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Abstract

Aligned singlewalled carbon nanotubes (SWNTSs) synthesized by the chemical vapor
deposition (CVD) method have exceptional potential forgexteration nanoelectronics.
Based on their electronic structure, SWNTs can be classified into semicondugting (s
and metallic (m) types. For application in logic gates, radio frequency dewnds
sensors,-SWNTs are especially attractive owing to the presence of a sizable energy
band gap. However, there are considerable challenges in the preparat®whiTs
with controlled properties (e.g., density, selectivitgnd gapfor their applicabn in
solving realworld problems. This dissertation summarizes our efforts that aim to
overcome the limitations by novel synthesis strategies anejpmsth treatment, and

research that demonstrates the application-pregared SWNTSs as functional dess.

The first part focuses on controlling SWNT properties through direct CVD synthesis.
Chapter 2 describes a CVD strategy to decouple the conflict between density and
selectivity of SSWNTs in growthUsing this method, we have successfully obtained
dense SWNTsP1 0 SWNTs/ em) over | arge areas and \
investigated the importance of diameter control for the selective synthes®3/N3's
by using high temperature stable and uniforimWWenanoclusters as catalyst precursors
(chapter 3)This studyprovides an effective strategy for increasing the purity ®\NTs
via controlling the diameter distribution of SWNTs and adjusting the etchant
concentration. By carefully comparing the chirality distributions éMFecatalyzed and
Fe-catalyzed 8/NTs synthesized with different water vapor concentrations, the

relationship between the diametipendent and electronic tydependent etching



mechanisms was summarized. In chapter 4, we demonstrated the selective synthesis of

large diameter and highonductive SWNTSs through a thiopheassisted CVD method.

The second part of this dissertation is focused on optimizing properties of CVD
SWNTSs via posgrowth treatment and the subsequent applications as functional devices.
Chapter 5 describes a fecand effective approach to selectively break aBWINTs by
stacking two layers of horizontally aligned SWNTs to form crossbars and applying a
voltage to the crossed SWNT arrays without gating. Systematic studies show that the
on/off ratio can reach asgh as 1.4 x 1Dwith a correspondingly high retention of-on
state current compared to the initial current value before breakdown. Overall, this method
provides important insight into transport at SWNT junctions and a simple route for
obtaining pure $SWNT thin film devices for broad applications. In chapter 6, we
introduced a strainelease approach to enhance the density of horizontally aligned
SWNTSs. This method provides a novel way to obtain densely packed SWNT arrays and
paves the way to achieve tragtsrs with high performances for the ngeneration
nanoelectronics. Finally, we carried out studies that aim to investigate sensing
mechanism of SWN-based sensors by employing the SWNT crossbar device
configuration (chapter 7. he resul tsespadnsas eatdamost|l y f
el ectrostatic doping effect on the whole n
barrier at junctions only plays a minor pa
beyond simple tube/ tmobree ccroomspd beaxr jjuwnnccttiioonn ss

order to take full advantage of the struct
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Chapter 1: Introduction to Carbon Nanotubes

1.1 Carbon nanotubes: overview

A major trend in todayds computer industr
transistors on the chip and the shrinking of the feature diziegredicted that within the
next ten years, the channel length below 10 nm is needed for transistors according to
Mo o r e & Bowévaryar traditional silicon metalxide-semiconductor figk-effect
transistors (MOSFETs), one of the most sig
channel effecto where the ability to contr
smaller channel lengthThe anticipated challenges in current silicon tetbgy have
resulted in abundant research efforts being focused on the development of molecular
electronics, which in principle can overcome the fundamental limitations of shased
devices. Over the last decade, intense research has been directddhevexploration
of new materials as device elements to raise the integratior*feMelwever, how to
build connections between the single molecules to achievedaale integration on a
chip remains challenging.

Carbon nanotubes (CNTSs) are knowrb&one of the most promising candidates as

the building blocks for molecular electronics due to the outstanding properties such as
high mobility® high currentcarrying capability’, and high thermal conductivity; **as
well as good chemical and mechaiistability? It has been demonstrated that-diib
nm SWNT transistor outperforms the best competing silicon devices, indicative of the

great potential of SWNTSs for the negéneration electronics.



So what is a CNT? Structurally, CNTs are one typeadb@n allotropes in addition
to the weltknown graphite and diamond. A CNT is a cylindrical structvita a hollow
interior formed entirely by spcarbon bonds, which can be viewed as rolling up one or
several layers of graphe sheet along a chiral vect@-igure 1.1) even through it does
not describe the actual process for the formation of CRiBased on the number of
walls, CNTs can be classified into two categories: stagled carbon nanotubes
(SWNTs) and multivalled carbon nanotubes (MWNTS), iwh consist of one single

layer of side wall and more walls, respectively (Figure ¥.2).

Over the past two decades, CNTSs, particularly SWNTSs, have attracted considerable
attentions in nanoelectronics because of their outstanding properties. Compared to
MWNTs, SWNTSs not only have a higher structural integrity, but are also more
electronically predictable based on the structure and thus can be readily incorporated into
electronic devices for applications. In the following part of this dissertation, we will
mainly focus on the synthesis and engineering of SWNTs. We will first introduce the
background information for CNT study, and then summarize our efforts that aim to
overcome the challenges in the research field by novel SWNT synthesis strategies and
postgrowth treatment as well as research that demonstrates the applicatien of as

prepared SWNTSs as functional devices.
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Figure 1.2. Schematic illustration of SWNT (a) and MWNT (b). This figure is adapted

from Ref [L4] with permission

1.2 Discovery of carbon nanotubes
Most of the research communities attribute the firataliery of CNTs to Sumio lijima

at NEC Corporation in Japan in 1991, who reported the observation of MWNTS using



Transmission electron microscope (TEM) in Nat{figure 1.3)"° It is since then that

CNTs began to be intensively studied by the researah filwever, the earliest

evidence for the observation of MWNTSs can be traced back to 1952, when L.V.
Radushkevich and V. M. Lukyanovich published the image of carbon nanotubes with the
diameter of 50 nm in a Russian jourkaSimilar results were also demstrated by

Oberlin, Endo and Koyama using a vapor growth method in 1976.

Figure 1.3. TEM image of MWNTSs reported by lijima in 1991. This figure is adapted

from Ref [L5] with permission



Despite various reports prior to 1991, there is no dthaitlijimads work published in
Nature boosted the following studies on CNTs and thus opened an entirely new research
direction. Till now, CNT study is still a hot topic faraterialschemistry and

nanoscience.

1.3 Structure and properties

1.3.1 Lattice gructure

The unique properties of CNTs can be understood by considering the geometric
structures. In this part, we will discuss the lattice structure of SWNTs with a single layer
of side wall, which is the simplest model in the CNT family. As mentionedegltzo
SWNT can be described as a rolled graphene sheet capped by two half fullerenes at both
ends, and the property of the SWNT is determined by the chiral vector which the sheet is

wrapped along (Figure 1.43.
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Figure 1.4. (n, m) SWNT naming scheme tlaan be viewed as wrapping a graphene sheet
along the chiral vectdCh. a1 andaz are the unit vectors of graphene in real spadas.the
transition vector that denotes the axis of the SWNT. The figure is adapted froh8Ref [

with permission

The chral vector, also known as the chirality of the corresponding SWNT, can be

written as
Ch = nai+maz (1)

Wher a1 andaz are the unit vectors of graphene in real space, and n and m are
arbitrary integers OmQn The di ameter (r) and chiral a
chiral vector and the (n,0) direction) are determined by the chirality (n,m), which can be

calculated according to the formula:



d=——— (2)

d =% an 3)

Where a is the lattice constant (2.49 A) for graphene sheet. Based on the chirality,
SWNTSs can be classified as zigzag (m=0), armchair (n=m), and chirak{t) (Figure
1.5)1° The chiral agles for zigzag and armchair SWNTs are 0° and 30°, respectively,
and those of the chiral SWNTs are between 0° and 30°. The shortest repeat unit along the
axis of the SWNT (perpendicular @) is called transition vectoi{, which can be

written as:
T = tart+ta (4)

And t; and ¢ can be derived from the following formula:

(5)

1=

(6)

=

whereA is the greatest common divisor of n+2m and 2n+m.



armchair zigzag chiral
Figure 1.5. Schematic illustration of the structure of armchair, zigzag and chiral SWNTSs.

The figure is adapted from Reif9] with permission.

1.3.2 Electronic structure

The electronic property of SWI$ can be derived from that of the graphene, and is
also affected by the arrangement of carbon atoms (i.e. chirality). Figure 1.6 shows the
bandstrat ur e of graphene i n t kandrearessneighBor i | | oui
tight binding modef® Graphene is known to be a semimetal or zero band gap
semiconductor because the conduction and valence bands touch at six corners, which are
known as th& andK @oints. As shown in Figure 1.7, when the graphene sheet is

rolled up to form a SWNT, the wave vectois quantized due to the periodic boundary

8



condition KxCh= 2 ( ig an integdr The constraint leads to a set of discrete energy
states. Ba=d on how the wave vectors cut graphene, SWNTs can be either
semiconducting € or metallic (m): when the wave vector passes throughktfmoints

(MOD (2n+m, 3) = 0), the SWNT is metallic; otherwise when MOD (2n+m, 3) =1 and 2,
the SWNT is semiconductiywith a sizable band gap. The criterion to determine whether
a SWNT is metallic or semiconducting based on its chirality is equivalent to whetter n

is a multiply of 3, which is being commonly and widely used for SWNT characterizations
in the researchéid. However, it should also be noted that among MODO SWNTSs, only
armchair SWNTSs are truly metallic with zero band gaps while the rest actually have small
band gaps that can be thermally overcome at room temperature. Such small band gaps at
Fermi level aresourced from the curvature effect of the SWNTSs, which makes the wave

vectors shift away from thi€ points?!
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Figure 1.6. Band structure of graphenen t he fir st Br-sdnd oui n zon
nearest neighbor tight binding model. This figure is adapted from2Redjth

permission
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Figure 1.7. Discrete wave factor imposed on graphene for the (4, 2) SWNT. This figure

is adapted from ReR[)] with permission

Figure 1.8 shows the density of states (DOS) for typicdnand sSWNTSs (b),
respectively?? It can be seen that near the Fermi level, there are finite states for the m
SWNT while the possibility for the occupation is 0 for tR@WNT. The DOS for both
types of SWNTs are symmetric with spikes in both the valence and conduction bands,
which are known as the van Hove singularities (VHS). The band gap $¥Y\&\S is
inversely proportional to its diameter and can be calculated as

Ey=0.9 eV (7)

Where kg and d are the band gap and the diameter. Because of the dependence of the
band gap on the diameterS8VNTs with larger diametstave smaller energy gaps and
thus demonstrate lower on/off current ratios in electrical measurement. Due to the
difference in the electronic structures, amd sSSWNTs show different behaviors as
field-effect transistors (FETS) in the transfer charasties. A sSSWNT behaves like a-p
type semiconductor in ambient atmosphere due to the doping of oxygen and water: a
negative gate voltage turns the system into thstate, and a positive gate voltage
depletes charge carriers from the nanotubegiaite).On the other hand, a-®WNT
only demonstrates a weak current modulation with a varied gate volta§&/INT's can
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carry current density as high as’ 8@cm?, which is 2 to 3 orders of magnitude higher
than the corresponding capabilities of metals such ggec@and aluminum. Such
outstanding properties in conductivities as well as the high flexibility and transparency

make mMSWNTs an excellent candidate for transparent conductive films (TCFs).

(b)

ABieul

V1

DOS (a.u.)

Figure 1.8. Density of states for WNT (a) and <SSWNT (b). Tte figureis adapted

from Ref [23 with permission

1.3.3 Optical properties
The 1D confinement in the electronic structure of SWNTSs results in VHS as stated

above, and generates unique optical properties. The energy of a photon that matches the
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energy diference between the singularities with the same symmetry in the valence and
conduction bands will trigger the transition. The optical spectroscopy can provide
information about the electronic structure of the corresponding individual SWNT in a
nondestructie way, and is therefore widely applied for the characterization of SWNT

chiralities.

Commonly used optical characterization approaches include Raman spectroscopy,
photoluminescence, UVis adsorption spectroscopy and so on. Among all the
techniques, Raan spectroscopy is frequently employed in our study and will be
introduced in details in the following part. The laser photon hits the SWNT and interacts
with the vibration of the nanotube, resulting in the energy difference between the incident
photon andcattering photon, which is known as the Raman shift. The shift is closely
related to the vibration mode of the SWNT, and reflects the structural information of the
nanotube. The signal will be significantly enhanced if the either the incoming laser
enery or the scattered radiation can match the allowed electronic transition. The analysis
of the electronic structure of SWNT is based on Kataura plot (Figure 1.9), which provides
the allowed electronic transition energies as a function of the diameterrartbribe,
and thus information about tubes with which chiralites are resonant under a given

excitation wavelength can be obtairféd.

Figure 1.10 shows a typical Raman spectrum of a SWNT. For the SWNT, there are
two dominant Raman features: radial breagimmde (RBM) and éand. The spectrum
also contains two weak features, the diseidduced Bb a n d  dand?® OBtdf all

Raman modes, the RBM is a unique characteristics to SWNTs, which detects the

vibration of carbon atoms in the radliidirectionasfi t he nanotube 1 s Abr

12



vibrations are related to the diameter of the SWNT, which can be estimated based on the

formula:

¥rev = Aldi+B (8)

Wh e rremvisthe Raman shift,:és the diameter of the SWNT, and A and B are the
constants based on the environmental efféas SWNTSs on Si@surface, A = 248 crh
and B=0. It should be noted that faleks than 1 nm this relation does not apply due to
the lattice distortion and for thrger than 2 nm, the RBM peaks are usually weak and not

observable.

d,[nm]

Figure 1.9. Calcdated energy separations lietween van Hove singularities for all (n,
m) values vs nanotube diameter from 0.4 to 3.0 nm. This figure is adapted frog8Ref [

with permission
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The G band is formed by the tangential modes which describes the atomic
displacements along the circumferential direction. For SWNTSs, the tangential modes are
observed in high frequencies around 1590 cithe G band can be used to distinguish m
SWNTs from the £ounterparts. The major difference is the broaden of tipeé&k fo
m-SWNTSs due to the existence of free electrons in contrast to the Lorentzian line shape
of sSWNTSs. The broaden @eak is usually fit witlthe Breit-WignerFano (BWF) line,

which can be observed in a lot of graphtike materials with metallic propees?*

* \

G |
RBM GI |
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0 1000 2000 3000
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Figure 1.10. A typical Raman spectrum of SWNTSs using the laser excitation wavelength

of 633 nm.This figure is adapted from Ref [2@jth permission

The disordeinduced Bband is expected in the frequencies from 1300 to 1400 km
is relatedo the presence of disordered bpnding in carbon nanotubes (e.g’ apd sp
carbons), such as amorphous carbons and defects. The ratio of the intensities of G band to

D band is an important parameter to estimate the quality and purity of prepdrea car
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nanotubes. For SWNTSs, the G/D ratio is usually higher than that of MWNTSs due to the

relative structural integrity.

1.4 CNT synthesis

The controllable synthesis of CNTs with high quality and high yield has always been
one of the hottest research impin CNT studies since scientists started focusing on
CNTs after 1ij i ma¥Rordfferantapptcatiprns,@earietyion 1991 .
synthesis techniques are developed over the years. Based on the carbon source, the
synthesis methods can be dividetb two categories: methods in the first category use
graphite as the carbon source, such as arc discharge and laser ablation; in the second
category, carbowgontaining compounds are used instead as the carbon feedstock, and
examples include chemical vapdeposition (CVD) and highressure monoxide

(HIPCO).

1.4.1 Arc discharge and laser ablation

Arc discharge and laser ablation methods are the earliest approaches based on solid
graphite carbon source for CNT synthésiS.The CNTs publ Naueed i n
paper in 1991 were synthesized by arc disch&tyethis method, high currents pass
through two graphite rods and produce inert gas plasma which evaporates carbon atoms
to form CNTs. Figure 1.11 shows a schematic illustration of the arc disdyapgeatus
for CNT synthesid? Because of the high temperature (3@0M0 K) in this method,
CNTs prepared are usually of high structural integrity. MWNTSs can be synthesized
without metal catalysts while the synthesis of SWNTs does require catalyststidran

metals such as Fe, Co and Ni are commonly used as catalysts.
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The laser ablation method developed by Smalley et al. is very similar to the arc
discharge, except that the carbon atoms are evaporated by the ablation of intense laser
pulses?® In this method, a graphite is placed in a tube furnace chamber and heated to
12003 under a flow of inert gas. The CNT product is brought to the downstream of the
system by the gas and collected. The schematic illustration of the laser ablation method is
shown in Figure 1.12. Similar to arc discharge, catalysts should present for the
preparation of SWNTs, and CNTs prepared by this method has high quality due to the

high temperature during synthesis.

Both the arc discharge and laser ablation methods were widely used in the early stages
of CNT studies. Despite the fact that these two agugires can produce CNT in large
amount, there are two major drawbacks: 1) high temperature and power consumption are
required for the vaporization of the solid carbon source. Consequently, the cost for these
approaches are relatively high; 2) CNTs produsedin bundles, which makes it highly

difficult to properly separate them for subsequent applications.
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Figure 1.11 (a) Schematic illustration of arc discharge apparatus for CNT synthesis. (b)
Image of the arc experiment between the two graphite Eodieme temperature reached
during the experiment is between the two rods (30000 K). This figure is adapted

from Ref [L9] with permission
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Figure 1.12 Oven lasewvaporization apparatus. This figure is adapted from B&f [

with permission

1.4.2Chemical vapor deposition method for CNT synthesis

In the methods that employ carboontaining compounds, the carbon feedstock
decomposes under certain conditions and releases carbon atoms to form CNTs. Among
them, CVD is being widely used because ohitsh versatility. Figure 1.13 shows a
schematic illustration of a typical set up of CVD system for surface growth. Carbon
precursors, such as ethanol or methane, are introduced into the chamber. An inert carrier
gas (Ar) and a reduction gas2jtare usualil involved in this process. The substrate with
catalysts is heated up to the growth temperature, typically between 700 80.1I0@9
carbon feedstock decomposes and dissolves into the catalysts. After the carbon
concentration in the catalysts gets satulatarbon atoms begin to precipitate to form
CNTs. The detailed growth mechanism will be further discussed in the next part. In our
lab, ethanol is used as the carbon feedstock and introduced into the system by gas

bubbling. The photography of the CVD sgtin our lab is shown in Figure 1.14.
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Figure 1.13 Schematic illustration of a typical set up of CVD system.

Figure 1.14. The photograph of the CVD system set up in our lab.
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Compared to the arc discharge and laser ablation approaches as mentweethab
CVD method features several main advantages: 1) it can readily produce different types
of CNTs either in bulk form or on target substrates, and CNTs on surfaces can be directly
used for the fabrication of electronic devices with excellent perfoces 2) CVD
method is more controllable to obtain CNTs with desired properties (e.g., density,
diameter, electronic types) by tuning the growth parameters, including grow temperature,
catalyst components, carbon precursor concentration, gas feediagdate on. The
application of single crystalline substrates also provides the opportunity to growth
perfectly aligned SWNTSs for larggcale device fabrication; 3) the cost and energy

consumption for CVD method is relatively lower.

1.4.3 Growth mechanism ér CVD synthesis

Since the development of CVD method for CNT synthesis, abundant experimental and
theoretical works on understanding the growth mechanism have been reported. However,
there are still some debates in the details of the mechanism, and anstenbas been
reached up to now. One generally accepted model is called-NMgyidrsolid (VLS)
mechanism. As shown in Figure 1.15, the catalyst nanoparticles play important roles in
the CNT growti?® The solid catalysts melt into liquid or semiliquidrfowhen heated up
to the growth temperature. The carbon feedstock decomposes on the surface of the
catalyst nanoparticle to release carbons, which are dissolved into the catalyst to form
metatcarbon alloys. After the concentration of carbon in the abaghes a certain level
and gets saturated, carbon atoms begin to precipitate from the droplet to produce the
fullerene cap. As more $parbons are added to the edge of the cap, tubular CNT is

formed. In general, it is believed that there are two modeselyahe tip growth and
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base growth. In the tip growth mode, the catalyst nanopatrticle is pushed away from the
cap and drags the elongating CNT. On the other hand, in the base growth mode, the
catalyst remains at the same location due to the strong iteracth the support, and

the CNT gets lifted. Details about the two modes are illustrated in Figure 1.15.

T GROWTH
CH-C+H
€ Motat ) M,
/ ,

Figure 1.15. Schematic illustration showing the VLS mechanism for CNT growth,

including base and tip growth. This figure is adaptechfRef [29 with permission

The growth mechanism stated above indicates that the diameter of a CNT is closely
related to the nanopatrticle that nucleates it, which have been proved by both our and
other group in recent yeat%3® Therefore, for the study on CNT shesis, it is generally
acknowledged that the diameter distribution of CNTs can be tuned by controlling the size
of the catalyst nanoparticles. That is an important concept that will be applied in the

following part of this dissertation.

The VLS growth mecénism can be used to explain a lot of experimental observations.

On the other hand, however, it should also be noted that the study on the growth
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mechanism is still far from complete, and many details remain unclear. Accordingly,

some phenomena observedmd match this proposed mechanism. For example, the
generally acknowledged correlation between catalyst and the nanotube is based on the
VLS mechanism which assumes that SWNTSs are nucleated from individual

nanoparticles. However, in 2014, SancMagenciaet al. reported the exclusive growth

of (6, 6) SWNTs on Pt (1 1 £}.In addition, there are also debates on whether the

catalysts can remain in solid states during growth, and Yang et al. demonstrated that there
might be such a possibility by successfidi/nthesizing (12, 6) SWNTs using solid alloy
catalysts®® Clearly, more studies on the growth mechanism is highly desirable, which

creates great opportunities for the research communities.

1.5 Challenges in SWNT preparations

As stated above, CNTespecially SWNTSs, are highly attractive as one of the most
promising candidates for the negggneration nanoelectronics due to the outstanding
properties. Many research groups reported the successful demonstration oflEB8&dT
electronics, indicating thgreat potential of SWNT to replace silicon in the near future.
Despite the success, the application of SWNTSs in real practice remains challenging. A
major reason for this is that till now, the reliable control over the preparation of SWNTSs
with desired poperties is still not fully realized. In this dissertation, we will focus on the

following topics by either direct synthesis or pgsbwth treatment:

1) Controlling the electronic types of SWNTSs to exclusively synthes§\/HBITs for
nanoelectronics,whic i s al so addressed as control |

publications.
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2) Controlling the diameter distribution Gf3WNTs to prepare SWNTs with specific

band gaps.

3) Controlling the density and placement of SWNTSs on target substrate twatlee

fabrication of electronic devices.

4) Understanding the growth mechanism and identifying the bottleneck for further

improvement.

5) Achieving these goals simultaneously and decoupling the conflicts between them.

1.6 Application of SWNTSs in hanoetctronics

SWNTSs have attracted considerable research attentions in a variety of fields such as
chemistry, physics, materials science and electrical engineering over the past two
decades, and abundant efforts have been made to realize the applictitemn of real
practice. In particular, SWNTSs synthesized on substrates are highly attractive for the
direct and scalable fabrication of electronic devices. Due to the outstanding properties
and low dimension as mentioned above, great progress has bemredchich as the
successful demonstration of SWiNbased digital electronié§,chemical sensot§*® and
photodiodes? In the following part, we will briefly review the application of SWNTs as

functional devices.

1.6.1 Electronic device

With the rapid deglopment of the computer science and the Internet, recent years have
witnessed the exponential increase in the capability of nanoelectronics. The further
devel opment of the Mooreds | aw |l eads to th

SWNTs are of grat research interest for the application in all types of transistors because
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of the electrical, mechanical and thermal advantages. A conventional FET device is
composed of two electrodes, namely the source and drain, connecting a semiconducting
channel madrial and a dielectric layer that tunes the current flow ircttznel via a gate
(Figure 1.1.*! In general, on the basis of different performance metrics, FET can be

categorized into higiperformance transistors and tHilm transistors (TFTSs).

High performance transistors are devices used for computing electronics. For high
performance transistors, it is necessary to scale the channel length (down to 10 nm) and
contact length to meet the requirements for technologies targeted at the early 2020s while
they can be operated at low voltage. We have known for years that traditional silicon
transistors suffer the Ashort chanl®el effe
nm scale. One the other hand, the atomic thinness of SWNTSs enables effective
eledrostatic control, which means that the aggressively scaled transistors will still be able
to be switched on at the low operating voltages. In addition to the improved gate control,
the small effective mass of SWNTs can dramatically enhance the tunnaliegtand
boost the orstate*? “*Moreover, it has been shown that sifbnm SWNTs based
transistors can outperform all similarly scaled silit@sed transistors at low voltages

due to the nearly ballistic (zero resistance) transport.
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Figure 1.16. Schematic illustration of a bagate FET.

There are also applications of transistors that do not require the extreme performance
as for computing devices. The shortcomings for traditiorsgli@n TFTs include bias
stress instability and low moltiji. SWNTs are highly promising for TFTs. High mobility
can be achieved by simply drop coating the substrate with SWNT solutions to form a thin
film. Further improvements, including inducing the alignment of SWNTSs isolated from
solution phase or synthesigitorizontally aligned SWNTs on single crystalline
substrates, will further boost the performance of SWNT TFTs. The current and future
TFT technologies may find various applications in different fields, such as display,

sensors, optical detectors, radiequency (RF) devices and Internet.

1.6.2 Sensors and sensing mechanism

Sensors are of significant importance for health care, environmental monitoring, military
application and industrial process control. FET is one of the most commonly used sensors
for the rapid and accurate detections of biomolecules because of the high efficiency, low

cost and compatibility for mass production. FETs can be highly sensitive to the surrounding
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environment since the captured molecules can change the electrical psopértie
channel through an electrostatic/gating effect which will be reflected by a readable output

signal of the device.

Great efforts have been devoted to identifying appropriate materials for sensing using
FETs. Particularly, interests in FETs basedsd®WNTs are fomented because of the
nanoscale structure, the high aspect ratio, and the sizable band gap that allow ultrasensitive
sensing. Recent advances in scalable synthesis of SWNTs with perfect alignment also

provide easy pattern ability for the d@¥scale production of sensors.

One of the earliest study on CNbBsed sensors was reported by Kong et al. in 2000,
where shift in threshold was observed in the transfer characteristics of the FET exposed to
toxic gases (Nkland NQ).** The authors attriited the response to electrostatic doping of
the gas molecules onto the SWNT. Later, to further investigate the underlying sensing
mechanism, the analytes were expanded to alédt@y,*® benzend! and H.*® While
some of the studies confirmed the elestatic doping effect of target molecules on SWNTSs,
other studies suggested that the adsorption on metal contacts will tune the work function
of the metal and modify the Schottky barrier between the contact andGiW&3's, which
will change the resistana# the transistof? Recently, Boyd et al. also reported that the
modification on the Schottky barrier at SWNT junctions also plays a role in the signal
output®’ Clearly, further studies are still needed to fully reveal the fundamental aspects of

the sasing mechanism.

In addition to the investigation on the sensing mechanism, researchers are also

focusing on improving the sensitivity and selectivity of SWbHSed sensors. In recent
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years, various approaches have been developed to enable theigedsitin to the

single molecule level *1Compared to the sensitivity, however, the selectivity was
relatively less addressed in previous studies. One strategy to fulfill this requirement is to
functionalize the channel with specific ligands to enhaheeffinity between the

channel and the target molecules. This methodenagnce the compatibility of SWNT

based sensors to different systems for the detection of a variety of chemicals.
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Chapter 2: Growth of High-Density-Aligned and
SemiconductingEnri ched SingleWalled Carbon Nanotubes:
Decoupling the Conflict between Density and Selectivity

The content of thishapter is adapted froour publication (ACS Nano, 2013, 8(1):
554562)>2 We acknowledge our coauthors, Prof. Kaihui Liu, Mr. Matthierde and
Prof. Feng Wang at University of California, Berkeley, for measuring the chirality
distribution d our carbon nanotube samples. Wego acknowledge our coauthors, Dr.
Shibo Liang and Prof. LiaMao Peng at Peking University, for helping us witb t

fabrication of electronic devices.

2.1Introduction

As has been discussed in chapter 1, SWNTs have attracted considerable attention in
nanoelectronics because of their outstanding electrical and thermal properties.
Particularly, dense parallel SWNT aysaare found to be of great potential for making RF
devices due to their considerable improvements in thdrioing current, mobility and
cutoff frequency>°° More recently, researchers at IBM have demonstrated Guim
transistors using carbon nanoguior highspeed and powesfficient logic application$.
However, in order to realize such applications, high density and high purity
semiconducting nanotubes are needed because: i) dense SWNT arrays can carry higher
current and are more robust for inteigd circuits and ii) high selectivity for
semiconducting SWNTs is demanding to obtain high on/off ratios in SWWas¢€d
FETs? %52 Currently, there are two competing approaches: one is to depoesilpoted
semiconducting nanotubes on substrate, whahbeen recently demonstrated by the

IBM group. The other is the directly controlled growth by CVD method for horizontally
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aligned SWNT array® ®3The direct growth method are generally thought to provide
nanotubes of better quality since the nanasut®not need to go through purification,
sonication and separation procedures that are known to create defects on the nanotubes.
However, the density and selectivity of nanotubes from the direct growth methods are

still far from ideal.

Over the past decagdgreat progress has been made in achieving the goals using CVD
method. On one hand, the density and alignment of SWNT arrays have been greatly
improved®® **For example, as reported in a recent work by our group, the density of
SWNT arrays has been masedto2d 0 SWNTs/ em by-cywleandg a mul
ethanol/methanol CVD growth methetiOn the other hand, several groups have
successfully synthesized predominantly semiconducting or metallic SWPRespite
the great success in synthesizingraéig SWNT arrays, the goal of simultaneously
obtaining high density and high selectivity has not been achieved till now. In general, it is
believed that within a certain range, the hagincentration carbon feedstock can increase
the SWNT density! However it is also known that the high concentration of the carbon
feeding source usually reduces the selectivity of SWNTSs, as clearly indicated in the
recent work published by our groffdn this sense, a lower carbon feeding rate is
believed to be necessaxy fobtaining higkpurity semiconducting SWNTs. Thus
fabricating the aligned SWNT arrays with both high density and high selectivity is
currently a challenge. It is highly desired to find a reliable method that decouples the

asynchronous relationship betwethe density and selectivity of SWNTSs.

In our study, we observed an important fact that random CNTs in the area of the

catalyst can block the growth of the aligned SWNTs along the lattice structure on quartz
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surface. Such blocking is one of the main reagbat reduced the total density of the
aligned nanotubes and created nonuniformity in the SWNT arrays. More interestingly, it
is found that an appropriate treatment using water as an in situ etchant can exclusively
remove random CNTs, while most of tHegaed SWNTs remain intact. Furthermore, an
improved multiplecycle CVD method is demonstrated which uses a low concentration of
carbon feedstock and introduces water to the system to ensure the high selectivity of
semiconducting SWNTs. The SWNTs were teeldby water after each growth cycle to
remove the random CNTSs. After five growth cycles, the density of SWNT arrays can be
as high as around 10 SWNTs/ em with-5signifi
times higher than that of SWNTSs produced by-opde growth method. Micrd&Raman

and singletube optical spectroscopy measurements further confirm that the SWNTs

made by this method are of high selectivity.

2.2 Experimental section

2.2.1 The improved multiplecycle growth method

CuClb/poly(vinylpyrrolidone) (PVP) alcohol solution was used as the precursor and
patterned on Ytut single crystal quartz wafers for the SWNT groWwtfihe substrate
with catalyst precursor deposited on it was then annealed for 30 min ixirtble 1
Linderberg furnace in aat 775 °Cto remove the polymers in the catalyst precursor and
to form CuyOy. After the samples cooled down to room temperature, the furnace was
heated to and kept @5 °Cfor 25 min in B atmosphere at367 standard cubic
centimeters per minute (sccno)reduce CyOy nanoparticles to Cu nanopatrticles. The
CVD growth was then performed at 98Q In a typical growth experiment, an argon

flow through an ethanol bubbler&20 sccm, another argon flow through a water bubbler
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at 30 sccm and a hydrogen flotv-279 sccm were introduced into the system in the first
cycle of growth for 10 min. After the first growth cycle, the flow through the water

bubbler was kept on and the rest of the flows were turned off. An argon flow at ~391
sccm was introduced into tlsgstem to maintain the stable pressure in the chamber of the
furnace. The etching process took 3 min. The next growth cycle was the same as the first
one except that the growth time was 5 min instead of 10 min. The experimental flow

diagram is shown in Fige 2.1.
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8 H, H,
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0 10 13 18 21

Growth Time/ min

Figure 2.1. Experimental flow diagram for the synthesis of aligned SWNTs using the
improved multiplecycle growth methodThe figure is adapted from RebZ] with

permission
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2.2.2 Characterization

A scanning electron microscope (SEM, FEI XLSGEG, operated at 1.5 kV), an
atomic force microscope (AFM, Digital Instruments Multiple Mode SPM Nanoscope
llla, operated at tappingiode) and a mickRaman spectroscope (Horiba Jobin Yvon
LabRam ARAMIS) were used for the characterization of SWNTSs sgizth@. The
optical imaging and spectroscopy for the chirality distribution of SWNTs were performed

following previously reported methdd.

2.2.3 Fabrication of FET device
Topgated FET devices with channel l engt h o

pattened by electroibeam lithography (EBL). 50 nm Pd was deposited-bgam

evaporation as the contact metal. The gate dielectrieGs dkidized with 2.7 nm Y. 20

nm Ti was used as the gate metal.

2.3 Results and discussion

Our study is motivated by the adysation that in the catalyst area there are some
randomly aligned CNTs, which blocked the aligned SWNTs growing along the lattice
structure on quartz surfadéigure 2.2 shows a representative SEM image describing
such a fact, and Figu&2b is the loclly enlarged image. Similarly, the aligned SWNTs
are also blocked by the random CNTs in the region where catalysts are deposited, as
shown in the box ifrigure2.2c.From these SEM images, it is very clear that the growth
of most aligned SWNTSs terminatesi@n they reach random CNTSs in front and only a
few of them can cross over. These observations demonstrated that the random CNTs
caused a sharp decrease in the density of SWNTs and created nonuniformity in the

sample. Therefore, the presence of random GdéUtd be a crucial factor that prevents
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us from obtaining SWNT arrays with high density. In this sense, it is necessary to remove
the random CNTSs using an etchant in order to obtain dense SWNT arrays. A recent study
published by u€ showed that water vapean be used as an effective in situ etchant for

the metallic nanotubes to selectively grow semiconduamgched SWNT arrays on

guartz substrates. In some experiments, we also observed the disappearance of nanotubes
in the catalyst regiorns: "%Is water vapor also capable of removing the random CNTs
standing on the quartz lattice? To answer this question, a set of experiments has been
carried out by varying both the water vapor concentration in the CVD chamber carrier

and the etching time. Surprisiyglfter being treated by water vapor at the concentration
between 356 and 586 ppm for an appropriate time, the random CNTSs in the catalyst area
have been completely removed, while most of the aligned SWNTs remain intact even if
such a treatment lasts farong time. Figur@.3shows the SEM images of a sample

before (panel a) and after (panel b) water vapor treatment, where the areas labeled by red
rectangles are at exactly the same location on the sample and are used as position
markers. Clearly, as shavby Figure 2.3b, the small misaligned CNTSs in Figure 2.3a

have been removed after water treatment.
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Figure 2.2. SEM images showing (a) the random CNTs that block the growth of aligned
SWNTs, (b) the details in the location labeled by the red rectamglagniel (a), and (c) the
aligned SWNTSs blocked by the random CNTSs in the region where catalysts are deposited.

The figure is adapted from R&§J] with permission
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Figure 2.3. SEM images of a sample before (a) and after (b) water vapor treatment. The
areas labeled by red rectangles are at exact the same location of the sample and are used as

a markerThe figure is adapted from R&§J] with permission

The selective etching effect of water vapor for the random CNTs can be understood
as follows. Firstmore catalyst particles around the random CNTs may accelerate the
etching reactiori* "°In addition, the random CNTSs consist of random SWNTs and
MWNTSs, which have more defects and hence could be easily attached by oxidants such
as water. In contrast, tladigned SWNTSs are more stable and can not be etched by the
oxidant (water) due to their structural integrity.
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Based on the observations above, we designed a growth method which synthesizes
SWNTSs repetitively after removing the random CNTSs in the catahgst by treating
them with water vapor, hoping to increase the density of aligned nanotubes.Z4gure
shows results before and after the seetomé growth. There are some new SWNTs
appearing after the new cycle of growth, indicating that some catalyatls still keep
their activity after the first growth cycle. However, as shown in Figutie and d, the
newly-grown SWNTSs are not well aligned. To better understand this observation, we
annealed the sample in the air at 9CQntil all the CNTs wereemoved. Then a new
cycle of growth was performed on the same substrate and it is found that nearly all
newly-grown SWNTSs are curved, as showrFigure2.5a. Considering the fact that the
growth conditions were kept the same during our experiments, we wamith two
possible explanations for the misalignment of the neysbyvn SWNTS: i) the lattice
structure of quartz wafer could be destroyed, and ii) the catalyst could have aggregated
after the repetitive heating and cooling and the omg treatmentinder high

temperature.
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To test which hypothesis is correct, the same samaéeannealed in the air at 98D
to remove all the CNTs again. Then new catalysts wedepesited on the quartz wafer
and another growth cycle was performed. As showkigare2.50, the newly
synthesized SWNTSs are well aligned, which confirms therskebgpothesis. This is
consistent with previous results that the diameter distribution of SWNTSs is closely related

to the size of the catalyst particlésThe increase of the size of catalyst particles may
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lead to the larger diameters of SWNTs and thgnatient force tends to decrease as the
diameters of SWNTs increage,/*which may cause the SWNTs to become misaligned.
In fact, the AFM measurement result shows that the curved nanotubes have larger

diameters than normal aligned SWNTSs synthesized bycgcle growth method (see

Figure 2.6)% 73 76

/

Figure 2.6. AFM image of misaligned CNTs on the wafer annealed after the se¢itoad
of growth. d1d5 represents the diameter of CNTs at different location marked by the white
arrows. d1=5.1 nm, d2=2.7 nmd3=1.1 nm, d4=2.3 nm, and d5= 1.7 nhme figure is

adapted from Ref92] with permission
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To limit the aggregation of the catalyst, one strategy is to avoid the repetitive heating
and cooling procedures as well as the inge treatment under high tenrpture. This
can be achieved by combining all growth cycles and etching cycles in one process (see
Experimental section for details). We refer to such a method as the improved multiple
cycle growth method to distinguish it from the multiolele growth m#hod discussed
in our previous work?® Figure2.7 shows the SEM images of horizontally aligned SWNT

arrays after the ongtwo-, four-, and fivecycle growth, respectively.

e (i
n
i

Figure 2.7. SEM images of horizontally aligned SWNTs on quartz surface bycyrie

growth (a), twecycle growth (b), foucycle growth (c) and fiseycle growth (d) under
the same CVD growth condition (Ethanol=90 sccreQ#B0 sccm, and #279 sccm).

The figure is adapted from R&§J] with permission
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From these results it is clednat the density of SWNT arrays increased froéh 1
SWNTs/ ¢ m f-ayde grovtre(paneha@to2 S WNTs/ e m-cicer t he t wi
growth (panelb) and-8 S WNT s / &€ m -dyabergrowthh(jganet o, and finally
reached around 10 SWN\BBklowstha didneterdistiibutidnsfor Fi g u
SWNT arrays prepared via the ecycle, threecycle and fivecycle methods measured
by AFM. It is observed that the average diameters obtained from these three steps are
1.89, 1.97, and 2.01 nm, respectively, shmana slight upshift trend of the nanotube
diameter. This is consistent with the theory of Ostwald ripeffirf§lt should be noted
that no further increase in the density of SWNT arrays was observed when more growth
cycles were performed, which might &tributed to the deactivation of the catalyst
particles under high temperature. Obviously, this improved muitidée growth
method significantly increased the density of SWNT arrays by using a low carbon
feeding rate and introducing water into thetegswhich are necessary for obtaining the

high-purity semiconducting SWNTSs.
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Figure 2.8. AFM characterization on diameter distribution for SWNT arrays prepared via

the onecycle (a), threeycle (b), and fivecycle (c) growth methods under the condition

described in Experimental sectiorhe figure is adapted from Re&§3] with permission
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Another issue we are concerned about is the selectivitypfegpared SWNT. To
answer this question, Resonant Raman spectroscopy (RRS) was used to characterize the
SWNT arrays prepared via the fagycle growth method. It is well known that RRS is an
exceedinglypowerful tool for characterizing SWNTSs to reveal the electronic and phonon
properties of SWNT arrays. The RBM of Raman spectrum assigns and distinguishes the
semconducting and metallic SWNTs. We used lasers with two different wavelengths of
633 and 785 nm and characterized 15 spots on the sample prepared viadieldive
growth method. The measured results are shown in Figure 2.9, where the black and red
rectargles marked with M and S correspond to frequency ranges where RBM peaks of
metallic and semiconducting SWNTSs are expected, respectively, and the peaks at 128,

205, and 264 crhmarked with black arrows are sourced from the quartz substrate.
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Whena 633 nm laser was used for excitation, as shown in Figure 2.9a, in the red
rectangle, the frequency range where RBM peaks of semiconducting SWNTs are
expected, we observed evident signals of semiconducting SWNTs and the distribution of
the RBM frequencieis between 146 and 1@hvt. From the experimental relationship
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between a SWNT diameter (d, in nm) and a RBM shift (i 1) v=248/d?°the

diameters of these observed s@woinducting tubes are estimated to be between 1.5 and
1.7 nm. In contrast, natleer peaks but those from quartz substrate at 205azmvisible

in the black rectangle that corresponds to the frequency range where RBM peaks of
metallic tubes are expected. From the Raman data shown in Figure 2.9a, it is believed
that the improved mtiple-cycle growth method produces a large proportion of
semiconducting SWNTs. When a 785 nm excitation laser was used, no RBM peaks of
semiconducting tubes are visible (Figure 2.9b). This is because at 785 nm laser only the
semiconducting tubes with a diater smaller than 1.13 nm can show RBM signals. On
the other hand, in Figure 2.9b, there are also not any observable RBM peaks of metallic
tubes, indicating the presence of few metallic SWNTs within the diameter range from 1.5
to 1.9 nm. The current ressilconfirm that the improved multipleycle CVD method
predominantly synthesizes semiconducting SWNTSs in the diameter range smaller than 2
nm. In addition, the disorder band-{dand) was barely observed in the Raman spectra,

meaning that the water vapoeatment did not bring about significant defects of SWNTSs.

To further investigate the selectivity of the@epared SWNT arrays, a detailed
study on chirality distribution was performed on substrate by our reéegloped
polarizationbased optical homodgmmicroscope/spectroscopy combined with a
supercontinuum laser light sour€eThis technique was proved very powerful to identify
the chiral index of individual nanotubes with high accuracy and efficiency. Figure 2.10a
and 2.10b show the distribution amiconducting and metallic SWNTSs within different
diameter ranges via the otime and threeycle growth methods under the same growth

condition which is described in the Experimental section (Figure 2.10a was also used for
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one of our earlier publicatiofd. Note that the density of SWNTSs prepared by-fiyele

growth is too high to provide optical spectrum for assigning the chirality of individual
tubes. As shown in Figure 2.10, the ratios of the semiconducting SWNTSs to the metallic
counterparts (S/M rags) are 1.48 and 1.92, respectively, and both of the values are much
higher than that of the controlled group synthesized by the same recipe but without water
(0.97, see Figure 2.11). The result confirms that the improved-ayale growth method

provides increased density and selectivity for semiconducting SWNTs simultaneously.

Interestingly, it is shown that the S/M ratios are not equally distributed within
different diameter ranges: for both the dmee and threeycle growth methods, the
semiconductig SWNTSs are highly enriched in the diameter range e225m and the
S/M ratios are 4.68 and 5.20, while for the SWNTs synthesized without water the value is
only 1.26. Figure 2.12 shows the transport properties efjadgd FET based on SWNT
arrays pepared by the fiveycle growth method. According to the observed chirality
distribution, we proposed that not only the electronic structure of SWNTs but also the
diameter and the concentration of water significantly influence the reactivity between
SWNTsand water. For SWNTSs of small diameter, local strain plays a more important
role than the electronic structure since oxidation is preferential in areas of high
curvature®®2 Consequently all smatliametered SWNTSs are sensitive to water and no
obvious skectivity can be found under some certain growth condition. For SWNTs
within the diameter range from 1.5 to 2.2 nm, the concentration of water optimized in this
study could mainly etch the metallic SWNTs while the majority of semiconducting

SWNTSs can survie.
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mentioned in the Experimental section measured by the optical imagisgectdoscopy.

The figure is adapted from R&§J] with permission
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of this observation is still not clear and under further study. It could be the elimination of

defective metallic nanotubes during measurement or elimination of conducting paths
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through carbonaceous surface contamination layer formed during CVD sgraheuartz

substrateThe figure is adapted from Ré§7] with permission

To support this hypothesis, one additional group of experiment was performed using
the same growth condition mentioned in the Experimental section with 50 min post
synthesis etung (water concentration: 506 ppm). The chirality distribution ef as
prepared SWNTs was mapped out in Figure 2.13. The diaependent etching rule
still applies even after pasynthesis etching for 50 min. This fact indicates that the water
concentrdon and the property of SWNTs have a combined action on the selectivity.
Though detailed study on the diametependent selectivity is still needed, the current
results shed light on the future research direction in further improving the selectivity for

semiconducting SWNTSs: diameter control and selective etching should be combined.
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Figure 2.13.Diameter and chirality distributions for SWNTSs prepared bytime growth
with postsynthesis etching for 50 min (water concentration: 506 ppegsured by the

optical imaging and spectroscofhe figure is adapted from Re&§J] with permission
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For comparison, we also did Raman measurement on SWNTs made by the previous

multiple-cycle growth method (see Figure 2.32).
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with permission

According to Figue 2.14, RBM signals are not found in either the metallic or the
semiconducting regions. It is well known that RBM signals of SWNTs with diameters
larger than 2 nm are hardly detected by Raman spectroscopy. Thus the absence of RBM
signals in Figure 2.14 w@ttributed to the large diameter of SWNTSs synthesized using the
previous multiplecycle growth metho® That is also supported by the AFM result that
shows the diameter distribution of SWNTs made in our previous work is 2.4 + 0.5 nm. In
contrast, the prest improved multipleycle growth method can synthesize the SWNT
arrays with relatively smaller diameters, as shown in Figure 2.10. The FETs often showed
a low on/off ratio, indicating little, if any, selectivity for SWNT arrays made by the
previous methd. The uniqueness of the improved multipiele growth method is that it

synthesizes high density and high selectivity SWNT arrays with smaller diameters.

2 . Gbnclusion

In summary, the work in this chapter shows that i) the random CNTs in the catalyst
area are a crucial factor that prevents us from obtaining thedagbity and higiyuality
semiconducting SWNTSs, and ii) the repetitive treatment of samples under high
temperature can result in the aggregation and deactivation of the catalyst. More
interesingly, we have found that the selective removal of random carbon nanotubes can
be achieved by the treatment using an appropriate amount of water vapor. And most
importantly, we have presented an improved mukgyee growth method to synthesize
high-densty, high-quality and semiconductirgnriched SWNT arrays on quartz

substrates. Using the improved multiolgcle growth method, we have obtained the

dense semiconductilgnr i ched SWNT arrays (~10 SWNTs/ ¢
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with high uniformity. We ha& successfully decoupled the asynchronous relationship
between the density and selectivity of SWNTs. Such understanding on the growth

mechanism will be shown to be very useful for future nanoelectronics applications.
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Chapter 3. Importance of Diameter Cortrol on Selective
Synthesis of Semiconducting Singl&Valled Carbon Nanotubes

The content of thishapter is adapted froour publication (ACS Nana8 (8), 8564
8572)32We acknowledge our coauthors, Prof. Kaihui Liu, Mr. Sihang Liang and Prof.
Feng Wag at University of California, Berkeley, for measuring the chirality distribution
of our carbon nanotube samples. Wso acknowledge our coauthors, Mr. Chiiigg
Ke and Prof. Gleb Finkelsteat Duke University, for helping us with the fabrication of

electronic devices.

3.1 Introduction

Based on the electronic structur88YNTscan beeither semiconducting or metallic,
denoted as-and mSWNTSs, respectivelyror application in logic gateRF devices and
sensors,-SWNTs are especially attractive owitggthe presence of a sizable energy
band gap. However, the coexistence-ared mSWNTSs in prepared samples limits the
application of SWNTs because the current througBWiINTs can only be modulated
very weakly, resulting in a high leakage current in FHT&refore, over the past decade,
abundant research efforts have been made towards obtaining VS Bs.

Over the past decade, great progress has beentryisdgo solvethis problem. Many
research groups developed various separation methobsaioeither puressSWNTSs or
pure mSWNTs®" 887 However, the separation steps, which usually involve surfactant
wrapping and sonication, can result in contamination, shortened nanotube length, higher
defect density and substantial bundling, thus reducingubéty of the SWNTSs for
device applications. Further, the controlled placemertIMNTSs from solution phase is

a formidable challenge that as yet requires significant improveth&ht®
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As an alternative, the CVD method has been proven to beableshnd effective way
to directly synthesize-SWNTswith high qualityon target substrates. Previgys$oth
theoretical and experimentstudies showed that8WNTs are more reactive than s
SWNTs due to théower ionization energy{? °* %Accordingly, different strategiebave
beendeveloped to selectivebliminatem-SWNTsfrom the agprepared nanotubes with
mixed electronic structures made by CVD methodluding using etchants such as
methanaf® oxygen®? water? %and hydrogeji* applying is@ropyl alcohol as theOH-
containingcarbon feedstog¥ introducing UV light during growti® or choosing
oxidativecatalystsupport®’ However, some recent studies reported that the etching of
SWNTs is not onllectronic typedependenbut also diamet-dependent® %
Particularly, as mentioned in chapter 2, our grdiggoveredhat there is &ery narrow
iopt i madf SWNd digmetéunder certain etching conditions where most m
SWNTs are eliminated whileSWNTSs survive, and for SWNith diametersout of
the Aopti mal rangeo, no obvious selectivit
electronic typedependent and diametdependent etching mechanisms may entangle
together during growth, which makes the selective synthesiS@WINTs morecomplex
since both mechanisms should be taken into consideration

In thischapter, a effective approach was develogedsuccessfully synthesize highly
selective SSWNTs withanarrow diameter distribution. It has been suggested that there
is a positivecorrelation between the diameters of SWNTs and the size of the catalyst
particles®®: 33 9. 9Therefore, a possible way foontrollingthe diameter of SWNTSs is to
select a catalyst that can be uniformly dispersed on the substrate durfagetypica

CVD growth method, iron is used as the catalyst becauselofh nucleation activity.
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However, Fe nanoparticles have a relatively low melting point among metals and could
be in the liquid statevith considerable mobilitynder high temperature duri@yv/D
growth (900 C),*® which results in a broad distribution of the catalyst particle size
according tdDstwald Ripening mechanisfiRecently, itwasreported that tungsten
containing nanoclusters are not only uniform in sizedtadstableduring CVD syithesis
due to thehigh temperaturstability of W3® Thus in this chaptgra Fé W nanocluster
was chosen as the catalyst precursor to obtain diait@ténolled SWNTs othe quartz
substrate. It is discovered that by applying water vapor as the etchibatgrowth
environment, the selectivity of SWNTs reaches up to ~95% on qudrésed omesults
from electrical measurement and in situ optical spectroscopy on individual nan6tubes.
By comparing the selectivity d¢fei W-catalyzed and Featalyzed SWN$ grown under
different etching conditions, the relationship between the electroniadgpendent and
diameterdependent etching mechanisms was revealed.
3.2 Experimental section
3.2.1 Preparation of nanocluster catalyst precusors

The Fé W nanoclustes were synthesized according to previous literattfré°°15 mg
polystyreneb-poly(2-vinylpyridine) was dispersed in 15 mL toluene to form micelles and
~1 mg nanoclusters wasibsequentlgdded. The suspension was vigorously stirred for 7
days and sphtoated onto the substrate for CNT growkbr the control group, ~1 mg
FeCk was used with other conditions being the same.
3.2.2 Growth of horizontally aligned SWNTs on quartz substrate

The quartz substrates with catalysts precursors were annedhedaiin at 775C in the

1-inch Linderberg furnace for 30 min to remove polymers before cooled down to room
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temperature. Then the furnace was heated up toG@ahd the catalysts precursors were
reduced under atlow at 367 sccm for 15 min. For a tgail CVD growth process, aH

flow at 279 sccm, an Ar flow at 70 sccm through an ethanol bubbler and another Ar flow
at varied rates (0, 30, 65 and 231 sccm) through a water bubbler were introduced to the
system. The bubblers were kept in a mixture of @k \water tanaintaina constant
temperature around €. The growth lasted for 15 min at 900. The system was cooled

down to room temperature with the protection ef H

3.2.3 Characterization

A SEM (FEI XL30 SFEG, operated at 1.5 kV), an AFM (Diditastruments Multiple
Mode SPM Nanoscope llla, operated at tapgimage) and a mickRaman spectroscope
(Horiba Jobin Yvon LabRam ARAMIS) were used for the characterization of SWNTs
synthesized. The wavelengththe excitation lasdbor Raman spectroscgpvas 633 nm.
The optical imaging and spectroscopy for the chirality distribution of SWNTs fetow

the previously stated approath.

3.2.4 Fabrication and measurement of backate FETs

The SWNTs on quartz were transferred from quartz te/Si@ubstratevith 280 nm
oxide layer by using the previously reported polyassisted methotf.Electrodes were
patterned by EBL with the channel l engt h o
were deposited by-lkeam evaporation. Another lithography step wasrigk remove
SWNTSs outside the channel by oxygen plasma. The electrical measurement was
performed by a Keithley 4268CS semiconductor characterization systénebias

voltage was 10 mV.
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3.3 Results and discussion

In order to obtain information on the sidistribution of the catalyst particles, the
molecular nanoclusters & 12[HsePsWagFe80245 - 90HO (denoted as F&V clustes)
were synthesized and dispersed on.&80substratéseeExperimentakection for
details) The clusters were annealed in theaaidthen reduced in hydrogen. For
comparison, FeGlsolution wasalso prepared arideated under the same condition to
form Fe nanoparticle\ typical CVD growth procedure of 15 min was performed using
both catalyst precursors. Afterwards, areas betwaantubes were imagéy the AFM
The reason for treating the nanoparticles under the same CVD growth conditions is to

confirmwhetherthe FE” W nanoparticles have a more uniform size distribution during

and after the high temperature process (includirtg tiee catalyst reduction and growth
steps) Figure3.1 shows the AFM imageandsizedistributions of the FéN (a, b) and Fe
(c, d)nan@articles respectivelyClearly, F& W nangarticlesare more uniformly
distributed on the substrate surfalteshouldbe noted thatn Figure 3.1, the F&V

catalyst nanoparticlemresparse omhe substrate compadwith Fe nanoparticlesio

clarify the effect of the catalyst precursor concentration on the particle size distribution,
we performed another group of expeeim, where the Feg@olution was diluted to 1/10

of the original concentration and then spoated onto the substrate. As shown in Figure
3.2 both the average size and standard deviation-pfegared Fe nanoparticles slightly
decreased compared withose from the undiluted solution. However, these values are
still larger than those d¥e’ W nanoparticles and some aggregations can be observed.
This fact indicates that even though the concentration is playing a role, the intrinsic

property of the catalysanoparticles is a crucial factor determining their size
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distribution.Because oits sizeuniformity and high temperature stability, the #é
nanocluster is considered to bbettercatalyst precursor to obtain SWNTs with a narrow

diameter distribution
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Figure 3.2. AFM image (a) and size distribution (b) of Fe nanoparticles with a diluted
density (~1/10 of those in FiguBelc) on the SiO2/Si substrat€he figure is adapted

from Ref 32] with permisson.
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a) b)
| . d).

Figure 3.5. AFM images of FEW-catalyzed(a, b) and Featalyzed SWNTHc, d)

(synthesized on quartz and transferre®i,/Si substratds The figure is adapted from

Ref [32] with permission
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Electrical measurements of FETs based on individual SWNTs were performed to
evaluate the selectivityf @assynthesized SWNTS. In a typical process, the fabrication of
FETs was conducted on SISi substrates with 280 nm Si@ielectrics and the channel
lengthwas2 e m ( s ee dedipn®rdetaits). Highdyldoped Svasusedasthe
backgat and the souredrain voltagevas10 mV.Figure 36a andrigure 36b show the
schematic illustration and SEM imagga representative device. The subthreshold
curves ofa mSWNT (red line) and anSWNT (black line) are provided figure 36c¢.
The statistic®f on/off ratios of FeW-catalyzed SWNTs synthesized without water
vapor is shown ifrigure 36d. Out of the 30 devices, 10 transistoese found to have
on/off raios lowerthan 10, which indicates the metallic properbéthe corresponding
SWNTs. Considering the fact that8WNTs should account for 1/3 ali thetubesif the
nanotubes with each chiralihave equal opportunities to grow during CVD synthesis,
only using FéW catalystsdloes nobbviouslyresult in selective enrichment 6Gf8VNTSs.

When an appropriate amount of water vapor was introduced into the CVD system
during synthesis, a significant increase in the selectivity was obsé&igede 36e shows
the statisticof the on/off ratios of devices based on SWNTSs synthesized under the same
growth conditionas in Figure 3d excepthe addition ofvater vapowith a
concentration of 1036 ppm during synthesis. The statistics of tseatncurrent ofach
device is shown in Figure 3t@ demonstrate that the devices are of good performance
Two SWNTSs with the on/off ratio lower than 10 were identified out of 39 randomly
selected nanotubes. Based as thsult, the ratio of-SWNTs isroughlyestimated tdoe
~95%. Tohave a more complete understandidifferent etching conditions were tested

on the FéW-catalyzed SWNTSs, and it was found that high selectivity can be
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reproducibly obtained either by gitu or postsynthesis wateraportreatment. For
instane, it is shown irFigure3.6 that the ratio of-SWNTSs is ~90% for FaN-catalyzed
SWNTs treated withwvater vapor (concentration=594 ppfaj 20 min after CVD growth.
It was also noticethat an excessive amount of etchant vallisea decrease in the
seletivity. As shown in Figure 3.8, when the water vapor concentratiomg CVD
growthwasincreased t@629 ppm, the ratio oFSWNTSs dropped to ~70%. This is
consistentvith the result irour previous publicatiaf® A possibleexplanatiorfor such

an obsevationis thatboth m and sSWNTSs can be oxidizednder high water vapor
concentratioaand consequentlyhe etching is no longer selectitmvardsthe electronic

structurs of SWNTS.
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Figure 3.7. Statistics of the ostate current of devices based ndividual F& W-catalyzed
SWNTSs synthesized under the wataporconcentration of 1036 pp(Vps=10 mV). The

figure is adapted from Re8f] with permission
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Figure 3.8. Histograms of the on/off ratio of each individual tube device fdarWre
catalyzed SWN$ synthesized with the watesiporconcentration of 2629 pprfthe figure

is adapted from Ref3p] with permission

The other important factor identified in achieving high selectigiywth ofssSWNTs
is the narrow diameter distribution. To demonstragediameteddependent effect, e
W-catalyzed SWNTs erecompared to Featalyzed SWNTs using the electrical
measuremerdf FET device contaiimg 2-12 nanotubegseeFigure3.9). Figure 4 shows
the electra transfer characteristics of a representative debased on F&V-catalyzed
SWNTSs and the on/off ratio is ~80,000. Foi ecatalyzed SWNTs synthesized with
water vapor concentratiasf 1036 ppm, ~68% devices shesan on/off ratio larger than
10 (Figure3.9and 3.10a In contrast, for Featalyzed SWNTsvith water vapor etching,
only four devices out of 22 (~18%)wvereidentified to have the on/off ratio above 10,
indicatng that the diametecontrolled SWNTdhavebetter selectivity under the

optimized growth conditiofsee Figure 3.9d and Figure 3.10b
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from Ref [32] with permission
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Figure 3.10. Displays of the on/off ratio of the multiple tube devices in Figure 3.9c and

Figure 3.9d for Few-catalyzel SWNTs (a) and Featalyzed SWNTs (b) under the

optimized etching condition3he figure is adapted from R3] with permission

The newly developed polarizatidrased optical spectroscopy combined with a

supercontinuum laser light source was also tisédrther demonstrate the diameter and

chirality distributions ofndividual Fei W-catalyzed SWNT$? Such method has been

proven to offer fast and accurate characterization of the chirality of SWNTSs. Figure 3.11

shows the optical spectra of a (21,11) SWMid, semiconducting) and a (25,13) SWNT

(b, metallic).
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Figure 3.11. Optical spectra of a (21,15SWNT (a) and a (25,13p-SWNT (b). The
diameters of the-SWNT and mSWNT were calculated to be 2.21 nm and 2.62 nm,

respectivelyThe figure is adaptefrom Ref B2] with permission

The optical spectroscopy further confirms that all therapared nanotubes are singe
walled because MWNTaftenshow coupled specirieatures, i.e.more resonant peaks
and higher optical signal, which were not detedteour sampled-or each sample, the
(n, m) values obver50 SWNTs were determined by the optical spectroscopy and the
diameters were calculated accordingtigure3.11 shows the diameter and chirality
distributionsof F&i W-catalyzed SWNTSs synthesizedthvthe watewvaporconcentration
of 522 ppm.The detailed statistics of the (n, m) values is shown in Tabld heratio of
asprepared SWNTSs that fall into the diameter range from 2.0 nm to 3i2 #80%. It
should be noted that the calculated avedigmeter is larger than that measured by
AFM, andthatcould be understood by consideriihgt the interaction between SWNTs
and the substrate/AFM tip migbausehe deformation of the tubes, which is consistent
with our early studyMore Fe W-catalyzedSWNTs under different etching conditions
were characterized and it was identified that with the watporconcentration between

522 ppm and 1036 ppmBNNTs account for 81985% of all the measured tubes.
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These ratios adewer than the value of 95%eteminedby the electrical measurement
onindividual SWNTs(water vapor concentration=1036 pprihe difference can be
explained as that t me3iandiéman integdr)ddagsmallo SWNT s
bandgaps may show an on/off ratio larger thaf?10 fact,accordingto Table3.1, only

one tube out of 52 has the armchair structure (n=m), and the semiconducting and
semimetallic SWNTSs account for ~98% of all the tulbes.comparison, the chiralities of
Fecatalyzed SWNTs with wateaporetching duringgrowth (496 ppm) were also

mapped out. A much broader diameter distribution was observed, as shown in Figure
3.12b (this figure wamodified fromour previougpublication3.>> "*The diameter range

for the best selectivity is found to be approximatetyrfrl.2 nm to 2.2 nm, where ~80%
tubes are categorized to b&¥/NTs based on the (n, m) values. However, the growth
and etching condition does not demonstrate a selective effect for SWNTSs out of this
range, resulting in the low overal®/NNT percentagenterestingly, it was also noticed

that thefibest selective rangesf the diameters for thiee’ W-catalyzed and Featalyzed
SWNTs mentioned above are different under the water vapor etching conditions around
500 ppm. This fact implies that the catalystald have more functions, such as
predetermining the structures of nucleated nanotubes or affecting the etching reaction,
than just controlling the diametef SWNTs Detailsonthe roles of catalysts are worth

further study and have already been undennayur group.
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42 18 17
43 Semimetallic 19 16
44 22 10
45 34 16
46 20 11
47 30 24
48 33 12
49 27 24
50 30 24
51 37 13
52 Metallic 20 20

To better elucidate the correlation between the diarteieendent andlectronic type
depemlent etching mechanisimthe chirality and diameter distributions of-€atalyzed
SWNTs synthesized under different growth conditions \atse carefully investigated
Figure 3.13 shows thdiameter and chirality distributiormd SWNTs synthesized without
watervapor(a) andwith a considerable amount of water vages41 ppm (b) (Figure
3.13awasmodified fromour previous publicativ). It is shown in Figure 3.13hatFe-
catalyzed SWNTs synthesized without watapordo not have angverallselectivity,
which issimilarto the electrical measurement resulttba correspondinge W-
catalyzed SWNTs. Neverthelesswiisfound that agprepared SWNTs with the diameter

smaller than 1.4 nm are all semiconducting.
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Figure 3.13. Chirality and diameter distrittions of Fecatalyzed SWNTs synthesized
without watervapor (a) andunder the watevaporconcentration o541 ppm b). The

figure is adapted from Re8f] with permission

A possible reason for such a fact is that the carbon feedstock, ethanol,theain
OH group andtan act as a weak etchalttwas reported that smaliameter SWN's are
more reactive than largbameter counterparts because of the higher curvétéfe.
Therefore, smaltliameter ’SWNTSs were the first to be removed under this ghow
condition.When the watevaporconcentration wamcreased to 2541 ppm, SWNTs with

the diameter smaller than 2.8 nm show no selectididyvever all mSWNTs with
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diameter beyond 2.8 nm disappear and the only two SWNTs deteeted
semiconductingThedifficulty in finding more sSWNT are due to the fact that for the
diameter range larger than ~3.0 nmSWNTs seem to have a higher chance to be
nucleated, as clearly shown in Fig#é23 3.12 and3.13 and the observation also
implies that if the diamter of most SWNTs could be tuned to larger than 3.0 nm, high
selectivity for mSWNTSs could be achieveilhis set of datandicates that the diameter
range within which selectivity was observed tetalhave an wshift as the waterapor
concentration in@asesFigure3.14summarizes the selective etching window for Fe
catalyzed SWNTs under different water vapor concentrations in agreement with this

conclusion.
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Figure 3.14. Selective etching windows of Featalyzed SWNTs under the water vapor
concentation of O (red), 496 ppm (green) and 2541 ppm (bilieg.figure is adapted from

Ref [32] with permission

Thus, the relationship between the diametependent andlectronic typedependent
etching mechanisms can be summarized as following: i) for B3With apredefined
di ameter, there is a fAselective etching wi
which high selectivity can be achieved. The watgyorconcentratioabelow the range
arenot strong enough to totally eliminate theSWNTs(undeetching)and the ones
above this range miglixidize SWNTswith both electronic structures, which makes the
etching reaction no longer selectiaveretching) i i) The fAselective e

diameterdependent due to the difference in strainghe meantime, it should also be
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pointed out that the proposed rules do not necessarily apply to carbon nanotubes with a
high defect density, such as MWNTS, where the etching reaction might be mainly defect
dependentThe schematic illustration for the-atted mechanisms is summarized in
Figure 5c. As a result, for SWNTs with a broad diameter distribugelactive etching
wasonly observed within a narrodiameterangeunder a certain growth conditioBy
controlling the diameter using tle W catalystsan effective etching concentration

window can be identified to obtain a higélectivityof sSWNTS.

3.4 Conclusion

In conclusionhorizontally aligned $SWNTSs witha high selectivity were successfully
obtainedon Y-cut quartz substrate by the strategyg@ibining diameter control and
electronic typeselectiveetching.Statistics on lectrical measuremewf individual
SWNTSs shows that the selectivity can reach up to ~98% comparison between the
performances of FETs basedéé W-catalyzed and Featdyzed SWNTs verified that
the diameter control is a critical factor in obtaining highly selecti88\8NTs.The newly
developed optical imaging technique further confithetthe asprepared SWNTs are of
high selectivity and uniform diametethenFe& W catdysts are usedn addition, the
relationship between the diamets¥pendent andlectronic typedependent etching
mechanisms asproposed by systematicakxploringthe diameter and chirality
distributions of FEW-catalyzed and Featalyzed SWNTsinder dfferent etching
conditions Although detailed mechanisms on the etching reaction might vary due to
different catalysts, substrates and carbon feedstocks, we believe that this method could

potentially become a general appro&zbbtain sSSWNTs with high prity.
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Chapter 4: Selective Synthesis of Large Diameter and Highly
Conductive SingleWalled Carbon Nanotubes by Thiophene
Assisted Chemical Vapor Deposition Method
4.1 Introduction
S-SWNTs are highly attractive for logical gates, sensorsRindevices because of the
sizable energy band gap. On the other hand, SWNTs with metallic properties (including
both mSWNTs and small band gafS8VNTs) possess high conductivity, high
transparency, and high flexibility, and therefore are promising candidaté®fo
fabrication of transparent conductive films (TCFs) that can potentially compete with the

indium tin oxide technolog¥*

To realize the application of SWNTs in TCFs, it is crucial to selectively prepare highly
conductive SWNTSs since the condwdly of SWNT networks is limited by
semiconducting pathway$> However, compared to the success in the selective synthesis
of SSWNTs32 52.64.66,67. 72,103, 1§kere are relatively fewer studies on how to grow
SWNTSs with metallic propertie¥: 70195197 |t js generally acknowledged thatSWNTSs
are more reactive upon chemical etching becautietdwer ionization potential, and
the selective synthesis of®3WVNTs usually takes the advantage of the preferential
removal of mSWNTs®? As a resultfill now, the reliable and direct synthesis of highly
conductive SWNT film on target substrates remains challenging, and the growth

mechanism is still not thorougly investigated.

In our earlier studies, it was found that the reactivity é8WINTs withchemical
etchants is related to not only the electronic strcuture but also the diameter: in general, m

SWNTs with large diameters can be more stable than the-drmalkter counterparts
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which have weaker $i€-C bonding due to the larger curvatdfeddditionally, it is well

known that the band gap of €&88VNT is inversely proportional to its diameter. With an
increasing diameter, aQWNT will eventually lose the capability to be turned off and
become basically metallisiginificantly enhancing the coudtivity of the SWNT

network. Therefore, one strategy to pregdaghly conductive SWNTS is to explore ways

to upshift the diameter distribution. Previous studies show that the diameter and chirality
distributions of SWNTs synthesized by CVD metlaodclosely related to the growth
conditions. For exampl&or example, our group reported toatler a fixed growth

condition, only catalyst nanoparticles with the optimized size can be activated: smaller
particles can poisoned due to carbon overcoating, agerlparticles are underfed for

carbon nanotube nucleati6hRecently, it was also reported that sufantaining

compounds can induce SWNTSs to alter toward different chiral species, duoallde

carbon nanotubes (DWNTSs), or MWNT¥11°0n the basisfahese observations, it is
reasonable to hypothesize that the introduction of sebataining species into the

synthesis system can result in the change of the growth atmophere and thus increase the

average diameter of SWNTSs.

In this chapter, we presedemonstration orhe selective synthesis of largemeter
and highly conductive SWNT networks by a thiophessisted CVD method. A small
amount of thiophenis mixed withethanol and acts together as the carbon feedstocks. It
is found that the additioof thiophene leads to the shift of the diameter distribution
toward larger values. Electrical measurement results show tphat¢pared SWNTs
contain ~95% nanotubes with an on/off ratio smaller than 100. It is further demonstrated

that this approach caretapplied to directly grow TCF on transparents substrates such as
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fused silica. This study provides a simple route for obtaining highly transparent and

conductive SWNT films for broad applications.

4.2 Experimental section
4.2.1 Thiopheneassisted CVD metlod

The growth substrate (S#3i and fused silica) was cleaned by being treated with
boiling HoSQy/H20:> (2:1) solution for 0.5 h. 0.1 mmol Fe@as dissolved in 10 mL
ethanol as the catalyst precursor and-spiaited onto the substrate at the speetD00
rpm. For the growth of individual SWNTSs with lower density for electrical measurement,

the catalyst precursor solution was further diluted by 10 times.

The substratewith catalysts precursors were annealed in the air at@50 the %
inch Linderberg furnace for 15 min before cooling down to room temperature. Then the
furnace was heated up to 90D, and the catalysts precursors were reduced under a H
flow at 367 sccm for 3 min. For a typical CVD growth process; fioM at 130 sccm, an
Ar flow at 81 sccm through an ethanol bubbler containing 0.1% thiophene and another Ar
flow at 30 sccm through a water bubbler were introduced to the system. The bubblers
were kept in a mixture of ice and water to maintain a constant temperature ar@ind 0
The growth lasted for 15 min at 90CQ. The system was cooled down to room
temperature with the protection of.Hror the control group, a pure ethanol bubbler

without thiophene was us@asteadwith the rest conditions being the same.

For the growth oflenser SWNTSs for sheet resistance measurement, a methanol
bubbler was used instead of the water bubbler, and the Ar flow rate was 326 sccm. The

multi-cycle growth strategy previously reported by our gPdwmsappliedto
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repetitively increase the density SWNT networks. Transparent fused silica substrate

was used for growth.

4.2.2 Characterization

A SEM (FEI XL30 SFEG, operated at 1.0 kV), an AFM (Digital Instruments Multiple
Mode SPM Nanoscope llla, operated at tappimade) and a highesolution
transmission electron microscope (HRTEM, Tecnai F20-HE®I, operated at 200 kV)
were used for the characterization of SWNTs synthesized. The electrical measurement
was performed by a Keithley 42(BCS semiconductor characterization system. The

sheet resisince of SWNT networks was measured by a Keithleyfoobe station.

4.2.3 Device fabrication
Back-gate FETs were fabricated on Si substrate having 280 npeSitbe dielectrigs
and the highly doped Si was used for gating. EBL was used to patteiethredes with
t he channel |l ength of 2 em. Then Ti (1.2 n
electronbeam evaporation. After that, another lithography process followed by O
plasma exposure was conducted to remove SWNTSs that bridged the ekeotrtside of

the channel area.

4.3 Results and discussion

To realize the role of the sulfwontaining compond duringthe synthesis of carbon
nanotubes in our CVD method, different amounts of thiophene were mixed with ethanol
and introduced as the carbf@edstocks through gas bubbling (see Expantalesection
for details). It waobserved that even with ~0.1% thiophene, the side wall of-thehl

gquartz tubeat the downstream of the gas flow easily turbkedk after growth (Figure
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4.1), indicating thiawith the addition of thiophene, the growth system demonstrates a
higher carbon decomposition rate than using pure ethanol. We found that the
concentration of thiophene is the key factor influencing the type of carbon nanotubes
produced: when the conceaion is too low, it is not enough to induce obvious shift in

the diameter distribution; on the other hand, an exeeasmount of thiophene would

result in the presence of douballed and triplewalled carbon nanotubes as well as
amophous carbons. Based these observations, Figure 4.2a schematically illustrates the
proposed mechanism for the design of our experiment: a thin layer of sulfur coated onto
the catalyst particles can promote the assembly of carbon atoms on the surface and thus
increase thearbon yield!® The poisoning of nanoparticles smaller than the optimized
size by excessive carbon feeding results in the deactivation of such particles for carbon
nanotube nucleation. Consequently, only nanotubes with larger diameters can be
nucleated andlongated. Upon the test of different thiophene concentrations, an
optimized growth condition was identified with the thiophene concentration of 0.1% (see
Experimental Section for details). Figure 4.2b shows a SEM image of the carbon
nanotube networks adhe SiQ/Si substrate under this growth condition. Such carbon
nanotules were transferred onto copper grid for HRTEM characterization, which
confirms that agprepared nanotubes are of ladi@meter andetainsinglewalled

structure
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Figure 4.1. Downsteam of the quartz tube after SWNT growth using thiopleessested

method (a) and normal CVD method.

() Catalyst
© Amorphous carbon

sms SWNTS
Pure ethanol Ethanol and thiophene

¥,

Figure 4.2. (a) Schematic illustration showing the growth mechanism by normal CVD
method and our thiophefassisted CVD method. (b) SEM image ofpgspaed SWNT
networks on Si@Si substrate. (c, d) TEM images showing that carbon nanotubes

synthesized by this method have large diameters and are-wialigel.
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In order to evaluate the selectivity ofsnthesized SWNTSs, electrical measurements
of FETs baed on individual SWNTsvereperformed. Here a diluted catalyst
concentration was used to avoid the formation of SWNT bundles which might introduce
uncerntainty to the statistics. The device fabricatiasdirectly conducted on the growth
substrate with 28nm SiQ as the dielectrics. Highly doped silicarmsused for back
gating and the channel lengtilas2 ¢ FRigure 4.3a shows the SEM image of a
representative device. The transfer characteristics of the device is provided in Figure
4.3b, and the on/off current ratio is estimated to be 1.2, indicating the metgtiertyrof
the corresponding SWNMoredevices were tested, and the histogram of the on/off
ratios are plotted in Figure 4.3c. Out of the 19 randomly selected SWNTs, 14 (74%)
demonstrated on/off ratios lower than 10 and 18 (~95%) lower than 100. Previous studies
by our group shoedthat a typi@al growth procedure using ethanol as the carbon
feedstock usually leads to the ratio 6iSWNTSs to be 33% if we assume that SWNTs
with all chiralities have the euqgal opportunitybe nucleated. Clearly, introducing

thiophene in CVD synthesis results ir thnrichment of SWNTs with metallic properties.
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synthesized with 0.1% thiophene.

To confirm our hyphothesis for the growth mechanism, AFM was used to characterize
the diameter distribution of these SWNTs. Figure 4.4a shows the AFM image of a
representative SWNT with the diameter of ~2.9 nm. The statistics of the diameter as a
function of the on/off ratio of the corresonding SWNTSs is plotted in Figure 4.4Db. It is
found that all devices demonstrating on#aiio between 1 to 2 contamanotubs with
the diamter larger than 2.5 nm. The bar chart in Figure 4.4c demonstrates the diameter
distribution upon the measurement of individual SWNTs by AFM, with the average and
standard deviation (&.2 and 1.0 nm, respectively. In order to obtain informadimut
the selectivity among more SWNTSs, we further conducted electrical measurement on
FETs based on multiple SWNTs. The SEM image of a representative device is shown in
Figure 4.5a0n the basis of the output characteristics of two test devices bothntogtai

43 SWNTSs prepared with (Figure 4.5b, red) and without (Figure 4.5b, black) 0.1%
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thiophene (the rest of the growth condition is the same), we found tHatrier group
demonstrates a 70% lower resistance than the IBigeneasuringnore devices frm

both groups, the distributions of resistance per tubsiaremarizedn Figure 4.5c and d.

The average values are 360 and 710 kq per
measurement result, the thiophessisted CVD method leads to enriched amount of

SWNT with metallic properties and therefessults inhigherconductivity in the SWNT

networks.
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Figure 4.4.(a) AFM image of an individual SWNT with the diameter of ~2.9 nm. (b) The
diameters of SWNTs in Figure 4.3c as a function of the on/off ratios. (c) Diameter
distribution of SWNTs prepared by the thiopheassisted CVD method. The average and

standard deviation are 3.2 and 1.0 nm, respectively.
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Figure 4.5.(a) SEM image of a representative m3uNT device with the channel length

of 2 em. (b) Output characteristics of t
the normal CVD method (red) and the thiophessisted CVD method. Both devices
contain thesame number of SWNTs. (c, d) Histograms of the-tpke resistance
distribution of devices based on SWNTs made by the thiopassisted CVD method (c)

and the normal CVD method without thiophene (d).

Next, we consider the potential application of suigfhly conductive SWNT networks
as TCFs. To achieve this goal, CVD growth was performed on transparent fused silica
substrate. The previously reported malicle growth method was used in order to

maximize the SWNT density, and here ethanol, methanotraophene together aad as
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the carbon feedstock (see Experimental section for details). Figure 4.6a #iews
photograph oSWNT networkson the transparent substratetained by oneycle, three

cycle and five cycle growth and the corresponding SEM @sage provided in Figure

4.6b, 4.6¢c and 4.6d, respectively. The sheet resistance of networks was determivged by t
four-probe measurement. It wésund that for samples with similar density, the sheet
resisence changes from 249.2 to 52.6 kq/sq af
By enhancing the density of the networks using the rayttie growth, the sheet resistance

can be further decreyséced tgo ov4d .h0 akeaycld @ . flo k

growth.
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Figure 4.6.(a) Photograph of a blank transparent fused silica substrate and SWNT random
networks prepared by the muttycle growth method on substratesdjbSEM images of

SWNT random networks synthesized on fused silica substratbs byecycle (b), three
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cycle (c), and five cycle (d) growth method. The sheet resistances are 52.5, 24.0 and 12.1

k q /, eegpectively.

4.4 Conclusion

To summarize, we demonstrated a thiopkasssted CVD method to selectively
synthesize highly catuctive SWNTSs on target substrate. It wiasind that the diameter
distribution can be effectively ughifted by adding sulfucontaining compound into the
cabon feedstock. Under the optimizedndition, CNTs with high conductivity can be
obtained, which @ confirmed to be singiealled and have large diameter. Based on the
electrical measurement results, the ratio of SWNTs with on/off ratios lower than 100 is
estimated to be ~95%. Wasfurther shown that such a method can be applied for the
direct grovth of SWNTSs on transparent fused silica substrate for the fabrication of TCFs.
Such SWNT thin films may find great potential in the development of transparent

conductive devices with excellent performances.
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Chapter 5: Gate-Free Electrical Breakdown of Metallic
Pathways in SingleWalled Carbon Nanotube Crossbar
Networks

The content of thishapter is adapted froour previous publicaon (Nano Letters,
2015, 15(9)60586065)1°2We acknowledge our coauthor, Prof. Aaron D. Franklin at
Duke University for the discussion in analyzing and understandinglbetrical

measuremenmnesults ofour devices.

5.1 Introduction

In previous chapters, we have discussed our recent progress in selective growth of
SWNTs. However, despite of the success, the relisyphthesis of 100% pureé3VNTs
remains challenging. In addition, how to prevent the formation of defectSBYINSTs in
a wellcontrolled fashion so as to avoid significant current drop in devices is also an open

guestion.

The other effective strategyrfpurification of SWNTs bound to a substrate is to
electrically break down the {8WNTSs in devices using curremduced Joule heating. In
2001, Collins et al. first demonstrated the waHwall electrical breakdown of MWNTs
by depleting semiconducting vislfrom charge carriers with a positive gate voltdde.

This concep taking advantage of differing heat generation-iared mSWNTO has

been successfully extended to purifying SWNT arrays in later studies and has proven to
be highly effective since it dectly relies on the difference in electrical properties-of s

and mSWNTs?15 Most of the reports involve the use of a transistor gate stack
(dielectric and metal) and the application of an appropriate gate voltage to ensure the
complete charge depleti in sSSWNTS; it was reported that under ngating conditions
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(i.e., floating gate),-SWNTSs can still exhibit substantial conductance, compromising the
selectivity of the breakdown proce's8 A disadvantage to the electrical breakdown

method is the nekfor a bottom gate (the48WNTs must be exposed to reactant species
in the air in order to break down, so a top gate will not suffice). Hence, the application of
s-SWNTs on unconventional materials (e.g., plastic, flexible and stretchable substrates) is
restricted due to the absence of a back gate. Recently, Rogers group successfully
demonstrated lasét’ and microwave®induced selective heating to-8WNTs to

expose them in a thermocapillary resist, followed by their removal using reactive ion
etching.However, the density of SWNT arrays that can be purified by this method is
limited by the width of trenches on the resist opened by the thermocapillar*flow.
Therefore, it is highly desirable to develop a more accessible solution that allows
exclusivebreakdown of rSWNTSs in dense arrays and without gating.

For selective breakdown, it is necessary to properly control the current flewand s
m-pathways so that they can be clearly distinguished. According to previous studies, the
current in SWNT netwidks is limited by the Schottky barriers atsinternanotube
junctions!?%122and the resistance of such junctions is reported to be at least one order of
magnitude higher than that of individual SWN¥% 124Several groups have sought to
utilize carrer transport at SWNT junctions by fabricating@dirbon nanotube FET%*
125,1260ther studies have shown the ability to improve device performance via
nanosoldering at SWNT junctiof$’ 128In this chapter, a unique implementation of
SWNT junctionsprovides a facile, effective, clean, and gle® method to selectively
break down rSWNTSs by flowing current through perpendicularly crstacked SWNT

arrays. The present approach uses an amplification of the difference in Joule heat
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generation in mand s-pathways by introducing junctions, which allow for complete
breakdown of rSWNTs while keeping-SWNTSs intact, without gating. By adding
voltage to SWNT junctions, significant increases in on/off current ratios of not only
junctiontbased but also junioh-less devices can be achieved, and the on/off ratio after
breakdown can reach as highlad 10° with a current retention of ~50%. Our
systematic studies show that the juncti@sed electrical breakdown is much more
selective than directly adding vodia across junctictess SWNT arrays. Furthermore,
the behaviors of three types of junctions(sm and mm) are carefully investigated to
reveal fundamental aspects of the gage breakdown mechanism. This study provides
better understanding of SWNilirjctions and a promising way to produce puY¢NTs

for future device applications.

5.2 Experimental section

5.2.1 Preparation of perpendicularly crossstacked SWNTs

Horizontally aligned SWNTs were synthesized on 36SuY quartz following the
previouslyreported methodf Then the quartz substrate was spirated with 495
poly(methyl methacrylate) (PMMA) A8 and baked at 180to allow the solvent
evaporation. SWNTs were lifted off with the carrier polymer from the quartz surface by
being etched in hot KB (1M) for 8 minutes. Afterwards, the thin film was put on a
SiO,/Si substrate and dried. PMMA was washed away by hot acetone vapor. Finally
another layer of SWNT arrays was stacked onto the first one following the same
procedures and the orientation of ftecond SWNT layer was aligned to be

perpendicular to the first one. For the fabrication of single SWNT junctions, SWNT
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arrays with a diluted density were used as the starting material with the rest of the

experimental conditions being the same.

5.2.2 Chaacterization of asprepared SWNTs

A SEM (FEI XL30 SFEG, operated at 1.5 kV), an AFM (Digital Instruments
Multiple Mode SPM Nanoscope llla, operated at tappirggle) and a mickRaman
spectroscope (Horiba Jobin Yvon LabRam ARAMIS) were used foritheacterization
of SWNTSs synthesized. The wavelengftthelaserexcitationfor Raman spectroscopy is

633 nm.

5.2.3 FET fabrication

Back-gate FETs were fabricated on Si substrate having 280 npeSitbe dielectrics
and the highly doped Si was used fjating. EBL was used to pattern the electrodes with
t he channel l ength of 10 em. Then Ti (1.2
electronbeam evaporation. After that another lithography process followea pla€ma
exposure was conducted smove SWNTSs that bridged the electrodes outside of the

channel area.

5.2.4 Electrical breakdown and measurement
The electrical measurement was performed by a Keithley-82I® semiconductor
characterization system. For the electrical breakdown, a fixeedvbitage (20 V) was
added to allow the stepwise drops @fThe current value was monitored and collected
every 0.1 s. According to empirical observation, a high selectivity could be obtained after
Ip drops to 1/61/3 of the starting value. Occasionalbyving to the existence of the-so
cal |l edneffsad mii co0 SWNTs with small band gaps

on/off ratios than zerband gap ”REWNTs with armchair chiralitie¥? it would be
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difficult for 1p to quickly drop below 1/3 under thedsiof 20 V. In this case a higher
voltage (added in a step of 5 V) was used after the first breakdown cycle. Our result
showed that the current could eventually fall into the range ef/B/6f the starting
value with the bias voltage not exceeding 30'ke junctionless breakdown without
gating follows the same procedure. For the juneless breakdown with gating, a
positive gate voltage (40 V) was applied to depleB&NT from charge carriers. A
fixed sourcedrain voltage (2535 V) was added acrofise array until breakdown was
complete, which was confirmed by-Y s sweeps.

For the breakdown of individual SWNTs and junctions formed by two stasked
SWNTs, the breakdown process was conducted by ramping up the bias voltage gradually
to obtain aetter understanding on the breakdown voltage and current. The voltage did

not go beyond 80 V to avoid possible failures of the dielectrics.

5.3 Results and discussion

5.3.1 Operation principle of junction-based electrical breakdown

For the fabrication ofrossstacked SWNTSs, two layers of horizontally aligned SWNT
arrays(~46 SWNTs/ em), synthesized u%dreng a previ
transferred from the quartz growth substrate to a silicon substrate having 280am SiO
The 29SWNT array is oriented perpendicular to the first layer, forming a crossbar
structure. Figur®.1a shows the diameter distribution of the SWNTs measured by AFM
with an average and standard deviation of 1.82 and 0.49 nm, respectively. Based on the
diameter distribution, the band gap range of SWNTs used in our study is estimated to be
0.3-0.9 eV*2 The frequently detected RBM peaks using Raman spectroscopy confirm

that asprepared nanotubes are all singlalled (Figure 5.1b). A representative SEM
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image of the crosstacked SWNTSs is shown in Figure 5.2a. Four electrodes (1.2 nm
Ti/20 nm Pd/40 nm Audre deposited to connect the two aligned arrays and
photolithography followed by £plasma exposure is used to remove SWNTSs outside of
the channel (Figure 5.2b and c). A schematic illustration of thefigggdoreakdown

process for aprepared devices apgs in Figure 5.2d. First, as indicated in Figure

5.2d, a sourcérain voltage is applied to electredel and E2 and maintained to allow

the stepwise breakdown of SWNTSs. It is clear that from E1 to E2, all charge carriers need
to go through at least of®@/VNT junction and the metallic pathways formed by two
metallic nanotubes (¥m junctions) carry much higher current than those involving s

or ss junctions. To ensure a complete breakdown of the metallic pathways, such a
Aburningo pr ooveen slectrodeEXES, [E@E4 and BIE4(FEidure 5.2f).
More experimental details can be found in the Experimental section where the process
flowchart of the breakdown process is showkigure 5.3 As a consequence, after the
breakdown treatment, increaseshe on/off current ratios of transistors are observed not
only in the junctiorbased devices (named as devices 0102, 0203, 0304 and 0104) but

also in the junctiodess devices (0103 and 0204).
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by AFM. The average and standard deviation
spectra collected from individual SWNTs sh
|l aser excitation WaeefieggaHaptse d@Bvionm. Re f

per mi.ssi on

—s-SWNT

d) —m-SWNT e) f)

T Current flow

Electrical Repeat on

" breakdown E2-E3, E3-E4
—_—

Figure 5.2. (a) SEM image of crosstacked SWNT arrays. (b, ¢) Representative SEM
images of a set of FETs based orpespared SWNT crossbars. Each aligned array is
connected by a pair of electrodes witharclmme | | engt h of 10 em. The
outside of the channel area are removed bgl&ma etching. () Schematic illustration

of the gatefree breakdown process on crasacked SWNT arrays: (d) a bias voltage is

added between electrode E1 and@®ice 0102) to trigger curremduced breakdown of

metallic pathways. (e) After breakdown, open defects are createdWMNTSs. (f) The
breakdown process is repeated on device 0203, 0304 and 0104 to ensure sufficient

breakdown of all metallic pathwayBhe figure is adapted from RefQ2 with permission
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Figure 5.3. Process flowchart of the junctidrased breakdown as illustrated in Figure

5.2df. The figure is adapted from ReifQ2Z with permission

5.3.2 Efficiency and selectivity

The electricaproperties of two representative devices from the same group before and
after breakdown, following the procedures mentioned above, are illustrated in Figure 5.4.
Figure 5.4a shows the drain curremi @f a crossbar junction FET versus time under a
fixed sourcedrain bias voltage (20 V). Abrupt drops thdorrespond to breakdown

events. Similar current drop trends are also observed in the other 3 crossbar junction
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devices from the same group. Our empirical observation suggests that the decrgase of |
to 1/6-1/3 of the starting current value is an appropriate range for the selective
elimination of the metallic pathways (see the Experimental section). The output
characteristics of a representative device after breakdown is provided in Figure 5.4b.
Figure 2cshows the subthreshold curves of device 0103 (junéties) and 0203
(unction-based) before and after the electrical breakdown. Interestingly, the juleg®on
device (0103) exhibits a lower etate current before and after breakdown compared to
the cossbar device (0203), which might be attributed to: dightly lower number of
SWNTs in the 0103 array compared to 0204 2) shorter channel lengths for the s
SWNTs in the 0203 branch via conduction throug8SWINTs.To analyze the on/off

current ratig Vessweeping from 40 V te40 V is used. In the two representative devices
shown in Figure 5.4c, the on/off ratios increased from 5.5 and 10.4 to 84nd.0

3.7x1G with current retentions (defined as-dredlonbeford 0f 36% and 50%, respectively.
These on/off ratios represent the complete breakdown of all metallic pathways because
the minimum current in the eftate is smaller than that of a single metallic pathway.
Figure 5.4d shows SEM images before and after breakdown witpémelefects of

SWNTs indicated by red circles.
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Figure 5.4. (a) Current versus measurement time of a crossbar judztised FET under

a fixed bias voltage (20 V) during the electrical breakdown process. The sudden drops in
Ip indicate breakdown events. (b) Output eutderistics of a representative device after
electrical breakdown. && varies from-40 to 40 V with a step of 10 V. (c) Subthreshold
curves of a junctiothess FET (device 0103) and a junctioased FET (device 0203) from

the same group before and aftercalieal breakdown (¥s= 1 V). (d) SEM images
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showing SWNTSs in the representative device before and after electrical breakdown. Open
defects of SWNTSs are indicated by the red circles. (e) Display of on/off current ratios of
devices (including 20 crossbamiction devices and 10 junctidess devices) before and

after the junctiorbased electrical breakdown. (f) The-state current retentions of devices

in Figure 5.4e as a function of the on/off ratios after electrical breakdbenfigure is

adapted fronRef [102 with permission

To be more rigorous, devices with similar densities in the two crossing arrays were
tested, and the on/off ratios of all devices, including jundbased and junctictess,
before and after breakdown are plotted in Figure RAl@f the devices demonstrate
significant increase in the on/off ratio after the breakdown process, with the median
shifting from 5.1 to 7.5x10 Considering the fact that each device contains no more than
30 SWNTSs (average: 11), it is safe to concludd tetallic pathways are completely cut
off. It should also be noted that several devindsigure5.4e demonstrate relative low
on/off ratio<200: 1 junctiorbased; 20600: 4 junctiorbased and 3 junctieless)
whichis due to the higher percentagesemimetallic SWNTs (SWNTs with small but
finite band gaps) contained in the corresponding FBETs.results show that these
devices camventuallybe purified to reach higher on/off ratio levelg applying either a
longer breakdown time or a higher akelown voltageFigure 5.5 illustrates examples of
such a case, where the on/off ratios of a junetiased device and a junctitess device
are increased from ~200 after the first breakdown cycle (Figure 5.5a) to 8&indLO

1.9x1G after the second cyel(Figure 5.5b).
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Figure 5.4f shows the estate current retentions of all devices in Figure 5.4e as a
function of the on/off ratios after electrical breakdown. The average and median values of
the current retention are 49% and 44%, respectively, whicleasenable for the
preservation of mostSWNTS if we assume that about 2/3 nanotubes-&WHNTs
which carry somewhat smaller current thatBhVNTs because of the higher contact
resistancé! The highest on/off ratio after breakdown is achieved when ativegias
voltage €1 V) is used during the measurement as it supports the more favorable injection
of holes into the valence band at the source with a smaller barrier height than electron
injection into the conduction band. As shown in Figure 5.6, thefforatios of a
junction-based and a junctieless FET both reach ~1.4>80ith the current retention of

~33% and ~50%, respectively.
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Figure 5.5. Subthreshold curves showing the on/off ratios of a jundi@sed device and
a junctionless device are imeased from ~200 after the first breakdown cycle (a) to
3.1x1d and 1.9x18after the second cycle (b) §¥= -1 V). The figure is adapted from Ref

[102 with permission
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Figure 5.6. Subthreshold curves of a junctiased FET (device 0203) and a junctiess

FET (device 0204) before and after breakdown measured under a negative bias voltage
(Vbs= -1 V). The on/off ratios of a junctiebased and a junctidess FETs both reach
~1.4x16 with the current retention of ~33% and ~50%, respectivélg.figureis adapted

from Ref [LOZ with permission

To further investigate the influence of SWNT density on the breakdown efficiency and
selectivity, the same approach was also applied on SWNT crossbars with a density twice
orthreetimes (2@ 5 S WNT s / ethan thoke uget a&ove (see Figure 5.7 for SEM

image) and it is found that this method is still effective.
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Figure 5.7. (a) SEM image of SWNT arrays with higher density-16 S WNTs-/ ¢ m) .
c) Sourcedrain current of a junctiechbased device with higher WV density as a

function of time under the bias voltage of 10 V (b) and 15 V (c). (d) Subthreshold curves

of a junctionbased and a junctieless FET with higher SWNT density before and after
breakdown under 15 V @4= 1 V). The figure is adapted from REf0Z] with

permission

For these higher density crossbar arrays, it is necessary to start with a lower breakdown
voltage to avoid damages tBS8NTs caused by correlated breakdd#tAs shown in
Figure 5.7b, current drops start to be observed in a esgeds/e device when 10 V is

applied for breakdown instead of 20 V as was used for the arrays with lower density. The
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application of 15 V allows the complete breakdown of ajpathways (see Figure 5.7) to
obtain high on/off ratios for both the junctimased (8.4x18) and junctiorless (4.7x18)
devices with a current retention of 53% and 60%, respectively (Figure BQldgver,
performing junctiorbased breakdown on such dense crossbars wilabove 25 V
increases the possibility of deactivatin§®$/NTs. Considering that no gate is present in
our breakdown method, we believe thas crucial to limit the operating voltage to avoid
damages to-SWNTs for higher density SWNT arrays

It should also be noted that in order to achieve the best resulisy siombers of
SWNTs in each of the crossbar arrays (i.e., devices 0103 and 0204) are preferred. This is
because during the junctidrased breakdown process, when the two arrays carry the
same level of current and the resistances differ greatly, thedawaktends to happen
where the resistance is the highest rather than randomly according to the equatign Q=IR
where Q, | and R equal to Joule heat, current and resistance, respectively, leaving the
denser array less affected compared to the other artyawower densityFigure 5.8
illustrates an examphl@herethe density of one array is four times that of the other and
breakdown happens in the less dense array (Figure 5.8b), as expected, which is marked
by the red circlelt should be emphasized thtaere isachance that all breakdowns
happen in one arragnd applications of bias can not break the metallic pathways through
s-m junctions In our experiment, howevesuch an evernis found to happen only when
the density of the two crossing arrays d#fsignificantly(for instancepne is more than
twice of the otheris mentioned abowdue to the difference in resistance. Thus, to

minimize the statistical probability for such an evéng important thatwo crossing
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SWNT arrays with similar dens#isare used in our experimerss that the breakdown

will happen randomly.

Figure 5.8. SEM images of a pair of crossacked arrays before (a) and after (b) electrical
breakdown. Device 0103 contains 1 SWNT and Device 0204 contains 4 SWNTSs.
Breakdown (meker by the red circle) happens on the side with the smaller defbgy.

figure is adapted from RelDZ with permission

5.3.3 Comparison with junctiontless electrical breakdown

Next, the effectiveness of the junctibased electrical breakdown is coangd to that
of directly applying a voltage across parallel nanotube arrays (namely jutetion
breakdown) under negating conditions. Figure 5.9a shows a device with SWNT arrays
directly bridging the two electrodes before and after breakdown. Simtitatthe
junction-based breakdown, defects can be observed after the process (marked by red
circles). For the representative device, the current as a function of time was monitored
and the breakdown was terminated after current dropped to ~1/5 of theydtarél

(Figure 5.9b).
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Figure 5.9. (a) SEM images of a representative device before and after the julesson
breakdown. The defects of SWNTs are marked by the red circles. (b) Sbanmteurrent
as a function of time during the junctitess breatown without gating. The current drops
to ~1/5 of the initial value. (c) Subthreshold curves of the representative device before and

after the junctiorless breakdown without gating §¥= 1 V). The orstate current degrades

106



to ~10% of the initial value.d) Sourcedrain current as a function of time during the
junctionless breakdown with gating €¢ = 40 V). (e) Subthreshold curves of a
representative device before and after junetess breakdown with gating. (f) Statistics of
current retentions for jution-based breakdown (green) and junctiess breakdown
without (red) and with (black) gating. The large boxes represent the percentage from 25%
to 75%. The error bars represent the minimum and maximum values. The mean values are

indicated by the smalbsiaresThe figure is adapted from RelfQZ with permission

Afterwards, it is found that the estate current of the device degrades to ~10% of the
value before breakdown. The subthreshold curves before (dark brown) and after (red) the
junctionless lveakdown are given in Figure 5.9c. Current retentions of more test devices
operated by the junctieless breakdown are plotted in Figure 5.10. The average value
and median for the junctieless breakdown are 17% and 10%, which are in sharp
contrast with tke corresponding values of 49% and 44% for junebiased breakdown as
mentioned above. Clearly, during the junctiess breakdown process, bothSWNTSs
and a portion of - SWNTs are damaged. Different current drop levels before stopping the
junctionless lveakdown process were also studied, but it is difficult to realize a general
protocol that allows high estate current retentions as well as high on/off ratios for all
test devices simultaneously. This fact indicates the presence of floating threshaevol
of sSWNTSs probably caused by both the doping of molecules in the air and the surface
charge trapping. According to the results, one can conclude that the jupatied

breakdown amplifies the conductivity difference betweesmsl mpathways undemon
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gating conditions, leading to the highly selective scission of metallic pathways while
preserving the transport properties of tH®WWNTs much better.

To compare the utility of our junctielbbased breakdown with the current stat¢he-
art techniquewe further conducted junctieiess breakdown with gating, which has been
commonly and widely used to purify SWNT arrays in previous stddfie$lHerein, a
positive gate voltage @46= 40 V) is applied to deplete charge carriers freBVENTs
and a biasoltage is added across the junctless devices to allow stepwise dropsof |
in a way similar to the junctiebased breakdown (Figure 5.9d, and see Experimental
section for details). Figure 5.9e shows the subthreshold curves of a representative gated
junctionless device before (blue) and after (green) breakdown. The on/off ratio is
increased from 8.3 to 7.5x48nd the current retention is 25%. Upon testing more
devicesthe median on/off ratio after gated juncti@ss breakdown is found to be
2.5x10°, and the median and average value of current retention are 48% and 49%,
respectively. Details on the on/off ratios and current retentions of all test devices are
shown in Figure 5.11. The corresponding values for jundissed breakdown are
7.5x10%, 44% ad 49%. For comparison, the box charts in Figure 5.9f summarize the
distributions of current retentions of devices operated by the juAgéised breakdown
(green) and juncticess breakdown without (red) and with (black) gating. On the basis
of the resuk stated above, it is believed that the efficiency and selectivity of our
junctionbased breakdown are comparable to those of thedftétbe-art approach, yet

they can be achieved without a gate.
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Figure 5.11. (a) Display of on/off ratios of devices before and after juneliss
breakdown with gating (3 = 40 V). (b) The orstate curent retentions of devices in
Figure 5.11a as a function of the on/off ratios after juneiéss breakdown with gating.

The figure is adapted from Ref(Q2 with permission
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5.3.4 Mechanism of amplification effect in junctionbased breakdown

So far we hee demonstrated the effective and selective breakdownSWNTSs
based on nanotube junctions. To further investigate the breakdown mechanism, devices
of junctions formed by crossbar of two individual nanotubes were fabricated and tested.
Figure 5.12 showthe SEM image of a representative device, the configuration of which
allows determination of the electrical properties of both the individual SWNTs and the
junction. The behaviors of junctidass individual SWNTs during breakdown are first
explored. Figue 5.12b shows the subthreshold curves of 8MWNT and a FEWNT,
respectively. To have a better understanding on the breakdown current and voltage, the
process is conducted by gradually ramping e tifl 80 V (Vps beyond 80 V is not
applied to avoid podse failures in the dielectrics). The breakdown curves of two
SWNTsusedin Figure 5.12b are shown in Figure 5.12c. The current of HAMNT
increases almost linearly under low voltages and then the slope decreases slightly, which
is attributed to the itrease of phonon scattertdgbefore the ’SWNT is broken down
at 13.9 V. For the-SWNT, at the initial stage only a very low current is observed. After
the voltage reaches ~7.5 V, however, the current increases rapidly argHeTs
eventually breaksalvn at 36 V, which can be explained by the current injection caused
by tunneling due to the avalanche effeéfTable 5.1 provides a collection of information
on breakdown voltage and current of more individual SWNTSs. It is found that all SWNTs
can ultimaely be broken down with the maximum breakdown voltage foamd s

SWNTs being 18.7 and 66 V, respectively.
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Figure 5.12.(a) SEM image of a representative device with a single junction formed by

two individual SWNTs. (b) Subthreshold curves of junctiess devices: an-SWNT

(black) and a ”RBWNT (red) (\bs= 1 V). (c) Electrical breakdown curves of the junction

less devices in Figure 4b. (d) Subthreshold curves-of (red), sm (blue) and s (black)

junctions formed by individual SWNTs (¢= 1 V). (¢ Electrical breakdown curves of

the three junctions shown in Figure 5.12d. €Y kurves of a sn junction showing
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asymmetric transport behavior (insets: corresponding schematic band diagramsmat the s
junctions under zero, positive and negative bids)e the bias voltage (\s) is applied to

the mSWNT while the sSSWNT is grounded. The Fermi level, conduction band and
valence band are marked as Ec and E, respectivelyThe figure is adapted from Ref

[102 with permission

Similarly, devices baseah junctions formed by two individual SWNTs are examined.
Figure 5.12d shows the subthreshold curves-of fned), sm (blue) and s (black)
junctions, and the corresponding subthreshold curves of the juhes®ISWNTSs that
form the three junctions aggven in Figure 5.13. Note that thersjunction carriers
higher onstate current than thesgunction, which can be attributed to the shorter
channel length of-SWNT via conduction through the-8WNT. The junctions are
subject to the same breakdowngass as the individual SWNTs and tb&/bs curves
are illustrated in Figure 5.12e. It is found that thennunction behaves entirely like am
SWNT in the subthreshold curve with an on/off ratio of ~3.5. The current also increases
linearly under applied dsin a way similar to ®fSWNT and the breakdown voltage is
13.1V, indicating that the resistance of thamjunction is negligible. For thera
junction and ss junction shown in Figure 5.12d, both demonstrate semiconducting
properties with a strong cumemodulation; however, for the output curves, the currents
stay at relatively low levels that are not enough to break down a nanotube and no drop is
observed with ¥s all the way up to 80 V (for thesjunction, the curve levels off at
~3x108 A, see Figire 5.14 for details). More test device data is included in Table 5.1. It

is observed that among all th&8VNT-involved junctions, only 1/3 can be broken down
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under the same test conditions as that for the individual SWNTS, which is consistent with
our hypothesis that the disparity between the resistanceasftsmpathways is amplified

in the junction crossbar structuiiéhe results that the currents e88VNT-involving

junctions saturate at relatively low levels and such junctions have a lower chéece to
broken down compared with individuaS3VNTssupport that the presence of junctions
adds resistance to pathways involviR§WNTs due to the Schottky barriers generated at
the junctions. Consequently, the current outputpathways is suppressed whthat of
m-pathways is not significantly affectéecause athe negligible rm junction

resistance, which enables selective breakdown upon the application of a bias voltage.
Figure 5.12f illustrates an asymmetric transport behavior -ah gumction unde
positive/negative bias that suggests a mismatch in work functions betweenahd sn
SWNT, as schematically depicted in the corresponding band diagrams, which indicate the
formations of Schottky barriers with different heightss believed that thbeight of the
Schottky barrier plays an important role determining the carrier injection: when the
barriergets higher, it will be more difficult for carriers to tunnel through and therefore,

the current in the correspondingathway will be more obviouglsuppressed. It was
reported that-SWNTs with larger band gaps form higher Schottky barriers with metals
(in our case RIBWNTS)34 So generally, we believe factors (e.g., diamefe3WNT,

surface adsorbates) that increase the band gapSWINSTs will enhance the disparity
between sand mpathways, and vice versa. On the other hand, we also point out that our
method should work with similar efficiency and selectividy EWNTs out of the present

measurement rand6.932.87 nm)as long as the Schottkwytyier is significant enough
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to distinguish gpathways from ncounterparts. This study opens the way for further

explorations of carrier transport behaviors at nanotube junctions.
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Figure 5.13.Subthreshold curves of the individual SWNTs that form tha (a), sm (b)

and ss (c) junctions in Figure 5.12 (¢= 1 V). The figure is adapted from ReifQZ with

permission
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Figure 5.14. Enlarged breakdown curve of thesgunction shown in Figure 5.12&he

figure is adapted from Re1DZ with permission

Tabll&El®=.ctrical breakdown voltage and curre

of | ufTchtteiadirisse.ad apt eld0]#irtohm pReerfmi[s si on

Electrical property Breakdown voltage V{  Breakdown currerd A(
m 13.9 1.0x10°
m 18.7 2.7x10°
m 17.6 3.5x10°
S 36 8.0x10°
S 33.5 8.3x10°
S 56 9.0x10°
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S 66 7.2x108

S 33 8.0x10°
m-m 13.1 1.1x10°
sm 36 5.0x10°
sm 23.6 4.0x106
sm 36.5 4.0x10°
sm NA NA
sm NA NA
sm NA NA
sm NA NA

S-S NA NA

S-S NA NA

2NA indicates that the corresponding device cannot fail witall the way up to 80

V.

5.4 Conclusion

In conclusion, a facile and effective approach is developed to selectively break down
m-SWNTSs by flowing currents into crossacked SWNT arrays thiout gating. The
results show that WNTs can be completely broken while most, if not aBVENTSs
remain intact. Accordingly, FETs with high on/off ratios as well as highktate current
retentions can be obtained. This method enables the capabsg#iectively breaking
down mSWNTSs in horizontally aligned array by adding voltage across SWNT junctions.

In addition, the junctiofbased electrical breakdown is compared with the process that
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involves directly applying voltage across aligned SWNT arrayg{jon-less
breakdown) and it is further confirmed that the former is more selective and less
damaging to the-SWNTSs. This method features the amplification of conductivity
difference between sind mpathways by forming junctions. Even for a deviceureqg
top gate/dielectrics, this approach can be applied if the jurbasad breakdown is
conducted before the deposition of the top layers. For instance, Hfiithimanotube
devices on plastic or glass substrates where nodpatekis present, juncin-based
breakdown can be used to purify arrays prior to top gate fabrication. Finally, the
mechanism of the amplification effect is carefully investigated by studying the
breakdown behavior of three types of junctions created by individual SWNTSs. It is
bdieved that the formation of Schottky barriers i8W8/NT-involving junctions plays a
significant role in suppressing the conductivity gfaghways. Overall, this method
provides a simple and promising way to obtain FET devices based on SWNT arrays with
very high on/off ratios as well as opens the possibility for new discoveries regarding

carrier transport through nanotube junctions.
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Chapter 6: Enhancing Density of Horizontally Aligned Single
Walled Carbon Nanotubes Using StrainRelease Method

6.1 Introduction

It has beeshownthat parallel SWNT arrays are advantageous for scalable device
fabrication in terms of the easy pattern ability, high robustness, large current output, and
small deviceto-device variations. One of the major goals of studiesWN¥ arrays is
to obtain high nanotube density in order to improve the device performance including the
on-state current density, transconductance, and mobility.

Recently, some research groups have made significant progress achieving this goal.
One of themost commonly used methods is to assemblespreed SWNTSs into dense
arrays on a target surfaeia dielectrophoresi$>® self**6 or linkerinduced®” assembly,
and Langmuir Schaeffer meth&.An alternative and important strategy to obtain the
high dersity SWNT array is to directly synthesize horizontally alignadotubesn
singlecrystalline substrates using the chemical vapor deposition (CVD) method by
optimizing the growth conditiok?® performing repetitive synthesi$,> S°stacking
SWNTs by nulti-cycle transfef’or usi ng A THMCVRIWNTsateal yst s o.
reported to have a lower level of structural defect and longer length than solution
processed counterparts. Moreover, syntheses of not only highly selective semiconducting
but also singlechirality SWNTSs on surface were successfully demonstrated over the two
past decade¥; 3 35 64.67. 72, 103y hich makes CVBSWNTSs even more competitive when
considering their potential application in future nanoelectronics. However, despite of the
methods mentioned above, studies on making close packedS®NRT arrays are still

limited and the density is not enough to compete with those obtained by the solution
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based approaches. Therefore, it is highly desirable to develop a reliable and effective
strategy that produces CVBWNTs with good alignment and sufficient density to
broaden their potential applications.

In this work, a novel approach was developed to densify SWNT arrays through
releasing the strain of an unconventionalgtretched elastomersubstrate (e.qg.,
poly(dimethylsiloxane), PDMS). Upon the release of PDMS with aspyeen of ~100%,
beyond which point PDMS cracks, the transverselyglighed SWNT arrays on the
substrate shrink with the elastomer and thus the density can be ddiblatso showed
that the densified SWNTs can be transferred onte/SiQubstratefor device
application, and FETs based onpaspared SWNTs were fabricated and characterized,
which demonstrates the compatibility of this approach with the desiélopedigid
nanoelectronics techniques. The stia@lease method provides a simple and promising

way for obtaining SWNT arrays with a high and weshtrolled density.
6.2 Experimental section

6.2.1 Preparation and functionalization of PDMS

PDMS was preparedsing SYLGARD 184 silicone elastomer kit. The ratio of
elastomer base to curling agent was 10:1. After PDMS was stretched, the surface was
treated by @plasma for 5 minutes to add hydroxyl groups. therfunctionalization, 40
e L AP T-athopfoByltrietloxysilane) was dissolved in 100 mL anhydrous ethanol
and the stretched PDMS was then soaked in the solution for 3 h. After that PDMS was

rinsed with ethanol for several times.
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6.2.2 Strainrelease method to increase SWNT density

Horizontally aligned SWT arrays on quartz synthesized by CVD method was used as
the starting material. Aprepared SWNTs were transferred to thegiretched and
functionalized PDMS by the weknown PMMA-assisted method using KOH etchiifg.
The orientation of SWNT arrays wearefully aligned perpendicular to the direction of
the prestrain. After the film was dried, PMMA was washed away by acetone. Finally, the
pre-strain of PDMS was slowly released.
6.2.3 Transfer of SWNTs from PDMS to rigid substrates

0.1 g PS was disbad in 10 mL toluene and the solution was spiated onto PDMS
with SWNTSs. The substrate was baked at 18€r 12 min to eliminate toluene. One
edge of the PS film was scratched by a tweezer to allow water penetration and afterward,
the PSSWNT-PDMS shet was soaked into hot water at 100for 3 h to loosen the
interaction between PS and PDMS. The film was then carefully peeled off from PDMS,
placed on rigid substrates such as:#0and dried. Finally, PS is dissolved by 1:1
acetone/cyclohexane solutio
6.2.4 FET fabrication

FETs were fabricated on highly doped silicon with a 280 nm oxide layer and the
silicon was used as the back gate. EBL was applied to pattern electrodes and the channel
length was 200 nm. Ti (1.2 nm)/Pd (20 nm)/ Au (40 nm) sxaporated as the contact
metal. Another lithography process was conducted to remove undesired SWNTSs outside
the channel. The electrical measurement was performed using Keithlexs€Z)0

semiconductor characterization system. The bias voltage was 1V.
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6.25 Characterization

A SEM (FEI XL30 SFEG, operated at 1.0 kV) and a midRaman spectroscope
(Horiba JobinYvonLabRam ARAMIS) were used for the characterization of SWNTs
synthesized. For the imaging of on PDMS, a thin layer of the silver pastes was added to
the edges to avoid the charging effect. The wavelength of the excitation laser for Raman

spectroscopy was 633 nm.

6.3 Results and discussion

The experimental design is schematically illustrated in Figure 6.1.-SWDT arrays
synthesized on quartz are usedthe starting material. By applying the weiown
poly(methyl methacrylate) (PMMAJssistedransfermethod with KOH etching and
washing away the polymer with acetdisee Figure &), SWNTs are transferred onto a
PDMS sheet that is uniaxially streexd to twice of the initidength (prestrain=100%)
and the orientation of the nanotubes is carefully aligned perpendicular to the axial
direction (Figure 6.1a). After that, the pain is gently released, and the SWNTs on
PDMS are accordingly compreskalong the axis (Figure 6.1b). Then the PDMS sheet is
spincoated with a layer of polystyrene (PS) (Figure 1c). Th&WRBNT-PDMS assembly

is soaked in 100 water for 4 h to allow water penetration between PDMSR$dand

the PS thin film is carefully mded off from the substrate with SWNTSs on it due to the
hydrophobic interaction (Figure 6.1d). The-B®/NT film is picked up by a silicon
substrate wittan oxide layeand dried (Figure 6.1e). FinallSis removedwith 1:1
acetone/cyclohexane solutionigére 6.1f). Figure 6.1g and h show a PDI88B/NT

assembly with a pretrain of 100% before (g) and after (h) the stra@ieasewhich
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shrinks from 1.4 cm to 0.7 graperated byahomemade apparatus. More details about

the experiment can be found in the Ekmental section.

Peel off
d polymer-SWNTs
Dry film on )

Si02/Si substrate PS

Figure 6.1. Schematic illustration of the strarelease method for increasing the density
of SWNT arrays. (a) Horizontally aligned SWNTs are transferred onto -atqetehed
PDMS sheet. (b) The pisirain of PDMS is released and PDMigd SWNT arrays shrink
by 50%. (c) A polymergolystyreng is spincoated onto the PDMS sheet to form a thin
film. (d) The polymerSWNT assembly is peeled off from PDMS. (e) The thin film is
placed and dried on a SiSi substrate for characterization. Tfe polymer is dissolved
in 1:1 acetone/cyclohexane solvent. Images of a PISIVMNT sheet (indicated by the red
arrows) with a prestrain of 100% before (g, ~1.4 cm) and after the strease (h, ~0.7

cm) operated by a homemade stretching apparatus.
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Figure 6.2. SWNTs transferred by the carrier polymer PMMA (red arrow) from quartz

onto PDMS with a prstrain of 100% (lue arrow).

We have found that a key challenge for this method is about how to prevent the SWNT
delamination from PDMS surface and maintthe alignment during the shrinking
process. It was reported that upon the straiease, nanotubes can show anajttlane
buckling, which is certainly undesirable for our experiment since the alignment and
uniformity of SWNTs would be destroyétf.Indeed, we noticed that SWNTSs tend to

form bundles after the shrinking step (Figure 6&8alFigure6.4shows more SWNTs
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