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2 Overview of the Research Field

2.1. Carbon & Carbon Nanotubes

2.1.1. Carbon Hybridization

Carbon is the main building block of the so-call@dyanic Chemistry, which
comprehends a significant part of Chemistry. Thisterce of a whole area in
Chemistry devoted to Carbon based substances owissdlement’s flexibility in
making chemical bonds, so that it is present inyaad of compounds.

Carbon is the first element from the IV A family thie periodic table, and has the
electronic configurations?2s22p?. This electronic structure causes the
“chemical flexibility” the element, as will be dedwed in the next paragraphs.

The 1s orbital composes a stable electronic configurasiomilar to Helium atom.
The electrons present in this orbital are called &ectrons, because they are the
innermost electrons and are tightly bonded to tieenanucleus. These electrons
do not participate in the chemical reactions oflf@ar

On the other hand®s and2p orbitals participate on chemical reactions, beeaus
their binding energies are smaller, what makes timéing easier. The mixing
between orbitals of an atom in order to performhanaical bonding is called
hybridization. The ease of Carbon orbitals to hyize is what makes this element
prone to participate in a variety of different cheah bonds, and be present in a
myriad of chemical species.

From an energetic point of view, when an atom apghmes a Carbon atom, off-
diagonal elements appear in the Hamiltonian owminthée perturbation caused by
the neighboring atom. So, Carbon’s original orisitaill mix in order to form an
eigenfunction basis of the new Hamiltonian.

From a geometric standpoint, hybridization will pap in such a way that the
new orbitals are biased in the direction of theyhkoring atom.

Carbon atoms exist in chemical species under tmaa hybridizations of it2s
and2p orbitals, which are callesp, sp?, andsp3.

2.1.1.1. sp Hybridization:
sp Hybridization corresponds to mixir#y orbital with one of th&p orbitals.

|spe >=C; |25 > +C, - |2p, >

|spp > = C3 |25 > +C, - |2p, > Equation (1)
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The coefficients are obtained from orthonormaligfationships, and from the
knowledge of the molecule potential, or from symmypetonsiderations. In this
case, requiring that the orbitalg, andsp, be spatially symmetric in relation to
one another yields the solution:

1

|Spa>=ﬁ'(|25>+|2px >) -

1 Equation (2)
spp >=—"(|25s > —|2p, >
Ispy 7 (I 12p, >)

In fact, Figure 1 shows that tlsp orbital of anC atom is prone to forming a
strong bond with the neighboring atom’s orbitalstbond is known as bond.
The other2p orbitals (in this case&p, and2p,), perpendicular to thep orbitals,
remain responsible for two weak bonds, which isledalr bond, with the
neighboring atom.

This hybridization is responsible for linear stwes.

Figure 1: This picture, adapted from [2], showsdkemetric character @p hybridization: the
symmetrical, and atom center@d,and2p orbitals mix in order to create an orbital biased
towards the neighboring atom, which attracts teetebns.

2.1.1.2. sp? Hybridization:

In this case, th@s orbital mix with two2p orbitals. This hybridization is related
to trigonal planar structures, for example graphite

When hybridizing2p orbitals with each other, the result is only atioin of the
original 2p orbitals. The hybridization of a2p orbital with an2s orbital serves
only to give the asymmetric shape, biased towdrdsieighboring atom.

As a consequence, in order to understggrdhybridization, one must follow two
steps. First, the tw@p orbitals are mixed in order to make three waveions,
with 120° angle between their directions. Then, Bseorbitals are added to each
wavefunction, taking into account orthonormalityatens, in order to give the
biasing character towards the neighboring atoms fdsult is the following
mathematical expressions:
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1 2
[spg? >=—"|25s > — |- |2p, >
V3 3

1 2 (V3 1 :
Dy >=ﬁ.|25>+\/;.<7|2px>+§|2py >> Equation (3)

) 1 2 (V3 1
Isp. >=ﬁ.|25>+ 3 —7|2px>+z|2py>

The sp? orbitals make thesr bonds with the neighboring atoms, while the
perpendiculalp, orbital makes the weakarbond simultaneously with the three
atoms.

sp? Hybridization is present in graphite, and graphevigere one can observe an
hexagonal lattice composed of Carbon atoms, makiitg each other120°
bonds. It is approximately present in Carbon Napesy since curvature of the
walls of the tube imposes a bending of the orbitéfishe sp? plane.

2.1.1.3. sp3 Hybridization

In this hybridization all orbitals are mixed in erdto create a tetrahedral
volumetric structure.

In the same fashion as in tep? case, first one mixes the thr@p orbitals in
order to obtain the tetreahedral geometry, and #uels the2s orbital, respecting
orthonormality. The hybridized orbtials are givezidw:

1
Ispa® > =3 (125 > +12p > +12p, > +12p, >)

1
Ispp® > =2 (125 > —12p, > —12p, > +12p; >)
1 Equation (4)
[sp.3 > = > (|Zs > —|2p, > +|2p, > —|2p, >)

1
Ispa® > =5+ (125 > +12px > —12p, > —|2p, >)

This hybridization is present in diamond, for exdenp

2.1.2. Carbon allotropes

Owing to theC atom capability of hybridizing its valence orbgah a flexible
way, this element can be found in nature in marfigmint molecules. Chemistry
has a whole area only to study molecules made obdda, which is organic
chemistry.

Nonetheless, elemental Carbon exists in nature asichlly two different

structures: diamond and graphite. Both these naddedre composed only by
Carbon atoms, and they differ by the geometric tanson: diamond is a crystal
with tetrahedral elemental unit, whereas graplsta stacked honeycomb lattice.
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For being different forms of the same element, dadhand graphite are called
Carbon allotropes.

Again, given the flexibility of Carbon atom, thrdugs hybridization capabilities,
Carbon may be present even in different structwi®r than diamond and
graphite. In laboratory it has been possible totlssize other allotropes of
Carbon: Buckyballs (of which, &gis an example), Graphene, Carbon Nanotubes,
Carbon Fibers, Carbon Nanohorns, etc.

What is interesting is that Carbon allotropes caridund as different dimensional
quantum systems. For instance, Buckyballs mighvibeed, depending on the
application, as a quantum dot, that is a 0 dimerieystem. Carbon Nanotubes
are usually studied as 1 dimensional structurepl@mae, which is a 1 isolated
graphite layer, has properties of 2 dimensionalngua systems. And finally,

diamonds can be studied as 3 dimensional systehes.r@stricted dimensional
systems (graphene, Carbon Nanotubes, and bucKyball® usually outstanding
and unusual physical properties, owing to the apatinfinement of its electrons.

Single Walled Carbon Nanotubes can be viewed &drgraphene, and multiwall
Carbon Nanotubes have the structure of many concealhy rolled graphene

layers (Russian doll model). The structure of Carbanotubes has firstly been
unraveled by ljima, in its seminal paper in 19911 [1

2.1.3. Carbon Nanotubes: Geometry and Classificatio n

Carbon Nanotubes can assume more than one georadeed, its physical
properties, such as electronic, optical, and machhmepend on the Carbon
Nanotube structure. Thus, this chapter will preskeatvarious forms one can find
Carbon Nanotubes, and name the different classdits

The first way to classify a Nanotube is by the nembf walls it has. If the
Nanotube has only one wall, that is, it is composkd single rolled up graphene
sheet, it is designated as single-wall Carbon Ndye{SWNT). If the Nanotube
is composed of a superposition of more than oneanical cylinder, it is called
a Multi-Wall Carbon Nanotube (MWNT).
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The picture of a Nanotube as being a rolled versibrgraphene brings up a
guestion, as to how this graphene should be rofgglre 2 (taken from [3, p.
112]) depicts a graphene sheet, and is an examplewto understand Nanotube
geometry from Graphene. The vecfbrepresents the tube axis direction, whereas
the vectorC represents the tangential vector, that is, theupldirection. The
point named ag6,3) will coincide with the point(0,0) in the corresponding
Nanotube. Given the vect6r the vectorT is determined uniquely, and so is the
Nanotube geometry.

Figure 2: This figure is a possible geometry ofilagle-wall Carbon Nanotube (SWNT). It
represents how the Nanotube structure can be unddras a rolled up version of a Graphene
sheet. The vector T represents the tube axis, @whehe vector C is the roll up direction. This way
the point designated as (6,3) will coincide with {8,0) point in the SWNT.

One way to determine Nanotube geometry is by usiegunit cell vectors from
Graphene as reference. In

Figure3 (from [3, p. 110]), a Graphene sheet is descrésed function of the unit
cellsa, (parallel to the zigzag direction) and (60° in relation toa,). The labels
(n,m) give the position of a given vertex in relatiortie origin(0,0) in terms of

a sum ofn a, units andn a, units. Rolling the Graphene sheet in such a way th
the vertex(n,m) coincides with the origin makes up a Nanotubehwdll up

vectorC. This way, the following equation holds:
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C=n-a,+m-a, Equation (5)

Figure 3: This figure represents Nanotube posgiblemetries as a function of graphene unit cell
vectors. All named vertexes can be described asradé unit cell vectors,aand a. In the same

way, the vector C can be described as a sum afrtheell vectorsC = 6 - a, +4-a,

Since, the paifn, m) defines the vectdf, the Nanotube geometry is completely
determined by this pair of numbers, which is caltbdality of the Nanotube. A
zigzag Nanotube will be described agm, 0) tube, and an armchair tube will
have the designation dfn,n). All other tubes will be generally described as
(n,m) tube, with0 < m < n, and are called chiral tubes. Figure 4 below, riake
from [4], illustrates the geometry and depicts B© model of an armchair
Nanotube, a zigzag Nanotube, and a chiral Nanotube.

Zigzag

(3,0)
Chiral
(1,2)
Armchair
(4,0)

Figure 4: Geometry an8D representation of an armchair tube on the lef¢;side same for a
zigzag tube on the upper right side(1g2) tube on the lower right side.

All geometrical parameters of the tube are derivedh the chirality. For instance
if one wants to calculate a specific Nanotube diamet must bear in mind that
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the magnitude of th€ vector is the Nanotube perimeter. Some calculatith
lead to the relationship below:

\/ﬁ .
d=a n*tn-m+m Equation (6)

A

Where, the number bears a relation with the interatomic distange,:

a=la;| =la,| = ac—c'\/§

: Equation (7
=2464A a )

The equations above will be used in the Resultscset RBM Mode”.

The above description is useful, but it misses éecdbe defects that might be
present on the tube walls. There are differentselsof defects that change the
honeycomb structure of a Nanotube, but usually Hreyrelated to the presence of

a pentagon and/or a heptagon cell in place of adgmxon the tube walls.

it

g "L A
I AR
Figure 5: Examples of defects in Nanotubes. Irp@)tagon and heptagon defects responsible for
the curvature in the tube. In (b), the transmissil@ttron microscopy image of the corresponding
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MWNT curved, because of the latter effect. In g)Nanotube cap composed of a set of defects,
which are responsible for the cap curvature. Ingdd)entagon-heptagon pair. Pictures (a) to (c) are
from reference [5], and picture (d) is from refarei6].

Pentagon-heptagon pairs, first studied by Chadieal. [6], are not associated
with misalignment of a tube, but has effects orelectronic properties, as well as
its chemical stability, for it increases locallyetenergy per atom and stretches the
C — C bonding distance. Another type of defect, tubejioms happens due to the
presence of pentagon and heptagon defects on ogpsisies of the tube walls
and tend to bend the tube, thus being respongiblén¢é experimental observation
of curved and curly Nanotubes.

Wall structural defects are related to reorganratf C atoms, in such a way to
change the usual honeycomb type structure. Thetdedee related to a decreased
chemical stability of Nanotubes, meaning that thlagn more amenable to
chemical reactions. Defects are also responsibte cftanges in electronic
properties for representing a symmetry break atbegube axis.

In the Figure 5 (taken from [5], and [6]), it caa been examples of the effect of
defects on the structure of Nanotubes.

Another effect of defects is tube capping. The subee usually found with a cap,
and the caps are composed basically of defecti® (pentagons and heptagons),
which are responsible for the necessary curvatoreldse the Nanotube ends.
This way, defects may sometimes be related to textion of growth of
Nanotubes, and an increase in tube defects uswdllyesult in shorter tubes.
This has direct impact in the discussion about mpmf Nanotubes, as will be
seen latter because doping itself represents atdafighe tube walls.

A final effect of defects, which is observed splgian doped Nanotubes, is the
existence of bamboo-like structures in MWNTs. Thaseictures consist of
capping of the inner tube walls before the endeftube.

Examples of defects in Nanotubes produced in k@sis are shown below.

v x\

LEI 300KV X22,000 WD 50mm lum VDG LEI 30.0kV  X200,000 WD 50mm  100nm

Figure 6: These are examples of Nanotubes produnctds thesis, showing some kind of defect.
The left picture shows a curving MWNT. This efféxtcaused by pentagon and heptagon defects
in opposing sides of the tube. The right pictureveh a bamboo-like MWNT. The bamboo-like
Nanotube occurs might occur as a consequence afglop

The concepts and terms introduced here will be usethe next chapters to
describe the Nanotube physics, and later to didgtesexperimental results.
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2.1.4. Types of doping

This thesis is concerned about synthesizing andactexizing doped Carbon
Nanotubes. Thus, this section is devoted to gigereeral idea of what doping is.

There are three types of doping essentially: exatetbping, endohedral doping,
and in-plane doping (classification from [7, p. 31t will be explained each of
these types.

2.1.4.1. Exohedral doping

Atoms and molecules may reside in between NanotimbEanotube soots. These
elements, or molecules, will function as electranars or acceptors, and the
Carbon Nanotube will be said to be doped. This tyfdoping is also known as
intercalation.

Reference [8] demonstrates the functionalization Gd#rbon Nanotubes by

chemically attaching radical groups, such-a&00H to the outside Nanotube
walls, by prior acid treatment, as depicted in Fegt, taken from [8].

The exchange of charge carriers will influence Rasectra causing a downshift
(upshift) in frequency when electrons (holes) areery away to the tube.
Absorption spectra will also change making somedbatlisappear and others
appear. At last, decrease in resistance might bereed, given the increase in the
number of charge carriers in the Nanotube.

Figure 7: lllustration taken from [8], shows —CO@Fbups anchored onto a Single Walled Carbon
Nanotube.

2.1.4.2. Endohedral doping

The experimental discovery of Nanotube capillabty Ajayan and lijima [9],
opened the possibility of encapsulating atoms, oudés and crystalline materials
inside a Nanotube. The presence of such chemibatances inside Nanotubes is
known as endohedral doping, or filling.

A significant step in this direction was the disepyvof peapods, which consist in
encapsulating buckyballs molecules (for exam@lg) inside SWNTs. Reference
[8] demonstrates the possibility 6§, andC,, filling of SWNTs. Figure 8 shows
a Transmission Electron Microscope (TEM) imagewinich a Nanotube filled

with Buckyballs can be observed.
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This Nanotube filling possibility unravels the pibsisty of making chemical
reactions in an isolated and controlled way indilde Nanotubes. In [8], for
example, the polymerization of fullerenes inside W and the formation of
double-wall Carbon Nanotubes from peapods are dstradad. Nanotubes have
been used to study the behavior of water molednkde nanochannels, proving
the possibility of utilizing such Nanotubes as naagtors [10].

L : . : ‘. ] > ” f,--' A{_-'. ped g - -
Figure 8: In this TEM image, taken from work [8}, éan be seen a Nanotube filled with

buckyballs, which can be identified as circulartfeas inside the cylindrical structure of the
Nanotube.

2.1.4.3. Substitutional doping

The presence of heteroatoms on the Nanotube vemitsjpying a Carbon atom
site is known as in-plane, or substitutional dopimgthis thesis, the focus will on
be substitutional doping, since the main objecis/® synthesize substitutionally
Boron doped SWNTs. So a better understanding of Kmd of doping is
necessary.

Specifically Boron will be present in the Nanotuladtice as a 3-coordinated
atom, that is, it will be bonded to 3 neighboringrin atoms, which is the
coordination of the Carbon atoms themselves. Tthgspresence a8 atom will
not create heptagon or pentagon type defects, ugthat will weaken the
Nanotube structure locally, sindg— C bonds are weaker thati— C bonds.
Figure 9 is a picture, adapted from [11], showihg structure oBC; islands in
Boron doped Nanotubes.

Doping with Boron is said to be type asB atom will accept electrons (donate
holes) from (to) the Carbon Nanotube’s valence bartie presence of this
element in the Nanotube lattice will create eleutostates right above the
valence bands, lowering, thus, the Fermi level, @ahd will have direct
consequences in the transport properties, optroglgpties, and Raman spectra of
B-doped Carbon Nanotubes as will be seen latter.
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For comparison sake, Nitrogen in-plane doping camit two types of
coordination, as the N atom can occupy two differplaces in the Carbon
Nanotube walls: it is said to be “substitutionalydping, when assuming a three
coordinated position, like C atoms; and it is stdbe “pyridinically” doping
when assuming a two coordinated position. In “pyicd doping, a first neighbor
C atom is missing from the structure.

In the first case, Nitrogen doping will be n-tygbat is N atoms will donate
electrons to the conduction band, and, as a coesequwill increase the Fermi
level. In the second case, N atoms can both daglattrons to the conduction
band, or accept electrons from the valence bamntbr p type character of the
doping will depend on the number and geometrictmrsof N atoms.

In plane doping play a role on the structural intggpf Carbon Nanotubes. It has
been reported, [12,13,14], that the presence oérbatoms in the growth of
Carbon Nanotubes, will increase the degree of despand produce shorter tubes
( [14]), although there is not a complete agreenmenthis topic, [15,16,17]. In
[15], the authors observe no evidence for increassarder within their analysis
method (Raman Spectroscopy), although agrees Wtotherwise expectation.
[18] and [17] report increase in c-axis orderingr(nal to the tube walls),
although [18] agrees with decrease in tangentgomg.

Concluding, in-plane doping is achievable with otBkements, for example, [19]
produces and characterizes Phosphorus doped MWNTSs.

Figure 9: Picture adapted from [11], is an exangflesubstitutional doping of Nanotubes with
Boron. In the picture, the black circles are Carbtoms, while the green ones are Boron atoms,
which assume in the Nanotube structure the pladgaphon atoms. The authors observe in their
doped Nanotube samples the appearan8€ pfslands.

2.2. Carbon Nanotube Synthesis: an overview

As seen in the previous sections, Carbon Nanotabe<Carbon allotropes with
peculiar cylindrical 1D structure, with various geetries which depend on the
tube chirality.

Since, the tube properties depend upon the tubealithi a selective production
would have been advantageous in understanding @aNemotube Physics
deeper. Notwithstanding, the Carbon community i s¢eking to control the
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synthesis of Carbon Nanotubes, and to do so ietessary to understand the
growth mechanism of such macromolecules.

In this section, the synthesis techniques useddduyege Carbon Nanotubes will
be shortly described, and a review of the scientbmmunity knowledge about
Carbon Nanotubes’ growth mechanisms will be present

In the first part of the section, the synthesidhitegues and growth mechanism for
pristine tubes will be presented. On the secont] fyee production of doped tubes
will be addressed.

2.2.1. Pristine Carbon Nanotube

In this section, it will be reviewed some of thevadces in the area of synthesis of
Carbon Nanotubes, in pristine form, that is, nqieth

In a general sense, Carbon Nanotubes synthesibecgnouped in three general
methods: arc discharge methods, laser ablation adsthor chemical vapor
methods. These methods will be discussed separattig following sections.

2.2.1.1. Arc-discharge production of Nanotubes

On seminal paper by lijima, on the discovery oflfoer Nanotubes [1], the author
describes that his material was produced in andaaharge method, so this
method has historical importance to the field.His tmethod, a vacuum chamber
has a pair of graphite electrodes, impregnated biwen metal, which will work
as a catalyst. During synthesis, a flow of iners §is the chamber and a high
voltage between the electrodes promotes dischavbieh vaporizes the metal
catalyst together with Carbon material. As a prodine walls and the electrodes
will be impregnated with deposited Carbonaceouseriatthat, under the right
conditions, will contain Nanotubessigure 1Q taken from [20], presents a
schematic of the apparatus used by the paper autbgsroduce SWNT by arc
discharge, and the Nanotube material produced.

Figure 10: An example of arc discharge method.l@rright-side panel, a schematic of the
apparatus, and on the left-side panel, the materaluced.
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2.2.1.2. Laser vaporization production of Nanotubes

In the laser vaporization method, a metal dopegtgta target usually heated to
around1000 °C temperature is hit by a laser under inert gas.flSame material
is produced and collected in a cool collector. aitgh, the SWNT produced has
almost no by-products, the rate of production vg, laround a gram per day.

2.2.1.3. Chemical Vapor Deposition production of Na  notubes

The last method for producing Carbon Nanotubes alked chemical vapor
deposition (CVD), and is seen as a promising metbodommercial production
of Carbon Nanotubes, in contrast with the othesjté ability to be scaled up to
high rates of production, together with its corability. As this thesis uses CVD
method to synthesize its material, more focus balgiven to it.

The CVD method has many variations, and some exasmwaill be given, but the
main idea is conveying one or more substancesporvyahase to a reactor, which
is held at some specified temperature, where ltre@dct, and be deposited, either
in the reactor walls, or a crucible, or even aglabstrate.

The metal catalyst can be conveyed in the vaposgbait may be kept inside the
reactor, in solid form from the beginning of theeton. The source of Carbon
atoms is introduced in the reactor in the form ojamic substances in vapor
phase. The source of Carbon is usually called tteeussor. An important
parameter here is the rate of flow of the precuyrsothe partial pressure of the
precursor, depending on the specific CVD apparatus.

Either before or simultaneously with the precurow, an inert gas and/or a
reducing gas flow is introduced into the reactone Tflow rate or the partial
pressure of the inert or reducing gas is anothgromant parameter in CVD
technique.

The temperature of the reactor is one of the manmampeters of this method of
synthesis, together with gas/vapor pressure. Usugberatures vary fro00 °C

to 1000 °C, and pressures vary by many orders of magnitumtesdme groups
synthesize under atmospheric pressure with highd yo¢ Carbon Nanotubes,
while others under low vacuum to high vacuum presssuwvith lower yield.

One of the CVD methods is the spray pyrolysis methd1], [13], [22], and [23].
Within this method, the catalyst is not on a sudistrin the reactor, but it is
conveyed with the precursor in the form of a spragried by some inert gas. In
references [21] and [13], an Iron containing compmb(ferrocene) is dissolved in
toluene and carried by argon gas to the reactonpBeatures used are in the range
of approximately00 °C to 800 °C, and flow rates are controlled by the flow rate
of Argon gas, and the concentration of ferrocen®imene. In [22], Iron nitrate is
dissolved in water, and carried B§, whereas the precursor is delivered to the
reactor in gas formC,H,, acetylene). In [23], ferrocene is dissolved imzmne,
and carried with argon gas into the reacto7 &1 °C to 900 °C (actually a two-
step furnace is used, but the reactor stage isingbd700 °C t0 900 °C).

Another common form of CVD is supported catalystOZ\h which the catalyst
is deposited prior to synthesis on a substratdaddnside the reactor. Basically,
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one can distinguish two types of supported catalyshe literature: thin film
catalysts ( [24], [25], [26]), and powder cataly&f&7], [28], [5]).

In the case of thin film catalyst, a thin layertlbé catalyst is deposited over a flat
surface. The flat surface may be silicon oxide§] [2nonocrystalline magnesium
oxide, quartz, aluminum oxide, zeolites (aluminunlicates) etc. And the
thickness may vary from roughty00 nm to discontinuous subnanometer films.
When powder catalysts are used, metal catalystegmates some micro or
nanoporous powder made of alumina (fumed aluminguBga) or magnesium
oxide usually.

In this thesis, supported catalyst high vacuum CNd3 been employed. High

vacuum CVD means that prior to deposition, highuvee conditions are applied

to the reactor to assure an oxygen-free ambienttandeposition occurs at slow
rate and low vacuum pressures. As it will be furtiscussed in the Experimental
section, it is used a liquid precursor, whose vaguers the reactor, held at high
temperatures. Prior to the depositior.aflow is established to reduce the metal
catalyst, an Iron impregnated Magnesium Oxide poslgported catalyst).

2.2.1.4. Growth mechanisms of Carbon Nanotubes

One of the main barriers for the Carbon communityobjectively engage the
question about the feasibility to selective growrl@a Nanotubes is the
understanding of the atomic dynamics underlyingbGar Nanotube growth.
Indeed, there is not a complete agreement abouhéwobanism by which Carbon
atoms gather to form a Nanotube. In this sectioa,mechanisms used to explain
Carbon Nanotube growth will be discussed.

The different synthesis methods are explained witthe frame of different
growth mechanisms. For example, solid state md8els. 22 and 34] were used
to explain production of Single Walled Carbon Nat&s in laser vaporization
experiments: solid carbon particles would aggloneetzefore their conversion
into Carbon Nanotube by the catalyst particle. B dther hand, the most used
model, mainly within Chemical Vapor Deposition dyesis, is known as vapor-
liquid-solid. Since CVD is the synthesis technigised in the present thesis work,
this growth model is especially important.

Vapor-liquid-solid mechanism (VLS) was first usedexplain the formation of
Si, Ge and other materials whiskers. Later, Tilsbedt.al. [29] used this
mechanism to explain the catalytic growth of Carbiamotubes.

In the VLS model, the precursor is considered tocodgose under the synthesis
conditions to give place to a Carbon atom vaporthat same time the metal
catalyst forms nanometric-sized liquid dropletse Tarbon atoms diffuse into the
catalytic particle, and tend to formsa? web on its surface. For reasons like
surface irregularities, or thermal agitation, etbis web detaches from the
catalytic surface and keeps growing, as more Cadioms diffuse into the
catalyst and attaches to the edges of the Carbbn kigure 11, taken from [30]
illustrates the aforementioned process.
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Solid carbon
nanotube

Vapor carbon Vapor carbon
feedstock feedstock

Figure 11: This Picture, taken from [30], illustatthe growth mechanism in the VLS model. The
Carbon atoms from the feedstock diffuse into theitl catalyst particle, and attach to the edges of
the growing Nanotube.

Many aspects are still unclear within the VLS modrar example, in the case of
Multi Walled Carbon Nanotube growth, the catalyparticle, which has size
comparable to the Nanotube diameter (some nanashetannot physically be in
the liquid state, under synthesis conditions, thakting one of the hypothesis of
the VLS model.

Another matter of discussion is the driving meckanfor the diffusion of Carbon
atoms in the metallic particles. Concentration ggais seems to be the driving
force responsible for the carbon atoms to go frora tree side of the catalyst
particle to the other, and feed Nanotube growth.

The formation of a graphene-like web on the metathtalyst surface seems to
indicate that only metals with mild Carbon soluikhould be good catalysts for
Carbon Nanotube growth. On the other hand, thexereports on the growth of
Carbon Nanotubes using various catalyst materizd$, [including Cu, which is
known to form alloys with Carbon.

Another question is about tip or base growth, thatvhether the Nanotube sticks
to a support material while the catalyst is drieevay by the Nanotube growth, or
whether the catalyst particle sticks to a suppod the Nanotube grows away
from it. There are evidences for both the mechasisand it seems the metal-
support interaction force is the main factor.


DBD
PUC-Rio - Certificação Digital Nº 1011917/CB


PUC-RIo - Certificacdo Digital N° 1011917/CB

35

2.2.2. Substitutional Doped Carbon Nanotubes synthe  sis

The basic synthesis methods used for pristine @akamotubes are also used, in
an adapted way, to synthesize doped Carbon Narstubethis section, it is
introduced in a general way, how the doped Carb@motibes have been
produced in the Nanotube scientific community. Roeull be given to Boron
doped Carbon Nanotubes.

In the arc discharge method, doped Carbon Nanotubrsbe synthesized by
doping the graphite electrodes with the correspupdioping material. For
example, in [17] and [18], eithét or BN are added to the graphite electrodes to
yield Boron doped MWNTs. X-Ray Diffraction analysiof Boron doped
MWNTSs present higher crystallinity, and a prefer@ntigzag geometry [16]. It is
also identified that some Boron carbid® €) by-products. Arc-dischard method
is used to produc# —C — N and Boron doped Nanotubes with evidence of
improved crystallinity in graphite direction [27].

In [31] and [32], Boron doped single-wall and daublall (DWNT) Carbon
Nanotubes are produced by laser ablation methodnwlbping the Carbon target
with elemental Boron. The levels of doping are dad&ble in [31] (limited in the
upper limit to 0.1-0.05 at. %) by the analysis method used by the authors
(Electron Energy Loss Spectroscopy, EELS), which recurrent problem when
producingB doped Carbon Nanotubes with Boron concentratidavwbé at. %.

In [32], an indirect evidence for the presence ofd® on the SWNT structure is
achieved by measuring electrical properties (thgpower measurement).

Another way to produce Boron doped Carbon Nanotulseshe so called
substitution method. In it, pristine Carbon Nan@&sifare placed in a reactor, and
exposed to Boron containing molecules (for exampl€);, at high temperature
[30]. Boron substitutes Carbon atoms on the Cafdanotube lattice, and high
doping levels are achievable. Boron concentratiamshigh as10 % [30], and
15 % [31] are produced by substitution reaction method

CVD methods can also be applied do B doping of M#mes. In particular,
doping of MWNTSs is discussed by many authors [133}4

In [33], MWNT doped by both Boron and Nitrogen roguced using as precursor
Methane, and introducing diborane,kB) in the flow, together withv,, andH,
The pressure in the reactor is arowtltorr, and temperature in the substrate
(Nickel policrystaline wafers) i620 °C, and the experiment is a variation of the
Chemical Vapor Deposition method. Its peculiargytihe application of a high
voltage bias between substrate and a filament,winiposes an alignment in the
synthesized tubes, and renders the technique thignddéion bias assisted hot
filament CVD.

In [12], the precursor, EthanoC{Hs;OH), is introduced into the reactor with
Boron oxide B,03), which is carried byH, from a Water/Ethanol solution, to
produce Boron doped MWNTSs.

Multi Walled Carbon Nanotubes are produced usingrasursor MethaneC{,),
and as Boron source Trimethyl Borate(QCH3);) [14]. It is noted that the
amount of defects of the Nanotubes increase witheasing Boron content (in
contrast to what [17] finds), and that the lengthth® tubes shorten. The same
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substance, Trimethyl Borate is proposed as posBildeurces for the production,
not of MWNTSs, but SWNTSs.

Reports on the production of Boron doped SWNT, gisire CVD method it can
be found, in many references [15,34,35,36]. Thes@ea group reports the
production of B doped SWNT using a single substaam&doth precursor and
Boron source, Triisopropyl BorateB(OCs;H;)3;). In our group [35,36] we
investigate the substitution of Triisopropyl Boratky Triethyl Borate
(B(0OC3Hs)3) In the synthesis of doped Carbon Nanotubes, cdngpahe
production of SWNT using these two different substs as precursors at
different temperatures.

The works on Boron doping using Trimethyl, Triethgghd Triisopropyl Borate
inspired this thesis, whose objective is to evauhe feasibility to control and
guantify doping levels for Boron doped SWNTs usiddferent precursor
substances, and their mixture. The fact that theetlsubstances come from the
same class of alkyl Borates, and thus have sinplaysical and chemical
properties was seen as an attractive when plantiiagthesis, because less
uncertainties would be present when comparingyhthssis results

As this thesis aims at the feasibility of contmudji Boron doping levels for
SWNTs prepared by CVD, the paper [37] also hasiap@&mportance, for it

succeeds in producing different doping levels bgnging the precursor to B
source feed rate. The authors performed an exendmaracterization of the
resulting material using X-Ray Diffraction, X-Rayhétoelectron Spectroscopy,
and Raman Spectroscopy.

2.3. Analysis Techniques

In this chapter, a background will be introducedhe techniques used to analyze
the material synthesized in this work. From thiagter, the reader will grasp the
basic theory necessary to understand the discuséibie experimental results.

2.3.1. Raman Spectroscopy

In atomic Physics [38], there is a brief discussaiout the difference between
elastic scattering of a photon by an atomic or by system, which is termed
Rayleigh Scattering, and inelastic scattering ofpteoton by an atomic or
molecular system, which is called Raman Scatteringthe first process, the
incident and the scattered photon have the samg\yenaeaning that the initial
and final state of the atomic or molecular systerthe same (or at least has the
same energy). In the second process, it is mand#tat the atomic/molecular
initial and final states are different in energgchuse the incident and emitted
photon have different energies.

In both processes, there is an intermediate statéhich the system gets excited
to. The tuning between the incident photon energlytae energy gap between the
initial and the intermediate state, or the tuniegaieen the out coming photon and
the gap between final and intermediate state ctexriaes what is called a
resonance, when the cross-section for the prosessakimized. Equation (8),
adapted from [38, p. 231, eq. 4.227] grasps thenmaapects of Raman effect,
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although it is not exactly the same equation usetbDresselhaus in [39], for it
does not account for the out coming photon resaanc

EiEf* M _
Ori X h 2 Equation (8)
(E; — Eni)* + ( /21)

On the above equationy; is the total cross-section for the Raman scatjeton
happen between atomic/molecular initial siatand final staté From Equation
(8), ar; depends on the incoming photon enegyon the scattered photon energy
Ef, on the energy difference between the initial tredintermediate stat,;, on
the intermediate state life-time and on the tern¥,,,,;, which is the total matrix
element for the process, squared and integratedadivengles.

From the Equation (8), it can be seen that, whenitikoming photon has the
same energy as the energy d@ap the process intensity will be maximized.
Furthermore, theMy,,,; term imposes the, so called, selection rules, hviie

related to symmetries of the systems; only prosesskated to non-zertfs,,;
might happen.

Based in this concept, Resonant Raman Spectrossogpyechnique in which a
sample is excited by a laser in the visible rareyggd the outcoming light, is
analyzed in wavelength domain. The intensity vanRa shift (which is given in
the Equation (9)) plot gives information about thiero-rotational modes of the
sample.

Aw (em~1) = (% - %f) x 107, A(nm) Equation (9)

It must be stressed that usually the laser eneugied for Raman spectroscopy are
in the visible range, so they have energies obtider~ 1 eV, which is the order
of magnitude of electronic transitions, and thaialsenergy difference between
incoming and scattered photons is in the sldlrange (infrared range), which is
the order of magnitude of vibro-rotational trarmis [40]. Thus, not only will
Raman spectra depend on the mechanical propeftraslecules, but it will also
depend on the electronic properties of materials.

In the case of Carbon Nanotubes, one is interestaglating the vibrational
modes of the sample, investigated by Raman Speojpgs with structural and
geometrical parameters of the tubes, such as fampbe,C — C bond distance
and strength, crystallinity of the tube walls, amdrality, and diameters.

In the special case of doped Carbon Nanotubes, Raspactra is used to
characterize the effects of doping type and comagah on both mechanical and
electronic properties of Carbon Nanotubes, asheilexplained later.
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2.3.2. X-ray Photoelectron Spectroscopy

By shining a sample with photons, other than sdatjeof the photon, another,
and yet more intense process that might occurbseration. When absorbing a
photon’s energy, an electron will get excited thigher energetic state, and if
necessary energy is given to the electron (energegtough photon) it will be
freed from the atom.

X-ray photoelectron spectroscopy uses this fact,airway that within this
technique, one shines a sample with photons aXtas range, and then observes
the kinetic energy of the outcoming electrons. Hguoa(10) shows a direct
relation between the energy of the outcoming edectand its binding energy:

U=Ep—K Equation (10)

In the above equation, one can calculate the bgndmergy, from the kinetic
energykK, given the photon enerdy,,. By making a plot of number of electron
counts by binding energy, one has information @& #tomic structure of the
materials.

In an X-ray Photoelectron Spectrum, it will be itided peaks corresponding to
each core orbital of each element present in thgpa(see [41] for a guide on
elements spectra). Since the innermost electratatstin the atoms are negligibly
influenced by the neighboring atoms, it can be meskthe relative amount of
each element in a sample by probing these orbitals.

On the other hand, some elements, less electranegatay allow some shift in
binding energy even of its inner orbitals, depegdin the element it is bonded to,
and on the hybridization of its valence electroks.a result, if an element occurs
in a sample with different bonding environmentgheane will produce different
replicas of this element’s peak shifted in relatiorthe ideal isolated atom’s peak
position by a feweV. It will be seen in the experimental section howKRS
should be interpreted in order to give quantitatesults, taking into account the
aforementioned effect.

When doping Carbon Nanotubes, XPS is an importaok to distinguish the
amount of Boron bonded to the Nanotube walls toatmeunt of Boron in other
compounds. This way, XPS can be used to calcuiatarnount of doping.

2.4. Physical Properties of Carbon Nanotubes

So far, it has been described the general strucfu@arbon Nanotubes, how they
are grown, and how they are characterized (at keatlte extent of the present
work). In this section, it will be introduced thédnysical properties of Carbon
Nanotubes that are relevant to the discussionseoéxperimental results obtained
in this work. It will be first presented the elemtic properties, then the optical
properties, and at last the Raman spectra of CaNamotubes. As will be seen
these properties are deeply inter related.
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This section is divided in two: in the first paphysical properties of pristine
Carbon Nanotubes are discussed; in the second thay, are compared to
physical properties of doped Carbon Nanotubes.

2.4.1. Physical properties of pristine Carbon Nanot  ubes
2.4.1.1. Electronic properties

The picture of a Carbon Nanotube as being a raligdsersion of a graphene
layer, in the case of a SWNT, or of few layeredpbree, in the case of MWNT,
makes one wonder if Carbon Nanotubes inherit gnagloe graphite’s physical
properties. Indeed, to study electronic and trarispmperties of Nanotubes, it
must be understood graphene/graphite’s properties.

Electronic band structure and transport propertegs graphite has been
theoretically described since 1947 in a seminakpdy Wallace, [42], and then
revisited many times, for example in [43]. It is denstood that graphene
electronic structure is a good approximation topbite electronic structure, for
the interlayer distance in a graphite lattibe8385 nm) is higher than the in-plane
C — C distance §.142 nm).

Figure 12: This figure, modified from [44], showsetcoordinate system in which Equation (11) is
written in. In (a), the graphene structure on posispace. In (b), the same structure but in wave
vector space, and in hashed the first Brillion zone

A comprehensive and didactic explanation of graphband structure can be
found in [44]. Energy-wave number relationships ¢ispersion relationships)
have being described, and it is proven that graphmesents zero band gap
between valence and conduction bands fornttwbital. It is considered a zero-
band gap semiconductor.

Equation (11) shows the dispersion relation fopgeme’st orbital, and Figure
12 (modified from [44]) shows the coordinate systenrelation to which this
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equation has been written; note that the honeydattibe in Figure 12 is rotated
in relation to

Figures. E5), is the binding energy of Zp orbital of an isolated Carbon atom, and
ac_c is the C — C bond distance((142 nm), andtis known as the overlap
integral for it is the overlap between neighborthgtomsr orbitals. The plus and

minus solutions correspond to the conduction, aalénce bands of orbital,
respectively.

Ey
= E,,

V3a,_ 3ac_ V3ac_
it\]1+4-cos2 (ky ZC C>+4-cos(kx%)-cos (ky#>

Equation (11)

2

. 21 2T
At the K point,(ky, k,) = (ac_c’ac_c3x/§
Equation (11) collapse to the same valtyg, proving the zero band gap at tkie
point. In Figure 13, adapted from [44], a plot @fuation (11) as a function &f;
and k,, (on the left panel) shows the conduction band ¢umurface), and the
valence band (lower surface); on the right panaecion of the surface, taken
along the high symmetry points of grapheheM and K. n* and & are the
conduction and valence bands, respectively.

Although the band gap is zero, the number of edestexcited to the conduction
band is low2.5 x 10~* charge carriers per atom at room temperature (f4dj).
This low concentration of charge carriers make%lgta and graphene to be
considered also as a semimetal.

To understand the band structure of a single-watb@n Nanotube, and then of a
multi-wall Carbon Nanotube, one usually makes thieezfolding approximation,
that is, uses the same dispersion relation forhgr@pbut takes into account the
spatial confinement in the tangential direction, regtricting the allowed wave
vectors. In other words, given a single-wall Nabetuit is finite in its tangential

directionC, and a graphite eigenfunction is only allowed igiveen Nanotube if it
satisfies the boundary condition:

), the plus and minus solutions in

k-C=2mn, ninteger Equation (12)

The above equation makes the energy dispersion Eguation (11) depend on a
continuous variable, and a discrete variahlé¢m Equation (12)), as if from the
energy surface (Figure 13), one took a discretelb@uraf sections, or branches.

Figure 14 illustrates the effect of the boundarpdition, Equation (12), using a
Zig-zag(6,0) tube as an example: the chiral vedatois drawn in blue, and in the
lower inset, the wave vector space is representél,the allowed wave vector

branches drawn in yellow, and one example of aawaltl wave vector drawn in
red.
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Figure 13: This figure, adapted from [44],is a dirayvof dispersion relation in Equation (11). The
left picture is a surface graph of the conductiopper surface), and valence (lower surface) as a
function ofk, andk,. On the top right picture, a section of the disjmer relation taken along the
symmetry pointd; M, and K (along the blue line depicted both oa tight panel and on the
lower inset of the right panel).

It can thus be understood that if none of the adldwector branches crosses khe
point there will be a finite gap between the vakaad conduction band. On the
other hand, if at least one of the vector linesses thé& point, then there will be
a zero gap.

Figure 14: This figure illustrates the quantizatadrthe wave vectors with a (6,0) zigzag tube. The

chiral vectorC is drawn in blue, and the corresponding allowedlengector lines (branches) are
drawn in yellow, while an example of allowed waweetor is drawn in red.
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Another difference between the SWNT and the graptstreet is that the density
of states will present van Hoove singularitiesinité density of states for certain
energies, because of the one dimensional charafctiee tube. So, while graphene
is semiconductor with zero band gap, the Nanotwli#s zero band gap will be

metallic.

In conclusion, the chiralities(n,m), for which the K point is crossed give
metallic SWNTs, and the other chiralities corregpoto semiconductor
Nanotubes.

Equation (13) presents a relationship that givesectly which chiralities
correspond to what type of tube.

{ n—m=3-q, qinteger - metallic

n—m=3-q, qinteger . semiconductor Equation (13)

From the above equation, it is readily seen thatcaeir SWNTs are always
metallic.

The number of wave vector branches (Figure 14 eas®s with increasing SWNT
diameter, because the distance between neighbdragches in inversely
proportional to the chiral vector modulus, as oaa mfer from Equation (12).
Reference [3] states that for diameters larger #tanm there will be negligible

gap. As a consequence, large diameter SWNTs and WBA(Which have large

diameters) are considered metallic.

2.4.1.2. Optical Properties

Optical techniques are widely used to characteCiadon Nanotube structure, the
main characterization techniques being: opticalogiign, Photoluminescence,
and Resonant Raman Spectroscopy. The first twooeippresented in this section,
and Raman Spectroscopy will be presented in a s&paection due to its
importance to Carbon Nanotube characterization,muduse it is the technique
used in this thesis.

The different optical characterization techniquepahd on the possible optical
transition energieg;“, whereii means that a photon is absorbed by an electron,
which gets excited from thi&" branch (wave vector line) of the valence band to
the correspondingf” branch of the conduction band, amds used to distinguish
between semiconductor tubes and metallic tubesoffam used theoretical tool is
the so called Kataura plot ( [45]), which represeahe transition energids;“ for
each SWNT.

In Figure 15, taken from [45], a Kataura plot regamats transition energies, on the
vertical axis, against tube diameters on the hateoaxis. Different chiralities
present different transition energies, even forséume tube diameter. The vertical
dispersion of the points on the plot (Figure 15Jug to the difference in chirality.

As can be seen from Figure 15, given a Nanotubgksawith a certain diameter
distribution, it might exist a laser excitation ey that would be absorbed
exclusively by a group of metallic or semicondugtiNanotubes, or even more
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specifically a determined chirality. This way,stsaid that optical techniques have
the potentiality to determine the Nanotube struectur

Furthermore, from Kataura plot (Figure 15) it cam deen that for lower laser
energies the structural assignment becomes monamhigaous than for higher
laser energies. Also, it can be observed that rwaller diameters the structural
assignment becomes more unambiguous, than for ldigmeters.

One of the above mentioned optical techniques isic@lpAbsorption, which
serves to identify the presence of SWNTSs in thepdanibecause MWNTSs absorbs
light in a continuum of energies. It can measueElh®, E,,°, andE;; ™, while
higher transition energies overlap wihorbital transition energies, and can not
be identified ( [7, p. 82)).

The drawback of Optical Absorption is its ambiguifgr many times, some
chiralities have close transition optical energesd can not be distinguished in
the spectrum.

Photoluminescence (PL) is used to characterize cegmucting SWNTs only,
because metallic tubes do not luminesce. In thobrigue a plot of emission
energy versus absorbed energy is created. Thelausphoton energy is usually
identified with E,,° while the emitted photon energy, with,®, and the pair
(E,,>,E11°) can be used to determine the Nanotube’s chiradisyjn [46] and
[47].

Figure 16 is an example of a PL plot from [46]. tme figure, excitation
wavelength (the inverse of energy) is plotted agfagmission wavelength, and
excitation is assigned to higher energiBs® (i > 2), whereas emission is
assigned td,;°.
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Figure 15: This Picture, taken from [45], is whakhnown as Kataura plot. The transition energies
are plotted as a function of SWNT diameter, anddiferent types of dots represent different
chirality tubes. The white ones are semiconduatbes, the black ones are metallic tubes, and the
double circle (whit black circle inside) are armicttabes. The areas designated as RhPd and NiY
represents the diameter ranges of the tubes prdduitke the respective catalysts in the work by
Kataura [45]. The horizontal lines highlight theda energy ranges that would only detect metallic
SWNTs for each the samples

PL measurements have advantage in relation to &paissorption, because, by
acquiring the additional information on the emissaptical transition energy, it
reduces the ambiguity in structure assignment.

In PL measurements, the Nanotubes must be isoiatedder to luminesce. In
[46] and [48], the authors disperse the SWNTs 8D&/D,0 solution. In [47], the

authors produce the Nanotubes over trenches iSeECpisubstrate, in a way that
few crossed isolated from a trench to another,candd be measured.


DBD
PUC-Rio - Certificação Digital Nº 1011917/CB


PUC-Rio - Certificacéo Digital N° 1011917/CB

45

g

0.3000
0.2323
0.1798
0.1392
0.1078
0.08348
0.06463
0.05004
0,03875
0.03000
0.02323
0.01798
0.01392
0.01078
0.008348
0.006483
0.005004
0.003875
0,002000

& 8 8 8 8

Excitation wavelength (nm) [v,— ¢, transition]

g

1000 1100 1200 1300 1400 1500
Emission wavelength (nm) [c,—v, transition]

Figure 16: A PL plot taken from [46]: on the honital axis the measured emission wavelength
which is assigned t&,,°; on the vertical axis the measured excitation Wength, assigned to
higher transition energie;*, i > 2.

2.4.1.3. Raman Spectra of Carbon Nanotubes

While the other optical techniques were describedhe last section, Raman
Spectroscopy is analyzed separately in this sedtonits importance to this
thesis.

As it was discussed in section “ Raman Spectroscgage 36), Raman intensity

is maximized when there is a tuning between tha&emt photon energy and the
intermediate state energy. It can be seen fromr€if&, that the optical transition

energy depends on the Nanotube radius. Beingltaistermediate state, one can
reason that Raman intensity will be in resonandé e Nanotubes in a sample
that match their optical transition energies wita taser energy, [49].

Raman Spectroscopy gives more information than @mical Absorption
technique because, besides the information on rileegg gap between valence
and conduction band, it gives a full spectrum, vpigkculiar peaks, that might give
further information on the Nanotube structure. Remmnore, it can be used to
characterize also MWNTS.

It has been said in section “ Raman Spectroscapgt’ Raman technique can be
used to probe a molecule’s vibrational and rotai@tates. In the case of Carbon
Nanotubes, it must be noted that not a finite,dyutnfinite number of vibrational
modes are present because of the practically iafisize of the molecule in
relation to the interatomic distance. The infiniibrational modes are identified
with mechanical waves along the Nanotube structineePhonons. Each Phonon
is a normal mode of vibration of the Carbon Nanettditice, and its interaction
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with the electrons happens when the phonon resgeate symmetry conditions
imposed by quantum mechanical selection-rules.

The main peaks, or modes, studied in Raman Speofrgf Carbon Nanotubes
are Radial Breathing Mode (RBM), Tangential Mod¢, Disorder Induced Mode
(D), and Second Order Tangential Mod&)( They will be discussed in the
following paragraphs.

There are many good reviews on the topic of Ramharacterization of
Nanotubes, of which it may be mentioned [39], [$61], and [7, p. 251 - 286].

2.4.1.3.1. Radial Breathing Mode (RBM)

This Raman mode corresponds to uniform stretchimg) squeezing ot — C
bonds, resulting in a radial movement of the tukkich resembles a breathing
movement. It is observed at Raman shifts aral0@cm ™! to 300 cm™1.

The most important characteristic of the RBM is dipendency to Nanotube
diameter, as can be seen in, for example in [4H]}, [and [52]. The relationship
between Raman shift and tube diameter is of thetimmal type:

A .

The coefficients A and B will depend on ambientditions, such as temperature,
pressure, chemical environment, doping, Nanotulellng, etc. But for isolated
Nanotubes [46] used the valuds= 223.5cm™.nm and B = 12.5cm™1, [52]
used A = 248cm™t.nm and B = 0cm™!, and [53] 4 = 217.8cm™1.nm and

B =15.7cm™1. Figure 17, taken [53], illustrates Equation (14)y fitting
experimental points with parametets= 217.8cm™t.nm andB = 15.7cm™1.

For an individual SWNT, the RBM band width incremseith increasing
diameter, as well as the Raman cross section dsmzesith diameter, [7]. This
way MWNTs and large diameter SWNTs will not presiéie RBM mode, which
Is used as an evidence for the presence of SWNasample.

Like Optical Absorption, and PL techniques, RBM Rammmode can be used to
determine SWNTs chirality, as in [54], and [52]. Bxciting a sample with
different laser energies, and measuring the posiéinod intensity of the RBM
mode, and 2 dimensional plot can be made of phetangy,E,,, against RBM
Resonant Raman shiftyz,,, which can be identified as(&;; ,d) plot. This plot
can be directly compared to Kataura plot to deteenthe structurén, m) of the
Nanotube. This methodology is used in paper [5SZhiaracterize isolated SWNTs
on a Si/SiQ substrate, as can be seen in Table 1.
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Figure 17: This figure, taken from [53], shows esimental points fitted with the parameters
A=2178cm™t.nm andB = 15.7cm™1.

TABLE II. Possible chiralities predicted for semiconducting
nanotubes and their wgrpm (calculated and observed) in the reso-

nant window 1.48 < Ezsg < 1.68 eV.

d, 0 wrpm [em™'] E>®
(n,m) [nm] [deg] (calc.) (expt.) [eV]
(14,1) 1.15 34 215.1 210(1) 1.50
(10,6) 1.11 21.8 223.1 1.51
(9,7) 1.10 259 2249 e 1.48
(11,4) 1.07 14.9 232.2 229(1) 1.60
(10,5) 1.05 19.1 236.1 237(2) 1.54
(12,2) 1.04 7.6 238.2 e 1.66
(8,7) 1.03 27.8 240.3 239(2) 1.61
(11,3) 1.01 11.7 244.7 1.57

‘Bold face indicates a strong resonance.

Table 1: This table, from [52] illustrates how aren assign chirality of an individual SWNT by
knowing the RBM peak position, given a specificelasnergy. After assignment, the author
calculated the theoretical RBM position (“calc.lwmn) and compared with the experimental
value (“expt.” column).
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Qualitatively, in [53] a Kataura like plot is buiiased on the measurement of
Raman intensities in the RBM range of frequenaiet) different laser energies.
By comparing their experimental plot with theorati&ataura plot, the authors
are able to identify each optical transition brgnchand the
metallic/semiconducting character of the tubesyfedL8).

1.2 15 1.8 21
Diameter (nm)

Raman shift (cm")

Figure 18: This figure shows the construction &faaura like plot from reference [53]. On the

left panel, the laser energies versus the meafaathn shifts. On the central panel, the horizontal
axis is substituted by the inverse of Raman staiftit should be proportional to diameter. On the
right panel the theoretical Kataura plot. By conpgithe right panel with the central one, the
authors managed to identify each optical transiticanch and the metallic/semiconductor
character.

2.4.1.3.2. Tangential Mode (G)

Carbon Nanotube’s band is inherited from graphite. It correspondsntplane
(tangential) movements of Carbon atoms. WhereagraphiteG mode is a peak
centered at 1582ch in SWNTs this doubly degenerate mode split inko t
modes,G* andG~, because of the symmetry break imposed by theatun of
along the chiral vector direction. The resultingdes are called circumferential
(TO), and axial (LO) modes.

The frequency distance betweéi andG~ is dependent on Nanotube diameter,
thus can be used to confirm information from RBMd®apand the presence @f
andG™* separation is a evidence of the presence of simglein a sample.

These modes present usually a Lorentzian lineshiapagreement to Equation
(8).

These modes of vibration also bear relationshiphwihe metallic or

semiconductor character: in semiconducting SWNJIS, corresponds to TO
mode andG* corresponds to LO mode; in metallic SWNTS, corresponds to
LO andG™ corresponds to TO, and their corresponding pestanice is bigger.
Another difference is that, in metallic SWNT®; is described by Breit-Wigner-
Fano lineshape, not Lorentzian.

A detailed study orG band modes is accomplished in tieéerence [55] using

laser wavelengtf14.5 nm. In this paper, the authors do Raman spectrosoapy
individual SWNTs. They assign chirality to each Nae based on the RBM
position and laser energy (Kataura plot approaahyl use this information to
understand the dependency 6f and G~ peaks on diameter, chirality and
metallic/semiconductor character. First, it is doded that the separation
between the peaks depends only on diameter anbdeomeétallic/semiconductor
character, by the following relationship:
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W+ — Wg- = C/d2 Equation (15)

Where, C equals #7.7cm~1.nm? for semiconductor tubes, a@f.5cm™t.nm?
for metallic tubes. Th&* positionw.+ is found, by the authors, to be
independent on diameter or metallic/semicondudtaracter, and equals to
1591cm™1. These relations are illustrated in Figure 19 péethfrom the same
paper [55].

RBM G band RBM G band
+ . . -
1600 1594
Wa a7,7 1590 (18,9) | 1578(12)
— Y t AL SL- o 1575 | |(9) ’ ©)
— N W%" b ¢ 148013 1) 133 1566
= 1580 e = (13) 18 (44)
£ @ - - -
o R _ e
© 1591 159 | 1554 /11589
? e o e (IZ;::& 1568 | |© oaf| 13D e/ |
[ S (!)G SA o ®) /
8— 1540 < < -
o metallic: R . 260 1594
- 1520 15,2) 1901 a12) g @
. : N 195(5) 1560 8) 1576(25)
semiconducting o ®) 1505(136)
1500 . b -~ — L
0.2 0.4 0.6 0.8 1 120 170 220 1530 1570 1610 100 180 260 1300 1500 1700
1/d| (1/nm) Frequency (cm™') Frequency (cm™) Frequency (cm™) Frequency (cm™)
Semiconductors Metallic

Figure 19: This figure, adapted from different figsi of reference [55], illustrates the effect of
SWNT diameter o * andG~ separation. On the left panel, experimental messeants of the
peak positions. The black circles represent th& peaitions of the semiconducting tubes, while
the white ones, the metallic tubes. The uppetesirare th&* peak position, represented by
w¢™T, and they are fitted by a constant lind 8®1cm ™1, while the bottom ones are tfie¢ peaks,
represented by, and are fitted by two different curves: one fug tetallic tubes, the other for
the semiconducting ones. On the center and rightlpathe actual Raman spectra from which
data was taken to make the plot on the left. Itlmmmoted that as the RBM mode shifts to higher
frequencies, thé ~ peak shifts to lower frequencies, and éifedoes not move. It can also be
noted the difference i6~ lineshape between semiconducting (Lorentzian)raethllic (BWF)
SWNTSs. The peaks positions and bandwidths (in ghesis) are imm™1 units

It can also be noticed, in Figure 19, the diffeeentline shape betwedh peak
for semiconducting (symmetric Lorentzians) in congmn to metallic tubes
(asymmetric Breit-Wigner-Fano, or BWF).

The G band is influenced by doping, as will be discussethe next section (“
Raman Spectrum of dop@dnotubes”).

2.4.1.3.3. Disorder Induced Band (D)

The D band is also inherited from graphite, and appbate/een1300 cm™! to
1400 cm™1. It originates from symmetry break of SWNTSs peitostructure by
defects, such as Stone-Wales defects, doping, ngis€arbon atoms in the
Nanotube lattice, tube termination, etc.

The D mode comes from a second-order Raman procesgalsrthat the excited
electron is scattered in two steps before emitdogttered light, instead of just
one, as happens in first-order Raman processéise loase oD band, the electron
is scattered by a phonon, and a defect, [7, p..260]


DBD
PUC-Rio - Certificação Digital Nº 1011917/CB


PUC-RIo - Certificacdo Digital N° 1011917/CB

50

The most common way of characterizibdpand is by measuring the intensity (or
area) ratio betweeh andG band, that iJD/IG(or AD/AG), where theD mode is

fitted usually by a Lorentzian line shape. The kigthe ratio, the more defective
Is considered the Nanotube.

2.4.1.3.4. G’ Band

G’ band is another second order Raman processit@thérom graphite, in which
the excited electron is scattered by two phonorferéeemitting a photon. Its
frequency position is twice the frequency of thédhd, [7, p. 261].

G’ band in SWNTs might be composed of more than peak, and these two
peaks splitting depend on the electronic structirthe Nanotube, [56]. As will
be discussed in the following section, this G’ basplitting is influenced by
doping.

2.4.2. Physical properties of Boron doped Carbon Na  notubes

In this section, the above mentioned physical ptogse of pristine Carbon
Nanotubes will be compared to Boron doped Carbomoldbes, in special
SWNTSs, so that the experimental results of thisithean be better understood
and interpreted.

2.4.2.1. Electronic Properties

To understand the electronic properties of B dofadoon Nanotubes, one can
start out from understanding pristine Carbon Napetelectronic properties, and
check for the changes that happen when adding Bamns.

From a rigid band model, used in solid state Plsyicstudy doping of silicon for
example, adding Boron atoms to the Carbon Nanotldiece, at low
concentrations should not change the establisheirehic band structure of the
pristine material, but create an acceptor or daligpersion less level in between
the valence and conduction bands.

Given prior knowledge from Boron dope@? Carbon systems, such as graphite,
it can be expected that Boron will act like an #&l@t acceptor in Carbon
Nanotubes, creating an acceptor level under theiHewel, that is, close to the
valence band. This level will accept electrons frma valence band, and will
donate holes to the valence band, to be chargemsarfor this reason, Boron
doping ofsp? Carbon systems is said to be p-type, in cont@msi-type doping,
when electrons are donated by the heteroatom tocéheuction band, to be
charge carriers.

As the B concentration rises the new acceptor |lewalefunctions start to get
more and more delocalized, and the initial accepgwel will present energy
dispersion character. Plus, the pristine Carbonoldre original bands will start
to be modified.
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It has been originally calculated, [57], that fowl concentrations B doping will
create an acceptor level 0.16eV above the valeand.brhe authors use zigzag
semiconductor (8,0) and 1.25% doping.

In relation to MWNTSs it is has been experimentahown that B doped tubes
present intrinsic metallic behavior, as measureil§18,11], and an enhanced
conductivity, in comparison to undoped MWNTSs.

However, it is agreed that Boron doping will lovtke Fermi level, thus lowering
the highest occupied energy in the valence bang. Wil increase the energy gap
for optical transition, and will, then influence tmal and Raman properties, as
will be discussed in the following sections.

2.4.2.2. Optical properties

In brief, optical properties of Boron doped Cartdemnotubes will change because
of the lowering of the Fermi level. For example,highly doped semiconductor
SWNTSs, E;;° transition will not be possible, because the fissanch of the
valence band will be depleted, as shown by thesaletialculations and optical
absorption spectra in [58], and [59].

Figure 20 is adapted from [58]. It illustrates thlBove mentioned effect. The
Optical Absorption Spectrum shows an inhibitiontleé E;,° and E,,° optical
transitions for Boron doped SWNTs. This behavion ¢ee explained by the
depletion of the corresponding bands, as can be fsem the density of states
plots.

On the other hand, Figure 20 shows a peak aroutel/Owvhich appears for the
doped Nanotubes. The authors explain it in termsexditation of valence
electrons into the acceptor band created by Boron.

N N
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Figure 20: This figure, adapted from [58], shows #iffect of Boron doping on the Optical
Absorption Spectra. The two peaks assigned oneieside a<,,5, andE,,5 correspond on the
right panel to the smaller arrow and longer arrcamsitions, respectively. On the right side, there
are representations of energy dispersion relafioasd structure), density of states (DOS), and the
insets are a geometric representation of a unitatehe SWNT, with Carbon atoms plotted as
black circles, and Boron atoms plotted as whiteles. The shaded areas in the DOS panels
represent occupied electronic states. From (altdt {s represented 0%, 6.25%, 12.5%, and 25%

doping
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Even at low concentrations, the effect of Boronidgpill be to upshift in energy
and decrease in intensity the original optical $ithon peaks. This will have
consequences for the Raman spectra of Boron dojyiITS.

2.4.2.3. Raman Spectrum of doped Nanotubes

According to [7], the main changes in Raman spetiiato doping (p or n type)
are shifts of theG and G’ peak positions, changes in peak amplitudes (for

example,ID/IG ratio), broadening or narrowing of bandwidths,ati@n of new

peaks (such aB’), and deformation of peaks (such@sas will be seen in the
next paragraphs).

In the case of Boron doped SWNTs, a general upshithe spectra should be
expected from the electronic point of view, for dhepletion of the valence bands
due to electron transfer from the valence bandheftabes, to the acceptor level of
Boron. As discussed in the previous section, thevge transfer will increase the
energy gap between the highest occupied energhenvalence band and the
conduction band. On the other hand, Raman Speadtiepends on the phonon
energy dispersion relations too, andBasoncentration is increased a weakening
is expected for the Carbon Nanotube latticeBasC bond is weaker tha@ — C
bond (Bond Dissociation Energidd4 and600 kJ/mol, respectively [60]). The
literature findings on the topic of Raman charaz#gion of Boron doped Carbon
Nanotubes are presented below.

Reference [54], asserts that a general upshifixpeaed to happen fgr-type
doping, because of electron transfer from the Qakadence band to the acceptor
level of the dopant. In this reference, exohed@binlg with eitherl, and Br,
(acceptors) is compared with exohedral doping weitherK andRb (donors).

In the case of Boron doping, which is also p-tygd,] measures upshifts of the
G*Tmode up tot cm™?! for doping levels around%. Upshifts of5 to 9 cm™? in
the G~ peak are reported, but there is no evidence lisid a doping effect, and
not a diameter dependent effect (as shown in &dias).G~ intensity is reported
to become smaller.

The ID/ I ratio is expected to increase with respect to Bamncentration if one

considersB atoms as point defects in the Carbon latticel#j,[an increase in the
ratio for increasing Boron concentration is obsdnend related to a decrease of
graphitization, and crystallinity. But reference J@lescribes negligible change in
this respect.

In [32], G* band is upshifted at the same time that separafiéit andG~ peaks
decreases to zero, ar{H/IG increases.

In reference [37], a study of Raman features ofoBatoped Carbon Nanotubes.
Although the focus in this paper is DWNTs, soméhef observed behaviors may
fit within this section. TheD and ¢ bands upshift in frequency Bycm=! and
5cm™!, respectively, as measured doping increases frégom(i¥istine) to 3%.
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ID/IG ratio, andD band bandwidth increase, and are related by ttf®@esto the

presence of Boron within the Nanotube lattiGe.band is downshifted cm™?!
and its intensity decreases, as a resulB ef C bond being weaker thafi — C
bond, as argued by the authors
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Figure 21: This figure was taken from [61], andslrated thé&* peak shift, when doping levels
increase (left panel). Also, on the right panekhift on the peak position, is reported.

In summary, the results found in the literature rawé always consistent with one
another. On the other hand, it can be understaatdRaman, is a powerful tool for
characterizing Boron doped Carbon Nanotubes, becaegen at low
concentrations, the majority of the results in fiterature report noticeable
changes in Raman spectra, while the rest of theactaization techniques fail
detect any change.

2.5. Methods for doping characterization

To characterize the amount of doping, and to pritdéhysical effects on the
Carbon Nanotube, or even just to indirectly evidesgistence of doping, some
characterization techniques beyond the above nmedioones are found in
literature. As a final section in this review bktstate of the art in Boron doped
Carbon Nanotube systems, a summary is presentéd e main methods of
doping characterization found in literature.

Spectral chemical analysis, such as electron enkrgg/ spectroscopy (EELS)
[18,31,32,58] and XPS [15,34,35,37,61], are use@uidence the existence of
Boron on the sample, and its direct bonding to Garbtoms. At high enough
concentrations, around 1%, they can estimate theuatmof doping ( [32] for

example fail to measure low doping level with EEL&8}hough still no standard
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has been settled as to quantitative analysis ofndofevels SWNTs, because
curvature effects on thels spectra is still a matter under discussion [35].

Optical Absorption has been used as an evidencthéoelectronic effect that B
has on the Nanotube [58,59].

Raman analysis is the main tool for characterizing physical properties of
Boron doped Carbon Nanotubes in comparison toipeigubes, and it is used
both in the case of SWNTSs, [15,35,61,62], DWNTSs| [87d MWNTSs [18], [14].
Raman spectrum is sensitive to doping levels uctkiee by EELS and XPS, and
this makes this technique a powerful tool to chimame doped Carbon
Nanotubes.

X-Ray Diffraction (XRD) is used to detect structucansequences of Boron on
the Nanotubes. In [17], [18] and [63], it is usedletect the degree of crystallinity
of doped MWNTSs. In [37], XRD is used to demonstrateincrease in interlayer
spacing (in contrast to [63]), and increased diegrthe authors argue that in situ
doping methods, like CVD will result in decreasegstallinity, while substitution
reactions will result in increased crystallinity®dron doped SWNTSs.

Like X-Ray diffraction, electron diffraction is useo probe Carbon Nanotube
structure. It is used in [17] and [18] to assignidiy (chirality) to individual
Boron doped MWNTSs, and identify helical alignmeetween tube walls.

Scanning electron microscopy (SEM), and transmissétectron microscopy
(TEM) are also used to probe the structural chargfeBoron doped Carbon
Nanotubes. For example, High resolution TEM (HRTEMM measure interlayer
spacing in individual MWNTSs, and as well as assipirality. SEM images are
used to characterize production yield, Nanotubegtlenand can be used as
indirect evidence to defect levels in Nanotubes, diyserving Nanotubes
morphology. SEM and TEM images are present in ntdinlye references.

Electric measurements are used to directly prolee electronic properties of
doped systems. In [32], Thermopower measuremeatssad to prove intrinsje-
type doping, and thus evidence doping, at concimisa undetectable by EELS.
[16], and [18] use microwave conductance measurgsman prove intrinsic
metallic behavior of B doped MWNTS. Field emissioreasurements are also
used [12], [14], to show improved emission progartof Boron doped Carbon
Nanotubes over pristine ones.

Scanning Tunneling Spectroscopy has been used &paatbrize electronic
properties of doped tubes by [11].
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