ ))DA?[L- 1 (E,)]

(5.4)
HereD is the density of states adds the tunneling matrix. The data is fit using
Fermi statistics and Fermi’s golden rule shownan &E4. The lower right plot shows
data at 0.5 K where the system is no longer obelyargni statistics and there is an
enhancement of tunneling at the Fermi energy. alasvs for the extraction of
information about the amount of interaction of éhectron system in the
semiconductor by fitting the data to a theory fae behavior of electrons in a 2DEG.
For nanotubes, | will insert a theory for tunnelintp a Luttinger liquid in Chapter 7.

In CNTs telegraph signals have been observed emus groups[80, 82]. It

is not essential that these traps are locatedeimxide as depicted in the figure; they
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could also be in contaminants adsorbed on thesidathe chip, although the field
strength is perhaps circumstantial evidence suggettat they are in the oxide. As
suggested above there are two reasons to suggesehtunneling is actually
occurring between the CNT and the defect: firs,électric field is strongest closest
to the CNT, and second, the sign of the hystetess indicates tunneling to and
from the CNT. In this experiment we observe gatéage dependent tunneling rates
that follow that predicted for transition of an@l®n between two states in thermal
equilibrium.

To make this study we need a sample with a defilbtenergy close to the
Fermi level of the CNT and only one such defecthéfre are several active defects
the switching will be amongst many states and becomch more difficult to
interpret.

To discover whether a fluctuator can be isolakeddevice is cooled to the
base temperature, 1.2 K, where the fewest defaotdd be active and the gate
voltage is swept slowly. As the potential of theéeg¥, is varied, the defect energy,
Eq, is also varied with respect to the Fermi eneEgyof the CNT. At some gate
voltage switching of the current between two diszstates may be observed, as seen
in Fig. 5-6. These gate voltages cannot be chakead of time since the technique
relies upon defects that are intrinsic to the devibey are not designed by the

experimenter.

73



140 Jagomn
2 [
£ 1304 f 7
= /
()]
=
3 120-
T=10K
V., _=10mV
110
I T I T I T I
9.0 85 8.0 75
Vgate (V)

Figure 5-6. Segment of an I-Vg curve taken on a GRT. Since the device was
swept in both directions the hysteresis is visibleere are two regions in the image
indicated by the arrows where two-level switcheesactive, the left one of these is

further investigated in the later chapters.
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Chapter 6 Random telegraph signalsin carbon nanotubes
and their use as a defect ther mometer

This chapter will characterize random telegragimais in CNTs and show
that the signals may be used to extract the ele¢ctnmperature in the CNT. The
dependence of the electron temperature on biaagels used to extract the energy

relaxation length, in the CNT.

6.1 Random Telegraph Signals in Carbon Nanotubesistors

The initial goal is to find a region of gate v@&ain which the current displays
clear switching between two and only two states;that appears to be influenced by
only a single two-level fluctuator that can be stddn isolation over a range of bias
voltages and hopefully temperatures. The bestuator | was able to find showed
consistent two-level behavior from 1 mV to 100 nmvbias voltage and from
temperatures from 1.2 K to over 80 K. This was amgle 1 from the thoise
section 4.5 and has a length gii® and a diameter of 1.4 nm.

Fig. 6-1 depicts a section of &V curve indicating the presence of a two
level fluctuator. At more negatiwg, it can be seen that the system prefers the high
current state with occasional switching eventditolow current state. At
intermediate gate voltages (-8.2%/g< -8.18) both states are nearly equal in
occupation probability. As the gate voltage is stvapre positive the lower-current

state is favored.
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Figure 6-1. Small section of the current versusags curve for a two level
fluctuator. To visualize how the data was taken M@eaquire a third axis for time to
be shown at many of the gate voltage locationsarntobviously be seen that the
system is switching from preferring one state ®ather with a section in the center

where both states are nearly equal in occupatiobgtility.

This behavior suggests that the gate voltage cisritie defect energy with
respect to the Fermi energy of the CNT, which a#félce probability of finding the
system in one state or the other. This allowwdetrelop a model for the gated

defect-CNT system, as depicted in Figure 6-2 AkCthis model, the defect lies in
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the gate dielectric between the CNT and gate @detrclose enough to the CNT for
tunneling to occur. In Fig. 6-2A, whafyis lowered (corresponding to higher
electron energy, or arise in Fig. 6-2A), the detdemical potentiak, is raised
relative to the CNT chemical potentil. Likewise, when th&is raisedFq is
lowered relative té&cr. Thus the gate electrode controls the differenahemical
potential of the defect and CNT:

E, - E; =-nelv, -V,,) (6.1)
whereVy, is the gate voltage wheEg equalsEr andn is the dimensionless gate
efficiency which represents the ability of the gadétage to move the defect potential
with relation to the Fermi level in the CNT. Tha@afficiency is less than unity due
to the capacitive coupling of the CNT and defedh®gate, source and drain.

Within this model, we identify the switching evebistween two states as the
stochastic process of electron tunneling betweerdéiect and CNT. We can
analyze this process by recording the currentfaaetion of time. Fig. 6-2D-F |
shows data for the same RTS depicted in Fig. 1nbwtthe gate voltage is kept fixed
while the current is recorded as a function of tinreFig. 6-2D,Vy- V. Is negative,
so the defect chemical potential is higher thanctiemical potential of the CNT,; this
corresponds to the diagram in Fig. 6-2A. Heretitine trace of the RTS shows that
the system spends most of its time in the higheeat state. Fig. 6-2E the defect is
at the Fermi energy so the system spends an eqpoaird of time in both states. Fig.
6-2F shows the opposite situation of 2D where tts¢esn now spends more time in

the other state sindg;- V. is positive.
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Figure 6-2. RTS schematic. (A-C) Schematic of taedbdiagrams for the
semiconducting CNT, defect (in the $)QOand gate electrode, for the conditions (A)
Ed-Ef>0, (B) Ed - Ef =0, and (C) Ed - Ef <The defect is shown as being located
in the oxide but that is not essential to the ptg/sThe thin solid lines indicate the
spectrum of excited states at zero temperaturd_utiager liquid. The arrows
indicate the direction of the largest tunnelingerafD-F) Time series of the current
through the CNT at three gate voltages which cpoed to the diagrams (A-C). The
current fluctuates between two discrete statesh@gate voltage is changed the
relative tunneling rates between the two stateagharesulting in the system
spending more or less time in the respective statas is reflected in the time series

becoming more dominated by one current state oottter.
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From time traces of the RTS as shown in Fig 2D« can define two
tunneling rate$; andy, corresponding to an electron tunneling into andoduhe
defect. We determine these rates by calculatiagrtban time spent in each state
(high current or low current)tg>, <t,>, theny; ,= <tl,2>'l.

The experimental procedure is as follows. Oncisalated RTS fluctuator is
found, several time traces are taken. At a giverperature the voltage bias is set and
then time traces of 30 to 150s are taken at a anhgate and bias voltage. Then the
gate voltage is incrementally increased to takeh&rrtime traces, with the fluctuator
slowly changing from predominantly one state todtteer. This entire process is
then repeated at different bias voltages and differemperatures. As a reminder, the
bias voltage, gate voltage and temperature aoaltant while the data is being
recorded. (This was also true for théridise experiments.) From the time traces the
average timests,> spent in each state are calculated, along weémtimber of
switching events to gauge the statistical uncemairhe reciprocal of the average
times <, 2> determines the switching ratgs.

The first point to verify is whether the data datis the detailed balance

condition for a two level system:

ﬁ — e[_(Ed_Ef )/kT]

, 6.2
Y, (6.2)
,Using Eq. 6.1 above, we have:
A — e[”e(vg _Vgo)/ kT]
: (6.3)

Y-
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As will be shown below, once the gate efficiengyis known, Eq. 6-3 may also
be used to determine the electron temperatureeasythtem.

Figure 6-3 shows the natural logarithm of theorafithe rates Ing/ y;) as a
function of gate voltage for the same RTS studndeigs. 6-1 and 6-2. To compare
with the exponential behavior predicted by Eq. 6ot the natural log of the ratio
of the two rates. The linear behavior ofyhiif1) vs.V, indicates Eq. 6-3 is obeyed.

From the slope of Ing/ y1) vs.Vy we extract the exponential prefactqe/kT.

Ln(y./v,)

T=10K, V. =10mV

I T I T I T I T I
-8.30 -8.25 -8.20 -8.15 -8.10

Vg ate (V)

Figure 6-3. The natural log of the ratio of thertaling rates versus gate voltage for

the same RTS as Figs. 6-1 and 6-2.
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yiy__ne
In( )= Vg ~Vyo)
Vs kT g0 (6.4)

It is tempting to simply use the base temperat@itbecryostat a3, and
therefore extract the gate efficiengyrom the slopere/kT in Figure 6-3. However,
it is necessary to ensure that the electron gastieermal equilibrium with the
substrate before performing this calculation. T@suee whether the electrons are
being heated by the bias voltage, the slope is nnedsat many different bias
voltages and several base temperatures. At easthvbitage, | measure ja(y1) vs.
Vg and set the slope equal tpeT to extract a temperatuiiewhich | identify with
the electron temperature of the CNT. The gateieffcyn is chosen such that the
extractedT tends to the cryostat base temperature at lowfbiagyostat
temperatures of 20 K, 40 K, and 80 K; this detesam= 0.053. The electron
temperature as a function of bias voltage is shioviig. 6-4. This demonstrates that
it is indeed important to consider the effect ohtiveg of the electron system by the

bias voltage.
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6.2 Defect thermometry
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Figure 6-4. Electron temperature as a functionia$ boltage at various substrate
temperatures. Electron temperature is determirgad the logarithmic slope of the
tunneling rate ratio as a function of gate voltagen Fig. 6-3. The gate voltage
efficiencyn = 0.053 is chosen such that the low-bias eled&orperature
extrapolates to the substrate temperature (solaexblines). The rate of the
switchers drops for lower electron temperature datating the range where data can

be taken.

As seen above in Fig. 6-4, the low-bias limittud slope Re/kT taken at

different temperatures can be used to extract ae efficiencyn. However, the
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slope ne/kT at higher bias can be used to determine therrisemperature of the
electron system due to the influence of the bidtage (and transport current). The
RTS acts as a “defect thermometer”; such a thernemhas been used previously to
study heating of the electron gas in metal wiredenrtonditions of charge
transport[83-85].

As the CNT electron temperature deviates fronstiestrate temperature, the
main source of thermal resistance between the GéLIren system and the substrate
can be determined. The CNT electrons equilibratbeésubstrate through two
effective thermal resistances in serids; the thermal resistance of the CNT
electrons interacting with the phonons, ahg, the thermal resistance of the CNT
phonons interacting with the substrate. Differegtidoviors will result if one
resistance is dominant. Fde,< /sun, Joule heating of the CNT should cause the
device temperature to rise above the substrateeiatye, this should result ilAgd
~V2. However, as is typical in metals at low tempemtthis behavior is not
observed in Fig. 6-5; the slope B¥ss.V on this log-log plot is 1, implying O V.
Interestingly, this indicates that the electronsxdbachieve thermal equilibrium with
the phonons in the CNT at moderate biases (~40ew¥) at high temperatures (40
K). This is an indication of the very small elextrphonon coupling in CNTs, which
is partially due to their one-dimensional nature[81).

This implies that the electron-phonon processedhibttieneck for thermal
transport from the electron system to substrageAk,> /lsuy); then the temperature

dependence typically exhibits a power law in vad{&3]. The electrons will gain
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energy from the electric field over a distanceeazhlihe energy loss lengihand
Boltzmann transport theory predicts that the terajpee of the electron system is[83]

KT = 0.78&EL (6.5)
at high electric field, i.eeEL >> kTs,p, WhereTgy, is the substrate temperature.

For constant energy relaxation length, the tempegaise of the electron
system is linear in bias voltage. | can then tsestope ofl vs.Vin Fig. 6-5 to
extractle = 280 nm. | currently do not understand why thergy relaxation length is
constant; typically the energy relaxation lengthiesas a power-law in the electron
temperaturé. O T%, wherep = 2, 3, or 4 has previously been calculated[88]
depending on the dimensionality of the electroriesyg2 or 3) and phonon system (2
or 3). However, | am not aware of any calculatiohthe energy relaxation length
for CNTs or other 1-D systems.

The energy relaxation lengtimay be used to extract an energy relaxation
time 1, = I/Ve, wherevgis the Fermi velocity. For a heavily doped semauting
CNT, ve approaches the value for a metallic CNT, 9.3 kctf/s[29, 89, 90]. Then
~ 300 fs. This time is an upper bound to the cehes time for electrons in the CNT
(at least under the transport conditions probezlimexperiment), so has implications

for use of CNTs in any quantum-coherent application
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Chapter 7 Coherence and correlationsin carbon nanotubes

studied using random telegraph signals

Chapter 5 described the previous work on Luttidiggnds (LL) and
discussed the techniques that have been usediptsiel LL state in carbon
nanotubes (CNTs) and similar correlations in o#lectron systems. Chapter 6
showed that random telegraph signals (RTS) in semdigcting CNT transistors
result from tunneling of an electron between CNl ardefect, probably located in
the gate dielectric. The gate voltage can be tsedntrol the energy of this defect
relative to the Fermi energy of the CNT. The b the tunneling rates as a
function of gate voltage were used to extract teeteon temperature of the CNT
using the detailed balance relation. In this chaptvill study the gate voltage
dependence of thadividual ratesfrom random telegraph signals in CNTs and

analyze the data to arrive at a value for the hg#r liquid interaction parametgr

7.1 1-D electron behavior

The previous chapter analyzed the RTS in a CNText@adhined only the ratio
of the tunneling rates as the gate voltage was tswéere we will examine how the
individual tunneling rates change with gate voltagkich will allow us to test
whether the electrons are obeying Fermi gas behaviib the electron system of one-

dimensional CNTs is better described by Luttingguit theory.
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Varying the gate voltage varies the energy difieeebetween the defect level
and the Fermi level of the nanotulig E; according to Eq. 6.1. As the gate voltage
alters this difference, the defect level acts psobe of the occupation probability and
tunneling density of states (TDS) of the systertihat energy. The rates for tunneling
into and out of the system predicted by Fermi asity combined with Fermi’s

golden rule are

y, = (2l h)DA* T (E,) 7.1)
¥, = @71/ DA’ £ (E,)] |
whereD is the tunneling density of final statéss the Fermi function, and? the

overlap integral between initial and final stat€sandA?are assumed not to vary

with energy. | have shown previously in Chaptes@&e(Fig. 6.3) thdy- E; is

linearly related to the gate voltage, i, —E; = —/7e(\/g —Vgo).

Plotting the individual rates vs. gate voltage¢his a simple way to check if
Fermi statistics are being obeyed. Comparingaktesrwhen the defect energy is near
the Fermi energy of the nanotube and when the tiefeel is far away from the

Fermi energy of the nanotube, we have for Ferntissizs
vi(Ei<<E)In(E=E)=y(E> E)/v,(E= E)=2 (7.2
Stated in words, the rate of the switching at tthges of Fig. 6-1 should be twice the
rate at the point where the two data sets crossififalso wher&y - E).

However the data in Fig. 7-1 shows that the relearly exceeds two. This

indicates that Fermi statistics are not sufficienéxplain the tunneling behavior into

the CNT device. This indicates that the tunnelingsa E; is suppressed compared to
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its expected value, an indication that Luttingquid theory may better describe the
phenomenon.
From the TDS at zero temperature one can creater@sponding tunneling

rate for a Luttinger liquid at zero temperature[63]
o~ O0(E; —E4)(E; —Ey)° (7.3)
the tunneling exponeiot differentiates the LL from the Fermi gas which laas

uniform density of states just above the Fermi gnerhis must be extended to finite

temperature[88, 91]

Ef - Ed, [F[(a+1)/2+i(Ed - Ef)/27KT]’

(7.4)
2KT MNa+)

Vi, =CT“ expk

where the sign in the exponential switches fortéhe different rates. By

usingg, - E, = -nelV, -V,,) we have for the Luttinger case

Vi, =CT7 expl

/7e(v2g Vo). [l + D12 +inewv, -v,g) /2rT] -

KT Ma+))

which is fitted to the data in Fig. 7-1, where thatinger fit provides a superior fit to
the data. This is due to the ability of the Lutengnodel to take into account the
reduced tunneling rate for the situation wheredésect energy is close to the Fermi
energy of the CNT. The only undetermined paramatére fit is the value oft; the
temperature, T, and the gate efficiengyare determined by the fit to the natural
logarithm of the ratio of the rates for the twotesaversus gate voltage as in Fig. 6-3

in chapter 6.
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Figure 7-1. A typical plot of the individual tratisn rates versus gate voltage for a

two-level RTS. The black curves are the fit to FHegas theory and the blue curves

are the fit to the Luttinger liquid model describadext witha = 2.

As discussed in chapterdbreveals the strength of the interactions of the
electrons in the Luttinger liquid system. The relatbetweena and the LL parameter

g should be

o
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for our system, since the defect is tunneling theobulk of the tube. The value for
is extracted for several fluctuators in the lastisa of this chapter. This value is
calledaretoindicate that the value is obtained at one tempegand bias voltage.
Remember that g can range from 1 to 0 with sma#é&res indicating stronger
interactions amongst the electrons in the system.

The value fox can also be calculated by taking the switching edtthe point
whereE; = E4 (equivalent tdVy= Vy) and plotting it versus temperature. Eq. 7.5

becomes

o P+ r2)?
V(Ef _Ed)_CT —r(a+1) (7.6)

so that a plot of log rate vs. log temperature wéld the value of as the slope. |

will call this Oemp

89



10

~ 13

” _

~~

=

L

® 0.1

R

0.01

II&b | o Illliéo
Electron Temperature (K)
Figure 7-2. Degenerate rate vs. electron tempexaflre rate of switching when the
defect is at the Fermi energy vs. the temperatiitlieeoelectron system. The
temperature of the electron system is calculatetjubke detailed balance condition
for the ratio of the rates. The power fit is usedjitve the value foa. Here
0wem=0.97. The red dots indicate points taken at |oag bioltages, while the black
points are from points where the tube is beingdtehay the bias voltage. (see Chapter

6 for details)

The temperature dependence follows a power lavh, antexponent akiemp =
0.97+ 0.1. Analysis of the temperature dependence ath@n RTS gives a power

law exponent ofiiemp= 0.7+ 0.1. Note that the expected behavior for tunmgeiito
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a Fermi liquid would be an absence of temperatapeddence; the strong
temperature dependence in Figure 7-2 is in itsatfesnce for non-Fermi liquid
behavior. The data of Figure 7-2 are poorly fitaoyactivated (Arrhenius)
temperature dependence, and such a fit results umphysically low activation
energy on order of 2 meV.

The theoretical value for g is given for any systey{69, 73, 74]

[ auThe
g—[l+r} (7.7)

whereU is the Coulomb charging energy ahds the single particle level spacing.
For a semiconducting CNT the level spacing is @ftion of the Fermi energy. For a
metal the calculation yields a theoretical valug ef 0.28 and therefom®, k= 0.24
[71, 72]. Therefore we need to determine how tkellspacing for the
semiconducting CNT will vary versus gate voltageeplace th&J/A ratio for the
metallic nanotubes.

Since the charging energy will be the same fdregitmetallic or

semiconducting

2

U= 7.8
%, (7.8)
and the single particle level spacing is
= dE AN = 1 for AN=1 (7.9)
dn L D(E)L

to find g all that is now needed is the density of stateshfe two systems. The
energy of the electrons in a metallic CNTEis (7vk)?, where?: is Planck’s constant,

vi = 9x10cm/s is the Fermi velocity arld= Tn/4 is the wave vector, whengs the
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number of carriers. So the density of statd3(E) = dn/dE=(dE/dn) *=4/mv;. For a
metal the calculation yields a theoretical valug ef 0.28 and therefoie = 0.24. For
the semiconducting case the bandgap must be tat@adcount, and the new
dispersion relation is approximated as hyperbsfic & + (7vik)?, whered is the

bandgap. This makes the density of states

__16_[6*+(w,myaf)”
D(E) semi — (th IT)Z n

(7.10)

where the bandgap is 0.59eV for a tube with a diand 1.4nm. If | assume that the
number of carriers is linear with the gate voltage,CyVy/e, | can plot how the
parameterg anda should vary with gate voltage for a semiconduc@iyT by using
egs. 5.1 and 7.10. This assumes that the onlyagttarrequired to Luttinger theory
when switching from metallic to semiconducting CN3 $o take into account the
new density of states.

Figure 7-3 plots the expected variation of the uhrteling exponerd with
gate voltage, as well as my experimentally-deteethivalues of from analysis of
the gate-voltage dependence and temperature depmendethe individual tunneling
rates. Fig 7-4 is the corresponding plot for thkue of g assuming bulk tunneling.
The values ofi determined from experiment are significantly higtan the
expected values. There are several possible eaqpdais for this. First, it is quite
possible that the simple analysis above overestisgednd underestimates A
more careful analysis by Egger and Gogolin[73] giye 0.18 for a 3um length
metallic CNT, corresponding = 0.46, in good agreement with photoemission

experiments on metallic CNTs[70]. This would resnla nearly doubled estimate of
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the semiconducting compared to the values plotted in Figure 7-3.08dcour
analysis also neglected any interaction betweeeldgwron system and the defect
itself, which seems reasonable, since the typicahge in resistance upon charging
and discharging the defect is on order several k©lwarresponding to a change in
transmission on order 1/2. However, the backstagf®f electrons by the defect
itself may cause correlations in the electron sydihis is the essence of the work by
Cobdenret al[81]). More theoretical work is needed to underdtavhether this is
relevant in the CNT case. Third, the interactionsemiconducting CNTs may

simply be stronger than expected, for reasons eto¢lycidated.
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B o from rate vs gate device 1
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0.1 1 10
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Figure 7-3. Depiction of the theoretical calculatmf the Luttinger parameter

versus gate voltage. The red points are from twectdiators on sample 1 and the
black dot is from a fluctuator on sample 2. Theagga indicate values obtained from
fitting the individual rates vs gate voltage whihe triangle points were obtained
from fitting the rate vs. temperature. (both methegplained in text above) The
details are given in the table below. The diffeeeircthe theoretical curves is due to

the different diameters of the tubes, which resuls different band gap.
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— g calculated for device 1
—— g calculated for device 2
1+ I , m g from rate vs gate device 1
B g from rate vs gate device 2
A g from rate vs temp device 1
——— metallic CNT

(@) 1 /
0.1: "a

0.01

0.1 ””1 - 10

V-V (V)
Figure 7-4. Depiction of the theoretical calculatmf the Luttinger parameter g
versus gate voltage. The red points are from twetdiators on sample 1 and the
black dot is from a fluctuator on sample 2. Theasgs indicate values obtained from
fitting the individual rates vs gate voltage whihe triangle points were obtained
from fitting the rate vs. temperature. (both methegplained in text above) The
horizontal line indicates the value for metallic TN The difference in the theoretical

curves is due to the different diameters of thesybvhich results in a different band

gap.
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Table 7-1. Luttinger parametarfor the three RTS.

Fluctuators Diameter (nm)  tMesholdVgo Orate Oltemp
Sample 1 1.4 5.0 0.5+/-0.1 0.9+/-0.1
Sample 1 1.4 3.2 2.2 +/-0.7 0.7 +/-0.1
Sample 2 1.9 3.9 0.8+/-0.1 NA

Table 7-1 gives the details for the RTS signatligtd in this chapter. The first
two fluctuators are on the same device but at diffegate voltages, with the first
fluctuator having the largest range of observabietfiations with respect to
temperature. The last fluctuator was not stable awegide enough range of
temperatures to extract a fit for the change ia v&t temperature.

In conclusion | have analyzed the temperature, \m#tage, and gate voltage
dependence of the random telegraph signal resuhomg an electron tunneling
between a semiconducting carbon nanotube and byndafect. The RTS is used as
a sensitive probe of the tunneling density of stafethe Luttinger liquid state of the
semiconducting CNT. We show that the tunneling rastrongly suppressed at the
Fermi level, consistent with Luttinger liquid thgaronfirming the more strongly
interacting nature of electrons in semiconductidgiGelative to metallic CNT. Our
value of g<0.2 indicates that the electrons in semducting CNTS are interacting

more strongly than the electrons in metallic CNTs.
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Abbreviations

1-D One dimensional

2DEG Two-dimensional electron gas
A/D Analog to digital

CAD Computer assisted drawing
CNT Carbon nanotube

CVD Chemical vapor deposition
DAQ Data acquisition

EBL Electron beam lithography

FET Field effect transistor

IPA isopropanol

LL Luttinger liquid

MIBK methylisobutylketone

MMA methylmethacrylate

MOSFET Metal-oxide-semiconductor field-effect tressr
PMMA polymethylmethacrylate

RTS Random telegraph signal

SEM Scanning electron microscope
TDS Tunneling density of states

UHYV Ultra-high vacuum
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a1,

Ce

D()

Yo

Y1, Y2

Symbols

graphite lattice constant

graphene unit vectors

noise magnitude

correction to VV dependence of noise
gate capacitance

bandgap

density of states operator

CNT diameter

electron charge

energy

tight-binding integral

rates into and out of an RTS system
Planck’s constant

current

wave-vector

Boltzmann constant

K point

frequency

density of electrons

number of electrons
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q wave vector fronK point

R rolling vector
R resistance
S current noise power

Sy voltage noise power

T temperature
T characteristic time of fluctuator
\% voltage

Vg gate voltage
Vs  Source-drain voltage

Vth  threshold gate voltage (gate voltage wheralthace begins to conduct)

Vi Fermi velocity

W angular frequency

z exponent for 17fnoise (z close to 1)
4 Hooge noise parameter
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